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Preface

In 1870, Eduard Pfluger demonstrated that respiration takes place in cells and

around a full century ago, in 1910, Kingsbury postulated that respiration takes

place in “mitochondria.” However, Carl Benda coined the term “mitochondria”

(thread granules) in 1898 to describe these ubiquitous cellular structures. After the

initial discovery of mitochondria, the respiratory chain was conceptualized by

Keilin, Warburg, Hartree, and others in between the 1910s and 1930s. From the

1920s to 1950s, key aspects of aerobic metabolism were elucidated. The

chemiosmosis hypothesis for ATP generation was then proposed by Peter Mitchell

in 1961. This era was followed by mitochondrial isolation and the publication of

first high-resolution images of mitochondria by George Palade and Fritiof

Sjostrand. In the 1960s and 1970s, much of the focus remained on ATP synthesis,

electron transport chain (ETC), and anion translocators. With the sequence of the

human mitochondrial genome in 1981, a new era of mitochondrial biology was

initiated resulting in the recognition of mitochondrial inheritance. In 1998, the first

mitochondrial proteome was published, and eventually by 2008, the complete

catalog of mitochondrial proteins, “MitoCarta,” was unveiled. The ever growing

interest in mitochondria and pharmacology, as well as the physiology associated

with them, is widely discussed in several scientific meetings and literature.

Classically, mitochondria were defined as the key regulators of cellular energy.

However, now it is universally accepted that they are dynamic, interconnected, and

integrated with other cellular organelles. In addition to their role in the generation

of ATP by oxidative phosphorylation, mitochondria are involved in controlling cell

metabolism and are key players in cellular calcium signaling, free radical homeo-

stasis, lipid transport and biosynthesis, apoptosis, cell cycle and differentiation, and

cellular aging. They also participate in retrograde signaling with nucleus and cross

talk with endoplasmic reticulum either directly or via mitochondria-associated

membranes. Pharmacology of Mitochondria, the focus of this handbook, is a

unique effort by leading experts and researchers to assimilate information on

pharmacology and physiology of mitochondria. Topics covered in the handbook

expand beyond canonical roles assigned to mitochondria. The information

presented will be highly useful for mitochondrial biologists and researchers work-

ing in physiology, medicine, and plant sciences.
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In the Handbook of Pharmacology, information is delineated from mitochon-

drial genetics to mitochondrial diseases and physiology. Even though mitochondria

possess their own genes, the majority of proteins imported into mitochondria are

encoded by nuclear DNA and a chapter in our book titled “Nuclear Transcription

Factors in the Mitochondria: A New Paradigm in Fine-Tuning Mitochondrial

Metabolism” provides an overview of nuclear-encoded factors. Ionic homeostasis

plays a major role in maintaining the structural and functional integrity of

mitochondria. The majority of the proteins involved in maintaining the mitochon-

drial ionic homeostasis are encoded by the nuclear DNA; however, information on

these proteins responsible for transporting ions is still in its infancy. Several ion

channels and transporters involved in mitochondrial ionic homeostasis have been

shown to present by either pharmacological or genetic approaches. In this hand-

book, chapters titled “The Mitochondrial Permeability Transition Pore and ATP

Synthase”; “The Roles of Mitochondrial Cation Channels Under Physiological

Conditions and in Cancer”; “Anion Channels of Mitochondria”; “Guide to the

Pharmacology of Mitochondrial Potassium Channels”; and “The Mitochondrial

Ca2+ Uniporter: Structure, Function, and Pharmacology” provide an overview of

different classes of ion channels and transporters present in mitochondria, pharma-

cology associated with them, and their roles in diseases.

Mitochondrial structural and functional dynamics are associated with human

physiological and pathological conditions. To maintain the structural and functional

integrity of mitochondria, they continuously undergo fission, fusion, and traffick-

ing, regulate lipid transportations, modulate reactive oxygen species production,

and regulate cellular metabolism. Any deviation or abnormality from mitochondrial

structural and functional integrity can result in human pathological conditions and

diseases. Several chapters titled “Mitochondrial Fission in Human Diseases”;

“Mitochondrial Cholesterol and the Paradox in Cell Death”; “Mitochondrial

Changes in Cancer”; “The Emerging Role of Mitochondrial Targeting in Kidney

Disease”; “Mitochondrial Dynamics as a Therapeutic Target for Treating Cardiac

Diseases”; “Mitochondria in Alzheimer’s Disease and Diabetes-Associated

Neurodegeneration: License to Heal!”; “Leber Hereditary Optic Neuropathy: A

Mitochondrial Disease Unique in Many Ways”; and “Leber Hereditary Optic

Neuropathy: Exemplar of an mtDNA Disease” summarize the association of mito-

chondrial structural and functional integrity with human diseases.

Pharmacologically, mitochondria have undergone a renaissance in the last two

decades. Several novel approaches at pharmacological and genetic levels have been

incorporated to the mitochondrial medicine. The recent first live birth of three-

parent baby carrying mitochondria from donor mother is the spectacular break-

through in treating mitochondrial diseases. However, several new approaches and

treatments are required to treat mitochondrial diseases and disorders. Chapters

discussing new as well as existing therapeutic approaches in this handbook

“Mitochondria-Targeted Agents: Mitochondriotropics, Mitochondriotoxics, and

Mitocans”; “Mitochondrial Flashes: Elemental Signaling Events in Eukaryotic

Cells”; “Role of Mitochondrial Reactive Oxygen Species in the Activation of

Cellular Signals, Molecules, and Function”; “MITO-Porter for Mitochondrial

vi Preface



Delivery and Mitochondrial Functional Analysis”; and “Toxicity of Antiepileptic

Drugs to Mitochondria” provide highly useful overview on mitochondria in phar-

macology. In the current era the amount of data generated by multidisciplinary

approaches on a daily basis, there is an urgent need of integrating the big data to

derive useful information and a chapter focused on understanding the complexity of

mitochondrial phenome titled “Equipping Physiologists with an Informatics Tool

Chest: Toward an Integrated Mitochondrial Phenome” provides an excellent plat-

form for the same.

The authors and editors of the Pharmacology of Mitochondria hope that the

chapters presented herein will provide extremely beneficial and inspiration infor-

mation to mitochondrial enthusiasts, researchers, students, and clinicians. The

chapters contributed by leading mitochondrial researchers in the Handbook of
Pharmacology will take us through the novel pharmacological strategies via

mitochondria to understand their physiological and pathological role as well as

present them as therapeutic targets. We hope that the handbook will motivate the

current and new generation of researchers to pursue the unanswered questions and

understand the pharmacological and physiological implications of this fascinating

and complicated organelle, “mitochondrion.”

Philadelphia, PA, USA Harpreet Singh

Shey-Shing Sheu

Preface vii
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Abstract

Noncanonical functions of several nuclear transcription factors in the

mitochondria have been gaining exceptional traction over the years. These

transcription factors include nuclear hormone receptors like estrogen, glucocor-

ticoid, and thyroid hormone receptors: p53, IRF3, STAT3, STAT5, CREB,

NF-kB, and MEF-2D. Mitochondria-localized nuclear transcription factors reg-

ulate mitochondrial processes like apoptosis, respiration and mitochondrial

transcription albeit being nuclear in origin and having nuclear functions.
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Hence, the cell permits these multi-stationed transcription factors to orchestrate

and fine-tune cellular metabolism at various levels of operation. Despite their

ubiquitous distribution in different subcompartments of mitochondria, their

targeting mechanism is poorly understood. Here, we review the current status

of mitochondria-localized transcription factors and discuss the possible targeting

mechanism besides the functional interplay between these factors.

Keywords

Metabolism • Mitochondria • Nuclear receptors and transcription factors •

Protein import • Protein targeting and signaling

1 Introduction

Mitochondria are crucial organelles involved in various cellular processes. Besides

the production of ATP for cellular needs, they are also participating in the metabo-

lism of fatty acids and amino acids. Also, mitochondria play a significant role in

apoptosis by integrating the extracellular cues with intracellular signaling

pathways. Further, the involvement of mitochondria in cell proliferation, motility,

and ion homeostasis is well documented (McBride et al. 2006). Thus, it’s not

surprising that mitochondrial dysfunction is often associated with various disease

conditions like cancer and neurodegenerative disorders. Paradoxically, mitochon-

drial DNA encodes only for a handful of proteins. A majority of mitochondrial

proteins are nuclear encoded. Mitochondria, though, have a handful of proteins

encoded by mitochondrial DNA to execute all these functions; it depends on a

majority of nuclear-encoded proteins for its optimal function. These nuclear-

encoded mitochondrial proteins are synthesized on cytosolic ribosomes and

transported to the mitochondria through mitochondrial protein import machinery

(Mokranjac and Neupert 2009). Therefore, the mitochondria and nucleus act in

concert with each other to mount an appropriate response toward extracellular

stimuli. For example, nuclear transcription factors and coactivators like NRF-1,

NRF-2, and PGC-1 regulate the expression of mitochondrial OXPHOS subunits to

achieve fine-tuning of mitochondrial function toward altered metabolic demands of

the cell (Leigh-Brown et al. 2010; Scarpulla et al. 2012). For this reason, consider-

able interest has been gained toward understating the role of nuclear receptors,

transcription factors, and other signaling proteins in the establishment of harmonic

equilibrium between these two organelles.

Nuclear receptors and transcription factors are activated in response to growth

factors and cytokines to regulate the gene expression in the nucleus. Some of these

transcription factors control mitochondrial function indirectly by regulating the

expression of mitochondria-associated protein factors. On the other hand, increas-

ing evidence suggests that some of the nuclear receptors and transcription factors

are also present in mitochondria to potentially influence various mitochondrial

functions (Szczepanek et al. 2012). For example, glucocorticoids and other tran-

scription factors regulate mitochondrial transcription, while p53 and IRF3 regulate

apoptosis and respiration. Also, p53 and STAT3 are known to influence the opening

4 N.B.V. Sepuri et al.



of mitochondrial permeability transition and also affect ROS generation from the

mitochondrial OXPHOS system (Szczepanek et al. 2012). Sufficiently reasonable

attempts have been made to understand the role of various mitochondrial transcrip-

tion factors. However, information on their mitochondrial targeting is lagging

behind as the nuclear transcription factors entering the mitochondria lack the

canonical mitochondrial targeting sequence.

In this review, we will provide an outline of various transcription factors

associated with mitochondria and discuss how their submitochondrial localization

contributes to their overall biological function. Also, we will summarize the

potential mechanism of their transport to mitochondria and involvement of these

mitochondrial transcription factors in retrograde signaling and functional interplay

between these factors.

2 Nuclear Hormone Receptors Present in the Mitochondria

2.1 Estrogen Receptor

Estrogen receptors (ESRs), ESR1 and ESR2, belong to the nuclear receptor super-

family of transcription factors responsible for estrogen-mediated transcriptional

induction of genes in reproductive and nonreproductive tissues. ESR1 and ESR2

are highly homologous proteins except in the DNA-binding domains that render

ESR2 to be a poor transcription factor when compared to ESR1. Noncanonical

functions of estrogen receptors in the cytosol, endoplasmic reticulum, and plasma

membrane have been well documented. ESR1, ESR2, and its isoform ERβ2 have

been found to be present in various tissues and cell lines (Cammarata et al. 2004;

Chen et al. 2004; Milner et al. 2005; Solakidi et al. 2005). Mitochondria-localized

ESR plays a significant role in apoptosis and reduces ROS by activating manganese

superoxide dismutase (MnSOD) enzyme. When cancer cells are irradiated with

UV, it induces mROS species generation and activation of c-Jun N-terminal kinase

(JNK), and protein kinase C (PKC) δ. This triggers apoptotic cell death. Estradiol
(E2) inhibits all these events, by directly activating manganese superoxide

dismutase (Pedram et al. 2006). Mitochondria-localized ESR2 has also been

shown to suppress apoptosis induced by cisplatin in non-small cell lung cancer

cells. ESR interacts with Bad and inhibits translocation of Bax to mitochondria (Xie

et al. 2015). It also has been shown that downregulation of ESR2 enhances Bax

activation and translocation to mitochondria in a ligand-independent manner (Liang

et al. 2015). Interestingly, in ovarian cancer, it was observed that cytoplasmic ERβ2
is associated with lower apoptotic rate, whereas mitochondria-localized ERβ2
inhibits apoptosis by interacting with Bad protein (Ciucci et al. 2015). Recently,

it has been shown that ESR1 affects beta-oxidation in mitochondria by directly

interacting with beta subunit of HADHB (hydroxyacyl-CoA dehydrogenase/3-

ketoacyl-CoA thiolase/enoyl-CoA hydratase) (Zhou et al. 2012). In addition to

these transcription factors, recent reports also suggest the possible role of G-

protein-coupled estrogen receptor 1 (GPER1) in modulating the opening of

mitochondrial permeability transition pore via phosphorylation of ERK1/ERK2/

Nuclear Transcription Factors in the Mitochondria: A New Paradigm in Fine. . . 5



GSK-3β (Bopassa et al. 2010; Kabir et al. 2015). However, further studies are

needed to understand the mechanistic details of GPER1 action on mitochondria.

2.2 Glucocorticoid Receptor

GRs are expressed in all tissues and cell types and regulate cell metabolism,

immune response, and development in response to glucocorticoids such as cortisol.

GRs are the first nuclear receptors reported to be present in mitochondria. Mobili-

zation of GR from the cytoplasm to mitochondria has been observed when rats were

administered with dexamethasone. However, the precise mechanism of this trans-

location is not clear (Demonacos et al. 1993). GR has been detected in mitochondria

of HeLa cells, cytoplasm, and mitochondria of rat brain synaptosomes (Moutsatsou

et al. 2001; Scheller et al. 2000). GR binds to glucocorticoid response element

(GRE) consensus sequence present on cytochrome c oxidase I and III genes and the

D-loop region of mitochondrial DNA (Demonacos et al. 1995). These studies

indicate that GR present in the mitochondria may be regulating mitochondrial

transcription independent of its nuclear role. Overexpression of mitochondrial GR

increases RNA synthesis, ATP production, and cytochrome c oxidase I protein

(Psarra and Sekeris 2011). Further, it has been shown that GR forms a complex with

Bcl-2 before its translocation into mitochondria in corticosterone-treated brain

cells. This translocation inhibits the release of cytochrome c and calcium ions

from mitochondria, thereby protecting the neuron (Du et al. 2009). In contrast,

mitochondria-localized GR has been shown to induce apoptosis in dexamethasone-

treated thymocytes where the mitochondrial import of GR correlates with the

release of cytochrome c and activation of caspase 3 (Talaber et al. 2009).

2.3 Thyroid Hormone Receptor

Thyroid hormone receptor is a nuclear receptor that regulates cellular metabolism

and heart rate by activating transcription of genes in response to thyroid hormone. It

has been 3 decades since Sterling and his colleagues discovered the presence of

thyroid hormones in mitochondria (Sterling et al. 1984). Thyroid receptors TRα and

TRβ are encoded by two genes c-erbA-1 and c-erbA-2, respectively. p43 and p28

are alternate translational initiation products of TRα, and these are exclusively

localized to mitochondria. Mitochondria-localized TRα induces the expression of

mitochondrial 12S rRNA by binding to the thyroid hormone response element of

mitochondrial DNA (Morrish et al. 2006). p43 depleted mice exhibits decreased

mitochondrial DNA replication and respiratory chain activities. p43 has also been

implicated in maintaining glucose homeostasis and insulin secretion. It would be

interesting to see the effect of p43 depletion in pancreatic cells and on the mito-

chondrial and nuclear cross talk. Depletion of p43 may cause decreased levels of

Glut2 and Kir62 that may ultimately lead to pancreatic cell dysfunction and

6 N.B.V. Sepuri et al.



lowered insulin secretion (Blanchet et al. 2012). Further, overexpression of p43

induces a shift in skeletal muscle fiber types and causes muscle atrophy during

aging through two muscle-specific E3 ubiquitin ligases, atrogin-1/MAFbx and

MuRF1 (Casas et al. 2009; Casas et al. 2008). This data demonstrates the physio-

logical importance of mitochondrial thyroid hormone receptor. Interestingly,

human dermal fibroblasts overexpressing p43 undergo cellular transformation by

upregulating c-Jun and c-Fos and concomitantly decreasing the expression of tumor

suppressor genes p53, p21WAF1, and Rb (Grandemange et al. 2005) (Fig. 1).

Fig. 1 Mitochondria-localized nuclear hormone receptors: nuclear hormone receptors that are

present in mitochondria are estrogen receptor (ESR), glucocorticoid receptor (GR), and thyroid

receptor (TR). Numbers in the figure represent the action of receptors, which are (1) transcriptional
regulation of mitochondrial genes by ESR upon binding to its ligand. (2) ESR decreases the

amount of ROS generated in mitochondria by activating MnSOD. (3) ESR interacts with Bad,

thereby reducing the translocation of BAX to mitochondria. (4) GR interacts with GRE present in

mitochondria and regulates the transcription independent of nucleus. (5) Overexpression of

mitochondrial GR increases the production of ATP. (6) GR complexes with Bcl-2 and inhibits

the translocation of cytochrome c. (7) TR interacts with TRE in mitochondria and regulates

transcription. (8) p43, alternate translational product of TRα, has shown to play a role in insulin

secretion and glucose homeostasis

Nuclear Transcription Factors in the Mitochondria: A New Paradigm in Fine. . . 7



3 Nuclear Transcription Factors Associated
with Mitochondria

3.1 Interferon Regulatory Factor 3

IRF3 belongs to an interferon regulatory transcription factor family and is known to

play a major role in innate immune response. Though IRF3 may not be localized to

the mitochondria, it is known to regulate mitochondrial functions in a transcription-

independent manner. In support of this theory, IRF3 mutant’s deficiency in its

transcription activity is still capable of activating apoptosis by releasing cyto-

chrome c from mitochondria (Chattopadhyay et al. 2010). It is well documented

that mitochondria-associated proteins and MAVS are required to orchestrate the

IRF3 nuclear-mediated antiviral signaling and apoptosis. For carrying out its

nuclear and mitochondrial roles, cytosolic IRF3 has to be activated by

mitochondria-associated MAVS through synthetic or viral generated dsRNA-like

vesicular stomatitis viruses. For IRF3 to influence mitochondrial functions, a pool

of cytosolic-activated IRF3 interacts initially with Bax, a pro-apoptotic Bcl2 family

protein through its BH3 domain. This interaction triggers Bax translocation to

mitochondria, and its subsequent oligomerization on the mitochondrial membrane

results in the release of cytochrome c and initiation of apoptosis cascade. Intrigu-

ingly, Bax seems to be also required for phosphorylation and nuclear translocation

of IRF3 (Sharif-Askari et al. 2007). It is not clear whether Bax is directly involved

in the phosphorylation of IRF3. More studies are required to understand if addi-

tional factors are involved in the interaction between phosphorylated IRF3 and Bax

and also the mechanism that prevents the entry of cytosolic IRF3 into nucleus. A

more definitive evidence is required to completely rule out the possibility of IRF3

entry into mitochondria.

3.2 p53

p53 is a tumor suppressor protein that responds to a myriad of stresses that include

oxidative stress, DNA damage, nutrient stress, and ischemia (Zilfou and Lowe

2009). It is believed that p53-induced apoptotic changes were mediated by its

ability to activate transcription of a particular section of genes within the nucleus;

however, recent reports suggest that this ability to induce apoptosis and necrosis is

attributed to its noncanonical role in the mitochondria. Most of the apoptotic

signals, like gamma radiation, oncogenic deregulation, hypoxia, and genotoxic

and oxidative stress, stimulate the translocation of p53 from cytosol to the outer

mitochondrial membranes and to interact with multi-domain Bcl-2 family of

proteins so that it can promote membrane permeabilization and apoptosis (March-

enko et al. 2007). p53 interacts with Bcl-2 family of proteins such as pro-apoptotic

BAX and BAK and anti-apoptotic proteins Bcl-xL and Bcl-2. During stress, p53

competes with anti-apoptotic Mcl1 protein for its interaction with BAK in order to

induce apoptosis (Leu et al. 2004). Similarly, p53 interaction with BAX disrupts the
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sequestration of BAX by Bcl-xL. This disruption allows for the oligomerization of

BAX on the outer mitochondrial membranes and opening of the permeability

transition pore (PTP) (Chipuk et al. 2004). Unlike other transcription factors that

reside in the mitochondria, the DNA-binding domain of p53 is critical for its

mitochondrial function. In addition to its influence on outer mitochondrial Bcl2

proteins, p53 is also present in the subcompartments of mitochondria. A fraction of

p53 resides in the mitochondrial matrix and interacts with cyclophilin D (CypD).

This interaction facilitates the ROS-mediated opening of PTP and induction of

necrosis. Thus, mitochondria-localized p53 is required for induction of

mitochondria-mediated apoptosis and necrosis. In addition, another fraction of

p53 that is also present in the mitochondrial matrix interacts with mtHSP70,

mtHSP60, mitochondrial DNA polymerase γ, and mtTFA. However, the precise

function of matrix-localized p53 in mitochondrial transcription, DNA binding, and

protein folding is yet to be understood. Matrix-localized p53 has also been shown to

sequester MnSOD to initiate apoptosis (Zhao et al. 2005). It appears that necrosis is

operated when apoptotic process is stalled and necrosis seems to be operated only

under oxidative stress conditions. However, it is not clear whether there is any cross

talk between these two pathways to initiate the death signaling. Elucidation of the

upstream signaling mechanism that determines the translocation of p53 to different

subcompartments of mitochondria will provide valuable insights into p53 function

vis-a-vis its mitochondrial positioning.

Though the mitochondrial translocation mechanism of p53 is not clear, mito-

chondrial p53 is known to regulate the OPA1 processing, mitochondrial dynamics

in cisplatin (cis-diamminedichloroplatinum (II)), and CDDP-induced mitochon-

drial fragmentation (Kong et al. 2014). In response to oxidative stress, p53 interacts

with Drp1, a mitochondrial fission protein before translocating to mitochondria.

Although the mechanism of p53 translocation is yet to be unraveled, there are some

indications of the possible path that p53 might be taking. It has been shown that

Mdm2-dependent mono-ubiquitination of cytosolic p53 triggers p53 translocation

to mitochondria (Marchenko et al. 2007). Drp1 may act as a facilitator for the

Mdm2-dependent mono-ubiquitination of p53 (Guo et al. 2014). The translocated

p53 probably undergoes deubiquitination in a HAUSP-dependent manner to revert

back to a fully functional form on mitochondrial membrane. Curiously, serine

phosphorylated p53 appears to be accumulated in the mitochondrial matrix of

mouse cortical neurons (Pei et al. 2014). This suggests that posttranslational

modifications of p53 may be employed as a signature for the accurate targeting of

p53 into the mitochondrial subcompartments. This possibility is all the more

appealing as p53 is known to undergo different kinds of posttranslational

modifications including methylation and acetylation besides phosphorylation. Phar-

macological drugs and stress conditions can directly modulate mitochondrial trans-

location of p53 without affecting its nuclear translocation (Strom et al. 2006).

Hence, understanding the mechanistic details of p53 translocation to mitochondria

might be useful for novel therapeutic interventions as p53 regulates tumor devel-

opment and ischemic reperfusion injury.
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3.3 cAMP Response Element-Binding Protein

The cAMP response element-binding (CREB) protein is a transcriptional factor

known to be involved in synaptic transmission and neuron survival. CREB is

activated by a set of kinases such as cyclic AMP-dependent protein kinase A

(PKA), extracellular regulated kinases (ERKs), and calcium-activated calmodulin

kinases (CaMKs) (Altarejos and Montminy 2011). CREB activates transcription

upon binding to cAMP-responsive elements present in the upstream region of target

genes. Although CREB does not contain any mitochondrial localization signals, it

has been shown that CREB gets imported into mitochondria through the TOM

complex in a membrane potential-dependent manner with the aid of mitochondrial

matrix-residing heat shock protein, mtHSP70. mtHSP70 is known to be involved in

the unfolding and translocation of proteins across the mitochondrial inner mem-

brane (Lee et al. 2005). In support of CREB’s movement to mitochondria, CREB-

binding sites have been detected on the D-loop of mitochondrial genome by

chromatin immunoprecipitation (ChIP) assay (Marinov et al. 2014). Mitochondrial

depletion of CREB has shown to decrease the expression of several mitochondria-

encoded RNAs of complex I with a concomitant reduction in the complex I activity

(Lee et al. 2005).

Intriguingly, recent reports have suggested the presence of phosphorylated

CREB in mitochondria similar to phosphorylated p53. It is possible that

mitochondria choose a similar mechanism for import of both CREB and p53.

CREB has also been implicated in the regulation of neuronal survival by regulating

mitochondrial gene expression in response to various stimuli in a cell (De Rasmo

et al. 2009). Besides the aforementioned functions of CREB in the mitochondria, it

also appears to be responsible for pathophysiology of Huntington disease

(HD) (Bogdanov et al. 1998; Lee et al. 2005). In addition, CREB is also known

to be involved in the regulation of cell death. CREB binds to the CRE element

present in the promoter of Bcl-2 gene to induce Bcl-2 overexpression that causes

inhibition of apoptosis (Wilson et al. 1996). Hence, CREB multitasks to contribute

not only to the activation of a subset of nuclear genes but also in the regulation of

apoptosis and neuronal survival.

3.4 NF-kB

NF-kB family of transcription factors responds toward diverse stimuli which result

in the expression of genes involved in inflammation, metabolism, cancer, and

development. It is well documented that NF-kB transcription factors regulate

mitochondrial metabolism through a canonical transcriptional activation pathway.

However, there are reports suggesting that they might be playing additional roles in

a transcription-independent manner. Along with its inhibitor, Ik-B, several

members of the NF-kB family are present in mitochondria. NF-kB was shown to

interact with ATP-ADP translocator-1 (Bottero et al. 2001). This interaction

promotes the mitochondrial recruitment of NF-kB with a concomitant decrease in
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its nuclear activity. This result is further corroborated with decreased expression of

known nuclear anti-apoptotic NF-kB target genes, Bcl-xL and c-IAP-2 (Zamora

et al. 2004).

Coincidentally, RelA, a NF-kB family member, is also present in the

mitochondria, binds to mitochondrial DNA, and inhibits the expression of cyto-

chrome c oxidase III (CoxIII) (Cogswell et al. 2003). It is striking to note that

mitochondrial p53 levels negatively correlate with mitochondrial RelA levels. This

potential interplay between mitochondrial p53 and RelA levels is further supported

by the fact that overexpression of p53 mitigates the inhibitory effect of RelA on

mitochondrial gene expression (Johnson et al. 2011). It has been proposed that the

actions of p53 and RelA on mitochondrial respiration influence the metabolic

switch from OXPHOS to glycolysis (Johnson et al. 2011).

3.5 Signal Transducer and Activator of Transcription

In response to a variety of cytokine stimuli, signal transducer and activator of

transcription (STAT) family proteins translocate to the nucleus from cytoplasm to

regulate target gene expression (Bromberg et al. 1999). These transcription factors

often work together or in opposite manner to regulate various cellular processes. In

fact, they regulate energy metabolism and mitochondrial function by modulating

the expression of nuclear-encoded mitochondrial genes (Avalle et al. 2012; Walker

et al. 2009). Despite their well-established nuclear functions, it has been reported

that a pool of STATs are also present in mitochondria and regulate diverse

mitochondrial functions (Bourke et al. 2013; Chueh et al. 2010; Wegrzyn

et al. 2009). To date, only three of the STAT family members have been reported

to be present in mitochondria. These are STAT3, STAT5, and STAT1.

STAT3 was the first STAT family member to be found in the mitochondria. It

was shown to regulate the activities of complexes I and II (Wegrzyn et al. 2009).

Mitochondrial STAT3 was also shown to mediate the Ras-induced cellular trans-

formation (Gough et al. 2009). Though Tyr705 phosphorylation is required for

nuclear functions of STAT3, mitochondrial functions of STAT3 also require

phosphorylation, however, at Ser727 (Gough et al. 2009; Wegrzyn et al. 2009).

Mitochondrial STAT3 was also shown to protect against ischemic injury by

preventing the leakage of electrons from complex I of ETC (Szczepanek

et al. 2011). Studies indicate that mitochondrial STAT3 interacts with CypD,

thereby suggesting a possible role of this transcription factor in permeability

transition (Boengler et al. 2010). A recent study also suggested the involvement

of STAT3 in gene expression. SIRT1 is a major NAD-dependent deacetylase and an

important marker for cardiovascular, neurological, and aging disorders. SIRT1 is

known to be involved in mitochondrial metabolism through deacetylation of

PGC-1α and LKB1 (an upstream kinase of AMPK) besides regulating STAT3-

mediated mitochondrial respiration (Nemoto et al. 2005). SIRT1 knockdown in

MEFs enhances the mitochondrial respiration rate and enzyme activities due to the

accumulation of phosphorylated STAT3 in the mitochondria (Bernier et al. 2011).
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Taken together, the above studies underscore the importance of the intricate

interplay between STAT3 and SIRT1 for executing their mitochondrial functions.

STAT5 is a transcription factor majorly involved in the growth and development

of blood cells. However, recently it was also shown to be present in mitochondria.

The IL-2 treatment increases mitochondrial recruitment of STAT5 to mitochondria.

It also binds to D-loop of mitochondrial DNA and interacts with an E2 subunit of

mitochondrial pyruvate dehydrogenase complex (Chueh et al. 2010).

STAT1, a key regulator of antiviral immune response, is also localized to

mitochondria. Though there is no function ascribed to this transcription factor, it

may be repressing the mitochondrial gene expression as IFN-β inhibition activates

STAT1 (Bourke et al. 2013), mitochondrial RNAs, as well as nuclear-encoded

mRNAs of ETC.

3.6 Myocyte-Specific Enhancer Factor-2D

The myocyte-specific enhancer factor-2 (MEF-2) family of transcription factors

play a major role in immune response, muscle differentiation, and carbohydrate

metabolism. Though the involvement of MEF-2 family protein in mitochondrial

biogenesis has been known for a long time, only recently the localization of

MEF-2D in mitochondria was demonstrated (She et al. 2011). MEF-2D binds to

the consensus sequence present in the light strand of the mitochondrial DNA that

encodes a complex I subunit called ND6. Disruption of MEF-2D resulted in

decreased complex I activity, increased ROS production, and decreased ATP

levels. Rotenone treatment decreases the binding of MEF-2D to the ND6 promoter

(She et al. 2011). In addition, MMP+ treatment resulted in declined levels of

MEF-2D and ND6, which is associated with decreased neuronal viability in brains

from MMP+-treated mice. Intriguingly, reduced levels of ND6 and mitochondrial

MEF-2D have been documented in postmortem brains of PD patients. These results

suggest the crucial role of MEF-2D in regulating the mitochondrial metabolism

through modulation of ND6 (Fig. 2).

4 Mechanistic Insights into the Mitochondrial Transport
of Nuclear Receptors and Transcription Factors

Mitochondria being a semiautonomous organelle, a majority of its proteins are

nuclear DNA encoded. These proteins are synthesized on the cytosolic ribosomes

and imported into mitochondria posttranslationally. Nuclear-encoded mitochon-

drial matrix-targeted proteins, in general, possess cleavable, N-terminal

pre-sequence which forms an amphipathic alpha helical structure on the mitochon-

drial surface. Import receptors that are present on the outer and inner mitochondrial

membranes known as TOM and TIM complex, respectively, drive the precursor

protein across the inner membrane into the matrix with the help of matrix-localized

Hsp70 molecular motor (Schulke et al. 1999; Schulke et al. 1997). Most of the inner
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membrane, outer membrane, and intermembrane space mitochondrial proteins do

not contain any cleavable N-terminal targeting sequence; instead, the targeting

sequences are embedded within the mature protein sequence (Chacinska

et al. 2009). Precursor proteins that contain internal targeting sequence are

recognized and made to traverse through the outer membrane receptors Tom70

followed by Tom20 and Tom40/Tom22 of the TOM complex

(Anandatheerthavarada et al. 2008; Sepuri et al. 2007). However, pre-sequence-

containing proteins are first recognized by Tom20 followed by Tom40/Tom22 of

TOM complex. Besides, the mitochondrial recruitment of these proteins requires a

cytosolic chaperone system. Both Hsp90 and Hsp70 chaperones guide proteins that

harbor an internal targeting sequence, while Hsp70 alone is sufficient to accompany

proteins with pre-sequence to the outer membrane receptors.

In contrast nuclear transcription factors despite lacking either of the canonical or

non-canonical mitochondrial targeting sequences can translocate to the mitochondria.

These proteins make a significant contribution to the myriad functions of

mitochondria (Szczepanek et al. 2012). The investigation into their mitochondrial

Fig. 2 Mitochondria-localized nuclear transcription factors and their role. (a) During stress

conditions, mono-ubiquitylated p53 translocates into mitochondria. Matrix-localized p53

sequesters MnSOD and initiates apoptosis. In matrix p53 interacts with CypD and mediates

ROS-mediated permeability transition pore opening. p53 interacts with Bcl2 family proteins and

anti-apoptotic proteins Bcl-xL and Bcl2. (b) During viral infections, RIGI binds to viral dsRNA

and interacts with mitochondrial MAVS protein, which activates IRF3. This activated IRF3

interacts with Bax and induces the release of cytochrome c for apoptosis initiation. (c, d ) CREB
and MEF-2D translocate to mitochondria by mtHSP70 and induce mitochondrial gene expression.

(e) GRIM-19 acts as a chaperon to import STAT3 into mitochondria
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recruitment has become an active area of research in cell biology.Attemptsweremade

to study the role of Hsp70, Hsp90, TOMcomplex, and alternative translation initiation

in the mitochondrial recruitment of few transcription factors like CREB, RelA, and

p53. The exact mechanism adopted bymitochondria to import these nuclear transcrip-

tion factors is yet to be unraveled despite studies that tried to understand the role of

chaperones and mitochondrial import receptors in their import. Studies on alternative

translation initiation have also been futile.

One of our studies had focused on the mitochondrial pool of STAT3 and its role

in cellular respiration. Our studies showed that mitochondrial STAT3 plays a very

critical role in a vast array of cellular processes. Using in vitro and in vivo studies,

we have shown that the gene associated with retinoid interferon-induced cell

mortality 19 (GRIM-19), a complex I subunit, involved in the recruitment of

STAT3 into mitochondria. GRIM-19 acts like a chaperone to enhance the import

and integration of STAT3 into mitochondrial complex I. GRIM-19 mediated import

of STAT3 requires a Ser727 phosphorylation as a phospho-mutant fails to integrate

into the membrane (Tammineni et al. 2013; Zhang et al. 2013).

5 Conclusions and Future Perspectives

In general, transcription factors translocate to the nucleus in response to extracellu-

lar cues and regulate gene expression. Recently, novel functions for these transcrip-

tion factors were also being reported in mitochondria. These mitochondria-

localized transcription factors regulate myriad cellular functions like apoptosis,

cell survival, and mitochondrial gene expression. In fact, the list of transcription

factors associated with mitochondria and their functions is increasing exponen-

tially. These findings suggest a new paradigm that mitochondrial function of

transcription factors serves as the key determinant of cell fate over their nuclear

function (Szczepanek et al. 2012). Despite the significant role of nuclear transcrip-

tion factors in mitochondria, our understanding of their mitochondrial functions and

targeting is limited at this moment.

Mitochondrial proteins utilize either cleavable canonical mitochondrial

targeting sequence or internal bipartite sequence for their transport to mitochondria

(Chacinska et al. 2009). Since most of the transcription factors do not have either of

the mitochondrial targeting sequences, understanding their mechanism of mito-

chondrial transport would be an active area of research. Initial studies in this

direction identify the importance of some of the chaperones and mitochondria-

associated proteins in this process. However, it would be of more interest to see

whether these transcription factors compete or cooperate for their mitochondrial

targeting or utilize unique or shared pathways for their transport to mitochondria.

Since most of the transcription factors identified so far are associated with various

disease conditions like cancer and cardiac injury, understanding the mechanism of

mitochondrial recruitment may also provide novel insights into precise therapeutic

interventions sparing their nuclear functions intact.
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Moreover, each subcompartment of mitochondria is discrete in structure and

function. Precise submitochondrial localization of transcription factors rather than

mitochondrial localization per se would provide novel insights into our current

understanding of various cellular functions.

Another important aspect would be to investigate the cross talk between various

transcription factors in regulating the mitochondrial functions. The role of tran-

scription factors in controlling each other’s function in the nucleus is well

established. However, it remains largely unknown whether such regulation also

exists in the mitochondria to regulate either their targeting or mitochondrial func-

tion. For instance, STAT3 promotes cell proliferation and motility to promote

tumorigenesis. On the other hand, STAT1, in general, triggers antiproliferative

and pro-apoptotic responses in tumor cells (Avalle et al. 2012). As these two

transcription factors are present in mitochondria and mitochondria play a significant

role in tumorigenesis, it would be interesting to see how these transcription factors

regulate mitochondrial function and whether loss of this balance sufficiently

triggers tumorigenesis. Likewise, IRF3 and p53, though, respond to similar kinds

of stresses and translocate to mitochondria. Do they have opposing effects on

mitochondrial RNA expression? Hence, investigating the cross talk among tran-

scription factors would probably provide novel insights into our current understand-

ing of these processes.

Steady-state levels of most of the nuclear transcription factors, under normal

physiological conditions, in the mitochondria are very minimal. These transcription

factors are subject to change in response to various stimuli. Very little progress is

being made in understanding the role of the posttranslational modification in

directing the transcription factors to mitochondria. For instance, phosphorylation

of STAT3 at Ser727 is shown to be essential for its mitochondrial functions (Gough

et al. 2009; Wegrzyn et al. 2009), whereas upstream kinase or signal that is

responsible for STAT3 phosphorylation in the context of mitochondria remains to

be understood. Similarly, it remains to be elucidated the significance of mono-

ubiquitination in mitochondrial targeting of p53 (Marchenko et al. 2007). Hence,

further studies are needed to understand whether posttranslational modifications are

sufficed to target them to mitochondria or increase their interaction with chaperons

or other mitochondria-associated proteins to share their ride to mitochondria. It is

also possible that phosphorylation may expose cryptic mitochondrial targeting

sequence present (Robin et al. 2002) or induce conformational changes such that

noncontiguous sequences brought together to generate the mitochondria-targeting

sequence. However, further studies may shed light on the mechanistic details

employed by mitochondria to import these nuclear transcription factors. Neverthe-

less, mounting evidence suggests that nuclear transcription factors in their novel

milieu help in fine-tuning mitochondrial metabolism to evoke response toward

environmental cues.

Acknowledgments We would like to thank all the members of Dr. Sepuri lab for critical

comments on the manuscript. We are grateful to Dr. Thanuja Krishnamoorthy for critically

evaluating the manuscript. We thank the funding agency SERB to Dr. Sepuri lab and DST-FIST

Nuclear Transcription Factors in the Mitochondria: A New Paradigm in Fine. . . 15



and UGC-SAP to the department. Mr. Arun Kumar and Fareed Mohammed are supported by CSIR

and UGC Junior Research Fellowship, respectively.

References

Altarejos JY, Montminy M (2011) CREB and the CRTC co-activators: sensors for hormonal and

metabolic signals. Nat Rev Mol Cell Biol 12:141–151. doi:10.1038/nrm3072

Anandatheerthavarada HK, Sepuri NB, Biswas G, Avadhani NG (2008) An unusual TOM20/

TOM22 bypass mechanism for the mitochondrial targeting of cytochrome P450 proteins

containing N-terminal chimeric signals. J Biol Chem 283:36060

Avalle L, Pensa S, Regis G, Novelli F, Poli V (2012) STAT1 and STAT3 in tumorigenesis: a

matter of balance. JAKSTAT 1:65–72. doi:10.4161/jkst.20045

Bernier M, Paul RK, Martin-Montalvo A, Scheibye-Knudsen M, Song S, He HJ, Armour SM,

Hubbard BP, Bohr VA, Wang L, Zong Y, Sinclair DA, de Cabo R (2011) Negative regulation

of STAT3 protein-mediated cellular respiration by SIRT1 protein. J Biol Chem

286:19270–19279. doi:10.1074/jbc.M110.200311

Blanchet E, Bertrand C, Annicotte JS, Schlernitzauer A, Pessemesse L, Levin J, Fouret G, Feillet-

Coudray C, Bonafos B, Fajas L, Cabello G, Wrutniak-Cabello C, Casas F (2012) Mitochondrial

T3 receptor p43 regulates insulin secretion and glucose homeostasis. FASEB J 26:40–50.

doi:10.1096/fj.11-186841

Boengler K, Hilfiker-Kleiner D, Heusch G, Schulz R (2010) Inhibition of permeability transition

pore opening by mitochondrial STAT3 and its role in myocardial ischemia/reperfusion. Basic

Res Cardiol 105:771–785. doi:10.1007/s00395-010-0124-1

Bogdanov MB, Ferrante RJ, Kuemmerle S, Klivenyi P, Beal MF (1998) Increased vulnerability to

3-nitropropionic acid in an animal model of Huntington’s disease. J Neurochem 71:2642–2644

Bopassa JC, Eghbali M, Toro L, Stefani E (2010) A novel estrogen receptor GPER inhibits

mitochondria permeability transition pore opening and protects the heart against ischemia-

reperfusion injury. Am J Physiol Heart Circ Physiol 298:H16–H23. doi:10.1152/ajpheart.

00588.2009

Bottero V, Rossi F, Samson M, Mari M, Hofman P, Peyron JF (2001) Ikappa b-alpha, the

NF-kappa B inhibitory subunit, interacts with ANT, the mitochondrial ATP/ADP translocator.

J Biol Chem 276:21317–21324. doi:10.1074/jbc.M005850200M005850200

Bourke LT, Knight RA, Latchman DS, Stephanou A, McCormick J (2013) Signal transducer and

activator of transcription-1 localizes to the mitochondria and modulates mitophagy. JAKSTAT

2, e25666. doi:10.4161/jkst.256662013JAKS0144R1

Bromberg JF, Wrzeszczynska MH, Devgan G, Zhao Y, Pestell RG, Albanese C, Darnell JE Jr

(1999) Stat3 as an oncogene. Cell 98:295–303, doi: S0092-8674(00)81959-5 [pii]

Cammarata PR, Chu S, Moor A, Wang Z, Yang SH, Simpkins JW (2004) Subcellular distribution

of native estrogen receptor alpha and beta subtypes in cultured human lens epithelial cells. Exp

Eye Res 78:861–871. doi:10.1016/j.exer.2003.09.027S0014483503003907

Casas F, Pessemesse L, Grandemange S, Seyer P, Gueguen N, Baris O, Lepourry L, Cabello G,

Wrutniak-Cabello C (2008) Overexpression of the mitochondrial T3 receptor p43 induces a

shift in skeletal muscle fiber types. PLoS One 3, e2501. doi:10.1371/journal.pone.0002501

Casas F, Pessemesse L, Grandemange S, Seyer P, Baris O, Gueguen N, Ramonatxo C, Perrin F,

Fouret G, Lepourry L, Cabello G, Wrutniak-Cabello C (2009) Overexpression of the mito-

chondrial T3 receptor induces skeletal muscle atrophy during aging. PLoS One 4, e5631.

doi:10.1371/journal.pone.0005631

Chacinska A, Koehler CM, Milenkovic D, Lithgow T, Pfanner N (2009) Importing mitochondrial

proteins: machineries and mechanisms. Cell 138:628–644. doi:10.1016/j.cell.2009.08.005

Chattopadhyay S, Marques JT, Yamashita M, Peters KL, Smith K, Desai A, Williams BR, Sen GC

(2010) Viral apoptosis is induced by IRF-3-mediated activation of Bax. EMBO J

29:1762–1773. doi:10.1038/emboj.2010.50

16 N.B.V. Sepuri et al.

http://dx.doi.org/10.1038/nrm3072
http://dx.doi.org/10.4161/jkst.20045
http://dx.doi.org/10.1074/jbc.M110.200311
http://dx.doi.org/10.1096/fj.11-186841
http://dx.doi.org/10.1007/s00395-010-0124-1
http://dx.doi.org/10.1152/ajpheart.00588.2009
http://dx.doi.org/10.1152/ajpheart.00588.2009
http://dx.doi.org/10.1074/jbc.M005850200M005850200
http://dx.doi.org/10.4161/jkst.256662013JAKS0144R1
http://dx.doi.org/10.1016/j.exer.2003.09.027S0014483503003907
http://dx.doi.org/10.1371/journal.pone.0002501
http://dx.doi.org/10.1371/journal.pone.0005631
http://dx.doi.org/10.1016/j.cell.2009.08.005
http://dx.doi.org/10.1038/emboj.2010.50


Chen JQ, Delannoy M, Cooke C, Yager JD (2004) Mitochondrial localization of ERalpha and

ERbeta in human MCF7 cells. Am J Physiol Endocrinol Metab 286:E1011–E1022. doi:10.

1152/ajpendo.00508.200300508.2003

Chipuk JE, Kuwana T, Bouchier-Hayes L, Droin NM, Newmeyer DD, Schuler M, Green DR

(2004) Direct activation of Bax by p53 mediates mitochondrial membrane permeabilization

and apoptosis. Science 303:1010–1014. doi:10.1126/science.1092734303/5660/1010

Chueh FY, Leong KF, Yu CL (2010) Mitochondrial translocation of signal transducer and

activator of transcription 5 (STAT5) in leukemic T cells and cytokine-stimulated cells.

Biochem Biophys Res Commun 402:778–783. doi:10.1016/j.bbrc.2010.10.112

Ciucci A, Zannoni GF, Travaglia D, Scambia G, Gallo D (2015) Mitochondrial estrogen receptor

beta2 drives antiapoptotic pathways in advanced serous ovarian cancer. Hum Pathol

46:1138–1146. doi:10.1016/j.humpath.2015.03.016

Cogswell PC, Kashatus DF, Keifer JA, Guttridge DC, Reuther JY, Bristow C, Roy S, Nicholson

DW, Baldwin AS Jr (2003) NF-kappa B and I kappa B alpha are found in the mitochondria.

Evidence for regulation of mitochondrial gene expression by NF-kappa B. J Biol Chem

278:2963–2968. doi:10.1074/jbc.M209995200M209995200

De Rasmo D, Signorile A, Roca E, Papa S (2009) cAMP response element-binding protein

(CREB) is imported into mitochondria and promotes protein synthesis. FEBS J

276:4325–4333. doi:10.1111/j.1742-4658.2009.07133.x

Demonacos C, Tsawdaroglou NC, Djordjevic-Markovic R, Papalopoulou M, Galanopoulos V,

Papadogeorgaki S, Sekeris CE (1993) Import of the glucocorticoid receptor into rat liver

mitochondria in vivo and in vitro. J Steroid Biochem Mol Biol 46:401–413

Demonacos C, Djordjevic-Markovic R, Tsawdaroglou N, Sekeris CE (1995) The mitochondrion

as a primary site of action of glucocorticoids: the interaction of the glucocorticoid receptor with

mitochondrial DNA sequences showing partial similarity to the nuclear glucocorticoid respon-

sive elements. J Steroid Biochem Mol Biol 55:43–55, doi: 096007609500159W [pii]

Du J, McEwen B, Manji HK (2009) Glucocorticoid receptors modulate mitochondrial function: a

novel mechanism for neuroprotection. Commun Integr Biol 2:350–352

Gough DJ, Corlett A, Schlessinger K, Wegrzyn J, Larner AC, Levy DE (2009) Mitochondrial

STAT3 supports Ras-dependent oncogenic transformation. Science 324:1713–1716. doi:10.

1126/science.1171721

Grandemange S, Seyer P, Carazo A, Becuwe P, Pessemesse L, Busson M, Marsac C, Roger P,

Casas F, Cabello G, Wrutniak-Cabello C (2005) Stimulation of mitochondrial activity by p43

overexpression induces human dermal fibroblast transformation. Cancer Res 65:4282–4291.

doi:10.1158/0008-5472.CAN-04-3652

Guo X, Sesaki H, Qi X (2014) Drp1 stabilizes p53 on the mitochondria to trigger necrosis under

oxidative stress conditions in vitro and in vivo. Biochem J 461:137–146. doi:10.1042/

BJ20131438

Johnson RF, Witzel II, Perkins ND (2011) p53-dependent regulation of mitochondrial energy

production by the RelA subunit of NF-kappaB. Cancer Res 71:5588–5597. doi:10.1158/0008-

5472.CAN-10-4252

Kabir ME, Singh H, Lu R, Olde B, Leeb-Lundberg LM, Bopassa JC (2015) G protein-coupled

estrogen receptor 1 mediates acute estrogen-induced cardioprotection via MEK/ERK/GSK-

3beta pathway after ischemia/reperfusion. PLoS One 10, e0135988. doi:10.1371/journal.pone.

0135988

Kong B, Wang Q, Fung E, Xue K, Tsang BK (2014) p53 is required for cisplatin-induced

processing of the mitochondrial fusion protein L-Opa1 that is mediated by the mitochondrial

metallopeptidase Oma1 in gynecologic cancers. J Biol Chem 289:27134–27145. doi:10.1074/

jbc.M114.594812

Lee J, Kim CH, Simon DK, Aminova LR, Andreyev AY, Kushnareva YE, Murphy AN, Lonze BE,

Kim KS, Ginty DD, Ferrante RJ, Ryu H, Ratan RR (2005) Mitochondrial cyclic AMP response

element-binding protein (CREB) mediates mitochondrial gene expression and neuronal sur-

vival. J Biol Chem 280:40398–40401. doi:10.1074/jbc.C500140200

Nuclear Transcription Factors in the Mitochondria: A New Paradigm in Fine. . . 17

http://dx.doi.org/10.1152/ajpendo.00508.200300508.2003
http://dx.doi.org/10.1152/ajpendo.00508.200300508.2003
http://dx.doi.org/10.1126/science.1092734303/5660/1010
http://dx.doi.org/10.1016/j.bbrc.2010.10.112
http://dx.doi.org/10.1016/j.humpath.2015.03.016
http://dx.doi.org/10.1074/jbc.M209995200M209995200
http://dx.doi.org/10.1111/j.1742-4658.2009.07133.x
http://dx.doi.org/10.1126/science.1171721
http://dx.doi.org/10.1126/science.1171721
http://dx.doi.org/10.1158/0008-5472.CAN-04-3652
http://dx.doi.org/10.1042/BJ20131438
http://dx.doi.org/10.1042/BJ20131438
http://dx.doi.org/10.1158/0008-5472.CAN-10-4252
http://dx.doi.org/10.1158/0008-5472.CAN-10-4252
http://dx.doi.org/10.1371/journal.pone.0135988
http://dx.doi.org/10.1371/journal.pone.0135988
http://dx.doi.org/10.1074/jbc.M114.594812
http://dx.doi.org/10.1074/jbc.M114.594812
http://dx.doi.org/10.1074/jbc.C500140200


Leigh-Brown S, Enriquez JA, Odom DT (2010) Nuclear transcription factors in mammalian

mitochondria. Genome Biol 11:215. doi:10.1186/gb-2010-11-7-215

Leu JI, Dumont P, Hafey M, Murphy ME, George DL (2004) Mitochondrial p53 activates Bak and

causes disruption of a Bak-Mcl1 complex. Nat Cell Biol 6:443–450. doi:10.1038/

ncb1123ncb1123

Liang J, Xie Q, Li P, Zhong X, Chen Y (2015) Mitochondrial estrogen receptor beta inhibits cell

apoptosis via interaction with Bad in a ligand-independent manner. Mol Cell Biochem

401:71–86. doi:10.1007/s11010-014-2293-y

Marchenko ND, Wolff S, Erster S, Becker K, Moll UM (2007) Monoubiquitylation promotes

mitochondrial p53 translocation. EMBO J 26:923–934. doi:10.1038/sj.emboj.7601560

Marinov GK, Wang YE, Chan D, Wold BJ (2014) Evidence for site-specific occupancy of the

mitochondrial genome by nuclear transcription factors. PLoS One 9, e84713. doi:10.1371/

journal.pone.0084713PONE-D-13-34454

McBride HM, Neuspiel M, Wasiak S (2006) Mitochondria: more than just a powerhouse. Curr

Biol 16:R551–R560. doi:10.1016/j.cub.2006.06.054

Milner TA, Ayoola K, Drake CT, Herrick SP, Tabori NE, McEwen BS, Warrier S, Alves SE

(2005) Ultrastructural localization of estrogen receptor beta immunoreactivity in the rat

hippocampal formation. J Comp Neurol 491:81–95. doi:10.1002/cne.20724

Mokranjac D, Neupert W (2009) Thirty years of protein translocation into mitochondria: unex-

pectedly complex and still puzzling. Biochim Biophys Acta 1793:33–41. doi:10.1016/j.

bbamcr.2008.06.021

Morrish F, Buroker NE, Ge M, Ning XH, Lopez-Guisa J, Hockenbery D, Portman MA (2006)

Thyroid hormone receptor isoforms localize to cardiac mitochondrial matrix with potential for

binding to receptor elements on mtDNA. Mitochondrion 6:143–148. doi:10.1016/j.mito.2006.

04.002

Moutsatsou P, Psarra AM, Tsiapara A, Paraskevakou H, Davaris P, Sekeris CE (2001) Localiza-

tion of the glucocorticoid receptor in rat brain mitochondria. Arch Biochem Biophys

386:69–78. doi:10.1006/abbi.2000.2162

Nemoto S, Fergusson MM, Finkel T (2005) SIRT1 functionally interacts with the metabolic

regulator and transcriptional coactivator PGC-1{alpha}. J Biol Chem 280:16456–16460.

doi:10.1074/jbc.M501485200

Pedram A, Razandi M, Wallace DC, Levin ER (2006) Functional estrogen receptors in the

mitochondria of breast cancer cells. Mol Biol Cell 17:2125–2137. doi:10.1091/mbc.E05-11-

1013

Pei L, Shang Y, Jin H, Wang S, Wei N, Yan H, Wu Y, Yao C, Wang X, Zhu LQ, Lu Y (2014)

DAPK1-p53 interaction converges necrotic and apoptotic pathways of ischemic neuronal

death. J Neurosci 34:6546–6556. doi:10.1523/JNEUROSCI.5119-13.2014

Psarra AM, Sekeris CE (2011) Glucocorticoids induce mitochondrial gene transcription in HepG2

cells: role of the mitochondrial glucocorticoid receptor. Biochim Biophys Acta

1813:1814–1821. doi:10.1016/j.bbamcr.2011.05.014

Robin MA, Anandatheerthavarada HK, Biswas G, Sepuri NB, Gordon DM, Pain D, Avadhani NG

(2002) Bimodal targeting of microsomal CYP2E1 to mitochondria through activation of an

N-terminal chimeric signal by cAMP-mediated phosphorylation. J Biol Chem

277:40583–40593. doi:10.1074/jbc.M203292200M203292200

Scarpulla RC, Vega RB, Kelly DP (2012) Transcriptional integration of mitochondrial biogenesis.

Trends Endocrinol Metab 23:459–466. doi:10.1016/j.tem.2012.06.006

Scheller K, Sekeris CE, Krohne G, Hock R, Hansen IA, Scheer U (2000) Localization of

glucocorticoid hormone receptors in mitochondria of human cells. Eur J Cell Biol

79:299–307. doi:10.1078/S0171-9335(04)70033-3

Schulke N, Sepuri NB, Pain D (1997) In vivo zippering of inner and outer mitochondrial

membranes by a stable translocation intermediate. Proc Natl Acad Sci U S A 94:7314–7319

18 N.B.V. Sepuri et al.

http://dx.doi.org/10.1186/gb-2010-11-7-215
http://dx.doi.org/10.1038/ncb1123ncb1123
http://dx.doi.org/10.1038/ncb1123ncb1123
http://dx.doi.org/10.1007/s11010-014-2293-y
http://dx.doi.org/10.1038/sj.emboj.7601560
http://dx.doi.org/10.1371/journal.pone.0084713PONE-D-13-34454
http://dx.doi.org/10.1371/journal.pone.0084713PONE-D-13-34454
http://dx.doi.org/10.1016/j.cub.2006.06.054
http://dx.doi.org/10.1002/cne.20724
http://dx.doi.org/10.1016/j.bbamcr.2008.06.021
http://dx.doi.org/10.1016/j.bbamcr.2008.06.021
http://dx.doi.org/10.1016/j.mito.2006.04.002
http://dx.doi.org/10.1016/j.mito.2006.04.002
http://dx.doi.org/10.1006/abbi.2000.2162
http://dx.doi.org/10.1074/jbc.M501485200
http://dx.doi.org/10.1091/mbc.E05-11-1013
http://dx.doi.org/10.1091/mbc.E05-11-1013
http://dx.doi.org/10.1523/JNEUROSCI.5119-13.2014
http://dx.doi.org/10.1016/j.bbamcr.2011.05.014
http://dx.doi.org/10.1074/jbc.M203292200M203292200
http://dx.doi.org/10.1016/j.tem.2012.06.006
http://dx.doi.org/10.1078/S0171-9335(04)70033-3


Schulke N, Sepuri NB, Gordon DM, Saxena S, Dancis A, Pain D (1999) A multisubunit complex

of outer and inner mitochondrial membrane protein translocases stabilized in vivo by translo-

cation intermediates. J Biol Chem 274:22847–22854

Sepuri NB, Yadav S, Anandatheerthavarada HK, Avadhani NG (2007) Mitochondrial targeting of

intact CYP2B1 and CYP2E1 and N-terminal truncated CYP1A1 proteins in Saccharomyces

cerevisiae--role of protein kinase A in the mitochondrial targeting of CYP2E1. FEBS J

274:4615–4630. doi:10.1111/j.1742-4658.2007.05990.x

Sharif-Askari E, Nakhaei P, Oliere S, Tumilasci V, Hernandez E, Wilkinson P, Lin R, Bell J,

Hiscott J (2007) Bax-dependent mitochondrial membrane permeabilization enhances IRF3-

mediated innate immune response during VSV infection. Virology 365:20–33. doi:10.1016/j.

virol.2007.03.011

She H, Yang Q, Shepherd K, Smith Y, Miller G, Testa C, Mao Z (2011) Direct regulation of

complex I by mitochondrial MEF2D is disrupted in a mouse model of Parkinson disease and in

human patients. J Clin Invest 121:930–940. doi:10.1172/JCI43871

Solakidi S, Psarra AM, Sekeris CE (2005) Differential subcellular distribution of estrogen receptor

isoforms: localization of ERalpha in the nucleoli and ERbeta in the mitochondria of human

osteosarcoma SaOS-2 and hepatocarcinoma HepG2 cell lines. Biochim Biophys Acta

1745:382–392. doi:10.1016/j.bbamcr.2005.05.010

Sterling K, Campbell GA, Brenner MA (1984) Purification of the mitochondrial triiodothyronine

(T3) receptor from rat liver. Acta Endocrinol (Copenh) 105:391–397

Strom E, Sathe S, Komarov PG, Chernova OB, Pavlovska I, Shyshynova I, Bosykh DA, Burdelya

LG, Macklis RM, Skaliter R, Komarova EA, Gudkov AV (2006) Small-molecule inhibitor of

p53 binding to mitochondria protects mice from gamma radiation. Nat Chem Biol 2:474–479.

doi:10.1038/nchembio809

Szczepanek K, Chen Q, Derecka M, Salloum FN, Zhang Q, Szelag M, Cichy J, Kukreja RC,

Dulak J, Lesnefsky EJ, Larner AC (2011) Mitochondrial-targeted Signal transducer and

activator of transcription 3 (STAT3) protects against ischemia-induced changes in the electron

transport chain and the generation of reactive oxygen species. J Biol Chem 286:29610–29620.

doi:10.1074/jbc.M111.226209

Szczepanek K, Lesnefsky EJ, Larner AC (2012) Multi-tasking: nuclear transcription factors with

novel roles in the mitochondria. Trends Cell Biol 22:429–437. doi:10.1016/j.tcb.2012.05.001

Talaber G, Boldizsar F, Bartis D, Palinkas L, Szabo M, Berta G, Setalo G Jr, Nemeth P, Berki T

(2009) Mitochondrial translocation of the glucocorticoid receptor in double-positive

thymocytes correlates with their sensitivity to glucocorticoid-induced apoptosis. Int Immunol

21:1269–1276. doi:10.1093/intimm/dxp093

Tammineni P, Anugula C, Mohammed F, Anjaneyulu M, Larner AC, Sepuri NB (2013) The

import of the transcription factor STAT3 into mitochondria depends on GRIM-19, a compo-

nent of the electron transport chain. J Biol Chem 288:4723–4732. doi:10.1074/jbc.M112.

378984

Walker SR, Nelson EA, Zou L, Chaudhury M, Signoretti S, Richardson A, Frank DA (2009)

Reciprocal effects of STAT5 and STAT3 in breast cancer. Mol Cancer Res 7:966–976. doi:10.

1158/1541-7786.MCR-08-0238

Wegrzyn J, Potla R, Chwae YJ, Sepuri NB, Zhang Q, Koeck T, Derecka M, Szczepanek K,

Szelag M, Gornicka A, Moh A, Moghaddas S, Chen Q, Bobbili S, Cichy J, Dulak J, Baker DP,

Wolfman A, Stuehr D, Hassan MO, Fu XY, Avadhani N, Drake JI, Fawcett P, Lesnefsky EJ,

Larner AC (2009) Function of mitochondrial Stat3 in cellular respiration. Science

323:793–797. doi:10.1126/science.1164551

Wilson BE, Mochon E, Boxer LM (1996) Induction of bcl-2 expression by phosphorylated CREB

proteins during B-cell activation and rescue from apoptosis. Mol Cell Biol 16:5546–5556

Xie Q, Huang Z, Liu Y, Liu X, Huang L (2015) Mitochondrial estrogen receptor beta inhibits

non-small cell lung cancer cell apoptosis via interaction with Bad. Nan Fang Yi Ke Da Xue

Xue Bao 35:98–102

Nuclear Transcription Factors in the Mitochondria: A New Paradigm in Fine. . . 19

http://dx.doi.org/10.1111/j.1742-4658.2007.05990.x
http://dx.doi.org/10.1016/j.virol.2007.03.011
http://dx.doi.org/10.1016/j.virol.2007.03.011
http://dx.doi.org/10.1172/JCI43871
http://dx.doi.org/10.1016/j.bbamcr.2005.05.010
http://dx.doi.org/10.1038/nchembio809
http://dx.doi.org/10.1074/jbc.M111.226209
http://dx.doi.org/10.1016/j.tcb.2012.05.001
http://dx.doi.org/10.1093/intimm/dxp093
http://dx.doi.org/10.1074/jbc.M112.378984
http://dx.doi.org/10.1074/jbc.M112.378984
http://dx.doi.org/10.1158/1541-7786.MCR-08-0238
http://dx.doi.org/10.1158/1541-7786.MCR-08-0238
http://dx.doi.org/10.1126/science.1164551


Zamora M, Merono C, Vinas O, Mampel T (2004) Recruitment of NF-kappaB into mitochondria is

involved in adenine nucleotide translocase 1 (ANT1)-induced apoptosis. J Biol Chem

279:38415–38423. doi:10.1074/jbc.M404928200M404928200

Zhang Q, Raje V, Yakovlev VA, Yacoub A, Szczepanek K, Meier J, Derecka M, Chen Q, Hu Y,

Sisler J, Hamed H, Lesnefsky EJ, Valerie K, Dent P, Larner AC (2013) Mitochondrial localized

Stat3 promotes breast cancer growth via phosphorylation of serine 727. J Biol Chem

288:31280–31288. doi:10.1074/jbc.M113.505057

Zhao Y, Chaiswing L, Velez JM, Batinic-Haberle I, Colburn NH, Oberley TD, St Clair DK (2005)

p53 translocation to mitochondria precedes its nuclear translocation and targets mitochondrial

oxidative defense protein-manganese superoxide dismutase. Cancer Res 65:3745–3750.

doi:10.1158/0008-5472.CAN-04-3835

Zhou Z, Zhou J, Du Y (2012) Estrogen receptor alpha interacts with mitochondrial protein

HADHB and affects beta-oxidation activity. Mol Cell Proteomics 11(M111):011056. doi:10.

1074/mcp.M111.011056

Zilfou JT, Lowe SW (2009) Tumor suppressive functions of p53. Cold Spring Harb Perspect Biol

1:a001883. doi:10.1101/cshperspect.a001883

20 N.B.V. Sepuri et al.

http://dx.doi.org/10.1074/jbc.M404928200M404928200
http://dx.doi.org/10.1074/jbc.M113.505057
http://dx.doi.org/10.1158/0008-5472.CAN-04-3835
http://dx.doi.org/10.1074/mcp.M111.011056
http://dx.doi.org/10.1074/mcp.M111.011056
http://dx.doi.org/10.1101/cshperspect.a001883


The Mitochondrial Permeability Transition
Pore and ATP Synthase

Gisela Beutner, Kambiz N. Alavian, Elizabeth A. Jonas,
and George A. Porter, Jr

Contents

1 Mitochondrial Energy Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.1 Metabolic Substrates and Energy Supply . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.2 The Electron Transport Chain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.3 Electron Transport Chain Assembly and Respirasomes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

1.4 ATP Synthase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2 The Permeability Transition Pore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.1 Physiologic Consequences of the Permeability Transition . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.2 Defining the Permeability Transition Pore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.3 The Search for the Identity of the Permeability Transition Pore . . . . . . . . . . . . . . . . . . . . . 30

3 ATP Synthase and the Permeability Transition Pore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.1 ATP Synthase and the Permeability Transition Pore Interact . . . . . . . . . . . . . . . . . . . . . . . . 33

3.2 The Permeability Transition Pore Lies Within or Around ATP Synthase . . . . . . . . . . . 34

3.3 The C-Ring of ATP Synthase Creates the Permeability Transition Pore . . . . . . . . . . . . 36

4 A Current Model of the Permeability Transition Pore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

The original version of this chapter was revised. An erratum to this chapter can be found at

DOI 10.1007/164_2016_87

G. Beutner • G.A. Porter, Jr (*)

Division of Cardiology, Department of Pediatrics, University of Rochester Medical Center, 601

Elmwood Ave., Box 631, Rochester 14642, NY, USA

e-mail: george_porter@urmc.rochester.edu

K.N. Alavian

Division of Brain Sciences, Department of Medicine, Imperial College London, London, UK

E.A. Jonas

Department of Internal Medicine, Section of Endocrinology, Yale University, New Haven, CT,

USA

# Springer International Publishing Switzerland 2016

H. Singh, S.-S. Sheu (eds.), Pharmacology of Mitochondria,
Handbook of Experimental Pharmacology 240, DOI 10.1007/164_2016_5

21

mailto:george_porter@urmc.rochester.edu


Abstract

Mitochondrial ATP generation by oxidative phosphorylation combines the step-

wise oxidation by the electron transport chain (ETC) of the reducing equivalents

NADH and FADH2 with the generation of ATP by the ATP synthase. Recent

studies show that the ATP synthase is not only essential for the generation of

ATP but may also contribute to the formation of the mitochondrial permeability

transition pore (PTP). We present a model, in which the PTP is located within

the c-subunit ring in the Fo subunit of the ATP synthase. Opening of the PTP was

long associated with uncoupling of the ETC and the initiation of programmed

cell death. More recently, it was shown that PTP opening may serve a physio-

logic role: it can transiently open to regulate mitochondrial signaling in mature

cells, and it is open in the embryonic mouse heart. This review will discuss how

the ATP synthase paradoxically lies at the center of both ATP generation and

cell death.

Keywords

ATP synthase • Bioenergetics • Electron transport chain • Embryonic heart •

Mitochondria • Permeability transition pore

1 Mitochondrial Energy Production

1.1 Metabolic Substrates and Energy Supply

Oxidative phosphorylation (OXPHOS) can be defined as the oxidation of metabolic

substrates by cytosolic and then mitochondrial enzymes to release energy that is

transferred to ATP, which is the basic energetic currency of the cell (Fig. 1). The

main metabolic substrates for all cellular processes are carbohydrates, fatty acids,

and proteins. Carbohydrates are transformed into glucose and, via the glycolytic

pathway, pyruvate, which enters the mitochondrion where it is decarboxylated and

acetylated by pyruvate dehydrogenase to produce acetyl coenzyme A (CoA). A

second source of acetyl-CoA is the β-oxidation of fatty acids in the mitochondrial

matrix. Proteins can be hydrolyzed into peptides and amino acids, which are then

deaminated and converted into pyruvate or acetyl-CoA. In the mitochondrial

matrix, acetyl-CoA enters the tricarboxylic acid (TCA, aka. citric acid, Krebs)

cycle, which generates NADH and FADH2, the substrates for the mitochondrial

ETC, which is located in the mitochondrial cristae membrane.

1.2 The Electron Transport Chain

The mitochondrial ETC consists of five large, multi-protein complexes (Fig. 1). The

proximal complexes (I, II, III, and IV) use the energy supplied by electron transport
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to generate an electrochemical gradient across the mitochondrial inner membrane

(IMM), which complex V (also known as ATP synthase or F1Fo-ATP synthase) is

used to produce ATP. The subunits of complexes I, III, IV, and V are encoded in

both the nuclear and mitochondrial genome, while the four subunits of complex II

are nuclear encoded (Wallace 1999).

Electrons enter the ETC at three sites: complex I, complex II, and ubiquinone

(Fig. 1). Oxidation of NADH in the hydrophilic, matrix-protruding arm of complex I

donates electrons that flow through a series of iron-sulfur-containing subunits to

eventually reduce ubiquinone. Complex II of the ETC is also the succinate dehydro-

genase enzyme of the TCA cycle, and the oxidation of succinate to fumarate reduces

complex II, which then reduces ubiquinone. At least three other enzymes can also

directly reduce the ubiquinone pool (Nicholls and Ferguson 2013). Ubiquinol

(reduced ubiquinone) is then oxidized by complex III, which then uses these

electrons to reduce cytochrome c. Cytochrome c in the intermembrane space then

reduces complex IV, leading to the final redox reaction where complex IV reduces

oxygen to water.

Energy released from the flow of electrons is used by complexes I, III, and IV to

pump protons against their electrochemical gradient into the intermembrane space

(Fig. 1). This gradient is called the electrochemical proton gradient (ΔμH, propor-
tional to the proton motive force, Δp) that is the product of the electrical (Δψm) and

proton (ΔpH) gradients across the IMM. Maintenance of this gradient is essential to

OXPHOS (see below) and requires high capacitance of the inner mitochondrial

membrane so that neither Δψm nor ΔpH are dissipated. Mitochondria prevent such

leaks by tightly regulating any leak currents as well as the many ion channels and

transporters that reside in the IMM (reviewed in Szabo and Zoratti 2014).

Fig. 1 Model of oxidative phosphorylation and the electron transport chain. (Left) Macroscopic

diagram of a mitochondrion and metabolic pathways. Mitochondria utilize carbons from the

metabolism of glucose, fatty acids, proteins, and other metabolic pathways to feed the TCA

cycle, which produces NADH. Mitochondrial structures that are indicated are as follows: the

cristae, the inner mitochondrial membrane (IMM), the intermembrane space, the matrix, and the

outer mitochondrial membrane (OMM). (Right) Microscopic diagram of the electron transport

chain. The oxidation of NADH to NAD+ donates electrons (e�) to complex I (I, NADH-

ubiquinone oxidoreductase/dehydrogenase), where they are eventually passed to ubiquinone (q,
coenzyme Q). In the TCA cycle, succinate (Suc) is oxidized to fumarate (Fum) at complex II (II,
succinate dehydrogenase, the electron carrier is FADH2), and electrons are passed to q. Electrons

flow from q to complex III (III, ubiquinol/cytochrome c oxidoreductase/dehydrogenase) to

cytochrome c (C) to complex IV (IV, cytochrome c oxidase), where they reduce O2 to water.

Complexes I, III, and IV pump protons (H+) across the inner mitochondrial membrane to generate

the membrane potential (Δψm) that complex V (V, ATP synthase, F1Fo ATPase) taps to synthesize

ATP. The matrix and intermembrane space are indicated
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The major source of mitochondrial reactive oxygen species (ROS) is the ETC

(Fig. 1), although other enzymes may play lesser roles. Slipping of electron flowing

through complexes I and III can form superoxide anions in the matrix, while

complex III can also release superoxide into the intermembrane space (Nickel

et al. 2014). In addition, it was recently suggested that complex II can also produce

ROS (Quinlan et al. 2012).

1.3 Electron Transport Chain Assembly and Respirasomes

The four proximal members of the ETC are large, multi-subunit protein complexes

that must be assembled to function efficiently. Each requires additional assembly

factors, and their assembly may be controlled by the assembly of the other

complexes, but the exact mechanisms that regulate the assembly of each remain

unclear. Assembly proceeds through sub-complexes, monomers, dimers, and

higher-order homo- and hetero-oligomers (Fig. 2).

An example of this assembly is complex I. In mammals, it is the largest and most

complicated ETC complex and contains at least 44 subunits that combine to form a

membrane-embedded hydrophobic domain and a hydrophilic domain containing a

chain of the redox centers that protrudes into the matrix (Hirst 2013). It remains

unclear how the assembly of these subunits into a functional complex I monomer is

regulated, but additional assembly factors/proteins are required (Mimaki

et al. 2012). In addition, its assembly can be stabilized if it is co-assembled into

respirasome supercomplexes (Fig. 2) (Calvaruso et al. 2012).

Assembly of respirasomes adds an additional layer of complexity to ETC activ-

ity. Technical advances and the development of blue and clear-native electrophore-

sis show that complexes I, III, and IV (along with ubiquinone and cytochrome c)
have the tendency to form respiratory active supercomplexes (Dudkina et al. 2008;

Wittig et al. 2007). The formation of respirasomes appears to confer a bioenergetic

advantage, because the close proximity of the complexes increases the efficiency of

electron transfer (Cogliati et al. 2013; Genova and Lenaz 2013). Respirasomes are

functionally active even after purifying them by blue native electrophoresis (Acin-

Perez et al. 2008). It appears that complexes III and IV begin the process of the

respirasome formation followed by the addition of partially assembled and still

de-active complex I (Moreno-Lastres et al. 2012). Not only does respirasome

Fig. 2 Electron transport chain assembly into respirasomes. When the individual complexes of

the ETC transfer electrons by random collision, electron flux is less efficient (left). However, the
assembly of complexes I, III, and IV with ubiquinone and cytochrome c into supercomplexes

called respirasomes greatly increases the efficiency of electron transfer and oxygen consumption
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formation increase ETC efficiency, but it also decreases ROS production, perhaps

due to the more efficient flow of electrons through the chain (Maranzana et al. 2013).

However, it is not clear whether respirasomes are permanent structures (solidmodel)

or form depending on the bioenergetic requirements of the cell (plastic model)

(Cogliati et al. 2013; Genova and Lenaz 2013; Lapuente-Brun et al. 2013).

1.4 ATP Synthase

The proximal four complexes of the ETC accept and transfer electrons from NADH

and the TCA cycle, and subsequent proton translocation by complexes I, III, and IV

from the mitochondrial matrix into the intermembrane space creates the proton

motive force (Δp) to drive ATP synthesis by ATP synthase (complex V or F1Fo
ATP synthase; Jonckheere et al. 2012). The monomer of the mammalian ATP

synthase is a ~600 kDa protein complex of 15 subunits and consists of 2 functional

units (Fig. 3): the membrane-embedded Fo subunit and the matrix facing F1 subunit.

Fig. 3 ATP synthase structure and assembly into synthasomes. (a) Diagrams of structure of an

ATP synthase monomer. (Left) The structural components of the complex are F1 (green), Fo
(orange), central stalk (brown), and stator (pink). (Right) The position of the 15 subunits in the

complex is labeled (adapted from Dickson et al. 2006). The F1 component contains the α- and
β-subunits. The Fo component contains the a-, b-, c-, e-, f-, g-, and A6L-subunits. The F1 and Fo
components are connected by the central stalk (δ-, ε-, and γ-subunits) and the stator (b-, d-, F6-, and
OSCP-subunits). (b) ATP synthase monomers combine to form dimers, which then assemble with

adenine nucleotide translocase (ANT) and the phosphate carrier (PiC) into supercomplexes called

synthasomes that increase the efficiency of energy (ATP) production and energy transfer into the

sarcoplasm. Ribbons of synthasomes likely increase this efficiency and mold the cristae into

tubular structures
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In bovine heart, Fo contains a ring of 8 very hydrophobic c-subunits and the subunits

a, b, e, f, g, and A6L. A central stalk composed of the subunits δ, ε, and γ connects the
c-subunit ring to the catalytic F1 unit, which consists of a hexamer of alternating α
and β subunits, where ATP synthesis and hydrolysis occur. Finally, a lateral stalk or

stator containing the subunits b, d, and F6 and the oligomycin-sensitivity conferring

protein (OSCP) connects the lateral portion of Fo to the top of F1. Movement of

protons between the c- and a-subunit causes rotation of the c-subunit ring and

provides the energy necessary for F1 to synthesize ATP (Walker 2013).

ATP synthase monomers are enzymatically active, but recent studies show that

in vivo the ATP synthase forms dimers and ribbons of even-numbered oligomers

(Fig. 3) (Bornhovd et al. 2006; Davies et al. 2011; Wittig and Schagger 2008).

Oligomerization of ATP synthase has been shown to shape the cristae membranes,

and this may confer a physiologic advantage (Cogliati et al. 2013; Davies

et al. 2011). For example, ATP synthase oligomerization is essential to build and

to maintain the mitochondrial membrane potential and local proton charge to

increase ATP synthase activity (Bornhovd et al. 2006). Since the mitochondrial

ATP synthase harbors the PTP (see below), elucidating the functional regulation of

monomers, dimers, and oligomers will provide important knowledge of how the

ATP synthase transforms into the PTP (see below for detailed discussion).

The ATP synthase also forms supercomplexes with the mitochondrial creatine

kinase (mtCK), adenine nucleotide translocase (ANT), and phosphate carrier (PiC)

(Fig. 3). These “synthasomes” connect the machinery required for ATP generation

(ATP synthase) to that of ADP/ATP and phosphate exchange (ANT, PiC) and

energy transfer to the cytoplasm (ANT, mtCK), therefore creating a regulatory

unit where energy production and exchange pathways meet (Chen et al. 2004; Saks

et al. 2012).

2 The Permeability Transition Pore

The permeability transition was first described in the 1950s as an acute swelling and

uncoupling of mitochondria when exposed to high calcium concentrations and

phosphate, oxidative stress, or other conditions (Fig. 4; for more details of the

history of the PT, see Bernardi 2013). The term permeability transition was

introduced by Haworth and Hunter, who first described the pharmacological

properties of the permeability transition pore (PTP) (Haworth and Hunter 1979;

Hunter and Haworth 1979a, b). Their work and that of many others indicated that

during PT, a large pore/ion channel opens to allow molecules of up to 1.5 kDa

across the IMM.

2.1 Physiologic Consequences of the Permeability Transition

For a long time, the opening of the PTP was considered to be a traumatic event

leading to cell death (Fig. 4). Increased permeability of the IMM causes
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mitochondrial swelling due to the high osmotic pressure of the matrix, and this

swelling leads to rupture of the outer mitochondrial membrane (OMM) and the

release of proteins (cytochrome c, apoptosis inducing factor) from the mitochondria

that push cell death pathways past the point of no return (Petit et al. 1997). In

addition, the energetic failure due to uncoupling of the IMM and subsequent

reversal of the ATP synthase reaction to consume ATP is also thought to play a

role in cell death. Over the years, the PTP has been extensively studied for its role in

ischemic injury in brain, heart, and other organs as well as in neurodegenerative

conditions (Bonora et al. 2015). In the heart, data suggest that opening of the PTP

during early reperfusion after ischemia is a harmful event that precipitates further

damage to the myocardium (Griffiths and Halestrap 1993). Additional data suggest

that cell death pathways may regulate or be regulated by the PTP, and the general

consensus now is that uncontrolled opening of the PTP leads to cellular necrosis

and, perhaps, apoptosis (Baines 2011; Bernardi 2013).

Fig. 4 The mitochondrial permeability transition pore. Under most conditions, the PTP is closed

(Upper), maintaining the high capacitance of the IMM, the relative negative charge of the matrix,

and the mitochondrial membrane potential (Δψm). When the PTP is open (Lower), the capacitance
of the IMM falls, the negative charge of the matrix dissipates, and Δψm collapses. This can also

lead to release of cytochrome c, which, along with other factors, initiates cell death pathways. Note
also that transient PTP opening can occur, and this does not lead to cell death and may serve a

physiologic function

The Mitochondrial Permeability Transition Pore and ATP Synthase 27



However, more recent data suggest that transient PTP opening can serve a

physiologic purpose. Transient opening was described in the late 1990s (Huser

and Blatter 1999; Ichas and Mazat 1998; Jouaville et al. 1998; Petronilli

et al. 1999). In the heart, transient opening of the PTP during preconditioning can

be protective, thus serving a physiological role even during injury (Hausenloy

et al. 2004). This transient PTP opening in striated muscle mitochondria may be

associated with transient increases in ROS (so-called superoxide flashes) which are

proposed to serve as a signaling mechanism (Wang et al. 2008, 2012) Furthermore,

it has been hypothesized that transient opening of the PTP releases mitochondrial

matrix Ca2+ to maintain mitochondrial homeostasis (Elrod et al. 2010), although

this function of the PTP has recently been questioned (De Marchi et al. 2014).

In the embryonic heart, the PTP appears to be open at early stages of myocyte

differentiation (Beutner et al. 2014; Hom et al. 2011). The early heart derives most

of its energy from anaerobic glycolysis (Porter et al. 2011), and the activity of the

ETC is low (Beutner et al. 2014). At an early stage of development (mouse

embryonic day 9.5), myocytes have an open PTP, low Δψm, and high levels of

ROS, and closure of the PTP using CsA increases Δψm and decreases ROS, leading

to further myocyte differentiation (Hom et al. 2011). These changes in PTP activity

are associated with increased assembly and activation of the ETC at or after

embryonic day 11.5 (Beutner et al. 2014).

2.2 Defining the Permeability Transition Pore

In the late 1980s, patch-clamping experiments defined the biophysical, electrophys-

iological, and pharmacological properties of the PTP and began to establish criteria

for defining PTP activity (Table 1) (Kinnally et al. 1989; Petronilli et al. 1989;

Sorgato et al. 1987). In 1987, the first patch-clamping recordings of liver mitochon-

drial inner membrane isolated from cuprizone-fed mice demonstrated an ~100 pS

channel, although its relationship to the PTP remains unclear (Sorgato et al. 1987).

Then, in 1989, a putative PTP was recorded by patch-clamping mitoplasts

(Petronilli et al. 1989). Channel activity occurred at positive potentials of the

patch pipette and was found either in whole organelle mode or in single channel

recordings in the organelle-attached configuration. Gating was less common at

negative potentials and prolonged openings, and fewer subconductance states at

negative patch potentials were observed. The activity was slightly anion selective

and had multiple conductance states ranging from 30 pS to a peak conductance of

1.3 nS, with the lower conductances attributed to substates of the larger channel

openings. The mitochondrial multi-conductance channel (MCC) in mouse liver

mitoplasts was also described in 1989 to have similar properties (Kinnally

et al. 1989). During recordings, this channel initially had low activity that progres-

sively increased with time. Rectification was observed at both positive and negative

potentials, and channel activity was weakly cation selective with multiple

conductances ranging from 10 to 1,000 pS.
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These studies also delineated the activators and inhibitors that are used today to

investigate the PTP (Table 2). The PTP can be induced by elevated mitochondrial

matrix Ca2+, ROS, inorganic phosphate (Pi), fatty acids, and intracellular acidifi-

cation. In contrast, it is inhibited by adenine nucleotides, divalent cations (Mg2+>
Mn2+>Ba2+> Sr2+), and acidification of the matrix. Early in these investigations,

it was found that cyclosporine A (CsA), an immunosuppressant that was known to

inhibit cyclophilin proteins, inhibits these large conductance channels in the IMM

by binding to a site in the mitochondrial matrix (Szabo and Zoratti 1991).

Sub-micromolar concentrations of CsA inhibited a Ca2+-activated, large conduc-

tance (1.3 nS) channel, but not the lower (~100 pS) substate conductances,

Table 1 Electrophysiological properties of the PTP and ATP synthase

Preparation Conductance Selectivity Rectification Reference

PTP

IMM, patch

clamping,

induced by

cuprizone

~100 pS Slight

anion

selectivity

Not determined Sorgato

et al. (1987)

Mitoplast, patch

clamping

Multiple

conductances

(30 pS to 1.3 nS)

Slight

anion

selectivity

Positive rectification at

positive potentials and

negative rectification

at negative potentials

Petronilli

et al. (1989)

Mitoplast, patch

clamping

(mitochondrial

multi-

conductance

channel)

Multiple

conductances

(10 pS to 1 nS)

Slight

cation

selectivity

Variable rectification

at positive and

negative potentials

Kinnally

et al. (1989)

ATP synthase

ATP synthase

dimers in lipid

bilayers

Peak

conductance of

1–1.3 nS with

multiple

subconductance

states

Not

determined

Not determined Giorgio

et al. (2013)

ATP synthase

monomers in

liposomes, patch

clamping

Multiple

conductances

(~800 pS)

Not

determined

Not determined Alavian

et al. (2014)

Purified ATP

synthase

c-subunits in lipid

bilayers

Multiple

conductances

(15 pS to 2 nS)

Relative

cation

selectivity

Not tested Azarashvili

et al. (2014)

Purified ATP

synthase

c-subunits in

liposomes, patch

clamping

Multiple

conductances

(100 pS to 2 nS)

Slight

cation

selectivity

Slightly negative

rectification

Alavian

et al. (2014)
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suggesting that this activity might be due to a separate ion channel (Szabo and

Zoratti 1991). In addition, PTP activity could be induced by atractyloside

(an inhibitor of ANT; see below) and phenylarsine oxide (an oxidizing agent) and

inhibited by bongkrekic acid (an inhibitor of ANT; see below) (Lenartowicz

et al. 1991). It should be emphasized that many of these agents, such as CsA,

alter the amount of matrix Ca2+ required to open the PTP; thus, they are said to

sensitize or desensitize the PTP to Ca2+, but the mechanisms of this sensitization

remain unknown.

2.3 The Search for the Identity of the Permeability
Transition Pore

Since the electrophysiological studies of the late 1980s, much effort has been made

to define the molecular identity of the PTP. A long list of candidates has been

proposed, but subsequent studies demonstrated that many of these factors were

either not related to the PTP or merely regulated its function (summarized in

Table 3). Potential PTP candidates included the targets of common inducers and

inhibitors of the PTP, such as ANT and cyclophilin D (CypD). Additional proteins

that were proposed to be the PTP because their function seemed to control its

activity include hexokinase (HK), mtCK, PiC, TSPO (translocator protein of

18 kDa, previously called the peripheral benzodiazepine receptor), and VDAC

(voltage-dependent anion channel). For the most part, these proteins were

Table 2 Activators and inhibitors of the PTP

Activators Reference Inhibitors Reference

Acidification,

intracellular

Gendron

et al. (2001)

Acidification,

matrix

Haworth and Hunter (1979) and

Nicolli et al. (1993)

Atractyloside Hunter and

Haworth

(1979a)

ATP/ADP/

AMP

Haworth and Hunter (1979), Hunter

and Haworth (1979a), and Hunter

and Haworth (1979b)

Calcium Hunter

et al. (1976)

Bongkrekic

acid

Hunter and Haworth (1979a)

Fatty acids Hunter

et al. (1976)

Cyclosporine

A

Crompton et al. (1988) and Fournier

et al. (1987)

ROS Brookes

et al. (2004)

Mg2+ and

other divalent

cations

Hunter and Haworth (1979b)

Inorganic phosphate Hunter

et al. (1976)

Phenylarsine oxide Lenartowicz

et al. (1991)

Polyhydroxybutyrate Elustondo

et al. (2013)

Polyphosphate Seidlmayer

et al. (2012)
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Table 3 Proposed PTP and PTP regulatory molecules

Protein/complex

(Abbreviation, gene)

Evidence for role in PTP

Probable role in the

PTP

For Against

Adenine nucleotide

translocase (ANT,

Slc25a4-6)

PTP-like activity of

ANT in bilayers

(Ruck et al. 1998),

effect of ADP, ATP,

ATR and bongkrekic

acid on PTP activity

(Haworth and Hunter

1979; Hunter and

Haworth 1979a, b)

Deletion of ANT1

and ANT2 (Slc25a4
and Slc25a5) does
not eliminate PTP

activity, but

decreases its

sensitivity to Ca2+

(Kokoszka

et al. 2004)

Regulates PTP

activity, perhaps

through interactions

with ATP synthase as

part of the

synthasome

ATP synthase Binds to or associates

with PTP regulatory

molecules (ANT,

CypD, mtCK, PiC;

see text). PTP

activity found in

ATP synthase dimers

and the C-subunit

ring (Alavian

et al. 2011; Giorgio

et al. 2013)

The exact

mechanisms of PTP

regulation within

ATP synthase remain

unknown

Although ATP

synthase dimers have

been proposed to

create the pore of the

PTP, more evidence

exists suggesting that

the FO C-ring does

this, but how this is

regulated remains

unresolved

Creatine kinase,

mitochondrial

(mtCK, Ckmt1A, 1B,
2)

Knockout of Ckmt1

increases

susceptibility to PTP

(Datler et al. 2014)

Regulatory, connects

energy-producing

and energy-

consuming

mechanism (Saks

et al. 2012)

Cyclophilin D

(CypD, Ppif)
Inhibition of CypD

with CsA closes the

PTP

Deletion of CypD

does not eliminate

PTP (Baines

et al. 2005; Basso

et al. 2005;

Nakagawa

et al. 2005; Schinzel

et al. 2005)

Regulatory, binds to

ATP synthase at

OSCP but exact

mechanism unknown

Hexokinase (Hk1-4) Phosphorylation of

glucose by

mitochondrial bound

HK I and II inhibits

PTP (Azoulay-Zohar

et al. 2004)

Regulatory, binds to

VDAC, creates

micro-compartments

with high capacitive

coupling to favor

ADP/ATP exchange

(Vyssokikh and

Brdiczka 2003)

Phosphate carrier

(PiC, Slc25a3)
Binds to ANT and

CypD (Leung

et al. 2008)

Deletion of PiC does

not eliminate PTP

activity, but

decreases its

sensitivity to Ca2+

Regulates PTP

activity, perhaps

through interactions

with ATP synthase as

(continued)
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eliminated as candidates to form the pore of the PTP by experiments where their

expression was deleted (summarized in Table 3). Finally, it has also been

hypothesized that unfolded proteins in the IMM might form a nonspecific, high-

conductance pore (He and Lemasters 2002), and other recent reports suggest that

polyphosphate chains and polyhydroxybutyrate may, when in the presence of

elevated Ca2+, regulate or participate in the formation of the PTP (Elustondo

et al. 2013; Seidlmayer et al. 2012).

Two particular IMM translocators (ANT and PiC) were purported to form the

PTP. In the 1990s, ANT was the prime candidate (Beutner et al. 1998; Crompton

et al. 1998; Halestrap and Davidson 1990), because the PTP activator atractyloside/

carboxyatractyloside and the PTP inhibitor bongkrekic acid both inhibit the

ADP/ATP translocase activity of ANT. Interestingly, these agents have different

effects on the conformation of ANT (Brustovetsky and Klingenberg 1996; Haworth

Table 3 (continued)

Protein/complex

(Abbreviation, gene)

Evidence for role in PTP

Probable role in the

PTP

For Against

(Gutierrez-Aguilar

et al. 2014; Kwong

et al. 2014)

part of the

synthasome

Polyphosphate and

Polyhydroxybutyrate

The naturally

occurring molecules

increase PTP

(Elustondo

et al. 2013;

Seidlmayer

et al. 2012; Stotz

et al. 2014)

Regulates PTP

activity, perhaps

through interactions

with ATP synthase

and the C-ring

Spastic paraplegia

7 (Spg7)
Binds to CypD and

VDAC, and its

knockdown inhibits

the PT

(Shanmughapriya

et al. 2015)

Regulates the PTP

through currently

unknown

mechanisms. Its role

in pore formation is

unknown

Translocator protein

of 18 kDa (TSPO,

Tspo)

TSPO was isolated

with ANT and

VDAC (McEnery

et al. 1992)

Deletion of TSPO

does not eliminate

PTP activity

(Sileikyte et al. 2014)

Probably plays no

role in creating the

PTP

Unfolded proteins He and Lemasters

(2002)

Unknown

Voltage-dependent

anion carrier

(VDAC, Vdac1-3)

Pathway for

cytochrome c release

(Shimizu et al. 2000)

Deletion of VDAC1,

VDAC2, and

VDAC3 does not

eliminate PTP

activity (Baines

et al. 2007)

Interaction with HK

or mtCK keeps

VDAC in anion-

selective state

(Vyssokikh and

Brdiczka 2003)
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and Hunter 2000). In addition, several papers showed that the ANT can form

channels with properties of the PTP, although issues with the purity of these

preparations may have led to this conclusion (Brustovetsky and Klingenberg

1996; Ruck et al. 1998). Later, the PiC was proposed as an integral component of

the PTP due to its binding to two proteins that regulate the PTP, ANT, and CypD

(Leung et al. 2008). However, more recent studies have demonstrated by genetic

deletion of ANT1 and 2 and of the PiC that these proteins are not essential to PTP

formation, although these studies still support regulatory roles for these

translocators (Gutierrez-Aguilar et al. 2014; Kokoszka et al. 2004; Kwong

et al. 2014) (Table 3).

CypD, a peptidyl-prolyl cis/trans isomerase, is the most important regulator of

the PTP and was a candidate to create the pore. However, deletion of CypD in mice

did not eliminate PTP activity, although this did decrease the sensitivity of the PTP

to Ca2+ and oxidative stress (Baines et al. 2005; Basso et al. 2005; Elrod and

Molkentin 2013; Nakagawa et al. 2005; Schinzel et al. 2005). Although it is well

known that CypD is the target of CsA, which is known to prevent its binding to

target proteins, how this regulates the PTP and to what protein CypD binds to confer

this activity remains controversial (see below). Interestingly, it was recently found

that CypD binds to SPG7 (spastic paraplegia 7), an IMM protein that may link

CypD to VDAC in the OMM (Shanmughapriya et al. 2015). SPG7 appears to be an

important regulator of the PTP, but its role in creating the pore of the PTP remains

untested.

3 ATP Synthase and the Permeability Transition Pore

3.1 ATP Synthase and the Permeability Transition Pore Interact

Metabolic pathways are known to regulate the PTP. For example, glycolysis in the

cytoplasm can regulate PTP activity via the binding of hexokinase II to the OMM

(Pasdois et al. 2013). In addition, since the ETC proteins make up the majority of

the proteins in the IMM, it is logical to assume that the PTP is either physically

associated with the ETC or derived from its components. In fact, electron transport

chain activity regulates the PTP, as an increase in mitochondrial energization

(Δψm) inhibits the PT, while de-energization/depolarization (a fall in Δψm)

enhances it (Di Lisa et al. 2011; Haworth and Hunter 1979; Hunter and Haworth

1979a, b). Furthermore, inhibition of complex I using rotenone or metformin can

inhibit the PTP when CypD is present at low levels, and it was proposed that CypD

may bind to complex I (Li et al. 2012).

However, recent evidence has suggested an interaction between ATP synthase

and the PTP. Many of the proteins that are known to regulate the activity of the PTP

can also bind directly or indirectly to ATP synthase and/or CypD. First, CypD can

bind directly to ATP synthase at the OSCP (oligomycin-sensitivity conferring

protein) subunit (Giorgio et al. 2009, 2010). Second, CypD can bind to Bcl-2

(Eliseev et al. 2009), while Bcl-XL, an anti-apoptotic member of the Bcl-2 family,
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interacts with the β-subunit of ATP synthase and increases the efficiency of ATP

production by decreasing a leak current in the IMM (Alavian et al. 2011; Chen

et al. 2011).

Third, CypD binds to ANT and the PiC and disruption of this association affects

PTP activity (Leung et al. 2008; Woodfield et al. 1998). This interaction is very

interesting. As discussed above, ANT and the PiC interact with ATP synthase in

synthasomes that also contain mtCK, which binds to ANT (Beutner et al. 1998;

Leung et al. 2008; Saks et al. 2012; Vyssokikh et al. 2001; Woodfield et al. 1998).

Furthermore, the interaction between ANT and VDAC may confer indirect

associations between synthasomes and both HK and TSPO in the OMM (McEnery

et al. 1992).

3.2 The Permeability Transition Pore Lies Within or Around ATP
Synthase

In the last 2 years, more direct evidence supports the idea that the pore of the PTP is

associated with ATP synthase (Alavian et al. 2014; Azarashvili et al. 2014; Bonora

et al. 2013; Giorgio et al. 2013). In particular, work from the Bernardi group

suggests that the PTP forms in the membrane surrounding dimers of ATP synthase

(Giorgio et al. 2013). To extend their work showing that CypD binds to the stator of

ATP synthase (Giorgio et al. 2009), they showed that this binding is specifically at

the OSCP subunit and that decreasing the expression of OSCP decreases the

association of CypD with ATP synthase (Giorgio et al. 2013). Furthermore, they

demonstrated that a novel inhibitor of ATP synthase that binds to OSCP,

benzodiazipine-423, inhibits the interaction of OSCP and CypD and, like CypD,

opens the PTP in response to Ca2+. These data suggested that ATP synthase and in

particular OSCP are somehow associated with and control the PTP. They also

showed that conditions that promote ATP hydrolysis by ATP synthase decreased

the sensitivity of the PTP to Ca2+ compared to ATP synthesis and that OSCP may

control this Ca2+ sensitivity.

The Bernardi group purified ATP synthase monomers and dimers from native

gels, incorporated these into lipid bilayers, and tested for PTP ion channel activity.

It is important to note that monomer and dimer preparations contained no

associated CypD, ANT, or VDAC, but that purified dimers did contain complexes

I and III. No conductance was reportedly observed in monomer preparations, but

dimers exhibited conductances of 1–1.3 nS with multiple subconductance states

(Table 1). Conductance required the presence of Ca2+ and Pi, was induced by

benzodiazepine-423, was inhibited by Mg2+ and adenine nucleotides, and was not

affected by typical PTP sensitizing (atractyloside, phenylarsine oxide) and

inhibiting (CsA, bongkrekic acid) agents. Additional data from this group

suggested that dimerization was important for PTP formation, because deletion of

the e- and d-subunits of yeast ATP synthase decreased PTP opening (Carraro

et al. 2014). Based on these data, the authors proposed that the PTP forms at the

membrane interface of the dimers and is perhaps related to changes in the lipid
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environment in that region upon PTP induction (Fig. 5a) (Bernardi 2013), but no

further information has been published that clarifies this hypothesis.

Fig. 5 Models of the permeability transition pore derived from ATP synthase. (A–C) Three

current models of the PTP as part of ATP synthase. In (A), the PTP lies within the membrane

between a dimer of ATP synthase (V, modified from (Bernardi 2013). In (B), the PTP is the C-ring

of the Fo component of ATP synthase. In (C), the lipid plug (LP) in the central pore of the C-ring is
controlled by the p-side density (PD) to regulate C-ring conductance. (D) For ATP synthase

assembly (left), F1 is added to the C-ring and other components of Fo. Assembly (center) allows the
flow of protons (H+) between the C-ring and the stator, causing rotation of the C-ring, which

provides energy for F1 to synthesize ATP. In this model, binding of CypD to ATP synthase during

assembly promotes the presence of unassembled C-rings that create the open mPTP in the

embryonic heart (left). Assembly and pore formation are reversible (double arrows), and CypD

also causes disassembly of ATP synthase to create the pore in mature cells (right). (E) Control of
PTP opening by CypD occurs due to its binding to OSCP, while Ca2+, adenine nucleotides (ATP,

ADP, and AMP), and Bcl-xL may control PTP by binding to ATP synthase at other sites. Other

proteins may regulate the PTP via the assembly of ATP synthase, ANT, and PiC into synthasomes

that associate with mtCK in the intermembrane space, VDAC in the OMM, and HK attached to

the OMM
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3.3 The C-Ring of ATP Synthase Creates the Permeability
Transition Pore

The data presented in the last two sections suggest that ATP synthase is related to

the PTP in some way, but the exact molecular identity of the pore is not defined in

these studies. However, additional reports in recent years suggest that the pore of

the PTP lies within the c-subunit, a major membranous component of ATP

synthase. Membranous pores are usually formed by integral membrane proteins,

but, as outlined above, the only membrane-delimited IMM proteins (ANT, PiC) that

have been proposed to form the PTP were not required for PTP in genetic deletion

models. The ATP synthase subunits a, b, and c are highly hydrophobic membrane

proteins and evolutionally conserved, making them candidates to form the PTP.

However, the a-subunit is not required for the PTP, as it is absent in ρ0 cells that

lack mitochondrial DNA, but do undergo PT (Masgras et al. 2012).

Attention has focused on the c-subunit because the c-subunits form a ring in the

membrane and have ion-conducting properties. The known C-ring structures con-

sist of 8 (bovine heart) and 10–15 (bacteria) c-subunits, and bacterial C-rings have a

torus shape with a central hole (Pogoryelov et al. 2007). In the late 1990s, reconsti-

tution experiments by the McGeoch laboratory showed that purified mammalian

c-subunits have ion channel activity (McGeoch and Guidotti 1997; McGeoch

et al. 2000; McGeoch and Palmer 1999). Exposure of these purified subunits to

water induces a conformational change whereby a channel with a diameter of 3 nm

(McGeoch and McGeoch 2008), close to the estimated size (2.3 nm) of the PTP

pore, is formed (Crompton and Costi 1990). Finally, c-subunit homologues in the

VO component of vacuolar H+-ATPases line a water-accessible pore structure and

are involved in creating gap junctions between cells (Harrison et al. 2003; Jones

et al. 1995; Peters et al. 2001).

A recent study published evidence in 2013 that the c-subunit was important for

the PT (Bonora et al. 2013). When all three mammalian isoforms of the c-subunit

(ATP5G1, ATP5G2, ATP5G3) were deleted in HeLa cells using siRNA, there was

no effect on ATP production, as these cells are glycolytic. However, depletion of

c-subunits prevented ionomycin-induced opening of the PTP, mitochondrial frag-

mentation, oxidative stress-induced mitochondrial depolarization, and release of

cytochrome c. Overexpression of ATP5G1 had the opposite effect on PTP. Under

conditions of Ca2+ overload (ionomycin) or oxidative stress, c-subunit depletion

prevented cell death in HeLa cells and attenuated glutamate-induced cell death in

primary cultures of cortical neurons.

PTP-like activity has been observed using mitochondrial proteins purified by

chloroform/methanol extraction. In 2005, the Pavlov lab attributed such activity to

polyhydroxybutyrate, although they later concluded that this preparation probably

contained the c-subunit (Elustondo et al. 2013). In addition, work from the Saris lab

over the last 15 years suggests pore-forming activities of the c-subunit. In the early

2000s, they isolated a phosphorylated form of the c-subunit from liver mitochondria

and found that it induced, while a c-subunit antibody inhibited, the PT in isolated

mitochondria and that dephosphorylation of this protein was associated with
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opening of the PTP (Azarashvili et al. 2002). Furthermore, this isolated fraction

increased conductance of lipid membranes, an effect that was blocked by c-subunit

antibodies (Azarashvili et al. 2002). These results were further explored in 2014,

when they demonstrated that dephosphorylated c-subunit was more effective than

phosphorylated c-subunit at inducing PT and that the c-subunit could bind Ca2+

(Azarashvili et al. 2014). Furthermore, the conductance of the c-subunit in lipid

bilayers was found to be 15 pS to 2 nS, consistent with previous recordings of the

PTP (Table 1).

Starting in 2004, the Jonas laboratory began to study the molecular identity of

the PTP when they found that overexpression of the anti-apoptotic protein, Bcl-xL,

in neurons increased cytoplasmic ATP levels yet decreased oxygen consumption,

consistent with the idea that Bcl-xL overexpression increases mitochondrial

bioenergetic efficiency (Alavian et al. 2011; Chen et al. 2011). Furthermore,

Bcl-xL was found to bind to the β-subunit of ATP synthase to increase ATP

synthesis, and its depletion or inhibition increased an IMM leak current in patch-

clamping experiments (Alavian et al. 2011).

These data suggested that a regulated leak current lay within the ATP synthase

and the Jonas and Porter laboratories began to study this further (Alavian

et al. 2014). Patch clamping of purified ATP synthase subunits reconstituted in

liposomes revealed that extremely pure c-subunit preparations with no other

associated proteins formed channels in proteoliposomes. These channels had

multi-conductance states that ranged from 100 pS to 2 nS, were slightly cation

selective (Table 1), and were inhibited by c-subunit antibodies and high

concentrations of ATP but not CsA. Additional patch clamp studies were performed

on purified ATP synthase monomers that contained no CypD. In contrast to results

reported by Giorgio et al. (Giorgio et al. 2013), these studies revealed that calcium

and purified CypD induced an ~1 nS conductance (with multiple subconductance

states, Table 1). Similar experiments, using mitoplasts, submitochondrial vesicles

(purified IMMs), and urea-stripped submitochondrial vesiicles stripped of non-

membrane-embedded proteins with urea, revealed multiple levels of regulation of

this C-ring channel. The conductance in mitoplasts and submitochondrial vesicles

had the expected properties of the PTP – activation by Ca2+ and inhibition by CsA.

However, when the c-subunit is stripped of non-membrane-embedded proteins,

submitochondrial vesicles were neither responsive to Ca2+ nor inhibited by CsA,

suggesting that regulatory components were peripheral to the c-subunit and were

removed by urea. Interestingly, the conductance associated with the C-ring could be

inhibited with specific purified ATP synthase F1 components.

Additional experiments revealed that the C-ring expands upon exposure to

calcium to open the PTP and that mutation of the c-subunit to make the C-ring

larger increased its conductance and enhanced PTP opening and associated cell

death in neurons. In contrast, depletion of the c-subunit attenuated PTP opening and

cell death.

Combined, these data suggest a model whereby in the intact synthase complex

the central stalk and F1 of the ATP synthase inhibit opening of the c-subunit

channel; in contrast the C-ring of ATP synthase is exposed upon induction of the
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PTP (Fig. 5b, d). Release of the C-ring from ATP synthase was demonstrated by

exposing mitochondria to calcium and immunocapturing the ATP synthase using an

antibody directed at the F1 (Alavian et al. 2014). These studies showed that calcium

exposure indeed destabilizes, in a CypD-dependent manner, the connection

between the stalk and the c-subunit, disrupting protein/protein interaction between

the c-subunit and F1. Furthermore, this dissociation was prevented when CsA or

ADP was added to prevent PTP opening (Alavian et al. 2014).

4 A Current Model of the Permeability Transition Pore

Overall, the data presented above suggest a model, in which the PTP is contained

within the C-ring of ATP synthase (Fig. 5b). In this model, induction of the PT

disrupts ATP synthase to unmask the face of the C-ring to the matrix and expose its

central pore. As molecules flow through this pore, the IMM depolarizes and the

ETC uncouples (Figs. 4 and 5d). The PTP can be regulated by CypD due to its

binding to OSCP on ATP synthase and by Ca2+, adenine nucleotides, and Bcl-xL at

the level of ATP synthase (Fig. 5e). Furthermore, control of ATP synthase assembly

and PTP opening by other proteins known to regulate this process (ANT, PiC,

SPG7, mtCK, VDAC, and HK) occurs at the level of the synthasome where the

ATP synthase forms connections to the latter three proteins in the intermembrane

space or at the OMM.

However, this model does not explain all of the current data, and many other

issues must be resolved to refine this model. The first issue is whether it is logical

and possible for ATP synthase to disassemble and expose a pore within its central

structure when the mitochondrion faces stressful situations. Experimental

conditions in which this occurs are consistent with known matrix calcium

concentrations; the 60 μM Ca2+ required to open the PTP is well within the range

of physiological Ca2+ concentrations found within the mitochondrial matrix or

adjacent to the mitochondria in Ca2+ microdomains (Csordas et al. 2001; Rizzuto

et al. 2000, 2009; Rizzuto and Pozzan 2006; Schneggenburger and Neher 2005). In

addition, the opening of the PTP is reversible (see above), so under physiologic

conditions, PTP opening might only occur as a transient exposure of the C-ring pore

with subsequent reconstitution, as has been observed for ATP synthase (Pedersen

et al. 1978).

The inhibition of the C-ring pore by F1 components of ATP synthase (Alavian

et al. 2014) may play a role in transient pore opening. Alternatively blockade of the

PTP by F1 components may prevent PTP opening when ATP synthase becomes

disassembled or has not yet assembled as it is forming (Havlickova et al. 2010), but

further work will need to be done to address this issue. However, under certain

conditions, this disassembly may become irreversible and safety mechanisms may

fail, thus causing pathophysiologic PT and rupture of the OMM. Finally, it is also

important to note that opening of only a few C-rings/PTPs would be required to

depolarize the IMM, as this pore has such a large conductance, so even a low
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probability event of ATP synthase disruption could lead to devastating

consequences for the mitochondrion.

Structural studies suggest that the center of the C-ring contains lipids that would

prevent the observed conductance. However, a recent cryo-electron microscopic

study suggests that this lipid plug lies close to the matrix side of the ring center and

this may be attached to a portion of ATP synthase composed of the e-subunit (Zhou

et al. 2015). Furthermore, a recent review of this work suggested that this p-side

density (or death finger) could pull the lipid plug toward the matrix, opening the

center of the C-ring to allow conductance (Fig. 5c) (Gerle 2016). Additional

experiments must be done to explore this potential mechanism of C-ring activity.

Many questions are unanswered regarding the regulation of the PTP. Probably

the most interesting question is: what is the mechanism, by which Ca2+ and ROS

regulate the PTP? These molecules play the most central and powerful roles in this

process, but where they bind or what they modify to regulate PTP opening is still

completely unknown. Most likely, they affect the proteins described in this chapter,

but other targets may be involved. For example, lipids such as cardiolipin likely

play a major role in the assembly and control of both of these structures and provide

a site for Ca2+-mediated regulation.

Despite the long-standing and justified idea that CypD plays a central role in PTP

regulation, the mechanism, by which it does this, is unclear. It has recently been

assumed that the binding of CypD to OSCP is important for this function; as

suggested by Giorgio et al., CypD can induce PTP opening in purified ATP

synthase preparations (Alavian et al. 2014), but it is not isolated with ATP synthase

monomers or dimers (Alavian et al. 2014; Giorgio et al. 2013). Thus, its binding to

OSCP/ATP synthase may be weak. It is possible that other, more important targets,

such as ANT or SPG7, are as important as OSCP, but this remains to be determined.

It is also unclear how the protein folding (peptidyl-prolyl, cis-trans isomerase)

activity of CypD is important for its regulation of PTP function, as suggested by

mutation studies (Lin and Lechleiter 2002).

The exact role of the other proteins that control the PTP (Table 3) remains

unclear, and the mechanisms by which they exert their effects can only be surmised

from incomplete data. Figure 5e suggests one possible model, but more work must

be done to establish the importance of the association of the synthasome with

mtCK, VDAC, and HK in the regulation of PTP. Furthermore, how the ANT

inhibitors, atractyloside and bongkrekic acid, have opposite effects on the PTP is

a mystery, but the answer probably lies in their ability to lock ANT into two totally

different conformations, as discussed above. It is possible that defining the effects

of these agents on ANT may also shed light on the role of CypD’s enzymatic

activity, as it was reported that Ca2+ stabilization of ANT’s “c” conformation is

related to its proline isomerization (Pestana et al. 2010).
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5 Summary

OXPHOS and the mitochondrial ETC are essential for eukaryotic life as they

produce the majority of ATP in most cells. However, disruption of mitochondrial

function can lead to cell death, and the PTP plays a major role in both the energetic

failure and the activation of programmed cell death pathways that lead to cellular

demise. The molecular identity of the PTP has long been sought, and recent

evidence suggests a model where ATP synthase, the major producer of ATP in

the cell, also contains within its core the PTP. Further work must be done to

delineate the exact nature of the pore of the PTP, how it is derived from ATP

synthase, and what controls this process.
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Abstract

Bioenergetics has become central to our understanding of pathological mech-

anisms as well as the development of new therapeutic strategies and as a tool for

gauging disease progression in neurodegeneration, diabetes, cancer, and cardio-

vascular disease. The view is emerging that inner mitochondrial membrane

(IMM) cation channels have a profound effect on mitochondrial function and,

consequently, on the metabolic state and survival of the whole cell. Since dis-

ruption of the sustained integrity of mitochondria is strongly linked to human

disease, pharmacological intervention offers a new perspective concerning neu-

rodegenerative and cardiovascular diseases as well as cancer. This review sum-

marizes our current knowledge regarding IMM cation channels and their roles
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under physiological conditions as well as in cancer, with special emphasis on

potassium channels and the mammalian mitochondrial calcium uniporter.

Keywords

Calcium uptake • Cancer • Magnesium channel • Mitochondria • Potassium

channels

1 Introduction

Oxidative phosphorylation requires an electrochemical gradient across the inner

mitochondrial membrane (IMM). The matrix-negative difference in electrical poten-

tial across the IMM (Δψm, ranging between �150 and �180 mV) is maintained by

the proton pumps of the respiratory chain (RC). Consequently, cations (K+, Ca2+, and

Mg2+) flow from the intermembrane space (where the concentration of ions is com-

parable to cytosolic concentrations because the OMM is permeable to these ions via

the voltage-dependent anion channels (VDACs)) to the matrix when a permeation

pathway opens. To compensate for charge movement, the RC must increase the rate

of proton transfer from the matrix to the intermembrane space (IMS). To increase RC

activity according to the chemiosmosis model, the transmembrane electrochemical

proton gradient (Δμ̃H, composed of mainly Δψm) must decrease. Thus, passive

charge flow and Δμ̃H (Δψm) are coupled, and the opening of cation channels in the

IMM will lead to depolarization. Vice versa, closing cation channels leads to an

increase of Δμ̃H (Δψm) (i.e., hyperpolarization). Such alterations may in turn have

consequences on the rate of superoxide formation (see, e.g., O-Uchi et al. 2014;

Szewczyk et al. 2006; Zorov et al. 2014). Reactive oxygen species (ROS) are emer-

ging as key players in the context of pathological conditions (e.g., during tumor-

igenesis, neurodegenerative diseases).

In general, due to the lack of molecular identity or to multiple localization in

the case of several IMM cation channels (see below), unfortunately, studies in this

field must contend with a number of important issues, including difficulties in the

generation of genetic models (cells or animals) exclusively lacking the IMM cation

channels.

2 Mitochondrial Potassium Channels

IMM K+ channels recorded by patch clamp include calcium-dependent channels –

big-conductance potassium channel (BKCa) (Singh et al. 2012), intermediate-

conductance K+ channel (IKCa) (De Marchi et al. 2009), small-conductance K+

channel (SKCa) (Dolga et al. 2013), voltage-gated shaker-type K+ channel Kv1.3

(Szabo et al. 2005), and the ATP-dependent potassium channel (mitoKATP) (Inoue

et al. 1991). In addition, biochemical evidence indicates the presence of the two-pore

potassium channel TASK-3 (Pocsai et al. 2006), of Kv1.5 (Leanza et al. 2012b), of
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ROMK2, and of Kv7.4 (Testai et al. 2015a) (for recent reviews see, e.g., Laskowski

et al. 2016; Szabo and Zoratti 2014). Since IMM K+ channels are encoded by the

nuclear genome, the molecular identities of the observed channel activities are still

under debate in many (but not all) cases. Basically all above-mentioned IMM K+

channels identified thus far are considered to be the mitochondrial counterparts of

well-known plasma membrane (PM) channels and many of them display even mul-

tiple subcellular localizations: (1) SKCa has been found to be located in PM, mito-

chondria, and ER as well, where it is essential for Ca2+ uptake by ER in neurons and

cardiomyocytes (Kuum et al. 2012); (2) Kv1.3 is present in the PM, in mitochondrial

IMM (Szabo et al. 2005), in the cis-Golgi compartment (Zhu et al. 2014), and in the

nuclear membrane system (Jang et al. 2015) (see below); (3) BKCa is present in the

PM, Golgi, ER, and mitochondria (Singh et al. 2012; Toro et al. 2014). The role of

these channels in the different membranes is only partially established as is (are) the

targeting mechanism(s) allowing their localization to different subcellular

compartments. The question still waiting for answer in many cases is whether the

same protein is sorted to different compartments within the cells or specific

mechanisms account for its localizations. As for mitoBKCa, this channel in the

heart is encoded by a splice variant of the PMBKCa (KCNMA1 encoded) and harbors
a 50 aa splice insert that is essential for trafficking to the mitochondria (Singh et al.

2013). Instead, the possible mitoKATP component, ROMK2, the renal outer medul-

lary K+ channel ROMK2 (Kir1.1b), is a short form of ROMK. ROMK2 has been

proposed to be the channel-forming subunit (Foster et al. 2012); however the molec-

ular components of mitoKATP are still debated (for recent reviews see Szabo and

Zoratti 2014; Testai et al. 2015b). To our knowledge, targeting mechanisms have not

been identified for the other mitochondrial K+ channels, but interestingly, a short

sorting signal in the C-terminal transmembrane domain has been reported to de-

termine targeting of a viral potassium channel to mitochondria versus PM when ex-

pressed in mammalian cells (von Charpuis et al. 2015). It is important to underline

that not all these intracellular channels have been recorded in all tissues, but most of

their PM counterparts have relatively wide tissue-expression profiles and the mito-

chondrial channels were found to be active in healthy tissues as well.

Unfortunately, genetic models, which are fundamental to the investigation of

the physiological and pathological roles of mitochondrial K+ channels, are largely

unavailable. In the case of BKCa, KCNMA1�/� animals have been used, though

these animals also lack the PM BKCa. In KCNMA1�/� cardiomyocytes, changes

in ROS production and an attenuated oxidative phosphorylation capacity were

observed, suggesting a mitochondrial role of BKCa channels in fine-tuning the

oxidative state of the cell (Soltysinska et al. 2014). Despite the wide expression and

important physiological functions of IKCa, the absence of this channel protein in

transgenic KO mice does not result in severe physiological changes, possibly

because of developmental compensation (Wulff and Castle 2010). Similarly, in

animals lacking Kv1.3, expression of other Kv channels and even of anionic

currents has been shown to largely compensate for the lack of Kv1.3 (Koni et al.

2003). ROMK-KO mice have been obtained, although they are short lived (Lu et al.

2002). To the best of our knowledge, no studies have yet been performed on these

The Roles of Mitochondrial Cation Channels Under Physiological Conditions. . . 49



animals and in TASK-3 KO mice (Gotter et al. 2011) to assess mitochondrial

function. In summary, the available genetic models target both the PM and intra-

cellular forms of the channels and/or are prone to developmental compensation.

The generation of adequate cellular/animal models would allow genetic evidence to

be obtained regarding the relative importance of these channels (which are often

co-expressed in the same tissues) in the regulation of mitochondrial bioenergetics

and of the physiological consequences.

Nevertheless, numerous studies applying pharmacological agents point to a crucial

role of IMM K+ channels in the context of energy conversion and cellular protection

and provide evidence that K+ transport modulates the tightness of coupling between

mitochondrial respiration and ATP synthesis. As mentioned above, IMMK+ channels

have been proposed to contribute to the regulation of matrix volume, in addition to

influencingΔΨm andΔpH, calcium transport, production of reactive oxygen species,

and mitochondrial dynamics. Activation of a mitochondrial calcium-dependent K+

channel modulates K+ uptake and matrix volume while maintaining mitochondrial

membrane potential (ΔΨm) and confers protection without compromising oxidative

phosphorylation during recovery from metabolic stress (Aon et al. 2010). In this case,

activation of the channel is proposed to increase bioenergetic efficiency. Other studies

instead indicate that a protective mechanism involving the activation of different

IMM K+ channels includes a slight uncoupling effect, i.e., a slight depolarization

leading to increased respiration not coupled to ATP production. Such uncoupling

would decrease energetic efficiency (Cardoso et al. 2010). Similarly, activity of the

evolutionarily conserved ATP-dependent K+ channel mitoKATP has been linked to

ischemic preconditioning, ischemic postconditioning, and cytoprotection in general

(Garlid et al. 2009; Lefer et al. 2009), even though in heart mitochondria the increased

K+ influx associated with mitoKATP opening was able to depolarize the membrane

by only few millivolts (Kowaltowski et al. 2001). In addition, a recent piece of work

demonstrated that the Kv7.2–7.5 activator retigabine depolarized the mitochondrial

membrane potential, decreased mitochondrial Ca2+ levels, and in vivo largely pre-

vented the functional and morphological changes triggered by global ischemia/reper-

fusion in Langendorff-perfused rat hearts, even though ROS production was increased

(Testai et al. 2015a). The exact basis of K+ channel openers’ (KCO) cytoprotective

properties still remains to be elucidated, although it is suggested that (1) attenuation of

ROS production in mitochondria may play a significant role; (2) activation of mitoK+

channels controls matrix volume, preserving a narrow intermembrane space, neces-

sary for efficient oxidative phosphorylation; and (3) opening of mitoK+ channels

produces a mild decrease of membrane potential, thus reducing uptake of Ca2+ into

the mitochondrial matrix and preventing Ca2+ overload and subsequent permeability

transition pore opening. As mentioned above, most of these studies employed isolated

mitochondria and/or relied on the use of nonspecific inhibitor or activator drugs

displaying pleiotropic effects. The second consideration is especially true for the

mitochondrial KATP and BKCa channels: the bulk of the evidence supporting the

involvement of mitoKATP channel in protection against ischemic/reperfusion dam-

age is pharmacological (Laskowski et al. 2016; Szewczyk et al. 2010). Unfortunately,

other cellular targets possibly accounting for the observed effects have been identified
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and most, if not all, of the pharmacological agents reportedly activating mitochondrial

KATP can behave as membrane-permeable weak acid/base pairs, and thus as un-

coupling,Δμ̃H-dissipating agents, possibly accounting for their protective effects. But
specificity issues apply also to the other KCOs. For example, the CGS7184 (ethyl1-

[[(4-chlorophenyl)amino]oxo]-2-hydroxy-6-trifluoromethyl-1H-indole-3-carboxy-late),

a synthetic BKCa channel opener, directly activates the ryanodine receptor calcium

release (RYR2) channel in the sarcoplasmic reticulum (Wrzosek et al. 2012).

Furthermore, SERCA, complex I of the respiratory chain, and ATP-synthase inhibi-

tion are involved in pleiotropic effects of the BKCa channel activator NS1619 on

endothelial cells (Lukasiak et al. 2016).

3 Mitochondrial Potassium Channels and Cancer

Besides a role in cytoprotection (see above),modulation ofmitochondrial K+ channels

can also lead to cell death and to regulation of autophagy. Ion channels in general have

emerged as “oncogenic” proteins during the last two decades, since they have an

aberrant expression in cancers compared to normal tissues and contribute to several

hallmarks of cancer, such as metabolic reprogramming, limitless proliferative poten-

tial, apoptosis resistance, stimulation of neo-angiogenesis, as well as cell migration

and invasiveness. In the latest years, not only plasma membrane but also intracellular

channels and transporters (Peruzzo et al. 2016), especiallymitochondrial ones (Leanza

et al. 2014), have arisen as oncological targets andwere proposed to be associatedwith

tumorigenesis. Therefore, the research is currently focusing on understanding the

possible role of intracellular ion channels in cancer development and progression on

the one hand, and on the other hand on developing new possible drugs able to mod-

ulate either expression or activity of these channels. The relevance of studying on-

cogenic channels (both PM and intracellular ones) is underlined by recent studies

demonstrating that their pharmacological modulation can reduce tumor growth even

in vivo in preclinical models of brain, lung, stomach, colon, blood, cervix, bladder,

skin, prostate, breast, esophagus, and oral cavity cancers (Leanza et al. 2015). Among

these examples, efficacy of mitochondrial channel-targeting drugs/molecules in

reducing tumors has already been demonstrated even in vivo in preclinical mouse

models for VDAC1 (Arif et al. 2014) and Kv1.3 (Leanza et al. 2012a).

Among mitochondrial potassium channels, the example studied in most detail in

the context of cell death and cancer is the mitochondrial Kv1.3 channel. MitoKv1.3

mediates an inward potassium flux to the mitochondrial matrix and likely has a role

in the organellar K+ cycle that participates in the modulation of coupling between

ATP synthesis and mitochondrial respiration, although a direct proof is missing

(Szabo et al. 2012). In vivo evidence has been obtained suggesting that modulation

of mitoKv1.3 by pharmacological means represents an unconventional but prom-

ising strategy to selectively eliminate cancer cells. Kv1.3 is overexpressed in var-

ious cancer tissues/cells and expression of PM-located Kv1.3 seems to correlate

with that of the mitochondrial counterpart, mitoKv1.3. MitoKv1.3 was identified as

a novel target of Bax: physical interaction between the two proteins via K128 of
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Bax took place in apoptotic cells, leading to inhibition of channel activity (Szabo

et al. 2008, 2011) and consequent Δψm changes, increased ROS production, and

cytochrome c release, whereas Kv1.3-deficient mitochondria were resistant. In agree-

ment with these results, Psora-4, PAP-1, and clofazimine, three distinct membrane-

permeant inhibitors of Kv1.3 (Cahalan and Chandy 2009), induced death in multiple

human and mouse cancer cell lines by triggering the same series of events. In

contrast, membrane-impermeant, selective, and high-affinity Kv1.3 inhibitors ShK

or margatoxin did not trigger apoptosis, suggesting a crucial role for the mitochon-

drial Kv1.3 versus PM Kv1.3. Genetic deficiency or siRNA-mediated downregu-

lation of Kv1.3 abrogated the effects of the drugs, proving specificity of their action

via Kv1.3. In a preclinical mouse model, intraperitoneal injection of clofazimine

significantly reduced melanoma tumor size while no adverse effects were observed in

several healthy tissues (Leanza et al. 2012a). Furthermore, these drugs induced death

of only the pathological primary tumor cells from B-cell chronic lymphocytic leu-

kemia patients (Leanza et al. 2013) and clofazimine efficiently reduced by more than

50% the size of pancreatic ductal adenocarcinoma in an SCID mouse model using

Colo357 cells which express high levels of Kv1.3 (Zaccagnino et al. 2016). Even

though following silencing of Kv1.3 clofazimine-induced death does not take place,

in vivo tumor reduction by clofazimine due to some pleiotropic effect cannot be fully

excluded. Clofazimine has been in clinical use since the 1960s and is well tolerated,

although bioaccumulation of the drug can lead to visible (but reversible) changes

in skin pigmentation. It possesses anti-inflammatory and immunosuppressive activ-

ities; therefore it is used in various cutaneous, nonmicrobial, and chronic inflamma-

tory disorders but more recent studies suggested an expansion of the clinical use

of clofazimine to non-cutaneous inflammatory disorders such as multiple sclerosis,

rheumatoid arthritis, and type I diabetes mellitus (Cholo et al. 2012). Clofazimine has

recently been identified in a large-scale screening as an inhibitor of Wnt signaling

(Koval et al. 2014). In addition, clofazimine has been shown to exert an inhibitory

action on ABCB1/MDR1/P-glycoproteins (Pgp) (Van Rensburg et al. 1994) and to

have the potential to inhibit p53–MDM2 interaction leading in turn to stabilization

and activation of the tumor suppressor p53 (Casey et al. 2009; Patil 2013). Therefore,

a more specific drug, acting exclusively on the mitochondrial counterpart of Kv1.3,

would be required to more efficiently and specifically target this channel.

The intermediate-conductance potassium channel (IKCa or KCa3.1) is expressed

in various tissues, such as epithelial and endothelial tissues, immune system, sensory

neurons, and microglia but not in excitable tissues. PM IKCa is involved in sever-

al physiological processes modulating membrane potential and calcium signaling,

including cell proliferation and differentiation in numerous cell types, and it shows a

differential expression in cancer cells with respect to normal cells. An intracellular

localization for the IKCa (mitoIKCa) in the inner mitochondrial membrane of human

colon carcinoma and HeLa cells, as well as in mouse embryonic fibroblasts, has been

demonstrated by electrophysiology and Western blotting (De Marchi et al. 2009;

Sassi et al. 2010). The plasma membrane channel and the mitochondrial one seem to

have the same pharmacological properties, since both are inhibited by TRAM-34 and

clotrimazole (De Marchi et al. 2009). A connection between IKCa channels and the
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intrinsic apoptotic pathway has been observed in a human glioblastoma cell line

(McFerrin et al. 2012) and inhibition of IKCa by TRAM-34 increased the sensitivity

of melanoma cells to TRAIL treatment (Quast et al. 2012). In addition, clotrimazole

reduced cell viability of chronic leukemic B lymphocytes (Grossinger et al. 2014),

even though, surprisingly, TRAM-34 did not exert the same effect. These examples

raise the exciting possibility that the mitochondrial IKCa might also become an on-

cological target.

Mitochondrial TASK-3 channels are also likely to contribute to the regulation of

apoptosis since silencing of TASK-3 in melanoma cells resulted in compromised

mitochondrial function, i.e., mitochondrial membrane depolarization, and reduced cell

survival inducing apoptotic cell death (Nagy et al. 2014). The tandem of P-domains

(K2P) in weakly inward rectifying K+ (TWIK)-related acid-sensitive K+ channel

3 (TASK-3) is the most recently identified group among the K+ channels. K2P chan-

nels are “leak” K+ channels that set resting membrane potential and regulate cell

excitability (Enyedi and Czirjak 2010). PM TASK-3 is normally found in the adrenal

cortex, gastrointestinal tract, neuronal tissue, and salivary glands and is modulated by

alterations in extracellular pH and by anesthetic agents, and plays a role in aldosterone

secretion (Enyedi and Czirjak 2010). Altered PM/intracellular TASK-3 expression has

already been defined in several types of cancer, i.e., in breast cancer, and the gene

encoding TASK-3 (KCNK9) was found to be overexpressed by five- to >100-fold in

44% of tumors: in lung, colon, and ovarian cancers (Peruzzo et al. 2016), as well as in

melanoma (Pocsai et al. 2006). Unfortunately, no highly specific mtTASK-3 mod-

ulators are available but dihydropyrrolo[2,1-α]isoquinoline (DPI) compounds, that are

able to inhibit TASK channels, could become possible candidates for developing new,

selective inhibitors (Noriega-Navarro et al. 2014).

Finally, sporadic information exist regarding a link between mitoBKCa function

and cell death. The large-conductance calcium- and voltage-activated K+ channel

BKCa (KCa1.1) is expressed at the PM of both excitable and non-excitable cells,

including sensory and epithelial cells, smooth muscle, and cardiac muscle, where it

is involved in muscle contraction but also in cytoprotection during ischemia/re-

perfusion. MitoBKCa has been observed in mitochondria of glioma cell lines, in

astrocytes, as well as in ventricular cells, skeletal muscle, brain, and endothelial

cells (Szabo and Zoratti 2014). The known modulators of the plasma membrane

channel act also on the mitoBKCa. These compounds can be divided into activators,

such as calcium, diCl-DHAA, NS1619, 17-estradiol, and hypoxia, or inhibitors like

charybdotoxin, iberiotoxin, and paxillin. To our knowledge, none of these drugs act

exclusively on the mitochondrial channel (Szewczyk et al. 2009), and as mentioned

above, they may also exert pleiotropic effects. MitoBKCa has been associated with

cell death, since Bax can inhibit the channel leading to the activation of the MPTP

(Cheng et al. 2010). Recently a modified channel function of mitochondrial BKCa

has been linked to amyloid-beta (Aβ)-induced neuronal toxicity (Jafari et al. 2015).
Thus, even though alteration of mitoBKCa function seems to be linked to cell death,

to our knowledge, no direct evidence for involvement of the mitoBKCa in cancer

development and/or progression exists to date.
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In summary, the relationship between mitochondrial potassium transport and

diseases linked to altered mitochondrial function is still only partially explored, but

the so-far available data point to IMM K+ channels as possible targets for therapeu-

tic application against various pathologies, including cancer.

4 Mitochondrial Calcium Channels

Mitochondria play a crucial role in intracellular Ca2+ regulation by shaping, re-

modeling, relaying, and decoding Ca2+ signals, due to their ability to rapidly and

transiently accumulate Ca2+ (Drago et al. 2011). A membrane potential of�180 mV

(negative inside) generated by the respiratory chain would theoretically lead to a

1,000,000-fold accumulation of matrix Ca2+ if electrophoretic Ca2+ passage was un-

restricted. Accordingly, the protonophore CCCP does not only collapse the mem-

brane potential but also the Ca2+ transport (Selwyn et al. 1970). Ca2+ uptake into

mammalian mitochondria is additionally blocked by low concentrations of ruthenium

red and Ru360, which leads to a direct inhibition of the uniporter (Moore 1971; Reed

and Bygrave 1974; Vasington et al. 1972). In animal cells mitochondria were the first

intracellular organelles to be associated with Ca2+ handling, and well before the

identification of the mitochondrial calcium uniporter complex (MCUC) components,

its ability to rapidly sense Ca2+ signals and to act as localized buffers with high

capacity in proximity of PM and ER Ca2+ channels/transporters has been proven

(Rizzuto et al. 2012). Indeed, mitochondrial Ca2+ uptake, by impacting on local cal-

cium concentrations and on calcium-mediated feedback mechanism known to mod-

ulate the activity of Ca2+ channels, influences frequency and amplitude of cytosolic

calcium signals. For example, calcium flux across both the PM/ER-located calcium

release-induced calcium channel CRAC (Orai1/Stim1) and the ER-located inositol-

1,4,5-trisphosphate receptor is influenced by physical vicinity of mitochondria. This

proximity, sustained by specific contacts, the so-calledmitochondria-associatedmem-

branes (MAMs) via chaperons such as sigma receptor 1, in turn sets the extent and

duration of mitochondrial calcium increase (Rizzuto et al. 2012). In addition, espe-

cially in large cells, recruitment of mitochondria to specific regions seems to be

important for constraining Ca2+ signals to defined cell domains. As a result, mito-

chondrial calcium uptake has been shown at least in vitro to govern numerous path-

ophysiological processes ranging from insulin secretion, neuronal excitotoxicity, and

cardiomyocyte function to tumorigenesis. The reader is advised to consult excellent,

recent reviews on this topic (e.g., De Stefani et al. 2016; Foskett and Philipson 2015;

Rizzuto et al. 2012).

Significant advances in identifying the molecular players of the mitochondrial Ca2+-

handling machinery have been achieved only during the last decade. The finding that

a highly Ca2+-selective ion channel, displaying a very small conductance of only 5 pS

in 100 mM Ca2+ in vitro, recapitulated the key characteristics observed for the mam-

malian mitochondrial uniporter in classical bioenergetic experiments represented a

milestone toward the molecular identification of the uniporter (Kirichok et al. 2004).

The MitoCarta database, containing more than a thousand of mitochondrial proteins
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(Pagliarini et al. 2008), then provided the basis for the identification of several mi-

tochondrial calcium uniporter complex (MCUC) components in mammals, including

the central pore-forming protein mitochondrial calcium uniporter (MCU) (Baughman

et al. 2011; De Stefani et al. 2011). At the current stage MCUC appears to include at

least the pore-forming protein MCU, an MCU paralog (MCUb), the essential MCU

regulator (EMRE), the regulatory MICU proteins, and possibly the mitochondrial

calcium uniport regulator 1 (MCUR1) in mammals, unlike in other systems containing

a more simplified MCUC (Wagner et al. 2016). MCU is a 40 kDa protein that is

inserted into the IMM via two transmembrane domains and oligomerizes into multi-

mers (penta- or tetramers) (Oxenoid et al. 2016; Raffaello et al. 2013) to form a pore

that allows Ca2+ entry into the mitochondrial matrix driven by the electrical mem-

brane gradient (Baughman et al. 2011; De Stefani et al. 2011; Raffaello et al. 2013).

Recombinant MCU protein, when incorporated into an artificial membrane, mediates

Ca2+-permeable activity, resembling the electrophysiological characteristics of the

mitochondrial uniporter (De Stefani et al. 2011; Kirichok et al. 2004). Mammalian

MCU activity can be regulated through its paralog MCUb. MCU and MCUb share

50% sequence similarity and both proteins physically interact. MCUb carries two

conserved amino acid exchanges in the IMS-exposed loop of MCU which is neces-

sary to permit Ca2+ transport through MCU in lipid bilayer experiments (Raffaello

et al. 2013). In cultured cells, MCUb forms heterooligomers with MCU and likely

constitutes a dominant-negative regulator ofMCU transport activity. Themammalian

MICU protein family consists of three members that share more than 40% sequence

identity. MICU1, the first uniporter component identified (Perocchi et al. 2010), is a

50 kDa protein with two functional and two pseudo EF-hands that resides in the

mitochondrial intermembrane space (Csordas et al. 2013; Hung et al. 2014; Patron

et al. 2014; Petrungaro et al. 2015; Wang et al. 2014). It was quickly referred to as the

uniporter “gatekeeper” that sets a threshold for mitochondrial Ca2+ uptake through

MCU at low extramitochondrial Ca2+ concentrations but activates the channel when

surrounding Ca2+ concentrations are high (Csordas et al. 2013; Mallilankaraman et al.

2012). Recent findings showing that elevations in cytosolic Ca2+ are sufficient (EC50

of 4.4 μM) to induce rearrangement of MICU1 multimers and to trigger activation of

mitochondrial Ca2+ uptake are in agreement with this concept (Waldeck-Weiermair

et al. 2015). Interestingly, a splice variant with much higher affinity for calcium has

been identified in skeletal muscle (Vecellio Reane et al. 2016). The initial model for

MICU function was further refined after the identification of two MICU1 isoforms,

MICU2 and MICU3 (Plovanich et al. 2013). As MICU3 was found to be almost

exclusively expressed in neural tissues (Plovanich et al. 2013), functional characteri-

zation focused on ubiquitously expressed MICU2. MICU2 forms a heterodimer with

MICU1 through an intermolecular disulfide bond and closes the channel at low

extramitochondrial Ca2+ concentrations (Patron et al. 2014; Petrungaro et al. 2015).

The stability ofMICU2 depends onMICU1 (Patron et al. 2014; Plovanich et al. 2013)

and loss of MICU2 in MICU1-silenced cells complicates assignment of individual

MICU1 and MICU2 functions. However, in electrophysiological experiments

MICU2 inhibits the channel activity in the absence of Ca2+, while MICU1 activates

the channel in the presence of calcium, in accordance with the proposed model of
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MICU2 and MICU2 being gatekeeper or activator, respectively (Patron et al. 2014).

Currently, two models coexist that find MICU1 (1) to act exclusively as a uniporter

activator at high cytosolic Ca2+ concentrations (Patron et al. 2014) or (2) to gradually

disinhibit the uniporter with increasing Ca2+ concentrations in the cytosol (Csordas

et al. 2013).

Another core component of the mammalianMCUC is EMRE, a 10 kDa protein that

spans the inner mitochondrial membrane with only one transmembrane motif. The

proposed role of EMRE in mammals is that of mediating the physical interaction

between MCU and a MICU1/MICU2 dimer and regulating MCU channel activity

depending on the matrix Ca2+ concentration (Sancak et al. 2013; Vais et al. 2016). In

vitro MCU protein alone is sufficient to form a functional channel (De Stefani et al.

2011) even though structural studies allowed to forward the hypothesis that the outer

and inner juxtamembrane helices as well as a loop region in MCU are unstable regions

which may undergo conformational changes upon activation by EMRE in order to

create the lateral exit path for Ca2+ in the MCU channel (Oxenoid et al. 2016). EMRE

is a metazoan-specific protein and its role is supported by reconstitution of a functional

uniporter in budding yeast as heterologous systemwithout a endogenous mitochondrial

Ca2+ uniporter: while expression of MCU from the slime mold Dictyostelium alone

was sufficient to import Ca2+ into yeast mitochondria, human EMRE needed to be

expressed alongside MCU to form an active Ca2+ uniporter system (Kovacs-Bogdan

et al. 2014). A recent study, using mammalian MCU, suggests that both regulators,

MICU1 and the splice variant of MICU1, are able to interact with immobilized MCU

or with MCU/EMRE complex displaying very similar affinity, suggesting that the

presence of EMRE is not (or only poorly) involved in MCU-MICU1 (Vecellio Reane

et al. 2016). In summary, the role of EMRE is far from being clarified.

As to the pathophysiological importance of mitochondrial calcium homeostasis,

Ca2+ elevations in the mitochondrial matrix are known to stimulate respiration and

ATP synthesis to cover temporarily high energy needs of cells (Denton 2009). Ca2+

overload, by contrast, can trigger cell death (Duchen 2000). Increased biosynthesis

rates of ATP rely on the activation of three mitochondrial dehydrogenases by Ca2+

(McCormack et al. 1990). In addition, increasing evidence suggests that cross talk

between mitochondrial calcium and ROS signaling systems promotes fine-tuning

of the cellular signaling networks and of metabolism (Gorlach et al. 2015). For

example, the mammalian pyruvate and 2-oxoglutarate dehydrogenases are a source

of mitochondrial O2
� and H2O2, are regulated by Ca2+, and contain a dihydroli-

poyl dehydrogenase subunit that is inhibited by H2O2-induced glutathionylation

(McLain et al. 2013; Nulton-Persson et al. 2003; Yan et al. 2013). Besides the

pyruvate dehydrogenase (PDH) (Denton et al. 1972) and oxoglutarate dehydro-

genase (OGDH) (McCormack and Denton 1979), NAD-isocitrate dehydrogenase

(NAD-ICDH) (Denton et al. 1978) is also activated by physiologically relevant Ca2+

concentrations (100 nM and 1 μM) in mitochondria isolated from mammalian tissues

(Denton and McCormack 1980; Denton et al. 1980) and phosphorylation of PDH is

thought to be modulated by the calcium-sensitive phosphatase PDP1 (Holness and

Sugden 2003). Ca2+ elevations in intact cells result in NAD(P) reduction (Duchen

1992; Pralong et al. 1992), supporting a central role for Ca2+-dependent regulation of
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mitochondrial metabolism. Knockout of the MCUC regulator MICU1 that results in

an increased resting-state level of Ca2+ in the mitochondrial matrix accordingly alters

the PDH phosphorylation state in cultured cells (Mallilankaraman et al. 2012). In

addition, lower levels of basal matrix calcium in the MCU�/� mice led to markedly

increased levels of PDH phosphorylation in these animals (Pan et al. 2013), although

the animal model used in this study is highly debated especially in view of the modest

phenotype and of the fact that viable mice could be obtained only in a mixed genetic

background (see, e.g., Pendin et al. 2014). Indeed, the consensus view is that con-

ditional and inducible, tissue-specific knockout models, as well as viral based gene-

delivery systems, will be needed to conclusively assess the real physiological impact

of mitochondrial calcium homeostasis in vivo. A few recent in vivo studies in fact

demonstrate that mitochondrial calcium homeostasis is crucial for regulation of me-

tabolism and its alterations are linked to pathologies. Genetic manipulation of MCU

in lower organisms such as zebrafish (Prudent et al. 2013) and Trypanosoma brucei
(Huang et al. 2013) resulted in major developmental and energetic defects. Postnatal

manipulation of MCU levels in mice (by using adeno-associated virus-mediated gene

transfer) demonstrated the contribution of MCUC to the regulation of skeletal muscle

tropism. MCU overexpression or downregulation caused muscular hypertrophy or

atrophy, respectively. These processes were likely independent of metabolic alter-

ations, but were linked to a novel Ca2+-dependent mitochondria-to-nucleus signaling

pathway via transcriptional regulators (Mammucari et al. 2015). Finally, in mice

with myocardial MCU inhibition by transgenic expression of a dominant-negative

(DN) MCU, a strong correlation between MCU function, MCU-enhanced oxidative

phosphorylation, and correct pacemaker cell function has been found (Wu et al.

2015).

The importance of the correct calcium handling is illustrated by the finding that

homozygous patients carrying a loss-of-function mutation of MICU1 are charac-

terized by myopathy, cognitive impairment, and extrapyramidal movement dis-

order (Logan et al. 2014), along with an increased agonist-induced mitochondrial

Ca2+ uptake at low cytosolic Ca2+ concentrations and a decreased cytosolic Ca2+

signal. However, at least under resting conditions, the fibroblasts from affected

individuals do not display defects in overall cellular metabolic function, but chronic

elevation of the mitochondrial matrix Ca2+ load seems to lead to moderate mi-

tochondrial stress, resulting in fragmentation of the mitochondrial network. Fur-

thermore, MICU1 has recently been shown to be vital for adaptation to postnatal

life and for tissue repair after injury of liver (Antony et al. 2016). Ca2+ overload-

induced mitochondrial permeability transition pore (PTP) opening was accelerated

in MICU1-deficient hepatocytes. PTP inhibition prevented necrosis and rescued

regeneration. This work further highlights the importance of regulating MCU under

stress conditions when the risk of Ca2+ overload is elevated.

Other mitochondrial Ca2+ uptake modes (e.g., Ca2+-selective conductance (mCa)

1 and 2 and rapid mode of uptake (RaM)) have also been observed in animals. These

uptake modes were proposed to differ fromMCUC-mediated Ca2+ uptake in terms of

Ca2+ affinity, uptake kinetics, and pharmacological control. These modes have been

studied in heart cells and are – similar to MCU – inhibited by ruthenium red
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and activated by spermine (Sparagna et al. 1995), yet at higher concentrations. The

relative and/or tissue-dependent contribution of these other uptake pathways with

respect to MCU still has to be elucidated.MCU knockdown very efficiently abolishes

Ca2+ transients in mammalian cell culture (Baughman et al. 2011; Bondarenko et al.

2014; De Stefani et al. 2011), indicating that the MCUC can have a dominating role

among uptake mechanisms. In accordance, Ca2+ uptake into mitochondria was al-

most completely abolished in the liver ofMCU�/� animals (Pan et al. 2013). On the

other hand, this does not rule out the possibility that other mechanisms make major

contributions to Ca2+ uptake, particularly in specialized tissues. Potential candidates

include the TRPC3 channel (Feng et al. 2013; Wang et al. 2015) and the mito-

chondrial ryanodine receptor (mRyR1). A low level of RyR1 is detectable in heart

mitochondria and provides rapid transport of Ca2+ that is insensitive to ruthenium red

(Beutner et al. 2001, 2005). The availability of several animal model systems in

which MCU is genetically knocked out should help to test the hypothesis of MCUC

being responsible for different uptake modes and clarify the presence and kinetics of

coexisting uptake mechanisms.

5 Mitochondrial Calcium Homeostasis and Cancer

Besides its physiological role, MCU has been implicated also in cancer-related pro-

cesses, in particular in the control of metastasis. Recently, Hall and colleagues (Hall

et al. 2014) described that breast cancer patient outcomes negatively correlated with

increased MCU Ca2+-conducting pore subunit expression and decreased MICU1 regu-

latory subunit expression. However, they showed that a widely used breast cancer cell

line did not require MCU or MICU1 activity for survival in contrast to cervical, colon,

and prostate cancer-derived cells. Our research in a publically available database

(Peruzzo et al. 2016) suggests that indeed expression of MCU is often altered only

slightly in tumoral tissues, in accordance with previous findings (Davis et al. 2013). On

the other hand, Tang and colleagues revealed that MCU expression correlates with

metastasis and invasiveness of breast cancer. MCU inhibition by ruthenium red orMCU

silencing by siRNA abolished migration of breast cancer cells and reduced serum-

or thapsigargin (TG)-induced store-operated Ca2+ entry (SOCE). Serum-induced mi-

grations in theseMDA-MB-231 cells were blocked by SOCE inhibitors, suggesting that

MCU plays a critical role in breast cancer cell migration by regulating SOCE (Tang

et al. 2015). In an independent study, MCU expression has been related to breast tu-

mor size and lymph node infiltration (Tosatto et al. 2016). In a triple-negative xeno-

graft model using MDA-MB-231 cells, ablation of MCU induced a reduction in tumor

growth and metastasis formation. MCU downregulation hampered cell motility and

invasiveness and reduced tumor growth, lymph node infiltration, and lung metastasis. In

MCU-silenced cells, production of mitochondrial ROS was blunted and expression of

the hypoxia-inducible factor-1α (HIF-1α) was found to be reduced, suggesting a sig-

naling role for mitochondrial ROS and HIF-1α, downstream of mitochondrial Ca2+.

HIF-1α has been demonstrated to be a major effector of MCU, since rescuing HIF-1α
expression the tumor cells restored the ability to migrate. In addition, in breast cancer
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mRNA samples, a positive correlation of MCU expression with HIF-1α signaling route

was present (Tosatto et al. 2016). Finally, it has been proposed that a small molecule,

AG311 (5-[(4-methylphenyl)thio]-9H-pyrimido[4,5-b]indole-2,4-diamine), shown to re-

tard tumor growth and to reduce lung metastases, might induce breast cancer cell death

by activating MCU, although direct proof is missing (Bastian et al. 2015).

In summary, there is an urgent need to identify pharmacological agents able to

impact mitochondrial calcium uptake via their specific action on MCUC com-

ponents, since the so-far used ruthenium red and lanthanides are wide-spectrum

modulators. This task could be much greatly helped by structure–activity relation-

ship (SAR) studies, taking advantage of the recently resolved 3D structure of MCU

(Oxenoid et al. 2016).

6 Mitochondrial Sodium Homeostasis in Cellular Physiology

As other cations, Na+ is expected to be strongly attracted into mitochondria because

of the highly negative electrical potential inside the mitochondrial matrix. Classical

bioenergetics studies suggest that mitochondria possess a very active Na+(Li+)-selec-

tive H+/Na+ antiporter (NHE) that does not transport K+ (Cockrell 1973; Mitchell and

Moyle 1969). This antiporter is readily inhibited by amiloride analogs (Brierley et al.

1989) and its activity declines at pH values higher than 7.0 (Douglas and Cockrell

1974). Unlike the K+/H+ antiporter, NHE is not regulated byMg2+ and is insensitive to

quinine (Nakashima and Garlid 1982). NHE function is probably linked to the set-

ting of the steady-state Ca2+ cycling in energized mitochondria, which largely oc-

curs through coupling of electrophoretic influx via the Ca2+ uniporter and efflux via the

Na+/Ca2+ antiporter (NCLX) (Crompton and Heid 1978). The current view is that

fluxes of Ca2+, Na+, and H+ during the Na+-induced efflux of Ca2+ support a series

of events in which the Na+–H+ exchange enables unidirectional Ca2+ fluxes via the

uniport and antiport systems to be integrated into a cycle (Crompton and Heid 1978;

Drago et al. 2011). The main Na+ efflux mechanism is represented by the mitochon-

drial NHE, while the main influx pathway is the NCLX (Murphy and Eisner 2009).

Whether the electrogenic NCLXwhich mediates the flux of three Na+ ions against one

Ca2+ ion might, at least under some conditions, be linked to the previously described

sodium uniport activity is still unclear. It has been shown that addition of EDTA

to mitochondria is followed by swelling in NaCl and LiCl but not in KCl solution,

suggesting the existence of an inner membrane channel with selectivity for Na+ and Li+

(Bernardi 1999). Considering that this Mg2+ depletion-induced Na+ flux is finely reg-

ulated by Mg2+, ruthenium red, pH, and glibenclamide (Bernardi et al. 1990; Kapus

et al. 1990; Szewczyk et al. 1996), it is likely not to occur through an unspecific leak,

but rather via a specific channel in the inner membrane. However, to our knowledge

no electrophysiological study identified an activity with the above characteristics and

the molecular identity of the uniport observed by classical bioenergetics still awaits

clarification.

Cytosolic Na+ changes are transmitted to the mitochondria by the NCLX and Ca2+

plays an important role in regulating Na+ flux, suggesting the existence of a Na+ sensor
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in the mitochondria: indeed, a decrease in intracellular Ca2+ was observed to lead to a

reduced mitochondrial Na+ uptake, while an increase in Ca2+ availability enhanced

mitochondrial Na+ influx (Bernardi 1999). Since cytosolic Na+ oscillations may in-

fluence intracellular (mitochondrial and ER) Ca2+ variations, which in turn intimately

regulate mitochondrial metabolism and are implicated in several diseases, the correla-

tion existing between Na+ and Ca2+ fluxes (see above) might acquire importance

in pathological settings. Indeed, in melanoma cells, an increase in cytosolic Na+

mediated by a splice variant of the Na+ channel Nav 1.6 has been shown to promote

mitochondrial Ca2+ release (indirectly, via the Na+/Ca2+ exchanger), which enhanced

the invasiveness of these tumor cells (Carrithers et al. 2009). Activation of mitochon-

drial Na+/Ca2+ exchange by an increase in intracellular Na+ is also a prime suspect in

several cellular pathologies such as heart failure, cancer, and hypertension (Murphy

and Eisner 2009). For example, in cardiomyocytes from failing hearts, insufficient

mitochondrial Ca2+ accumulation (as a consequence of cytoplasmic Na+ overload and

activation of the mitochondrial Na+/Ca2+ exchanger) decreases the NAD(P)H/NAD

(P)(+) redox potential and increases oxidative stress upon increase of the workload.

These effects were shown to be abolished by acute treatment with CGP-37157 (CGP),

an inhibitor of the mitochondrial NCLX (Liu et al. 2014). In another study however,

knocking down of NCLX resulted in downregulation of MCU-dependent mitochon-

drial Ca2+ uptake (Nita et al. 2016). CGP-37157 has been exploited also in the context

of cancer and shown to induce calcium overload-linked cell death of malignant cells

in vitro (Choudhary et al. 2014; Yoon et al. 2012).

7 The Mitochondrial Magnesium Channel Mrs2
in Physiology and in Cancer

Mitochondria do not only store calcium, but also take up magnesium to maintain the

optimal cytosolic Mg2+ concentration (0.5–0.7 mM) (Kubota et al. 2005). Mg2+ can

be accumulated inside the mitochondria via the Mg2+-selective channel (Kolisek et al.

2003) that takes advantage of the driving force produced by the mitochondrial mem-

brane potential and is feedback regulated by increasing Mg2+ concentration in the

matrix. Human mitochondrial Mrs2 protein (hMrs2) is a magnesium-transporting

channel in the IMM. It was identified as an upregulated gene in a multidrug-resistant

(MDR) gastric cancer cell line compared to its parental cells by subtractive hybrid-

ization. Expression of hMrs2 in mrs2-1 knockout mutant yeast partly restored mi-

tochondrial magnesium concentrations that were significantly reduced in this mutant

(Zsurka et al. 2001). Knockdown of Mrs2 caused cell death by inducing loss of

respiratory complex I and by triggering mitochondrial membrane depolarization

(Piskacek et al. 2009). On the contrary, an upregulation of Mrs2 has been observed

in parental human gastric adenocarcinoma cell lines, indicating that high expres-

sion of Mrs2 may protect against death (Wolf and Trapani 2009). hMrs2 expression

positively regulated adriamycin resistance of gastric cancer cells both in vitro and

in vivo (Chen et al. 2009). Additionally, hMrs2 promoted cell growth and cells

with decreased expression exhibited significant inhibition of cell growth with G(1) cell
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cycle arrest. Upon hMrs2 overexpression, p27 was downregulated whereas cyclinD1

was upregulated. Interestingly, an augmented expression of MRS2 gene has been re-

ported by comparing normal and cancer organs with a general increase of around two-

to threefold (but in testis tumor a 17-fold increase), which has been observed in blood,

skin, ovarian, kidney, breast, lung, and bladder tumors when compared to the normal

tissues (Peruzzo et al. 2016). Thus, it would be worthwhile to further deepen our

understanding on the possible role of mitochondrial Mg2+ fluxes in cancer develop-

ment as well as to gain insight into the complete structure of the Mrs2 proteins (so far

only the N-terminal part has been resolved) (Khan et al. 2013) in order to exploit SAR

strategies to design specific drugs.

8 Future Outlook

The most critical question that will have to be addressed in future studies is related

to the organelle-specific targeting and determination of the molecular identity of

some of the above-mentioned channels (e.g., mitoKATP), in order to fully appreci-

ate the physiological functions of these ion channels. Hopefully, technical improve-

ment in proteomic techniques (increase of sensibility, preparation of highly purified

membranes) will help us to identify more and more organelle-located channel

proteins. Once the localization of a given protein is validated also in intact cells

(e.g., using tagged proteins), its channel function can be demonstrated by (1) ex-

ploiting the innovative in vitro translation/transcription system for expression and

reconstitution of active membrane proteins (Berrier et al. 2004; Ezure et al. 2014);

(2) using purified membrane vesicles; (3) direct patch clamping of mitoplasts (mi-

tochondria without outer membrane). An indication for the in vivo function and

physiological role of a given channel might be obtained by comparison of WT and

mutant organisms lacking a given protein that likely forms the channel. The above

approach however might lead to misleading results, since function of a missing

channel can be overtaken by, e.g., another member of the same family. This prob-

lem, arising from redundancy of proteins with structural similarities and likely

fulfilling the same task, should not be underestimated. Emerging techniques al-

lowing multiple genetic manipulation (e.g., CRISPR-Cas9) in diverse organisms

might be of great help in this respect. Elucidation of the regulation of mitochondrial

ion channels by posttranslational modifications is also a major challenge for the

future as is the design and synthesis of specific drugs able to act exclusively on the

mitochondrial counterparts of the channels that are present at multiple sites within

the cells. It also has to be mentioned that in addition to ion channels, a plethora

of cation-transporting carriers have been described in mitochondrial membranes,

whose function is likely to be well coordinated with that of the channels. Such

coordinated action, which might be fully appreciated by using multiple knockout

organisms, is expected to allow fine-tuning of bioenergetic efficiency. In conclu-

sion, a combination of diversified approach will certainly lead to a considerable

increase in our knowledge of the mechanisms of organelle function mediated by the
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ion channels and will also improve our understanding of the importance of mito-

chondrial channels for tumorigenesis and/or tumor progression.
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Zanotti G, Rizzuto R, Raffaello A (2016) A MICU1 splice variant confers high sensitivity to

the mitochondrial Ca2+ uptake machinery of skeletal muscle. Mol Cell 64(4):760–773

von Charpuis C, Meckel T, Moroni A, Thiel G (2015) The sorting of a small potassium channel in

mammalian cells can be shifted between mitochondria and plasma membrane. Cell Calcium

58:114–121

Wagner S, De Bortoli S, Schwarzlander M, Szabo I (2016) Regulation of mitochondrial calcium in

plants versus animals. J Exp Bot 67(13):3809–3829

Waldeck-Weiermair M, Malli R, Parichatikanond W, Gottschalk B, Madreiter-Sokolowski CT,

Klec C, Rost R, Graier WF (2015) Rearrangement of MICU1 multimers for activation of MCU

is solely controlled by cytosolic Ca(2.). Sci Rep 5:15602

Wang L, Yang X, Li S, Wang Z, Liu Y, Feng J, Zhu Y, Shen Y (2014) Structural and mechanistic

insights into MICU1 regulation of mitochondrial calcium uptake. EMBO J 33:594–604

Wang L, Yang X, Shen Y (2015) Molecular mechanism of mitochondrial calcium uptake. Cell

Mol Life Sci 72:1489–1498

Wolf FI, Trapani V (2009) Multidrug resistance phenotypes and MRS2 mitochondrial magnesium

channel: two players from one stemness? Cancer Biol Ther 8:615–617

Wrzosek A, Tomaskova Z, Ondrias K, Lukasiak A, Szewczyk A (2012) The potassium channel

opener CGS7184 activates Ca(2)(+) release from the endoplasmic reticulum. Eur J Pharmacol

690:60–67

Wu Y, Rasmussen TP, Koval OM, Joiner ML, Hall DD, Chen B, Luczak ED, Wang Q, Rokita AG,

Wehrens XH et al (2015) The mitochondrial uniporter controls fight or flight heart rate

increases. Nat Commun 6:6081

Wulff H, Castle NA (2010) Therapeutic potential of KCa3.1 blockers: recent advances and prom-

ising trends. Expert Rev Clin Pharmacol 3:385–396
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Abstract

Mitochondria are the “power house” of a cell continuously generating ATP to

ensure its proper functioning. The constant production of ATP via oxidative

phosphorylation demands a large electrochemical force that drives protons

across the highly selective and low-permeable mitochondrial inner membrane.

Besides the conventional role of generating ATP, mitochondria also play an

active role in calcium signaling, generation of reactive oxygen species (ROS),

stress responses, and regulation of cell-death pathways. Deficiencies in these

functions result in several pathological disorders like aging, cancer, diabetes,

neurodegenerative and cardiovascular diseases. A plethora of ion channels and
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transporters are present in the mitochondrial inner and outer membranes which

work in concert to preserve the ionic equilibrium of a cell for the maintenance of

cell integrity, in physiological as well as pathophysiological conditions. For,

e.g., mitochondrial cation channels KATP and BKCa play a significant role in

cardioprotection from ischemia–reperfusion injury. In addition to the cation

channels, mitochondrial anion channels are equally essential, as they aid in

maintaining electro-neutrality by regulating the cell volume and pH. This chap-

ter focusses on the information on molecular identity, structure, function, and

physiological relevance of mitochondrial chloride channels such as voltage

dependent anion channels (VDACs), uncharacterized mitochondrial inner mem-

brane anion channels (IMACs), chloride intracellular channels (CLIC) and the

aspects of forthcoming chloride channels.

Keywords

Anion channels • Chloride intracellular channels (CLICs) • Inner membrane

anion channel (IMAC) • Mitochondria • Mitochondrial permeability transition

pore (mPTP) • Uncoupling protein (UCP) • Voltage dependent anion channel

(VDAC)

1 Introduction

Typical ionic concentration and composition of the cytosol dramatically differ from

the extracellular environments. All the cells from prokaryotes to eukaryotes main-

tain a cytosolic pH of ~7.2, with concentration of potassium ions (K+) many fold

higher than sodium (Na+) and calcium (Ca2+) ions (Bose et al. 2015; Prindle

et al. 2015). In addition to cations, several organic and inorganic anions such as

halides exist in cytosol to counter cations and also play an active functional role in

cells. Intracellular ions exist in either free or remain bound to cytoplasmic proteins;

however, they are classically divided by intracellular membranes, and are enclosed

in intracellular organelles. The distribution of intracellular ions in different cellular

compartments as well as cytosol is chiefly governed by Gibbs–Donnan effect

(Sollner 1955), and is responsible for maintaining physiological functions of

the cell.

Cell membranes possess a wide array of ion transporters and channel proteins in

order to maintain physiological ionic concentrations (Jentsch et al. 2004). The ionic

gradients and membrane potentials across cellular membrane (plasma and intracel-

lular organelle) are key drivers of several physiological processes such as neuro-

transmission, cardiac conduction, and muscle contraction and relaxation (Jentsch

et al. 2004). Intracellular ion transport is important for cell cycle-regulation, energy

production, cellular signaling, and apoptosis (Leanza et al. 2013). Ion transport

across the plasma membrane has been discussed in several reviews (Feske

et al. 2015; Bates 2015; Singh et al. 2012a; Toro et al. 2014), and therefore in

this chapter, emphasis is on the ion channels across mitochondrial membranes.
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Several models of energy production in the mitochondrion indicate that the

presence of an ion channel on mitochondrial membrane would lower efficiency

and effectiveness of the process (O’Rourke 2007). In addition, theoretical opening

of any ion channels, for example, a mitoBKCa will readily depolarize mitochondrial

membrane within few nanoseconds, hence supporting the earlier hypothesis that

mitochondria should not possess ion channels (Singh et al. 2012a; O’Rourke 2007).

At the same time, it is well-recognized that membrane potential of inner mitochon-

drial membrane (IMM) is ~�180 mV (mV) (Colombini 2012; Colombini and

Mannella 1818; O’Rourke et al. 2005). However, when compared to the electric

potential of plasma membrane (~� 70 mV), mitochondrial membrane seems to be a

better capacitor in storing charge. To further signify the effectiveness of mitochon-

drial membrane potential (ψmito), we can precisely calculate the charge stored by

these cellular capacitors. It is known that the IMM is ~7.0 nm thick (Perkins

et al. 1997) thus the voltage gradient across the IMM is 0.180 V per 7.0 � 10�7

cm. This is equivalent to 257,142.90 V per cm which is significantly higher than

high-voltage transmission electricity supply lines employing voltage gradient of

about 200,000 V per km (and higher to the plasma membrane voltage gradient of

200,000 V per cm as well) (Lodish et al. 2000). Majority of the membrane potential

across the mitochondrial inner membrane is generated by proton transport which is

directly coupled with ATP production.

Increasing evidence indicate that both outer mitochondrial membrane (OMM)

and IMM possess ion channels (Szabo and Zoratti 2014). As stated earlier, until

1980s, scientific community was highly skeptical and divided over existence of

typical ion channels in mitochondria (Colombini and Mannella 1818; O’Rourke

2000; Colombini 1979). However, isolation of voltage dependent anion channel

(VDAC) from paramecium, and reconstitution in lipid bilayers in 1976 set the

ground for mitochondrial ion channels (Schein et al. 1976). This was immediately

followed by characterization of permeability transition pore (PTP) (Hunter

et al. 1976), and in the last 40 years several ion channels of OMM and IMM were

established (Szabo and Zoratti 2014). More recently, mitochondrial ion channels

are shown to be the key modulators involved in protection from ischemia–reperfu-

sion (IR) injury, apoptosis, and several other pathophysiological disorders

(O’Rourke 2007; O’Rourke et al. 2005; Szabo and Zoratti 2014; O’Rourke 2000).

Even though anion channels (VDAC) were the first one to be described in

mitochondria (Colombini 1979), majority of the physiological functions are

attributed to the cation channels (Szabo and Zoratti 2014). This is chiefly due to

non-availability of specific pharmacological agents for anion channels and lack of

molecular identity of mitochondrial anion channels residing in IMMs.

Much like plasma membrane anion channels, mitochondrial anion channels are

proteinaceous pores which allow passive diffusion of negatively charged ions down

their electrochemical gradient. Anion channels may conduct other anions (F�, Br�,
I�, or NO�

3) better than Cl� but they are often referred as Cl� channels, as Cl� is

the most abundant anion, predominantly permeating under physiological conditions

(Ashley 2003). Apart from VDAC which resides in the OMM (Colombini and

Mannella 1818; Colombini 1979), chloride intracellular channel 4 (CLIC4), and
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CLIC5 (Ponnalagu et al. 2016a), molecular identity of other inner mitochondrial

anion channels is not known. Also classification of anion channels is still ambigu-

ous (Roelfsema et al. 2012). Previous attempts to classify them on the basis of their

localization (plasma membrane vs. intracellular membranes), single-channel con-

ductance, and/or regulatory mechanism could not comprehend the diversity of

anion channels (Verkman and Galietta 2009). We believe that mitochondrial

anion channels can be systematically classified on the basis of their localization,

outer membrane anion channels and inner membrane anion channels (IMACs), as

well as on the basis of their selectivity. As anion channels are known to be

permeable for other ions, we propose to classify them as anion-selective anion

channels [ASACs, non-selective for anions], cation-selective anion channels

(CSACs, prefer cation over anions), and non-selective anion channels [NSACs,

not selective for cations or anions]. These channels will be discussed in detail in

following sections.

In this chapter, we have presented an overview of mitochondrial anion channels,

investigated their mitochondrial localization as well as distribution, and also show

how some of the known anion channel inhibitors affect mitochondrial reactive

oxygen species (ROS) generation.

2 Anion Channels of Outer Mitochondrial Membrane

2.1 Voltage Dependent Anion Channels

VDAC, an intrinsic membrane channel, is the first channel to be reconstituted and

studied at the single-channel level (Colombini and Mannella 1818; Schein

et al. 1976). It is a highly conserved protein, homologous to bacterial porins and

is localized in the OMM (Colombini 2012; Mertins et al. 2014; Neumann

et al. 2010) as also observed in the mitochondria of rat cardiac myogenic cell

line, H9C2 (Fig. 1). Geographical distribution of VDAC1 by stimulated emission

depletion (STED) nanoscopy also indicates their unique clusters at nano-resolution

in H9C2 cells (Fig. 1) as observed earlier in U2OS cells transfected with VDAC

(Neumann et al. 2010). It is the principle mode of transport of ions and metabolites

across the OMM, and also a probable contact point between the inner and outer

membrane (Colombini 1979). VDAC had a serendipitous discovery; it occurred as

a result of failed attempts in characterizing voltage-gated calcium sensitive

channels from Paramecium aurelia (Colombini and Mannella 1818). It is widely
distributed in many species across the taxon, yeast have two (POR1 and POR2), and

vertebrates have three isoforms (VDAC1, VDAC2, and VDAC3) (Szabo and

Zoratti 2014). Humans, like all other vertebrates canonically encode three different

isoforms. It is a well-characterized mitochondrial anion channel in terms of struc-

ture and function. Amongst the various isoforms, VDAC1 was the first one to be

discovered. VDAC1 and VDAC2 have very strong pore-forming characteristics,

while VDAC3 forms smaller conductance channels (Checchetto et al. 2014) and

consequently modulates the physiological functions of other proteins.
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2.1.1 Structural Insights
VDAC, a small,>30 kDa protein consisting of 280 amino acid residues, shows high

sequence homology (>80%) within the same species. Using X-ray crystallography

and nuclear magnetic resonance (NMR), three independent studies (Hiller

et al. 2008; Ujwal et al. 2008; Bayrhuber et al. 2008) have revealed that VDAC

forms β-barrel structures similar to bacterial porins, comprising of 19 unique

β-strands connected with 18 loop-like connections, and a short N-terminal α-helix
between residues 7 and 17. All the β-barrel strands are oriented in the anti-parallel

Fig. 1 Localization of VDAC1 in H9C2 cells. H9C2 cells loaded with mitotracker (b) were
labeled with anti-VDAC1 antibody (a), and stained with a nuclear marker, DAPI (c). (d) is merge

image of a, b, and c showing colocalization of VDAC1 to the mitochondria of H9C2 cells. e, f, g,
and h are enlarged images of the squared regions a, b, c, and d, respectively. STED microscopy of

H9C2 cells showing expression of VDAC1 (j, k). Confocal image of H9C2 cells labeled with anti-

VDAC1 antibody (i) Corresponding STED image (j), overlay of i and j highlights increased

resolution of VDAC1 localization to mitochondria with STED microscopy (k). l, m, and n are

enlarged images of the squared region in i, j, and k, respectively
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fashion except strands 1 and 19 which are parallel to each other and close the

β-barrel structure (Ujwal et al. 2008). The height and width of the β-barrel were
reported to be 35 Å and 40 Å, respectively (Ujwal et al. 2008), and the path for

solute passage measures ~15 Å by 1 Å. The N-terminal β-barrel strands (1–4)

contribute to conformational stability of VDAC whereas Glu73 is a key residue

determining the structural stability of the protein. This residue is conserved in all

the VDAC isoforms present in humans. The N-terminal helix folds up inside the

β-barrel wall to reach the midpoint of the hydrophobic portion of the membrane.

The positively charged residues of the helix face the interior of the β-barrel, while
the negatively charged residues interact with the most conserved residues in the

β-barrel wall of VDAC proteins (Bayrhuber et al. 2008). As a result the N-terminus

is a site for many molecular interactions. The preceding N-terminal region is lightly

attached to the β-barrel wall and orients towards the pore outlet (Bayrhuber

et al. 2008). Each loop contributes a specific role in channel-gating, ion-selectivity,

pore size, and structural stability of VDAC. The long loops fold into the pore lumen

and determine the ion-selectivity and the gating of the channel. The short loops

provide structural support by linking with the adjacent β-strands. The stability of

β-strands is also important for the voltage-gating, and protein–protein interactions

of VDAC. Similar to other porins, the C-terminal region extends to the intermem-

brane space (IMS) (Bayrhuber et al. 2008; Schulz 2002). Various studies indicate

the ability of VDAC to form oligomers (Malia and Wagner 2007). Using crystallo-

graphic symmetry operators, a model for dimeric form of VDAC was constructed

which indicated that the dimeric interface residues reside in β-strands, β1 (Ile-27,

Leu-29), β2 (Glu-50, Thr-51), β18 (Leu-257, Leu-259), and β19 (Leu-277)

(Bayrhuber et al. 2008).

2.1.2 Electrophysiological Properties
The channel properties of VDAC have been studied mainly by using planar bilayer

systems. VDAC forms a large voltage dependent pore with maximum conductance

of 4–5 nS in symmetrical 1 M KCl (Szabo and Zoratti 2014; Colombini 2004; Bera

and Ghosh 2001). At lower holding potentials of 20–30 mV, VDAC exists in fully

open state and exhibits weak anion-selectivity, whereas at higher holding

potentials, it is cation selective, and the conductance observed is approximately

half of the original conductance shown by the “closed” state of the channel (Szabo

and Zoratti 2014). Exposed charge residues of the pore are the key determinants for

anion selectivity. Amino-terminal sequence determines the voltage-induced gating

of VDAC (Mannella 1997; Shoshan-Barmatz et al. 1797). Although channel activ-

ity is observed in bilayers, a consistent conductance is not yet recorded through

patch clamping studies (Kinnally and Antonsson 2007). VDAC possesses a binding

site for Ca2+ (Gincel et al. 2001) and also transports calcium (Ca2+), ATP, and

superoxides. The open state of the channel poorly conducts Ca2+ (PCl
�/PCa

2+ ~25),

while partially closed state still prefers Cl� over Ca2+, with a PCl
�/PCa

2+ as 1–4.5

(Szabo and Zoratti 2014; Tan and Colombini 1768). Mitochondrial VDAC-like

conductance was also observed in excised patches of plasma membrane
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(Bahamonde et al. 2003) of neuroblastoma cells. Thus, suggesting VDAC as a

molecular correlate of the plasma membrane maxi Cl� channels (Bahamonde

et al. 2003). In another study, electrophysiological and immunocytochemical

evidences showed the activation of VDAC in plasma membrane of neurons during

apoptosis (Elinder et al. 2005). These observations are supported by the identifica-

tion of a VDAC isoform (pl-VDAC) containing a leader sequence for its trafficking

to the plasma membrane (Buettner et al. 2000; De Pinto et al. 2010) and also the

presence of VDAC in caveolae (Bahamonde et al. 2003).

2.1.3 Regulation of VDAC
VDAC is regulated by many cellular and extracellular factors. It gets phosphorylated

by Ser-Thr kinases GSK3β (Das et al. 2008; Sheldon et al. 2011), tyrosine kinase

(Salvi et al. 2005), protein kinase A (PKA) (Banerjee and Ghosh 2006), and nima-

related kinases (NEK) (Chen et al. 2009; Chen et al. 2010). Phosphorylation regulates

the apoptotic activity of VDAC via modulating its interaction with cytoskeletal

components (Kerner et al. 1818). However, phosphorylation does not affect the

current magnitude and the open probability in the positive clamping potentials, but

lowers both in the negative clamping potentials (Bera and Ghosh 2001). Further, it

has been shown that phosphorylation of VDAC by JNK3 leads to channel closure and

thereby causes cell death (Gupta and Ghosh 2015). VDAC has been shown to interact

with multiple factors ranging from pyridine dinucleotides (Lee et al. 1996; Zizi

et al. 1994), lipids including cholesterol (Betaneli et al. 2012; Rostovtseva and

Bezrukov 2008), Bcl-xL (Malia and Wagner 2007; Arbel et al. 2012), creatine

kinases (Beutner et al. 1996; Brdiczka et al. 1994), Ca2+, etc. Interaction of VDAC

with tubulin (Sheldon et al. 2011) results in its increased sensitivity to voltages

causing a channel closure at potentials as low as 10 mV. It also has been known to

be inhibited by gelsolin, a Ca2+-dependent actin-binding regulatory protein, thereby

exerting anti-apoptotic effects (Kusano et al. 2000).

2.1.4 Functions
VDAC has been extensively studied with respect to its role in apoptosis. It is known

to interact with Bax and Bak to form a large pore and stimulate efflux of cyto-

chrome c (Shimizu et al. 2000; Shimizu et al. 1999; Banerjee and Ghosh 2004)

which is a hallmark of apoptosis. Although, VDAC2 is shown to be pro-apoptotic,

facilitating sensitivity to t-Bid (Yamagata et al. 2009), its deletion in lymphocytes

was fatal (Cheng et al. 2003) but was rescued by deletion of Bak, reasserting

VDAC2’s role in apoptosis. There are contradictory reports arguing VDACs

(VDAC1 and VDAC3) role in apoptosis; mouse embryonic fibroblasts (MEFs)

lacking either one of these isoforms showed no response to their apoptotic response

to Bax overexpression and also showed no role of VDAC in cytochrome c release

(Baines et al. 2007). Bcl-2 family members like BclxL inhibit VDAC’s activity and

exhibit their anti-apoptotic activity (Arbel et al. 2012) via interaction with their

N-terminal segment (Malia and Wagner 2007; Abu-Hamad et al. 2009).

Overexpression of plant VDACs in jurkat cells (T cell line) induced apoptosis

that can be blocked by Bcl-2 and the VDAC inhibitors (Godbole et al. 1642).

Anion Channels of Mitochondria 77



VDACs have also been widely studied in cancers due to their association with

hexokinase 1 (HK1) and hexokinase 2 (HK2) which are over-expressed in glyco-

lytic cancers (Wolf et al. 2011). HKs via binding to VDAC1 provide a metabolic

benefit to cells, and suppress apoptosis, causing a cell proliferative advantage and

increased resistance to chemotherapy (Shoshan-Barmatz et al. 1848). However, the

association of VDAC and HK is also regulated by cyclophilin D (CypD) (Machida

et al. 2006) and its acetylation status which is in turn modulated by deacetylases like

sirtuin-3 (Shulga et al. 2010; Verma et al. 2013). VDAC is prone to oxidative

damage when its tyrosine residues get converted to 3-nitrotyrosine by reactive

nitrogen species (RNS) including NO and peroxynitrite, produced upon oxidative

stress during aging. Therefore, increased VDAC nitration leads to VDAC-

dependent, rapid, and massive cytochrome c release. These functions signify the

very important physiological role of VDAC in cell life and death. VDAC has been

arguably considered to be a component of mitochondrial permeability transition

pore (mPTP) (Zoratti and Szabo 1995), as the electrophysiological property of

VDAC resembled to that of mPTP (Szabo et al. 1993). It was also predicted to be in

the dimeric state in mPTP complex (Szabo and Zoratti 1993). Molkentin and his

group further showed that mitochondria from the VDAC null mutant mice were

susceptible to Ca2+ and oxidative stress induced mPTP formation instigating a

debatable role of VDACs in mPTP formation (Baines et al. 2007). A recent study

showed the SGP7 (mitochondrial AAA protease) which is an essential component

of mPTP complex interacts with VDAC (Shanmughapriya et al. 2015). These

studies further suggest that VDACs role in forming mPTP complex is dispensable

and probably regulates mPTP formation via interacting with modulators like Bax,

Bak, and SGP7.

3 Anion Channels of Inner Mitochondrial Membranes

As stated above, it was widely believed that the inner membrane of the

mitochondria is unlikely to contain ion channels, as any movement of ions across

it would degenerate the proton motive force driving ATP synthesis (O’Rourke

2007). Although, later, multiple conductances were recorded in IMM, no specifics

on molecular identity of these channels are known (Szabo and Zoratti 2014). The

realization for the existence of ion channel in inner membrane came from early

studies on mitochondrial swelling, which were induced by movement of cations and

anions into the matrix compartments (O’Rourke 2007).

3.1 Inner Membrane Anion Channel: Historical Perspective
and Ion Channel Properties

Around the 1960s, Azzi et al. promoted the idea of Mg2+ governing the permeabil-

ity of the mitochondrial membrane to univalent cations, which switches to anion,

upon increasing pH (Azzi and Azzone 1965; Azzi and Azzone 1967). However,

78 D. Ponnalagu and H. Singh



mechanism for this ion extrusion was uncertain. In 1969, Brierley observed that the

permeability of the inner membrane to anions is very low at acidic pH in heart

mitochondria, which further increased under alkaline conditions (Brierley 1969;

Garlid and Beavis 1986). These findings supported the concept of Azzi et al., about

the existence of anMg2+ and pH dependent anion transport pathway in IMM (Garlid

and Beavis 1986). Furthermore, the transport of several anions like Cl�, Br�, I�,
SCN�, NO3�, PO4

�, HCO3�, and SO4
2� across the mitochondrial membrane was

demonstrated (Garlid and Beavis 1986; Stockdale et al. 1970), thus indicating the

presence of an IMAC in the mitochondria (Garlid and Beavis 1986).

3.1.1 Electrophysiological Properties of IMAC
Initial patch clamp studies performed on IMM revealed a slightly anion-selective

channel with a mean conductance of ~107 pS under symmetrical (cis:trans)
150 mM KCl condition (Sorgato et al. 1987). It was named as mitochondrial

centum picosiemens (mCS) channel. This was followed by observations of multiple

anion channel conductances, on mitoplasts or mitochondrial membrane vesicles

(Ballarin and Sorgato 1995; Borecky et al. 1997; De Marchi et al. 1777; Hayman

et al. 1993; Kinnally et al. 1992; Klitsch and Siemen 1991) isolated from different

tissues (brown adipose tissue, heart, and liver). Patch clamp studies on mitoplasts

isolated from brown fat adipose tissue showed a ~108 pS conductance in symmet-

rical 150 mM KCl solution (Borecky et al. 1997; Klitsch and Siemen 1991). This

channel was a candidate for IMAC as the channel currents were inhibited by purine

nucleotides, Mg2+ as well as variations in pH (Borecky et al. 1997). In both liver

and cardiac tissues, Sorgato et al. found a ~100 pS voltage-sensitive anion channel

(Sorgato et al. 1989). In yet another study, two distinct anion channel currents were

observed in sheep mitoplasts with one showing conductance of 100 pS (150 mM

KCl) and the other of 50 pS (Hayman et al. 1993). Remarkably, both species of

channel activity lasted for 10–15 min and then exhibited irreversible inactivation

which could be a result of desensitization of these channels (Sun et al. 2002). PCl
�/

PK
+ values for both the channels were also different. Small conductance channel

was shown to be non-selective between anions. Although the channel conductances

were similar to that observed by Sorgato et al.(Sorgato et al. 1987), neither of these

channels were sensitive to ATP, Mg2+, or pH changes, a property exhibited

by IMAC.

Interestingly, three classes of IMM channel activities were recorded in rat

cardiac mitochondria, using patch clamp studies (Kinnally et al. 1992; Kinnally

et al. 1991). The “107 pS activity” was slightly anion-selective and voltage-

dependent (opens with positive potentials towards matrix); a Ca2+ or voltage-

dependent “multiple conductance channel” (MCC) activity exhibited a single-

channel conductance ranging from ~40 to over 1,000 pS, and a “low-conductance

channel” (LCC) showing conductance of ~15 pS that was receptive to pH and Mg2+

changes. Thus, MCC was considered responsible for the Ca2+-induced permeability

transition observed in mitochondrial suspensions. LCC was suggested to be similar

to IMAC currents with anion selectivity in the order of SCN�>NO3�>Cl�> Pi.
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All of the IMM channels reported so far are highly regulated and have a very low

open probability under physiological conditions.

IMAC currents were also observed even in yeast (both wild type and VDAC less

strain), but the properties of these channels differed (Ballarin and Sorgato 1996).

Here, two kinds of channel activity were recorded: a small conductance channel of

~45 pS, which decreased at negative holding potentials, and large conductance

channel, whose conductance increased at positive holding potentials (~400 pS at

�40 mV; ~800 pS at 40 mV). Unlike IMAC, these channels were unaffected by

matrix Ca2+ and Mg2+. However, both showed ATP-dependence, indicated by the

complete inhibition of the activity of the small channel, and the loss of voltage-

dependency for large conductance channel in the presence of nucleotides. Another

study revealed the existence of phosphate carrier (PIC) protein, as mitochondria

purified from Saccharomyces cerevisiae upon reconstitution in liposomes showed

anion-selective single-channel currents in patch clamp experiments (Herick

et al. 1997). It exhibited a frequent conductance of ~40� 10 pS, and was inhibited

by higher concentration of phosphate. Although PIC had similar conductance to

that of small conducting channel earlier isolated from yeast, its activity was

inhibited by Mg2+ and Ca2+ unlike the later one. This further indicated the existence

of multiple IMM anion channel conductances in yeast.

In addition, pH-regulated plant inner mitochondrial anion channel (PIMAC)

mediated flux of Cl�, NO3
�, succinate, malate, and oxaloacetate was shown in

potato tuber mitochondria (Beavis and Vercesi 1992), as well as in durum wheat

seedlings and Jerusalem artichoke tubers (Laus et al. 2008). Like yeast IMACs, they

exhibit different properties than the mammalian IMAC, because of the lack of

inhibition by recognized inhibitors of mammalian IMACs. Maize IMAC shows

temperature independent open probability in contrast to that of mammalian IMAC,

but this level of activity varied with the cold tolerance levels of the maize popula-

tion. Although these studies point out the presence of IMAC in mitochondria, more

data is required to establish the molecular identity of these channels.

3.1.2 IMAC Modulators
Light scattering on swelling mitoplasts was used to describe IMAC in initial studies

(Garlid and Beavis 1986; Beavis and Vercesi 1992; Halle-Smith et al. 1988; Powers

and Beavis 1991; Zernig et al. 1990). IMAC has been shown to be modulated by

palmitoyl-CoA (IC50 ~ 2.5 μM) (Halle-Smith et al. 1988), Mg2+ (Garlid and Beavis

1986; Beavis and Vercesi 1992), (IC50 ~ 38 μM), pH (pIC50 ~ 7.7) (Beavis and

Vercesi 1992; Beavis 1992), N,N0-dicyclohexylcarbodiimide, mercurial

(chloromercuribenzene sulfonate and mersalyl), and amphiphilic amines such as

propranolol and triorganotins (Powers and Beavis 1991). Tributyltin (TBT), a

potent triorganotin, inhibits malonate transport via IMAC at 0.9 nmol/mg and

95% efficiency (Powers and Beavis 1991). IMAC like other chloride channels is

reversibly inhibited by stilbene derivatives such as 4,40-Diisothiocyanato-
2,20-stilbenedisulfonic acid disodium salt (DIDS) (Beavis and Davatol-Hag

1996). Other inhibitors include amiodarone, amitriptyline, dibucaine, Ro 5–4864,

and thiol cross linkers, like N-ethylmaleamide. Even inhibitors of adenine
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nucleotide translocase (ANT) block the anion transport by IMAC (Powers

et al. 1994). The plant IMACs unlike that of mammalian are not inhibited by matrix

Mg2+, mercurials, or N,N0-dicyclohexylcarbodiimide but by other well-known

IMAC inhibitors such as propranolol (IC50¼ 14 μM), TBT (IC50¼ 4 nmol/mg),

and the ANT inhibitors like erythrosin B and Cibacron Blue 3GA. Ca2+ also

modulated the activity of IMAC in mitochondrial swelling experiments (Zernig

et al. 1990). In addition, benzodiazepines that inhibit mitochondrial benzodiazepine

receptor (mBzR) present in the OMM also blocked IMAC activity but the mecha-

nism of inhibition is unclear. Even though the functions of these channels are poorly

understood, their tight regulation suggests their import role in maintaining physiol-

ogy of the cell by possibly regulating mitochondrial function.

3.1.3 Functions
IMACs are mainly implicated in volume homeostasis. IMAC has been proposed to

play a role in postischemic electrical and contractile dysfunction in the heart

(O’Rourke 2007; Akar et al. 2005; Aon et al. 1762). In adult cardiomyocytes, it

was observed that inhibitors of IMAC prevented reverse oscillatory mitochondrial

depolarizations induced by substrate deprivation (O’Rourke 2000) and oxidative

stress (Aon et al. 2003). In spite of multiple conductance observed in the IMM, it is

challenging to assign specific physiological roles due to its ambiguous molecular

identity.

3.2 Chloride Intracellular Channel Proteins

These are unique class of intracellular channel proteins consisting of single trans-

membrane domain, and exist in dimorphic state of both soluble and integral

membrane form (Ashley 2003; Singh 2010). There are seven paralogs of CLIC

identified in mammals to date, namely CLIC1–CLIC6 (Singh 2010) which includes

CLIC5A and CLIC5B (isoforms of CLIC5). They are also conserved among

prokaryotes and widely distributed across other eukaryotic species, including

three isoforms, identified in invertebrates (DmCLIC in Drosophila melanogaster,
EXC4 and EXL1 in Caenorhabditis elegans) (Berry et al. 2003; Littler et al. 2008)

and four in plants (AtDHAR1-4 in Arabidopsis thaliana) (Singh 2010; Littler

et al. 2010; Elter et al. 2007). CLICs, as the name specifies, are localized to

intracellular organelles (Singh 2010) specifically nuclear membrane (Valenzuela

et al. 1997; Ulmasov et al. 2007), secretory vesicles of hippocampal neurons

(Chuang et al. 1999), caveolae (Edwards and Kahl 2010), trans-Golgi network

(Edwards and Kahl 2010), endoplasmic reticulum, (Duncan et al. 1997; Ponnalagu

et al. 2016b) and mitochondria (Ponnalagu et al. 2016a; Edwards and Kahl 2010;

Ponnalagu et al. 2016b; Fernandez-Salas et al. 1999).

3.2.1 Structural Insights
CLIC proteins show high sequence and structural similarity to members of omega

glutathione-S-transferase (GST) family of proteins (Singh 2010). They contain
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~280 amino acid residues, with a conserved C-terminal domain. CLIC5B and

CLIC6 contain an additional hydrophobic N-terminal domain (Singh 2010; Littler

et al. 2010). Until now, crystal structures of only the soluble forms of CLIC are

obtained. CLIC4 and CLIC1 show high structural similarity due to 67% sequence

homology. Mammalian CLICs also share structural similarity to invertebrates. All

CLICs contain 10 α-helices (h1, h2, h3, h4a, h4b, h5, h6, h7, h8, and h9) and four

β-strands (s1, s2, s3, and s4) except in EXC4, where helix h4 is unbroken but has an
additional h10 helix (Littler et al. 2008). Soluble structures of EXC4 and DmCLIC
indicate that the putative transmembrane domain is formed by an α-helix (h1) and a
β-strand (s2) (Littler et al. 2008). In mammalian CLICs the putative transmembrane

domain (C24-46) comprises the pore, and plays a role in ion transport and targeting

the protein to the membrane (Singh 2010; Singh and Ashley 2006; Singh and

Ashley 2007). For CLIC1 it is shown that modification of Cys24 inhibits the

channel activity (Singh and Ashley 2006). Cys24 and its equivalent conserved

residues in other CLIC proteins play a key role in the redox-regulation of CLIC1,

CLIC4, and CLIC5 (Singh 2010). Also, it is observed that CLIC proteins insert into

planar bilayers with the N-terminus located in the luminal side and the C-terminus

towards the cytosolic side (Singh and Ashley 2006; Singh and Ashley 2007). Auto

insertion of CLIC1 to the bilayers increased with the formation of disulphide bond

between the residues Cys24 and Cys59 upon oxidation, indicating the role of Cys24

in integration of soluble form of CLIC to membranes. However, the residue Cys59

is not conserved in all other CLICs, and also it is not very clear how these residues

form disulphide bonds in membrane form as they are oriented at opposite

directions. Therefore, the role of disulphide bonds in insertion of CLICs is still

questionable. As CLICs have single transmembrane domain, it is predicted that at

least four molecules of them will be necessary to form a functional ion channel in

the membrane (Singh 2010). Conformation flexibility of putative transmembrane

increased in an acidic pH of ~5.5, thereby increasing the auto insertion into the

membrane and exhibiting enhanced single-channel conductance (Stoychev

et al. 2009).

3.2.2 Mitochondrial CLIC Proteins
Even though, CLICs were named as intracellular ion channels, their cellular

localization is not systematically explored chiefly due to lack of specific antibodies.

However, information on localization of some of the CLIC proteins is available

(Singh 2010). Out of six CLIC proteins, CLIC4 was characterized as a putative

mitochondrial ion channel protein (Szabo and Zoratti 2014), and was demonstrated

to reside in mitochondria of keratinocytes (Fernandez-Salas et al. 2002), where it is

involved in Ca2+-induced differentiation of keratinocytes (Suh et al. 2007). Hence,

CLIC4 is also known as mitochondrial CLIC4 (mtCLIC4). Furthermore, R (+)-

Methylindazone, R (+)-[(6, 7-Dichloro-2-cyclopentyl-2, 3-dihydro-2-methyl-1-

oxo-1H-inden-5-yl)-oxy] acetic acid (IAA-94)-sensitive CLIC-like currents were

also observed in cardiac mitochondria (Misak et al. 2013) suggesting their presence

in cardiac mitochondria. We have recently showed that CLIC4 and CLIC5 are

cardiac mitochondrial proteins, where CLIC4 is localized to the OMM and CLIC5
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to the IMM of rat cardiac mitochondria (Ponnalagu et al. 2016a; Ponnalagu

et al. 2016b). CLIC1 and CLIC2 are chiefly localized to the endoplasmic reticulum

of adult cardiomyocytes (Ponnalagu et al. 2016a; Ponnalagu et al. 2016b).

In agreement to these studies here we further show mitochondrial localization of

CLIC4 in H9C2 cardiac cells (Fig. 2a–h). We also investigated localization of

CLIC5 and found it to be localized to the mitochondria of H9C2 cells (Fig. 3a–h).

Interestingly, bioinformatic analysis of CLICs revealed the absence of any mito-

chondrial targeting sequence (MTS) (Ponnalagu et al. 2016a), further indicating a

Fig. 2 Localization of CLIC4 in H9C2 cells. H9C2 cells loaded with mitotracker (b) were labeled
with anti-CLIC4 antibody (a), and stained with DAPI (c). d is merge image of a, b, and c showing
colocalization of CLIC4 to the mitochondria of H9C2 cells. e, f, g, and h are enlarged images of

the squared regions in a, b, c, and d, respectively. STED microscopy of H9C2 cells showing

expression of CLIC4 in the mitochondria (j, k). Confocal image of H9C2 cells labeled with anti-

CLIC4 antibody (i). Corresponding STED image (j), overlay of i and j highlights increased

resolution of CLIC4 localization to mitochondria with STED microscopy (k). l, m, and n are

enlarged images of the squared region in i, j, and k, respectively
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unique unconventional mechanism for their mitochondrial localization in H9C2

cells. To understand geographical distribution of CLIC4 and CLIC5 in cardiac

cells, we acquired super resolution images by using a custom-built STED micro-

scope (Rodrı́guez et al. 2012). Figures 2i–n and 3i–n revealed a unique cluster

distribution of CLIC4 (80� 10 nm, n¼ 500 clusters) and CLIC5 (98� 12 nm

n¼ 500 clusters) in H9C2 cells. These results indicate that even though CLIC4

and CLIC5 localize to mitochondria of H9C2 cells, they follow a distinct distribu-

tion either due to differential localization within the mitochondria as observed in

Fig. 3 Localization of CLIC5 in H9C2 cells. Mitotracker-labeled (b) H9C2 cells were incubated

with anti-CLIC5 antibody (a), and stained with DAPI (c). d is merge image of a, b, and c showing
colocalization of CLIC5 to the mitochondria of H9C2 cells. e, f, g, and h are enlarged images of

the squared regions in a, b, c, and d, respectively. STED microscopy of H9C2 cells showing

expression of CLIC5 in the mitochondria (j, k). Confocal image of H9C2 cells labeled with anti-

CLIC5 antibody (i) Corresponding STED image (j), overlay of i and j highlights increased

resolution of CLIC5 localization to mitochondria with STED microscopy (k). l, m, and n are

enlarged images of the squared region in i, j, and k, respectively
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adult cardiac mitochondria (Ponnalagu et al. 2016a; Singh et al. 2012b) or due to

unique functional roles.

3.2.3 Electrophysiological Properties
Channel activity of CLIC proteins have been carried out in artificial bilayers (Singh

and Ashley 2006; Tulk et al. 2002; Warton et al. 2002) using either recombinant

proteins or ectopic expression in mammalian cells (Valenzuela et al. 1997; Tonini

et al. 2000). CHO-K1 cells transfected with CLIC1 showed a single-channel

conductance of 8 pS in cell and nuclear patch clamping studies (Valenzuela

et al. 1997). Conductance of all CLICs varied depending on the lipid composition,

recording conditions, and redox environment of the bilayers (Singh 2010; Singh

and Ashley 2006). All the CLICs form NSAC as they do not differentiate between

cations and anions; however, they turn into anion-selective in the presence of large

cations like Tris (Singh 2010; Singh and Ashley 2006). Arg29 and Lys37 in the

putative transmembrane domain have been shown to play a role in ion channel

function. Lys37 altered the single-channel conductance whereas Arg29 affected the

open probability of a single-channel in response to variation in membrane potential

(Averaimo et al. 2013). Ionic conductance of CLIC1 and CLIC5 is regulated by

actin (Singh et al. 2007), but not for CLIC4. Single-channel biophysics of CLICs in

their native environment is not yet reported.

3.2.4 Functions
CLICs are multifunctional proteins. They involve in membrane trafficking, cyto-

skeletal function (Berryman et al. 2004), apoptosis (Fernandez-Salas et al. 2002;

Suh et al. 2004), cell cycle control (Valenzuela et al. 2000), tubulogenesis (Berry

et al. 2003), VEGF-mediated angiogenesis of endothelial cells (Tung et al. 2009),

mitosis, and differentiation (Suh et al. 2007). CLIC2 was reported to modulate the

function of ryanodine receptors (RyR1 and RyR2) (Board et al. 2004; Takano

et al. 2012). In humans, the transcriptional analysis showed the downregulation

of CLIC2 in dilated cardiomyopathy patients (Diaz et al. 2010) indicating its

possible role in cardiac physiology. CLIC4 also showed a role in regulating the

endothelial function, where CLIC4 deficient animals were shown to be resistant to

pulmonary hypertension (Wojciak-Stothard et al. 2014). Diaz et al. showed

blocking chloride channels using IAA-94, prevented the cardio protective effects

of ischemic pre-conditioning (IPC) as there was increased myocardial infarction

(MI) due to ischemic/reperfusion (IR) injury in both the heart as well as isolated

adult cardiomyocytes (Diaz et al. 1999). It was also shown that other chloride

channel blockers like DIDS, 5-Nitro-2-(3-phenylpropylamino) benzoic acid

(NPPB), and 4-acetamido-40-isothiocyanato-stilbene-2,20-disulfonic acid (SITS),

protected hearts from MI further suggesting a probable cardio protective role of

IAA-94 specific targets, CLICs (Zheng et al. 2013; Wang et al. 2015).

Overexpression of mtCLIC4 in keratinocytes induced its mitochondrial locali-

zation leading to reduced mitochondrial membrane potential and thereby triggering

apoptosis (Fernandez-Salas et al. 2002). It was also demonstrated that RNAi

suppression of CLIC4 enhanced H2O2-induced glioma cell apoptosis
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(Xu et al. 2013). Recent study also showed that abrogation of CLIC5 increased the

ROS generation of cardiac mitochondria in mice (Ponnalagu et al. 2016a). Thus,

these studies provide evidence of CLIC in modulating mitochondrial function

which is known to play a role in regulation of apoptosis, cardioprotection from

IR injury, and their direct involvement in maintaining cellular physiology.

4 Other Chloride Transporters or Modulators
in Mitochondria

Apart from the above mentioned anion channel conductances observed in both

IMM and OMM, there are still other upcoming anion channels or modulators

maintaining mitochondrial ion flux which needs to be further studied. We have

discussed some of them in the following section.

4.1 Mitochondrial Permeability Transition Pore

mPTP is a non-selective channel present in the mitochondrial inner membrane

which allows a solute of up to 1.5 kDa to pass through it resulting in dissipation of

electrochemical proton gradient, inhibition of ATP synthesis further leading to cell

death (Szabo and Zoratti 2014; Bernardi et al. 2006). The conductance of this

channel varies from 0.9 to 1.3 pS, with mild anion-selectivity and can also switch to

cation-selective channel (Szabo and Zoratti 2014), therefore they are considered as

non-selective channels present in the mitochondrial membrane. Opening of the

channel is reliant on mitochondrial Ca2+ concentrations and matrix alkalization.

Earlier it was shown that PTP is inhibited by submicromolar concentration of an

immunosuppressant drug, cyclosporine A (CsA) (Fournier et al. 1987; Crompton

et al. 1988; Broekemeier et al. 1989; Davidson and Halestrap 1990) thus indicating

the presence of CypD as the molecular component of the channel. Multiple studies

have predicted that mPTP comprises of VDAC (Szabo et al. 1993; Szabo and

Zoratti 1993), ANT (Kokoszka et al. 2004), CypD, and hexokinase. As discussed

earlier in Sect. 2.1.4, interaction of SGP7 and VDAC was found to be essential for

formation of mPTP (Shanmughapriya et al. 2015). A latest study has also suggested

the likelihood of F1FO ATPase itself as forming a PTP (Halestrap 2014; Bonora

et al. 2013). Further, studies on identifying the molecular correlate of mPTP are still

underway, and usage of a multidisciplinary approach will certainly provide much

desired information (Singh et al. 2012a; Singh 2010; Rodrı́guez et al. 2012; Singh

et al. 2012b; Singh et al. 2009). Activity of the channel is modulated by CsA, matrix

acidification, adenine nucleotides, and divalent cations apart from Ca2+(Szabo and

Zoratti 2014). In spite of its unclear molecular identity, multiple studies signify its

key role in IR injury (Akar et al. 2005; Halestrap et al. 2004), neurodegeneration

(Schinzel et al. 2005) in pathological disorders, apoptosis, and progression of

cancer (Szabo and Zoratti 2014).
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4.2 Maxi-Chloride Channel

This section summarizes the evidence of the presence of Maxi Cl� channel in

mitochondria (De Marchi et al. 1777). Patch clamp analysis of liver mitoplast

revealed a channel activity similar to monomeric state of PTP. The occurrence of

this activity is not found to be consistent in liver mitochondria but was observed

more frequently in human colon tumor 116 (HCT116) cells. The conductance of the

channel recorded in HCT116 cells was ~400 pS. This channel was considered to be

anion-selective in fourfold KCl gradient and at reversal potentials in the range

of� 26 to� 31 mV. The ratio of permeability coefficients reported was PCl
�/PK

+

� 7–18. As the channel activity represented the monomeric form of PTP, VDAC

was considered as a probable candidate for this channel activity. The channel

activity did not differ upon VDAC deletion, thus, ruling out the possibility of

VDAC as its molecular component. The channel occasionally switched to cation-

selective state. Interestingly, the activity was inhibited by only DIDS and SITS but

not by IAA-94, NPPB, or niflumic acid. Properties of this channel were similar to

swelling-activated and voltage-inactivated maxi-chloride channels reported earlier

(Sabirov et al. 2006). Although molecular structure of the channels is unknown but

is considered to have a strong link with PTP.

4.3 Uncoupling Proteins

UCP is a ~33 kDa protein, primarily acting as an H+ carrier in the inner membrane

of mitochondria. There are five isoforms of UCP identified in mammals. Anion

channel transport was associated with them as it was also demonstrated to play a

role in mitochondrial swelling (Nicholls and Lindberg 1973), and Cl� transport was

confirmed in vesicles reconstituted with UCP (Huang and Klingenberg 1996; Jezek

et al. 1990). There are six transmembrane domains and in case of UCP1 and UCP2,

it is shown that transmembrane 2 (TM2) contributes to anion conductance

(Yamaguchi et al. 2004). Also, arginine residues of TM2 were shown to be crucial

for anion transport (Hoang et al. 2015). The channel exhibited an inward-

rectification with a single-channel conductance of 75� 6 pS at positive holding

potentials, and 84� 8 pS at negative holding potentials. Divalent cations like Mg2+

and Ca2+ aided in the occurrence of these channels. The permeability to ions

decreased in the order of Cl�>Br�> F�> SCN�> I�>NO3�> gluconate.

Like all other uncharacterized mitochondrial anion channels, the channel activity

was sensitive to nucleotides (Huang and Klingenberg 1996). Although, UCP is

required to dissipate the proton gradient to provide energy for oxidative phosphor-

ylation, these studies speculate the potential of UCP behaving as an anion channel.

4.4 Vacuolating Cytotoxin A

VacA, the vacuolating cytotoxin A, as the name implies forms large vacuoles in

cells and is one of the major virulence factors released by Helicobacter pylori

Anion Channels of Mitochondria 87



(Rassow 2011). VacA toxin is the prominent mediator in H. pylori-induced apopto-
sis of cells (Cover and Blanke 2005; Boquet et al. 2003), and is also known to form

anion channels (Iwamoto et al. 1999; Czajkowsky et al. 1999; Szabo et al. 1999) of

low conductance of ~10 pS. This conductivity is completely inhibited by the

chloride channel blocker NPPB (Szabo et al. 1999; Tombola et al. 2000). Previous

studies also demonstrated that VacA intoxicates mammalian cells by reducing

mitochondrial membrane potential and inducing apoptosis (Willhite and Blanke

2004). Based on these studies a model has been hypothesized to link the channel

activity with its function: VacA after entering mammalian cells localizes to the

mitochondria, and modulates mitochondrial membrane permeability by forming a

channel resulting in cytochrome c release. Thus, VacA joins the ranks of anion

channels playing a role in intrinsic pathway of apoptosis (Willhite and Blanke

2004).

5 Pharmacological Evidence of Cardiac Mitochondrial Anion
Channels

Most of the chloride channels in mitochondria have been identified and

characterized using pharmacological inhibitors. However the specificity of these

pharmacological agents is not yet established, and is shown to be non-specific at

different concentrations which is a limitation for their usage. Nevertheless, these

pharmacological modulators have played a significant part in deciphering the

molecular identity and physiological functions of these channels. Thus, in this

section we investigated the presence of putative chloride channels in cardiac

mitochondria of Rattus norvegicus and their respective roles in modulating mito-

chondrial ROS generation (Murphy 2009) using these pharmacological inhibitors

of chloride channels.

Mitochondrial Ca2+ capacity and ROS generation play a key role in multiple

pathologies, including cardiac IR injury, neurodegenerative diseases, diabetes,

cancer, and premature aging (Sena and Chandel 2012). In a recent study, mitochon-

drial Ca2+ capacity was used to identify components of mPTP (Shanmughapriya

et al. 2015). Here, we have incorporated widely used canonical anion channel

blockers, and studied their impact on mitochondrial ROS generation to identify

possible mitochondrial anion channels present in the heart. Cl� channel inhibitors

used are IAA-94 (Landry et al. 1989; Weber-Schurholz et al. 1993), Anthracene-9-

carboxylic acid (A9C) (AlKhamici et al. 2015), NPPB (Malekova et al. 2007), DIDS

(Malekova et al. 2007), glibenclamide (Sheppard andWelsh 1992), and 4-[(2-Butyl-

6,7-dichloro-2-cyclopentyl-2,3-dihydro-1-oxo-1H-inden-5-yl)oxy]butanoic acid

(DCPIB) (Bourke et al. 1981; Decher et al. 2001) that are known blockers of

CLICs (IAA-94 and A9C both), calcium-activated chloride channel, CLC’s, cystic

fibrosis transmembrane conductance regulator (CFTR), and swelling-activated

chloride channels, respectively. Further, earlier studies have shown the presence

of these channels in the heart (Misak et al. 2013; Duan 2013; Baumgarten

et al. 2005).
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Fig. 4 Differential modulation of the rate of ROS generation in complex II/III of cardiac

mitochondria by various chloride channel inhibitors. Cardiac mitochondria isolated from

R. norvegicus and the ROS generated by complex II/III was measured as described earlier. Profile

representing the rate of ROS production by cardiac mitochondria in the presence of DMSO

(black) vs. 100 μM IAA-94 (gray, a), 100 μM A9C (gray, b), 50 μM NPPB (gray, c), 300 μM
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Electron transport chain complex II/III were activated with its substrate, succi-

nate and the ROS generated was measured using amplex red as an indicator of H2O2

produced, in fluorescence spectrophotometer F-2710 as described previously

(Singh et al. 2012b). It was observed that there was significant reduction in the

rate as well as total ROS generation (relative to DMSO control) after addition of

inhibitors such as A9C (100 μM), IAA-94 (100 μM), and NPPB (50 μM) (Fig. 4a–c,

g and h). This further indicated the possible presence of CLICs, and calcium-

activated chloride channel in the cardiac mitochondria isolated from

R. norvegicus. There was no change in the rate of ROS production in case of

300 μM DIDS (CLC inhibitor) (Fig. 4d, g). Also, there was a non-specific immedi-

ate spike in the rate of ROS production observed for most of the inhibitors. 100 μM
of each glibenclamide, and DCPIB showed significant reduction in the rate of ROS

production (Fig. 4e–g), but no significant reduction in the total ROS produced was

observed relative to vehicle control (DMSO) at the end of 45 min (Fig. 4h). This

could be either due to reversible inhibitory effect of these channel inhibitors or

unhealthy condition of the mitochondria in the presence of a drug. These results

further strengthen the existence of Cl� channels in the mitochondria, and also

provide evidence for their role in modulating mitochondrial function. Thus, molec-

ular identity of other anion channels needs to be further elucidated, as they could be

a probable candidate for developing new therapeutic tools.

6 Concluding Remarks

Chloride channels always remained in rear seat as they are considered as “unim-

portant leaks” associated with cation channels in excitable cells (Jentsch et al. 2004;

Ashley 2003; Jentsch et al. 2002). This is mainly due to lack of specific tools/

ligands/modulators to characterize them. In spite of lack of efficient tool to identify

channel recordings in intracellular organelles, several mitochondrial anion channel

conductances (summarized in Table 1) have been reported but the molecular

correlate of these channels is unknown or debatable. So far, molecular identities

Fig. 4 (continued) DIDS (gray, d), 100 μM glibenclamide (gray, e), and 100 μMDCPIB (gray, f).
R1: Initial rate of ROS production which is 15 min prior to addition of the inhibitors, R2: rate of

ROS production calculated after 15 min of addition of inhibitors. R2/R1 significantly decreased in

presence of the chloride channel inhibitors IAA-94, A9C, NPPB, glibenclamide, and DCPIB (g).
IAA-94, A9C, and NPPB showed significant reduction in the total ROS produced (relative to

DMSO) at the end of 45 min whereas negligible change in ROS production relative to DMSO

control was observed in case of glibenclamide and DCPIB (h). One way ANOVA was used to

calculate the statistical significance (***p� 0.0005, **p� 0.005). IAA-94 R(+)-Methylindazone,

R(+)-[(6,7-Dichloro-2-cyclopentyl-2,3-dihydro-2-methyl-1-oxo-1H-inden-5-yl)-oxy]acetic acid,

A9C anthracene-9-carboxylic acid, NPPB (5-nitro-1-(3-phenylpropylamino)benzoic acid, DIDS
4,40-Diisothiocyano-2,20-stilbenedisulfonic acid, DCPIB 4-[(2-Butyl-6,7-dichloro-2-cyclopentyl-

2,3-dihydro-1-oxo-1H-inden-5-yl)oxy]butanoic acid (n� 4, independent preparations with each

pharmacological agent used)
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Table 1 Mitochondria ion channels, their localization, selectivity, and conductance

Name Location Selectivity References

VDAC1 OMM Cl selective at the open state of

channel [PCa¼ 0.94� 0.05,

PCl¼ 22.6� 0.2(�10�16 L/s)],

also permeable to calcium at the

closed state [PCa¼ 4� 1,

PCl¼ 5� 1(�10�16 L/s)],

conductance of 2.4–4.3 nS at

Vm¼ 10 mV

Szabo and Zoratti (2014), Tan

and Colombini (1768), and De

Pinto et al. (1987)

VDAC2 OMM Cl selective, conductance varied

as it showed lower conductance

(1.55� 0.01 nS at 5 mV) and

higher conductance

(1.71� 0.01 nS at 12 mV). On an

average conductance reported

were 3.79� 0.10 nS.

Xu et al. (1999) and Menzel

et al. (2009)

VDAC3 OMM Cl selective at a holding potential

of 12 mV, a small conductance of

0.68 nS�0.71 nS at tenfold KCl

gradient

Checchetto et al. (2014),

Colombini (2004), and Xu

et al. (1999)

CLIC4 OMM 15 pS (500/50 mM KCl), 30 pS

(140 mM KCl), 1 pS

(300:140 mM choline Cl), 43

(50 mM choline chloride)

Ponnalagu et al. (2016a), Duncan

et al. (1997), Ponnalagu

et al. (2016b), Singh and Ashley

(2007), and Proutski et al. (2002)

IMAC IMM PCl/PK is 4.5, 107–110 pS in

symmetrical 150 mM KCl.

Sorgato et al. (1987), Klitsch and

Siemen (1991), and Sorgato

et al. (1989)

CLIC5 IMM Varied from ~3–116 pS

(500/50 mM KCl) when

reconstituted in planar bilayers,

26 pS, 100 pS and 400 pS

(140 mM KCl), 100/280 pS

(140 mM), 42 pS (140 mM KCl)

Ponnalagu et al. (2016a),

Ponnalagu et al. (2016b), Singh

et al. (2007), Landry et al. (1989),

Weber-Schurholz et al. (1993),

and Edwards et al. (1998)

mPTP IMM 0.9–1.5 nS (150 mM KCl),

average conductance of� 1.3 nS

in patch clamp studies, low anion

selectivity, and sometimes exhibit

cation selectivity

Szabo and Zoratti (2014), De

Marchi et al. (2006), and

Petronilli et al. (1989)

Maxi Cl

channel

IMM 400 pS (fourfold KCl gradient) in

patch clamp studies under reversal

potentials of �26 to �31, PCl/

PK� 7 to 18

De Marchi et al. (1777)

UCP IMM ~75 pS at positive holding

potential (symmetrical 100 mM

KCl) in patch clamp studies. ~84

pS at negative holding potential,

inward rectifying Cl� currents

were observed.

Huang and Klingenberg (1996)
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of only VDAC, CLIC4, and CLIC5 have been well established in mitochondria and

many mitochondrial anion channels are yet to be identified.

Moreover, ongoing and upcoming studies signify the potential role of mitochon-

drial ion channels as regulators of mitochondrial morphology as well as physiology,

contributors of cancer and cardiac-related diseases, and key participants in cell life

and death. Despite their significant functions in cell fate determination, little effort

has been put in developing specifically targeted therapeutics agents to modulate

their activity, mainly because of lack of molecular identity and structure of these

channels. Therefore, efficient tools/modulators should be generated in identifying

the molecular structure of these channels, as this will aid in providing specific

targets for development of novel therapeutics.

Enormous evidence supports the existence of multiple physiologically relevant

anion channel conductance in the mitochondria. Hence, these channels cannot be

ignored as unimportant leaks and more efforts should be carried out towards

understanding the molecular identity and physiological function of these channels.
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Abstract

This chapter provides a critical overview of the available literature on the

pharmacology of mitochondrial potassium channels. In the first part, the reader

is introduced to the topic, and eight known protein contributors to the potassium

permeability of the inner mitochondrial membrane are presented. The main part

of this chapter describes the basic characteristics of each channel type mentioned

in the introduction. However, the most important and valuable information

included in this chapter concerns the pharmacology of mitochondrial potassium

channels. Several available channel modulators are critically evaluated and rated

by suitability for research use. The last figure of this chapter shows the results of

this evaluation at a glance. Thus, this chapter can be very useful for beginners in
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this field. It is intended to be a time- and resource-saving guide for those

searching for proper modulators of mitochondrial potassium channels.

Keywords

Cytoprotection • Ischemic preconditioning • mitoBKCa • Mitochondria •

Mitochondrial potassium channels • mitoIKCa • mitoKATP • mitoKv1.3 •

mitoKv7.4 • mitoSKCa • mitoSLO2 • mitoTASK3 • Modulators of potassium

channels • Potassium channel openers

1 Introduction

The pharmacology of mitochondrial potassium channels attracts the attention of

many research groups due to the possibility that such channels may be involved in

the regulation of cell physiology. Activation of mitochondrial potassium channels

may induce protective cellular mechanisms, and mitochondrial channel inhibition

may cause cell death (Szabo and Zoratti 2014).

Two contradictory statements can describe the pharmacology of mitochondrial

potassium channels. First, the pharmacology of mitochondrial potassium channels

can be described as simple and easy based on numerous experiments with

plasmalemmal potassium channels. This is illustrated by charybdotoxin, a

plasmalemmal potassium channel inhibitor that blocks large conductance

calcium-regulated potassium channels both in the plasmalemma (BKCa channels)

and the inner mitochondrial membrane (IMM) (mitoBKCa channels).

The second statement describing the pharmacology of mitochondrial potassium

channels is that the pharmacology of mitochondrial potassium channels is compli-

cated and difficult because mitochondria constitute a specific and unique environ-

ment for drugs. This environment is created by the high inner membrane potential

(approximately 180 mV, with the mitochondrial matrix negatively charged) and the

alkaline matrix. These properties promote the accumulation of both lipophilic and

positively charged drugs. The alkaline matrix promotes accumulation of weak acids

within mitochondria. This type of drug accumulation may lead to misinterpretation

of changes in mitochondrial function as consequences of regulation of mitochon-

drial potassium channels, while they are just side effects. Additionally, mitochon-

drial potassium channels may have low affinity for drugs known to strongly interact

with their plasmalemmal counterparts. This case is illustrated by the inhibitor of the

ATP-regulated K+ (KATP) channel glibenclamide, which has a high-affinity recep-

tor in pancreatic β cell plasmalemma and a low-affinity receptor in mitochondrial

membrane.

This chapter describes the pharmacology of mitochondrial potassium channels

in the format of a guide intended for beginners. We hope that it will help the reader

to rationally choose an optimal drug to study mitochondrial potassium channels.
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2 Potassium Channels in the Inner Mitochondrial Membrane

The low permeability of the IMM to charged molecules is critical for maintaining

the electrochemical proton gradient that drives ATP synthesis. However, the

perpetual exchange of simple ions and complex molecules, such as pyruvate,

fatty acids, ATP, or ADP, between the mitochondrial matrix and cytosol is essential

for the proper function of mitochondria. Hence, the IMM harbors several types of

transport proteins to facilitate this exchange. One of the most diverse groups of such

proteins is mitochondrial potassium channels.

Potassium channels are notorious for their role in cytoprotection (Escande and

Cavero 1992; Garlid 2000; Malinska et al. 2010). It is broadly accepted that

preconditioning with potassium channel openers (KCOs) results in cytoprotection

through activation of mitochondrial channels (Facundo et al. 2006). Several

hypotheses link opening of mitochondrial potassium channels with cytoprotection

(O’Rourke 2004; O’Rourke et al. 2005; Murphy and Steenbergen 2008; Chouchani

et al. 2014). Although these hypotheses seem quite distinct, they do not necessarily

need to be exclusive.

Mitochondrial potassium channels constitute the largest group of ion channels

found in the IMM. Thus far, researchers have described the following eight

channels [Fig. 1]: the ATP-regulated potassium channel (mitoKATP) (Inoue

et al. 1991), the large conductance calcium-regulated potassium channel

(mitoBKCa) (Siemen et al. 1999), the intermediate-conductance calcium-regulated

potassium channel (mitoIKCa) (De Marchi et al. 2009), the small-conductance

calcium-regulated potassium channel (mitoSKCa) (Stowe et al. 2013), the voltage-

gated potassium channels mitoKV1.3 (Szabò et al. 2005) and mitoKV7.4 (Testai

et al. 2015), the tandem pore domain acid-sensitive potassium channel type

3 (mitoTASK3) (Rusznák et al. 2008; Toczyłowska-Mamińska et al. 2013), and

the SLO2 channel (mitoSLO2) (Wojtovich et al. 2011). It is important to acknowl-

edge that these mitochondrial potassium channels were described in different cell

types. Their expression pattern seems to be tissue-specific, and one should not

expect that all of the presented proteins coexist in each mitochondrion. In fact, inner

membranes of some mitochondria may not harbor any potassium channels.

Mitochondrial potassium channels have been best described in animals; how-

ever, they have also been found in the IMM of certain plants (Pastore et al. 1999,

2007; Koszela-Piotrowska et al. 2009; Matkovic et al. 2011) and unicellular protists

(Kicinska et al. 2007; Costa and Krieger 2009; Laskowski et al. 2015) [Fig. 1].

Most mitochondrial potassium channels are believed to share structural and

functional properties with their plasmalemmal counterparts. However, because

the composition and role of the IMM are quite different than those of the plasma-

lemma, all properties of mitochondrial isoforms must be determined in experiments

performed directly on mitochondria. Moreover, the concentrations of ions (espe-

cially K+ and Ca2+) in compartments separated by the plasmalemma and the IMM

are different [Table 1]. According to the observations, the normal concentration of

K+ ions in the mitochondrial matrix is roughly the same as in the cytosol

(140–150 mM), while it is significantly lower in the extracellular fluid (5 mM).
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Hence, K+ influx into the mitochondrial matrix upon the opening of mitochondrial

potassium channels is driven by the electrical component of the electrochemical

gradient at the cost of mitochondrial membrane potential. Thus, potassium channels

found in mitochondria may play distinct roles and be regulated differently than their

plasmalemmal counterparts.

Despite differences in function and mechanisms of regulation between

plasmalemmal and mitochondrial potassium channels, most modulators interact

with both types of channels. Notable exceptions are the inhibitor HMR1098, which

is believed to block the plasmalemmal isoform of the KATP channel exclusively

(G€ogelein et al. 2001), and agitoxin-2, which inhibits the plasmalemmal but not the

mitochondrial isoform of the Kv1.3 channel (Bednarczyk et al. 2010). Other

Fig. 1 Reported expression of mitochondrial potassium channels in eukaryotes

Table 1 Concentrations [mM] of potassium and calcium ions in the extracellular fluid, cytosol,

and mitochondrial matrix

Ion Extracellular fluid Cytosol/Intermembrane space [mM] Mitochondrial matrix

K+ 5 140–150 140–150

Ca2+ 1–2 0.0001 0.001–0.5
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modulators of potassium channels are generally believed to interact with all

isoforms of the target protein; however, their selectivity towards distinct isoforms

may differ. In some tissues, certain drugs seem to target mitochondrial potassium

channels with greater specificity than plasmalemmal isoforms. For example, the

modulators of the KATP channel, diazoxide (channel opener), and

5-hydroxydecanoic acid (5-HD, channel inhibitor) are much more selective towards

the mitoKATP channel. Hence, they are sometimes considered “mitochondrial

potassium channel modulators” (Garlid et al. 1996). However, the side effects of

these substances can be severe, as they often alter other mitochondrial functions.

Consequently, we advise that the so-called mitochondrial potassium channel

modulators should always be used with caution.

The number of substances that modulate the activity of potassium channels is

enormous. Over 40 compounds modulate the BKCa channel alone. Therefore, in this

chapter, we focus only on the substances whose effectiveness towards the mito-

chondrial isoforms of these proteins has already been evaluated. However, this does

not mean that other modulators are ineffective. On the contrary, it is very likely that

most may actually be quite effective but simply have not been proven yet.

2.1 Mitochondrial ATP-Regulated Potassium Channel

The plasmalemmal ATP-regulated potassium channel (KATP) is widely distributed

within the human body. First described in cardiomyocytes (Noma 1983), it is also

present in other tissues, such as skeletal muscles and the pancreas. In the latter, it

plays a crucial role in the regulation of insulin secretion. KATP channels may have

different structures and subunit compositions depending on their localization

(Szabo and Zoratti 2014). In general, they consist of K+-selective and pore-forming

Kir6.X subunits and sulfonylurea receptor (SUR1/2) subunits. For example, the

KATP channel found in sarcolemma consists of four Kir6.X subunits (either Kir6.1

or Kir6.2) and four SUR subunits (SUR1, SUR2, and SUR2B) (Inagaki et al. 1995).

KATP channels are inhibited by ATP. Hence, by sensing the ATP/ADP ratio in the

cytoplasm, they possess the unique ability to couple of cellular metabolism with

membrane potential.

ATP-regulated potassium channels are also found in intracellular compartments.

The mitochondrial (mitoKATP) isoform of this protein was, in fact, the first potas-

sium channel described in the IMM (Inoue et al. 1991). Therefore, the body of

literature concerning mitoKATP is relatively large, although virtually any aspect of

studies on this protein generates controversy. Even its very existence in the IMM

has sometimes been questioned. Still, most investigators agree that this protein,

despite its low abundance, plays an important role in the physiology of

mitochondria. It is well known for its putative involvement in ischemia/reperfusion

preconditioning (Liu et al. 1999; Garlid et al. 1997; Murata et al. 2001). The

conductance of mitoKATP calculated by electrophysiological experiments differs

greatly among authors as follows: Inoue et al. reported 9–10 pS (Inoue et al. 1991),

while Kicinska et al. put the value at 166 pS (Kicinska et al. 2007). This
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inconsistency can be partially explained by the cooperative behavior of this chan-

nel; mitoKATP tends to occur and function in clusters (Zoratti et al. 2009).

The molecular identity of the mitoKATP channel has been subject to much

speculation. First, canonical SUR1 and SUR2 proteins are not believed to be

components of mitoKATP channels. Second, genetic knockout of genes encoding

Kir6.X proteins failed to suppress mitoKATP activity (Miki et al. 2002; Wojtovich

et al. 2013). These findings suggest that the mitoKATP channel might be encoded by

another gene(s). It was recently proposed that a certain splice variant of the renal

outer medullary potassium channel (ROMK) may be the long-sought molecular

constituent of the mitoKATP channel (Foster et al. 2012).

The mitoKATP channel is widely distributed among eukaryotic organisms. It was

first described in rat liver mitochondria (Inoue et al. 1991) and then in several other

mammalian cells and organs, including lymphocytes (Dahlem et al. 2004), heart

(Garlid et al. 1996), brain (Bajgar et al. 2001; Kulawiak and Bednarczyk 2005),

skeletal muscle (Debska et al. 2002), and kidney (Cancherini et al. 2003). It was

also found in insects (Slocinska et al. 2013), C. elegans (Wojtovich et al. 2008),
plants (Chiandussi et al. 2002; Pastore et al. 2007; Matkovic et al. 2011), and

unicellular organisms (Kicinska et al. 2007) [Fig. 1].

More than 20 substances have proved to modulate the activity of the mitoKATP

channel (O’Rourke 2004). Unfortunately, most of them, including pinacidil,

isoflurane, quinine, cromakalim, and sildenafil, modulate both plasmalemmal and

mitochondrial isoforms of KATP channels. Therefore, we decided to focus on

modulators that are the most specific, and hence useful to research on the mitoKATP

channel.

In our opinion, three activators of the mitoKATP channel deserve mention. First

among them is diazoxide, which is generally considered to be a specific activator of

the mitochondrial isoform of the KATP channel (Garlid et al. 1996, 1997). The

second is nicorandil (2-(Pyridine-3-carbonylamino)ethyl nitrate), a hybrid com-

pound that activates mitoKATP channels (Sato et al. 2000) and also possesses

vasodilatory properties. Unfortunately, both diazoxide and nicorandil can also

activate plasmalemmal KATP channels at high concentrations and in certain cell

types (Harvey and Ashford 1998; Sato et al. 2000). The third one BMS191095 also

opens the mitoKATP channel (Grover and Atwal 2002). It seems that this compound

is highly selective towards the mitoKATP channel and exerts a wide range of

mitoKATP-mediated cytoprotective effects (Grover et al. 2001; Malinska

et al. 2010). With regard to mitoKATP channel inhibitors, again, three drugs deserve

to be distinguished. First is 5-HD. The relatively simple structure of this compound

compared with other modulators of potassium channels makes it unique. Further-

more, it is highly selective towards the mitoKATP channel and generally does not

inhibit the plasmalemmal isoform of this protein. Unfortunately, it was reported to

inhibit the sarcKATP channel at low pH (Notsu et al. 1992). Another inhibitor of the

KATP channel is the bee venom toxin tertiapin Q, which was investigated in recent

reports on the molecular identity of mitoKATP channel (as isoform of ROMK). The

plasmalemmal ROMK channel proved to be effectively inhibited by tertiapin Q (Jin

et al. 1998) as was the mitoKATP channel (Foster et al. 2012). However, the obvious
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problem with this toxin is the lack of selectivity towards the mitochondrial isoform

of ROMK. The last mitoKATP channel modulator that deserves mention is

glibenclamide (O’Rourke 2004). It is a very well-studied compound from the

class of antidiabetic drugs known as sulfonylureas. Its main role is to inhibit

KATP channels in the plasmalemma of pancreatic β cells, leading to the depolariza-

tion of the plasmalemma and eventually the release of stored insulin from β cells.

Although glibenclamide acts through interaction with the SUR subunits of the

channel, it can also inhibit the mitoKATP channel. We mention this drug primarily

to acknowledge its longtime use in research on both plasmalemmal and mitochon-

drial isoforms of KATP channels. Yet, to inhibit the mitoKATP channel we strongly

advise using 5-HD or tertiapin Q instead. The structures of selected modulators of

the mitoKATP channel are presented in Fig. 2.

2.2 Mitochondrial Calcium-Regulated Potassium Channels

Three types of potassium channels are regulated by calcium ions in the IMM. They

differ in terms of the potassium ion conductance. Hence, we distinguish channels as

having large (BKCa), intermediate (IKCa), or small (SKCa) potassium conductance.

The IKCa channel was initially included in the SKCa class (SK4). However, it was

eventually upgraded to an independent class of potassium channels due to its

significantly higher conductance. Nevertheless, both SKCa and IKCa channels

share many structural and pharmacological features.

2.2.1 mitoBKCa Channel
The BKCa channel (large conductance calcium-regulated potassium channel:

KCa1.1, SLO1) is ubiquitously expressed in both excitable and non-excitable

cells. A functional BKCa channel is composed of four identical α-subunits. Each
spans the membrane seven times. The BKCa channel represents a unique class of ion

channels not only because of its high single channel conductance (~250–300 pS)

but also because it can be activated by calcium ions alone, membrane depolariza-

tion alone, or synergistically by both (Magleby 2003). This dual regulation allows

BKCa channels to couple intracellular signaling to membrane potential and signifi-

cantly modulate physiological responses, such as neuronal signaling and muscle

contraction (Nardi and Olesen 2008). Additionally, there are four auxiliary regu-

latory β subunits (β1–β4) and four γ subunits (γ1–γ4) that can interact with the pore-
forming α subunits and modulate the activity of assembled BKCa channels

(Contreras et al. 2013).

All isoforms of the BKCa channel are products of alternative splicing of a single

Kcnma1 gene (Latorre and Brauchi 2006; Sakai et al. 2011). Unfortunately, the

molecular identity of the mitoBKCa isoform is not fully understood yet. However,

the mitochondrial splice variant of the BKCa channel is believed to have an

extended C-terminal domain ending with the amino acid residues DEC (Singh

et al. 2013). Expression of the mitoBKCa channel was reported in several mamma-

lian cell types, including heart (Xu et al. 2002), brain (Kulawiak and Bednarczyk
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2005; Piwonska et al. 2008; Skalska et al. 2009; Singh et al. 2016), skeletal muscle

(Skalska et al. 2008), and endothelium (Bednarczyk et al. 2013a). It was also found

in the mitochondria of certain plants (Koszela-Piotrowska et al. 2009) and members

of the Protista kingdom (Laskowski et al. 2015) [Fig. 1].

A wide range of exogenous modulators are highly specific towards the BKCa

channel. Few are frequently used in experiments focused on mitoBKCa. By far, the

most extensively used modulator is a compound developed by Neuro Search called

Fig. 2 Structural formulas of selected modulators of the mitoKATP channel

110 B. Augustynek et al.



NS1619 (1,3-Dihydro-1-[2-hydroxy-5-(trifluoromethyl)phenyl]-5-(trifluoromethyl)-

2H-benzimidazol-2-one) (Siemen et al. 1999; Bednarczyk et al. 2013a, b). A

second drug called NS11021 (N0-[3,5-Bis(trifluoromethyl)phenyl]-N-[4-bromo-2-

(2H-tetrazol-5-yl)phenyl]-thiourea) was developed in the same laboratories and

proved active towards mitoBKCa (Bednarczyk et al. 2013a). Indole esters are another

class of synthetic activators of the BKCa channel disclosed by Ciba-Geigy (now

Novartis). Two that are worth mentioning are CGS7184 (ethyl 1-[[(4-chlorophenyl)

amino]oxo]-2-hydroxy-6-trifluoromethyl-1H-indole-3-carboxylate) (Kulawiak

et al. 2008; Debska-Vielhaber et al. 2009) and CGS7181 (ethyl 2-hydroxy-1-

[[(4-methylphenyl)amino]oxo]-6-trifluoromethyl-1H-indole-3-carboxylate) (Debska-

Vielhaber et al. 2009). Both modulators proved to be effective in activating the

mitoBKCa channel.

Two major classes of mitoBKCa channel inhibitors are commonly used. The first

class contains the scorpion venom peptide toxins iberiotoxin and charybdotoxin

(Galvez et al. 1990; Candia et al. 1992). The second class is represented by a series

of indole-diterpenes belonging to a family of tremorgenic mycotoxins isolated from

Penicillium, Aspergillus, and Claviceps fungi (Nardi and Olesen 2008). This group

includes paxilline (Knaus et al. 1994), which is widely used as an inhibitor of the

mitoBKCa channel. However, in high concentrations, paxilline may affect other

mitochondrial functions (Bednarczyk et al. 2008). The schematic structures of

selected modulators of the mitoBKCa channel are presented in Fig. 3.

2.2.2 mitoIKCa Channel
The IKCa channel (intermediate-conductance calcium-regulated potassium channel:

KCa3.1, SK4, and Gardos channel) is expressed in the plasmalemma of blood cells

and certain endothelia and epithelia in which it plays important physiological roles.

This channel is thought to be expressed exclusively in the plasmalemma of

non-excitable cells (Szabo and Zoratti 2014). Additionally, a wide body of evidence

links expression of this protein with certain cancers. Its activity is regulated by

calcium ions via tightly bound calmodulin, but, unlike the BKCa channel, its

probability of opening is not influenced by voltage. The IKCa channel structurally

resembles Kv channels and SKCa channels. It consists of four pore-forming

subunits. Each spans the plasmalemma six times. The conductance of this channel

is significantly lower than that of the BKCa channel but higher than that of the SKCa

channel and varies from 20 to 85 pS (Dale et al. 2016).

Plasmalemmal and mitochondrial isoforms of the IKCa channel seem to be

indistinguishable in terms of their molecular identity, pharmacology, and biophysi-

cal properties (Szabo and Zoratti 2014). The mitoIKCa channel was found in cells

derived from human colon cancer (De Marchi et al. 2009), in mouse embryonic

fibroblasts and HeLa cells (Sassi et al. 2010) [Fig. 1].

Many agents are known to modulate the activity of the plasmalemmal IKCa

channel. However, in research concerning mitochondrial isoforms of this protein,

three modulators have proved to be effective thus far, namely, the activator

DCEBIO (5,6-dichloro-1-ethyl-1,3-dihydro-2H-benzimidazol-2-one) and the two

inhibitors clotrimazole (De Marchi et al. 2009) and TRAM34 (1-[(2-Chlorophenyl)
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diphenylmethyl]-1H-pyrazole) (Sassi et al. 2010). Structural formulas of these

compounds are presented in Fig. 4.

2.2.3 mitoSKCa Channel
SKCa channels (small-conductance calcium-regulated potassium channels: KCa2.

X) constitute the last subfamily of calcium-regulated potassium channels. In

contrast to BKCa and IKCa channels, their conductance oscillates approximately

Fig. 3 Structural formulas of selected modulators of the mitoBKCa channel
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10 pS (hence the name). Similarly to IKCa channels, they are insensitive to voltage

and much more sensitive to Ca2+ ions than BKCa channels due to calmodulin

bound to their cytoplasmic tail. SKCa channels are especially important for the

proper function of neurons and other excitable cells. Upon an increase in intracel-

lular Ca2+ concentration, SKCa channels activate and allow K+ ions to leave the

cell according to the chemical gradient across the plasmalemma. This, in turn,

leads to the hyperpolarization of the membrane, which limits the firing frequency

of action potentials. SKCa channels are homotetramers of pore-forming subunits

that penetrate the plasmalemma six times. Structurally, they do not differ much

from IKCa channels.

Fig. 4 Structural formulas of modulators of the mitoIKCa channel
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Mitochondrial isoforms of SKCa channels have been described thus far in cardiac

muscle (Stowe et al. 2013) and brain (Dolga et al. 2014) [Fig. 1]. Unfortunately, our

knowledge of the pharmacology of mitoSKCa channels is still rather modest.

Because IKCa and SKCa channels are very closely related, they partially share a

common pharmacology. Thus, DCEBIO and TRAM34 modulate not only mitoIKCa

but also mitoSKCa channels. Additionally, NS309 (6,7-Dichloro-1H-indole-2,3-

dione 3-oxime) activates mitoSKCa channels (Stowe et al. 2013) and the bee

venom toxin apamin inhibits them (Dolga et al. 2013). Modulators of the mitoSKCa

channel are presented in Fig. 5.

2.3 Mitochondrial Voltage-Regulated Potassium Channels

Voltage-gated potassium channels (Kv) are by far the largest group of potassium

channels found in animals. They are grouped into 12 classes that include more than

40 different proteins (Gutman et al. 2005). Therefore, it is not surprising that they

were also found in the IMM. In fact, we expect that the number of voltage-gated

potassium channels reported in the IMM will increase in the future.

2.3.1 mitoKv1.3 Channel
The Kv1.3 potassium channel is a member of the Shaker family of voltage-gated Kv

channels. It is the main potassium channel in T lymphocytes but was also reported

Fig. 5 Structural formulas of

modulators of the mitoSKCa

channel (structures of

DCEBIO and TRAM34 are

found in Fig. 4)
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in the plasmalemma of cells in the kidney, the central nervous system, brown and

white fat, and epithelia. The functional channel is a homotetramer consisting of

pore-forming subunits that span the plasmalemma six times. The channel is

characterized by a conductance of approximately 100 pS and weak rectification at

negative potentials.

Expression of the mitoKv1.3 channel has been reported in lymphocytes (Szabò

et al. 2005) and brain (Bednarczyk et al. 2010) [Fig. 1]. One of the widely used

mitoKv1.3 channel inhibitors is margatoxin, a peptide isolated from the venom of

the scorpion Centruroides margaritatus (Szabò et al. 2005). However, mitoKv1.3

channels are insensitive to agitoxin-2, which inhibits the plasmalemmal counterpart

of this channel (Bednarczyk et al. 2010). This may suggest that the pharmacology

of mitochondrial and plasmalemmal isoforms of this channel differs. Another

potent inhibitor of mitoKv1.3 channels is Shk (stichodactyla toxin), a peptide

isolated from the sea anemone Stichodactyla helianthus (Gulbins et al. 2010).
These two toxins may be useful in terms of single channel recordings of the

mitoKv1.3 channel in patch-clamp experiments, but, due to their peptidyl nature,

they are not suitable for blocking intracellular isoforms of the channels in intact

cells. However, other non-peptidyl agents can. The most useful among them are

clofazimine, 5-(4-phenylbutoxy)psoralen (Psora-4) and its derivative

5-(4-phenoxybutoxy)psoralen (PAP-1) (Schmitz and Sankaranarayanan 2005;

Leanza et al. 2012). Unfortunately, no pharmacological activator of the mitoKv1.3

deserves recommendation. The structures of the described mitoKv1.3 channel

inhibitors are presented in Fig. 6.

2.3.2 mitoKv7.4 Channel
Voltage-gated potassium channels type 7.X (7.1–7.5) are well-studied in the plas-

malemma of many tissues and cells, including heart, neurons, epithelia, and smooth

muscle. Kv7.4 is thought to play a vital role in the regulation of neuronal

excitability, especially in sensory cells of the cochlea. The structure of this channel

is not fully understood. The channel protein likely forms homomultimeric pores or

heteromultimeric pores with Kv7.3 protein. The plasmalemmal Kv7.4 channel is

bound to calmodulin, which acts as its sensor of the Ca2+ ion concentration. An

increase in Ca2+ concentration results in channel inhibition (Sihn et al. 2016). The

mitochondrial isoform of the Kv7.4 channel was discovered in cardiac

mitochondria in 2015 (Testai et al. 2015); consequently, our knowledge of it is

still limited. We do know, however, that its activity can be increased by the two

aminopyridines, retigabine and flupirtine, and decreased by 0,10-bis

(4-pyridinylmethyl)-9(10H)-anthracenone dihydrochloride (XE991) (Testai

et al. 2015). The structures of these compounds are presented in Fig. 7.

2.4 Twin-Pore Domain mitoTASK3 Channel

The TASK3 channel (K2P9.1) is structurally unique among mitochondrial potas-

sium channels. It is a member of a large but poorly studied group of potassium
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channels discovered in the late 1990s. A pore-forming subunit of this channel

consists of two pore domains and four transmembrane domains. The functional

channel is assembled upon dimerization of pore-forming subunits. The TASK3

channel is expressed in plasmalemma predominantly in the nervous system, espe-

cially in the cerebellum. The channel is inhibited by extracellular acidification,

arachidonic acid, and phorbol-12 myristate 13-acetate (TPA, PMA).

Expression of the mitoTASK3 channel was reported in cell lines derived from

human skin in non-malignant keratinocytes (Rusznák et al. 2008; Toczyłowska-

Fig. 6 Structural formulas of selected inhibitors of the mitoKv1.3 channel
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Mamińska et al. 2013) and melanoma cells (Kosztka et al. 2011). Our knowledge of

mitoTASK3 is very limited; however, we do know that it has rectifying properties

and has a conductance of approximately 80 pS (Toczyłowska-Mamińska

et al. 2013). Because there are only a handful of reports on the mitoTASK3 channel,

only one modulator of this channel has been reported thus far; lidocaine was proven

to inhibit mitoTASK3. The structure of lidocaine is presented in Fig. 8

(Toczyłowska-Mamińska et al. 2013).

2.5 MitoSLO2 Channel

Recent studies using BKCa channel knockout mice (Kcnma1�/�) have challenged

the molecular identity of the mitoBKCa channel in mouse heart mitochondria. It

Fig. 7 Structural formulas of modulators of the mitoKv7.4 channel
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appeared that isoflurane-mediated cardioprotection was abolished by paxilline both

in wild-type and Kcnma1�/� mice (Wojtovich et al. 2011). According to Wojtovich

et al., SLO2, and not the SLO1 protein, is responsible for ischemia/reperfusion

preconditioning in C. elegans and probably also in murine heart. There are two

SLO2 proteins in mammals (SLO2.1 and SLO2.2) and one SLO2 protein in

C. elegans. Mammalian SLO2 channels are encoded by the Kcnt1 (SLO2.2/Slack

protein) and Kcnt2 (SLO2.1/Slick protein) genes. Unlike SLO1 (BKCa), these

channels are activated by increases in intracellular sodium (KNa) in mouse and by

calcium ions in C. elegans (Wojtovich et al. 2011). Human mutations in

plasmalemmal Slack channels lead to extremely severe learning impairments and

interrupt development. This may suggest that KNa channels play a vital role in

neuronal plasticity and intellectual function (Kaczmarek 2013). Despite some

differences, SLO2 paralogues share common structure with other potassium

channels. A pore-forming subunit spans the membrane six times, and the trans-

membrane domains are virtually identical in Slick and Slack channels. Both N- and

C-termini of the protein are located internally. The C-terminal domain of SLO2

proteins resembles that found in the BKCa channel (SLO1), with two RCK domains

and phosphorylation sites. A functional channel is assembled from either a homo-

or heterotetramer of pore-forming subunits.

The molecular identity of the proposed mitoSLO2 protein remains to be

elucidated; we do not know which paralogue of the SLO2 channel, SLO2.1 or

SLO2.2, constitutes the putative mitoSLO2 channel. Thus far, the mitoSLO2

channel has been found only in C. elegans and murine heart mitochondria

[Fig. 1]. The mitoSLO2 channel, and not the mitoBKCa channel, was shown to be

responsible for ischemic preconditioning (Wojtovich et al. 2011) in mice. However,

the authors of this particular report do not preclude the presence of BKCa in the

mitochondria or a role for BKCa channels in other protective paradigms.

The pharmacology of the mitoSLO2 channel, just as in the case of the

mitoTASK3 channel, is not properly developed yet. Wojtovich et al. have exerted

great effort to characterize the sensitivity of this channel towards several known

modulators of other potassium channels. The mitoSLO2 channel appeared to be

insensitive to glyburide and 5-HD, the inhibitors of the mitoKATP channel, and

iberiotoxin, charybdotoxin, and apamin, the inhibitors of KCa channels. The chan-

nel was activated by bithionol (opener of the Slack channel) and isoflurane, and

Fig. 8 Structural formula of

the modulator of the

mitoTASK3 channel

118 B. Augustynek et al.



inhibited by bepridil and, surprisingly, paxilline. As for the usefulness of the

modulators listed above, it seems that both bithionol and bepridil are more specific

towards the mitoSLO2 channel. Isoflurane interacts with several other proteins,

including GABA and glutamate receptors, many other potassium channels and

calcium ATPase. Consequently, its impact on cells and mitochondria is multilevel

and profound. Paxilline, which was already described as a useful inhibitor of the

BKCa channel, is also not a good pharmacological candidate for the mitoSLO2

channel. The structures of selected modulators of mitoSLO2 are presented in Fig. 9.

Fig. 9 Structural formulas of modulators of the mitoSLO2 channel
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3 Therapeutic Use and Toxicity of Mitochondrial Potassium
Channels Modulators

Beginning with their discovery in 1991 (Inoue et al. 1991), mitochondrial potas-

sium channels almost immediately were perceived as potential targets for therapies

aimed at mitochondrial functions. Since then, a great number of substances have

been proven to alter the activity of these channels. Most of them were described in

the previous sections of this chapter. Yet, the real breakthrough was discovery of

cardioprotective properties of KCOs made by Garlid’s and Marban’s groups. It

appeared that preconditioning with the openers of the mitoKATP channel can

significantly decrease the size of ischemia/reperfusion-induced injury in cardiac

muscle. Since then, the mitoKATP channel has been found to take part in

cytoprotective mechanisms in several tissues like liver, intestines, brain, and kidney

(O’Rourke 2004). Later, it was shown that not only mitoKATP but also mitoBKCa

channel can be responsible for ischemia/reperfusion-related cytoprotection

(Xu et al. 2002). In fact, it became clear that the observed cytoprotective properties

of KCOs rely on the influx of potassium ions into the mitochondrial matrix. We still

do not know what is the exact mechanism of this phenomenon. A number of

theories try to link influx of potassium ions into the mitochondrial matrix with

cytoprotection (Laskowski et al. 2016). It seems that several interplaying

mechanisms like decrease in reverse electron transfer and subsequent attenuation

of ROS synthesis rate contribute to the potassium-related cytoprotection.

Even though the cytoprotective properties of several KCOs have been known for

over 15 years, there are no approved therapies for humans yet that would take

advantages of these effects. However, some drugs like diazoxide, glibenclamide,

nicorandil, or pinacidil have been successfully administrated to humans for many

years, but mainly due to their effect on plasmalemmal potassium channels or other,

non-channel-related properties. Still, their safety and metabolism within the human

body is well studied.

Considering the technical aspects of pharmacology of mitochondrial potassium

channels one has to remember that it is associated with much more difficulties than

pharmacology of their plasmalemmal counterparts. The most demanding challenge

is delivery of the drug into mitochondria. First of all, drug that we chose should be

small, lipophilic molecules that can cross intact plasmalemma of the living cell.

This makes all peptide inhibitors of the channels (e.g., iberiotoxin, margatoxin, and

apamin) virtually useless in research performed on the intact cells, tissues, or entire

organisms. Second, an ideal situation would be accumulation of the drug within the

mitochondrion. This can be achieved if the compound is positively charged because

the matrix of energized mitochondria is charged negatively and more alkaline than

cytoplasm. Moreover, it is crucial to remember that applied modulators of the

mitochondrial potassium channels often also alter the activity of the plasmalemmal

channels. Hence, it can be very difficult to distinguish between the effects caused by

modulation of the mitochondrial and the plasmalemmal channels. In such case, one

can think about performing experiments on isolated mitochondria instead of intact
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cells, or about using modulators that are more specific towards mitochondrial

potassium channels.

However, the major problem regarding modulators of potassium channels are

their severe side effects. For instance, it was shown that on the top of its specific

channel-activating properties, a mitoBKCa channel opener NS1619 alters the func-

tion of other proteins like endoplasmic reticulum Ca2+-ATPase, complex I, and

ATP-synthase profoundly affecting the physiology of endothelial cells (Łukasiak

et al. 2016). Similarly, paxilline which is an inhibitor of the same channel appeared

to uncouple rather than counteract uncoupling of isolated, energized mitochondria

(Bednarczyk et al. 2008). The issue of side effects of the modulators of mitochon-

drial potassium channels has been comprehensively reviewed in our previous work

(Szewczyk et al. 2010). Fortunately, many of the side effects of potassium channel

modulators can be avoided. The key factor that determines whether the drug can be

relatively safely used is its concentration. There is one universal rule: use the lowest

concentration of the drug possible. For electrophysiological experiments performed

on individual single channels in the IMM or in planar lipid bilayers drugs can

normally be used in smaller concentration than in experiments on either intact or

perforated mitochondria. This is due to the fact that the access of the drug to the

channel protein is somehow limited in the case of isolated mitochondria. We

strongly advise to perform dose–response experiments for each used modulator in

order to define its optimal concentration range so that the activity of the channel is

affected, but low enough to minimize the side effects. Recommended

concentrations of selected modulators of two best-studied mitochondrial potassium

channels: mitoKATP and mitoBKCa are presented in Table 2.

As for the modulators of the six remaining types of mitochondrial potassium

channels, we would prefer to refrain from giving any recommendations regarding

their optimal concentrations in experiments. We believe that the body of literature

regarding pharmacology of these channels is insufficient yet. At this point all we

can advise is to perform dose–response experiments in order to choose the optimal

range of concentration for each used modulator.

4 Final Remarks

The rational pharmacology of mitochondrial potassium channels should be pre-

ceded by the molecular identification of these proteins. Recent progress in this area

may be a breakthrough for the development of “mitochondria targeted” drugs that

Table 2 Recommended

concentration ranges of

selected mitochondrial

potassium channels

modulators

Channel type Modulator Concentration range [μM]

mitoKATP Diazoxide 10–100

5-HD 150–500

Glibenclamide 1–30

mitoBKCa NS1619 1–10

Iberiotoxin 0.1–2

Paxilline 1–20
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regulate the activity of mitochondrial ion channels. In summary, modulators of

greater specificity for these channels are required to understand their roles in

mitochondria. Drugs specific to mitochondrial channels (i.e., lacking cross-

Fig. 10 Rating of selected modulators of mitochondrial potassium channels
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reactivity with plasmalemmal channels and other proteins present in mitochondria)

need to be synthesized.

An evaluation of the utility of selected known modulators of mitochondrial

potassium channels is presented at a glance in Fig. 10. This figure may be especially

helpful for beginners in mitochondrial potassium channels pharmacology.

If the reader finds this guide useful, we would also recommend some additional

readings. First, we strongly advise reading the review on mitochondrial ion

channels written by Szabo and Zoratti (2014), which is the most current and

comprehensive. This outstanding work provides deep insight into the issue of ion

fluxes in mitochondria. The second reading is a special issue of FEBS Letters on

itracellular ion channels (2010, volume 584, Issue 10). It contains several papers on

the pharmacology of mitochondrial potassium channels and also addresses the

problem of complex side effects of their modulators. Last, we recommend the

review by Brian O’Rourke (2004), which concerns the issue of cardioprotective

effects of certain openers of mitochondrial potassium channels.
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Abstract

Mitochondrial Ca2+ uptake is crucial for an array of cellular functions while an

imbalance can elicit cell death. In this chapter, we briefly reviewed the various

modes of mitochondrial Ca2+ uptake and our current understanding of mitochon-

drial Ca2+ homeostasis in regards to cell physiology and pathophysiology.

Further, this chapter focuses on the molecular identities, intracellular regulators

as well as the pharmacology of mitochondrial Ca2+ uniporter complex.

Keywords

Mitochondria • Mitochondrial Ca2+ uniporter • Mitochondrial Ca2+ uptake •

Pharmacology

Abbreviations

[Ca2+]c Cytosolic Ca2+ concentrations

[Ca2+]m Mitochondrial Ca2+ concentrations

[Ca2+]o Extramitochondrial free Ca2+ concentrations

ATP Adenosine triphosphate

CaMK Ca2+/calmodulin kinase

CaMKII Ca2+/calmodulin-dependent protein kinase II

CoQ10 Coenzyme Q 10

CREB Cyclic adenosine monophosphate response element–binding protein

EMRE Essential MCU regulator

ER/SR Endoplasmic reticulum/Sarcoplasmic reticulum

ICDH Isocitrate dehydrogenase

IMM Inner mitochondrial membrane

IMS Intermembrane space

IP3R Inositol 1,4,5-trisphosphate receptor

LETM1 Leucine zipper-EF-hand containing transmembrane protein 1

MAPK Mitogen-activated protein kinase

MCU Mitochondrial Ca2+ uniporter pore

MCUR1 Mitochondrial Ca2+ uniporter regulator 1

MICU1 Mitochondrial Ca2+ uptake 1

MICU2 Mitochondrial Ca2+ uptake 2

MICU3 Mitochondrial Ca2+ uptake 3

mPTP Mitochondrial permeability transition pore

mRyR1 Mitochondrial ryanodine receptor 1

mtCU Mitochondrial Ca2+ uniporter

NMR Nuclear magnetic resonance

Npas4 Neuronal PAS Domain Protein 4
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OGDH α-Ketoglutarate/oxoglutarate dehydrogenase
OMM Outer mitochondrial membrane

PDH Pyruvate dehydrogenase

Pyk2 Proline-rich tyrosine kinase 2

RaM Rapid mode of uptake

ROS Reactive Oxygen Species

Ru360 Ruthenium 360

RyR Ryanodine receptor

TASK-3 TWIK-related Acid-sensitive K+ channel

TRPC3 Transient receptor potential channel 3

TRPV Transient Receptor Potential Vanilloid

VDAC Voltage dependent anion channel

α1-AR α1-Adrenoceptor

1 Introduction

Mitochondria play an important role in Ca2+ homeostasis, which is crucial for

balancing cell survival and death (Giacomello et al. 2007; Duchen et al. 2008).

During the 1950s it was observed that isolated mitochondria could accumulate Ca2+

(Carafoli 2010). Subsequently, an energy-driven accumulation of Ca2+ by isolated

mitochondria was demonstrated (Vasington and Murphy 1962; Deluca and

Engstrom 1961). It was initially thought that mitochondrial Ca2+ transport consists

of an active uptake and passive release process (Chance 1965), but multiple groups

[reviewed by Gunter et al. (1994)] showed that Ca2+ uptake across the inner

mitochondrial membrane (IMM) is energetically favorable, while efflux requires

electrogenic ion-exchange (antiport). This raised the possibility that mitochondria

may play a significant role in the regulation or buffering of cytosolic Ca2+ con-

centrations ([Ca2+]c) (Nicholls 1978). Though, mitochondria were one of the first

organelle to be associated with intracellular Ca2+ handling, the relative low affinity

of their Ca2+ transport systems led to the conclusion that they were physiologically

irrelevant. It was demonstrated that in suspensions of respiring isolated rat liver

mitochondria alone, the steady state extramitochondrial free Ca2+ concentrations

([Ca2+]o) of incubating solutions were about 0.5 μM (Becker et al. 1980). Addition

of microsomes, which contain endoplasmic reticulum (ER) that has Ca2+ transport

systems with a higher affinity for Ca2+ than that of mitochondria, was able to reduce

[Ca2+]o to 0.2 μM. Similar results were obtained in digitonin-permeabilized hepa-

tocytes and thus brought forth the idea that the “set point” of [Ca2+]c is established

by the ER Ca2+ transport mechanisms and not the mitochondria (at ~0.2 μM)

(Becker et al. 1980). However, interest revived in mitochondrial Ca2+ homeostasis

in the 1990s when the development of Ca2+ sensors that can selectively measure the

changes in the mitochondrial matrix Ca2+ concentrations ([Ca2+]m) allowed to

demonstrate propagation of physiological Ca2+ signals from cytosol into the mito-

chondrial matrix. High Ca2+ microdomains at the ER/sarcoplasmic reticulum

(SR) and mitochondria interface addressed the discrepancy between the relatively

small (approximately 1 μM or less) global [Ca2+]c peak levels and the much higher
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in vitro activation range (Kdffi 50 μM) for the mitochondrial Ca2+ uniporter (mtCU)

in most tissues. The ER/SR, which possesses the Ca2+-release channels, inositol

1,4,5-trisphosphate receptor (IP3R), and/or ryanodine receptor (RyR), could release

Ca2+ at the mitochondria/ER/SR junctions with concentrations sufficient to meet

the threshold of the mtCU (Rizzuto and Pozzan 2006; O-Uchi et al. 2012). These

groundbreaking studies repositioned mitochondria as key players in the dynamic

regulation of cellular Ca2+ signaling under physiological conditions.

Ca2+ uptake into mitochondria was mostly considered to result from a single

transport mechanism mediated by a Ca2+-selective channel of the IMM, the mtCU

(Gunter and Pfeiffer 1990). The electrophysiological characteristic of mtCU as a

highly selective Ca2+ activated Ca2+ channel (IMiCa) was confirmed by measuring

total or single-channel ionic current from the IMM of mitoplasts (Kirichok et al.

2004). The discovery of the molecular identity of the mtCU protein complexes was

tightly connected to the establishment of MitoCarta, a comprehensive mitochon-

drial protein compendium in 2008 (Pagliarini et al. 2008). Based on the establish-

ment of this compendium, the Ca2+ sensing EF-hand regulator mitochondrial Ca2+

uptake 1 (MICU1) was identified first in 2010 as a regulator of the channel

(Perocchi et al. 2010). With one or no predicted transmembrane domain, MICU1

has never been considered to form the mtCU pore. To that end, in 2011, a ~40 kDa

protein with two transmembrane domains was discovered as the molecular identity

of the mtCU pore termed MCU by the groups of Mootha and Rizzuto (De Stefani

et al. 2011; Baughman et al. 2011). Following the identification of the MCU, other

regulatory subunits were identified in the last 5 years. These findings open up

exciting opportunities for using genetic approaches to elucidate molecular

mechanisms that regulate mitochondrial Ca2+ uptake in a variety of cell types/

tissues. Since the mechanisms for regulating mitochondrial Ca2+ concentrations

([Ca2+]m) are critical for fundamental cellular processes, the importance of under-

standing Ca2+ uptake mechanisms in physiology (Tarasov et al. 2012; Alam et al.

2012; Xu and Chisholm 2014) and pathophysiology (Mallilankaraman et al. 2012a;

Huang et al. 2013; Csordas et al. 2013; Hall et al. 2014) has become increasingly

relevant.

In this chapter, we review the current model of the mitochondrial Ca2+ influx

mechanism, with special focus on the molecular identity of the mtCU complex.

Furthermore, the physiological, pathophysiological, and pharmacological impli-

cations of mitochondrial Ca2+ uptake and future directions of study are discussed.

2 Molecular Identities of Mitochondrial Ca2+ Channels/
Transporters

2.1 Overview

Following the discovery of the pore, MCU, further regulatory subunits were

identified, suggesting that the mtCU exists as a multi-protein complex capable of

multiple states of MCU activity (De Stefani et al. 2011). Proteins in the mtCU
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complex include transmembrane subunits [MCU, MCUb, and the essential MCU

regulator (EMRE)], and membrane-associated regulatory subunits in the intermem-

brane space (IMS) (MICU1-3) (Fig. 1). Mitochondrial Ca2+ uniporter regulator

1 (MCUR1), another two transmembrane domain coiled-coil domain containing

protein of the IMM was also proposed to interact with the MCU protein and to

modulate the channel function (Mallilankaraman et al. 2012b); however, it was not

present in the ~480 kDa uniporter holocomplex coined as the “uniplex” (Sancak

et al. 2013). In addition to mtCU complex, we also briefly describe other mitochon-

drial Ca2+ channels/transporters that have been reported, which includes mitochon-

drial ryanodine receptor 1 (mRyR1), rapid mode of uptake (RaM), mCa1 and

2, Coenzyme Q 10 (CoQ10), the transient receptor potential channel 3 (TRPC3),

and the Leucine zipper-EF-hand containing transmembrane protein 1 (LETM1).

Fig. 1 The molecular structure of the mtCU complex. Composed of MCU and MCUb (the

channel forming subunits) together with essential mtCU regulators, EMRE, MCUR1 and inter-

membrane space proteins, MICU1 and MICU2
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2.2 mtCU Complex

2.2.1 MCU
The MCU gene (previously known as CCDC109A) is highly conserved across

eukaryotes except yeast (De Stefani et al. 2011; Baughman et al. 2011). The MCU

is a 40 kD protein that contains a proteolytically cleaved mitochondrial import

sequence, two coiled-coil domains, two transmembrane domains, and a short motif

of amino acids between the two transmembrane domains critical for Ca2+ transport

(De Stefani et al. 2011; Baughman et al. 2011). MCU has been suggested to form

the pore as a homo-oligomer and a recent study using nuclear magnetic resonance

(NMR) demonstrated a pentameric stoichiometry (Oxenoid et al. 2016). Although

there was originally some debate about the MCU topology, it is clear now that both

the N- and C-termini face the mitochondrial matrix with a short motif of amino

acids being exposed to the IMS (Martell et al. 2012). Overexpression of MCU

increases the rate of mitochondrial Ca2+ influx in both intact and permeabilized

cells, causing a significant decrease in [Ca2+]c transients in intact cells (De Stefani

et al. 2011). Further, the mutation of two negatively charged residues inside the

highly conserved DIME motif (QxGxLAxLTWWxYSWDIMEPVTYF), in the

IMS (D261Q/E264Q in human MCU) completely abolishes the MCU activity

(De Stefani et al. 2011; Baughman et al. 2011). On the other hand, the partial

knockdown of MCU greatly inhibits the rate and amplitude of mitochondrial Ca2+

entry (De Stefani et al. 2011; Baughman et al. 2011) whereas the knockout

essentially eliminates rapid uptake of Ca2+ pulses (Sancak et al. 2013; Pan et al.

2013) and the expression of the wild-type MCU in MCU knockdown cells fully

rescues Ca2+ uptake profile (Baughman et al. 2011). Thus, MCU is responsible for

Ca2+ transport into the mitochondria. As of now, the essential role of MCU for

mitochondrial Ca2+ uptake was validated in many cell types/tissues including the

liver (Baughman et al. 2011), heart (Joiner et al. 2012), cardiomyocytes (Drago

et al. 2012; O-Uchi et al. 2014), skeletal muscles (Pan et al. 2013), pancreatic β
cells (Tarasov et al. 2012), neurons (Qiu et al. 2013), and mammary gland epithe-

lial cells (Hall et al. 2014).

2.2.2 MCUb
MCUb, originally reported as CCDC109B, is a 33-kDa protein that shares 50%

similarity to MCU with the key amino acid substitutions (R251W, E256V) in the

DIME motif (Raffaello et al. 2013). Co-introduction of MCU and MCUb in a lipid

bilayer dramatically decreases the open probability compared to only MCU

incorporation. In addition, MCUb overexpression in intact cells decreases mito-

chondrial Ca2+ uptake in response to [Ca2+]c increases, suggesting that MCUb

interacts with MCU and acts as an endogenous dominant-negative subunit of the

mtCU pore (Raffaello et al. 2013). Interestingly, the ratio of the amount of MCU

and MCUb mRNA varies in different tissues (Sancak et al. 2013; Raffaello et al.

2013; Fieni et al. 2012). This raises the possibility that the ratio of MCU and MCUb

expression may be one of the mechanisms that differentially regulate mitochondrial

Ca2+ uptake in different tissues.
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2.2.3 MICU1-3
MICU1 (previously known as CBARA1/EFHA3) is a 54-kDa protein with two

highly conserved EF-hand Ca2+-binding domains (Perocchi et al. 2010). The sub-

mitochondrial localization of MICU1 has been a matter of debate (Perocchi et al.

2010; Mallilankaraman et al. 2012a; Hoffman et al. 2013) but recent proteomic

mapping studies (Hung et al. 2014; Lam et al. 2015) as well as interactome analysis

of the intermembrane space oxidoreductaseMIA40 (Petrungaro et al. 2015) indicate

that the MICU1 is a soluble (or membrane associated) protein in the IMS (Csordas

et al. 2013; Patron et al. 2014; Wang et al. 2014), but not in the matrix. MICU1 is

proposed to be pivotal in both the gatekeeping and cooperative activation of mtCU;

keeping the channel closed at resting conditions, but promoting cooperative activa-

tion of the channel at high Ca2+ (Csordas et al. 2013; de la Fuente et al. 2014).

Alternatively, MICU1 was also proposed to only convey either of these functions

(gatekeeper (Mallilankaraman et al. 2012a; Hoffman et al. 2013), cooperative

activator) (Patron et al. 2014).

Additionally, MICU isoforms, MICU2 (known as EFHA1) and MICU3 (known

as EFHA2) are also identified (Plovanich et al. 2013). Both MICU2 and MICU3

possess the conserved EF-hand domains, but share only 25% sequence identity with

MICU1 (Plovanich et al. 2013). Relative expression levels of these MICU isoforms

vary across the different tissue types. MICU1 and MICU2 are ubiquitously

expressed in mammalian tissues, whereas MICU3 is expressed only in the nervous

system and skeletal muscle (Plovanich et al. 2013). Though the role of MICU1 and

MICU2 have been extensively studied by several groups, but up to date there is no

report attempted to characterize the MICU3 function. MICU2 forms a heterodimer

with MICU1, thus indirectly associating with the MCU (Patron et al. 2014;

Plovanich et al. 2013). Moreover, the stability of MICU2 is dependent on the

level of MICU1 expression (Patron et al. 2014; Plovanich et al. 2013). Importantly,

MICU2 inhibits the function of the MCU at lower [Ca2+]c levels both in planar lipid

bilayers and in intact cells (Patron et al. 2014; Matesanz-Isabel et al. 2016). These

data lead to the suggestion that MICU2 would be the gatekeeper of MCU instead of

MICU1, which would form a regulatory dimer with MICU2 to modulate MCU

channel activity in opposite manner. On the other hand, a recent study by the

Mootha group showed that upon disabling the Ca2+ sensing by their EF hands,

MICU1 and MICU2 both would keep the channel closed and MICU1 would do this

even if MICU2 was ablated (MICU2 KO) (Kamer and Mootha 2014). This would

suggest that MICU1 alone can act as a gatekeeper but the gatekeeping activity

would be lifted by lower [Ca2+] than that of MICU2 (Matesanz-Isabel et al. 2016).

At low [Ca2+]c, the inhibitory effect of MICU2 is in dominance to safeguard

minimal Ca2+ accumulation in the presence of a very large electromotive force

for cation accumulation. At high [Ca2+]c, however, Ca2+-dependent MICU2

inhibition and MICU1 activation warrant the mitochondria to respond rapidly

for bringing adequate amount of Ca2+ into matrix during [Ca2+]c oscillations so

that Ca2+-sensitive steps in ATP production can be stimulated efficiently. A very

recent work by the Rizzuto/Raffaello group describes a splice variant of MICU1,

termed MICU1.1 containing an insertion of 4 amino acids (EFWQ) at position

The Mitochondrial Ca2+ Uniporter: Structure, Function, and Pharmacology 135



181 of MICU1, that is highly expressed in the skeletal muscle with increased Ca2+

binding affinity (Vecellio Reane et al. 2016). This splice variant seems to convey

higher sensitivity (lower threshold) for the activation of mtCU further suggesting

that MICU1 is instrumental in the gatekeeping of mtCU.

2.2.4 EMRE
EMRE (known as C22ORF32) is a 10-kDa protein that contains a single trans-

membrane domain and a highly conserved aspartate-rich C-terminal region

(Sancak et al. 2013). While MCU and MICUs are well preserved across phylum,

EMRE homologs are not present in plants, fungi, or protozoa, indicating that

EMRE likely arose in the metazoan lineage (Sancak et al. 2013). However, within

mammals, EMRE is ubiquitously expressed across tissues (Sancak et al. 2013).

Importantly, it has been shown that knockdown or knockout of EMRE completely

abolishes mitochondrial Ca2+ uptake, indicating that this protein is essential for the

functional mtCU channel. EMRE interacts with MCU at the IMM and MICU1 at

the IMS, acting as a retainer of MICU1/2 in the mtCU complex (Sancak et al. 2013;

Kovacs-Bogdan et al. 2014; Tsai et al. 2016; Yamamoto et al. 2016; Vais et al.

2016). A majority of evidence suggest that the N-terminus of EMRE faces the

matrix with the C-terminus facing the IMS (Tsai et al. 2016; Yamamoto et al. 2016;

Tomar et al. 2016).

In addition to the [Ca2+]c sensing viaMICU,MCUmay also be regulated by Ca2+

and Mg2+ from the matrix side. Recent work from the Foskett group has presented

electrophysiological (mitoplast patch clamp) evidence for a biphasic (bell-shaped)

Ca2+ regulation of mtCU from the matrix side with a matrix [Ca2+] activation

window of ~0.01–2 μM. The acidic tail of EMRE was shown to be critical for this

[Ca2+] regulation from the matrix side and, contrasting other works, was suggested

that EMRE would rather have an Nout-Cin topology and its acidic tail would operate

as the luminal Ca2+ sensor. Since MICU1/2 were also required for the matrix-side

[Ca2+] regulation and considering the overwhelming evidence for EMRE’s Nin-Cout

topology, one could entertain an alternative mechanism for EMRE’s contribution.

EMRE may relay a signal from a distinct matrix Ca2+ sensor to the gatekeepers

MICU1/2 via the interaction of its C-terminal acidic tail with a lysine-rich basic

stretch of MICU1 (Tsai et al. 2016). As to the matrix Ca2+ sensor, very recently a

comprehensive molecular structure (crystallography) study has identified a Ca2+/

Mg2+ binding acidic patch on the N-terminal matrix domain of MCU that conveys

Mg2+ dependent inactivation of the channel (Lee et al. 2016). Further studies will be

needed to clarify EMRE’s role if any in this latter regulation.

2.2.5 MCUR1
MCUR1 (known as CCDC90A) is a 40-kDa protein that consists of two transmem-

brane domains and one coiled-coil region. The N- and C-termini of MICUR1 are

proposed to face the IMS, thus the bulk of this protein exposed to the matrix

(Mallilankaraman et al. 2012b). Knockdown of MCUR1 not only inhibits

agonist-induced mitochondrial Ca2+ uptake, but also decreases basal [Ca2+]m.

Overexpression of MCUR1 results in an increase of mitochondrial Ca2+ uptake,
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but only when MCU exists, indicating that MCUR1 is required for Ca2+ uptake

through the mtCU complex. MCUR1 interacts with MCU, but not with MICU1,

suggesting that different compositions of the mtCU complex may exist. Shoubridge

and colleagues raised a question about the direct involvement of MCUR1 in the

regulation of the MCU complex (Paupe et al. 2015). They demonstrated that

MCUR1 knockdown causes a drop of mitochondrial membrane potential (ΔΨm),

proposed that the effect of MCUR1 on MCU activity may be indirect through

changing the driving force of Ca2+ entry (Paupe et al. 2015). However, it was

demonstrated that MCUR1 binds to the MCU-pore and EMRE through their coiled-

coil domains which stabilizes the mtCU complex and loss of MCUR1 reduces the

bioenergetics and promotes autophagy (Tomar et al. 2016). However, a recent study

has shown that Drosophila cells lacking the MCUR1 homologue still exhibited

typical mtCU Ca2+ uptake (Chaudhuri et al. 2016).

2.3 Other Channels

2.3.1 Transport Across the Outer Mitochondria Membrane
In order for Ca2+ to interact with the mtCU it must first travel across the outer

mitochondrial membrane (OMM). Initially the OMM was considered to be freely

permeable to Ca2+ mostly by way of the highly abundant voltage dependent anion

channel (VDAC). Later, a pair of studies demonstrated that increasing the perme-

ability of the OMM via overexpression of VDAC (Rapizzi et al. 2002) or via

treatment with truncated Bid (tcBid) (Csordas et al. 2002) increased the rate of Ca2+

influx into the mitochondrial matrix from IP3R-linked high [Ca2+] microdomains.

Moreover, it has been shown that physiological [Ca2+] changes can enhance the cation

(e.g., K+) conductance of VDAC reconstituted in bilayer and also enhance the

permeability of the OMM to H+ and ATP in permeabilized cells (Bathori et al.

2006). Nevertheless, the cation permeability of VDAC reconstituted in a lipid bilayer

has been reported higher in the closed state (Tan and Colombini 2007). Thus, VDAC

expression levels as well as gating state can modulate mitochondrial Ca2+ entry.

2.3.2 mRyR1
Localized in the IMM, mRyR1 is an alternative mechanism for mitochondrial Ca2+

uptake in cardiac and neuronal cells (Jakob et al. 2014; Beutner et al. 2001, 2005).

RyRs are the largest known ion channels of about >2 MDa. Three different

subtypes of RyR isoforms (RyR1, RyR2, and RyR3) have been described and

cloned, with different pharmacological properties and tissue-specific expression.

RyR1, the primary isoform in the skeletal muscle, is considered to be the major

Ca2+ release channel in SR (Marks et al. 1989); RyR2 is most abundant in cardiac

muscle cells (Nakai et al. 1990) (and, in a lesser amount, the brain); RyR3 is

widely expressed in the ER of different vertebrate tissues (Giannini et al. 1995)

and may be coexpressed with RyR1 and RyR2. In cardiac muscle cells RyR2 is

abundantly localized in the SR (Lanner et al. 2010), but RyR1 is also detectable

both at the mRNA and protein levels (Munch et al. 2000; Jeyakumar et al. 2002).
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Using immuno-gold particle and electron microscopy, we reported that a low

level of RyR1 is expressed at the IMM in cardiomyocytes, and with higher Ca2+

conductance and higher Km for Ca2+ binding as compared to mtCU, mitochon-

drial RyR (mRyR) channels serve as a fast and high affinity Ca2+ uptake pathway

(Beutner et al. 2001, 2005). Owing to the remarkable biochemical, pharmacolog-

ical, and functional similarity of RyR in cardiac mitochondria to those of RyR1 in

skeletal muscle SR, we designated it as mRyR1 (Beutner et al. 2005). mRyR1

showed a bell-shaped Ca2+ dependence of [3H]ryanodine binding with maximal

binding at approximately pCa of 4.4 and complete block at pCa2 suggestive of

RyR1. Moreover, unlike the cardiac SR-RyR2, caffeine showed hardly any effect

on ryanodine binding in mitochondria and binding was inhibited by 50% in the

presence of 0.33 mmol L�1 Mg2+ (Zimanyi and Pessah 1991). In permeabilized

cardiomyocytes, ruthenium red at a concentration of 1–5 μmol L�1 blocked mito-

chondrial Ca2+ uptake with no significant effect on SR Ca2+ release (Sharma et al.

2000). Single-channel characterization of the mRyR1 revealed a novel 225-pS

cation-selective channel in heart mitoplasts, with 4 distinct channel conductance

(100, 225, 700, and 1,000 pS in symmetrical 150 mmol L�1 CsCl), which was

blocked by high concentrations of ruthenium red and ryanodine, known inhibitors of

ryanodine receptors (Ryu et al. 2011). Ryanodine showed a concentration-dependent

modulation of this channel, with low concentrations (10 μmol L�1) stabilizing a

subconductance state while high concentrations (�100 μmol L�1) blocked the

channel activity (Ryu et al. 2011).

Although both the mRyR1 and the MCU are inhibited by low concentrations of

ruthenium red (1–5 μM) and Mg2+, the unique single-channel characteristics of

mRyR1 clearly differentiate it from previously identified mitochondrial ion

channels. Further clarifications will be needed to distinct the roles of mRyR1 and

mtCU in the physiological Ca2+ signaling activities of the cardiac muscle

mitochondria. Interestingly, a recent paper shows that stimulation of IP3R in adult

cardiac myocytes with endothelin-1 causes Ca2+ release from the SR, which is

uniquely tunneled to mitochondria via mRyR leading to stimulation of mitochon-

drial ATP production (Seidlmayer et al. 2016).

2.3.3 RaM
RaM, first studied in isolated liver mitochondria, is a kinetically distinct mode of

mitochondrial Ca2+ uptake, capable of sequestering significant amounts of Ca2+

hundreds of times faster than the mtCU. RaM is activated only transiently,

facilitates mitochondria to rapidly sequester Ca2+ at the beginning of each cytosolic

Ca2+ pulse, and rapidly recovers between pulses, which allows mitochondria to

respond to repetitive Ca2+ transients (Sparagna et al. 1995). Similar to mtCU and

mRyR1, RaM was inhibited by ruthenium red, but required over an order of

magnitude more than that required for the inhibition of mtCU (0.1 mmol L�1).

Likewise, RaM is also activated by polyamines, such as spermine, at a concentra-

tion of 0.1 mmol L�1 and displayed 3 times more of an increase in activity than

mtCU (Gunter and Gunter 2001). In addition, a rapid mode of Ca2+ uptake was also

proposed in isolated heart mitochondria but with some different transport features
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from those of liver (Buntinas et al. 2001). The reset time was longer (>60 s) and

with less sensitivity towards the inhibition by ruthenium red. Moreover, ATP and

GTP activated RaM in liver but not in heart where RaM is activated by ADP

and inhibited by AMP. Notably, RaM has always been considered to be potentially

an “operating mode” of the uniporter instead of a distinct channel/transporter entity;

however, there have been no studies to reconcile RaM with IMiCa or with the thus

far identified molecular components of the mtCU complex.

2.3.4 mCa 1 and 2
mCa1 and mCa2 are both voltage gated mitochondrial Ca2+ selective channels

similar to mtCU with a maximal conductance of 10.9 and 6.56 pS, respectively, at

105 mmol L�1 [Ca2+], and half saturating concentration (Km) of 15.1 and

19.6 mmol L�1 [Ca2+], respectively. They have unique single-channel characteristics

and sensitivity to Ru360. mCa1 channels display higher single-channel amplitude,

smaller opening time, a lower open probability (PO ¼ 0.053), and multiple sub-

conductance states. While, mCa2 channels have a smaller single-channel amplitude

with a lower conductance, longer openings, a higher open probability, and no sub-

conductance states. Like MCU and RaM, both mCa1 and mCa2 were activated by

spermine. However, mCa2 was only partially inhibited by μmol L�1 concentrations

of Ru360 (Michels et al. 2009). Like RaM, mCa1/2 have not been studied further in

the molecular era of mtCU to explore if it was indeed a distinct channel entity or

rather the result of a particular (stoichiometric) permutation and/or post-translational

modification of the mtCU complex constituents.

2.3.5 CoQ
CoQ10 is an essential component of the mitochondrial electron-transport chain

(ETC) with the primary role as an electron and proton transporter. It was also

reported that CoQ10 is a regulator of mitochondrial Ca2+ and redox homeostasis.

Under physiological conditions, hydroxyl CoQs can bind and efficiently transport

Ca2+. Hydroxyl CoQs have a very high affinity for Ca2+ and therefore, can function

at [Ca2+]c lower than 0.5 μM and potentially even at resting [Ca2+]c levels (Bogeski

et al. 2011). This relatively slower Ca2+ transfer might be a component of the thus

far unidentified source of small tonic Ca2+ accumulation observed in MCU knock-

out cardiac mitochondria (Kwong et al. 2015; Luongo et al. 2015).

2.3.6 LETM1 and TRPC3
LETM1, initially identified as a K+/H+ exchanger, was recently reported as a Ca2+/

H+ antiporter. Using an siRNA genome-wide screening in drosophila, it was

reported to be localized at the IMM. It transports Ca2+ bidirectionally across the

IMM in a pH gradient-dependent manner and is inhibited by ruthenium red (Jiang

et al. 2009). However, a recent study with LETM1 protein reconstituted in lipo-

somes demonstrated LETM1 as an electroneutral 1Ca2+/2H+ antiporter, insensitive

to ruthenium red (Tsai et al. 2014).

Lastly, TRPC3 was demonstrated as an alternative mitochondrial Ca2+ uptake

pathway. It is permeable to Ca2+, Na+, and K+ and can contribute to mitochondrial
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Ca2+ uptake during conditions with a relatively high extramitochondrial [Ca2+]

(Feng et al. 2013).

3 Transcriptional/Post-transcriptional and Post-
translational Regulation of the mtCU Complex

As described above (see Sect. 2), the mtCU is a multisubunit complex with many

regulators. However, the expression patterns of each component are variable in a

tissue-specific manner (Plovanich et al. 2013; Murgia and Rizzuto 2015) for

adapting to the appropriate Ca2+ sensitivity by intracellular signals in each tissue.

Therefore, it is of interest to elucidate how the mtCU complex is differentially

regulated at the level of gene expression, which is linked to its modulation of

mitochondrial Ca2+ uptake. Accordingly, it has been reported that transcriptional

and post-transcriptional mechanisms can regulate MCU expression and activity to

specific functional demands (Plovanich et al. 2013; Murgia and Rizzuto 2015;

Marchi et al. 2013). For example, in neurons, synaptic activity suppresses MCU

transcription through a nuclear Ca2+ signals, Ca2+/calmodulin kinase (CaMK), and

the transcription factor Npas4 dependent mechanism, preventing excitotoxic death

(Qiu et al. 2013). In addition, the Ca2+-regulated transcription factor cyclic adeno-

sine monophosphate response element–binding protein (CREB) directly binds to

the MCU promoter and stimulates MCU expression, regulating mitochondrial

metabolism (Shanmughapriya et al. 2015). MCUb expression was also reported

to be increased though independent of CREB activation (Shanmughapriya et al.

2015). It has been shown that MCU is also a target of microRNA-25 (miR-25),

which can efficiently decrease MCU gene expression and activity (Marchi et al.

2013). Furthermore, analyses of post-translational modifications of the MCU

components are ongoing. In 2012, Joiner et al. for the first time reported two Ca
2+/calmodulin-dependent protein kinase II (CaMKII) phosphorylation candidate

motifs at the N-terminus of MCU. CaMKII resides endogenously in the mitochon-

drial matrix and is highly activated during pathophysiological conditions like

ischemia reperfusion and myocardial infarction; promotes myocardial death via

CaMKII-mediated increases in MCU current, by phosphorylation of MCU at serine

57 and 92. However, mitochondrial CaMKII inhibition reduced MCU current and

was protective against ischemia/reperfusion injury, myocardial infarction, and

neurohumoral injury (Joiner et al. 2012, 2014; Fieni et al. 2014). Recently, Lee

et al. showed that MCU-S92A mutant expression failed to rescue the Ca2+ channel

activity in an MCU knockdown cell line. In addition, they also presented the crystal

structure of the N-terminal region of MCU including (S92) a potential CaMKII

phosphorylation site and concluded them to be indispensable for modulation of

channel activity (Lee et al. 2015). Additionally, our group demonstrated that α1-
adrenoceptor (α1-AR) signaling activates Ca2+ and ROS dependent proline-rich

tyrosine kinase 2 (Pyk2); translocates Pyk2 into the mitochondrial matrix.

Activated Pyk2 interacts with MCU and directly phosphorylates MCU tyrosine

residue(s) and enhances mitochondrial Ca2+ uptake by promoting MCU channel
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oligomerization and formation of tetrameric channels (O-Uchi et al. 2014). How-

ever, persistent α1-AR stimulation increases ROS production, activates the mito-

chondrial permeability transition pore (mPTP) opening, and eventually leads to cell

death via Pyk2 activation in cardiomyocytes (O-Uchi et al. 2014).

4 Physiological Roles of Mitochondrial Ca2+ Uptake

Mitochondrial Ca2+ has been implicated as an important regulator of fundamental

cellular processes, which range from the regulation of cellular metabolism, buffer-

ing cytosolic Ca2+, modulating cellular redox environments, to other cell-type

specific functions. As described above, we have witnessed a rapid advance in our

understanding of the role of mitochondrial Ca2+ uptake mechanisms in physiology

and pathophysiology since the recent molecular discovery of the mtCU pore (i.e.,

MCU) and its regulators. Therefore, in the next sections, we summarize the role of

mitochondrial Ca2+ uptake mechanisms highlighting the functions of the mtCU

complex during physiological (Sect. 4) and pathological (Sect. 5) conditions.

4.1 Mitochondrial Ca2+ and Energy Metabolism

Mitochondrial Ca2+ uptake serves as one of the major factors for regulating cellular

bioenergetics (Denton and McCormack 1980; Hajnoczky et al. 1995). Denton and

McCormick in the 1980s demonstrated that mitochondrial Ca2+ plays an important

role in regulating three Ca2+ dependent dehydrogenases: pyruvate dehydrogenase

(PDH), α-ketoglutarate (also called oxoglutarate) dehydrogenase (OGDH), and

NAD-isocitrate dehydrogenase (ICDH) (Denton 2009; McCormack et al. 1990)

that are the rate-limiting enzymes in substrate supply for ATP synthesis (Jouaville

et al. 1999). Of the three dehydrogenases, ICDH and OGDH are activated through

the binding of Ca2+ (Rutter and Denton 1988) whereas, PDH activation depends on

Ca2+-dependent phosphatase mediated dephosphorylation step (Denton et al. 1972).

Increase in mitochondrial Ca2+ uptake can activate oxidative metabolism via

activated matrix dehydrogenases, resulting in an increased supply of reducing

equivalents to drive respiratory chain activity and ATP synthesis (McCormack

et al. 1990). Mitochondrial matrix Ca2+ also regulates bioenergetics by S100A1

mediated direct Ca2+-dependent activation of F0-F1ATP synthase activity (Boerries

et al. 2007; Glancy and Balaban 2012).

Surprisingly, mouse embryonic fibroblasts or isolated mitochondria from

MCU-knockout mice have apparently well-maintained basal mitochondrial meta-

bolic function and energetics, albeit with decreased Ca2+ uptake and lower resting

Ca2+ levels (Perocchi et al. 2010; De Stefani et al. 2011; Baughman et al. 2011;

Mallilankaraman et al. 2012b). Even more surprisingly, this lack of energetic

phenotype extends to the beating heart in vivo under physiological conditions

(approximately 500 beats/min), either in germline or inducible cardiac-specific
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MCU knockout mice (Pan et al. 2013; Kwong et al. 2015; Luongo et al. 2015;

Murphy et al. 2014). Likewise, though global MCU knockout displayed no evi-

dence of Ca2+ uptake in mitochondria yet, basal ATP levels were not evidently

altered, indicating that lack of MCU does not have marked impact on basal

mitochondrial metabolism (Holmstrom et al. 2015). However, skeletal muscle

showed a minor defect in muscle strength after endurance training (Pan et al.

2013). The mild phenotype of MCU knockout mice could be due to some kinds

of adaptation in these animals (Murphy et al. 2014). Similarly, in a cardiac-specific

MCU knockout mouse, there is no energetic phenotype in vivo under normal

physiological conditions. However, these mice displayed a decreased β-adrenergic
receptor-mediated fight or flight response for increased workload under stress and a

decreased ischemia-reperfusion injury (Kwong et al. 2015; Luongo et al. 2015).

Similar results have been obtained via cardiac-specific overexpression of a dominant-

negative mutant MCU (Wu et al. 2015). These surprising findings have set a stage for

seeking other compensatory or unknown mechanisms for the MCU-independent

regulation of bioenergetics in beating heart (Harrington and Murphy 2015).

Knockdown of MCUR1 reduces mitochondrial Ca2+ uptake resulting in disrup-

tion of oxidative phosphorylation which activates AMP kinase-dependent pro-

survival autophagy (Mallilankaraman et al. 2012b). However, in pancreatic

β-cells, knockdown of MCU and MICU1 markedly reduced the mitochondrial Ca2+

uptake and showed that MCU- and MICU1-mediated Ca2+ uptake is critical for

continual ATP synthesis, glucose metabolism, and insulin secretion (Tarasov et al.

2012; Alam et al. 2012). MCU silencing down-regulates the expression of respiratory

chain complexes, mitochondrial metabolic activity, and oxygen consumption (Quan

et al. 2015). In addition to MCU, absence of LETM1 decreased basal mitochondrial

oxygen consumption, discernible inactivation of complex IV activity, and a drop in

ATP production (Doonan et al. 2014).We recently reported that RyR1-overexpressing

cardiac cells had higher mitochondrial ATP under basal conditions with augmented

[Ca2+]c-dependent ATP production (O-Uchi et al. 2013), supporting our previous

finding of a low respiratory control index in RyR1 knockout mice and insensitivity

to [Ca2+]c stimulation of O2 consumption in mice.

4.2 Cytosolic Ca2+ Buffering

Apart from mitochondria’s role as the main energy supplier, its implication in

cytosolic Ca2+ buffering is becoming increasingly apparent. Mitochondria can

directly influence the [Ca2+]c by importing Ca2+ through the MCU and efflux

through the Na+/Ca2+ exchanger or H+/Ca2+ exchangers (Gunter et al. 1994; Gunter

and Pfeiffer 1990; Carafoli 1987; Thayer and Miller 1990; Cox and Matlib 1993).

Since the resting [Ca2+]c values are ~100 nM and the ΔΨm is ~�180 mV, the

prediction is that at electrochemical equilibrium, theoretical [Ca2+]m values could

be higher than 0.1 M (Pozzan et al. 2000). However, the low affinity of the MCU to

Ca2+ (Kd around 10–50 μM), the presence of mitochondrial efflux mechanisms, and

the decrease of ΔΨm upon the cation influx would avert the attainment of
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electrochemical equilibrium. Therefore, particularly under resting conditions,

mitochondria may not uptake any Ca2+. Based on these considerations, the evident

discrepancy between the low affinity of MCU, the low concentration of global

cytosolic Ca2+ signals, and the amplitude of [Ca2+]m rises were resolved in the

1990s by the concept of a microdomain of high [Ca2+]c between ER/SR and

mitochondria contact areas (Rizzuto et al. 1993, 1998). According to which,

mitochondria are strategically located in close proximity to ER/SR through tether-

ing proteins (Csordas et al. 2006), and these close contact sites provide

mitochondria preferential access to a much higher [Ca2+] than that measured in

the bulk cytosol during Ca2+ release from ER/SR and able to activate the MCU.

These local [Ca2+] exposures of the mitochondrial surface have been measured to

be ~10 μM in average by means of “hotspot” mapping of OMM-targeted Ca2+

sensor proteins (Giacomello et al. 2010) or Ca2+ sensors directly targeted to the SR/

ER-OMM focal contact areas utilizing a drug-inducible heterodimerization strat-

egy (Csordas et al. 2010). In addition, there are reports that VDAC in the OMM

and IP3 receptors in the ER are enriched at the mitochondria–ER interface,

facilitating a Ca2+ transfer from the ER to the mitochondria (Szabadkai et al.

2006; Mendes et al. 2005; Malli et al. 2005). Several functional and morphological

studies further suggested that mitochondria can form close contacts not only with

ER/SR (Rizzuto et al. 1998; Csordas et al. 1999; Szalai et al. 2000) but also the

Golgi apparatus (Dolman et al. 2005) and the plasma membrane (Malli et al. 2003;

Park et al. 2001; Varadi et al. 2004). However, among these interactions, the ER/

SR-mitochondria connections have gained much attention, and various proteins

have been proposed to link mitochondria to the ER/SR such as MIRO, MFN2, and

the Mmm1/Mdm10/Mdm12/Mdm34 complex (Rowland and Voeltz 2012; Grimm

2012). Therefore, ER/SR-mitochondria communication also serves as a highly

localized Ca2+ buffering system. This in turn can modify the activity of any nearby

Ca2+-dependent proteins. Such regulation has been reported for IP3R that display

isoform-specific biphasic dependence on [Ca2+]c. Depending on the dominating

IP3R isoform, local Ca2+ clearance by mitochondria can either suppress IP3R

activation (and Ca2+ release from the ER) via reducing the local [Ca2+] (and so

IP3 sensitivity) over IP3R clusters (Marchant et al. 2002; Hajnoczky et al. 1999); or

do the opposite by decreasing [Ca2+] from high inhibitory to stimulatory range

(Olson et al. 2010). By similar principles, local mitochondrial Ca2+ clearance has

also been implicated in sustaining the activation of ICRAC/Orai channels during

store operated Ca2+ entry by relieving local feedback inhibition of the channels by

Ca2+ (Hoth et al. 1997, 2000; Quintana et al. 2006).

4.3 Reactive Oxygen Species Generation

Mitochondria are a major source of ROS in the cell. It has been well recognized that

[Ca2+]m enhance ROS generation by stimulating the TCA cycle and oxidative

phosphorylation (Perez-Campo et al. 1998; Sohal and Allen 1985) and/or triggering

opening of mPTP (Brookes et al. 2004; Rasola and Bernardi 2011), which plays an
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important role in the regulation of cellular function. For example, a recent study

identified that mtCU-mediated mitochondrial Ca2+ uptake triggers mitochondrial

ROS production and transient opening of the mPTP, which promotes wound repair

and organismal survival (Xu and Chisholm 2014). In addition, it has been shown

that mitochondrial Ca2+-mediated ROS production modulates neural differentia-

tion through activation of the Wnt/β-catenin pathway (Rharass et al. 2014). How-

ever, excess Ca2+ uptake by the mtCU can be detrimental for cells, triggering

excessive ROS generation and initiating cell death pathways such as apoptosis

(Mallilankaraman et al. 2012a; Huang et al. 2013; Csordas et al. 2013; Hall et al.

2014). Therefore, mitochondrial Ca2+ uptake can be either beneficial or detrimental

depending on the amount of Ca2+ uptake and cellular conditions. We will discuss

the pathological role of mitochondrial Ca2+ uptake in Sect. 5.

5 Pathological Roles of Mitochondrial Ca2+ Uptake

As shown in Sect. 4.2, mitochondrial Ca2+ uptake significantly contributes to buffering

cytosolic Ca2+ under physiological Ca2+ release from ER/SR. However, intensive

long-lasting pathophysiological release of Ca2+ from ER/SR causes persistent mito-

chondrial Ca2+ accumulation, which consequently triggers excessive ROS generation

followed by ATP depletion, the long-lasting opening of the mPTP (Bernardi 2013;

Rizzuto et al. 2012), and apoptotic/necrotic cascade (Rizzuto et al. 2012). Accord-

ingly, MCU-overexpressing and MICU1-knockdown human cell lines lead to

increased sensitivity to apoptosis (De Stefani et al. 2011; Mallilankaraman et al.

2012a). Moreover, human genetic disease associated with MICU1 null mutations

exhibiting central nervous system (extrapyramidal symptoms, learning difficulties)

and skeletal muscle (fatigue) phenotypes have been recently identified (Logan et al.

2014; Lewis-Smith et al. 2016). Liver-specific knockout of MICU1 has been recently

shown to severely impair liver regeneration after partial hepatectomy, which pheno-

type could be almost completely rescued by administration of NIM811, a

non-immunosuppressant mPTP inhibitor (Antony et al. 2016). In addition, MCU

overexpression in T. brucei is also sensitized to apoptotic stress (Huang et al. 2013).

However, MCU overexpression in a human breast adenocarcinoma cell line (Hall

et al. 2014) and MCU-knockout mouse embryonic fibroblasts (Pan et al. 2013) show

no difference in sensitivity to apoptosis.

As discussed above, although, mitochondrial Ca2+ increase has been associated

with apoptosis in many pathological conditions (Giorgi et al. 2012); however, very

little is known about the roles of mitochondrial Ca2+ signaling in cancer. Marchi

et al. (2013) showed that microRNA-25 (miR-25) expression can decrease in MCU

gene expression and activity. Specifically, miR-25 is up-regulated in human colon

and prostate cancers, which leads to decreased MCU levels followed by reduced

mitochondrial Ca2+ uptake and resistance to Ca2+-dependent apoptotic challenges

(Marchi et al. 2013). Consistent with these results, overexpression of MCU or

knockdown of MICU1 in HeLa cervical cancer cells results in constitutive mito-

chondrial Ca2+ influx and increases HeLa cell sensitivity to hydrogen peroxide and
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ceramide toxicity (De Stefani et al. 2011; Mallilankaraman et al. 2012a). In other

cancer paradigms like in triple-negative breast cancer MCU has been identified as a

promoter of progression/invasiveness by supporting the mitochondrial Ca2+-ROS-

HIF-1α signaling axis (Tosatto et al. 2016). Thus, the suppression of the MCU

expression by miRNA provides initial clues to the relevance of this pathway in

human cancers.

Recent studies show that genetic andmolecular manipulation of the mtCU complex

can also affect cell-type specific functions such as neurotransmission, growth, and

development. MCU overexpression increases NMDA receptor-dependent excito-

toxicity in mouse neurons via enhanced mitochondrial calcium uptake resulting in

aggravated mitochondrial depolarization and neuronal injury. However, MCU knock-

down protects neurons against NMDA receptor-mediated excitotoxic cell death (Qiu

et al. 2013).

6 Pharmacological Modulators of the MCU

Despite the well-known role of the MCU as a key controller of Ca2+ homoeostasis,

there is little information about its pharmacological regulation. Although, several

pharmacological inhibitors have been described to modify the activity of the MCU,

their lack of specificity and cellular permeability has limited their application

(Table 1). One of the most widely studied and effective inhibitors is the hexavalent

polysaccharide stain, ruthenium red, or its derivate Ru360 (Kirichok et al. 2004;

Matlib et al. 1998). In 2011, De Stefani et al. demonstrated the MCU role as the

channel-forming subunit, permeable to Ca2+ and inhibited by ruthenium red, in an

isolated mitochondria. They reconstituted MCU in lipid bilayers and recorded

Table 1 Pharmacological modulators of MCU

Compound Effect(s) References

Ruthenium compound: ruthenium red, Ru360 Inhibitor Kirichok et al. (2004) and

Matlib et al. (1998)

Lanthanides: La3+, Gd3+, and Pr3+ Inhibitor Crompton et al. (1979)

Cardioactive drugs: quinidine, alprenolol,
propranolol, oxyfedrine, and tetracaine

Inhibitor Noack and Greeff (1971)

Amiloride analogs and derivatives Inhibitor Schellenberg et al. (1985)

Mg2+ Inhibitor Szanda et al. (2009)

KBR7943 Inhibitor Santo-Domingo et al.

(2007)

Minocycline Inhibitor Schwartz et al. (2013) and

Csordas et al. (2012)

Polyamines: spermine and spermidine Activator Salvi and Toninello (2004)

Estrogen receptor agonists: 4,40,400-(4-propyl-
[1H]-pyrazole-1,3,5-triyl)trisphenol (PPT)

Activator Lobaton et al. (2005)

The p38 MAP kinase inhibitor: SB202190 Activator Montero et al. (2002)

Flavonoids Activator Montero et al. (2004)
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ruthenium red-sensitive Ca2+ current with 6–7-pS single-channel activity (De Stefani

et al. 2011). These findings were very recently supported by another patch-clamp

experiment by Chaudhuri et al. (2013). They showed parallel changes in the mito-

chondrial Ca2+ current in anMCU knockdown and overexpression system. In addition,

by exploiting the inhibitory characteristic of ruthenium red they further confirmed

MCU as a pore-forming subunit of the channel complex. They demonstrated that a

single point mutation (S259A) in the putative pore domain conferred resistance to

ruthenium red (Baughman et al. 2011; Chaudhuri et al. 2013) without changing current

magnitude indicating that ruthenium red directly targets the channel.

However, ruthenium red binds to and inhibits a wide variety of plasma mem-

brane and intracellular Ca2+ and K+ channels like Transient Receptor Potential

Vanilloid (TRPV) (Amann and Maggi 1991; Hymel et al. 1988), TWIK-related

Acid-sensitive K+ channel (TASK-3) (Czirjak and Enyedi 2002), and RyR

(MacQuaide et al. 2010). Ru360, a purified form of ruthenium red, is more effective

than ruthenium red with an IC50 5 nM vs 1 μM, respectively (Ying et al. 1991).

Ru360 also demonstrates better specificity for the MCU over other Ca2+ channels in

cardiac muscles (De Stefani et al. 2011; Baughman et al. 2011; Matlib et al. 1998).

Earlier studies have reported a number of drugs exhibiting MCU inhibition such as

the cardioactive drugs quinidine, alprenolol, propranolol, oxyfedrine, tetracaine

(Noack and Greeff 1971), the diuretic, ethacrynic acid, amiloride analogs and

derivatives (Schellenberg et al. 1985), and the antibiotic gentamicin (Sastrasinh

et al. 1982). Minocycline, a tetracycline-derived antibiotic that has been used

clinically to treat bacterial infections, is also a potent inhibitor for MCU (Schwartz

et al. 2013). Mg2+, an antagonist of mitochondrial Ca2+ uptake also inhibits the

MCU at physiological concentrations (Szanda et al. 2009). Lanthanides such as

La3+, Gd3+, and Pr3+ are also well-known competitive inhibitors and at low

concentrations they may activate the uniporter’s activation site and facilitate the

transport of other ions (Mela 1969). However, they inhibit a variety of other Ca2+

channels and pumps too. Thiourea derivate KBR7943, originally an inhibitor of

the plasma membrane Na+/Ca2+ exchanger is also reported to have an inhibitory

effect on the MCU (Santo-Domingo et al. 2007). In addition, MCU activity is

also inhibited by adenine nucleotides; ATP being the most potent inhibitor (EC50

0.6 mM) followed by ADP > AMP. Interestingly, AMPPNP, a non-hydrolysable

analog of ATP was also found to be as efficient as ATP, suggesting that inhibi-

tory action does not require ATP hydrolysis (Litsky and Pfeiffer 1997). On the

other hand, uniporter activity is known to be activated by inorganic phosphate

(Pi), which can accelerate the Ca2+ uptake rate by precipitating with Ca2+ in the

mitochondrial matrix, and thereby lowering the [Ca2+]m (Crompton et al. 1983).

The Ca2+ influx rate and affinity for Ca2+ are modulated by protein kinases.

Specifically, the ζ isoform of protein kinase C will activate, whereas the β/δ
isoforms inactivate MCU (Pinton et al. 2004). Knockdown studies of p38

mitogen-activated protein kinase (MAPK) have resulted in an increase of mito-

chondrial Ca2+ uptake suggesting either itself or its downstream targets can

inhibit MCU (Koncz et al. 2009; Szanda et al. 2008). Likewise, SB202190, an

inhibitor of p38 MAPK, significantly activates mitochondrial Ca2+ uptake, both in
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intact and in permeabilized cells (Montero et al. 2002). Other pharmacological

activators include natural plant flavonoids (e.g., genistein, quercetin, kaempferol)

(Montero et al. 2004), polyamines such as spermine and spermidine (Nicchitta

and Williamson 1984; Salvi and Toninello 2004), and estrogens receptor agonists

[4,40,400-(4-propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol (PPT)] (Lobaton et al.

2005). Lastly, MCU mediated Ca2+ uptake also displays allosteric positive regu-

lation by cytosolic Ca2+ in a calmodulin-dependent manner (Moreau et al. 2006;

Putney and Thomas 2006) which was shown to be inhibited by calmodulin

inhibitors (Csordas and Hajnoczky 2003).

7 Conclusions

Ca2+ uptake into the mitochondrial matrix plays a vital role in the regulation of

multiple physiological and pathological processes, ranging from cytoplasmic Ca2+

signaling to bioenergetics and cell death. Mitochondria can uptake Ca2+ via multi-

ple channels and pathways, however, the mtCU complex is the most prominent and

well-characterized pathway. In this chapter, we have focused on the recent identifi-

cation of the components of the mtCU complex as well as the other mitochondrial

ion channels. Our understanding about the molecular complexity of mtCU gradu-

ally evolved from the concept of a single protein to macromolecular signaling

complexes, which includes a Ca2+ pore-forming component and regulatory

components controlling channel activity. We discussed the means by which multi-

ple cell types and tissues regulate and use these channels to best-function for their

physiological role in an organism, as well as how the dysfunction of this system can

lead to pathophysiological conditions.

The recent characterization of the mtCU complex has opened up the possibility

for precise crystal and cryo-electronmicroscopic structural information of the

individual proteins as well as the complete complex. Finally, future insight into

the transcriptional, post-transcriptional, and post-translational modifications of

the multi-protein mtCU complex as well as other mitochondrial Ca2+ transport

mechanisms will contribute to the development of more specific pharmacological

tools and potentially therapeutic drugs.
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Abstract

Mitochondria are an essential component of multicellular life – from primitive

organisms, to highly complex entities like mammals. The importance of

mitochondria is underlined by their plethora of well-characterized essential functions

such as energy production through oxidative phosphorylation (OX-PHOS), calcium

and reactive oxygen species (ROS) signaling, and regulation of apoptosis. In addi-

tion, novel roles and attributes of mitochondria are coming into focus through the

recent years of mitochondrial research. In particular, over the past decade the study

of mitochondrial shape and dynamics has achieved special significance, as they are

found to impact mitochondrial function. Recent advances indicate that mitochondrial

function and dynamics are inter-connected, and maintain the balance between health

and disease at a cellular and an organismal level. For example, excessive mitochon-

drial division (fission) is associated with functional defects, and is implicated

in multiple human diseases from neurodegenerative diseases to cancer. In this

chapter we examine the recent literature on the mitochondrial dynamics–function
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relationship, and explore how it impacts on the development and progression of

human diseases. We will also highlight the implications of therapeutic manipu-

lation of mitochondrial dynamics in treating various human pathologies.

Keywords

Cancer • DRP1 • DRP1S616 • Fis1 • Fission • Fusion • Mff • Mfn1 • Mfn2 •

MiD49/51 • MiD49/51OPA1 • Mitochondrial dynamics • Neurodegenerative

diseases

1 Introduction

Since their first inclusion into cells through endosymbiosis millions of years ago,

mitochondria are an essential component of multicellular life – from primitive

organisms to highly complex entities like mammals. The importance of mito-

chondria is underlined by their plethora of well-characterized essential functions

such as energy production through oxidative phosphorylation (OX-PHOS), calcium

and reactive oxygen species (ROS) signaling, and apoptosis. In addition, novel

roles and attributes of mitochondria are coming into focus through the recent years

of mitochondrial research. In particular, over the past decade the study of mito-

chondrial shape and dynamics has achieved special significance, as they are found

to impact mitochondrial function. Recent advances indicate that mitochondrial

function and dynamics are inter-connected, and maintain the balance between

health and disease at a cellular and an organismal level. For example, excessive

mitochondrial division (fission) is associated with functional defects, and is impli-

cated in multiple human diseases from neurodegenerative diseases to cancer. The

purpose of this chapter is to examine the recent literature on the mitochondrial

dynamics–function relationship, and explore how it impacts on the development

and progression of human diseases. We will also highlight how therapeutic manipu-

lation of mitochondrial dynamics may be utilized to modulate mitochondrial health

with potential in treating various human pathologies.

1.1 Mitochondrial Biology: Functions

Mitochondria are highly versatile organelles with a multitude of vital functions

within the cell. Primarily, mitochondria act as the main source of cellular energy

production, by hosting the TCA cycle and the OX-PHOS pathway machinery to

utilize fuels (e.g., pyruvate and NADH produced via glycolysis, acetyl co-a pro-

duced by lipid β-oxidation, and glutamine) to generate energy in the form of ATP

(Ward and Thompson 2012b). The OX-PHOS pathway is also known as aerobic

respiration as it requires the presence of oxygen. The mitochondrial respiratory

function is particularly essential in organs and tissues with high energy demand,

such as the heart and tissues of the central nervous system (Ikeda et al. 2014).
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Mitochondria also play an important role in the biosynthesis of cellular building

blocks such as nucleotides, amino acids, and lipids required for cellular growth and

proliferation (Ward and Thompson 2012b). Another important function of mito-

chondria is calcium buffering and modulating calcium signaling through controlled

uptake and release of calcium from cellular stores (Walsh et al. 2009). Ca2+ buffering is

achieved in part via a close contact betweenmitochondria and the endoplasmic reticulum

(ER) network, creating calcium micro-domains that facilitate Ca2+ uptake by mito-

chondria to maintain cellular calcium homeostasis (de Brito and Scorrano 2008; Walsh

et al. 2009). Mitochondrial ATP, NADH, pyruvate, and ROS also modulate Ca2+

signaling machinery, while the uptake and release of Ca2+ by mitochondria directly

influence cytosolic calcium concentrations and Ca2+ signaling (Walsh et al. 2009). As the

primary site for ROS generation in the cell, mitochondria are also responsible for cellular

redox signaling, as well as maintaining oxidative homeostasis through a series of anti-

oxidants (Collins et al. 2012; Hamanaka and Chandel 2010). Signaling pathways that

utilize ROS include cellular response to hypoxia, growth factor stimulation for cell proli-

feration and survival, and generation of inflammatory responses (Hamanaka and Chandel

2010; Schieber and Chandel 2014). Last, but not least, mitochondria play a central role in

the apoptotic pathway of cell death. Multiple upstream signaling pathways converge on

mitochondria in a complex network of pro- and anti-apoptotic proteins to signal for

mitochondrial outer membrane permeabilization (MOMP) and the release of cytochrome

c (Chipuk et al. 2010). Mitochondria play a pivotal role in apoptosis, by compartmental-

izing the cell death inducing cytochrome c under normal healthy conditions, and orches-

trating its release upon stress conditions to undergo apoptosis (Elkholi et al. 2014).

1.2 Mitochondrial Biology: Dynamics

Over the past few decades, an important characteristic feature of mitochondria

emerged in the field of mitochondrial research. In place of the original “text book”

idea of a static bean-shaped mitochondrion, it is now appreciated that mitochondria

exist as a network of highly dynamic organelles and may be present in multiple

shapes and sizes within the cell, ranging from small puncta to short and long tubules

(Fig. 2). These different shapes are the result of the ability of mitochondria to

divide, fuse together, and move through the cell. These processes are collectively

termed mitochondrial dynamics, and involve two specific, highly regulated oppos-

ing processes known as fission (division) and fusion (Fig. 1). In healthy cells in

most tissues, mitochondria continuously undergo these fission and fusion events,

changing their shape and size and moving within short distances to do so.

Mitochondrial dynamics are considered important for maintaining healthy func-

tional mitochondria in the cell. Through fusion and fission events, mitochondria are

able to mix and exchange their DNA and protein content, or allow for the segre-

gation and elimination of unhealthy components through an autophagic process

termed mitophagy. Mitochondrial fission is also required for distribution of
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Fig. 1 Dynamic mitochondria. Mitochondrial morphology is maintained through a balance of

fission and fusion events and involve the activity of several large GTPases and adapter proteins.

Mitochondrial fission is mediated by DRP1 and the OMM anchored adapter proteins Fis1, Mff and

MID49/51. Fusion is regulated by the mitofusins Mfn1 and 2 on the outer membrane, and OPA1 in

the inner membrane. If increased fission is favored, mitochondria form short punctate structures

(fragmented mitochondria). If fusion is favored mitochondria form tubular networks (fused

mitochondria)
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mitochondria to daughter cells during cell division, as well as distribution of the

organelle to distal, energy demanding regions of the cell such as neuronal axons,

and lamellipodia during cell motility. More recent developments in mitochondrial

research indicate that mitochondrial dynamics are also intricately involved with the

functions of mitochondria, and there is emerging evidence that connects mitochon-

drial dynamics directly to the manifestation of certain pathologies, such as neuro-

degenerative diseases, cancer, cardiomyopathies, and metabolic disorders. In this

section of the chapter we will introduce the major players in mitochondrial dyna-

mics and how cellular signaling controls these processes. We will also discuss how

aberrant fission and fusion of mitochondria arise, and how these aberrations result

in mitochondrial dysfunction and human diseases.

1.2.1 Mitochondrial Fission: Executors and Regulators
Mitochondrial fission is the process by which a mitochondrion divides into two

smaller units. The major executor of fission is the dynamin related protein

1 (DRP1). DRP1 is mainly cytosolic, but translocates to the mitochondrial surface

in order to mediate fission of the organelle. DRP1 assembles on the surface of

mitochondria, forms helical oligomers, and undergoes self-interaction mediated

GTP hydrolysis and subsequent membrane constriction resulting in the scission

of both the inner and outer mitochondrial membranes (OMM). In a series of elegant

in vitro experiments, both DRP1 and its yeast homolog Dnm1 were shown to self-

assemble into helices and tubulate liposomes (Ingerman et al. 2005). These DRP1

helices have a diameter of ~120 nm (Ingerman et al. 2005; Mears et al. 2011), and

since the diameter of an average mitochondrion is approximately fivefold to

sevenfold larger, it is speculated that already existing membrane constrictions

may provide the sites for the self-assembly of DRP1 oligomers. Accordingly, it

has been shown that ER–mitochondria contact sites constrict mitochondria to a

diameter that is permissive for DRP1 oligomer formation, and therefore may mark

future fission sites (Friedman et al. 2011).

As DRP1 is mostly cytosolic, there may be a requirement for a mitochondrial

membrane anchored receptor to recruit DRP1 to the mitochondria for fission.

Several such receptor proteins have been described, including mitochondrial fission

1 (Fis1), mitochondrial fission factor (Mff), Mid 49/51 (MIEF1/2), and ganglioside-

induced differentiation-associated protein 1 (GDAP) (Gandre-Babbe and van der

Bliek 2008; Niemann et al. 2005; Palmer et al. 2011; Serasinghe and Yoon 2008;

Yoon et al. 2003). Fis1 is the first receptor identified to recruit DRP1, and is thought

to interact with DRP1 via its two tetra-tricopeptide repeat (TPR)-like motifs. Fis1

forms oligomers on the OMM which may provide the scaffold for DRP1 recruit-

ment (Serasinghe and Yoon 2008; Yoon et al. 2003). More recently Mff was identi-

fied as an adaptor for DRP1 (Gandre-Babbe and van der Bliek 2008). Mff is

also an OMM anchored protein which recruits DRP1 via its cytosolic domain.

Mid49 and Mid50 were also recently identified as mitochondrial outer membrane

anchored adapters of DRP1; however, their exact role in mitochondrial fission

remains to be clarified (Liu et al. 2013; Palmer et al. 2011; Zhao et al. 2011).
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GDAP1 is an OMM anchored protein that regulates mitochondrial fission in

neuronal cells by cooperating with DRP1 and Fis1 (Niemann et al. 2005, 2009).

The presence of multiple adaptor proteins for DRP1 suggests that there may be

several pathways regulating mitochondrial fission. It also indicates that these

proteins may be functionally redundant and have cell type specific or context

dependent activity (Loson et al. 2013; Niemann et al. 2005, 2009), further suggest-

ing additional points of control in the fission process.

Transcriptional Regulation of DRP1
Both transcriptional and post-translational modifications of DRP1 regulate mito-

chondrial fission. Several reports indicate that DRP1 is transcriptionally

upregulated in cancer (Choudhary et al. 2011; Serasinghe et al. 2015). While the

precise transcriptional regulators of Drp1 are currently not known, several putative

transcriptional activators have been reported in the recent literature. For example,

the androgen receptor was shown to directly activate Drp1 transcription by binding

to the promoter region of the DRP1 gene in prostate cancer, suggesting hormone

responsive regulation of Drp1 (Choudhary et al. 2011). Drp1 has also been pro-

posed as a p53 transcriptional target indicating a potential intersection between

cellular stress pathways and mitochondrial fission (Li et al. 2010). More recently it

was shown that oncogenic RAS-MAPK signaling upregulates Drp1 mRNA levels

via ERK, and that blocking RAS-MAPK signaling with targeted inhibitors drasti-

cally reduces Drp1 mRNA levels (Serasinghe et al. 2015). It is likely that a

transcription factor downstream of ERK is responsible for this upregulation. It is

intriguing that certain disease conditions, cancer in particular, are associated with

transcriptional upregulation of Drp1, which suggests an important role/function of

the protein in disease pathology. Identification of Drp1 specific transcription factors

and upstream signaling networks will yield important insights into the function of

Drp1 and mitochondrial fission in these diseases.

Post-Translational Regulation of DRP1
Mechanisms of post-translational regulation of DRP1 include phosphorylation,

SUMOylation, nitrosylation, and ubiquitinylation. One of the best characterized

post-translational modifications of DRP1 leading to the modulation of its function

is phosphorylation. Two main phosphorylation sites in DRP1 have been identified,

both on serine residues residing on the GTPase effector domain (GED) of DRP1

(Fig. 2). DRP1 serine 616 phosphorylation is an activating event resulting in the

OMM localization of DRP1 and subsequent mitochondrial fragmentation. It has

been reported that DRP1S616 phosphorylation by calcium/calmodulin-dependent

protein kinase-1 (CAMK-1) facilitates DRP1 interaction with Fis1 on the OMM

(Han et al. 2008). DRP1S616 is phosphorylated by protein kinase C (PKC) under

oxidative stress conditions (Qi et al. 2011), by CDK1/cyclin B during cell cycle

progression (Taguchi et al. 2007), and by ERK 1/2 under pathological conditions

leading to the activation of fission (Kashatus et al. 2015; Serasinghe et al. 2015; Yu

et al. 2011). The specific phosphatases responsible for dephosphorylation on this
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site are currently not known. However, it has been reported that dephosphorylation

at S616 leads to mitochondrial fusion and protects from autophagy in nutrient star-

vation conditions (Rambold et al. 2011). Indeed it is interesting to speculate that

there may exist a series of thus far unidentified phosphatases having equal signifi-

cance to kinases, regulating DRP1 with potential implications on mitochondrial

shape and function.

While the putative DRP1S616 phosphatases are not known, it has been demon-

strated that DRP1 S637 phosphorylation acts as a countermeasure to inactivate

DRP1 mediated fission, thereby establishing a balance between active and inactive

forms of DRP1. DRP1 S637 when phosphorylated by the protein kinase A (PKA)

acts to prevent mitochondrial fission by translocating DRP1 away from mito-

chondria (Chang and Blackstone 2007). This site is dephosphorylated by calci-

neurin. On the other hand, DRP1 phosphorylation at the same site by CAMK-1 and

rho-associated coiled-coil containing protein kinase 1 (ROCK 1) has been shown

to induce mitochondrial fission by activating DRP1 function in cultured hippo-

campal neurons and induction of fission, leading to diabetic neuropathies, respec-

tively (Han et al. 2008; Wang et al. 2012). These contrasting observations may be

reconciled with the argument that the regulatory phosphorylation events of

DRP1 may be highly tissue specific (e.g., nervous system), and may depend on

the availability and function of DRP1 receptors in these cells (e.g., hippocampal

neurons), and dependent on the mitochondrial requirement of the tissue. It also

may depend on the cellular context such as specific stress conditions and asso-

ciated signaling pathways (e.g., calcium signaling). We will discuss these

tissue and disease specific regulation of mitochondrial dynamics further in the

context of human pathologies in a subsequent section of this chapter. It is important

Fig. 2 Regulators of mitochondrial dynamics. Several large GTPases govern mitochondrial

dynamics. DRP1 is a cytosolic protein that is recruited to the OMM by membrane anchored

adaptor proteins such as Fis1, Mff and Mid49/50. Post translational modifications of DRP1 include

phosphorylation, SUMOylation, ubiquitinylation and s-nitrosylation. The outer membrane fusion

proteins Mfn1 and Mfn2 are anchored on the OMM via two transmembrane domains. Mfn1 is

regulated by phosphorylation as well as ubiquitinylation. The inner membrane fusion GTPase

OPA1 is found in the IM space attached to the IMM, and is regulated through proteolytic cleavage

to produce fusion competent shorter isoforms. Abbreviations: GED GTPase effector domain, HR
heptad repeat, TPR tetra-tricopeptide repeat, R conserved repeats,MLS mitochondrial localization

signal, TM trans-membrane
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however to stress that further investigations into these unknowns would enable a

better dissection of the function of DRP1 in mitochondrial fission.

A third phosphorylation site with functional consequence has been recently

identified at DRP1 serine 693 residue, which resides in the GED (Fig. 2). This

site is phosphorylated by glycogen synthase kinase 3 beta (GSK3β), and inhibits

DRP1 oligomerization dependent GTP hydrolysis to block mitochondrial fission

(Chou et al. 2012). This phosphorylation event, in particular, has been observed in

association with apoptosis (Chou et al. 2012).

Another type of post-translational modification that impacts DRP1 function is

ubiquitinylation. Membrane associated ring finger 5 (MARCH 5, also known as

MITOL) is a mitochondrial outer membrane localized E3 ligase that ubiquitinates

DRP1 on the OMM. MARCH 5 mediated ubiquitinylation of DRP1 was originally

reported to mark DRP1 for proteolytic degradation leading to reduced fission and

elongated mitochondrial networks (Nakamura et al. 2006; Yonashiro et al. 2006). In

more recent reports however, MARCH 5 mediated DRP1 ubiquitinylation was

shown to increase DRP1 mitochondrial localization and fission (Karbowski et al.

2007; Park et al. 2010) suggesting that this protein modification may be required for

mitochondrial fission. These contradictory reports warrant further study to clarify

the role of MARCH 5 mediated ubiquitinylation of DRP1. Parkin is another E3

ubiquitin ligase that was shown to ubiquitinylate DRP1 and Fis1 leading to the

proteasomal degradation of these proteins (Cui et al. 2010; Wang et al. 2011). These

reports indicate that ubiquitinylation by Parkin acts as an inhibitory event for DRP1

mediated mitochondrial fission. The relevance of this DRP1 regulatory pathway in

Parkinson’s disease will be discussed later in this chapter.

The SUMO-conjugating enzyme Ubc9 and the mitochondrial SUMO E3 ligase

MAPL SUMOylate DRP1, resulting in increased DRP1 protein stability on the

OMM, leading to increased fission (Braschi et al. 2009; Harder et al. 2004; Prudent

et al. 2015; Wasiak et al. 2007) (Fig. 3). Furthermore, it was shown that during

apoptosis, the BCL2 associated X (BAX) protein and Bcl2 homologous antagonist

killer (BAK) protein oligomerization stabilizes DRP1 on the OMM in a SUMOy-

lation dependent manner, suggesting that this may be a mechanism of apoptotic

fragmentation of mitochondria (Wasiak et al. 2007). Conversely, Sentrin/SUMO

specific protease 5 (SENP5) was identified as a SUMO-protease that removes the

SUMO groups from DRP1 resulting in decreased mitochondrial fragmentation, and

knock down of SENP5 was found to fragment mitochondria by stabilizing DRP1

SUMOylation (Zunino et al. 2007). Similar activity was reported recently from

SENP3, another member of the SEN protease family, in an in vitro model of

ischemia (Guo et al. 2013). Under ischemic conditions, SENP3 is downregulated

leading to extended SUMOylation and resulting fragmentation of mitochondria,

which is reversed upon re-oxygenation (Guo et al. 2013). However, the depletion of

SENP3 in this case, which led to DRP1-sumo stabilization, was shown to

suppress cytochrome c release and caspase mediated cell death, thereby acting in

a cell protective manner.
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It is interesting that the same DRP1 modification can give opposing results under

different stimuli, as seen with DRP1 phosphorylation at S637 and ubiquitinylation

by MARCH 5 discussed earlier. These differences however could be addressed by

taking into consideration the tissue specific context; for example, neuronal cells

may have specific requirement for mitochondrial dynamics compared to other tis-

sues, normal vs stress conditions – such as de-SUMOylation under normoxic and

ischemic conditions, and involvement of complex signaling networks in regulating

multiple fission/fusion factors – e.g., MARCH mediated ubiquitination of DRP1,

Fis1 as well as the mitochondrial fusion protein, mitofusin 1 (Mfn1 – to be dis-

cussed in the next section). The final phenotypic outcome may be the cumulative

effect of several factors, including multiple protein modifications on DRP1 at a

given time. It is worth noting that some of these modifications are under normal

physiological conditions and others are under disease or stress conditions. This

alludes to a highly sophisticated regulatory framework that maintains the fine bal-

ance of mitochondrial dynamics in a cell, and can be offset in pathologies. We will

discuss this in more detail in Sect. 1.4 of the chapter.

In addition to the modifications occurring in normal cellular conditions, specific

disease related post-translational modifications of DRP1 have also been identified.

These are S-nitrosylation and O-glucNAcylation, and both were shown to activate

DRP1 and increase mitochondrial fragmentation (Bossy et al. 2010; Cho et al.

2009; Gawlowski et al. 2012). Amyloid beta mediated Nitric oxide (NO) produc-

tion leading to DRP1 S-nitrosylation was shown to fragment mitochondria and

Fig. 3 DRP1 modifications and mutations associated with human diseases. DRP1 activity is

regulated by post-translational modifications such as (a) Ubiquitinylation: MARCH 5, Parkin (b)
SUMOylation: MAPL, SENP4 (deubiquitinase) (c) Phosphorylation; S616: CAMK-1,CDK1/

Cyclin B, ERK; S637: PKA1, CAMK-1, ROCK1, Calcinuerin (phosphatase); S693: GSK3b.

De-regulation of these processes affects DRP1 function and manifests in several human

pathologies. Additionally, de novo mutations in the DRP1 middle domain which resulted DRP1

loss of function resulting in neuropathological and birth defects are indicated here
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induce neurotoxicity in Alzheimer’s disease and Parkinson’s disease (Bossy et al.

2010; Cho et al. 2009). O-glucNAcylation was shown to induce mitochondrial

fragmentation in rat neonatal cardiomyocytes, with implications in diabetes

induced mitochondrial dysfunction and cardiovascular complications (Gawlowski

et al. 2012).

1.2.2 Opposing Fission: Mitochondrial Fusion
Unlike fission, mitochondrial fusion has two distinct systems in place for the fusion

of inner and outer membranes. Even though these processes are separate, the inner

and outer membrane fusion is highly coordinated. OMM fusion is achieved by

Mfn1 and 2, which are anchored on the OMM via two transmembrane domains

which span the membrane twice (Hoppins et al. 2007) (Fig. 2). Mfn1 and 2 form

homo- and heterotypic interactions when two apposing mitochondria come together

at a permissive proximity. This initial tethering of mitochondria is followed by the

outer membrane fusion through mixing of the lipid bilayers (Koshiba et al. 2004).

Mfn1 and 2 perform overlapping functions; however, they are not functionally

redundant (Chen and Chan 2004; Chen et al. 2003). Both proteins are generally

expressed in cells, and the abundance of each may be cell type dependent.

Regulation of Mitochondrial Fusion Proteins
Both Mfn1 and 2 show regulation at both transcriptional and post-transcriptional

levels (Santel et al. 2003). Mfn1 is regulated by peroxisome proliferator-activated

receptor gamma co-activator 1α (PGC-1α) during postnatal cardiac growth (Martin

et al. 2014). Other reports indicate tissue specific Mfn1 transcriptional repression by

the corticosteroid dexamethasone in liver and in hepatoma cells (Hernandez-

Alvarez et al. 2013) and by microRNA 140 in cardiomyocytes (Li et al. 2014).

Mfn2 transcription is driven by the PGC-1α and PGC-1β, key factors in mitochon-

drial biogenesis, as well as the transcription factor Sp1 in skeletal and smooth

muscle cells (Sorianello et al. 2012). Mfn2 has also shown to have hormone respon-

sive transcriptional regulation as Estrogen-Related Receptor-alpha (ERRα) binds to
the human Mfn2 promoter and stimulates transcription (Scarpulla et al. 2012;

Soriano et al. 2006). Mfn1 and 2 are also regulated at a post-translational level.

One of the best characterized post-translational modifications of these proteins is

ubiquitinylation. Mfn1 and 2 are both ubiquitinylated by MARCH-5 and Parkin

(Gegg et al. 2010; Park and Cho 2012; Park et al. 2010; Tanaka et al. 2010). Mfn1 is

also activated by deacetylation mediated by HDAC6 (Lee et al. 2014). Mfn2, on the

other hand, is ubiquitinylated by Parkin and marked for proteasomal degradation

(Gegg et al. 2010; Poole et al. 2010; Tanaka et al. 2010; Ziviani and Whitworth

2010). Additional Mfn2 E3 ligases include HUWE1 (regulated by phosphorylation

of JNK), and by the ubiquitin ligase Mul1 (Leboucher et al. 2012; Lokireddy et al.

2012) leading to proteasomal degradation. However, MARCH 5 mediated ubi-

quitinylation of Mfn1 and 2 did not drive proteasomal degradation of these proteins

(Sugiura et al. 2013). Mfn2 levels are also regulated by activation of the deubi-

quitinase USP30 (Yue et al. 2014).

Inner mitochondrial membrane fusion is mediated by OPA1, a GTPase anchored

on the inner mitochondrial membrane (Fig. 2). Apart from its function in inner
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membrane fusion OPA1 has a distinct function in cristae remodeling and cyto-

chrome c release during apoptosis (Frezza et al. 2006). Eight splice variants of

OPA1 have been identified, and categorized as long (L) and short (S) isoforms.

Both isoforms localize to the intermembrane space of mitochondria. The L-isoform

is membrane anchored and the S-isoform is found peripherally attached to the inner

membrane lipids (Olichon et al. 2002; Satoh et al. 2003). The OPA1-L isoform is

considered the fusion competent form of OPA1, and further cleavage of the protein

at protease sites S1 and S2 generates short forms of the protein that regulate inner

membrane fusion (Griparic et al. 2007; Ishihara et al. 2006). Therefore, proteolytic

cleavage is the major regulatory mechanism for OPA1 function in membrane fusion

(Ishihara et al. 2006).

The intermembrane space rhomboid protease, PARL (presenilin-associated

rhomboid-like), cleaves OPA1 at the S1 site to short soluble isoforms, and PRRL

knockout resulted in mitochondrial fragmentation and sensitization to apoptosis,

suggesting that proteolytic cleavage of OPA1 by PARL is a regulatory mechanism

during cell death (Cipolat et al. 2006). However, PARL mediated cleavage of

OPA1 does not affect mitochondrial fusion (Cipolat et al. 2006). YME1L another

intermembrane space AAA protease was found to cleave OPA1 at the S2 site,

resulting in inner membrane fusion. Yme1l is regulated by the OX-PHOS activity

of the inner membrane (Anand et al. 2014; Ishihara et al. 2006; Mishra et al. 2014;

Song et al. 2007). Under high OX-PHOS conditions, Yme1L cleaves Opa1 with

higher efficiency to induce inner mitochondrial membrane fusion, suggesting that

mitochondrial inner membrane fusion supports increased OX-PHOS activity, and is

required for maintaining this function of mitochondria. Paraplegin is another IMM

AAA metalloprotease that participates in OPA1 cleavage to produce a short fusion

incompetent form (Duvezin-Caubet et al. 2006; Ishihara et al. 2006). These oppos-

ing cleavage events indicate that OPA1 processing is a coordinated event that

determines fusion and fission under different physiological conditions.

The requirement of mitochondrial dynamics for cellular function is highlighted

by studies from genetic models of fission and fusion including yeast, Drosophila,
and mouse models. Since the focus of this chapter is on human disease, we will

discuss findings from mouse models of genetic knockdown and disease, and

correlate these findings with human pathologies presenting aberrant mitochondrial

dynamics and resulting functional defects.

1.3 Insights from Genetic Models of Fission and Fusion

1.3.1 DRP1, Mff, Mfn1, and Mfn2 Genetic Knockout Mice
Over the past decade knockout mouse models for the fission protein DRP1 and the

fusion proteins Mfn1 and 2 were developed and characterized (Chen et al. 2003;

Ishihara et al. 2009; Kageyama et al. 2012; Wakabayashi et al. 2009). The most

interesting parallel between all three mouse models is the embryonic lethality that is

observed during early mid gestation in the null homozygotes, indicating an essential

role of mitochondrial dynamics in embryonic development. In the DRP1 knockout

mouse the embryonic lethality was observed at approximately day 11.5, and Mfn1
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and Mfn2 knockout mice display a high level of lethality by day 11.5 and 12.5,

respectively (Chen et al. 2003; Wakabayashi et al. 2009). Mfn1/2 double knockout

mice die sooner, indicating that these two proteins have non-redundant function in

the early stages of embryo development (Chen et al. 2003). As expected, all three

knockout phenotypes show changes in mitochondrial morphology, dynamics, and

function. All three knockouts produced embryos that are smaller than wild type,

indicating a requirement of mitochondrial dynamics in cell proliferation, growth,

and differentiation (Wakabayashi et al. 2009), while the Mfn1 and 2 knockout

embryos showed developmental delays and deformations (Chen et al. 2003). It is

noteworthy however that the defects of Mfn1 and 2 knockout phenotypes can be

corrected by expressing the dominant negative form of DRP1 (K38A), indicating a

possible therapeutic implication for blocking DRP1 function in these conditions

where mitochondrial fusion is dysregulated (Chen et al. 2003). More recently an

Mff homozygous knockout mouse model was generated and studied (Chen et al.

2015). While the mice were viable at birth, they succumbed prematurely at post-

natal 13 weeks to dilated cardiomyopathy leading to heart failure. This phenotype was

reversed by deletion of the Mfn1 which restored the fission–fusion balance,

demonstrating that re-fusing mitochondria may be a viable therapeutic strategy in

diseases with excessive mitochondrial fission (Chen et al. 2015).

1.3.2 Conditional Knockout Mouse Models
DRP1 knockout has the most deleterious effects on the brain, CNS, and heart

development. The neonatal brain and heart in particular are organs that express

high levels of DRP1, and possibly depend on the protein for their development and

function. Accordingly, the most striking phenotypes of DRP1 loss manifest in these

organs, suggesting tissue specific requirement of DRP1. In particular, the DRP1 KO

embryonic cardiomyocytes show reduced beating rates, and this may be responsible

for the death of the embryo (Wakabayashi et al. 2009). To further understand the

requirement of DRP1 in the function of these organs in the embryonic and postnatal

development, conditional knockout mice have been established (Ishihara et al.

2009; Kageyama et al. 2012; Wakabayashi et al. 2009). The heart-specific knockout

of DRP1 in particular showed neonatal lethality as a result of dilated heart, and thin

heart walls, displaying clear features of cardiac dysfunction at the time of death at

p7–10 after birth (Ishihara et al. 2009) suggesting that Drp1 is essential for neonatal

heart development. The brain-specific knockout of DRP1 generated using brain-

specific En1-Cre resulted in severe decrease in cerebellum development and neo-

natal death within 24 h of birth (Wakabayashi et al. 2009). Proliferation of the

cerebellar cells, and in particular the number of Purkinje cells, showed dramatic

reduction in this conditional knockout model (Wakabayashi et al. 2009). DRP1

deletion in a larger region of the brain using Nes-Cre recombinase resulted in

apoptotic cell death in the premature superficial layer neurons and deep cortical

layers (Ishihara et al. 2009). These phenotypes are characterized by increased size

and reduced number of mitochondria, loss of mitochondria from the synapse, and

defective synapse formation in culture (Ishihara et al. 2009). The requirement of

DRP1 in synapse formation may be due at least in part to the loss of mitochondrial
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fission, but also due to the direct role of DRP1 in the clathrin coated endocytic

vesicle formation in response to synaptic stimulation (Li et al. 2013). DRP1

mediated apoptosis in neuronal cells depends on the cell type and physiological

context. Cerebellar Purkinje cells and neurons of the forebrain are among specific

cell types that are affected severely by the loss of DRP1. In both cases cells undergo

initial mitochondrial elongation followed by oxidative damage, resulting in

fragmented and swollen mitochondria (Kageyama et al. 2012). In neural tube

closure, developmentally regulated apoptosis is decreased by the loss of DRP1

(Wakabayashi et al. 2009), while increased in the neuroepithelium of the brain

(Ishihara et al. 2009). Finally, DRP1 was shown to ensure survival of post-mitotic

neurons in mice (Kageyama et al. 2012; Zhang et al. 2012). DRP1 null post-mitotic

Purkinje cells became elongated and accumulated oxidative damage, became

defective in respiration, and gradually degenerated over a period of 6 months.

These aberrations manifested in defective motor and coordination behavior in

these mice (Kageyama et al. 2012), suggesting that oxidative damage downstream

of blocking mitochondrial fission is responsible for the neurodegeneration.

Similarly, Mfn1/2 conditional knockout mice have been developed to study the

role of these proteins in the heart and brain function. Cardiomyocyte specific

deletion of Mfn2 resulted in enlarged cardiomyocytes, and displayed mild mito-

chondrial dysfunction and modest cardiac hypertrophy and functional deterioration

(Papanicolaou et al. 2011). The absence of Mfn2 prevented ROS mediated mito-

chondrial permeability transition (MPT), and protected adult cardiomyocytes from

a number of cell death inducing stimuli, and better recovery from reperfusion

injury. However, an Mfn1/2 double knockout in cardiomyocytes resulted in a

much more severe phenotype (Chen et al. 2011; Papanicolaou et al. 2012). The

cells displayed abnormally expanded or fragmented mitochondria, cardiomyocyte

and respiratory dysfunction and rapidly progressive cardiomyopathies at postnatal

day 7. These conditions led to heart failure, resulting in rapid decline in survival and

death by 16 days post-birth (Chen et al. 2011; Papanicolaou et al. 2012). These

studies established that Mfn1 and 2 are essential for the mitochondrial remodeling

and metabolic reprogramming of the heart during neonatal heart development

(Papanicolaou et al. 2011, 2012).

Tissue specific knockout mice have also been generated to study the role of

Mfn1 and 2 in the nervous system. In particular, Mfn2 knockout and mutant studies

were conducted focusing on modeling the Charcot–Marie–Tooth type 2A

(CMT2A) disease. Mfn1 and 2 deficiency in the placental giant cell layer is

responsible for the embryonic lethality of the Mfn1 and Mfn2 knockout mice

(Chen et al. 2003), therefore mice were developed to specifically knockdown

these proteins avoiding cells of placental lineage (Chen et al. 2007). These mice

were viable for both Mfn1 and 2 knockdown; however, the Mfn2 deficiency showed

more dramatic abnormalities. A percentage of Mfn2 knockout pups died post-birth,

and the surviving mice showed severe defects in movement and balance, and

succumbed at day 17 (Chen et al. 2007). Mfn1 knockout in the same system showed

much less severity in phenotype, and the mice survived to adulthood with no

obvious defects, indicating lesser significance of this mitofusin in the nervous
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system. Cerebellum specific knockout of Mfn2 showed severe defects in postnatal

cerebellar growth. With the Mfn2 knockout, the cerebellar Purkinje cells, in

particular, showed aberrant mitochondrial distribution, ultrastructure, and ETC

activity, and the study showed that Mfn2, but not Mfn1 is required for dendritic

outgrowth, spine formation, and cell survival (Chen et al. 2007). Mitochondrial

transport also seems to be affected in Mfn2 specific knockout neurons, suggesting a

novel function for Mfn2 distinct from its function in OMM fusion (Misko et al.

2010; Pham et al. 2012). A study using the expression of Mfn2 mutant forms in

cultured dorsal ganglion neurons to recapitulate the neuronal pathology of the

CMT2A disease reported abnormal clustering of small fragmented mitochondria

in the cell body as well as axons, along with impaired transport of mitochondria

(Baloh et al. 2007). Similar results were observed from a dopaminergic neuron

specific Mfn2 knockout mouse model (Pham et al. 2012). Mitochondrial fragmen-

tation in the cell body and neuronal processes as well as markedly reduced

mitochondrial mass and transport were observed, and these presumably led to the

loss of neurons and movement defects characteristic of the CMT2A disease in these

mice (Pham et al. 2012).

Similar to DRP1, Mfn1, and Mfn2 knockout mice, OPA1 knockout mice were

also found to be embryonic lethal; death occurring in this case around day 13.5 is

indicative of the requirement of this protein in embryonic development. OPA1+/�
heterozygotes are viable, and several models were developed to characterize the

requirement of OPA1 (Davies et al. 2007; Williams et al. 2010). Many of these

studies were developed to model the DOA disease in mice and focus on the effect of

OPA1 loss on optic neuronal function. While these studies do not recapitulate effect

of the complete loss of OPA1, they represent moderate effects of OPA1 reduction

and recapitulate DOA phenotypes. These studies reported that the reduction of

OPA1 levels led to Retinal ganglion cell dendritic pruning, increased autophagy,

and may contribute to RGC loss and atrophy, a marked reduction in retinal ganglion

cell synaptic connectivity (White et al. 2009; Williams et al. 2011, 2012). Study of

the heart in this heterozygous mouse model showed alterations in mitochondrial

morphology, but not changes to the electron transport chain activity. Delay in Ca2+

dependent PTP opening, and associated myocardial hypertrophy induced by pres-

sure overload were also observed (Piquereau et al. 2012). OPA1 loss was examined

in the context of embryonic development, and these studies indicate that OPA1 is

crucial for the survival of RGCs and essential for early embryonic survival.

1.4 From Mouse Models to Human Diseases

As we discussed in the previous section, genetic disruption of mitochondrial dyna-

mics impacts most severely the tissues and processes that are most energy demand-

ing and dependent on mitochondrial function. For example, the brain and heart are

among the organs that are most severely impacted by the loss of mitochondrial

dynamics proteins. Of similar importance is embryonic development. It is therefore

not surprising that most of the mitochondrial dynamics associated diseases are

related to developmental, neurodegenerative, and metabolic disorders, and
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cardiomyopathies. These diseases manifest in aberrant mitochondrial function, cell

growth, proliferation, and apoptosis. Considering the role of mitochondrial dyna-

mics in cell proliferation in particular, recent advances illuminating these processes

in cancer are particularly insightful. It is interesting to note that most of the human

diseases are related to increased mitochondrial fragmentation, and in this section

we will discuss the role of mitochondrial fission in human diseases.

1.4.1 Cancer: A Novel Role for Mitochondrial Fission
One of the more recent developments on the disease relevance of mitochondrial

fission comes from the study of cancer. Increased mitochondrial fission was

reported as a pathogenicity factor in several distinct cancer models. It is interesting

to note that these reports come from different cancers, originating in distinct organs,

and may have entirely different oncogenic signaling circuitry yet result in the

upregulation of DRP1 activity leading to mitochondrial fission. Also while some

reports indicate a crucial role for DRP1 in cancer initiation and transformation,

others show an important role for DRP1 in the later metastatic stages suggesting a

role for DRP1 in different stages of the disease progression (Zhao et al. 2013).

These observations indicate a fundamental role of DRP1 in cancer.

Mitochondrial fragmentationmediated by the upregulation ofDRP1 is implicated

in cellular transformation by oncogenic RAS in amouse embryonic fibroblast (MEF)

model (Serasinghe et al. 2015). Excessive mitochondrial fragmentation by onco-

genic RAS is crucial for the development of cancer metabolism, and transformation

of MEFs. Genetic ablation and pharmacological inhibition of DRP1 was shown to

abolish the transformation, suggesting a specific role for this protein in cancer

development. The fission reported here is mainly mediated by DRP1S616 phos-

phorylation by ERK. DRP1S616 is a mitotic phosphorylation site and is responsible

for fragmenting mitochondria during mitosis. Extrapolating from this observation, it

is possible to envision that RAS mediated phosphorylation of DRP1S616 mimics

this mitotic phosphorylation event andmay facilitate or drive excessive cell prolifer-

ation in these RAS-MAPK driven cancers. Additionally, mitochondrial fission

results in cancer metabolism, by preferentially utilizing the glycolytic pathway for

energy production and increased biosynthesis of macromolecules. This metabolic

switch could also support the development of cancer by supporting growth and

proliferation of cancer cells. ERK was found to directly phosphorylate DRP1S616

in BRAFV600E positive melanoma as well as pancreatic cancer (Kashatus et al.

2015; Serasinghe et al. 2015). In melanoma patient samples, DRP1S616 phosphory-

lation shows a clear correlation with the presence of BRAFV600E, and a strong

correlation with increasing DRP1S616 phosphorylation levels with cancer progres-

sion (Serasinghe et al. 2015; Wieder et al. 2015).

DRP1 is dysregulated in breast, lung, pancreatic, and thyroid carcinomas

(Kashatus et al. 2015; Serasinghe et al. 2015). Recently DRP was found to play a

crucial role in the development of glioblastoma (Xie et al. 2015). Brain tumor

initiating cells (BTIC) and non-BTIC cells were found to harbor differential post-

translational modification patterns of DRP1 enhancing or blocking the development

of tumors. BTIC cells had a predominant phosphorylation-activated form of
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DRP1S616, while non-BTIC cells showed a predominantly inactive 637 phosphory-

lation of DRP1. While total DRP1 levels remained unchanged, the presence of

DRP1S616 phosphorylation was elevated selectively in a panel of glioblastoma

tissue samples compared to non-tumor tissues. The activation of DRP1S616 was

found to be regulated by the kinase CDK5. This study was further supported by

patient data which indicated an inverse correlation between patient survival and the

presence of DRP1S616. This comprehensive study points to the differential regu-

lation of DRP1 post-translational modification as the switch between tumor growth

and differentiation of cells, suggesting that DRP1 phosphorylation may be an

important point of control in tumorigenesis.

A similar report from the study of lung cancer (Rehman et al. 2012) showed that

DRP1 expression is upregulated and present in its activated form (S616p) in cancer

cell lines, as well as tissue microarrays. This is associated with a parallel down-

regulation of the fusion protein Mfn2. Blocking fission using Mdivi-1, a small

molecule inhibitor to DRP1, or overexpressing Mfn2 in lung cancer cells blocked

cell cycle progression at G2/M stage. This study showed increased expression of

DRP1, along with increased serine 616 phosphorylation, and decreased serine

637 phosphorylation in lung cancer cell lines, again drawing attention to the differ-

ential regulation of DRP1 post-translational modifications in cancer.

The underlying observation from these cases is that DRP1 expression or activa-

tion seems to be the predominant cause for the fragmentation (deferential expres-

sion of MFN2 has been noted less frequently) (Ferreira-da-Silva et al. 2015;

Rehman et al. 2012), even though the genetic and etiologic factors for these cancers

are distinct. Also, the signaling pathways responsible for the activation of DRP1 are

distinct between the cancers. Some are directly under the regulation of cell cycle,

while others are activated by oncogenic signaling pathways such as the

RAS-MAPK pathway. The genotypes of these cancers are not reported except for

in a few cases including BRAFV600E in melanoma, so it will be worthwhile to

genotype these cancers and cancer cell lines to interrogate whether there exist

common components between the signaling circuitry among different cancers.

This would enable us to determine if there is indeed a shared component in the

upstream DRP1 regulation in cancer or if it is the result of many different factors. In

either case it will be interesting to see how this novel, and thus far under explored

aspect of mitochondrial dynamics is implicated in cancer.

The fact that different signaling pathways lead to DRP1 activation and mito-

chondrial fragmentation suggests a fundamental role for mitochondrial fission

mediated by DRP1 in cancer. It is possible that excessive mitochondrial fission

augments the uncontrolled cell division phenotype seen in cancer. Indeed mito-

chondrial fission leads to cancer-like metabolism which may be a factor that

triggers transformation (Serasinghe et al. 2015), or mitochondrial fragmentation

may promote cell cycle progression (Qian et al. 2012; Rehman et al. 2012). Indeed,

the end result may be a combination of both these processes which facilitates cells

to synthesize the cellular building blocks via a predominant glycolytic metabolic

pathway (Ward and Thompson 2012a) and subsequently utilize those components

for cellular growth and divide and multiply rapidly as characteristic of cancer.

174 M.N. Serasinghe and J.E. Chipuk



Another intriguing possibility with mitochondrial dynamics in cancer is the abil-

ity of mitochondrial shape to determine the susceptibility to apoptosis. It has been

shown that DRP1 depletion sensitizes cancer cells to apoptosis (Inoue-Yamauchi

and Oda 2012; Rehman et al. 2012). This suggests that not only does the increased

fission lead to enhanced proliferation, but it also enable the cells to evade apoptosis.

A key piece of evidence for the ability of mitochondrial shape to determine apo-

ptosis susceptibility come from a recent report, that showed with mechanistic

evidence that small mitochondria are more resistant to MOMP compared to inter-

mediate and long mitochondria (Renault et al. 2015). This suggests that the

excessive mitochondrial fission may also be a cellular adaptation to avoid apo-

ptosis, and this characteristic maybe selected for in cancer cell survival. This obser-

vation, along with the earlier discussed DRP1 involvement in cancer development,

reiterates a potential therapeutic intervention point in modulating mitochondrial

fission in cancer.

1.4.2 Familial Disorders Arising from Defects in Mitochondrial
Dynamics Proteins

It is interesting to note that familial defects of the fusion proteins Mfn1 and OPA1

both lead to disease conditions arising from neuropathies, highlighting the impor-

tance of mitochondrial dynamics on the correct functioning of the nervous system.

Mutations of OPA1 leading to its loss of function cause Autosomal Dominant Optic

Atrophy (ADOA). Mutations in its GTPase domain and C-terminal end result in

autosomal dominancy and haplo-insufficiency leading to the loss of function of

OPA1 (Olichon et al. 2007). The disease is characterized by progressive loss of

vision leading to blindness in the second decade of life (Olichon et al. 2006). Loss

of OPA1 and unopposed fission leads to apoptosis of retinal ganglion cells and

degradation of the optic nerve. Interestingly rare Mfn2 mutations leading to similar

phenotypes and ADOA have been identified, suggesting that aberrant OMM mito-

chondrial fusion may also contribute to the disease phenotype (Zuchner et al. 2006).
On the other hand, autosomal dominant missense mutations in Mfn2 GTPase and

coiled-coil domains lead to the development of the CMT2A. This leads to meta-

bolic defects, reduced energy production, and limited mitochondrial transport to

synapses, and usually manifests as muscle atrophy of the legs and feet (Klein et al.

2011; Zuchner et al. 2006). While mutations in DRP1 are not affiliated with any

familial disease conditions, a DRP1 mutation in the Alanine 395 residue to Aspartic

acid was reported to cause death in a new born infant as a result of multiple devel-

opmental disorders (Waterham et al. 2007). The infant manifested microcephaly,

abnormal brain development, optic atrophy and hypoplasia, persistent lactic aci-

demia, and a mildly elevated plasma concentration of very-long-chain fatty acids

(Waterham et al. 2007). Fibroblasts from this patient showed hyperfused mito-

chondria due to defective DRP1 function; however, the OX-PHOS and the respi-

ratory complex activity were normal in these cells. This isolated case was due to a

random point mutation of the Drp1 gene, but provides insight into the importance of

proper functioning of the mitochondrial fission machinery in human health.
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1.4.3 Neurodegenerative Disorders

Parkinson’s Disease
Parkinson’s disease (PD) is characterized by resting tremor, rigidity, and brady-

kinesia resulting from death of dopaminergic neurons in the substantia nigra.
While most cases of PD are sporadic, there is a minority of rare heritable

juvenile cases resulting from autosomal recessive mutations in PINK1 and Parkin

genes (Pickrell and Youle 2015; Valente et al. 2004). Mitochondrial dysfunction is

strongly implicated in PD. As we discussed at the beginning of this review PINK1

and Parkin regulate mitochondrial quality control through mitophagy. Knockdown

of PINK1 leads to mitochondrial fragmentation and autophagy in neurons through

oxidative stress, and PINK1 expression restored tubular mitochondria and

suppressed toxin induced autophagy/mitophagy (Dagda et al. 2009). Expression

of the dominant negative DRP1 mutant K38A inhibited both fission and mitophagy

in PINK1-deficient cells, prevented stress induced mitochondrial depolarization,

and apoptosis by reducing oxidative stress and mitochondrial fission (Dagda et al.

2009). Additionally, Pink1 phosphorylates and targets Parkin to depolarize mito-

chondria and enhances mitophagy (Kim et al. 2008). PINK1/Parkin dysfunction

leading to increased DRP1 mediated mitochondrial fission is an important factor

contributing to neuronal death in PD (Deng et al. 2008; Wang et al. 2011). For

example, loss of PINK1 increases DRP1 levels and results in increased mitochon-

drial fission, increased oxidative stress, and reduced ATP generation (Dagda et al.

2009; Lutz et al. 2009). These phenotypes were rescued by expression of Mfn1 and

2 and OPA1 and treatment with the DRP1 inhibitor Mdivi-1 (Cui et al. 2010).

Mitochondrial fission due to the loss of PINK1 was observed in skin fibroblasts of

PD patients (Exner et al. 2007). It has been shown that pesticides such as rotenone

and paraquat (inhibitors of mitochondrial respiratory complex I) that promote PD

induce mitochondrial fission (Barsoum et al. 2006; Gomez-Lazaro et al. 2008).

Reduced complex I activity in the substantia nigra of the brain is characteristic of

PD, suggesting a mitochondrial fission-function axis on the disease onset and

progression of Parkinson’s disease (Schapira 2006).

Alzheimer’s Disease
Alzheimer’s disease is characterized by progressive senile or pre-senile dementia

with associated biochemical features such as selective neuronal loss, synaptic alter-

ations leading to loss of connectivity between neurons, neurofibrillary degenera-

tion, and extracellular deposits of αβ plaques (Baloyannis 2006). Alzheimer’s

disease (AD) displays signs of overall mitochondrial dysfunction such as altered

lipid metabolism, calcium homeostasis, decreased energy metabolism, and

increased oxidative damage and is considered an early event in disease pathology

(Ferreira et al. 2010; Hirai 2000; Supnet and Bezprozvanny 2010). Intriguingly,

abnormal mitochondrial shape and dynamics have also been reported from AD

studies, and the majority of these studies show a clear association between the form

and function of mitochondria in this disease. For example, abnormal small mito-

chondria with defective cristae structure were observed in an electron microscopy

(EM) study of human AD neurons (Baloyannis 2006). Abnormal expression levels
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of mitochondrial dynamics proteins, including increased expression of DRP1 and

Fis 1, were reported from postmortem brains of Alzheimer patients, along with

reduced expression of Mfn1, 2, and OPA1 (Reddy et al. 2012; Wang et al. 2009b).

This and other studies in mouse models and APP cell lines indicate that aberrantly

fragmented mitochondria in AD are at least in part due to the increased expression

of fission factors and decreased expression of fusion proteins, resulting an imbal-

ance in mitochondrial dynamics favoring mitochondrial fission (Barsoum et al.

2006; Reddy et al. 2011; Rui et al. 2006; Wang et al. 2008b). Additionally, many

reports implicate post-translational modifications of DRP1 as causative of mito-

chondrial fragmentation in AD. Accumulation of β amyloid protein leads to the

production of nitric oxide (NO), which activates DRP1 function by s-nitrosylating

DRP1, resulting in mitochondrial fission, synaptic loss, and neuronal damage (Cho

et al. 2009). Mutation of DRP1 to prevent nitrosylation protected neurons from

these effects, suggesting a direct role of DRP1 (Cho et al. 2009). This is supported
by the observation that exposure to NO rapidly fragments mitochondria in primary

cortical neuronal cells, with an associated decline in ATP generation and increase in

free radicals (Barsoum et al. 2006). This fission event is thought to precede the

neuronal injury and cell death, and is modulated by the regular mitochondrial

dynamics machinery (Barsoum et al. 2006). However, in the same system mito-

chondrial fission was shown to support BAX mediated apoptosis when challenged

with nitrosative stress, indicating a direct role of fission in the subsequent neuronal

cell death. DRP1 interaction with amyloid precursor protein was reported from AD

patient samples and studies done using ABPP (amyloid beta precursor protein)

transgenic mice with increased interactions correlating with increased disease

pathology (Manczak et al. 2011). Similarly, a study using an AD cybrid cell system

showed increased mitochondrial fission mediated by DRP1 and associated mito-

chondrial dysfunction. ERK signaling facilitated the DRP1 mitochondrial local-

ization and fission, and blocking ERK signaling or DRP1 with Mdivi-1 rescued the

morphology and function (Gan et al. 2014). This observation in particular draws a

parallel with the ERK-mediated phosphorylation and activation of DRP1 at S616

resulting in increased mitochondrial fission in cancer, described in the previous

section, suggesting a similar mode of activation in this system. This also implies an

underlying common signaling network governing mitochondrial fission, between

these unrelated pathologies. The early onset of mitochondrial dysfunction in AD

may be a consequence of altered mitochondrial shape and dynamics, suggesting

that interrogation of the mitochondrial dynamics machinery in Alzheimer’s disease

may be useful in understanding and treating the disease.

Huntington’s Disease
Huntington’s disease (HD) is an autosomal dominant disease characterized by

choreoathetosis, dementia, and premature death. The disease arises due to a muta-

tion in the huntingtin gene (Htt) that results in amplification of a stretch of “CAG”

trinucleotide sequences encoding a tract of polyglutamine in the protein (Wang

et al. 2009a). This polyglutamine results in mis-folding of the Htt protein and

aberrant protein interactions. Mitochondrial dysfunction is one of the prominent
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features of the pathophysiology of this neurodegenerative disease (Brouillet et al.

1995; Panov et al. 2002; Schapira and Patel 2014; Tabrizi et al. 1999). Interestingly,

increased mitochondrial fission is a characteristic of the disease. Overexpression of

mutant Htt was shown to cause mitochondrial fragmentation, and the severity of the

fragmentation depended on the length of the polyglutamine repeat (Wang et al.

2008a, 2009a). Upregulation of DRP1 and Fis1 and downregulation of Mfn1, Mfn2,

and OPA1 was reported from the frontal cortex of HD patients (Costa et al. 2010;

Shirendeb et al. 2011) suggesting that the aberrant phenotype is due to shifting the

mitochondrial dynamics to favor fission. In addition, mutant Htt was shown to

interact with DRP1, increase its GTPase activity, and promote mitochondrial fission

in BAC-HD transgenic mouse neurons (Shirendeb et al. 2012). This resulted in

defective anterograde movement of mitochondria on the axons and synaptic defects

(Shirendeb et al. 2012). The Htt–DRP1 interaction and mitochondrial fission was

associated with increased sensitivity of cells to apoptosis, in both rat neurons and

Htt patient derived fibroblasts (Song et al. 2011). Inhibition of DRP1, and increas-

ing Mfn1 and 2 expression restored mitochondrial fusion and prevented cell death.

S-Nitrosylation, and activation of DRP1, was reported as a consequence of NO

production by the mutant Htt protein in Htt transgenic mice and postmortem brains

of HD patients. This draws an interesting parallel with the disease pathology of AD

where NO plays an important role in DRP1 activation mediated mitochondrial fis-

sion and mitochondrial dysfunction (Cho et al. 2009), suggesting that common dis-

ease pathways are shared between these neurodegenerative disorders.

1.4.4 Cardiovascular Diseases
As the major energy demanding organ in the body, the heart relies on mitochondrial

function to maintain ATP production to fuel cardiomyocyte metabolism and con-

tractile function. Therefore it is logical to anticipate a role for mitochondrial

dynamics in cardiomyocyte function. In support of this notion, increased mitochon-

drial fission associated with the loss of OPA1 has been reported in failing rat and

human hearts (Chen et al. 2009). More recently it was shown that stress induced

processing of OPA1 by the protease OMA1 leads to mitochondrial fragmentation,

dilated cardiomyopathy, and heart failure in mice (Wai et al. 2015). While defects

in mitochondrial fission and fusion factors have not been identified thus far as direct

causative factors in cardiac diseases in humans, studies done in mouse models

indicate that excessive mitochondrial fission is associated with programmed

cardiomyocyte death during heart failure and ischemia–reperfusion injury (Disatnik

et al. 2013; Sharp et al. 2014). This provides a therapeutic opportunity for manipu-

lation of mitochondrial dynamics in cardiac diseases to delay or even reverse the

cell death occurring during cardiac hypertrophy or heart failure, providing a

window of opportunity for the management of the disease. Accordingly, pharma-

cological inhibition of DRP1 using the small molecule inhibitor Mdivi-1 or siRNA

mediated knockdown of DRP1 was shown to rescue mouse hearts from ischemia

and reperfusion injury (Ong et al. 2010, 2015; Sharp et al. 2014). DRP1 is activated

by dephosphorylation at serine 637 by calcineurin in a cardiac arrest mouse model
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(Sharp et al. 2014), and blocking calcineurin function reversed the mitochondrial

fission and maintained mitochondrial network connectivity. Similarly, acute inhi-

bition of DRP1–Fis1 interaction by the peptide P110 at the onset of reperfusion

blocked mitochondrial fission and resulted in improved bioenergetics leading to

long-term benefits postmyocardial infarction (Disatnik et al. 2013). Taken together

these observations suggest a therapeutic utility for pharmacologically modulating

mitochondrial dynamics in cardiovascular diseases.

1.4.5 Metabolic Disorders and Obesity
Recent evidence suggest that aberrant mitochondria dynamics contribute to meta-

bolic disorders either directly or indirectly. For example, diabetic cardiomyopathy

and non-alcoholic liver disease both show gross alterations in mitochondrial mor-

phology with functional consequences such as swollen or misshapen mitochondria

in patients (Galloway and Yoon 2013). In DCM patients these defects are asso-

ciated with reduced Mfn1 levels and correspondingly shorter mitochondria. The

mitochondrial network remodeling and associated dysfunction seen in these defects

is hyperglycemia driven (Croston et al. 2014).

While a link between obesity and mitochondrial dynamics has not been reported

in humans, studies show that this may be the case in mouse models. For example, in

the hypothalamic axis of feeding and satiety, neuropeptide Y and agouti-related

protein (NPY-AgRP) neurons showed increased mitochondrial fusion via Mfn1 and

Mfn2 with feeding and overfeeding, in turn leading to elevated levels of leptin and

glucose (Dietrich et al. 2013). Mitochondrial fusion was also shown to regulate

neuronal activity via modulation of cellular ATP levels in this mouse model of diet-

induced obesity. In proopiomelanocortin (POMC) neurons diet-induced obesity

reduced Mfn2 levels impacting on ER–mitochondrial tethering and increased ER

stress leading to leptin resistance in these mice (Schneeberger et al. 2013). In mouse

and rat models of type I and type II diabetes excessive mitochondrial fragmentation

has been reported, with associated detrimental effects such as increased ROS

production, reduced mitochondrial function, and increased susceptibility to apo-

ptosis (Makino et al. 2010; Trudeau et al. 2010; Yu et al. 2006). ROS generation in

this context was found to be a consequence of mitochondrial fragmentation,

providing a direct link to this pathology (Yu et al. 2006).

1.5 Perspectives: Targeting Mitochondrial Fission in Disease
Management and Therapy

Considering the role of excessive mitochondrial fission in the development and

progression of multiple pathologies as we described in this chapter, it is possible to

envision the utility of mitochondrial fission and fusion factors in predicting disease

etiology, progression, and maintenance. For example, increased expression of

DRP1 is reported in melanoma, lung, breast, and thyroid cancers and linked to

the pathology (Ferreira-da-Silva et al. 2015; Serasinghe et al. 2015; Zhao et al.

2013). In addition, DRP1S616 phosphorylation status has been clearly linked to
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disease progression in melanoma as well as glioblastoma (Serasinghe et al. 2015;

Wieder et al. 2015; Xie et al. 2015). In melanoma, nevus to melanoma progression

was correlated with increased DRP1S616 phosphorylation; while in glioblastoma,

the differential phosphorylation at S616 vs S637 sites determined the ability of a

cell to initiate brain tumors. ERK-mediated DRP1S616 phosphorylation was also

reported from human pancreatic cancer (Kashatus et al. 2015). These novel findings

foreshadow potential clinical utility of DRP1 as well as DRP1S616/S637 phosphory-

lation as potential biomarkers for cancer initiation and progression, and may allow

novel opportunities for early detection and prevention of the these cancers.

As we discussed throughout this chapter, there is also a large body of evidence to

date that show how disease phenotypes resulting from excessive fission can be

reversed by blocking fission through pharmacological inhibition of DRP1. There-

fore, it is reasonable to predict that future therapies targeting mitochondrial fission

may enter into the clinic. Close to a decade ago Mdivi-1, a small molecule inhibitor

to Dnm1 – the yeast isoform of DRP1, was identified through a chemical screen

(Cassidy-Stone et al. 2008). Mdivi-1 was also found to inhibit mammalian DRP1

function by blocking its GTPase activity and inhibit mitochondrial fission, and has

since become a valuable research tool in interrogating mitochondrial dynamics

under various contexts. Of note, pharmacological inhibition of DRP1 mediated

mitochondrial fission using Mdivi-1 as well as short peptide inhibitors such as p110

has highlighted the potential of blocking mitochondrial fission in multiple disease

models, ranging from cancer and neurodegenerative diseases to cardiovascular and

metabolic diseases, as discussed earlier in the chapter. While compounds like

Mdivi-1 has pioneered the proof-of-principle that DRP1 mediated mitochondrial

fission is indeed a viable therapeutic target, it is necessary to develop drugs with

higher affinity, specificity, and selectivity in order to achieve clinical benefit.

Additionally, depending on the cellular context other fission proteins may serve

as viable candidates for blocking mitochondrial fission (Serasinghe et al. 2010).

While multiple avenues remain to be explored in terms of effectively blocking

excessive mitochondrial fission in the treatment of human diseases, it is evident that

mitochondrial fission is a promising target that may reveal exciting clinical out-

comes in the near future.
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Abstract

Mitochondria are considered cholesterol-poor organelles, and obtain their cho-

lesterol load by the action of specialized proteins involved in its delivery from

extramitochondrial sources and trafficking within mitochondrial membranes.

Although mitochondrial cholesterol fulfills vital physiological functions, such

as the synthesis of bile acids in the liver or the formation of steroid hormones in

specialized tissues, recent evidence indicates that the accumulation of cholesterol

in mitochondria may be a key event in prevalent human diseases, in particular

in the development of steatohepatitis (SH) and its progression to hepatocellular

carcinoma (HCC). Mitochondrial cholesterol accumulation promotes the transi-

tion from simple steatosis to SH due to the sensitization to oxidative stress and

cell death. However, mitochondrial cholesterol loading in HCC determines apo-

ptosis resistance and insensitivity to chemotherapy. These opposing functions of

mitochondrial cholesterol in SH and HCC define its paradoxical role in cell death

as a pro- and anti-apoptotic factor. Further understanding of this conundrum may

be useful to modulate the progression from SH to HCC by targeting mitochondrial

cholesterol trafficking.

Keywords

Cholesterol • Liver cancer • Mitochondria • Steatohepatitis

1 Introduction

Cholesterol is a critical component of biological membranes, which plays a key role

in membrane physical properties and in the regulation of signaling pathways. Due to

its role in the regulation of membrane fluidity, cholesterol is an important determinant

of the relative impermeability of membrane bilayers. Moreover, cholesterol induces

membrane packing in specific microdomains of the plasma membrane, providing a

platform for a variety of membrane-associated signaling proteins (Maxfield and Tabas

2005). Not all cell bilayers exhibit the same levels of cholesterol in their composition;

cholesterol is particularly abundant in plasma membrane. Due to these essential func-

tions of cholesterol, cells satisfy their need for cholesterol from different sources and

mechanisms, including its uptake from cholesterol-rich low-density lipoproteins (LDL)

or its De novo synthesis from acetyl-CoA in the endoplasmic reticulum (ER) (Ikonen

2008). Once synthesized in the ER cholesterol is distributed to other membranes,

includingmitochondria (Garcia-Ruiz et al. 2009). Mitochondria are not only the power-

houses of cells providing the energy required for multiple functions but, in addition,

play a central role in various forms of cell death, such as apoptosis (caspase-dependent

and -independent), necrosis, and autophagy which are characterized by differential

biochemical features (Ribas et al. 2014). A key event in this role is the breakage of

mitochondrial membranes, particularly the outer mitochondrial membrane, which

allows the release of proapoptotic factors that engage the apoptosome leading to

apoptotic cell death. Although the overaccumulation of cholesterol in mitochondria

decreases mitochondrial membranes’ fluidity and impairs their permeabilization, this
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effect can be counterbalanced by the oxidation of cardiolipin species, which are in

turn regulated by the availability of mitochondrial GSH (mGSH) (Marı́ et al. 2008).

Thus, mitochondrial cholesterol plays a paradoxical role in cell death, which depends

on the regulation of mitochondrial GSH (mGSH) transport, mGSH homeostasis, and

subsequent protection of cardiolipin fromperoxidation. Thus, emerging evidence points

to the small pool ofmitochondrial cholesterol as a key factor in several human-prevalent

diseases, including the transition from steatosis to steatohepatitis (SH) and its progres-

sion to hepatocellular carcinoma (HCC), as well as in neurodegeneration. In this chapter

we briefly summarize the regulation of cholesterol, particularly focusing on the traffick-

ing of cholesterol to mitochondria and describe the basis for paradoxical role of this

event in cell death and implications in disease.

2 Cholesterol Synthesis

Given the role of cholesterol in the regulation of membrane dynamics, physical

properties, and signal transduction the synthesis and supply of membrane choles-

terol are tightly regulated processes. There are two general mechanisms whereby

cells meet their need for cholesterol, namely its De novo synthesis from acetyl-CoA

and its supply from the diet (Grundy 1983). Moreover, factors that regulate the

endogenous synthetic rate, absorption, or dietary cholesterol load can modulate the

relative balance between both pathways in the supply of cholesterol.

2.1 De Novo Cholesterol Synthesis

It has been estimated that about half of the cholesterol in the body arises by its de novo

synthesis. Biosynthesis in the liver accounts for approximately 10% of the amount

produced each day and occursmainly in theER. Synthesis of cholesterol begins from the

two-carbon acetate group of acetyl-CoA. Cells synthesize cholesterol De novo from

acetyl-CoA in the mevalonate pathway (Fig. 1). The enzyme 3-hydroxymethylglutaryl

coenzyme A (HMG-CoA) reductase (HMG-CoAR) catalyzes the reduction of HMG-

CoA to mevalonate, the rate-limiting step in the synthesis of cholesterol and non-sterol

isoprenoids that are indispensable for cell function (Goldstein and Brown 1990). Meva-

lonate is then converted to isopentenyl pyrophosphate (IPP), which can be reversibly

transformed to dimethylallyl pyrophosphate (DMAPP). IPP and DMAPP combine

to form the isoprenoids, geranyl pyrophosphate (GPP), farnesyl pyrophosphate (FPP),

and geranylgeranyl pyrophosphate (GGPP), which regulate proteins posttranslationally

(Edwards and Ericsson 1999). The synthesis of squalene, from FPP, represents the first

cholesterol-specific step in the cholesterol synthesis pathway. The synthesis of squalene

is catalyzed by the farnesyl-diphosphate farnesyltransferase 1, also known as squalene

synthase (SS), and requires NADPH. Squalene is sequentially converted to lanosterol

before being transformed into cholesterol. Inhibition of HMG-CoA reductase by statins

prevents the formation of both mevalonate and its downstream product, IPP, and this

inhibition can be reversed completely by mevalonate. As one can deduct from this

pathway, the therapeutic effects of statins can be cholesterol independent, which may
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Fig. 1 De novo cholesterol synthesis in the mevalonate pathway. The de novo synthesis of

cholesterol proceeds via mevalonate formation from acetyl-CoA. The generation of farnesyl

pyrophosphate branches out into the non-sterol arm comprising isoprenoids, which can modify

proteins posttranslationally, and the sterol arm in which the formation of farnesyl pyrophosphate

into squalene is committed to cholesterol synthesis. Statins block very upstream in the pathway,

preventing mevalonate formation from HMG-COA, while the inhibition of squalene synthase may

be more specific to prevent cholesterol synthesis without perturbing isoprenoid synthesis
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reflect the modification of protein isoprenylation, essential for their final function.

Recent studies have shown a paradoxical increase in hepatic cholesterol synthesis

rates and the dissociation between plasma cholesterol precursor levels and cholesterol

synthesis during statin treatment in mice (Schonewille et al. 2016). In contrast to this

caveat with statins, the inhibition of SS can result in selective cholesterol

downregulation without exerting major effects on the isoprenylation of proteins

(Brusselmans et al. 2007; Joo et al. 2007, 2015; Sun et al. 2007). Normal healthy adults

synthesize cholesterol at a rate of approximately 1 g/day and consume approximately

0.3 g/day. A relatively constant level of cholesterol in the blood (150–200 mg/dL) is

maintained primarily by controlling the level of De novo synthesis through the regula-

tion of HMG-CoAR. HMG-CoAR is controlled by several mechanisms, including

feedback inhibition, control of gene expression, rate of enzyme degradation, and

phosphorylation-dephosphorylation. A key mechanism for feedback control of

HMG-CoA reductase involves the rapid degradation ofHMG-CoAR,which ismediated

by ER-residing proteins, Insig-1 and Insig-2 (Sever et al. 2003; Song et al. 2005a, b).

Recent studies have designated sterol-accelerated degradation of HMG-CoAR as a

potential therapeutic target for prevention of atherosclerosis and associated cardiovas-

cular disease (Hwang et al. 2016).

The rate of synthesis of HMG-CoARmRNA is controlled by the sterol regulatory

element-binding proteins (SREBPs), a family of ER membrane-bound transcription

factors, which play an essential role in lipogenesis, and that constitute another

mechanism for feedback regulation of HMG-CoAR (Goldstein and Brown 1990).

SREBP-2 exhibits preference at controlling the expression of genes involved in

cholesterol homeostasis, including all of the genes encoding the sterol biosynthetic

enzymes. In addition, SREBP-2 controls expression of the LDL receptor (LDLR)

gene. Regulated expression of the SREBPs is complex in that the effects of sterols

are different on the SREBP-1 gene versus the SREBP-2 gene. High sterols activate

expression of the SREBP-1 gene but do not exert this effect on the SREBP-2 gene.

Translocation of SREBP-2 from the ER to Golgi requires the sterol-responsive

escort protein Scap (Rawson et al. 1999). Like HMG-CoAR, Scap contains a hydro-

phobic N-terminal domain that spans the ER membranes and a C-terminal domain

located in the cytosol, which mediates association with SREBPs (Nohturfft et al.

1998; Yang et al. 2002; Yabe et al. 2002; Ikonen 2008). Cholesterol directly binds

to the membrane domain of Scap, inducing a conformational change that triggers

Insig binding, thus blocking the exit of Scap-SREBP from the ER (Brown et al.

2002; Adams et al. 2004). Unlike cholesterol, lanosterol, the first sterol intermedi-

ate in cholesterol synthesis, neither binds Scap nor blocks the proteolytic activation

of SREBPs, but induces Insig-dependent ubiquitination and degradation of HMG-

CoAR (Song et al. 2005a). In addition, although farnesoid X receptor is known to

regulate multiple metabolic processes (Wang et al. 2008), it also controls choles-

terol synthesis via induction of hepatic Insig-2 (Hubbert et al. 2007). Finally, another

level of regulation of cholesterol synthesis is exerted by the availability of oxygen,

as cholesterol synthesis requires oxygen, which is needed in the biotransformation

of squalene to cholesterol. Furthermore, hypoxia has been reported to inhibit choles-

terol synthesis in rabbit skin fibroblasts, although the efflux of cholesterol was also
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suppressed (Mukodani et al. 1990). More recent findings have reported that hypoxia

stimulates degradation of HMG-CoAR through both accumulation of lanosterol and

HIF-1α-mediated Insig induction (Nguyen et al. 2007).

2.2 Dietary Cholesterol

The predominant dietary sterols include cholesterol and β-sitosterol, the major plant

sterol. Although β-sitosterol accounts for up to 25% of dietary sterols, this plant

sterol is not readily absorbed under physiological conditions. Efficient absorption

ensures that dietary fat is available to be used as a source of energy to support

various cellular functions or be stored as a reservoir for lipoprotein trafficking, bile

acid synthesis, steroidogenesis, membrane formation and maintenance, and epider-

mal integrity in various mammalian cells. Excess fat is stored in cytosolic lipid

droplets until it is needed to support intracellular processes (Ikonen 2008). In

addition to the finely tuned pathway of cholesterol synthesis, cells acquire choles-

terol from the diet, with the liver playing a key role (Getz and Reardon 2006). The

daily intake of cholesterol in humans on a typical Western diet is ~300–500 mg, and

the daily secretion of cholesterol into bile is estimated to be ~800–1,200 mg. To

attenuate the burden of energy-consuming De novo cholesterol biosynthesis, a

physiological process (intestinal cholesterol absorption) has evolved to take up

readily available cholesterol from the gut lumen. Cholesterol from the diet is first

transported from the gut to the liver, from where it is delivered to other tissues.

Enterocytes and hepatocytes package cholesterol and cholesteryl esters into lipo-

proteins, which are further modified in the circulation. Dietary cholesterol is absorbed

by enterocytes, which package it with triglycerides to form chylomicrons. Limited

triglyceride hydrolysis occurs in the circulation and new apoproteins (e.g., ApoE) are

added to generate chylomicron remnants that are taken up by hepatocytes. Hepato-

cytes, in turn, secrete lipids in very-low-density lipoprotein (VLDL) particles that are

processed in the circulation into LDL, which functions as the main vehicle to deliver

cholesterol to peripheral tissues (Ikonen 2008). When cholesterol is in excess in

extrahepatic tissues it can be packed into HDL and returned to the liver in a process

called reverse cholesterol transport. Liver secretes both unesterified cholesterol and

cholesterol-derived bile acids into bile and thus is important for cholesterol disposal.

All these pathways in the liver are protein-mediated processes that are metabolically

integrated on several levels in response to fluctuations in dietary, systemic, and local

cholesterol pools. Cholesterol and bile salts from the intestine are either reabsorbed

(enterohepatic cycle) or excreted into feces. Several mechanisms exist for the uptake

of cholesterol or its shuttling between organelles, which contribute to the regulation of

the levels of membrane cholesterol to avoid its accumulation, as it may have adverse

effects in membrane biophysics and function (Trapani et al. 2012). After cholesterol is

synthesized in the ER it will be delivered to other organelles by a combination of

vesicular and non-vesicular transport processes (Ikonen 2008; Maxfield and Tabas

2005). Of relevance for this chapter, we focus on the trafficking of cholesterol to

mitochondria.
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3 Cholesterol Trafficking

3.1 Intracellular Distribution

To ensure adequate levels within cell bilayers cholesterol is transferred between

different membrane compartments by either vesicular or non-vesicular mechanisms

(Fig. 2). Cholesterol membrane trafficking occurs through vesicular and tubular

intermediates that transport membrane components between subcellular organelles
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Fig. 2 Intracellular cholesterol distribution and mitochondrial trafficking. De novo cholesterol

biosynthesis occurs in the ER from its precursor acetyl-CoA cholesterol and leaves the ER by

non-vesicular transport without crossing the Golgi membrane transport. The newly synthesized

cholesterol equilibrates with the preexisting cholesterol pool in different cellular membrane

compartments. To reduce unesterified sterol levels within the cell, acyl-CoA cholesterol acyl-

transferase (ACAT) esterifies cholesterol with fatty acids given the more hydrophobic sterol esters

which can be stored in lipid droplets. Unesterified cholesterol is mainly located in the plasma

membrane where specific domains (lipid rafts, caveolae) form within this membrane. Caveolin has

been shown to be a crucial component of caveolae and play a role in cholesterol trafficking to

plasma membrane. Mitochondrial cholesterol transport is preferentially performed by StARD1,

which mediates the initial transport of cholesterol from the outer to the inner mitochondrial

membrane. In steroidogenic tissues, mitochondrial cholesterol is metabolized by CYP11A1

yielding pregnenolone which is a central precursor of steroids. In other tissues with Cyp27a1

expression, this enzyme converts the mitochondrial cholesterol in 27-hydroxy-cholesterol which is

a precursor of the acidic bile acid synthesis pathway. It has been proposed that some START

family proteins and the MAM domains may be involved in transferring free cholesterol to the

mitochondrial outer membrane
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along the cytoskeleton by specific carriers, some of which are cholesterol enriched

(Maxfield and Tabas 2005; Ikonen 2008; Soccio and Breslow 2003). Non-vesicular

cholesterol transfer occurs by the action of cytosolic lipid transfer proteins.

Once synthesized in the ER from acetyl-CoA cholesterol leaves the ER, mostly

by non-vesicular mechanisms that bypass ER-Golgi membrane transport, which

accounts for the low ER sterol content (Baumann et al. 2005). The biosynthetic

sterols, including cholesterol and a considerable fraction of its precursors are rapidly

targeted to the plasma membrane (Lange et al. 1991; Ikonen 2006, 2008). Alterna-

tively, the newly synthesized cholesterol equilibrates with the preexisting choles-

terol pool in different sites, including endosomal compartments (Cruz and Chang

2000; Maxfield and Tabas 2005). An important mechanism to reduce unesterified

sterol levels in the ER is esterification, which is catalyzed by acyl-CoA cholesterol

acyltransferase (ACAT). Fatty acid sterol esters are stored in lipid droplets, which

have been considered as passive fat deposits, although current evidence points to

these bodies as dynamic regulated organelles (Martin and Parton 2006). At least in

adipocytes, considerable amounts of unesterified cholesterol are stored in lipid

droplets (Prattes et al. 2000). Cholesterol feeding to cells has been shown to induce

the trafficking of plasma membrane caveolin to lipid droplets, where it plays a key

role in regulating unesterified cholesterol levels (Le Lay et al. 2006).

As an alternative mechanism to De novo synthesis, cells acquire cholesterol from

extracellular lipoproteins, which are taken up by receptor-mediated endocytosis. LDL

receptors are present in the plasma membrane of most cells and exhibit affinity for

particles that contain ApoB or ApoE proteins, such as chylomicron remnants, VLDL

and LDL. These particles are endocytosed by clathrin-coated vesicles and transported

to acidic endocytic compartments, where cholesteryl esters are hydrolyzed by acid

lipase within lysosomes to provide unesterified cholesterol. The membranes of multi-

vesicular late endosomes are enriched in the phospholipid lysobisphosphatidic acid/

bismonoacylglycerophosphate (LBPA/BMP) and function in the regulation of cho-

lesterol transport by controlling the fusion of internal vesicles with late endosomes

(Kobayashi et al. 1999). The multivesicular late endosomes harbor two proteins,

NPC1 and NPC2, which play a crucial role in cholesterol trafficking out of the endo-

somal system. Indeed, deficiency of either of these proteins leads to the accumulation

of LDL-derived unesterified cholesterol in late endocytic organelles, which is charac-

teristic of the lysosomal disorder Niemann–Pick type C disease (Sturley et al. 2004).

Another site in the endocytic pathway for active sterol exchange is the recycling

compartment. Recycling endosomes are enriched in sterol- and sphingolipid and

function as acceptors for non-vesicular sterol flux through the cytosol (Gagescu

et al. 2000). Several Rab proteins, including Rab7, Rab9, and Rab11, exert a key

role in the regulation of vesicular dependent intracellular lipid trafficking. Once

released from the endolysosomal system, cholesterol is delivered to other membranes,

such as the plasma membrane, ER, recycling endosomes, and mitochondria.
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3.2 Mitochondrial Cholesterol Trafficking

Mitochondria are cholesterol-poor organelles, with estimates ranging from 0.5 to

3% of the content found in other cellular compartments (van Meer et al. 2008;

Ikonen 2008). The regulated transport of cholesterol in mitochondria plays physio-

logical role in the synthesis of bile acids in liver and steroid hormones in hepatic

and steroidogenic tissues, respectively (Garcia-Ruiz et al. 2009; Montero et al.

2008). This process involves the initial transport of cholesterol to the inner mito-

chondrial membrane (IMM) for its metabolism through P450scc (CYP11A1), the

rate-limiting step in steroidogenesis. Mitochondrial sterol 27-hydroxylase (CYP27A1)

is widely distributed in numerous tissues and plays a critical role in the regulation of

cholesterol homeostasis. In non-hepatic (peripheral) tissues, the 27-hydroxylation of

cholesterol by CYP27A1 has been proposed to participate in the reverse cholesterol

transport to the liver.Within the liver, CYP27A1 initiates an alternative pathway of bile

acid biosynthesis, the so-called acidic pathway (Stravitz et al. 1996; Hall et al. 2005).

Both in vivo and in vitro studies have shown that this acidic pathway may be res-

ponsible for close to 50% of bile acid synthesis.

Given its lipophilic properties and water insolubility, non-vesicular transport by

specific carriers stands as the major mechanism of cholesterol transport between

organelles. In particular, mitochondrial cholesterol transport is primarily regulated

by the steroidogenic acute regulatory domain StARD1, the founding member of a

family of lipid-transporting proteins that contain StAR-related lipid transfer (START)

domains (Fig. 2) (Miller 2007). StARD1 is an outer mitochondrial membrane (OMM)

protein, which was first described and best characterized in steroidogenic cells where

it plays an essential role in cholesterol transfer to the IMM for metabolism by cho-

lesterol side-chain cleavage enzyme (CYP11A1) as described above. Pregnenolone

synthesis in mitochondria is limited by the availability of cholesterol in the IMM

(Clark 2012). Other members of the START family have been shown to have sterol

transport activity. MLN64/StARD3 is widely expressed and its transmembrane domain

localizes to late endosomeswith the StARTdomain facing the cytosol.While full-length

MLN64 is relatively inactive in steroidogenic assays, its proteolysis could release the

StART domain, allowing delivery of cholesterol to mitochondria. However, targeted

mutation of the MLN64 StART domain has been shown to exert minor alterations in

cellular sterolmetabolism (Kishida et al. 2004). StARD4 and 5 are structurally related to

StARD1, although they lack signal sequences to target them to specific subcellular

organelles. Mouse StARD4 but not D5 is regulated by SREBPs, and both exert low

levels of StAR-like activity inCOS-1 cells co-transfectedwith the cholesterol side-chain

cleavage enzyme system (Miller 2007). Thus, in view of the current evidence it appears

that specific members of the StARD family, e.g., StARD3, are primarily responsible

for delivering cholesterol to OMM from elsewhere in the cell (endoplasmic reticulum,

lipid droplets). Despite similar properties with StARD1, other StART members cannot

replace StARD1, as germline StARD1 deficiency is lethal due to adrenocortical lipoid

hyperplasia (Caron et al. 1997).

StARD1 activation and regulation are complex and poorly understood. Its activation

is regulated at the transcriptional and posttranslational levels. StARD1 phosphorylation
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at serine 194 has been shown to enhance the trafficking of cholesterol to IMM inmurine

steroidogenic cells, resulting in increased steroidogenesis (Arakane et al. 1997; Kil et al.

2012). Moreover, the role of ER stress in the regulation of StART family members has

been limited to StARD5 with conflicting results reported for StARD4. However, recent

data have provided evidence that ER stress induces the transcriptional upregulation of

StARD1 independently of SREBP regulation (Fernandez et al. 2013). High cholesterol

feeding caused the repression of SREBP-2-regulated genes, HMG-CoA reductase, but

not that of StARD1.

TSPO, a protein particularly abundant in steroidogenic tissues and primarily

localized in the OMM, has been suggested to play an important role in steroido-

genesis via the transport of cholesterol to the IMM (Papadopoulos and Miller 2012;

Miller 2007). However, quite interestingly, recent studies using tissue-specific genetic

deletion of TSPO demonstrated that TSPO is dispensable for steroidogenesis in Leydig

cells (Morohaku et al. 2014), questioning the relevance of previous findings on TSPO

inmitochondrial cholesterol homeostasis using pharmacological ligands and inhibitors.

These data suggest that TSPO does not appear to play a significant role in the trafficking

of cholesterol to IMM, and highlight the relevance of StARD1 in this process. Intrigu-

ingly, the generation of conditional steroidogenic cell-targeted deletion of TSPO

indicates a crucial role of this protein in viability and hormone-dependent steroid

formation (Fan et al. 2015), thus leaving the possibility that TSPO may contribute to

hormone-stimulated trafficking of cholesterol to mitochondria.

Besides StART family members, a role for caveolin-1 (CAV1) in mitochond-

rial cholesterol has been recently reported. CAV1 is a key component of caveolae,

specialized membrane domains particularly enriched in cholesterol and sphingolipids,

and CAV is known to bind cholesterol with high affinity (Murata et al. 1995; Pol et al.

2005). Using immunoelectron microscopy analyses, CAV1 has been localized in

mitochondria from a variety of epithelial cells, including hepatocytes (Li et al.

2001). In addition, current evidence has shown that CAV resides in the MAM

comportment (Sala-Vila et al. 2016). CAV’s ability to move between cell

compartments, mitochondria-ER and plasma membrane, might contribute to regula-

tion of cholesterol fluxes and distributions within cells (Pol et al. 2001, 2005; Parton

and Simons 2007; Bosch et al. 2011). In line with these features, CAV1 deficiency has

been shown to increase mitochondrial cholesterol in hepatocytes causing perturbations

in mitochondrial membrane dynamics and function and mitochondria GSH depletion

(Bosch et al. 2011), which is a direct consequence of cholesterol loading (see below).

Themitochondrial dysfunction sensitizes CAV1 null mice to steatohepatitis and neuro-

degeneration. Whether the trafficking of mitochondrial cholesterol in the absence of

caveolin-1 occurs via MAM or StARD1 remains to be further investigated.
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4 Mitochondrial Cholesterol in Steatohepatitis: Evidence
for a Proapoptotic Role

4.1 Cholesterol Regulates Mitochondrial GSH Transport

As mentioned above, cholesterol is known to regulate membrane organization. In

particular cholesterolmodulates the coexistencewithinmembranes of lipid-disordered

and lipid-ordered phases, which regulates membrane permeability and function of

resident proteins. In this regard, it has been shown that cholesterol loading in mito-

chondria results in increased membrane order parameter, which impacts negatively

specific membrane carriers, such as the GSH transport systemwithout effect in others,

including the S-adenosyl-L-methionine transport system or the adenine nucleotide

translocator (Fernández et al. 2009; Colell et al. 2003). Since GSH is synthesized De

novo exclusively in the cytosol but not in mitochondria, the mitochondrial source of

GSH depends on its transport from cytosol by the 2-oxoglutarate and dicarboxylate

carriers, which have been previously characterized (Garcia-Ruiz et al. 2009). Func-

tional expression studies in Xenopus laevis oocytes provided clear evidence that the

2-oxoglutarate carrier is highly sensitive to mitochondrial membrane fluidity loss

induced by cholesterol loading (Coll et al. 2003). Coupled with previous findings

showing low- and high-affinity components for the mitochondrial transport of GSH

into rat livermitochondria, the 2-oxoglutarate carrier could account for the low-affinity

transport site with the dicarboxylate playing a minor role. Thus, one of the functional

consequences of mitochondrial cholesterol enrichment is the impairment of mGSH

transport, which results in its depletion in the mitochondrial matrix, promoting the

stimulation of mitochondrial ROS induced by different stimuli, including death

ligands (e.g., TNF), hypoxia, or ischemia/reperfusion. Replenishment of mGSH may

thus stand as a promising approach for the treatment of liver diseases.However, the use

of GSH precursors such as N-acetylcysteine (NAC) may be limited, given that the

cytosolic GSH generated from NAC would not be effectively transported into the

mitochondrial matrix via the 2-oxoglutarate carrier as its activity is dependent on

mitochondrial membrane properties. To overcome this limitation, the use of GSH

precursor that freely diffuses through membranes would be more effective, such as

GSHethyl ester (GSH-EE). The protective role ofGSH-EE against oxidative stress has

been recently illustrated in steatohepatitis (von Montfort et al. 2012).

4.2 Mitochondrial Cholesterol-Mediated mGSH Depletion
in Steatohepatitis

The role of cholesterol in steatohepatitis has attracted increasing attention in recent

years and it is currently considered a key player in both alcoholic (ASH) and non-

alcoholic steatohepatitis (NASH) (Garcia-Ruiz et al. 2009; Marı́ et al. 2010). While

the pathogenesis of these diseases is different they exhibit indistinguishable

histological features and common underlying mechanisms that begin with hepatic

steatosis. Although fat infiltration in these diseases is heterogeneous consisting
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primarily of triglyceride, free fatty acids, and cholesterol, recent studies have

pointed to an emerging role for cholesterol, particularly in mitochondria, in the

progression from steatosis to steatohepatitis as it sensitizes hepatocytes to inflam-

matory cytokines (e.g., TNF/Fas ligand) and stimulates JNK1 recruitment to

mitochondria (Gan et al. 2014).

The trafficking of cholesterol to mitochondrial membranes sensitizes hepatocytes

to TNF-mediated steatohepatitis and cell death by promotingmGSH depletion (Marı́

et al. 2006). Cholesterol accumulation in the ER or the plasma membrane did not

cause ER stress or alter TNF signaling. Rather, we observed that the trafficking of

cholesterol to mitochondria accounted for the hepatocellular susceptibility to TNF

due to mGSH depletion (Fig. 3). In addition, hepatocytes from NPC1 knockout mice

exhibit accumulation of cholesterol into mitochondria resulting in mGSH depletion

and susceptibility to TNF (Marı́ et al. 2006). Boosting the pool of mGSH or pre-

venting its depletion by blocking cholesterol synthesis with atorvastatin, the suscep-

tibility of obese ob/ob mice to LPS-mediated liver injury was blunted, highlighting

the relevance of mitochondrial mediated oxidative stress in the susceptibility to

TNF-induced liver injury. Importantly, it has been reported that alcohol consump-

tion depletes mGSH selectively (Colell et al. 2001; Fernandez-Checa and Kaplowitz

2005; Garcı́a-Ruiz et al. 1994, 1995; Hirano et al. 1992), and this effect is rapidly

reversed upon alcohol withdrawal (Zhao and Slattery 2002; Zhao et al. 2002). Further-

more, recent findings in rats fed with an ethanol-polyunsaturated fatty acid diet con-

firmed the depletion of mGSH due to mitochondrial cholesterol loading, effects that

were prevented by betaine treatment (Varatharajalu et al. 2014).

Alcohol feeding caused mitochondrial cholesterol accumulation by stimulating the

expression of the mitochondrial cholesterol carrier StARD1 (Fernandez et al. 2013).

Emerging evidence has demonstrated that StARD1 is a previously unrecognized target

of the UPR and ER stress signaling, as indicated above. Indeed, tunicamycin, an ER

stress trigger, induces the expression of StARD1 in isolated hepatocytes and this effect

is prevented by TUDCA treatment (Fernandez et al. 2013). Moreover, mice fed a high-

cholesterol diet (HC) exhibited increased expression of StARD1.However,HC feeding

downregulates the expression of SREBP-2-regulated target genes, including hydroxy-

methylglutaryl Co-A reductase, demonstrating that StARD1 is an ER stress but not

SREBP-2-regulated gene. As the UPR comprises three transducers, namely inositol

requiring (IRE) 1α, PKR-like ER kinase (PERK), and activating transcription factor

(ATF) 6α, which are controlled by the master regulator glucose-regulated protein 78

(GRP78 also known as BiP), further work is needed to examine the relative contribu-

tion of IRE-1α, PERK, and ATF6α arms in the regulation of StARD1. Besides ER

stress, StARD1 activation is regulated at the transcriptional and posttranslational levels.

Inmurine steroidogenic cells StARD1 activity and subsequent steroidogenesis increase

upon StARD1 phosphorylation at serine residues (Arakane et al. 1997; Manna et al.

2011). Whether or not StARD1 phosphorylation by alcohol regulates mitochondrial

cholesterol homeostasis remains to be explored. If so, then the identification of putative

kinases that phosphorylate and activate StARD1may be of potential relevance inASH.

Despite its location in endosomes,MLN64 regulates the trafficking of cholesterol to

mitochondria (Alpy et al. 2001). For instance, adenovirus-mediated overexpression of
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MLN64 induces an increase in hepatic free cholesterol that is associatedwith apoptosis

and liver damage (Tichauer et al. 2007). Additionally, MLN64 overexpression causes

an increase in mitochondrial cholesterol content in the liver and correlates with de-

creased ATPase activity and decreased maximal respiration rates (Arguello et al.

2015). Knockdown of MLN64 by siRNA reduced cholesterol transport of the mito-

chondrial innermembrane in bothwild-type andNPC1-deficient cells, demonstrating a

significant role forMLN64 in themitochondrial delivery of cholesterol (Charman et al.

BAX/BAK

BCL2

Cell death resistance in cancer cells,
including hepatocellular carcinoma

cells
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BAX/BAK

Mitochondrial
Permeabiliza�on
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s�muli

[mGSH]↓

ROS ↑

GSH

Cell death ↑

Mitochondrial
Func�on ↓
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Oxida�ve stress
Metabolic stress
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StARD1
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Fig. 3 Dual role of mitochondrial cholesterol in cell death. (a) In normal cells mGSH levels can

cope with the ROS generated in physiological conditions; however, in cells with cholesterol-

enriched mitochondria, mGSH import through the OGC is impaired resulting in mGSH depletion

which compromises ROS detoxification, leading to oxidative stress and resulting ultimately in

higher susceptibility to cell death, as has been shown in several pathologies such as steatohepatitis.

(b) Paradoxically, cancer cells, through the overexpression of anti-apoptotic proteins or inactiva-

tion of proapoptotic proteins, counteract the action of BAX/BAK and evade MOMP formation.

Besides this effect, mitochondrial cholesterol loading shields mitochondrial membrane impairing

BAK/BAX oligomerization in MOM and subsequent MOMP and therefore it represents an

additional mechanism of cell death resistance in tumor cells
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2010). These data suggest that MLN64 plays a role in the response of hepatic cells to

different insults. By contrast, recent studies in rats have shown that loss of hepatic

expression ofMLN64 induced by genetic obesitymay contribute to the pathogenesis of

dyslipidemia and steatosis (Soffientini et al. 2014). MLN64 overexpression increased

lipidation of exogenous apoA-I and facilitated the De novo biosynthetic pathways

for neutral lipids in hepatic cell lines. These effects potentiated TG accumulation but

possibly offered protection against lipotoxicity. Thus, it is conceivable that MLN64

may increase circulating levels of HDL and protect the liver against lipotoxicity.

Furthermore, JNK1 activation has been found as a relevant consequence of mitochon-

drial FC deposition in experimental models. Indeed, it has been demonstrated that

JNK1 drives mitochondrial cell death pathways leading to release of high-mobility-

group box 1 (HMGB1) protein, which in turn activates TLR4 in neighboring hepato-

cytes, thus promoting hepatocellular injury (Gan et al. 2014). Thiswork is in agreement

with recent findings examining the role of HMGB1 and TLR4 in the pathogenesis of

NASH (Li et al. 2011). Thus, JNK1 and TLR4 seem to be relevant pathways in free

cholesterol lipotoxicity that may be eventually amenable of modulation with specific

inhibitors (Gan et al. 2014). In conclusion, the increase in mitochondrial cholesterol

content contributes to mitochondrial dysfunction, sensitizes hepatocytes to cytokine

signaling, and leads to mGSH depletion contributing to hepatocyte cell death by

apoptosis and necrosis (Gan et al. 2014; Hirsova and Gores 2015). Altered expression

of mitochondrial cholesterol transporters, which may contribute to the increase in

mitochondrial cholesterol levels and JNK1 activation, could be potential therapeutic

targets in NAFLD.

5 Mitochondrial Cholesterol in Cancer: Evidence for an Anti-
Apoptotic Role

5.1 Mitochondrial Cholesterol Accumulation in Cancer Cells

Cancer cells exhibit critical metabolic transformations induced by mutations lead-

ing to gain of function of oncogenes and loss of function of tumor-suppressor genes

that result in altered cell metabolism, deregulated growth, resistance to cell death,

invasion, and metastasis (Hanahan and Weinberg 2011). Some of these features are

governed by changes in mitochondrial function and may be modified by cholesterol

metabolism and mitochondrial trafficking.

Experimental evidence indicates that high cell proliferation (Bensinger et al. 2008;

Lo Sasso et al. 2010) and tumor growth (Clendening et al. 2010; Dang 2012) are

closely associated with enhanced cholesterol requirement. Cholesterol synthesis and

regulation are altered at several levels in cancer cells to meet the unrestricted growth

needs (Nguyen et al. 2007; Garcia-Ruiz et al. 2009; Guo et al. 2011; Casey et al. 2015).

Indeed, tumor cells exhibit increased cholesterol levels compared to surrounding cells;

moreover, cancer tissues display increased upregulation of HMGCoAR, loss of feed-

back inhibition, decreased expression of cholesterol exporter ATP-binding cassette

transporter A1 (ABCA1), and increased extracellular cholesterol uptake via LDL
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receptor (Casey et al. 2015).Moreover, analyses of the Cancer GenomeAtlas (TCGA)

database indicated the correlation between increased activity of the cholesterol syn-

thesis pathway and decreased survival in patients with sarcoma, acute myeloid leuke-

mia, and melanoma (Cancer Genome Atlas Research Network et al. 2013; Kuzu et al.

2016), indicating that increased cellular cholesterol promotes carcinogenesis.

Besides these findings of cholesterol deregulation in cancer, there is evidence of

increasedmitochondrial cholesterol trafficking and levels in solid tumors. For instance,

mitochondrial cholesterol levels of tumors from Buffalo rats bearing transplanted

Morris hepatomas are two- to fivefold higher than the content found in mitochondria

prepared from host liver, and correlated with the degree of tumor growth and malig-

nancy (Crain et al. 1983; Feo et al. 1975). Furthermore, analyses of the TCGA database

further support a role for StARD1 and MLN64 and subsequent mitochondrial choles-

terol enrichment in cancer development (Cancer Genome Atlas Research Network

et al. 2013). Linked to decreased release of cellular cholesterol, low ABCA1 activity

has been reported in colorectal cancer cells either through loss of function or gene

downregulation and ABCA1 downregulation promoted cancer cell survival by

increased mitochondrial cholesterol accumulation (Smith and Land 2012). Thus,

these findings indicate that the trafficking and accumulation of cholesterol in mito-

chondria is a characteristic feature of many types of cancer. The stimulation of mito-

chondrial cholesterol trafficking may represent a key event in carcinogenesis underlying

some of typical biological effects of solid tumors, such as the aerobic glycolysis and

resistance to cell death and chemotherapy.

5.2 Mitochondrial Cholesterol and Cell Death Resistance
in Cancer Cells

Given the key role of mitochondria in many vital cell functions, bioenergetics, and cell

death regulation, the fact that cancer cells accumulate mitochondrial cholesterol may

have a significant impact on cancer cell biology and cell death resistance (Montero et al.

2008; Lucken-Ardjomande et al. 2008). In particular, mitochondrial cholesterol loading

in cancer cells may account for the resistance to BAX-mediated cell death induced by

chemotherapeutic agents that target mitochondria to elicit mitochondrial outer mem-

brane permeabilization (MOMP) (Fig. 3). In line with this, treatments that resulted in

mitochondrial cholesterol loading in tumor cells impaired stress-induced apoptosis,

while StARD1 knockdown or treatments that resulted in downregulation of cholesterol

loading sensitized HCC cells to chemotherapy (Montero et al. 2008). Isolated mito-

chondria fromHCCwith increased cholesterol levels have been reported to be resistant

toMOMP and release of cytochrome c or smac/DIABLO in response to various stimuli,

such as MPT triggers and active BAX. In agreement with these findings, HeLa cells

treated with the amphiphilic amine U18666, which perturbs intracellular cholesterol

trafficking and stimulates mitochondrial cholesterol accumulation, impair MOMP and

the release of cytochrome c in response to BAX (Lucken-Ardjomande et al. 2008).

Furthermore, ABCA1 downregulation determines resistance to chemotherapy through

increased mitochondrial cholesterol accumulation (Smith and Land 2012). Similar
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behavior was observed in cholesterol-enriched mitochondria or liposomes and reversed

by restoring mitochondrial membrane order or cholesterol extraction. Cholesterol in-

hibited the membrane-permeabilizing activity of tBID/BAX or BAX pre-oligomerized

with octylglucoside in a dose-dependent manner. Similar to the effect found on BAX,

cholesterol also decreased the permeabilizing activity of melittin, a widely studied

antimicrobial peptide, which induces membrane permeabilization by forming lipid-

containing toroidal pores rather than through the formation of protein channels (Montero

et al. 2008). These findings indicate that cholesterol-mediated decrease in membrane

fluidity of the bilayer directly modulates BAX proapoptotic activity by reducing the

capacity of BAX to insert into the lipid matrix of the membrane, underlying the anti-

apoptotic role of mitochondrial cholesterol accumulation in cancer cells. Thus, mito-

chondrial cholesterol contributes to chemotherapy resistance in HCC by increasing

membrane order and resistance of OMM to its permeabilization. As StARD1 regulates

mitochondrial cholesterol trafficking, it is conceivable that this member of the StART

family stands as a novel target to regulate cancer cell death and chemotherapy response.

As cholesterol regulatesmGSH transport, it is likely that the accumulation of cholesterol

inmitochondria from cancer cellsmay negatively impact themGSH levels, as described

in steatohepatitis. This is a critical question that remains to be established as mGSH

depletion has been shown to sensitize cancer cell to hypoxia (Lluis et al. 2007), implying

that mGSH regulation may be an important strategic target for cancer cell biology. As

peroxidized cardiolipin regulates MOMP through the restructuring of the lipid bilayer

(Marı́ et al. 2008), it would be interesting to examine the cardiolipin species in HCC and

if these species correlate with mGSH levels. In addition to GSH, cancer cells rely on the

control of the redox environment to sustain anabolic processes for synthesis of lipids,

proteins, and DNA to maintain uncompromised cell growth (Castaldo et al. 2016).

6 Concluding Remarks

Although mitochondria exhibit a limited amount of cholesterol in their membrane

bilayers, particularly in the inner membrane, the trafficking of cholesterol to this

bilayer fulfills an important physiological role following its metabolism by cyto-

chrome c P540 isoenzymes located in the mitochondrial matrix. The accumulation

of cholesterol in mitochondria perturbs critical mitochondrial functions due to

changes in mitochondrial membrane dynamics. In particular, this event results in

the perturbations in specific carrier proteins located in the mitochondrial inner

membrane, such as the mitochondrial GSH carrier, resulting in mGSH depletion.

While this process has been shown to contribute to the progression and transition

from steatosis to SH, HCC cells also exhibit a significant load of mitochondrial

cholesterol, which in this case contributes to cell death resistance and chemotherapy

refractoriness due to the protection of MOM against permeabilization by Bax and

oxidative stress elicited by hypoxia. This scenario defines a paradoxical and antago-

nistic role of mitochondrial cholesterol in SH and HCC, which is of advantage to

ensure disease progression. The underlying mechanism whereby mitochondrial

cholesterol accumulation in HCC protects against cell death, as opposed to what
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has been described in SH, remains to be fully understood. Whether this event is

related to the differential regulation of mitochondrial GSH transport and status of

cardiolipin peroxidation is currently under investigation. Despite this limitation, the

current evidence suggests that targeting the trafficking of cholesterol to mitochondria

may be useful not only in attenuating SH progression but also in sensitizing HCC to

chemotherapy and hypoxia.Although the availability of pharmacological inhibitors of

StARD1 could be useful in SH and HCC, unfortunately there has not been much

progress in the identification of specific StARD1 inhibitors. In this regard, recent

findings modeling the START domain of StARD1 have allowed the identification

of small-molecule inhibitors of steroid formation based on cAMP-induced, but not

22R-hydroxycholesterol-supported, inhibition of steroid synthesis by 50% (Akula

et al. 2012), whichmay serve as the foundation to perform screening assays to identify

specific inhibitors of StARD1 in the near future.
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Abstract

Mitochondrial structural and functional integrity defines the health of a cell by

regulating cellular metabolism. Thus, mitochondria play an important role in

both cell proliferation and cell death. Cancer cells are metabolically altered

compared to normal cells for their ability to survive better and proliferate faster.

Resistance to apoptosis is an important characteristic of cancer cells and given

the contribution of mitochondria to apoptosis, it is imperative that mitochondria

could behave differently in a tumor situation. The other feature associated with

cancer cells is the Warburg effect, which engages a shift in metabolism.

Although the Warburg effect often occurs in conjunction with dysfunctional

mitochondria, the relationship between mitochondria, the Warburg effect, and

cancer cell metabolism is not clearly decoded. Other than these changes, several

mitochondrial gene mutations occur in cancer cells, mitochondrial biogenesis is

affected and mitochondria see structural and functional variations. In cancer

S. Gururaja Rao (*)

Department of Pharmacology and Physiology, Drexel University College of Medicine,

Philadelphia, PA 19102, USA

e-mail: shubha.gururajarao@drexelmed.edu

# Springer International Publishing Switzerland 2016

H. Singh, S.-S. Sheu (eds.), Pharmacology of Mitochondria,
Handbook of Experimental Pharmacology 240, DOI 10.1007/164_2016_40

211

mailto:shubha.gururajarao@drexelmed.edu


pharmacology, targeting mitochondria and mitochondria associated signaling

pathways to reduce tumor proliferation is a growing field of interest. This

chapter summarizes various changes in mitochondria in relevance to cancer,

behavior of mitochondria during tumorigenesis, and the progress on using

mitochondria as a therapeutic target for cancer.

Keywords

Apoptosis • Cancer • Mitochondria • Mitochondrial fission • Mitochondrial

fusion • Reactive oxygen species

1 Introduction

In routine clinical diagnosis of cancer, a glucose analogue (2-18 fluoro-2-deoxy-

Glucose) is used to trace tumor tissue that would uptake more glucose than normal

tissues due to its increased necessity for sugars. This technique is based on a

hypothesis by Otto Warburg in the 1930s that cancer cells choose a different

metabolic route than normal cells (Koppenol et al. 2011; Warburg 1956). This

school of thought led to major studies on aerobic glycolysis in tumor cells where

cells adapt to a glycolytic pathway to make adenosine triphosphate (ATP) instead of

using the regular mitochondrial electron transport chain (ETC). Thus, cancer cells

involve increased breakdown of glucose generating raw materials for the synthesis

for other macromolecules, helping their rapid growth. Although tumor hypoxia is

hypothesized to be a trigger (Gatenby and Gillies 2004), there are evidences where

there is a metabolic shift to aerobic glycolysis in free availability of oxygen

(Christofk et al. 2008). It is speculated that in cancer, there is a reprogramming of

the cells driven by oncogenes into a proliferative metabolism, resembling an

embryonic program (Vander Heiden et al. 2009) with upregulation of glycolytic

enzymes (Christofk et al. 2008). Glycolysis under aerobic conditions makes cells

acidic due to increased production of lactate as a result of glycolytic cycles, but this

excess lactate is postulated to be a fuel for mitochondrial oxidative phosphorylation

(Sonveaux et al. 2008). This phenomenon is proposed to be used by certain cancer

cells in a reverse Warburg effect, where cancer cells induce Warburg effect in

neighboring stromal cells and in turn receive lactate and pyruvate for oxidative

phosphorylation (Pavlides et al. 2009). All these metabolic altercations point to an

altered mitochondrial function in tumor cells that has led to years of research in this

field with respect to ATP production and beyond (Boland et al. 2013). This chapter

summarizes the important changes in mitochondria associated with onset and

progression of cancer such as mitochondrial DNA (mtDNA) mutations, mitochon-

drial reactive oxygen species (ROS), mitochondrial mass regulation, and mitochon-

drial dynamics. The chapter also discusses and summarizes major cancer drug

classes that target mitochondria (Table 1).
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2 Mitochondrial Mutations in Cancer Cells

Each cell contains numerous mitochondria, and every mitochondrion has its own

DNA (mtDNA) in multiple copies. Mammalian cells contain about 1000–10,000

copies of mtDNA which can replicate independent of cellular division (Lightowlers

et al. 1997). Mitochondria can accumulate somatic mutations and lead to a

heteroplasmic state where mitochondria with dissimilar DNA content co-exist.

Mutations in mitochondrial DNA contribute to mitochondrial function, especially

ROS production, and hence it is important to consider mitochondrial DNA as an

important factor in tumorigenesis.

The mitochondrial genome has been sequenced and characterized (Blanchard

and Schmidt 1996; Grivell 1983), and several mutations in mtDNA have been

associated with cancers in human tissues (Chatterjee et al. 2006). A list of major

cancers and associated mtDNA mutations is provided in Table 2 (Abu-Amero

et al. 2005; Fliss et al. 2000; Habano et al. 1999; Jeronimo et al. 2001; Jones

et al. 2001; Maximo et al. 2002; Polyak et al. 1998; Sanchez-Cespedes et al. 2001;

Canter et al. 2005; Parrella et al. 2001; Petros et al. 2005; Wong et al. 2003).

Mitochondrial mutations (both homoplasmic and heteroplasmic) have been

Table 1 List of drugs targeting mitochondria in cancer

Drug classes Targeted mitochondrial component/process

1-methyl-4-phenylpyridinium,

Vitamin K

mtDNA/mtDNA replication-copy number inhibition

(Sasaki et al. 2008; Umeda et al. 2000; Neuzil

et al. 2007)

ABT-263, Gossypol, antimycin A,

alpha-tocopheryl

Bcl-2 family/BH3 domain mimetics (Kang et al. 2010;

Neuzil et al. 2007)

Metformin (biguanide) Mitochondrial complex I/inhibition of ATP production

(El-Mir et al. 2000; Owen et al. 2000)

Phenformin (biguanide) Mitochondrial complex I/inhibition of ATP production

(Birsoy et al. 2014)

VLX600 ETC inhibitor/inhibition of ATP production (Zhang

et al. 2014)

Tigecycline ETC inhibitor/inhibition of ATP production (Skrtic

et al. 2011)

bis-2-(5-phenylacetamido-1,2,4-

thiadiazol-2-yl)ethyl sulfide)

Glutaminase inhibitor/inhibition of biosynthetic

pathways (Le et al. 2012)

Compound 968 Glutaminase inhibitor/inhibition of biosynthetic

pathways (Le et al. 2012)

Chloroquine Autophagy inhibitor/inhibition of mitophagy (Balic

et al. 2014)

Antioxidants ROS inhibition/mitochondrial ROS scavenging

(Bjelakovic and Gluud 2007)

Inhibitors of antioxidants Antioxidant inhibition/selective tumor cell death (Raj

et al. 2011; Glasauer et al. 2014)
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detected in body fluids of cancer patients (Chinnery et al. 2002; Fliss et al. 2000).

Although normal subjects are reported to display age-associated accumulation of

mitochondrial mutations (Cormio et al. 2005), mtDNA mutations are highly preva-

lent in cancer tissues. mtDNA coded enzymes contributing to mitochondrial oxida-

tive phosphorylation (Luciakova and Kuzela 1992) are reported defective in tumor

situations, which could possibly lead to deregulation of ROS production from the

mitochondria. Thus, mtDNA mutations could contribute to solid tumors by favor-

ing the Warburg phenomenon and by playing a role in apoptosis. These mutations

can be traced along with tumors and thus could be used as markers for identifying

types of tumors. However, it is not clear if mtDNA mutations themselves can drive

tumor growth or merely provide an advantage to cancer cells. This is one key area

awaiting extensive research in order to understand the mtDNA mutations and their

relation to tumorigenesis.

3 Mitochondrial Reactive Oxygen Species

ROS are a by-product of the electron transport chain at the level of complex I and

complex II/III where electrons escape (leak) the canonical pathway of electron

transport, and are established to play a role in cellular signaling (Brand 2010; Chen

et al. 2003). Reduced levels of antioxidants can also contribute to increased ROS

levels in the cells (Hamanaka and Chandel 2010; Schumacker 2006). ROS can have

both deleterious and favorable effects on cancer cells depending on the amount as

well as rate of generation.

ROS can activate several signaling pathways promoting tumorigenesis and thus

play a factor favoring the cancer cells. ROS stabilize hypoxia inducible factor

(HIF)-α, an important protein for the survival of tumor cells in extremely hypoxic

tumor environment (Jung et al. 2008). Intriguingly, antioxidant treatment of cancer

cells can cause suppression of HIF1-α, again indicating the importance of ROS

Table 2 List of mitochondrial gene mutations and relevant cancers

Major cancer

types Mitochondrial gene affected

Bladder Cyt b, ND3 (Fliss et al. 2000)

Colon ND1, ND5, COX I, COX II, COX III, Cyt b (Polyak et al. 1998; Jones

et al. 2001; Habano et al. 1999)

Pancreas ND1, ND2, ND3, ND4, ND6, COX I, COX II, COX III, ATPase, Cyt b

(Jones et al. 2001; Jeronimo et al. 2001)

Ovary Cyt b (Liu et al. 2013)

Thyroid Cyt b, ND1, ND2, ND3, ND4, ND5, ND6, COX II, COX III (Abu-Amero

et al. 2005)

Breast ND4, ND5 (Canter et al. 2005; Parrella et al. 2001)

Head and neck ND4 (Fliss et al. 2000)

Medulloblastoma ND4L (Wong et al. 2003)

Prostrate ND1, ND5 COX I (Jeronimo et al. 2001; Petros et al. 2005)
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regulation in tumor microenvironment (Gao et al. 2009). Activation of the hypoxia

pathway in cancer cells is also related to metabolic changes. HIF1-α induces the

expression of glycolytic enzymes driving the cancer cells to adapt to an alternative

ATP generation mechanism (Kim et al. 2006). The other way by which ROS

regulate metabolism in cancer cells is by driving the activation of NRF2, a nuclear

factor involved in increased production of anabolic enzymes (Mitsuishi et al. 2012).

ROS also oxidize pyruvate kinase M2, which in turn drives a pentose pathway flux

and increases glutathione levels promoting tumorigenesis (Anastasiou et al. 2011;

Israelsen et al. 2013).

ROS regulate signaling pathways in cancer; the most studied one amongst them

is the PI3Kinase pathway—a major growth-promoting signal in normal as well as

cancer cells (Cantley 2002). The target of ROS within the context of cancer is the

phosphatase PTEN, a negative regulator of the PI3Kinase pathway. ROS oxidize an

active site cysteine on PTEN leading to the hyper-activation of the pathway (Lee

et al. 2002; Leslie et al. 2003). ROS, on the other hand, can also inhibit the

phosphatases of this pathway, namely PP2A and PTP1B, that negatively regulate

Akt (Ostman et al. 2011), fostering the pathway’s activity and thus promoting cell

survival and proliferation.

Another role of ROS in cancer cells is induction of oxidative DNA damage

leading to the development and progression of tumor in several examples. Patients

with increased oxidative damage are more likely to develop tumors (Hagen

et al. 1994; Shimoda et al. 1994). The origin of ROS in tumor cells could often

be oncogenes themselves (Irani et al. 1997) or increased activity of oxidases or

peroxisome activity (Liou and Storz 2010). Mutations in mitochondrial DNA or

mitochondrial dysfunction also cause increased levels of ROS. Heteroplasmic

mitochondrial DNA mutations in ND (NADH Dehydrogenase) genes are shown

to increase ROS production from the mitochondria (Larman et al. 2012). Tumor

cells also have an elevated antioxidant response to balance the increased ROS,

avoiding apoptosis (Liou and Storz 2010).

As mentioned above, although ROS is a tumor-promoting signal, the levels of

ROS clearly define if it is playing a deleterious effect for the cancer cells or an

advantage. Given cancer cells carry high levels of ROS, they can be targeted to

death by further elevating the levels of ROS using chemicals that produce ROS.

Small molecules and alkaloids have been used to target cancer cells (Raj et al. 2011;

Shaw et al. 2011; Trachootham et al. 2009). However, a major disadvantage of

using ROS as a target for cancer cells stems from the fact that normal cells are also

affected by increased ROS, especially in cells that utilize ROS as a physiological

molecule (Sena and Chandel 2012; Nagaraj et al. 2012; Owusu-Ansah and Banerjee

2009). Moreover, not all cancer cells elevate ROS levels (Nagaraj et al. 2012; Shaw

et al. 2011). Hence, ROS offers a tumor type specific therapeutic scope in cancer

biology (discussed at the end of this chapter).
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4 Mitochondrial Dynamics in Cancer

Mitochondria are dynamic organelles undergoing fusion and fission events con-

stantly. The outer membrane consists of mitofusins, Mfn1 and Mfn2 and the inner

membrane consists of Opa1, which facilitates fusion and fission in their respective

membranes (Karbowski and Youle 2003). Drp1, a dynamin related GTPase is

another protein required for mitochondrial fission, which forms rings where

mitochondria pinch off from each other (Detmer and Chan 2007).

The shape of mitochondria changes throughout the cell cycle and apoptosis,

which relates to their role in cancer (Van den Bogert et al. 1988). During G1-S

phase there is an increased oxidative phosphorylation and the function of

mitochondria to facilitate cell division. However during S-M phase, given the

need of the cell to divide, the mitochondria become fragmented as they are

distributed between the daughter cells (Margineantu et al. 2002). It is believed

that the G1-S phase networking of mitochondria can regulate the cyclin E levels and

thus is essential for cell cycle progression. This also involves membrane polariza-

tion and hyperfusion of mitochondria (Mitra et al. 2009). Although cyclin E

expression is important for cell cycle progression, how this is driven by mitochon-

drial hyperfusion is not yet proved. However, ATP and ROS have been ruled out to

be playing a major role (Qian et al. 2012). Glycolysis and glutaminolysis are noted

to be increased around G1/S phase and which could be linked to the change in

mitochondrial dynamics (Qian et al. 2012; Dang 2010). Thus, mitochondrial struc-

tural status can contribute to cell cycle progression and a deregulation would affect

cell division.

Other than cell cycle, stress signals are documented to alter mitochondrial

dynamics. Signaling pathways interact with mitochondrial dynamics and regulate

the structure and function of the mitochondria in order to sustain stress. Drugs, UV,

production of increased amounts of ATP, and higher rates of oxidative phosphory-

lation are all known to cause stress-induced hyperfusion to prevent apoptosis and

mitophagy (Mitra et al. 2009; Rambold et al. 2011; Tondera et al. 2009). During

glucose deprivation, cells switch to oxidative phosphorylation with increased

mitochondrial fusion and cristae density as an adaptation for cell survival

(Rossignol et al. 2004) in normal as well as tumor producing cells. Hence, such

structural changes are relevant to cell survival and division. This was shown in an

in vivo model Drosophila (Nagaraj et al. 2012), where the oncogene Yorkie (Yki)

transcriptionally regulated mitochondrial proteins Opa1 and mitofusin causing

increased mitochondrial fusion. This fusion was essential throughout proliferation

mediated by Yorkie. This study was extended into human cells where Yap2

expression, a homologue of Yorkie showed hyperfusion. Mitochondrial fusion is

also indirectly correlated with decreased levels of ROS (Nagaraj et al. 2012), a

contradiction from the general notion that ROS are elevated in tumor cells. Given

ROS can induce apoptosis, it can be postulated that mitochondrial fusion is

pro-survival and thus helps cancer cell endurance.

Conversely, inhibiting mitochondrial fusion impedes cell growth and prolifera-

tion as well as oxidative metabolism (Bach et al. 2003). Hence, it is imperative that
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fusion promotes mitochondrial function by increasing the efficiency of oxidative

phosphorylation as well as ATP production, and reducing ROS generation. Thus,

fusion could also promote mitochondria related metabolic pathways such as the

Kreb’s cycle, fatty acid oxidation, etc.

Mitochondrial fission, the opposite phenomenon to fusion, has opposite effects

on metabolism. It is acknowledged to stunt growth and increase ROS (Nagaraj

et al. 2012; Yarosh et al. 2008), which could be the result of compromised respira-

tory activity. Loss of Drp1, a protein required for fission is also shown to cause

deregulation of cyclin E, leading to aberrant proliferation (Parker et al. 2015).

Dysregulated Drp1 expression is linked to tumor cell fission (Rehman

et al. 2012). Given fission increases ROS production, and the ability of ROS to

regulate hypoxia and lactate production, it is an interesting problem to answer how

fission contributes to the Warburg effect.

Mitochondrial fission also promotes membrane depolarization, cytochrome c

release, and apoptosis. Drp1 promotes Bax oligomerization, possibly allowing

fragmented mitochondria to form Bax/Bak openings (Brooks et al. 2007;

Montessuit et al. 2010). Other classes of apoptotic proteins, such as Bcl2 family

members (Bcl-XL), promote mitochondrial fission (Li H 2008) and are

overexpressed in tumors (Kelly and Strasser 2011). These are predicted to promote

aWarburg shift by reducing oxidative phosphorylation. However, their mechanistic

connection to mitochondrial activity and metabolic changes is to be explored.

Mitochondrial dynamics (both fusion and fission) contribute to tumor cell

proliferation by different mechanisms. However, if these changes can act as cause

for tumor progression or if they are a consequence of tumor growth is yet to be

understood.

5 Mitochondrial Content in Cancer

Mitochondrial content is decided by two factors in cancer: mitochondrial biogene-

sis and mitophagy. Signaling pathways, especially the oncogenes, control mito-

chondrial biogenesis, as established in cell culture systems. However, there is no

clear evidence of altered mitochondrial biogenesis in tumors. Yet, given the

established roles of oncogenes such as Myc in mitochondrial biogenesis

(Li et al. 2005; Morrish and Hockenbery 2014), it is vital to understand the

importance of mitochondrial amounts in tumor cells.

Mitochondrial biogenesis involves nuclear factors as well as mitochondrial

genes; most of the mitochondrial proteins are synthesized by the nuclear factor

and imported to mitochondria, while some enzymes in the ETC are encoded by the

mitochondrial genes themselves (Chacinska et al. 2009). It is an essential process

for the cells, and the mitochondrial content of the cells depends on the nutrient

availability, dividing status and physiological (and/or pathophysiological) state of

the cells (Wenz 2013). Mitochondrial biogenesis is controlled by peroxisome-

proliferator activator receptor-alpha and gamma (PPARα, PPARγ), nuclear respi-
ratory factor 1 (NRF1), nuclear respiratory factor 2 (NRF2), and also estrogen
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related receptors (ERR) α, β, γ (Scarpulla et al. 2012). PPAR-γ co-activator 1-alpha
(PGC-1α), with its partners (PGC-1β, and PRC-PGC related co-activator) termed as

the master regulator of mitochondrial biogenesis. It forms a protein complex,

controlling and maintaining the expression of mitochondrial biogenesis factors,

antioxidants, and several metabolic genes (Dominy et al. 2010).

The role of mitochondrial biogenesis in cancer comes to picture with the

discoveries of oncogenes regulating mitochondrial biogenesis through the PGC

family. The most well-known oncogene that triggers mitochondrial biogenesis is

c-Myc, which control biogenesis through PGC-1β (Zhang et al. 2007). However,

tumor related genes such as HIF-1α negatively regulate mitochondrial biogenesis

by inhibiting c-Myc (Zhang et al. 2007). PGC-1α activity is upregulated in a subset

of melanoma where oxidative phosphorylation dependency is seen (Vazquez

et al. 2013). PGC-1β and its targets are upregulated in ALT (Alternative Lengthen-

ing of Telomeres) positive tumors (Hu et al. 2012). p53, the tumor suppressor

protein negatively regulates mitochondrial biogenesis, again indicating a relation

between cancer and mitochondrial function (Sahin et al. 2011).

Taken together, it is not clear whether mitochondrial biogenesis is beneficial for

tumor cells or is inhibiting rapid proliferation. Not all tumor cells carry the same

metabolic profiles. Thus, tumor mitochondrial biogenesis needs to be studied in

specification to the oncogenes involved and the nature of the tumors.

The other process that regulated mitochondrial mass in cancer cells is mitochon-

drial autophagy. Autophagy is activated in a situation of nutrient deprivation to the

cells, and mitophagy is a specific process where mitochondria are targeted for

degradation to provide nutrient for cell survival (Rabinowitz and White 2010).

Mitochondrial fusion and fission events control mitophagy, where fission facilitates

mitophagy by marking them for degradation and fusion keeps the mitochondria

healthy, protecting them from mitophagy (Twig et al. 2008). Mitophagy is

regulated by two pathways postulated to be tumor suppressors: the Parkin pathway

and the BNIP3/NIX pathway (Youle and Narendra 2011; Zhang and Ney 2009).

Parkin promotes mitochondrial turnover via fission and assists in mitochondrial

transport via microtubules (Narendra et al. 2010; Narendra et al. 2008). Parkin,

although is a gene associated with Parkinson’s syndrome (Youle and Narendra

2011), is also identified as a tumor suppressor gene in several cancers, and Parkin

mutant mice are susceptible to tumors (Cesari et al. 2003; Fujiwara et al. 2008).

Parkin promotes oxidative metabolism as a p53 target while inhibiting the devel-

opment of Warburg effect (Zhang et al. 2011). Although direct evidences of Parkin

involved in a tumor scenario via mitophagy are unclear, it can be postulated that

Parkin maintains healthy mitochondria balancing metabolism in cells and thus can

cause deregulation of metabolism in cancer cells upon its mutation.

BNIP3 and NIX are redox-sensing hypoxia inducible genes promoting

mitophagy (Zhang and Ney 2009). These proteins directly interact with the

autophagy protein LC3 as adaptors targeting mitochondria for degradation

(Hanna et al. 2012). They reduce mitochondrial mass in hypoxic condition by

inducing mitophagy helping the cells regulate excessive ROS production in a

state of hypoxia (Tracy et al. 2007). BNIP3 and NIX are characterized as
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dysregulated in several tumors. In certain malignant tumors, the expression of these

genes decreases, whereas pre-malignant stages see an increase (Okami et al. 2004;

Tan et al. 2007; Sowter et al. 2003). Loss of BNIP3 promotes tumors in mouse

models, and hence it is considered to be a tumor suppressor (Chourasia and

Macleod 2015). Similar to Parkin, BNIP3 and NIX proteins are considered to

control mitochondrial turnover. Although it is established that Parkin and BNIP3/

NIX pathways control mitophagy in tumor scenarios, a definitive mechanism for

the effect of mitophagy in cancer is yet to emerge. Mitophagy is also directly related

to aging as cancer mutations accumulate with age and the development of tumor

progresses. Hence mitophagy and aging work in tandem in cancer situations.

However, targeting mitophagy offers an advantage in tumor therapy over apoptosis

and general autophagy due to specificity.

Along with the above discussed major mitochondrial changes, retrograde signals

from mitochondria to the nucleus (Wallace 2012), and oncogenic control of

mitochondria by oncogenes, such as Myc and KRas, and tumors suppressors,

such as p53 and RB (Sherr and McCormick 2002; Vousden and Prives 2009;

Dang 2010), also bring about mitochondrial changes in tumor situations. Although

it is now established that mitochondrial changes occur in cancer cells, how these

changes affect tumor growth and how they can be manipulated to achieve cancer

therapy still require specific research.

6 Targeting Mitochondria for Cancer Therapy

Given the multilevel involvement of mitochondria in cancer, researchers have used

several ways to target mitochondria for cancer therapy.

Mitochondrial DNA is targeted by drugs that reduce the copy number of

mitochondrial DNA or by inhibiting replication. Vitamin K3 (menadione) (Sasaki

et al. 2008) inhibits DNA polymerase gamma, which is important for replication of

mitochondrial DNA. Parkinsonian toxin 1-methyl-4-phenylpyridinium reduces the

copy number of mtDNA by destabilizing the structure (Umeda et al. 2000; Neuzil

et al. 2007).

Dysregulated ROS production from mitochondria in cancer is another target for

therapy. However, the human trials have not had great success (Bjelakovic and

Gluud 2007) as they fail to inhibit the mitochondrial generated ROS. Another

problem with the antioxidant drugs is that normal cells such as immune cells also

produce ROS for physiological functions. Nevertheless, another approach in ROS

based therapeutic experiments is using the ability of cancer cells to produce more

antioxidants and ROS. Hence, inhibition of antioxidants in cancer cells could lead

to excessive ROS in cancer cells and cause selective killing of cancer cells (Raj

et al. 2011; Glasauer et al. 2014).

The Bcl-2 family of proteins consists of pro and anti-survival factors (Youle and

Strasser 2008). Cell death is favored in the absence of pro-survival factors. Mimetic

drugs that target BH3 domains of these proteins, the domain that interacts with

Bax/Bak proteins (Youle and Strasser 2008), are used to target tumors. Drugs such
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as ABT-263, Gossypol, antimycin A, alpha-tocopheryl succinates are some

examples of Bcl-2 family targets that induce mitochondria mediated cell death,

partly due to their interaction with the BH3 domain (Kang et al. 2010; Neuzil

et al. 2007).

Given ATP generation is essential for normal cells as well as tumor cells (Zu and

Guppy 2004), mitochondrial bioenergetic targeting drugs need to be specifically

targeted to tumor cells. Poorly perfused tumors which make ATP (Rumsey

et al. 1990) are an apt target for drugs that inhibit ATP production given it would

cause cell death in such poorly perfused tumors only. The antidiabetic drug,

metformin, a biguanide, is thought to be such a candidate to target ATP production

without affecting the normal tissue. Metformin decreases hepatic gluconeogenesis

and brings down insulin levels (Bailey and Turner 1996). Metformin has many

effects on cancer cells. It decreases blood glucose and insulin levels, and inhibits

the growth of tumors that are insulin dependent (Pollak 2014). It acts on the

mitochondrial complex I (El-Mir et al. 2000; Owen et al. 2000). It also impairs

glycolysis by decreasing the activity of enzyme hexokinase 2, an important enzyme

to carry out glycolysis (Salani et al. 2013). Thus, metformin is believed to inhibit

tumor growth by lowering glucose supply, acting on complex I and thereby

reducing ATP production. The dosages and complete mechanism of action for

this drug are still under investigation in clinical trials. Another drug similar to

metformin is phenformin, a biguanide that also inhibits mitochondrial complex I

(Birsoy et al. 2014). It has higher affinity to mitochondria and recently shown to

work better than metformin in breast tumors (Appleyard et al. 2012). Although

lactose acidosis is a drawback of phenformin, there are evidences that the drug can

be used in combination with BRAF inhibitors to control melanomas effectively

(Yuan et al. 2013). Hence, phenformin also makes an attractive candidate for

clinical trials.

One of the classes of drugs also tried on inhibiting ATP production is VLX600,

an ETC inhibitor. This is shown to reduce colon cancer tumor growth (Zhang

et al. 2014) at experimental levels. Mitochondrial protein translation is targeted

by certain drugs such as tigecycline that reduces the expression of 13 subunits of

ETC. This drug has been efficient on leukemic cells that survive primarily on

mitochondrial ATP production (Skrtic et al. 2011). Mitochondrial chaperones,

such as heat shock proteins, are targeted by drugs such as Gamitrinib, which are

modified to accumulate in mitochondria and reduce the activity of HSP90 and

ATPase-1, thus reducing energy production of mitochondria.

Another target in mitochondrial cancer drugs is biosynthetic pathways. The

glutamine addicted tumors are formed mostly due to Myc and Kras (Gaglio

et al. 2011). Such tumors can be targeted by using inhibitors of glumatinases that

use glutamine in their reaction to continue the tricarboxylic acid cycle. Glutaminase

inhibitors such as bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide) or

compound 968 (Le et al. 2012) already attenuate tumor growth. Mitophagy also

produces raw materials for the mitochondrial TCA cycle as discussed in the review

before. Several autophagy inhibitors are on trials and chloroquine is one such drug
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(Balic et al. 2014). Targeting mitophagy specifically would be a safer option for

such treatments given the toxicity associated with autophagy drugs.

Several mitochondria related protein specific inhibitors, such as hexokinase

inhibitors (Ben Sahra et al. 2010; Chen et al. 2009; Mathupala et al. 2006),

VDAC, and ANT inhibitors, are also reportedly used as mitochondrial targets in

cancers (Belzacq et al. 2001; Don et al. 2003).

In conclusion, although there are several attempts to target mitochondria in

cancer, the efficiency has been low due to the lack of complete understanding of

the role of mitochondria in cancer. Mitochondria are complex organelles and they

undergo drastic structural and functional changes during tumor development. As

every cancer is defined by its own oncogenic signals, and every signal will have a

different effect on mitochondria, there is a tremendous difference in how

mitochondria are affected in each scenario. Like the saying—one glove does not
fit all, there is a need to understand specific changes in mitochondria in specific

cancers and target processes with one or a combination of drugs effectively.
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Abstract

Renal disease affects millions of people worldwide, imposing an enormous

financial burden for health-care systems. Recent evidence suggests that

mitochondria play an important role in the pathogenesis of different forms of

renal disease, including genetic defects, acute kidney injury, chronic kidney

disease, aging, renal tumors, and transplant nephropathy. Renal mitochondrial

abnormalities and dysfunction affect several cellular pathways, leading to

increased oxidative stress, apoptosis, microvascular loss, and fibrosis, all of

which compromise renal function. Over recent years, compounds that specifi-

cally target mitochondria have emerged as promising therapeutic options for

patients with renal disease. Although the most compelling evidence is based on

preclinical studies, several compounds are currently being tested in clinical

trials. This chapter provides an overview of the involvement of mitochondrial

dysfunction in renal disease and summarizes the current knowledge on

mitochondria-targeted strategies to attenuate renal disease.

Keywords

ATP • Cardiolipin • Kidney • Mitochondria

1 Introduction

Renal disease encompasses acute or chronic conditions that damage the kidneys

and reduce their function. It remains an increasing public health issue that affects a

significant proportion of the world’s population and is associated with tremendous

medical costs (Jha et al. 2013). Furthermore, its short-term and long-term

complications increase cardiovascular and all-cause morbidity and mortality

rates. For example, acute kidney injury (AKI), characterized by a rapid loss of

renal function, may result in fluid overload, electrolyte abnormalities, and

coagulopathy, which might contribute to multi-organ failure. Likewise, gradual

loss of kidney function, known as chronic kidney disease (CKD), is associated with

grave complications, including cardiovascular disease, anemia, mineral and bone

disorders, and cognitive decline. Moreover, congenital and inherited disorders,

tumors, and aging may compromise kidney function and adversely impact several

organ systems. Ultimately, all these conditions can progress toward end-stage renal

disease (ESRD), requiring costly and renal replacement therapy. Alas, adequate

strategies to prevent progressive renal dysfunction are in dire need.

The kidney receives 20% of the cardiac output and utilizes 10% of body oxygen

consumption to accomplish its primary function, regulating the body fluid compo-

sition through filtering and reabsorbing materials. This process occurs at the level of

the nephron, the functional unit of the kidney, by both energy-dependent and

independent mechanisms. The most energy demanding process of the kidney is

reabsorption of solutes, which occurs both passively and actively by the renal
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tubular cells, which consume adenosine triphosphate (ATP) generated exclusively

by aerobic metabolism. Congruently, tubular cells are rich in mitochondria, and

mitochondrial injury and dysfunction bear harmful consequences on multiple renal

cell functions.

Accordingly, increasing evidence indicates that mitochondrial damage and

dysfunction in renal disease (Fig. 1) may contribute to the multiple underlying

pathological processes (Che et al. 2014). Acute or chronic insults might compro-

mise mitochondrial structure, evoking mitochondrial DNA (mtDNA) damage,

decreased matrix density, and/or impaired outer and inner membrane integrity.

Furthermore, renal disease has been associated with changes in mitochondrial

homeostasis, the molecular control of mitochondrial formation (biogenesis), mor-

phology (fusion/fission), and degradation (mitophagy). Finally, mitochondrial

abnormalities and impaired homeostasis lead to bioenergetic dysfunction (reduced

ATP generation and calcium signaling), triggering oxidative stress and apoptosis.

Therefore, over the past few years, mitochondria have emerged as novel therapeutic

targets in renal diseases. Small molecules that specifically concentrate within

mitochondria include mitochondrial permeability transition pore (mPTP)

inhibitors, antioxidants, biogenesis activators, fission inhibitors, gene therapy, and

cardiolipin protection (Tabara et al. 2014). The efficacy of these compounds has

been tested in several in vitro and in vivo experimental studies, as well as in few

Acute kidney injury
• Toxic injury
• Obstructive injury
• Septic injury
• Ischemic injury

Chronic kidney disease:
• Diabetic nephropathy
• Hypertensive injury 
• Ischemic injury
• Glomerulonephritis 
• Polycystic kidney disease

Renal tumors:
• Renal cell carcinoma
• Benign tumors

Renal mitochondrial cytopathies:
• Glomerular involvement
• Tubular involvement
• Renal cell carcinoma
• Renal Cysts

Renal aging

Chronic allograft injury
Mitochondrial 
dysfunction

Fig. 1 Representative transmission electron microscopy showing swollen mitochondria with loss

of cristae and matrix in swine renovascular disease. Mitochondrial damage and dysfunction have

been implicated in several renal conditions
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clinical trials. In this chapter, we evaluated and summarized evidence implicating

mitochondrial dysfunction in the pathogenesis of renal disease, with particular

attention to studies testing the potential of promising mitochondria-targeted

therapies for ameliorating renal injury and dysfunction.

2 Evidence of Mitochondrial Injury in Renal Disease

2.1 Mitochondrial Genetic Defects

Mitochondrial cytopathies (MCs) encompass a group of disorders characterized by

mitochondrial or nuclear DNA mutations in genes encoding for mitochondrial

proteins. MCs can affect any organ, but have predilection for those dependent

upon mitochondrial energy supply (Finsterer 2004). Mutations resulting in MCs

could be either inherited (primary MCs) or imposed by exogenous factors (second-

ary MCs), such as drugs or increased oxidative stress. In the kidney, MCs com-

monly manifest as glomerular disease, tubular dysfunction, renal cysts, or

neoplasia.

A point mutation in the mitochondrial tRNAleu (UUR) at position 3243

(A3243G) has been associated with focal and segmental glomerulosclerosis

(FSGS) (Dinour et al. 2004), an important cause of nephrotic syndrome in children

and adolescents that frequently progresses to ESRD. This mutation causes mito-

chondrial myopathy, encephalomyopathy, lactic acidosis, and stroke-like episodes

(MELAS) syndrome, as well as maternally inherited diabetes and deafness. Renal

biopsies of patients with MELAS-associated FSGS reveal numerous abnormal

mitochondria in tubular cells and podocytes, associated with severe effacement of

foot processes (Gucer et al. 2005), implicating mitochondrial alterations in the

pathogenesis of FSGS.

MCs have been also linked to renal tubular dysfunction, which mainly manifest

as Bartter-like or Fanconi syndromes. The most common tubular defect associated

with MCs is Toni-Debré-Fanconi syndrome, a rare disorder characterized by

impaired tubular reabsorption. Mutations and large mtDNA deletions have been

reported in patients with this syndrome (Lee et al. 2012), associated with mitochon-

drial respiratory complex defects and giant atypical mitochondria (Au et al. 2007).

Kearns–Sayre syndrome, an MC caused by deletions of mtDNA and characterized

by isolated involvement of the muscles controlling eyelid movement, may present

with renal involvement resembling Barter syndrome (Emma et al. 2006). Patients

with Barter syndrome suffer from electrolyte abnormalities due to mutations in ion

transporters, which impair the ability to reabsorb potassium. Renal biopsies of

patients with Kearns–Sayre and Bartter-like syndrome show ultrastructural changes

in mitochondria in the thick ascending loop of Henle, associated with impaired

cytochrome-c oxidase (COX) activity and fibrosis (Goto et al. 1990), implicating

mitochondrial structural and functional impairment in the pathogenesis of tubular

derangements.

232 A. Eirin et al.



Bilateral enlarged cystic kidneys have been also documented in patients with

mitochondrial cytopathies including mutations of the mitochondrial tRNA genes

(Guery et al. 2003). Furthermore, glomerulocystic kidneys have been reported in

association with Leigh disease, a MC caused by mutations in the Surfeit locus

protein-1 gene and COX assembly factors (Lake et al. 2015).

Lastly, MCs might coexist with renal tumors. Rare cases of patients with

MELAS associated with renal cell carcinoma (RCC) have been previously

reported. Mutations of components of the mitochondrial oxidative phosphorylation

complex have been described in benign and malignant renal tumors (Housley

et al. 2010; Ricketts et al. 2008). Furthermore, a high mutational rate of the

mtDNA has been observed in benign renal tumors (Gasparre et al. 2008) and

tumors arising in ESRD (Nagy et al. 2003), implicating MCs in renal tumorigenesis.

2.2 AKI

AKI has increased in incidence over the last decades and is currently responsible for

2% of hospitalized patients in the USA. AKI may result from prerenal

(hypoperfusion), renal (intrinsic damage), or post-renal (urinary tract/venous

obstruction) causes that trigger a rapid decline in GFR, associated with tubular

necrosis, vascular changes, and interstitial inflammation. Evidence suggests that

mitochondrial damage is associated with important events in the pathogenesis of

several etiologies of AKI, including toxic, ischemic, septic, and hypertensive

injury.

Toxic Injury Several studies have documented mitochondrial structural and func-

tional changes in kidneys exposed to exogenous drugs or toxins. Cyclosporine

(Yuan et al. 2005) and cisplatin (Zsengeller et al. 2012) nephrotoxicity is

characterized by decreased mitochondrial mass, disruption of cristae, and extensive

mitochondrial swelling, as shown in murine studies. Similarly, kidney mtDNA

depletion and ultrastructural mitochondrial abnormalities were reported in human

immunodeficiency virus-infected patients treated with antiretroviral therapy (Cote

et al. 2006).

Renal mitochondrial structural abnormalities are often associated with impaired

bioenergetics. Cisplatin-induced renal mitochondrial injury in mice is accompanied

by reduced nicotinamide adenine dinucleotide dehydrogenase (NADH) and COX

activity, indicating impaired mitochondrial function (Mukhopadhyay et al. 2012).

Likewise, mtDNA depletion and loss of mitochondrial mass are associated with

decreased COX efficiency in patients treated with the antiretroviral drug tenofovir

(Lopez et al. 2006).

Nephrotoxic drugs can also compromise mitochondrial homeostasis. Renal

mitochondrial biogenesis is suppressed in folic acid-induced AKI, disclosed by

decreased expression of its master regulator, peroxisome proliferator gamma

coactivator 1α (PGC-1α) (Stallons et al. 2014). In addition, expression of
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dynamin-related protein (DRP)-1, which mediates outer mitochondrial membrane

fission, is markedly upregulated in mice kidneys with glycerol-induced AKI,

suggesting mitochondrial fragmentation (Funk and Schnellmann 2012). Moreover,

expression of the autophagic marker microtubule-associated protein 1A-/1B-light

chain 3 (LC3) is elevated in these animals, implying mitochondrial degradation.

Drug-induced changes in mitochondrial structure, function, and homeostasis

may promote apoptosis. In rodent models of cisplatin-induced nephrotoxicity,

mitochondrial outer membrane permeabilization triggers mitochondrial fragmenta-

tion, cytochrome-c release, and apoptosis (Brooks et al. 2009). Renal tubular

epithelial cells of rats exposed to the organic compound ethylbenzene show dam-

aged mitochondria with vacuolar structure, associated with increased numbers of

apoptotic cells, and upregulated expression of the apoptogenic factor cytochrome-c,

suggesting mitochondria-mediated renal tubular cell apoptosis (Zhang et al. 2010).

Obstructive Injury Obstruction in the urinary tract below the kidneys is a frequent

problem, but accounts for only 5–10% of AKI. Tubular atrophy and nephron loss

due to unilateral ureteral obstruction in rodents is associated with increased mito-

chondrial hydrogen peroxide production, autophagy, and apoptosis (Xu et al. 2013).

These changes were confirmed by in vitro studies in renal tubular cells exposed to

oxalate, a major component of kidney stones, demonstrating that obstructive AKI

induce parallel autophagy and mitochondrial dysfunction-mediated apoptosis (Cao

et al. 2004).

Septic Injury Sepsis is a frequent cause of AKI in critically ill patients. Mitochon-

drial damage is thought to play an important role in the pathogenesis of septic AKI

(Parikh et al. 2015). For example, Staphylococcus aureus-induced sepsis damages

renal mDNA in the mouse kidney, leading to induction of the nuclear program of

mitochondrial biogenesis (Bartz et al. 2014). Similarly, administration of

lipopolysaccharide in mice increases renal tubular cytochrome-c release into the

cytosol and active caspase-3 expression, implying mitochondria-dependent apopto-

sis (Stoyanoff et al. 2014). Renal tubular cells from septic mice show mitochondrial

ultrastructural changes and reduced expression of COX (Choi et al. 2013), which

may contribute to renal tubular cell apoptosis and AKI in sepsis.

Ischemic Injury An abrupt interruption or decrease in renal oxygen supply and

ischemia–reperfusion injury (IRI) are the most common causes of AKI and kidney

allograft dysfunction. Several studies suggest that mitochondrial damage plays a

pivotal role in ischemic AKI, contributing to renal dysfunction. Mitochondria

respiratory capacity is significantly reduced in rats with uncontrolled hemorrhagic

shock (Li et al. 2012b), associated with increased mitochondrial reactive oxygen

species (ROS) and lipid peroxidation (Wang et al. 2015a).

Renal IRI in rats is characterized by rounded, swollen renal tubular cell

mitochondria with disrupted cristae membranes and release of matrix materials

into the cytosol (Szeto et al. 2011). Mitochondrial respiration and ATP production
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decreases, whereas oxidative stress increases, suggesting mitochondrial structural

and functional decline. Autophagy and mitophagy are activated in both in vivo and

in vitro models of renal IRI (Ishihara et al. 2013). We have shown in swine

renovascular disease that ongoing post-stenotic inflammatory and pro-fibrotic

injury that renal revascularization fails to reverse is associated with impaired

renal mitochondrial biogenesis, apoptosis, and oxidative stress, implicating mito-

chondrial homeostasis in the pathogenesis of renal IRI (Eirin et al. 2012). Finally,

IRI in kidney transplants has been associated with increased renal tubular expres-

sion of proapoptotic molecules and diffuse cytosolic distribution of cytochrome-c,

suggesting activation of mitochondria-dependent apoptosis (Castaneda et al. 2003).

2.3 CKD

The prevalence of CKD is estimated to be 8–16% worldwide and is associated with

catastrophic health expenditures. Importantly, many uremic conditions are

associated with changes in mitochondrial structure and dysfunction.

Diabetic Nephropathy Diabetic kidney disease is the leading cause of CKD,

accounting for 42% of patients on ESRD. Importantly, severity of CKD predicts

all-cause mortality in type-1 and type-2 diabetes mellitus. Studies have suggested

that mitochondrial abnormalities and dysfunction might favor the development and

progression of diabetic nephropathy.

Apoptotic tubular cells and dysmorphic mitochondria were observed in the kidneys

of diabetic mice, associated with decreased mtDNA content and altered mitochon-

drial function (Sun et al. 2008). COX-III activity is significantly decreased and

contributes to oxidant production in diabetic renal mitochondria (Munusamy

et al. 2009). In agreement, diabetic mice show decreased renal mitochondrial

ATP production and excess generation of superoxide (Tan et al. 2010), a ROS

with the ability of exacerbating renal mitochondrial dysfunction in hyperglycemic

rats (Munusamy and MacMillan-Crow 2009). In line with this finding, studies in

two murine models of type-1 and type-2 diabetes showed that glucose-induced

mitochondrial ROS production initiates podocyte apoptosis in vitro and in vivo

(Susztak et al. 2006). Moreover, polymorphisms in the mitochondrial antioxidant

superoxide dismutase (SOD)-2 are associated with progressive renal functional

decline in patients with type-1 diabetes (Mohammedi et al. 2014), suggesting that

mitochondrial oxidative stress constitutes a major pathway resulting in diabetic

renal injury.

Mitochondrial homeostasis seems to play an important role in diabetic nephrop-

athy. Overexpression of the fusion marker mitofusin-2 attenuates pathological

changes in the kidneys of diabetic rats (Tang et al. 2012). Likewise, renal expres-

sion of PGC-1α is downregulated in patients with both diabetes and CKD. Urine

metabolome in patients with diabetic kidney disease reveals metabolites linked to

mitochondrial metabolism and reduced mitochondrial content of urinary exosomes,
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suggesting suppression of mitochondrial activity in diabetic kidney disease

(Sharma et al. 2013).

Hypertensive Injury Experimental studies directly implicate mitochondrial injury

in the development and progression of renal hypertension (Eirin et al. 2015). In

kidneys from spontaneously hypertensive rats, mitochondrial membrane potential,

nitric oxide synthase, COX activity, and mitochondrial uncoupling protein-2-

content were reduced, suggesting that hypertension occurs in concurrence with a

decline of kidney mitochondrial function (de Cavanagh et al. 2006). Furthermore,

expression of SOD-2 is blunted in hypertensive rats, and its deficiency is associated

with activation of intrarenal inflammatory and ROS-generating pathways (Jin and

Vaziri 2014). Finally, a proteomic analysis of mitochondria isolated from medul-

lary thick ascending limb cells identified seven differentially expressed proteins

between hypertensive and control rats involved in mitochondrial metabolism and

oxygen utilization (Zheleznova et al. 2012). These observations highlight the

critical role of renal mitochondrial injury in the pathogenesis of hypertensive

CKD, although it remains unknown whether mitochondrial abnormalities are pri-

mary or secondary to hypertension.

Ischemic Injury Chronic underperfusion of the renal parenchyma secondary to

renal artery stenosis (RAS) is an important cause of CKD in the elderly population

and has been linked to mitochondrial structural alterations and dysfunction. In the

rat RAS model, necrotic death of tubular epithelial cells in the clipped kidneys is

dependent on upregulation and mitochondrial translocation of the pro-mitophagy

protein BCL2/adenovirus E1B 19 kDa protein-interacting protein-3, associated

with impaired mitochondrial biogenesis, mass, and mtDNA copy number

(Fedorova et al. 2013). Furthermore, in swine atherosclerotic RAS, the post-

stenotic kidney exhibits loss of cardiolipin, a phospholipid exclusively distributed

in the inner mitochondrial membrane that regulates mitochondrial structure and

function (Klingenberg 2009), associated with apoptosis, oxidative stress, microvas-

cular loss, fibrosis, and renal dysfunction (Eirin et al. 2014). Taken together, these

studies implicate mitochondrial structural and functional alterations in the patho-

genesis of ischemic CKD.

Glomerulonephritis Chronic glomerulonephritis accounts for approximately 10%

of all causes of CKD. Accumulation of abnormal-shaped mitochondria are com-

monly found in podocytes, distal tubules, and collecting ducts of patients with

genetically proven mitochondrial disease and secondary FSGS (Kobayashi

et al. 2010). Mutation of pro-autophagic genes in mice during nephrogenesis causes

podocyte and tubular cell mitochondrial abnormalities that precede the appearance

of FSGS (Kawakami et al. 2015), suggesting that impaired autophagic mitochon-

drial turnover is sufficient to recapitulate the characteristic features of FSGS

in mice.
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Polycystic Kidney Disease (PKD) Comparative proteomics analysis implicates

mitochondria in autosomal recessive PKD, a genetic disorder characterized by

cyst development. Abnormally expressed proteins in PKD include proteins

involved in biological processes related to signal transduction, cell cycle regulation,

and electron transport, which play key roles in the pathogenesis of PKD

(Li et al. 2012a). Notably, 13 of these proteins, including SOD-2, COX subunit

Va, and peroxiredoxin-3, are localized in mitochondria, implying that mitochon-

drial dysfunction partly contributes to renal injury in PKD.

2.4 Renal Tumors

Tumors can originate from different renal cell types, and their incidence has

increased in the last two decades. Mitochondrial damage has been suggested to

be causally linked to benign renal tumors and RCCs (Hervouet and Godinot 2006;

Hervouet et al. 2007). A recent clinical trial indicates that low mitochondrial DNA

copy number in peripheral blood leukocytes is associated with significantly

increased risk of clear cell RCC (Melkonian et al. 2015). Furthermore, decreased

renal tumor expression of cytochrome-c and human 8-oxoguanine DNA

glycosylase-1, a DNA repair protein located in the mitochondria, has been reported,

implicating mitochondrial loss and defective DNA repair in tumor development or

progression (Mukunyadzi et al. 2003). Mitochondrial dysfunction in patients with

RCC correlates with oxidative phosphorylation complexes content and ATPase

activity rather than to the mtDNA content, suggesting that decreased mitochondrial

capacity primarily favors tumor invasiveness (Simonnet et al. 2002). Contrarily, the

number of enzymes involved in mitochondrial energy metabolism is reduced in

RCC, but does correlate with tumor grade, metastasis, or proliferative activity,

implying that low renal mitochondrial activity is an early event in RCC formation

(Meierhofer et al. 2004).

Renal oncocytoma is a rare and almost invariably benign tumor. Interestingly,

renal oncocytomas show mitochondria with piled lamellar cristae, whereas chro-

mophobe RCCs exhibit mitochondria with tubulovesicular cristae (Barcena

et al. 2010). Despite increased COX activity, complex-I activity is decreased in

renal oncocytomas (Simonnet et al. 2003), associated with increased number of

mitochondrial vacuoles, suggesting increased mitophagy (Koller et al. 2000).

2.5 Aging

Aging is associated with gradual loss of function in the kidney, accompanied by

mesangial expansion, glomerulosclerosis, and interstitial fibrosis. Aged rats show

aging-associated ultrastructural changes in kidney mitochondria, disclosed by

ill-defined cristae and reduced density, associated with increased mitochondrial

hydrogen peroxide production and impaired respiratory control, antioxidant
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activity, and uncoupling protein-2 levels (de Cavanagh et al. 2003). Furthermore,

reduction of age-associated renal damage in mice chronically treated with

angiotensin-converting enzyme inhibitors is accompanied by increased number of

mitochondria in the proximal tubules (Ferder et al. 2002), implicating mitochondria

in the pathogenesis of age-related kidney disease.

Importantly, mitochondria regulate permanent cell growth, modulating cellular

senescence, leading to a state of irreversible growth arrest (Ziegler et al. 2015). In

line with this notion, oxidative stress and cell senescence promote tubular cell

apoptosis and mitochondrial dysfunction in vitro, impairing the kidney’s regenera-

tive potential (Small et al. 2012). In old rats, increased expression of markers of

senescence, such as p16 and senescence-associated-galactosidase, is accompanied

by decreased expression of autophagosome and mitophagy markers (Cui

et al. 2013). Interestingly, these changes are exacerbated in animals fed with a

high-calorie diet, but ameliorated in those with calorie restriction, suggesting that

diet modulates mitochondrial degradation and recycling that occur in the aging

kidney. In aged diabetic rats, oxidative stress promotes mitochondrial oxidative

dysfunction, reflected as increased lipid peroxidation and decreased glutathione

activity (Perez-Gallardo et al. 2014). Notably, nonsteroid anti-inflammatory drugs

do not aggravate aging-induced injury (Rocha-Rodrigues et al. 2013).

2.6 Chronic Allograft Injury

Chronic allograft nephropathy, characterized by a slow decline in renal function

more than three months posttransplant, remains one of the most common causes of

ESRD. Several immunological risk factors for chronic allograft dysfunction have

been suggested, yet non-immunological mediators of this progressive injury largely

remain unknown. A recent study that analyzed gene expression microarray of

kidney transplant biopsies taken one year after transplantation revealed a unique

molecular signature of impaired mitochondrial function, characterized by inade-

quate mitochondrial energy generation, biogenesis, and antioxidant response

(Zepeda-Orozco et al. 2015). These observations support development of

mitochondria-targeted treatments to slow the progression of chronic allograft

dysfunction.

3 Renal Mitochondrial Targeting

In recent years, several mitochondria-targeted strategies have been designed to

prevent or attenuate renal disease (Fig. 2). Although their efficacy in human renal

disease needs to be explored, several studies demonstrated their ability to attenuate

renal injury in experimental animal models.
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3.1 Genetic Therapy

Neutralizing deleterious mtDNA alterations using targeted mitochondrial RNA

import is a novel and promising therapy for rescuing mitochondrial function in

patients with MCs. Mitochondrial defects in cytoplasmic hybrid (cybrid) cells

derived from patients with myoclonic epilepsy with ragged red fibers (MERRF)

and MELAS can be partially rescued by targeted import of allotopically encoded

wild-type tRNAs, an approach that specifically targets mRNA to the mitochondrial

outer membrane (Wang et al. 2012). Notably, functional defects in mitochondrial

RNA (mtRNA) translation and cell respiration were reversed in MERRF and

MELAS cybrids cells. Similarly, mitochondrial targeting of recombinant tRNAs

bearing the identity elements for human mitochondrial leucyl-tRNA synthetase

rescues the phenotype caused by MELAS mutation in cultured transmitochondrial

cybrid cells (Karicheva et al. 2011), whereas yeast tRNALys derivatives expressed

in human immortalized cells and primary fibroblasts rescue mitochondrial

functions in cultured cells from patients with the MERRF syndrome, underscoring

the potential of these transcript engineering approaches to confer mitoprotection

and mitigate renal injury in patients with MCs.

BIOGENESIS

DEGRADATION

Fission 
inhibitors:
Dynasore, Mdivi-1

Biogenesis 
activators:
SIRT-1/PGC-1α axis
activators, β2-
adrenergic agonists

Genetic therapy:
Targeted RNA import

Cardiolipin 
protection:
SS-31

mPTP inhibitors
Cyclosporine, GSK3β 
inhibitors

Mitochondrial antioxidants:
MitoQ, MitoTEMPO, MitoE, MitoCP, 
Mitochondria-targeted SkQ1, SkQR1, HO-1

mtROS

mPTP

mtDNA

Fig. 2 Schematic of experimental therapeutic interventions that may ameliorate renal mitochon-

drial (mt) injury and dysfunction. mPTP mt permeability transition pore, SS Szeto–Schiller

peptide, PGC peroxisome proliferator-activated receptor gamma coactivator, GSK glycogen

synthase kinase, Mdivi1 mt division inhibitor, Mito mitochondrial targeted, Q coenzyme-Q,

TEMPO piperidine nitroxide, E α-tocopherol, CP nitroxide, SkQ1 plastoquinonyl-decyl-

triphenylphosphonium, SkQR1 plastoquinonyl decylrhodamine 19, HO heme oxygenase

The Emerging Role of Mitochondrial Targeting in Kidney Disease 239



3.2 Biogenesis Activators

Synthesis and assembly of new mitochondria involve multiple coordinated pro-

cesses tightly regulated by PGC-1α. Silent mating-type information regulation

2 homolog (SIRT)-1 is a NAD-dependent deacetylase that positively regulates

PGC-1α activity and restores renal expression of PGC-1α, mitochondrial mass,

ATP levels, and renal function in rats with ischemia–reperfusion injury (Funk and

Schnellmann 2013; Khader et al. 2014). In line with this, treatment with the SIRT-1

activator resveratrol protects mice against aldosterone-induced podocyte injury by

upregulating PGC-1α (Yuan et al. 2012). Resveratrol supplementation following

hemorrhagic shock in rats also restores mitochondrial respiratory capacity and

decreases mitochondrial ROS production and lipid peroxidation (Wang

et al. 2015a), underscoring SIRT-1/PGC-1α axis activation as therapeutic approach.
Agonists for the β2-adrenoceptors induce mitochondrial biogenesis in both the

renal proximal tubular cells and cardiomyocytes, disclosed by increased mtDNA

copy numbers, oxygen consumption rate, and mRNA levels of PGC-1α and multi-

ple genes involved in mitochondrial regulation (Wills et al. 2012). Moreover, the

β2-adrenergic receptor agonist formoterol in mice with IRI-induced AKI restores

renal function, rescues renal tubules from injury, and diminishes necrosis (Jesinkey

et al. 2014). However, long-acting β2-adrenoceptor agonists, including formoterol,

impair cardiac relaxation, mitochondrial protein synthesis, and oxidative capacity,

limiting its clinical translation (Leger et al. 2011).

3.3 Mitochondrial Antioxidants

Mitochondrial ROS has been implicated in the pathogenesis of several types of

renal disease, which often results from an imbalance between mitochondrial ROS

production and antioxidant defenses. Thus, compounds that specifically target

mitochondria may confer greater protection against renal injury due to increased

mitochondrial ROS generation than untargeted cellular antioxidants such as vita-

min E or N-acetylcysteine.

Several triphenylalkylphosphonium cation (TPP+)-conjugated antioxidants

have been designed to reduce mitochondrial ROS. These positively charged

compounds can cross the mitochondria-phospholipid bilayer and concentrate in

their matrix in a membrane potential-dependent manner, where they exert potent

antioxidant properties by sequestering ROS. Conjugating TPP+ to lipophilic

antioxidants such as coenzyme-Q (MitoQ) attenuates renal dysfunction due to

several types of AKI and CKD. For example, administration of MitoQ prior to

bilateral renal ischemia in mice decreases mitochondrial oxidative damage and

renal dysfunction (Dare et al. 2015). Furthermore, addition of MitoQ to cold storage

solution (during kidney transplantation) preserves mitochondrial function by

decreasing oxidative stress and tubular damage in isolated rat and porcine kidneys

(Parajuli et al. 2012). In a genetic model of type-1 diabetes, increased proteinuria

and tubulointerstitial fibrosis were also attenuated by MitoQ (Chacko et al. 2010).
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Importantly, MitoQ has been shown to be safe for patients with Parkinson’s disease

(NCT00329056), fatty liver disease (NCT01167088), and hepatitis C

(NCT00433108), encouraging future clinical studies in renal disease.

MitoTEMPO, a piperidine nitroxide conjugated to a TPP+ (Sims et al. 2014),

scavenges ROS in the mitochondria, reverses renal mitochondrial dysfunction, and

attenuates sepsis-induced AKI in mice (Patil et al. 2014). Treatment with either

MitoTEMPO or conjugated TPP+ with α-tocopherol (MitoE) improves mitochon-

drial respiration and reduces oxidative stress and inflammation in septic rats

kidneys (Lowes et al. 2013), whereas TPP+ conjugation with the SOD mimetic

nitroxide (MitoCP) prevents mitochondrial damage and renal injury in mice with

cisplatin-induced nephropathy (Mukhopadhyay et al. 2012).

In addition to TPP+-conjugated drugs, several antioxidants have been success-

fully delivered into renal mitochondria. Mitochondria-targeted antioxidants of the

SkQ group such as plastoquinonyl-decyl-triphenylphosphonium (SkQ1) and

plastoquinonyl decylrhodamine 19 (SkQR1) are positively charged compounds

that prevent IRI-induced AKI (Plotnikov et al. 2012) and ameliorate gentamicin-

induced damage of rat kidney (Jankauskas et al. 2012). Likewise, specific

mitochondrially targeted heme oxygenase (HO)-1 protects against hypoxia-

dependent renal epithelial cell death and loss of mitochondrial membrane potential

(Bolisetty et al. 2013). HO-1 is a potent cytosolic antioxidant enzyme that

translocates to the mitochondrion under conditions of oxidative stress and

modulates their biogenesis (Piantadosi and Suliman 2012). Taken together, these

results suggest that mitochondrially targeted antioxidants represent a novel

approach to prevent or attenuate several forms of kidney injury.

3.4 mPTP Inhibitors

Opening of the mPTP, a channel formed in the inner membrane of the mitochondria

in response to certain pathological conditions, plays a central role in several forms

of AKI. Indeed, mPTP inhibitors have been shown to ameliorate renal IRI and

shock-induced AKI.

In addition to its well-known immunosuppressive properties, cyclosporine-A

(CSA) is a potent inhibitor of the mPTP, which acts by interacting with

cyclophilin D, an essential structural component of the pore that regulates its

calcium and ROS-mediated activation (Kim et al. 2014). In small clinical trials in

patients with myocardial infarction undergoing reperfusion, CSA showed ability to

reduce infarct size (Piot et al. 2008), but a recent randomized clinical trial failed to

confirm its efficacy to improve clinical outcomes (Cung et al. 2015). Currently, two

more clinical trials are testing safety and effectiveness of CSA in cardiac arrest

(NCT01595958) and severe traumatic brain injury (NCT01825044). CSA improves

renal function, histopathological damage, and antioxidant enzyme status in rats

with renal IRI (Singh et al. 2005) and preserves rat kidneys subjected to traumatic

hemorrhagic shock (Lei et al. 2015). Yet, high-dose CSA would shift mitochondrial

dynamics toward fission (de Arriba et al. 2013); decrease activity of the
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mitochondrial Krebs cycle, oxidative phosphorylation, and electron transfer

(Puigmule et al. 2009); and result in nephrotoxicity, limiting their use in patients

with renal disease (Issa et al. 2013).

Targeting glycogen synthase kinase (GSK) 3β, a ubiquitous serine–threonine

protein kinase that phosphorylates cyclophilin D and promotes mPTP opening, has

also shown promising therapeutic potential for preventing toxic AKI. The GSK3β
inhibitor 4-benzyl-2-methyl-1,2,4-thiadiazolidine-3,5-dione (TDZD-8) confers

protection against podocyte injury in a murine model of adriamycin-induced AKI

(Wang et al. 2015b). Likewise, TDZD-8 diminishes mitochondrial permeability

transition, improves acute kidney dysfunction, and ameliorates tubular injury in

mice with nonsteroidal anti-inflammatory drug-induced AKI (Bao et al. 2012),

suggesting GSK3β inhibition as adjunct therapy in drug-induced AKI.

3.5 Cardiolipin Protection

Peroxidation and loss of cardiolipin has been shown to play a crucial role in the

pathogenesis of several forms of AKI and CKD, leading to discovery and develop-

ment of cardiolipin-targeted compounds. Szeto–Schiller (SS)-31 is a tetrapeptide

that concentrates in the mitochondria and selectively binds to cardiolipin,

preventing its peroxidation and loss, as well as the transformation of cytochrome-

c into a peroxidase (Birk et al. 2013; Szeto 2014).

Administration of SS-31 in rats before onset of ischemia and at the onset of

reperfusion prevents mitochondria swelling and protects cristae membranes in

endothelial and tubular cells four weeks after bilateral renal ischemia, associated

with increased number of peritubular capillaries and cortical arterioles and

decreased interstitial inflammation and fibrosis (Liu et al. 2014). In rats, SS-31

reduces oxidative stress and inflammation, preventing AKI caused by warm IRI

(Szeto et al. 2011) and unilateral ureteral obstruction (Mizuguchi et al. 2008).

SS-31 pretreatment also serves a protective role against hypoxia-/reoxygenation-

induced apoptosis of human renal tubular epithelial cells, partly by suppression of

p66Shc (Zhao et al. 2013), a gene that encodes for an adaptor protein that regulates

oxidative stress and apoptosis. Moreover, intraperitoneal injections of SS-31 in rats

alleviate contrast-induced AKI, primarily due to an antioxidant action (Duan

et al. 2013).

Similarly, in swine atherosclerotic RAS systemic infusion of SS-31 during renal

revascularization promotes renal mitochondrial biogenesis and ameliorates renal

injury four weeks later (Eirin et al. 2012). Furthermore, chronic subcutaneous

injections of SS-31 attenuate swine stenotic-kidney microvascular loss and injury

and improves renal oxygenation, hemodynamics, and function (Eiin et al. 2014),

demonstrating the efficacy of cardiolipin-targeted therapies for preserving the

ischemic kidney in chronic experimental renovascular disease. SS-31 has

demonstrated to be safe in several clinical trials (NCT01754818, NCT01513200,

NCT01518985, NCT01115920, NCT01786915), and its efficacy is currently being

tested in patients with renovascular disease undergoing renal revascularization
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(NCT01755858). Outcomes of this study will advance our understanding of the role

of cardiolipin in renal disease as well as the efficacy of mitochondria-targeted

therapies.

3.6 Fission Inhibitors

Mitochondrial fission is governed by dynamin-related protein (DRP)-1, a GTPase

protein localized in the perinuclear region. Once recruited from the cytosol to the

mitochondrion, DRP-1 interacts with mitochondrial fission-1 protein to induce

outer mitochondrial membrane constriction and fragmentation (Qi et al. 2013).

Furthermore, activation of DRP-1 triggers mitochondrial depolarization and

subsequent mitophagy (Twig and Shirihai 2011). Therefore, targeting DRP-1

might be beneficial in the treatment of diseases associated with altered mitochon-

drial fission.

Dynasore is a cell-permeable small molecule that inhibits the GTP hydrolysis of

DRP-1, interferes with endocytic functions, and inhibits cell spreading and migra-

tion (Macia et al. 2006), but its efficacy in preserving renal mitochondria has yet to

be tested. Unlike dynasore, mitochondrial division inhibitor (Mdivi)-1 selectively

inhibits DRP-1 activity by blocking its assembly, acting through the GTPase

domain (Cassidy-Stone et al. 2008). Although treatment of porcine preimplantation

embryos and fibroblast cells with mdivi-1 reduces mitochondrial membrane poten-

tial and blastocyst cell number, increasing ROS and apoptosis (Yeon et al. 2015), its

delivery in vivo inhibits mPTP opening and protects cardiomyocytes exposed to

renal (Sumida et al. 2015) and cardiac (Ong et al. 2010) IRI. Furthermore, intraper-

itoneal injections of mdiv-1 prevent mitochondrial fragmentation and tubular cell

apoptosis in murine AKI (Tang et al. 2013). Nevertheless, no studies have

addressed their renoprotective properties in humans.

4 Conclusions and Perspectives

Studies in various animal models have implicated mitochondrial damage in the

pathogenesis of genetic defects, acute kidney injury, chronic kidney disease, aging,

and renal tumors. Kidney mitochondrial injury may manifest as ultrastructural

abnormalities, changes in homeostasis, dysfunction, and loss. These result in

decreased cellular energy production, increased oxidative stress, and apoptosis,

triggering microvascular loss, inflammation, fibrosis, and renal failure. Notwith-

standing the evidence supporting mitochondrial damage in the pathogenesis of

different types of renal disease, a cause–effect relationship remains to be

established.

Mitochondrial targeting has been demonstrated as a potential intervention to

preserve mitochondrial structure and function and ameliorate kidney injury in

several animal models of renal disease. Although these compounds concentrate at

the level of mitochondria, it is difficult to rule out non-mitochondrial effects that
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could have been partly responsible for attenuating renal injury and dysfunction.

Some of these compounds such as SS-31 and MitoQ are being evaluated in humans

for various therapeutic indications (see ClinicalTrials.gov). Yet, further in vivo

animal studies and clinical trials are needed to confirm the efficacy and safety of

mitochondrial targeting.
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Abstract

Mitochondria are dynamic in nature and are able to shift their morphology

between elongated interconnected mitochondrial networks and a fragmented

disconnected arrangement by the processes of mitochondrial fusion and fission,

respectively. Changes in mitochondrial morphology are regulated by the mito-

chondrial fusion proteins – mitofusins 1 and 2 (Mfn1 and 2), and optic atrophy

1 (Opa1) as well as the mitochondrial fission proteins – dynamin-related peptide

1 (Drp1) and fission protein 1 (Fis1). Despite having a unique spatial arrange-

ment, cardiac mitochondria have been implicated in a variety of disorders

including ischemia–reperfusion injury (IRI), heart failure, diabetes, and pulmo-

nary hypertension. In this chapter, we review the influence of mitochondrial

dynamics in these cardiac disorders as well as their potential as therapeutic

targets in tackling cardiovascular disease.
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FATP1 Fatty acid transport protein 1

Grp75 Glucose-regulated protein 75

GTPases Guanosine triphosphatases

HKII Hexokinase II

H2O2 Hydrogen peroxide

IF Interfibrillar

IMM Inner mitochondrial membrane

IP3R Inositol 1,4,5-triphosphate receptor

IR Ischemia–reperfusion

IRI Ischemia–reperfusion injury

KCl Potassium chloride

LV Left ventricle

MARF Mitochondrial assembly regulatory factor

Mdivi-1 Mitochondrial division inhibitor 1

Mff Mitochondrial fission factor

Mfn1 Mitofusin 1

Mfn2 Mitofusin 2

MI Myocardial infarct

MiD49/51 Mitochondrial dynamics proteins of 49 and 51 kDa

MLKL Mixed lineage kinase domain like protein

MMP Mitochondrial membrane potential

MOMP Mitochondrial outer membrane permeabilization

mPTP Mitochondrial permeability transition pore

mTOR Mechanistic target of rapamycin

OMM Outer mitochondrial membrane

Opa1 Optic atrophy 1

OPA1-KD OPA1-knockdown

PAH Pulmonary arterial hypertension

pAkt Phospho-Akt

PASMC Pulmonary artery smooth muscle cell

PERK Protein kinase RNA-like endoplasmic reticulum kinase

PGC-1α PPAR gamma coactivator-1

PiC Inorganic phosphate carrier

PPAR Peroxisome proliferator-activated receptor

RIP Receptor-interacting protein

ROS Reactive oxygen species

SENP3 SUMO1/sentrin/SMT3 specific peptidase 3

sI Simulated ischemia

sIRI Simulated ischemia–reperfusion injury

siRNA Small interfering RNA

Smac/DIABLO Second mitochondria-derived activator of caspase/direct inhibi-

tor of apoptosis-binding protein with low pI

SSC Subsarcolemmal

SUMOs Small ubiquitin-like modifiers

TNF-α Tumor necrosis factor alpha
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UPR Unfolded protein response

VDAC Voltage-dependent anion channel

1 Introduction

The shapes of mitochondria vary between different cell types and continuously

change through processes of fusion, fission, and motility, termed mitochondrial

dynamics [as reviewed in Youle and van der Bliek (2012)]. Mitochondrial dynam-

ics refer to the motility of mitochondria within the cell as well as the ability to fuse

and divide. In the heart, this dynamic movement of the mitochondria is not easily

detected as the mitochondria are arranged alongside myofibrils with their move-

ment heavily restricted (Beraud et al. 2009; Hom and Sheu 2009). The fusion/

fission cycle has been proposed to last 14–16 days in adult cardiomyocytes, further

leading to the misimpression that mitochondrial dynamics may be irrelevant in the

heart in short-term studies (Chen et al. 2011). Nevertheless, continuous biogenesis

and turnover by autophagy/mitophagy as well as the presence of mitochondrial-

shaping proteins have substantiated the role of mitochondrial dynamics in the heart

(Diaz and Moraes 2008; Twig et al. 2008). The advent of imaging techniques

further validates the relevance of mitochondrial dynamics in the heart, particularly

in the setting of cardiovascular disorders (see Fig. 1).

Both fusion and fission of mitochondria are mediated by large guanosine

triphosphatases (GTPases) in the dynamin family. These GTPases are conserved

between yeast, flies, and mammals (as reviewed in Chan 2006; Hoppins et al. 2007;

Zhang and Chan 2007; Chen and Chan 2010; Ong and Hausenloy 2010; Chen

et al. 2011; Ong et al. 2012; Piquereau et al. 2013). Mitochondrial fusion consists of

three distinct steps: (1) GTP-independent tethering of the outer membranes of two

mitochondria by either (or both) of two other dynamin superfamily GTPases, the

mitofusins (Mfn) (Koshiba et al. 2004), (2) GTP-dependent fusion of the outer

membranes of the two tethered mitochondria by the same Mfns, followed by

(3) inner mitochondrial membrane (IMM) fusion mediated by yet another dynamin

superfamily GTPase, Optic Atrophy 1 (Opa1) (Cipolat et al. 2004; Song

et al. 2009).

Fission of the mitochondria results from recruitment and directed

multimerization of a dynamin superfamily GTPase – Dynamin-related protein

1 (Drp1) (Smirnova et al. 1998, 2001). The Drp1 protein oligomerizes in a chain-

like fashion around the center of the mitochondria and constricts in a

GTP-dependent manner, dissecting the parent organelle into two daughters. The

exact details of the Drp1-recruitment signaling mechanism to the mitochondria are

not fully elucidated, although ER-contact points/ER-associated proteins (Pinton

et al. 2001; Germain et al. 2005; Alirol et al. 2006; Friedman et al. 2011), actin–

myosin binding (Chhabra and Higgs 2006; Korobova et al. 2013, 2014; Hatch

et al. 2014), and docking proteins (mitochondrial fission protein 1 – Fis1 (Mozdy

et al. 2000; Yoon et al. 2003; James et al. 2003; Stojanovski et al. 2004);
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Mitochondrial fission factor – Mff (Gandre-Babbe and van der Bliek 2008; Otera

et al. 2010; Losón et al. 2013); mitochondrial dynamics proteins of 49 and 51 kDa –

MiD49/51 (Palmer et al. 2011, 2013; Losón et al. 2013, 2014, 2015)) have been

suggested.

2 Mitochondrial Dynamics and Cell Death

2.1 Pro-fission Proteins and Cell Death

The process of apoptosis, or cell death, initiates changes in mitochondrial morphol-

ogy from long interconnected tubules to small puncta-like organelles (Frank

et al. 2001; Yamaguchi and Perkins 2009). Interestingly, mitochondrial fragmenta-

tion by Drp1 has also been documented to contribute to apoptotic cell death, hence

implicating a role for the mitochondrial-shaping proteins in regulating cell fate

(Frank et al. 2001; Breckenridge et al. 2003; Sugioka et al. 2004; Germain

et al. 2005; Parone et al. 2006). The posttranslational modification of Drp1, and

its association with the OMM and Bax/Bak regulate its pro-fission and

pro-apoptotic function (Wasiak et al. 2007; Chang and Blackstone 2007;

Fig. 1 Representative electron micrograph image showing the different shapes and sizes of

mitochondria in the border zone of an infarcted tissue where the mitochondria with disrupted

cristae and myofibril on the left constitute the infarcted area whereas the area on the right is the
area-at-risk with normal mitochondria and myofibrils
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Cribbs and Strack 2007). The fragmentation of mitochondria coincides with the

activation of the pro-apoptotic Bcl-2 family member Bax and permeabilization of

the outer mitochondrial membrane (OMM). Bax colocalizes with Drp1 at defined

foci on the OMM to initiate apoptosis (Frank et al. 2001; Karbowski et al. 2002).

Nevertheless, inhibition of Drp1 only delays but does not inhibit cell death, thus

demonstrating that mitochondrial fragmentation is not a requisite for Bax/Bak-

dependent apoptosis (Sugioka et al. 2004; Parone et al. 2006). Furthermore, the

dominant-negative form of Drp1 – Drp1K38A – did not reduce translocation of the

pro-apoptotic protein Bax to mitochondria, thus placing Drp1 downstream of Bax

in apoptosis. Preventing mitochondrial fission only partially prevented the release

of cytochrome c from the mitochondria whereas the release of second

mitochondria-derived activator of caspase/direct inhibitor of apoptosis-binding

protein with low pI (Smac/DIABLO) ensues (Scorrano et al. 2002; Germain

et al. 2005; Arnoult et al. 2005; Parone et al. 2006). It is noteworthy to point that

cells with fragmented mitochondria were sensitized to apoptotic stimuli and more

predisposed to cell death (Sugioka et al. 2004). The predisposal to cell death may be

due to impaired mitochondrial bioenergetic function as fragmented mitochondria

may be less efficient in adenosine triphosphate (ATP) production (Gomes

et al. 2011). In addition, there may be increased reactive oxygen species (ROS)

production in the fragmented mitochondria (Yu et al. 2006; Shenouda et al. 2011).

This may be due to spatial modification of the electron transport chain (ETC)

subunits in the IMM or distribution of antioxidant enzymes [as reviewed in Ong

and Gustafsson (2012)]. Downregulation of Fis1 has previously been shown to

inhibit mitochondrial fission and cell death (Lee et al. 2004). Nevertheless, mito-

chondrial outer membrane permeabilization (MOMP), mitochondrial fragmenta-

tion, and release of cytochrome c do not always lead to cell death (Alirol

et al. 2006).

2.2 Pro-fusion Proteins and Cell Death

A reduction in OPA1 levels and increased mitochondrial fragmentation were also

detected in the ligated adult rat heart – a model of heart failure where a left lateral

thoracotomy was performed in the fourth intercostal space, and a ligature (6.0 nylon

suture) was placed around the left anterior descending (LAD) coronary artery 2 mm

below its origin following intubation and placement on a respirator (Lin et al. 2007;

Chen et al. 2009). Simulated ischemia by placing the H9c2 rat cardiomyoblast cell

line in serum- and glucose-free medium in an anaerobic chamber for a certain

duration of time also induces loss of OPA1 and promotes mitochondrial fragmen-

tation, while overexpression of OPA1 preserved mitochondrial morphology during

ischemia (Chen et al. 2009).

Renault et al. have recently demonstrated that Mfn1 establishes a mitochondrial

size that is permissive for pro-apoptotic Bcl-2 family function (Renault et al. 2014).

Cells with hyperfragmented mitochondria, along with size-restricted OMM model

systems however, fail to support BAX-dependent membrane association and
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permeabilization due to an inability to stabilize BAXα9�membrane interactions

(Renault et al. 2014).

Mfn2 has been shown to colocalize with Drp1 and Bax in the mitochondrial foci

(Karbowski et al. 2002). Bax functions to repress the Mfn2 activity (Karbowski

et al. 2002, 2006) and promotes mitochondrial fragmentation following MOMP

(Brooks et al. 2007). Overexpression of Mfn2 or inhibiting the colocalization at the

mitochondrial foci prevents Bax translocation and delays MOMP (Neuspiel

et al. 2005; Karbowski et al. 2006). Similarly reduced levels of Opa1 or Opa1-

knockdown (Opa1-KD) by small interfering RNA (siRNA) decreases mitochon-

drial fusion leading to mitochondrial fragmentation, decreased mitochondrial mem-

brane potential (MMP), and cell death (Olichon et al. 2003; Lee et al. 2004).

Defective mitochondrial fusion leads to erratic exchange of inner membrane and

matrix components. Fibroblasts lacking Mfn1 and Mfn2 have been shown to

demonstrate a more heterogenous distribution of OMM proteins (Weaver

et al. 2014). The varying ways the proteins associate in the OMM affect the

heterogeneity in the Mfn1/2 (�/�) cells as well as their transfer kinetics during

mitochondrial fusion (Weaver et al. 2014). Bak is upstream of Bid-induced MOMP

and release of cytochrome c. The lack of Mfn1/2 causes dysregulation of

Bid-dependent apoptotic signaling and this is restored upon expression of Mfn2

or upon fusion with Bak-containing mitochondria (Weaver et al. 2014).

In a study conducted by Papanicolaou et al., conditional ablation of Mfn2 in

cardiac myocytes causes mild cardiac hypertrophy and systolic dysfunction in

murine hearts (Papanicolaou et al. 2011). Nevertheless, there was reduced ROS-

and mitochondrial permeability transition pore (mPTP)-mediated cell death in these

Mfn2�/� hearts, raising the possibility that Mfn2 may also regulate mPTP opening

(Papanicolaou et al. 2011). This may implicate the role of Mfn2 in tethering of

endoplasmic reticulum (ER) to mitochondria and calcium (Ca2+) signaling between

the two organelles (de Brito and Scorrano 2008). The pleiotropic effects of Mfn2

may provide a plausible explanation as to why cell fate may differ in varying

conditions in the presence or absence of Mfn2.

Overexpression of a dominant-active form of Mfn2 reduced Bax-mediated

cytochrome c release (Neuspiel et al. 2005), while downregulation of Mfn2

exacerbated ceramide-induced mitochondrial dysfunction and release of cyto-

chrome c (Papanicolaou et al. 2011). Elevated levels of Mfn2 in the HL-1 cardiac

cell line which is derived from the AT-1 mouse atrial cardiomyocyte tumor lineage

also protect against IR-mediated mPTP opening and cell death (Ong et al. 2010).

Nevertheless, there have also been reports of elevated Mfn2 in myocytes

undergoing apoptosis following hydrogen peroxide (H2O2) treatment, myocardial

infarction, or ischemia–reperfusion injury (IRI) (Shen et al. 2007).

2.3 Mitochondrial Dynamics in Necroptosis

More recently, a pathway of programmed cell necrosis has been described. The

cytokine tumor necrosis factor alpha (TNF-α) activates the receptor-interacting
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serine–threonine kinases RIP1 and RIP3 which will interact with the mixed lineage

kinase domain like protein (MLKL), leading to ROS generation, Ca2+ overload, and

the opening of the mPTP (Vanlangenakker et al. 2008; Cho et al. 2009b; Chen

et al. 2013). RIP3 forms a complex with the mitochondrial protein phosphatase

PGAM5, which then leads to mitochondrial fragmentation via dephosphorylation

of Drp1 at its Ser-637 site and subsequent recruitment to the OMM (Wang

et al. 2012), although this was debated in a more recent study (Moujalled

et al. 2014; Remijsen et al. 2014). The RIP3-RIP1 kinase complex-dependent

necroptosis is also suppressed by caspase-8 via proteolytic cleavage (He et al. 2009).
Caspase-8 deficient embryos die between embryonic days 10.5 and 11.5 due to

activation of RIP3 (He et al. 2009). Conversely, maturation into adulthood is

possible for double KOs of RIP3 and caspase-8 (Kaiser et al. 2011). Pharmacologi-

cal inhibition of this pathway, using Necrostatin-1 to target RIP1, has been reported

to limit myocardial infarct (MI) size and prevent post-left ventricular

(LV) remodeling in cell lines as well as animal models of acute IRI (Lim

et al. 2007; Oerlemans et al. 2012; Zhang et al. 2013a). Repression of RIP3 or

MLKL inhibits necroptosis but activates RIP1-dependent apoptosis, although this

phenomenon may be species-specific (mice versus humans) (Remijsen et al. 2014).

In addition, the different identities of cell death initiators may govern the pathway

of necroptosis (Obitsu et al. 2013). The signaling events underlying necroptosis has

been shown to involve Akt/mechanistic target of rapamycin (mTOR) where cell

death was preceded by RIP1-RIP3-phospho Akt (pAkt) assembly in the neuronal

model (Liu et al. 2014). Pretreatment with Akt inhibitor viii [a cell-permeable and

reversible quinoxaline compound that potently and selectively inhibits Akt1/Akt2

activity by recognizing the pleckstrin homology (PH) domain] and rapamycin

inhibited Akt and S6-phosphorylation events, mitochondrial ROS production, and

necroptosis by over 50% without affecting RIP1-RIP3 complex assembly (Liu

et al. 2014). Similar results were seen using small inhibitory ribonucleic acid-

mediated knockdown of AKT1/2 and mTOR (Liu et al. 2014). Whether this is

similar in the heart remains to be investigated.

2.4 Summary

Collectively, these studies imply the presence of crosstalk between proteins

governing mitochondrial morphology and proteins of the apoptotic response. Phar-

macological modulation of mitochondrial morphology in various studies has been

demonstrated to affect cell fate. Nevertheless, the efficacy and specificity of these

drugs, particularly in the heart, remains to be further investigated. The following

sections in this chapter will depict the role of mitochondrial dynamics in different

cardiovascular diseases and their potential as therapeutic targets.
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3 Mitochondrial Dynamics and Ischemia–Reperfusion Injury

3.1 Perturbations in Mitochondrial Dynamics in Ischemia–
Reperfusion Injury

Disruption of blood flow to the myocardium by a sudden and sustained thrombotic

occlusion of a coronary artery leads to myocardial infarction. For patients

presenting with an acute myocardial infarction, the most effective treatment for

limiting myocardial infarct (MI) size is timely reperfusion. Nevertheless, reperfu-

sion itself, in addition to the injury incurred during acute myocardial ischemia,

induces further myocardial injury and cardiomyocyte death, the combination of

which can be referred to as acute IRI (Yellon and Hausenloy 2007). The changes in

cardiac mitochondrial dynamics following ischemia–reperfusion (IR) were first

demonstrated by Brady et al. who showed that fragmentation of the mitochondria

occurs following 2 h of simulated ischemia (sI) in HL-1 cells (Brady et al. 2006).

The changes persisted for 5 h into simulated reperfusion. Treatment with the

pharmacological p38MAPK inhibitor, SB203580, reverted mitochondria into an

elongated phenotype, suggesting that p38MAPK may have contributed to the

fragmented morphology induced by simulated ischemia (sI) (Brady et al. 2006).

Decreased levels of OPA1 were also found to be associated with sI-induced

mitochondrial fragmentation in H9c2 cells (Chen et al. 2009). We have also

demonstrated that sI induces mitochondrial fragmentation in HL-1 cells and genet-

ically or pharmacologically inhibiting Drp1 reverses this process and reduces

cardiac cell death (Ong et al. 2010). The change in mitochondrial dynamics in the

adult heart has also been shown to occur, where in vivo acute coronary occlusion

via ligation of the LAD coronary artery at ~2 mm below the tip of the left atrium

using an 8/0 prolene monofilament polypropylene suture for 20 min promotes

fragmentation of the mitochondria (Ong et al. 2010).

Formation of unique “donut”-shaped mitochondria is also induced following sI

in H9c2 cells (Liu and Hajnóczky 2011). The mitochondrial “donuts” were formed

upon mitochondrial swelling from mPTP opening, where the mitochondria were

detached from the cytoskeleton and anomalous fusion events (Liu and Hajnóczky

2011). These mitochondrial “donuts” serve to inhibit further cell swelling and allow

the offspring to regain MMP and protect against further cellular stress (Liu and

Hajnóczky 2011). Nevertheless, whether these “donut”-shaped mitochondria form

in adult cardiomyocytes remains to be investigated.

3.2 Causes of Changes in Mitochondrial Dynamics in Ischemia–
Reperfusion Injury

Various factors have been postulated to induce the change in mitochondrial mor-

phology following ischemia, including hypoxia-induced inhibition of oxidative

phosphorylation, collapse in MMP, Ca2+ overloading, or generation of ROS. Ca2+

overloading has been demonstrated to induce mitochondrial fragmentation in both
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neonatal and adult rat cardiomyocytes (Hom et al. 2010). The downstream effects

of Ca2+ overloading include activation of calcineurin followed by dephosphoryla-

tion and activation of Drp1 (Cereghetti et al. 2008). In addition to Ca2+, calcineurin

is also activated by the decreased levels of mIR-499 (Wang et al. 2011), while Drp1

itself can be modulated by posttranslational modifications such as phosphorylation

(Chang and Blackstone 2007; Cribbs and Strack 2007), SUMOylation (Wasiak

et al. 2007), and nitrosylation (Cho et al. 2009a; Nakamura et al. 2010).

Cytosolic calcium overloading which is responsible for activating calcineurin is

induced by using either arachidonic acid (an mPTP opener) or a protonophore

which causes depolarization of the MMP (Cereghetti et al. 2008), although this was

initially observed in HeLa cells. In addition, calcium influx through the voltage-

gated calcium channels (activated by extracellular potassium) can also induce the

translocation of Drp1 to the mitochondria via the activation of Ca2+/CaMKIalpha

and subsequent phosphorylation at Ser600 (Han et al. 2008).

Calcium overloading in neonatal rat ventricular cardiomyocytes induced by

either thapsigargin (a pharmacological inhibitor of calcium into the sarcoplasmic

reticulum) or potassium chloride (KCl) (which opens L-type calcium channels via

membrane depolarization) fragments the mitochondria, while genetically inhibiting

Drp1 by the dominant-negative mutant Drp1K38A prevents the fragmentation (Hom

et al. 2010). Similar fragmentation of the mitochondria was also observed in adult

rat ventricular cardiomyocytes, using electron microscopy (Hom et al. 2010). Nev-

ertheless, the potential of cardiac ischemia to induce activation of calcineurin and

subsequent dephosphorylation and translocation of Drp1 remains to be clarified.

mPTP opening following ischemia has also been postulated to be caused by

hexokinase II (HKII) dissociation from the mitochondrial contact sites at the OMM

and IMM, although the interplay between HKII and Drp1 in maintenance of the

contact sites remains to be determined (Pasdois et al. 2013; Halestrap et al. 2014).

Ischemia also degrades the SUMO-2/3-specific protease SENP3, via a pathway

involving the unfolded protein response (UPR) kinase PERK and the lysosomal

enzyme cathepsin B. Ischemia-induced cell death however is suppressed during

sustained Drp1 SUMOylation by depletion of SENP3. Restoration of SENP3 levels

following reoxygenation allows deSUMOylation of Drp1 and subsequent Drp1

localization at mitochondria leading to fragmentation and cytochrome c release

(Guo et al. 2013).

3.3 Genetic Inhibition of Ischemia-Induced Mitochondrial Fission

sI-induced mitochondrial fragmentation in the H9c2 cell line was associated with

reduced OPA1 and blocking OPA1 with siRNA exacerbated the deleterious effects

of mitochondrial fragmentation (Chen et al. 2009). Transfection of HL-1 cells with

Drp1K38A, Mfn1, or Mfn2, promoted mitochondrial elongation and reduced cell

death following simulated IRI (SIRI) indicating that inhibition of mitochondrial

fission confers cardioprotection (Ong et al. 2010). Inducing mitochondrial fragmen-

tation by transfection with hFis1 conversely promoted cell death following sIRI
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(Ong et al. 2010). Nevertheless, conflicting findings where siRNA knockdown of

Mfn2 delayed mPTP opening and rendered adult cardiomyocytes less susceptible to

oxidative stress have been found (Papanicolaou et al. 2011; Chen et al. 2012).

Overexpression of OPA1 also failed to protect the cells against ischemia-induced

apoptosis (Chen et al. 2009). More interestingly, the neonatal myocytes

demonstrated opposite findings to that found in the adult cardiomyocytes,

suggesting that the developmental status of the cardiac cells may also affect the

effects of changes in mitochondrial morphology (Papanicolaou et al. 2011).

Pretreatment of the cells with cyclosporine A (CsA) prevented OPA1 reduction,

suggesting that the OPA1 levels may be influenced by the opening of the mPTP

(Chen et al. 2009). Nevertheless, it is noteworthy to point out that CsA can also

inhibit calcineurin (Cereghetti et al. 2008), thus likely to prevent Drp1-mediated

mitochondrial fragmentation.

3.4 Pharmacological Inhibition of Ischemia-Induced
Mitochondrial Fission

Pharmacologically inhibiting Drp1 by the use ofmdivi-1 (a recently described small

molecule Drp1 inhibitor – mitochondrial division inhibitor 1) also prevented

mitochondrial fragmentation and cell death, in cardiac cell lines and the adult

murine heart (Ong et al. 2010). The proportion of elongated interfibrillar

(IF) mitochondria (defined by mitochondria >2 μm in length, the average length

of sarcomeres) was also significantly increased by mdivi-1, as assessed by electron

microscopy (Ong et al. 2010). The usage of mdivi-1 in the heart reduced mitochon-

drial ROS, reduced mitochondrial metabolism during IR, improved LV-developed

pressure, and lowered LV end diastolic pressure following IR – effects mirrored

using the calcineurin inhibitor, FK506 (Zepeda et al. 2014; Sharp et al. 2014).

Inhibiting Drp1 via upstream pathways, e.g., overexpression of Pim1 kinase (Din

et al. 2013) and usage of the nonspecific dynamin inhibitor, Dynasore (Gao

et al. 2013) also proved to be cardioprotective. Similar findings in conferring

protection via inhibition of mitochondrial fission have also been demonstrated in

the kidney and brain (Brooks et al. 2009; Zhang et al. 2013b).

More recently, a specific peptide inhibitor of Drp1 – P110 – applied at reperfu-

sion reduced myocardial infarct size and prevented adverse left ventricular

remodeling post-MI in the adult rat heart (Disatnik et al. 2013) as well as in the

brain (Guo et al. 2014). Furthermore, the discovery of other components of the

mitochondrial fission machinery such as Mff and mitochondrial dynamics proteins

of 49 and 51 kDa (MiD49/51) may serve as additional targets to mediate

cardioprotection (Long et al. 2013). Nevertheless, these therapeutic strategies via

transient pharmacological inhibition of mitochondrial fission may only be protec-

tive in the short-term. Chronic inhibition of mitochondrial fission would be detri-

mental to the heart and other organs as fission of the mitochondria is critical to

maintaining a healthy mitochondrial network (Ikeda et al. 2014).
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Pretreating the primary renotubular cells with an antioxidant or insulin could

also inhibit ischemia-induced mitochondrial fragmentation although the underlying

mechanism was not determined at that time (Plotnikov et al. 2008). More recently,

activation of the protein kinase B (Akt) by using either a transgenic approach or

pharmacological approach with the cytokine, erythropoietin, promotes mitochon-

drial elongation, inhibits mPTP opening, and reduces cardiac cell death following

IRI (Ong et al. 2014). The effect of Akt on mitochondrial elongation was shown to

be associated with Mfn1 (Ong et al. 2014) although further studies will be needed to

clarify the exact mechanism.

3.5 Summary

Mitochondrial fission is a key element in acute IRI and inhibition of mitochondrial

fission either by drugs or genetic methods protect against acute IRI injury. Whether

prolonged elongation of mitochondria is beneficial remains to be investigated. The

effects of IRI in expression levels of the mitochondrial-shaping proteins are also

unclear and whether the changes in these proteins directly affect cell fate following

IRI remains to be elucidated. Furthermore, hurdles exist in the investigation of the

role of these proteins as these proteins have their characteristic posttranslational

modification, varying expression levels, and subcellular localization. The specific-

ity and efficacy of pharmacological modulators of mitochondrial dynamics in the

heart warrants detailed investigation prior to clinical trials.

4 Mitochondrial Dynamics and Heart Failure

4.1 Pro-fusion Proteins in Heart Failure

Heart failure is characterized by fragmentation of cardiac mitochondria, e.g., an

increase in the number of mitochondria with a reduction in size and mass as well as

compromised structural integrity (Schaper et al. 1991; Sabbah et al. 1992; Beutner

et al. 2001; Joubert et al. 2008). Severity of heart failure is tightly associated with

the disruption of mitochondrial function (Sabbah et al. 1992). Investigations into

the possibility of manipulating mitochondrial dynamics to reduce the severity of

heart failure have been initiated. Changes in levels of mitochondrial-shaping

proteins such as OPA1 downregulation have been postulated to play a role in

heart failure (Chen et al. 2009; Chen and Knowlton 2010). Nevertheless, Javadov

et al. showed no change in OPA1 in rat hearts 12–18 weeks after MI, albeit Mfn2

decreases and Fis1 increases (Javadov et al. 2011). The discrepancies may be due to

the different models and duration of stress employed. Furthermore it has been

suggested that the changes in levels of mitochondrial-shaping proteins could be

linked to alteration in mitochondrial biogenesis governed by the PPAR gamma

coactivator-1 (PGC-1α) (Garnier et al. 2005; Ventura-Clapier et al. 2011). The

potential role of posttranslational modification particularly in the aspect of changes
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in Drp1 as well as changes in levels of GTP/GDP also cannot be excluded

[as reviewed in Piquereau et al. (2013)].

Cardiac cell death is also a hallmark feature of heart failure. Cardiac

mitochondria are a determinant of cardiac cell fate and mitochondrial dynamics

may regulate cardiac cell death in heart failure. Abnormalities in rates of fusion and

fission may lead to cell death and loss of cardiomyocytes in heart failure (Olivetti

et al. 1997; Narula et al. 1999). Heart failure is associated with impaired mitochon-

drial oxidative phosphorylation and increased ROS production from the

mitochondria. Whether changes in mitochondrial dynamics lead to impairment of

mitochondrial function during heart failure is unknown. In dilated cardiomyopathy

(Schaper et al. 1991) and myocardial hibernation (Kalra and Zoghbi 2002), disor-

ganized small mitochondria have been observed. In addition, Chen et al. have also

demonstrated disorganized small fragmented mitochondria in an adult rat model of

post-MI heart failure (Chen et al. 2009). The authors found an increased number of

mitochondria per area, while the individual mitochondrial cross-sectional areas

were significantly decreased in the failing adult rat heart. The fragmentation of

the mitochondria was due to decreased OPA1, while there were no reported changes

to the levels of other mitochondrial-shaping proteins (Chen et al. 2009). Interest-

ingly, the mRNA level of OPA1 was unchanged suggesting that the reduction in

OPA1 levels was probably due to posttranscriptional modification (Chen

et al. 2009). In human hearts with ischemic cardiomyopathy, Mfn1, Mfn2, and

Drp1 were increased, while OPA1 was reduced with no change in level of hFis1

(Chen et al. 2009).

In hearts with dilated cardiomyopathy however, there was no change in levels of

OPA1 and hFis1 but Mfn1, Mfn2, and Drp1 were increased (Chen et al. 2009).

Similarly during initial compensatory cardiac hypertrophy, an increase in OPA1

and decrease in Drp1 occur in concert with decreased Parkin and Sirt1/AMPK/

PGC-1α signaling, signifying a compromised mitochondrial remodeling system

(Tang et al. 2014). The significance of these changes in levels of mitochondrial-

shaping proteins in development of heart failure is currently unknown and

unraveling the mystery of this will benefit improvement of mitochondrial and

cardiac function.

Dorn et al. have investigated the role of the mitochondrial fusion proteins MARF

(mitochondrial assembly regulatory factor) and OPA1 in the Drosophila fly heart

tube (Dorn et al. 2011). MARF (ortholog of mammalian Mfn) is the sole OMM

fusion protein in the Drosophila fly and silencing cardiac-specific MARF and

OPA1 causes a shift in mitochondrial morphology (increased heterogeneity and

30% reduction in mean mitochondrial size) as well as cardiomyopathy

(characterized by dilatation of the heart tube and severe contractile impairment)

(Dorn et al. 2011). Overexpression of either the mitofusins Mfn1 or Mfn2 or

superoxide dismutase 1 reverses MARF-deficient cardiomyopathy, thus showing

that mitochondrial fragmentation and oxidative stress plays a role in the pathogen-

esis of the MARF-deficient cardiomyopathy. The authors also did not detect a

change in arrangement of endoplasmic reticulum (ER), sarcoplasmic reticulum,
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or T-tubules, thus excluding the tethering role of MARF between the mitochondria

and the ER (Dorn et al. 2011).

The formation of giant mitochondria has also been described in a variety of

cardiomyopathy, including mitochondrial cardiomyopathy (Kanzaki et al. 2010).

These giant mitochondria are formed by end-to-end fusion of adjacent

mitochondria and may help to compensate for the functional impairment of

mutations in mitochondrial DNA [as reviewed in Hoppel et al. (2009)].

Ablation of both Mfn1 and Mfn2 results in embryonic lethality (Chen

et al. 2011). Conditional cardiac ablation of Mfn1 and Mfn2 promotes fragmenta-

tion of the mitochondria, defective mitochondrial respiration, and a severe dilated

cardiomyopathy (Chen et al. 2011). Cardiac ablation of Mfn2 leads to impaired

Parkin-mediated mitophagy causing an accumulation of damaged ROS-producing

organelles and progressive heart failure. In the Mfn2-null hearts, mitochondrial

ROS, suppressed at an optimal level, prevented mitochondrial depolarization,

respiratory impairment, and structural degeneration. Over-suppressing mitochon-

drial ROS however leads to disrupted secondary autophagic pathways and

impairment in mitochondrial health, delineating the importance of mitochondrial

ROS alongside mitochondrial dynamics in mediating mitophagy and minimizing

cardiac failure (Song et al. 2014). The deficiency in Parkin and the resulting

mitophagic disruption promotes the formation of enlarged hollow donut

mitochondria with dilated cardiomyopathy (Bhandari et al. 2014). Completely

inhibiting mitochondrial fusion prevented the cardiomyopathy and corrected mito-

chondrial dysfunction, demonstrating the link between improper mitochondrial

fusion, defective mitophagy, and organ dysfunction (Bhandari et al. 2014).

4.2 Pro-fission Proteins in Heart Failure

A novel mutation in the Drp1 gene (C452F) causing an autosomal dominant form of

dilated cardiomyopathy in the python mouse has also been described (Ashrafian

et al. 2010). Although the homozygous mutation is embryonically lethal, the

heterozygous form survives until adulthood. Nevertheless, severe dilated cardio-

myopathy associated with reduced levels of the ETC enzymes and impairment of

ATP production develops after 11 weeks (Ashrafian et al. 2010).

Although the association between Drp1 and heart failure has been established, a

decrease in SUMOylated Drp1 has been detected in SENP5-Tg hearts. In the early

developmental stage of the SENP5-Tg hearts, mitochondria have been detected to

be significantly larger which would account for the pathological change observed

(Kim et al. 2015). Increased mitochondrial oxidative stress and aberrant mitophagy

promotes abnormal activation of matrix metalloproteinase-9 (MMP-9), leading to

degradation of the gap junction protein connexin-43 (Cx-43) in the ventricular

myocardium (Givvimani et al. 2010; Jansen et al. 2012). The reduction in Cx-43

levels is associated with increased fibrosis and ventricular dysfunction in heart

failure (Jansen et al. 2012). Treatment with mdivi-1 normalized the decreased ratio

of Mfn2 to Drp1 (Gharanei et al. 2013) as well as the expression levels of MMP-9
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and Cx-43, leading to improved cardiac function (Givvimani et al. 2010, 2012,

2014; Sharp et al. 2014).

4.3 Mitochondrial Dynamics in Left Ventricular Hypertrophy

Hypertrophy or enlargement of the left ventricle (LV) can occur due to physiologi-

cal cues (in response to exercise) or pathological causes (in response to an increased

load). LV hypertrophy can lead to an increased risk of arrhythmias and heart failure

(Frey and Olson 2003; Frey et al. 2004). In neonatal rat cardiomyocytes, usage of

the hypertrophic agonist norepinephrine induces mitochondrial fission and

impaired mitochondrial function (Pennanen et al. 2014). The increase in mitochon-

drial number and decrease in mitochondrial mean volume was due to elevated

cytoplasmic Ca2+ and activation of calcineurin via action of norepinephrine on α1-
adrenergic receptors (Pennanen et al. 2014). Interestingly, the dominant-negative

Drp1K38A prevented mitochondrial fission, and also blocked hypertrophic growth,

while an antisense adenovirus against the fusion protein Mfn2 (AsMfn2) was

sufficient to increase mitochondrial fission and stimulate a hypertrophic response

without agonist treatment (Pennanen et al. 2014). The inhibition of Mfn2 in this

case may also impair increased Ca2+ signaling and transfer from the ER to the

mitochondria, thus reducing translocation of Drp1 to sever the mitochondria.

4.4 Summary

The pharmacological modulators of mitochondrial dynamics have yet to be widely

used in the settings of heart failure. This may be due to the multifaceted nature of

heart failure as well as the lack of proven specificity of the drugs. Future studies

should investigate the application of pharmacological approach to modulating

mitochondrial dynamics in tackling heart failure.

5 Mitochondrial Dynamics and Diabetes

5.1 Mitochondrial-Shaping Proteins in Diabetes

The presence of diabetes mellitus causes cardiovascular disease with a worse

prognosis in the patients. The increased risk of cardiovascular disease is due to an

exacerbation of cellular injury and dysfunction from hyperglycemia-induced mito-

chondrial oxidative stress (Nishikawa et al. 2000; Green et al. 2004). More recently,

mitochondrial fragmentation has been observed in hyperglycemic conditions

(Yu et al. 2006). Yu et al. and Watanabe et al. have demonstrated fragmentation

of the mitochondria and enhanced ROS production in conditions of hyperglycemia

in the H9c2 rat heart myoblast cell line (Yu et al. 2008; Watanabe et al. 2014). The

shift in mitochondrial dynamics and ROS production causes mPTP opening and
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apoptosis which could be reversed by transfecting the cells with Drp1K38A,

suggesting that Drp1 is responsible for the hyperglycemia-induced mitochondrial

fragmentation (Yu et al. 2008; Watanabe et al. 2014).

Mitochondrial fragmentation has also been observed in coronary endothelial

cells isolated from the diabetic murine heart (Type I model of diabetes), while this

was absent in the nondiabetic mice (Makino et al. 2010). The fragmentation was

due to reduced OPA1 and increased levels of Drp1, while the levels of other

mitochondrial-shaping proteins remain unchanged. Four weeks of pretreatment

with an antioxidant prevented the fragmentation of the mitochondria, albeit the

levels of the mitochondrial-shaping proteins (OPA1 and Drp1) remain unchanged

(Makino et al. 2010). This suggests that oxidative stress is the mediator of mito-

chondrial fragmentation in the hyperglycemic state (Makino et al. 2010). Similarly

in the right atrial myocardium of humans, diabetes mellitus was associated with

cardiac mitochondrial network fragmentation and decreased Mfn1 which was

inversely proportional to hemoglobin A1C (Montaigne et al. 2014). In the

streptozocin-induced diabetic adult mouse heart, interfibrillar (IF) mitochondria

have been demonstrated to be smaller in size with a lower MMP and more

predisposed to mPTP opening and apoptosis, compared to the subsarcolemmal

(SSC) mitochondria (Williamson et al. 2010). This may be related to the gradual

decrease in expression of cardiac Mfn2 over time as shown by a recent study by Gao

et al. (2012).

Mice fed with a high-fat diet, independent of obesity-induced comorbidities,

were also found to be more vulnerable to reperfusion injury (Littlejohns

et al. 2014). The high-fat diet causes elevated intracellular calcium, oxidative stress,

HKII dissociation from the mitochondria, and mitochondrial fragmentation, with an

increase in Mfn2 and Drp1 and decreased OPA1 (Littlejohns et al. 2014). The

elevated Mfn2 has been postulated to increase mitochondrial tethering to ER which

will increase calcium concentrations and recruitment of Drp1. Furthermore, there

was a significant decrease in the expression of voltage-dependent anion channel

(VDAC), an increase in mitochondrial inorganic phosphate carrier (PiC) but no

change in cyclophilin D (CypD) and adenine nucleotide translocator (ANT)

(Littlejohns et al. 2014). Obesity and excess of fatty acids may lead to metabolic

heart disease with impairment of mitochondrial function. Mice with

cardiomyocyte-specific overexpression of the fatty acid transport protein FATP1

experienced an increase in phosphorylation of PKCα and PKCδ, and a decrease in

phosphorylation of AKT and expression of CREB, PGC1α, and PPARα (Elezaby

et al. 2014). The excessive delivery of FAs to the cardiac myocyte leads to

remodeling of mitochondrial structure by fragmentation via decreased MFN1,

MFN2, and OPA1 (Elezaby et al. 2014). Complex-II activity and expression was

also markedly reduced (Elezaby et al. 2014).
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5.2 Novel Mitochondrial Proteins in Diabetes

Mitofilin, which is also known as heart muscle protein, is located in the IMM and is

crucial for maintaining cristae morphology and structure. Type 1 diabetes (T1D)

mellitus has been reported to cause a downregulation in IFM mitofilin. Genetically,

overexpression of mitofilin in mice restored mitochondrial cristae structure, cardiac

contractile function as well as respiratory chain functions following streptozotocin

(STZ)-induced diabetes (Thapa et al. 2014).

Aberrant neuronal mitochondrial morphology, reduced ATP production, and

impaired complex I activity in neurons caused by imbalanced mitochondrial fusion

and fission have been linked to Type II diabetes via a glycogen synthase kinase-3β
(GSK3β)/Drp1-dependent mechanism (Huang et al. 2014). Whether this holds true

in the heart remains to be investigated. More recently, the diabetes susceptibility

gene Clec16a has been identified as a novel regulator of mitophagy in beta cells

through upstream regulation of the Nrdp1/Parkin pathway (Soleimanpour

et al. 2014). The E3 ubiquitin ligase Nrdp1 is a major interacting partner of

Clec16a, and Clec16a appears to protect Nrdp1 from proteosomal degradation

(Soleimanpour et al. 2014). Islets from mice with pancreas-specific deletion of

Clec16a have an accumulation of abnormal mitochondria with reduced oxygen

consumption and ATP concentration, signifying an impairment of proper

mitophagy (Soleimanpour et al. 2014). The relevance of the association of cardiac

mitophagy with diabetes remains to be investigated.

Mitochondria-associated endoplasmic reticulum (ER) membranes (MAMs),

consisting of the VDAC-1/glucose-regulated protein 75 (Grp75)/inositol 1,4,5-

triphosphate receptor (IP3R)-1 complex, are required for proper insulin signaling

(Tubbs et al. 2014). Disruption of MAM integrity altered insulin signaling in mouse

and human primary hepatocytes, while treatment of CypD-knockout mice with

metformin improved both insulin sensitivity and MAM integrity (Tubbs

et al. 2014). There is also a possibility that the MAM contacts may be affected in

the heart and targeting this may render the heart more resistant against cardiac

pathological stresses.

A more recent study has cloned the gene encoding apolipoprotein O (APOO),

which is overexpressed in hearts from diabetic patients and generated APOO-Tg

mice, which expresses physiological levels of human APOO in heart tissue

(Turkieh et al. 2014). Localized to the mitochondria, APOO enhanced mitochon-

drial uncoupling and respiration leading to fatty acid metabolism and ROS produc-

tion, increased AMPK phosphorylation, and Ppara and Pgc1a expression (Turkieh

et al. 2014). These changes generate a mitochondrial metabolic sink whereby

accumulation of lipotoxic byproducts leads to lipoapoptosis, loss of cardiac cells,

and cardiomyopathy (Turkieh et al. 2014). It remains to be investigated whether

APOO regulates mitochondrial morphology as a missing link between impaired

mitochondrial function and onset of cardiomyopathy.

The induced in high glucose-1 (IHG-1) is a conserved mitochondrial protein

found in the kidney which amplifies profibrotic transforming growth factor (TGF)-β
1 signaling and increases mitochondrial biogenesis (Hickey et al. 2014).
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Overexpression of IHG-1 leads to increased mitochondrial fusion by forming

complexes with the Mfns and enhancing the GTP-binding capacity of Mfn2

(Hickey et al. 2014). IHG-1 also protects renal cells from ROS-induced apoptosis

(Hickey et al. 2014), raising the speculation that if found in the heart, similar

protective responses may be observed.

5.3 Summary

In summary, mitochondrial fragmentation seems to be a key element associated

with the deleterious effects of diabetes. Whether pharmacological modulation of

mitochondrial dynamics can successfully control diabetes will require further

investigation. Insulin treatment, although tested in STZ-induced T1D rats, has

successfully normalized alterations in neuronal mitochondrial dynamics, biogene-

sis, and autophagy (Santos et al. 2014). Future therapeutics using insulin should be

tested in the heart in the hope of demonstrating similar positive results.

6 Mitochondrial Dynamics and Pulmonary Hypertension

6.1 Mitochondrial-Shaping Proteins in Pulmonary Hypertension

Pulmonary arterial hypertension (PAH) is defined as a condition where the pulmo-

nary arteries become obstructed, caused, in part, by pulmonary artery smooth

muscle cell (PASMC) hyperproliferation, resulting in right ventricular hypertrophy

and heart failure [as reviewed in Archer et al. (2010)]. In this regard, recent

experimental data has implicated the mitochondrial fusion and fission proteins as

potential causative factors for induction of PAH.

Early endoplasmic reticulum (ER) stress, which is associated with clinical

triggers of PAH including hypoxia may cause abnormalities of mitochondria and

contribute to vascular remodeling. Nogo-B, a regulator of ER structure, has been

shown to be induced by hypoxia in SMCs of the pulmonary arteries through

activation of the ER stress-sensitive transcription factor ATF6 (Sutendra

et al. 2011). The activation of Nogo-B increased the distance between the ER and

mitochondria and decreased ER-to-mitochondria phospholipid transfer and

intramitochondrial calcium (Sutendra et al. 2011). Inhibition of calcium-sensitive

mitochondrial enzymes increased MMP, decreased mitochondrial ROS, and

decreased mitochondria-dependent apoptosis ensue, thus enabling the development

of PAH through overproliferation (Sutendra et al. 2011). The role of Mfn2, which is

known for mitochondrial-ER tethering, was not investigated in this study though

the decrease in Mfn2 may enhance this distance between ER–mitochondria. In the

skeletal muscle however, diminished AKT and p70S6 kinase phosphorylation were

evident alongside decreased Mfn2 and increased phosphorylation of ryanodine

receptor 1 receptors, providing a link between impaired excitation–contraction

coupling and altered sarcoplasmic reticulum Ca2+ sequestration (Batt et al. 2014).
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Hyperproliferation of the PASMCs constitutes an essential part of the patho-

physiology underlying PAH, where proper division and distribution of

mitochondria is crucial. In this regard, the upregulation of Drp1 and

downregulation of Mfn2, coupled with cyclin B1/CDK1 phosphorylation of

Drp1 at Ser616 facilitates the mitochondrial fragmentation required (Marsboom

et al. 2012). Interestingly, treatment with the small molecule Drp1 inhibitor, mdivi-
1, was shown to prevent the progression of PAH in three different experimental

models of PAH: (1) 2 mg CoCl2 i.p./day for 4 weeks, (2) chronic hypoxia (10%

oxygen), and (3) monocrotaline (60 mg/kg i.p.) (Marsboom et al. 2012). Similar

results were also observed by genetically inhibiting Drp1 (Wang et al. 2015). Mfn2

was also found to be downregulated in PASMCs from idiopathic PAH patients

(Marsboom et al. 2012) although this has been controversial as Mfn2 has been

indicated to mediate PASMC proliferation in hypoxic pulmonary hypertension via

the PI3K/Akt signaling pathway (Zhang et al. 2012). siRNA against Mfn2

suppressed effects of hypoxia including regulation of cells at G(2)/M + S phase,

increased proliferating cell nuclear antigen and cyclin A expression (Zhang

et al. 2012). A similar reduction was also detected for PGC1α, while overexpression
of Mfn2 using adenovirus (Ad-Mfn2) in an early preclinical study rescued the

deleterious phenotype (Ryan et al. 2013). This study utilizes rats with experimental

PAH: either (1) the monocrotaline model or (2) a rat model involving a combination

of chronic hypoxia plus the VEGF receptor antagonist, SU5416. The vector –

0.1 ml of Ad-Mfn2 or Ad-GFP virus (in saline, 2 � 109 plaque-forming units) –

was administered intravenously and/or via tracheal nebulization, Ad-Mfn2 therapy

resulted in positive vascular remodeling, improved functional capacity, and

reduced pulmonary vascular resistance in these rat models of PAH (Ryan

et al. 2013).

6.2 Summary

Together, these findings implicate the mitochondrial-shaping proteins as a novel

therapeutic target for PAH. Although preventing PAH by using mdivi-1 is benefi-

cial short-term, the feasibility remains to be determined as chronic inhibition of

mitochondrial fission may be detrimental. In addition, the role of Mfn2 in mediating

effects of PASMC proliferation in hypoxic pulmonary hypertension warrants fur-

ther clarification for development of targeted therapeutics against PAH.

7 Conclusion

Mitochondria are organelles that are highly dynamic. The plasticity of

mitochondria is influenced by a myriad of biological cues within the cells which

in turn affect cellular physiological and pathophysiological conditions. In the heart,

changes in mitochondrial dynamics have been shown to play a crucial role in

manifestation of cardiac pathology and modulation of the mitochondrial-shaping
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proteins may constitute a novel therapy in targeting cardiovascular diseases (see

Table 1). Nevertheless, it is noteworthy to point that it is the delicate balance

between the fission and fusion which is more critical rather than the fission or

fusion processes alone and this balance should be kept in targeting mitochondrial

dynamics in pathological conditions. Understanding the association between mito-

chondrial dynamics and the inducers of cardiac diseases will facilitate the develop-

ment of novel therapeutic agents in reducing mortality and morbidity from heart

diseases.
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Abstract

Alzheimer’s disease (AD) is a difficult puzzle to solve, in part because the

etiology of this devastating neurodegenerative disorder remains murky. How-

ever, diabetes has been pinpointed as a major risk factor for the sporadic forms of

AD. Several overlapping neurodegenerative mechanisms have been identified

between AD and diabetes, including mitochondrial malfunction. This is not

surprising taking into account that neurons are cells with a complex morphology,

long lifespan, and high energetic requirements which make them particularly

reliant on a properly organized and dynamic mitochondrial network to sustain

neuronal function and integrity. In this sense, this chapter provides an overview

on the role of mitochondrial bioenergetics and dynamics to the neurodegenera-

tive events that occur in AD and diabetes, and how these organelles may

represent a mechanistic link between these two pathologies. From a therapeutic

perspective, it will be discussed how mitochondria can be targeted in order to

efficaciously counteract neurodegeneration associated with AD and diabetes.

Keywords

Alzheimer’s disease • Diabetes • Mitochondrial bioenergetics • Mitochondrial

dynamics • Neurodegeneration • Oxidative stress • Therapeutics

1 Introduction

Perhaps one of the most important revolutionary occurrences was the development

of mitochondria, the evolutionary remains of aerobic bacteria that infected the

anaerobic protoeukaryotic cell about a billion years ago, and which nowadays are

designated “powerhouse of the cell” and “ATP reservoir” (Lane 2006; Breuer et al.

2012; Hagberg et al. 2014). For many years, the classical appraisal of mitochondrial

function was based on energy-producing capacity. Such traditional vision of

mitochondria as powerhouses quietly lingering around in the cytosol of cells is

now becoming replaced by the perspective of a dynamic mitochondrial network

that not only physically connects distant neuronal compartments but is also intrin-

sically involved in major neuronal life and death decisions (Otera and Mihara 2011;

Karbowski and Neutzner 2012; Santos et al. 2012).

Since Rolf Luft and collaborators described for the first time a rare hypermeta-

bolic disorder due to mitochondrial dysfunction (Luft et al. 1962), the medicine has

advanced in understanding what role do mitochondria play in health and disease. At

present, Alzheimer’s disease (AD) and diabetes mellitus, often referred to simply as

diabetes, are considered among the greatest threats to public health. Importantly, an

interrelation between AD and diabetes has been extensively described during the

last decades. The incidence of diabetes is accompanied by neurodegeneration and

increases the risk for developing AD and vice versa, which suggests that these

disorders share common pathological mechanisms (Correia et al. 2012b; Moreira

2012). In this sense, this chapter is mainly devoted to highlight the role of mito-

chondrial dysfunction as a point of intersection between AD and diabetes.
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Therefore, the first part of this chapter succinctly describes the physiological role of

mitochondrial bioenergetics and dynamics to neuronal populations. Thereafter, the

importance of mitochondrial (dys)function in AD and diabetes-related

neurodegeneration and the most promising mitochondrial-targeted therapeutic

strategies aimed to confer neuronal protection in the abovementioned pathologies

will be critically discussed.

2 What is the Physiological Relevance of Mitochondria
in Neurons?

Due to a complex architecture, energetic demands that fluctuate in time and space,

and long lifespan, neuronal fate is dictated by the befitting interplay between

mitochondrial bioenergetics and dynamics (Kann and Kovacs 2007; Sheng and

Cai 2012; Sheng 2014). Therefore, during neuronal lifetime, mitochondrial network

is continually remodeled and rebuilt in order to maintain a healthy mitochondrial

pool. The dynamic properties that modulate mitochondrial network comprise mito-

chondrial biogenesis, fusion and fission, transport, and degradation by autophagy

(mitophagy) (Fig. 1). Within this scenario, this section is devoted to provide a brief

overview of mitochondrial bioenergetics, dynamics, and quality control with the

purpose to form a comprehensive picture on the mitochondrial contribution to

normal synaptic and neuronal functioning.

2.1 Mitochondrial Bioenergetics

Owing to their limited glycolytic capacity, neurons are heavily reliant on mitochon-

drial oxidative phosphorylation (OXPHOS) for ATP generation. In this sense, the

primary function of mitochondria in neurons is to supply ATP for energy-

consuming processes such as axonal transport of macromolecules and organelles,

ion pumps activity and synaptic transmission and plasticity (Sheng and Cai 2012;

Sheng 2014). Of note, electron transport chain (ETC) is also a source of reactive

oxygen species (ROS) (Finkel and Holbrook 2000). ROS are known to function as a

double-edged sword. At low levels, ROS act as important intracellular signaling

molecules. On the flipside, exacerbated ROS levels may directly “attack” mito-

chondrial components triggering neuronal oxidative damage.

However, mitochondria are more than a power station to neurons. These

organelles are also major short-term reservoirs of Ca2+, which in turn critically

partakes in neuronal communication by controlling synaptic vesicles mobilization

and recycling and neurotransmitter release (Vos et al. 2010). Mechanistically,

mitochondrial Ca2+ uptake depends on a mitochondrial calcium uniporter (MCU)

that resides in the inner mitochondrial membrane, while mitochondrial Ca2+ release

occurs through the mitochondrial permeability transition pore (MPTP) (Vos et al.

2010). Importantly, under pathological conditions, mitochondrial Ca2+ overload

compromises the integrity of the mitochondrial inner membrane, thereby triggering

MPTP opening, a process when sustained results in cessation of ATP production,
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exacerbated ROS generation, permeability of the outer mitochondrial membrane,

cytochrome c leakage, and subsequent neuronal cell death (Pivovarova and

Andrews 2010).

Overall, mitochondrial bioenergetics comprises several distinct but interconnected

pathways necessary for neuronal survival, activity, connectivity, and plasticity.

2.2 Mitochondrial Fusion and Fission

Traditionally depicted as solitary and static entities, mitochondria are in reality dynamic

organelles that continuously fuse and divide through the action of two opposing forces,

mitochondrial fusion and fission (Chen and Chan 2009). Unopposed mitochondrial

fusion favors the generation of an elongated and interconnectedmitochondrial network,

whereas unopposed mitochondrial fission induces a fragmented and disconnected

mitochondrial phenotype (Chen and Chan 2009).

Fig. 1 Mitochondrial dynamics in neurons. Mitochondrial network is continually reshaped and

renewed by the action of four major dynamic processes: mitochondrial fusion–fission, biogenesis,

transport, and selective degradation by autophagy (mitophagy). Briefly, functional mitochondria

are generated in the soma through mitochondrial biogenesis and transported in the anterograde

direction to structures with high metabolic requirements such as synapses, where these organelles

sustain synaptic function by providing ATP and buffering Ca2+. On the other hand, damaged

mitochondria return back to the soma by retrograde transport and degraded by the autophagy-

lysosome machinery. In-between, mitochondria experience successive cycles of fusion and fission
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Mitochondrial fission is governed by a large cytosolic GTPase dynamin-like

protein 1 (DRP-1) that is recruited from the cytosol to the outer mitochondrial

membrane and homo-oligomerizes, forming large ring complexes that constrict and

ultimately cause mitochondrial scission. Among the recruiters of DRP-1 to the

outer mitochondrial membrane are mitochondrial fission protein 1 (Fis1), mito-

chondrial fission factor (Mff), and mitochondrial dynamics proteins 49 and 51 kDa

(MiD49, MiD51). The core components of the mitochondrial fusion machinery are

mitofusin 1 and 2 (Mfn1 and Mfn2) and optic atrophy protein 1 (OPA1). Briefly,

mitofusins are responsible for the linkage of the outer mitochondrial membranes of

two separated mitochondria, and OPA1, which resides in the inner mitochondrial

membrane, facilitates the lengthening and tethering of adjacent mitochondria to

form a connected tubular network being involved in maintaining/remodeling cristae

structure (Burte et al. 2015; Ni et al. 2015).

But, what is the physiological relevance of mitochondrial fusion and fission in

neurons? First and foremost, successive cycles of fusion and fission allow the

generation of a heterogeneous mitochondrial population. The fine-tuning of these

opposing forces allows proper neuronal functioning. While fusion events are crucial

for the exchange of contents between mitochondria and enable damaged

mitochondria to acquire components from healthy mitochondria, fission is essential

for mitochondrial trafficking along axons and a prerequisite for mitophagy

(Westermann 2010; Sheng and Cai 2012).

2.3 Mitochondrial Biogenesis and Mitophagy

Mitochondria are continuously renewed by the physiological equilibrium between

generation and degradation. Mitochondria cannot be synthesized de novo; so, new

mitochondria arise from the division of pre-existing organelles in the soma, a

process denominated by mitochondrial biogenesis. Mitochondrial biogenesis is

coordinated by a complex network of nuclear and mitochondrial transcription

factors, where the peroxisome proliferator-activated receptor gamma (PPARγ)
co-activator (PGC-1α) plays master regulatory roles. PGC-1α co-activates nuclear

respiratory factors (NRFs) and mitochondrial transcription factor A (TFAM), a

nuclear-encoded transcription factor crucial for replication, transcription, and main-

tenance of mitochondrial DNA (mtDNA) (Scarpulla 2002).

Mitophagy is a type of cargo-specific autophagy that mediates the selective

removal of damaged mitochondria. Mitophagy represents an important node of

mitochondrial quality control in post-mitotic cells as neurons due to their limited

regenerative capacity. Briefly, the mitophagy machinery engulfs and digests small

fusion-deficient mitochondria exhibiting sustained depolarization (Ni et al. 2015).

The specific labeling of damaged mitochondria and their subsequent degradation is

mediated by a PTEN-induced putative kinase protein 1 (PINK1)/parkin-dependent

pathway (Wild and Dikic 2010). Upon mitochondria depolarization, PINK1 acts as

a bioenergetic sensor that recruits the E3 ubiquitin ligase parkin from the cytosol to
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the damaged mitochondria, with the subsequent mobilization of p62 to the

mitochondria via ubiquitination and co-recruitment of LC3 (Wild and Dikic 2010).

2.4 Mitochondrial Transport

Neurons are highly polarized cells composed by subcellular compartments with

distinct metabolic requirements and a non-uniform mitochondrial distribution.

Therefore, neurons heavily depend on the intracellular transport machinery to

distribute “new” and functional mitochondria from the soma to distant and meta-

bolically demanding sites such as synapses, where these organelles remain station-

ary and meticulously regulate local ATP levels and Ca2+ homeostasis. Furthermore,

mitochondrial transport also integrates a set of mitochondrial quality control

mechanisms, in which aged or dysfunctional mitochondria are actively retro-

transported to the soma in order to fuse with locally resident lysosomes and

degraded by autophagy (mitophagy) (Sheng and Cai 2012; Sheng 2014; Lin and

Sheng 2015).

The overwhelming majority of mitochondrial trafficking uses microtubules as

rails and is mediated by two classes of motor proteins, kinesin and dynein, requiring

ATP hydrolysis. The anterograde transport of mitochondria towards the synaptic

terminals is mediated by the kinesin-1 family (KIF-5), whereas the retrograde

transport of mitochondria back to soma is driven by dynein. Of note, Miro and

Milton have been pinpointed as facilitators of the anterograde transport of

mitochondria by tethering mitochondria to kinesin motors. Concerning mitochon-

drial docking, recent breakthroughs cast a spotlight on syntaphilin, which acts as a

“static anchor” and arrests mitochondria at structures with high energetic demands

(Sheng and Cai 2012; Sheng 2014; Lin and Sheng 2015).

3 Mitochondrial (Dys)Function in Alzheimer’s Disease

AD is the most common form of dementia, affecting more than 30 million people

worldwide. AD is usually categorized into two types: familial early-onset AD

(fAD) and sporadic AD (sAD). In a small proportion (fAD), the disease has a

genetic origin and is associated with mutations in the genes amyloid-β precursor

protein (AβPP), presenilin-1, and presenilin-2. The vast majority of AD cases are

sporadic and have aging and age-related diseases (e.g., diabetes) as main risk

factors. However, familial and sporadic forms of AD share common clinical and

neuropathological features. Clinically, this devastating neurodegenerative disease

typically begins with a subtle decline in memory that progresses to global deterio-

ration in cognitive functioning (Querfurth and LaFerla 2010; Correia et al. 2012a).

From a neuropathological point of view, AD is mainly characterized by two

distinctive lesions: the extracellular deposition of amyloid-β (Aβ) peptide in senile

plaques and the intracellular accumulation of neurofibrillary tangles (NFTs) com-

posed of hyperphosphorylated tau protein (Querfurth and LaFerla 2010; Correia
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et al. 2012a). Of note, AD-related changes in brain structure and function precede

the clinical manifestations of the disease by 20–30 years (Braak and Braak 1995).

Thus, it is imperative to identify the initial pathological events involved in AD in

order to prevent AD symptomatology and neuropathology in a timely manner.

Considerable debate and controversy surround the “beginning” of AD pathol-

ogy. Among the several hypotheses that have emerged during the last decades, the

“mitochondrial cascade hypothesis” proposed by Swerdlow and Khan has gained

some notoriety (Swerdlow and Khan 2004; Swerdlow et al. 2014). According to this

hypothesis: (1) inheritance determines mitochondrial baseline function and robust-

ness; (2) mitochondrial robustness determines how mitochondria change with age;

and (3) when mitochondrial alterations reach a threshold, AD histopathology and

symptoms ensue. In this sense, this section will highlight the recent breakthroughs

regarding the contribution of mitochondrial abnormalities to AD pathology.

3.1 Mitochondrial Metabolism and Oxidative Stress
in Alzheimer’s Disease

Lessons from clinical and experimental studies revealed that altered mitochondrial

metabolism and oxidative damage occurs prior to the occurrence of senile plaques

and NFTs in both forms of AD (Nunomura et al. 2001; Resende et al. 2008; Yao

et al. 2009; Chou et al. 2011). The first sign that metabolic defects are involved in

the disease process derived from positron-emission tomography (PET) imaging

with the tracer 2-[18F] fluoro-2-deoxy-D-glucose in which reductions in cerebral

glucose transport and utilization were detected in brain areas affected by AD

pathology (Friedland et al. 1989; Jagust et al. 1991). Consistently, the AD brain

is characterized by a reduction in the expression of glucose transporter-1 and -3,

especially in the cerebral cortex. Importantly, this reduction has been associated

with the aggravation of AD-related neuropathological phenotype by facilitating tau

hyperphosphorylation and Aβ generation and compromising Aβ clearance (Shah

et al. 2012). In terms of glucose metabolism, evidence from postmortem AD brain

tissue and fibroblasts showed an impaired activity of pyruvate, isocitrate, and

α-ketoglutarate dehydrogenases, three key enzymes involved in Krebs cycle

(Correia et al. 2012a). Notably, these changes in the activity of Krebs cycle

enzymes (especially pyruvate dehydrogenase) are correlated with the clinical

state of AD, suggesting a progressive deterioration of mitochondrial functioning

with the severity of the disease (Bubber et al. 2005). However, the most consistent

mitochondrial abnormality documented in AD is the reduction in cytochrome c

oxidase (COX) activity, which in turn compromise ETC activity and ATP synthesis

(Mutisya et al. 1994). An exhaustive genome-wide transcriptome analysis also

demonstrated that cerebral metabolic decline in AD is associated with reduced

neuronal expression of nuclear genes encoding subunits of the mitochondrial

electron transport complexes, including COX subunits (Liang et al. 2008). Impor-

tantly, the levels of mitochondrial encoded COX were shown to be correlated with
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the amount of hyperphosphorylated tau protein accumulated in certain areas of the

hippocampus in AD pathology.

At this point a major question arises: how mitochondrial metabolic defects

integrate the AD scenario for the familial forms of the disease? Aβ, the major

driving force underlying familial AD, was shown to directly perturb mitochondrial

function. For instance, Aβ was found to be imported into mitochondria via the

translocase of the outer membrane (TOM) import machinery and then transported

through the inner mitochondrial membrane by the translocase of the inner mem-

brane (TIM) (Hansson Petersen et al. 2008). In line with this, a progressive

accumulation of Aβ monomers and oligomers within mitochondria has been

reported in postmortem brain tissue from AD individuals and transgenic mouse

models of the disease (Caspersen et al. 2005, Crouch et al. 2005, Devi et al. 2006

and Manczak et al. 2006). Once inside of mitochondria, Aβ has the ability to bind

heme groups, which constitute critical redox centers of COX, and interact with the

mitochondrial protein Aβ-binding alcohol dehydrogenase (ABAD), culminating in

hampered COX activity, ROS overproduction, and ATP depletion (Atamna and

Frey 2004; Atamna 2006). Additionally, Aβ can also block TOM40 and TIM23

from importing COX subunits into the mitochondria, further disturbing COX

activity (Devi et al. 2006). To further understand the mechanisms underpinning

mitochondrial bioenergetic defects in fAD, Rhein and collaborators dissected the

close interrelationship between these organelles and Aβ and tau pathologies using

the triple transgenic mouse model of AD (3xTg-AD) (Rhein et al. 2009). These

authors found that disturbances in mitochondrial metabolism are due to a conver-

gence of Aβ and tau on mitochondria, accelerating defects in respiratory capacity,

and a main impairment in COX activity. Moreover, an age-related oxidative stress

was found to exacerbate the disruption of mitochondrial metabolism in a vicious

circle, finally culminating in neuronal loss. Overall, these findings consolidate the

idea that a synergistic effect of Aβ and tau augments the pathological deterioration

of mitochondria in familial AD.

Oxidative stress is another pathogenic step underlying defective mitochondrial

metabolism in AD. As aforementioned, mitochondria can be a “Pandora box” since

these organelles are one of the major hubs of ROS and the prime targets of oxidative

damage. In this sense, oxidative damage has been shown to be coupled to a

progressive decline of the mitochondrial function during the pathological course

of AD (Moreira et al. 2010). Mitochondrial components are known to be highly

susceptible to oxidative modification and are altered by exposure to a range of

pro-oxidants (Tretter and Adam-Vizi 2000). In the AD brain, oxidative modifica-

tion of mitochondrial proteins, such as α-ketoglutarate dehydrogenase and pyruvate
dehydrogenase complexes and COX, has been demonstrated by elevated levels of

protein carbonyl and nitration of tyrosine residues and indicate impaired metabolic

activity (Sultana and Butterfield 2013). Importantly, impaired COX activity also

exacerbated mitochondrial-derived ROS production, supporting the idea that defec-

tive mitochondrial bioenergetics potentiates oxidative stress and vice versa

(Mutisya et al. 1994).

288 S.M. Cardoso et al.



3.2 Mitochondrial Dynamics in Alzheimer’s Disease

Besides hampered mitochondrial bioenergetics and oxidative stress, the AD brain

also exhibits ultrastructural alterations in mitochondrial morphology such as

reduced size and broken internal membrane cristae (Hirai et al. 2001; Baloyannis

2006). In face of this evidence a major question invades our minds: why mitochon-

drial morphology is altered in this devastating neurodegenerative disease? One

plausible explanation is that mitochondrial fusion–fission balance is shifted towards

fission. As a matter of fact, reduced levels of mitochondrial fusion proteins OPA1

and mitofusins were documented in hippocampal tissue from AD (Wang et al.

2009). Consistently, disruption of mitochondrial network was also reported in AD

cybrids as denoted by the presence of fragmented, misshaped, and bleb-like

mitochondria (Gan et al. 2014). Mechanistically, mitochondrial fragmented net-

work in AD cybrids resulted from the combination of increased translocation of

DRP-1 to mitochondria and reduced Mnf2 levels. In a step further, Cho and

collaborators also found that the AD brain displays increased levels of

S-nitrosylation of DRP-1(Cho et al. 2009). By modulating the GTPase activity of

DRP-1, this post-translation modification favors the occurrence of mitochondrial

fission phenotype and hampers mitochondrial bioenergetics, thus leading to synap-

tic damage and neuronal demise (Cho et al. 2009).

Other aspects of mitochondrial dynamics also integrate the scenario of mito-

chondrial abnormalities that occur in AD. For instance, reduced mitochondrial

content was observed in susceptible hippocampal neurons from AD subjects,

which points to a faulty mitochondrial turnover (Hirai et al. 2001; Baloyannis

2006). Recent scientific advances reported a drastic reduction in PGC-1α and

NRFs proteins levels and mtDNA-to-nuclear DNA ratio in human AD brain tissue

and experimental models of AD, indicating that the refurbishment of an “old”

mitochondrial pool via mitochondrial biogenesis is compromised (Qin et al.

2009; Sheng et al. 2012). However, it is tempting to interrogate if this reduction

in mitochondrial mass is also due to an overactivation of mitophagy. The first clue

that mitophagy plays a role in AD derived from a study performed in postmortem

AD brain tissue revealing the presence of mitochondrial DNA and COX in the

neuronal cytoplasm, with mitochondrial DNA being presented in lipofuscin-

containing vacuoles (Hirai et al. 2001). Consistently, elevated levels of mitochon-

drial components, namely COX and lipoic acid, within autophagosomes were

detected in human postmortem brain tissue, suggesting an increase in the rate of

mitochondrial degradation by autophagy (Moreira et al. 2007b, c). More recently, it

was proposed that during the initial phase of AD pathology the induction of

mitophagy may constitute a compensatory mechanism to “escape” from a neuronal

energetic crisis (Shaerzadeh et al. 2014). However, a progressive decline in the

cytosolic levels of Parkin was reported in AD, indicating that defects in the

molecular machinery behind mitophagy contribute to abnormal accumulative dys-

functional mitochondria during the pathologic course of the disease (Ye et al.

2015).
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Lastly, mitochondrial trafficking is also disrupted in AD pathology as denoted by

mitochondrial overcrowding and mislocalization and impaired mitochondrial func-

tion in metabolic demanding structures like synaptic terminals (Trimmer and

Borland 2005; Correia et al. 2012a). Particularly, recent scientific advances

outlined that Aβ and tau can act as major “roadblocks” hampering the mitochon-

drial movement in the anterograde direction and compromising the delivery of

healthy mitochondria to the synaptic terminals, and thus causing synaptic “starva-

tion” (Correia et al. 2016). On the flipside, the AD brain exhibits an aberrant

accumulation of defective mitochondria in the distal regions of neurons, in part

due to defective retrograde mitochondrial transport that hinders damaged

mitochondria from being shuttled to the soma for lysosomal degradation and

leads to inadequate mitophagic clearance (Correia et al. 2015). In some ways the

abovementioned mitochondrial traffic jams in AD is not surprising taking into

account that mitochondrial travelling along the axons is an ATP-dependent process

and mitochondrial fusion–fission and trafficking are closely interconnected

(Hirokawa et al. 2010). Of note, loss of mitofusins during AD progression may

underlie defective mitochondrial trafficking since these mitochondrial fusion

proteins interact with the adaptor complex Miro-Milton, which is responsible for

tethering mitochondria to kinesin motors (Misko et al. 2010).

4 Mitochondrial (Dys)Function in Diabetes

Diabetes is reported by the World Health Organization as one of the most common

public health problems, estimated to affect a total population of 366 million

worldwide by the year 2030 (Lam and LeRoith 2012). Initially known to be a

disease predominant in developed countries, diabetes is now defined as the epi-

demic of the twenty-first century, mostly due to the economic improvement of

underdeveloped countries, associated with the adoption of a sedentary lifestyle and

alteration of diet habits to energy-rich diets (Tuomi 2005). Based on its etiology,

diabetes can be divided into two main forms: type 1 diabetes mellitus (T1D) and

type 2 diabetes mellitus (T2D). T1D is an autoimmune disease resulting from

destruction of the insulin secreting pancreatic β cells leading to a complete absence

of insulin in the body (Sparre et al. 2005), and accounts for 5–10% of all diabetic

cases. T2D affects over 90% of diabetic patients and is characterized by relative

insulin deficiency due to decreased insulin secretion by the β-cells and/or the

decreased effect of insulin in the target tissues, also known as insulin resistance

(Zimmet et al. 2001).

Due to the escalating rise in the number of positive diagnoses, increase in the

diabetes-related deaths, and consequent enormous economic burden in the society,

diabetes is attracting the world’s attention. Besides the commonly associated

chronic complications such as nephropathy, angiopathy, retinopathy, and peripheral

neuropathy (Chen et al. 2012), it was also observed that people with diabetes

performed poorly on cognitive tasks examining memory and attention (Biessels

et al. 1994). The long-term effects of diabetes on the brain are manifested at
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structural, neurophysiological, and neuropsychological level. Importantly, T1D and

T2D have a different impact on brain functioning being the severity of cognitive

deterioration strongly reliant on the age of onset of diabetes, degree of glycemic

control, and duration of diabetes (Sims-Robinson et al. 2010). Multiple pathogenic

factors have been implicated in the pathogenesis of cerebral dysfunction in diabe-

tes, including defective brain energy metabolism and insulin signaling, hypoglyce-

mic episodes, and hyperglycemia-mediated deleterious events (Muriach et al. 2014;

Moheet et al. 2015). In this context, the next subsections will shed light on the

differential role of mitochondria to T1D and T2D-related neurodegeneration and

cognitive decline.

4.1 Mitochondrial Metabolism and Oxidative Stress in Diabetes

Disruption of mitochondrial metabolism and oxidative damage emerged as major

culprits in the development of both T1D and T2D-related neurodegenerative processes.

A causal relation between mitochondrial dysfunction and T1D pathology derived from

evidence demonstrating that inherited defects in mtDNA causes an insulin-deficient

formof diabetesmellitus that resembles T1D (Sims-Robinson et al. 2010). Additionally,

the involvement of mitochondria in T2D is emphasized by the finding that mtDNA

mutations in humans, as well as pancreatic β-cell-specific deletion of mitochondrial

genes in animalmodels, reduces oxidative phosphorylation capacity and causes diabetes

(Silva et al. 2000). However, what are the mitochondrial events that contribute to

neurodegeneration in diabetes? Studies performed in dorsal ganglion root (DGR)

neurons demonstrate that hyperglycemic conditions are associated with increased

mitochondrial oxidative stress as denoted by increased ROS production (Nishikawa

et al. 2000; Russell et al. 2002), lipid peroxidation (Obrosova et al. 2002), protein

nitrosylation (Obrosova 2005), and diminished levels of glutathione and ascorbate

(Obrosova et al. 2002). Using the streptozotocin (STZ)-rat model of T1D, Moreira

and collaborators found lower content of coenzyme Q9 (CoQ9), indicator of a deficit in

antioxidant defenses in diabetic animals and, consequently, of an increased probability

for the occurrence of oxidative stress (Moreira et al. 2005), as well as a lower ATP

content and ability to accumulate Ca2+ (Moreira et al. 2006). Similarly, Katyare and

Patel observed that the rate of respiration/oxygen consumption is lower in brain

mitochondria isolated from male STZ-diabetic rats when compared with the control

group (Katyare and Patel 2006). In agreement, Mastrocola and collaborators

demonstrated that the neuronal injury often described in the brain of STZ-treated rats

is likely due to oxidative and nitrosative stress and associatedmitochondrial dysfunction

characterized by an impairment of the respiratory chain (Mastrocola et al. 2005).

Besides hyperglycemia, gathering data demonstrate that hypoglycemia, the

unwanted side effect of intensive insulin therapy in T1D, also causes cognitive

dysfunction (Strachan et al. 2000; Schultes et al. 2005) in part by affecting brain

mitochondrial function. In that sense, mitochondria have occupied a central place in

studies focusing on mechanisms of ROS production under hypoglycemia, widely

considered an early event in the development of hypoglycemic damage of the brain

Mitochondria in Alzheimer’s Disease and Diabetes-Associated. . . 291



(Ballesteros et al. 2003). Earlier studies confirmed that the induction of a chronic

(1 week) moderate hypoglycemia in STZ-diabetic rats resulted in lower state

3 respiration and RCR (Pelligrino et al. 1989). Later on, McGowan and

collaborators demonstrated that a mitochondrial substrate limitation following

hypoglycemia increases mitochondrial free radical production in brain cortex

mitochondria from newborn pigs (McGowan et al. 2006). Previous data from our

laboratory also revealed that insulin-induced acute episode of hypoglycemia

potentiates lipid peroxidation and the imbalance of the antioxidant defenses occur-

ring in brain cortical mitochondria isolated from STZ-induced diabetic rats

(Cardoso et al. 2010). Furthermore, knowing that mitochondrial function in the

brain is also intimately related to neurotransmitter synthesis and removal, an

increased capacity of insulin-induced hypoglycemic cortical synaptosomes to

release excitatory cytoplasmatic amino acids was also observed (Cardoso et al.

2011). Such observations prompted us to suggest that mitochondrial dysfunction,

oxidative stress, and excitatory neurotransmitters release are interconnected factors

that may underlie the cognitive impairment observed in T1D patients under insulin

therapy. Going further, we also demonstrated that the induction of recurrent

(2 weeks) hypoglycemia, as well as long-term hyperglycemia promotes an increase

in oxidative stress alongside with a decrease in antioxidant defenses in brain

cortical and hippocampal mitochondria (Cardoso et al. 2013b). Noteworthy, both

mitochondrial populations presented a distinct behavior in response to the meta-

bolic insults; only hippocampal mitochondria showed compromised bioenergetics

and ATP production (Cardoso et al. 2013b). In the same line, Dave and

collaborators verified that recurrent hypoglycemia exacerbates cerebral ischemic

damage in T1D rats via increased production of mitochondrial-derived ROS that

have been suggested as the possible cause of the ischemic damage exacerbation

(Dave et al. 2011).

Besides disposing of an effective antioxidant defense system to cope with

exacerbated ROS production, mitochondria have evolved mechanisms that regulate

the rate of production of ROS through an intrinsic feedback loop involving the expres-

sion of uncoupling proteins (UCPs). UCPs-mediated dissociation of cellular ATP

production fromROS generation has been stressed as being amajor player in protective

mechanisms involved in physiological and pathological adaptations of the brain

(Bechmann et al. 2002; Cardoso et al. 2015). UCP2 gene variants have been associated

with a reduced risk for diabetic neuropathy in T1D patients, suggesting that an increased

expression of UCPs related to specific gene polymorphisms can limit neuronal death

(Rudofsky et al. 2006). In this sense, previous data from our laboratory revealed that

blood glucose fluctuations promote dissimilar susceptibilities of brain cortical

mitochondria to mitochondrial proton-leak process (Cardoso et al. 2013a). Importantly,

the occurrence of recurrent episodes of hypoglycemia rendered brain cortical

mitochondria more susceptible to UCP-mediated uncoupling as compared with a situa-

tion of hyperglycemia (Cardoso et al. 2013a).

Concerning T2D, studies performed in isolated brain mitochondria from Goto-

Kakizaki (GK) rats revealed a higher susceptibility to oxidative damage compared

to control non-diabetic rats, this increased susceptibility being inversely correlated
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with the antioxidant content (Santos et al. 2001). Using the same animal model, an

age-related decline of the respiratory chain efficiency and an uncoupling of

OXPHOS in brain mitochondria were observed (Moreira et al. 2003). Additionally,

a significant downregulation of UCP2 gene expression was found in the hippocam-

pus of a T2D animal model (Abdul-Rahman et al. 2012), which may suggest a

vulnerability to neurodegenerative events.

4.2 Mitochondrial Dynamics in Diabetes

Perturbed mitochondrial biogenesis and autophagy have been believed to be the

cause for reduced mitochondrial number as well as for reduced capacity for

OXPHOS often described to occur in T1D and T2D (Mootha et al. 2003; Palmeira

et al. 2007; Sivitz and Yorek 2010). In that sense, a previous work from our

laboratory showed that cerebral cortices of T1D rats have an increased mitochon-

drial biogenesis, through increased expression levels of NRF2 and TFAM, and also

mtDNA copy number, these alterations being considered a compensatory mecha-

nism to maintain a healthy mitochondrial pool (Santos et al. 2014a). Furthermore,

Hoffman and collaborators previously reported that autophagy is increased in the

brains of young T1D patients with chronic poor metabolic control and increased

oxidative stress (Hoffman et al. 2012). In the same line, the impairment of mito-

chondrial function described to occur in the brain of T2D mice was shown to result

from an imbalance in mitochondrial biogenesis and autophagy, which in turn

potentiates loss of synaptic integrity (Carvalho et al. 2015).

Mitochondrial fragmentation triggered by excessive mitochondrial fission seems

to be also an important component for hyperglycemia-induced ROS overproduction

(Yu et al. 2008). Even though the precise mechanisms underlying mitochondrial

dynamics-mediated ROS overproduction are not clear, it has been proposed that the

balance of mitochondrial fission/fusion can be sloped by oxidative stress and its

abnormality could further enhance ROS generation (Yan et al. 2013). Interestingly,

Santos and collaborators found that during the early stages of T2D, brain mitochon-

drial bioenergetics function is spared through an adaptive metabolic strategy

involving a delicate balance between mitochondrial fusion–fission and biogenesis

and autophagy (Santos et al. 2014b). Particularly, this study revealed that mito-

chondrial fission prevails, mitochondrial biogenesis is maintained, and autophagy

decreases during the early stage of T2D (Santos et al. 2014b). According to authors,

mitochondrial fission could be involved in the recruitment and transport of

mitochondria to critical subcellular sites such as synaptic terminals, where these

organelles remain stationary and preserve synaptic and neuronal function and

integrity, in part by supplying ATP (Santos et al. 2014b). Consistently, in vitro

findings revealed that early mitochondrial fission promoted by the up-regulation of

DRP-1 represents a protective or metabolic fission in order to cope with hypergly-

cemia; in a later stage, excessive mitochondrial fission is associated with the

activation of the pro-apoptotic proteins Bim and Bax, culminating in apoptosis

(Leinninger et al. 2006). More recently, it was also described an increase in the
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levels of the mitochondrial fission protein DRP-1 in cultured DRG neurons made

insulin resistant by chronic exposure to hyperinsulinemic conditions (Um et al. 2011).

In agreement, Edwards and collaborators found that diabetic DRG neurons have an

increased mitochondrial fission and biogenesis when compared to control DRG

neurons (Edwards et al. 2010). Ultimately, using a T2D animal model, Huang and

collaborators pinpointed that the imbalanced mitochondrial fusion and fission pro-

cesses via a glycogen synthase kinase-3β (GSK-3β)/DRP-1-dependent mechanism is

an underlying cause of T2D-induced synaptic impairment (Huang et al. 2015).

Overall, despite the fact that diabetes is a heterogeneous, multifactorial, and

chronic disease, disruption of mitochondrial bioenergetics and dynamics is consid-

ered one of the main culprits in the development of T1D and T2D-related

neurodegeneration and cognitive decline.

5 Mitochondria as Mechanistic Bridge Between Alzheimer’s
Disease and Diabetes

During the last decades epidemiological, clinical, and basic studies established a

close relation between AD and diabetes. Longitudinal studies have reported that

both T1D and T2D are associated with the deterioration of cognitive function and

increased risk of developing AD (Zhao and Townsend 2009; Crane et al. 2013).

Interestingly, basic research showed the occurrence of the key histopathological

hallmarks of AD in the brain cortex and hippocampus of both T1D and T2D animal

models (Jolivalt et al. 2008; Kim et al. 2009). On the flipside, AD subjects are also

more prone to develop T2D (Janson et al. 2004), fostering the notion that these

disorders are intimately linked. Furthermore, AD and diabetes share several patho-

logical features being proposed that AD represents a neuroendocrine disorder that

resembles a brain-specific form of T2D, which is sometimes termed type 3 diabetes

(T3D) (Kandimalla et al. 2016). However, whether and how these pathological

conditions are casually linked is still an active area of investigation. As a common

denominator in AD and diabetes, mitochondrial dysfunction has also emerged as a

possible mechanistic bridge between these two pathologies. A pioneer study from

Moreira and collaborators found that brain mitochondria isolated from GK diabetic

rats are more susceptible to the neurotoxic effects of the amyloidogenic peptides

Aβ25-35 and Aβ1-40 (Moreira et al. 2003). Consistently, an in vitro study revealed

that brain endothelial cells under chronic hyperglycemia are more susceptible to

Aβ1-40 toxicity, an effect mediated by mitochondrial ROS (Carvalho et al. 2014).

Subsequently, it was found that wild-type mice treated with sucrose to induce a

(pre)diabetic phenotype have a similar brain mitochondrial bioenergetic profile,

oxidative stress status, and Aβ burden in comparison with 3xTg-ADmice (Carvalho

et al. 2012). Such findings prompted authors to suggest that the metabolic

alterations associated with diabetes contribute to the development of AD-like

pathologic features (Carvalho et al. 2012). Importantly, 3xTg-AD and sucrose-

treated mice showed similar behavioral and cognitive anomalies characterized by

increased fear and anxiety and decreased learning and memory abilities (Carvalho
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et al. 2013). In the same line, a recent study from Petrov and collaborators observed

that the metabolic alterations induced by high fat diet (HFD) in order to mimic T2D

have direct effects on brain mitochondrial function contributing to AD pathology,

with mitochondria as a key culprit leading to cognitive decline in both the

HFD-treated and AD-like rodents at a relatively young age (Petrov et al. 2015).

Using a rat model of sporadic AD induced by the intracerebroventricular (icv)

administration of a sub-diabetogenic dose of STZ, Correia and collaborators found

that the insulin-resistant brain state that characterizes the pathological course of the

disease is accompanied by the occurrence of mitochondrial abnormalities (Correia

et al. 2013). In that study the authors found that icv administration of STZ promotes a

significant decline in both brain cortical and hippocampal bioenergetics function as

reflected by impaired mitochondrial respiration and OXPHOS, increased suscepti-

bility to Ca2+-induced MPTP opening and oxidative stress (Correia et al. 2013).

Despite the progress that has been made to dissect the causal relation between

AD and diabetes, future research is needed to better understand the “mito-

mechanisms” underlying the connection between both pathologies.

6 Mitochondrial Directed Drugs in Alzheimer’s Disease
and Diabetes: The Quest for a Cure

Despite the overwhelming evidence that mitochondrial dysfunction is a

contributing factor for the neurodegenerative events that occur in AD and diabetes,

mitochondrial biology represents a potentially useful, but relatively unexploited

area of therapeutic innovation. Till now, there are no studies exploring the effec-

tiveness of mitochondrial-targeted strategies in both AD and diabetes. Therefore,

this section is devoted to highlight the most relevant scientific breakthroughs in the

field and propel future research efforts essential for the development of “double-

impact” therapeutics for both disorders.

Taking into account that oxidative stress is an early event in AD pathology, the

first line of mitochondrial therapeutic strategies tested in the past encompasses a

series of natural antioxidants (e.g., vitamins C and E, CoQ10) believed to improve

mitochondrial bioenergetics efficiency and neutralize mitochondrial-derived ROS.

However, natural antioxidant therapy failed to show efficacy in AD clinical trials

despite the positive outcomes in preclinical models. But, why did natural antioxi-

dant therapy fail? First and foremost, the capacity of these natural antioxidants in

reaching mitochondria and neutralize free radicals overproduction is questionable.

Additionally, these compounds have a poor ability to cross the blood–brain barrier

(BBB), which has as a direct consequence the administration of these natural

substances at high doses. Lastly, most clinical trials are conducted in the late stages

of AD when the pathological course of the disease attains a point of no return

(Persson et al. 2014).

In a step further, multiple mitochondria-targeted molecules emerged to

circunvent the limited efficacy of natural antioxidant therapy by enhancing the

delivery and accumulation of antioxidants into mitochondria (Reddy and Reddy
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2011). The idea of selective targeting of a specific drug to concentrate in

mitochondria results in a decrease in the dose required and may limit toxic side

effects and minimize metabolism of the compound (Smith et al. 2011). However,

two major limitations should be taken into account: (1) the lack of organ specificity,

leading to superior accumulation in mitochondria-rich tissues; and (2) the typically

used chemicals tend to accumulate in the matrix and the matrix-facing surface of

the inner mitochondrial membrane over other important mitochondrial

compartments (Leitao-Rocha et al. 2015).

Considering all those facts, current strategies for delivering drugs to the

mitochondria can be integrated in two categories: (1) active (through specific

interactions at mitochondrial sites, such as antigen–antibody and ligand–receptor

interactions) and (2) passive targeting (where physicochemical properties such as

electric charge, hydrophilicity, size, and mass of the carrier lead to preferential

accumulation on mitochondrial compartment) (Serviddio et al. 2010; Rocha et al.

2014).

One of the most common approaches used in mitochondrial medicine is the

coupling of the drug of interest to lipophilic cations such as triphenylphosphonium

(TPP+) (Murphy 2008). A perfect example that illustrates this approach is MitoQ

that resulted from the coupling of TPP+ to CoQ10, a vitamin-like lipid-soluble

component of the ETC, that could act as an important antioxidant in mitochondria

in order to scavenge free radicals. As expected, MitoQ has a proven efficacy in

reducing oxidative stress without causing adverse effects (Rodriguez-Cuenca et al.

2010; Smith et al. 2011). Recent breakthroughs revealed that MitoQ is able to

reduce Aβ-related cognitive decline and neuronal demise in part by preventing ROS

overproduction and loss of mitochondrial membrane potential (ΔΨm) (McManus

et al. 2011). Moreover, MitoQ has been shown to protect pancreatic β-cells against
oxidative stress, leading to their survival and improvement in insulin secretion in

cell models of glucotoxicity and glucolipotoxicity associated with T2D (Lim et al.

2011). Hitherto, the potential protective effects of MitoQ in tackling diabetes-

related neurodegenerative events were not explored. More recently, the use of

MitoTempo, a new and promising mitochondria-targeted antioxidant, resulting

from the coupling of antioxidant Tempol with TPP+, emerged as a possible thera-

peutic strategy against mitochondrial-related pathologies. Indeed, the use of

MitoTempo was able to reverse hyperglycemia-induced increased susceptibility

to Aβ peptide in brain microvascular endothelial cells (Carvalho et al. 2014).

Furthermore, MitoTempo was able to improve mitochondrial function and coronary

collateral growth after ischemia/reperfusion in Zucher obese fatty rats (Pung et al.

2012). Like MitoQ, it is important to mention that MitoTempo has very low

toxicity, with no known side effects, making it a perfect candidate for in vivo use

(Dikalov 2011). However, more studies regarding its use should be performed to

evaluate its efficacy in vivo.

As an alternative to TPP+ strategy other mitochondria therapeutic strategies have

gained new insights in the field of neurodegenerative events and diabetes-

associated complications, the Szeto-Schiller (SS) compounds. SS peptides, due to
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their chemical structure based on alternating aromatic-cationic amino acids, seem

to have a random preference for mitochondrial accumulation rather than cytosolic

or other cellular structures (>1,000-fold) (Zhao et al. 2004; Doughan and Dikalov

2007; Bakeeva et al. 2008). Indeed, this increased mitochondrial uptake seems

ΔΨm-independent, having the capacity to accumulate even in depolarized

mitochondria (Zhao et al. 2004; Doughan and Dikalov 2007). In this context,

studies using SS-31, the most effective SS peptide, brought new evidence about

this preferential accumulation, showing the selectivity of this peptide to bind

cardiolipin through both electrostatic and hydrophobic interactions (Zhang et al.

2002; Pfeiffer et al. 2003; Acehan et al. 2007). The efficacy of SS-31 against

AD-related mitochondrial bioenergetics deficits and abnormal mitochondrial

dynamics has been demonstrated in several in vivo models of the disease. It was

demonstrated that SS-31 partially prevented Aβ-induced ATP depletion, reduced

COX activity and increased hydrogen peroxide (H2O2) production and mitochon-

drial fragmentation (Di Carlo et al. 2012). Additionally, the treatment of primary

neurons overexpressing Aβ peptide with SS-31 was also able to restore mitochon-

drial transport and mitochondrial fusion–fission balance (Calkins et al. 2012;

Cabezas-Opazo et al. 2015) and decrease the percentage of defective mitochondria,

improving neurite outgrowth and synaptic integrity (Calkins et al. 2012).

Concerning T2D, similar results were obtained, with SS-31 leading to a decrease

in mitochondrial ROS production, release of cytochrome c from the mitochondrion

to the cytosol and caspase-3 expression, and an increase in ΔΨm stabilization in

hyperglycemia-induced damage in human retinal endothelial cells (Li et al. 2011).

Overall, it is tempting to affirm that SS-31 is emerging as a potential therapeutic in

mitochondrial-related pathologies such as AD and diabetes due to its promising

results in several in vitro and in vivo studies.

Outside the field of mitochondrial-targeted compounds few drugs were

identified as exerting their functions directly on mitochondria. Although it is not

clear if the mechanism underlying its beneficial effects is due to its action on

mitochondria, lipoic acid (LA) therapy has shown promising results concerning

mitochondrial-related diseases. Naturally occurring in cells, LA is the cofactor of

two mitochondrial enzymes, pyruvate and α-ketoglutarate dehydrogenases

(Di Domenico et al. 2015), and has a major role in the regulation of mitochondrial

metabolism (Rochette et al. 2013). The use of LA supplementation has shown to

improve cognitive decline in in vivo and in vitro models of AD (Quinn et al. 2007).

It was also demonstrated that LA can lead to a decrease in mitochondrial-related

oxidative stress in fibroblasts isolated from AD patients (Moreira et al. 2007a). In a

clinical trial, Alzheimer’s patients who took a combination of 600 mg of alpha-

lipoic acid with omega-3 fatty acids for one year showed less cognitive and

functional decline (Shinto et al. 2014). Regarding diabetes, LA was effective in

decreasing mitochondria-dependent cardiac apoptosis (Li et al. 2009) and promo-

ting mitochondrial biogenesis in retinal endothelial cells (Santos and Kowluru

2011). Promising results are also emerging from some clinical studies with

improvement of mitochondrial function, reduction of inflammation and insulin
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resistance, resulting in a better metabolic control in diabetes and management/

prevention of diabetic neuropathy and cardiovascular disease (Padmalayam 2012).

Likewise, strategies designed to improve mitochondrial biogenesis is also

achieving great importance in mitochondrial medicine. Besides physical exercise,

good examples are Bezafibrate, resveratrol, and (–)-epicatechin whose mechanisms

of action, although not 100% proven, seem to focus on the stimulation of PGC1α,
leading to the increased transcription of genes involved in energy metabolism

(Cabrero et al. 1999; Koene and Smeitink 2011; Enns 2014). Bezafibrate and

resveratrol have similar effects with Bezafibrate directly inducing UCP1 and

UCP3 expression in diabetic conditions (Cabrero et al. 1999) while resveratrol

leads to sirtuin-1 activation with concomitant increase in UCPs expression,

modulating cellular processes involved in fatty acid oxidation, ETC function, and

urea cycle metabolism (Verdin et al. 2010). Interestingly, (–)-epicatechin seems to

increase the levels of ETC proteins and TFAM, confirming the increase in mito-

chondrial biogenesis. Furthermore, increased mitochondrial volume and cristae

abundance occurs under (–)-epicatechin supplementation (Nogueira et al. 2011).

Noteworthy, the use of mitochondrial fission inhibitors such as mitochondrial

division inhibitor 1 (mdivi-1) has also being explored as a therapeutic strategy

(Jheng et al. 2012; Gan et al. 2014). Indeed, the use of mdivi-1 in AD cybrid cells

showed efficacy in maintaining normal mitochondrial structure and function (Gan

et al. 2014). However, there are no studies unveiling the efficacy of mdivi-1 in

diabetes-related neuronal deterioration.

Lastly, preliminary findings are arising from the study of neural stem cells (NSC)

and genetic manipulation of mitochondrial-related genes. For instance, a recent

study with NSC transplantation revealed an increase in mitochondrial content and

expression of mitochondrial fusion protein OPA1 as well as improved cognitive

performance in a transgenicmousemodel of AD (Zhang et al. 2015). The use of stem

cells transplantation in diabetes is limited to the use of human umbilical cord matrix-

derived mesenchymal cells to be differentiated in insulin-producing cells in T1D

(Moshrefi et al. 2015) with no studies in the field of mitochondrial-related therapies.

Also, genetic manipulation of voltage dependent anion channel (VDAC1), a com-

ponent of MPTP, decreases the occurrence of the key pathological hallmarks of AD

and mitochondrial fission by hampering DRP-1 activity, ultimately preventing

neuronal death (Manczak et al. 2013; Cabezas-Opazo et al. 2015).

7 Conclusion

A healthy mitochondrial pool is vital to sustain normal synaptic and neuronal

functioning. Throughout this chapter, the importance of mitochondria to normal

neuronal function and its engagement with neuronal deterioration in AD and

diabetes – two giants overshadowing global health – was highlighted. Furthermore,

this chapter also gathers some of the most recent mitochondrial therapeutics that are

being developed as an attempt to overcome the ongoing challenge of finding a

“cure” for neurodegeneration (Table 1). Nevertheless, it is worth mentioning that so
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Table 1 Mitochondrial directed therapeutic approaches in Alzheimer’s disease (AD) and

diabetes

Protective effects AD Diabetes References

MitoQ #Oxidative stress
"ΔΨm
#Caspase activation

✓ ✓ Rodriguez-Cuenca et al.

(2010); McManus et al. (2011);

Lim et al. (2011); Rodriguez-

Cuenca et al. (2010)

MitoTempo "Mitochondrial

function

#ROS production

✓ ✓ Carvalho et al. (2014); Pung

et al. (2012)

SS-31 "Mitochondrial

function (COX

activity, ATP levels

and ΔΨm)

#ROS production

and apoptotic

markers

#Mitochondrial

fission

"Mitochondrial

transport and

clearance

✓ ✓ Di Carlo et al. (2012); Min

et al. (2011); Calkins et al.

(2011); Cabezas-Opazo et al.

(2015); Calkins et al. (2012); Li

et al. (2011)

LA #Oxidative stress
#Damaged

mitochondria

"Mitochondrial

bioenergetics and

biogenesis

✓ ✓ Moreira et al. (2007); Quinn

et al. (2007); Di Domenico

et al. (2015); Shinto et al.

(2014); Li et al. (2009); Santos

and Kowluru (2011);

Padmalayam (2012)

Bezafibrate "PGC-1α pathway

"UCP1 and 3

✓ ✓ Cabrero et al. (1999); Enns

(2014); Koene and Smeitink

(2011)

Resveratrol " UCPs expression

and sirtuin-1

activation "

✓ ✓ Verdin et al. (2010); Enns

(2014); Koene and Smeitink

(2011)

(�)-

Epicatechin

"ETC proteins

expression

"TFAM
"Mitochondrial

volume and cristae

abundance

------- ------- Nogueira et al. (2011)

mdivi-1 "Mitochondrial

structure and

function

✓ ------- Gan et al. (2014); Jheng et al.

(2012)

NSC

transplantation

"Number of

mitochondria and

OPA1 levels

✓ ------- Zhang et al. (2015); Moshrefi

et al. (2015)

VDAC1

genetic

manipulation

#DRP-1 activity ✓ ------- Cabezas-Opazo et al. (2015);

Manczak et al. (2013)

During the last few years several therapeutic approaches directed to mitochondria were designed and

their effects evaluated in several mitochondria-related pathologies. This table summarizes the results

obtained from several studies with mitochondrial-targeted drugs in AD and diabetes research

Mitochondria in Alzheimer’s Disease and Diabetes-Associated. . . 299



far, the quest for a cure is still a utopia with more mechanistic studies being

necessary to clarify where and which aspects of mitochondrial quality control

axis should be manipulated in order to tackle the neurodegenerative events

associated with AD and diabetes.
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Abstract

Leber hereditary optic neuropathy (LHON) was the first mitochondrial disease to

be identified as being caused by mutations in the mitochondrial DNA (mtDNA).

This disease has been studied extensively in the past two decades, particularly in

Brazilian, Chinese and European populations; and many primary mutations have

been reported. However, the disease is enigmatic with many unique features, and

there still are several important questions to be resolved. The incomplete pene-

trance, the male-biased disease expression and the prevalence in young adults all

defy a proper explanation. It has been reported that the development of LHON is

affected by the interaction between mtDNA mutations, mtDNA haplogroup

background, nuclear genes, environmental factors and epigenetics. Furthermore,

with the help of new animal models for LHON that have been created in recent

years, we are continuing to learn more about the mechanism of this disease. The

stage has now been reached at which there is a good understanding of both the

genetic basis of the disease and its epidemiology, but just how the blindness that

follows from the death of cells in the optic nerve can be prevented remains to be

a pharmacological challenge. In this chapter, we summarize the progress that has

been made in various recent studies on LHON, focusing on the molecular

pathogenic mechanisms, clinical features, biochemical effects, the pharmacol-

ogy and its treatment.

Keywords

Animal model • LHON • mtDNA • Nuclear genes • Therapy

Leber hereditary optic neuropathy (LHON, MIM 535000) is a common cause of

acute or subacute central visual loss in young adults, with a high male-to-female

ratio for the clinical expression of symptoms (Carelli et al. 2004; Man et al. 2002b;

Yen et al. 2006; Yu-Wai-Man et al. 2009). LHON was first described by German

ophthalmologist Theodore Leber in 1871 (Erickson 1972; Leber 1871) and was

later recognized to be a mitochondrial disease (Wallace et al. 1988). In the past two

decades, our knowledge about this disease was mainly derived from studies involv-

ing patients with European roots; although it is generally considered the disease

occurs worldwide. We now know that the majority of LHON cases are caused by

the presence of one of three primary mitochondrial DNA (mtDNA) mutations

(m.11778G>A, m.14484T>C and m.3460G>A) (Howell et al. 1991; Huoponen

et al. 1991; Mackey and Howell 1992; Wallace et al. 1988). From the 1990s,

researchers all around the world have carried out large number of studies to

characterize the genetic and clinical features of LHON (Carelli et al. 2004; Ji

et al. 2008; Man et al. 2002b; Yen et al. 2006; Yu-Wai-Man et al. 2009; Yu

et al. 2010b; Zhang et al. 2009). These studies have greatly increased our under-

standing of the pathology and risk factors of LHON. However, the two major

features of the disease, incomplete penetrance (not all mutation carriers demon-

strate clinical expression of disease) and gender bias, still are the most urgent
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challenges for understanding the pathogenesis of this disease (Carelli et al. 2004;

Man et al. 2002b; Yen et al. 2006; Yu-Wai-Man et al. 2009). Furthermore, medical

treatment for this disease has still not been satisfactorily resolved (La Morgia

et al. 2014).

1 LHON Clinical Features

The most typical characteristics of patients with LHON are the following: (1) a

family history that shows a matrilineal inheritance pattern, although there are a

considerable number of sporadic LHON cases; (2) the visual loss is painless,

affecting just one eye initially and then involving the other eye and going on to

cause a significant loss of vision or even total blindness, within a short time; and

(3) more male carriers of the pathogenic mutations develop symptoms of LHON

than maternally related female carriers of the same primary LHON mutations.

About 50% of the male carriers and 10% of the female carriers will be affected,

while males from 15 to 35 years old are the main affected population (Seedorff

1985). The progress of LHON can be divided into an acute phase and a chronic

phase based on the clinical features. In the majority of patients, the deterioration of

vision is acute and affects the two eyes simultaneously (25%) or sequentially (75%)

within about 8 weeks (Harding et al. 1995). This stage of the disease is associated

with retinal vascular engorgement, deformation of the optic nerve and oedema of

the retina (Yen et al. 2006), while there also are some patients with no pathological

changes to be observed (Riordan-Eva and Harding 1995). In addition, the disease

progression may present slowly in some patients, lasting for 6 months or more. In

this kind of patient, the visual field changes are not significant, thus increasing the

difficulty of diagnosis (Nikoskelainen et al. 1996), particularly in the cases which

lack the typical family history of LHON. In addition to typical LHON symptoms,

the patient may also suffer from other problems, such as muscle atrophy, multiple

sclerosis, heart disease and cerebrovascular abnormalities (Jaros et al. 2007; La

Morgia et al. 2008; Sorajja et al. 2003).

Because the clinical manifestations of LHON vary widely, patients with compli-

cated symptoms are often not diagnosed with LHON accurately. An important

diagnostic marker for LHON is the matrilineal inheritance pattern, but for those

patients with the clinical features of LHON but who lack a family history, screening

the mtDNA for the three primary mutations (m.3460G>A, m.11778G>A and

m.14484T>C) is necessary for an accurate diagnosis (Jia et al. 2006). It is worth

noting that there are many suspected LHON patients who have symptoms but no

family history and with no known primary mutations, and this suggests other

genetic or environmental factors may influence the onset of LHON, or produce

similar, and as yet unidentified, diseases (Carelli et al. 2004; Kirkman et al. 2009;

Yen et al. 2006).
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2 Epidemiology

The reported prevalence of LHON varied among European countries: about

1/25,000 in the north-east of England (Chinnery et al. 2000; Man et al. 2003),

1/39,000 in the Netherlands (Spruijt et al. 2006) and 1/50,000 in Finland (Puomila

et al. 2007). But in China and other regions of Asia, there has not been a compre-

hensive epidemiological survey. In 2008, Elliott et al. screened for LHON primary

mutations in the neonatal umbilical cord blood samples of 3,000 normal newborns

and identified a relatively high frequency of 0.107% for m.3460G>A (3/2807),

0.108% for m.11778G>A (3/2770) and 0.105% for m.14484T>C (3/2855) (Elliott

et al. 2008). This study indicated that the primary LHON mutations do exist in

normal populations. We screened for the three LHON primary mutations by using a

sensitive allele-specific PCR technique in the general Han Chinese population

(1,555 healthy samples), but found no LHON primary mutation carriers, suggesting

that the frequency of the LHON primary mutation in Han Chinese general

populations is very low (Bi et al. 2010). Large-scale epidemiological surveys for

LHON still need to be carried out in Asian populations and populations from other

continents to get a complete profile of LHON prevalence.

3 mtDNA Primary Mutations

3.1 Three Well-Known Primary Mutations

In 1988, Wallace and his co-workers were the first to propose an mtDNA mutation

as the cause of LHON (Wallace et al. 1988). Since then many mtDNA mutations

have been reported as being LHON primary mutations (cf. http://www.mitomap.

org) (Fig. 1). Among these mutations, three mutations (m.3460G>A in the

MT-ND1 gene, m.11778G>A in the MT-ND4 gene and m.14484T>C in the

MT-ND6 gene) are reported to account for more than 95% of the LHON patients

(Mackey et al. 1996).

These three primary mutations show considerable variation in their levels of

evolutionary conservation. Mutation m.11778A>G is highly conserved, while

mutations m.3460G>A and m.14484T>C are less conserved, which suggests that

not all pathogenic mutations occur in highly conserved regions. The frequency of

these three mutations varies among different geographical regions. In Europe,

mutation m.11778G>A is found in 56.6% of patients, and mutations

m.3460G>A and m.14484T>C are found in 22.6 and 20.8% of patients, respec-

tively (Hudson et al. 2007b). In Chinese populations, the frequency of

m.11778G>A is much higher than that of European populations and populations

of European origin and can be up to 90.2%. The frequencies of m.3460G>A and

m.14484T>C are much lower than those of European populations and populations

of European origin, with a frequency of 1.1 and 8.7%, respectively (Ji et al. 2008;

Jia et al. 2006; Yu et al. 2010a,b) (Fig. 2). A founder effect (the fixation of an allele

after the migration and population expansion of a small population in a new area)
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Fig. 1 Schematic profile of LHON mutations. The three primary mutations and the other rare

mtDNA mutations that have been reported in at least three independent LHON families, as

summarized in MITOMAP, http://www.mitomap.org/bin/view.pl/MITOMAP/MutationsLHON,

are shown in their relative positions on the mtDNA molecule (Achilli et al. 2012; Brown

et al. 2001b; Bu and Rotter 1991; Fauser et al. 2002a; Fauser et al. 2002b; Gropman et al. 2004;

Horvath et al. 2002; Kim et al. 2002; Shoffner et al. 1995; Valentino et al. 2004; Wissinger

et al. 1997; Zhang et al. 2012)

m.3460G>A
22.6%

m.14484T>C
20.8%

m.11778G>A
56.6%

m.14484T>C
8.7%

m.3460G>A
1.1%

m.11778G>A
90.2%

European population Chinese population 
N = 159 families N = 537 families

Fig. 2 Mutation spectra of known primary LHON mutations in Chinese and European

populations. Frequency of the three LHON primary mutations in European (left) (Hudson

et al. 2007b) and Han Chinese (right) populations (Ji et al. 2008; Jia et al. 2006; Yu

et al. 2010a, b)
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was observed for m.14484T>C in Canada, which accounts for 87% of the cases and

appears to have had an origin in France (Macmillan et al. 2000; Macmillan

et al. 1998). However, the best founder effect has been reported from Brazil,

where many hundreds of persons can trace their maternal ancestry and the carriage

of mutation m.11778G>A, back to an immigrant family that came from Italy

(Sadun et al. 2002). The different frequencies of the three primary mutations in

different populations may be caused by the past demographic history.

3.2 Rare Primary Mutations

In addition to the three primary mutations, some rare mutations, i.e. m.3635G>A,

m.3700G>A, m.14459G>A and so on, as summarized in MITOMAP (http://www.

mitomap.org/bin/view.pl/MITOMAP/MutationsLHON) from previous studies

(Achilli et al. 2012; Brown et al. 2001b; Fauser et al. 2002b; Gropman et al. 2004;

Horvath et al. 2002; Shoffner et al. 1995) have also been reported (Fig. 1). Many of

these rare primary mutations were reported in single patients with the typical

features of LHON. We have shown how we identified mutations m.3635G>A

and m.10680G>A as being pathogenic as follows.

Mutation m.3635G>A was first identified in a Russian LHON family (Brown

et al. 2001b) and was confirmed to cause dysfunction of the mitochondrial

respiratory chain. Recently, we identified mutation m.3635G>A in a family that

had no known primary mutation but had a clear matrilineal inheritance and typical

clinical pattern of LHON (Zhang et al. 2009). At about the same time, Yang

et al. (2009a) also identified m.3635G>A in two Chinese LHON families. Subse-

quently, Jia et al. (2010) screened for this mutation in a large sample set of

suspected LHON patients who showed the clinical features of LHON but without

any of the three primary mutations and identified eight families with the

m.3635G>A mutation. These authors further characterized the clinical symptoms

of the representative probands with the mutation and provided evidence for a

causal association of m.3635G>A with LHON (Jia et al. 2010). We analyzed the

complete mtDNA genome sequences of these families and found that

m.3635G>A had multiple origins in Chinese (Bi et al. 2012). Furthermore,

m.3635G>A is highly conserved in vertebrates, suggesting the importance of

this site in the MT-ND1 protein (Zhang et al. 2009). Recently, mutation

m.3635G>A was again reported in nine Chinese families and one family from

Poland (Kodron et al. 2014; Zhang et al. 2014). Therefore, we can now propose

that the mutation m.3635G>A does cause LHON and has a frequency similar to

the m.3460G>A mutation (0.57 vs. 0.50%) in Chinese LHON patients

(Bi et al. 2012; Jia et al. 2010; Zhang et al. 2009). This mutation should be

considered routinely when testing Chinese patients with the symptoms and signs

of LHON disease.

Mutation m.10680G>A in the MT-ND4L gene can be given as another good

example for the identification of additional LHON mutations. This mutation was
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first reported in a Chinese family in which all the members had a partial reduction in

their vision or had complete blindness, while the mutation was not found in

unaffected family members, nor in 100 controls (Yang et al. 2009b). Through

complete mitochondrial genome sequencing, they found that the matrilineal family

members had the primary mutation m.14484T>C and one novel mutation

m.10680G>A. Accordingly, Yang et al. (2009b) suggested that mutation

m.10680G>A might be the reason for the complete penetrance of LHON

symptoms in this family, although this symptom severity may also be caused by

m.14484T>C. Later on, we identified mutation m.10680G>A in one suspected

LHON family without any of the three well-known primary mutations and

performed an analysis from an evolutionary perspective which suggested a poten-

tially pathogenic role of m.10680G>A in LHON (Zou et al. 2010). Recently, we

optimized an allele-specific PCR technique to screen for m.10680G>A in

774 patients with suspected LHON and identified two patients with the mutation

(Zhang et al. 2012). The predicted protein structure revealed that mutation

m.10680G>A may lead to LHON by changing the structure of the transmembrane

region in the MT-ND4L protein (Zhang et al. 2012). However, there remains to be a

doubt concerning whether this mutation is significant outside China, as there are

eight mitochondrial sequences in the GenBank database from other parts of the

world which show this mutation but are not specifically linked to LHON disease

(data searched on June 25, 2015).

3.3 Mutation Heteroplasmy and Occurrence of Double Primary
LHON Mutations

Depending on its particular type, a cell may contain hundreds or thousands of

mitochondria. The presence of a mutation only in some of cells of an individual or

in some of the mitochondria within a cell indicates heteroplasmy for that mutation.

The existence of wild-type and mutant mtDNAwithin cells (intracell heteroplasmy)

and among cells (intercell heteroplasmy) leads to different levels of mutation load

(0–100%) within a cell or tissue (Yao et al. 2015). The heteroplasmy level of a

pathogenic mutation may affect the onset of a mitochondrial disease, and there is a

threshold effect (DiMauro and Schon 2003). Most families with LHON primary

mutation are homoplasmic, but about 10–15% of families do show heteroplasmy

(Carelli et al. 2004; Man et al. 2002b; Yen et al. 2006; Yu-Wai-Man et al. 2009).

However, a high prevalence of LHON family with heteroplasmic m.11778G>A

(11 in 30 pedigrees, 37%) was observed in Thai population (Phasukkijwatana

et al. 2006). The level of heteroplasmy affects the presence of LHON symptoms,

and it is reported that when the level of heteroplasmy is less than 60%, there is a

lower probability of disease (Chinnery et al. 2001a). But there are also some reports

showing cases with disease symptoms even if the heteroplasmy is at a low level,

suggesting a modulation effect from the nuclear genetic background (Black

et al. 1996; Jacobi et al. 2001).
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In our previous studies, we have found that only a small part of Chinese LHON

patients (about 0.2% of patients with m.11778G>A and 5.8% of patients with

m.14484T>C) carried heteroplasmic primary mutations, while most of the patients

were homoplasmic (Yu et al. 2010b; Zhang et al. 2011b). The pattern of extremely

low frequency of heteroplasmic m.11778G>A in Chinese patients appears to be

different from that of European patients or patients of European origin. In six

LHON families with the mutation m.3460G>A that we analyzed, we only

identified one family with a heteroplasmic mutation, and the proband of this family

had a heteroplasmic mutation load of about 40%. Interestingly, the penetrance of

LHON symptoms in this family was 12.5%, which was significantly lower than the

average penetrance of families (25.6%) with a homoplasmic mutation

(Yu et al. 2010a). The heteroplasmy status of m.3460G>A may be one of the

reasons for the low penetrance of LHON in this family (Yu et al. 2010a), which is

consistent with previous findings that only 20% of heteroplasmic carriers, but 47%

of homoplasmic carriers, manifested the disease in a Thai population

(Phasukkijwatana et al. 2006).

In addition, there are sporadic reports of the presence of two LHONmutations in

one family. Brown et al. (2001a) reported a 9-year-old Caucasian girl carrying both

the m.11778G>A and m.14484T>C mutations, with m.11778G>A in a

heteroplasmic status. Despite carrying two pathogenic mutations, the patient’s

mother was apparently normal (Brown et al. 2001a). Tonska et al. (2008) reported

a Polish LHON family with both the m.11778G>A and m.3460G>A mutations,

with m.3460G>A in a heteroplasmic status. Except for typical LHON symptoms,

no other nervous system disorders were found in this family, and all the female

members were unaffected (Tonska et al. 2008). These studies seem to indicate that

heteroplasmic mutations may be linked to fewer manifestations of LHON.

4 Effect of Secondary Mutations and mtDNA Genetic
Background

According to the clinical observation, different families present a variable pene-

trance of LHON symptoms, ranging from 10 to 100%, albeit harbouring the same

primary mutation, as shown by the two families with m.11778G>A in Han Chinese

(Wang et al. 2008). Secondary mtDNA mutations and mtDNA haplogroup genetic

background appear to have some effect on the penetrance of LHON. These two

factors may not lead to LHON directly, but can act in synergy with primary

mutations to affect the onset of LHON.

4.1 The Secondary Mutations May Act in Synergy
with the Primary Mutations

Most of the secondary mutations are common variants. For instance, variant

m.12811T>C, which is the defining variants of haplogroup M7b102 and has a

316 R. Bi et al.



high frequency in the general population (Kong et al. 2006), was considered to be

one of the secondary mutations of LHON (Huoponen et al. 1993). We have

obtained consistent results to show that haplogroup M7b102 is an important risk

factor for the development of LHON in Han Chinese patients with m.11778G>A

mutation (Ji et al. 2008; Zhang et al. 2011b). Intriguingly, m.12811T>C also

defined a clade of H3h in European populations or populations of European origin,

which also shows an increased prevalence of LHON (Bandelt H-J et al. unpublished

data). All these results suggested m.12811T>C as being a secondary mutation for

LHON, both in Chinese and European populations. Also the mutation m.593T>C is

a common variant found in the MT-tRNAPhe gene. Our recent study revealed that

this variant may lead to altered structure of MT-tRNAPhe and thus acts in synergy

with m.11778G>A to increase the penetrance of LHON (Zhang et al. 2011a). Note

that many of the secondary mutations of LHON are haplogroup-defining variants

and have a much higher frequency than the primary LHON mutations. Just why

some of these secondary mutations are associated with LHON only in some

populations, but not others, is unresolved.

4.2 mtDNA Haplogroup Background Effect

Because of high mutation rate and lack of recombination, mtDNA accumulates

mutations in a time order within a relatively short span of time and forms different

haplotypes (Pakendorf and Stoneking 2005). In the process of human evolution and

migration, descendants of an original mtDNA haplotype would sequentially accu-

mulate additional mutations to generate a group of related haplotypes that was

termed as a haplogroup (Achilli et al. 2008; Kong et al. 2006; Torroni et al. 2000).

The current global mtDNA phylogenetic tree contains over 4,000 different

haplogroups, which form a region-specific distribution pattern (Achilli

et al. 2008; Kong et al. 2010; Kong et al. 2006; van Oven and Kayser 2009).

mtDNA haplogroups have become important genetic markers for different

populations. In the past decades, mtDNA haplogroups have also been identified

to be associated with many different metabolic and neurodegenerative diseases. As

early as in 1992, Brown et al. (1992) found that mtDNA haplotype (5244-13708-

15257-15812) was associated with significantly increased risk for the onset of

LHON. Later, Torroni et al. (1997) analyzed mtDNA haplogroup in Italian

LHON patients and identified haplogroup J as a risk factor for patients with

m.11778G>A and m.14484T>C. Shafa Shariat Panahi et al. (2006) found that

haplogroups J and W increased disease risk in Iranian LHON patients carrying

m.11778G>A and m.3460G>A, respectively. However, the sample size of these

studies was too small to obtain a firm conclusion. In recent years, further studies

have conducted to investigate the association between mtDNA haplogroup and

LHON. One of the most comprehensive studies was carried out by Hudson et al.

(2007b), who analyzed mtDNA haplogroups in 3,613 individuals from 159 -

European LHON families and found that haplogroups J2, J1 and K increased the

LHON risk in patients with m.11778G>A, m.14484T>C and m.3460G>A,
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respectively, while haplogroup H was a protective factor for patients with

m.11778G>A. Phylogenetic analysis indicated that the nonsynonymous variants

located in the root of haplogroups J and K may account for the association between

these haplogroups and LHON (Hudson et al. 2007b).

Because the genetic structure is different between Asian and European

populations, we have performed a comprehensive study, with the largest number

of LHON patients in the Han Chinese population including 1,859 individuals from

182 Chinese families (including one from Cambodia) with the m.11778G>A

mutation, to investigate whether mtDNA haplogroups affect the penetrance of

LHON in East Asian families. Haplogroup M7b102 was identified to be signifi-

cantly associated with visual loss, whereas haplogroup M8a showed a protective

effect (Ji et al. 2008). Further analyses of the complete mtDNA sequences from

LHON families with m.11778G>A suggested that variants m.12811T>C

(p.Y159H) in the MT-ND5 gene and m.8584G>A – m.8684C>T (p.A20T – p.T53I)

in the MT-ATP6 gene, which are haplogroup-defining variants for haplogroups

M7b102 and M8a, respectively, might account for the association of these two

haplogroups with LHON (Ji et al. 2008). Subsequently, we analyzed the matrilineal

structure of further 304 Chinese patients with m.11778G>A and 843 patients with

suspected LHON, to determine the effect of the mtDNA genetic background on the

onset of disease (Zhang et al. 2011b). The enlarged sample size of LHON patients

confirmed the results that were obtained in our previous study based on 182 families

(Ji et al. 2008). Specifically, the LHON samples differed from the general Chinese

or samples with suspected LHON by harbouring fewer lineages belonging to

haplogroup F and more lineages belonging to M7b and D4. In contrast, the

matrilineal structure of the suspected LHON population resembled that of the

general Chinese population, suggesting no role of mtDNA haplogroup in these

suspected LHON patients (Zhang et al. 2011b). In Southeast Asian population,

haplogroup B5a1 was identified to be significantly associated with m.11778G>A

and appeared to modify the risk of visual loss (Kaewsutthi et al. 2011).

Although association studies have indicated that the onset of LHON is

influenced by mtDNA haplogroup, functional characterization of this effect is a

daunting task. There have been several attempts that have increased our knowledge

regarding the background effect. For instance, Suissa et al. (2009) found that

ancient mtDNA variants of haplogroup J reduced the replication and stability of

mtDNA. Using cybrid cells with different mtDNA haplogroup backgrounds, Ghelli

et al. (2009) found that haplogroup J increases the sensitivity of cells to

2,5-hexanedione toxicity, indicating that the mtDNA haplogroup background

affects the development of LHON in combination with environmental factors.

However, tests of respiratory function in cybrid cell lines carrying European

mtDNA haplogroups (including J) that were demonstrated to be associated with

LHON showed no detectable differences in multiple parameters, suggesting that the

effect of the mtDNA haplogroup may be more complex than what we had thought

(Carelli et al. 2002).

Note that a search of the 30,000 mtDNA sequences (data searched on June 25,

2015) held by the GenBank database shows that many of the European sequences
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containing a primary LHON mutation do come from the subgroups of

haplogroup U, a feature which as yet has not raised the attention of researchers.

4.3 Occurrence of mtDNA Pathogenic Mutations
with the Primary Mutations

Besides common variants, there were some pathogenic mutations for other mito-

chondrial diseases coexisting with the LHON primary mutations. Mimaki et al.

(2003) reported one 51-year-old Japanese patient carrying both m.11778G>A and

m.12192G>A (a pathogenic mutation for cardiomyopathy). The initial symptom of

this patient was rapid reduction of weight, with acute visual loss developing

6 months later. We reported a LHON family with two pathogenic mutations

m.11778G>A and m.1555A>G, which may account for the high penetrance

(78.6%) of LHON in this family (Zhang et al. 2008). Mutation m.1555A>G is

the major cause of aminoglycoside-induced and non-syndromic hearing loss (Guan

2011; Kokotas et al. 2007; Petit et al. 2001). However, none of the matrilineal

relatives showed problems with their hearing, and we therefore inferred that the

mutation m.1555A>G in this family may act in synergy with m.11778G>A to

significantly increase the penetrance of LHON (Zhang et al. 2008). Interestingly,

the co-occurrence of m.1555A>G and m.11778G>A was also observed in two

Indian families recently, with one family showing a high penetrance of LHON

(62.5%) (Khan et al. 2013).

4.4 mtDNA Mutational Hotspots in Suspected LHON Patients

Though most of the LHON patients have been identified to carry known mtDNA

primary mutations, there still are many patients with typical clinical features of

LHON but without known mtDNA primary mutations. These patients have not

been fully investigated, and genetic analysis has revealed that there might be

mtDNA mutation hotspots in these patients. Studies in European populations

revealed that the MT-ND1 and MT-ND6 genes were mutational hotspots for

nonsynonymous mutations (Chinnery et al. 2001b; Valentino et al. 2004), whereas

in our study, albeit with a limited number of Han Chinese families, we showed that

theMT-ND1 andMT-ND5 genes are mutational hotspots in families with suspected

LHON (Zou et al. 2010). However, it remains to be answered why the mutations

occur mainly in these gene regions, how these mutations affect the onset of LHON

and if there are any other nuclear modifiers to these mtDNA mutations (Yen

et al. 2006).
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5 Effect of Nuclear Genes on LHON

5.1 Chromosome X

The gender bias of LHON suggests the chromosome X genes may be involved in

this disease (Bu and Rotter 1991, 1992). According to the proposed two-locus

mitochondrial and X-chromosome-linked nuclear gene model (Bu and Rotter

1991, 1992), LHON symptoms occur only when the mtDNA pathogenic mutations

and chromosome X-sensitive gene(s) are present at the same time and the onset in

female carriers was dependent on the homozygous status of susceptible gene(s) in

chromosome X. This model is a reasonable explanation of the gender bias of

LHON, and different studies have identified several regions in chromosome X

showing linkage with LHON. The pioneer linkage study in six LHON families

performed by Vilkki et al. (1991) found that the onset of LHON is determined by

genes linked to the DXS7 region of chromosome X. The similar study performed by

Hudson et al. (2005) in 100 European LHON families identified that the DXS8090

(166)-DXS1068 (258) region of chromosome X is linked to the onset of LHON.

Also a study in a Brazilian LHON family found that region Xq25-Xp27.2 of

chromosome X confers susceptibility to LHON (Shankar et al. 2008). There were

relatively few studies performed in Chinese patients. Recently, Ji et al.

(2010) analyzed 12 microsatellite markers and 4 single nucleotide polymorphisms

(SNPs) in chromosome X in Chinese male LHON patients and controls and

identified two microsatellites (DXS6803 and DXS984) that are associated with

LHON. However, there were negative results reporting no association between

chromosome X and LHON (Man et al. 2002a; Oostra et al. 1996; Pegoraro

et al. 1996; Petruzzella et al. 2007). How genes in chromosome X affect LHON

is still a mystery. The recent study performed by Hudson et al. (2007a) indicated

that the oestrogen receptor-related genes in chromosome X may be susceptible

genes for LHON. These results need to be validated, and further functional charac-

terization should be carried out to elucidate the cause of the male-biased prevalence

of LHON.

5.2 Other Nuclear Factors

A nuclear genetic effect has been thought to account for the puzzle posed by the

incomplete penetrance of LHON, and identification of nuclear modifier(s) has

received wide attention from researchers in the field. A previous study focusing

on oxidative stress and apoptosis pathways identified EPHX1 and TP53 genes as

candidate nuclear genes associated with earlier onset of LHON (Ishikawa

et al. 2005). Recent genome-wide expression and genome-wide linkage studies

have further explored the potential nuclear genes that may play a modifying role in

LHON. In the genome-wide linkage study performed by Phasukkijwatana et al.

(2010) in patients from Thailand, chromosome region 3q26.2-3q28 was found to be

linked to LHON. This genomic region contains six genes, including PARL, OPA1
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and others. Further analysis of SNPs in the PARL gene indicated that SNPs

rs3749446 and rs1402000 conferred a susceptibility to LHON (Phasukkijwatana

et al. 2010). However, the association between PARL SNPs and LHON could not be

replicated in the Han Chinese population in our validation study (Zhang

et al. 2010). The OPA1 gene is a pathogenic gene for autosomal dominant optic

atrophy (ADOA), which presents many overlapping clinical features with LHON

(Carelli et al. 2004). Previous studies have revealed that the OPA1 protein is located

in the mitochondrial inner membrane and plays important roles in mitochondrial

fusion and apoptosis (Olichon et al. 2003). Interestingly, PARL is also a mitochon-

drial protein and was recently found to regulate OPA1 in the apoptosis pathway

(Cipolat et al. 2006). In the genome-wide expression assay in LHON patients and

controls performed by Amero-Abu et al. (2010), 137 up-regulated and 152 down-

regulated genes were identified, in which the OPA1 gene was found to be signifi-

cantly down-regulated in LHON patients. Whether the OPA1-PARL pathway plays

a key role in the onset of optic atrophy, from either LHON or ADOA, is an

important and interesting question remaining to be answered.

A recent profiling of the mitochondrial proteome of fibroblasts from LHON

patients with m.11778G>A showed a down-regulation of bioenergetics and mito-

chondrial protein quality control pathways (Tun et al. 2014). Coincidentally,

Giordano et al. (2014) found that unaffected LHON mutation carriers had a

significantly higher mtDNA copy number and mitochondrial mass and higher

capacity for activating mitochondrial biogenesis under metabolic demand com-

pared with their affected maternally related relatives and healthy individuals. These

findings suggest that increased mitochondrial biogenesis in LHON mutation

carriers may overcome some of the pathogenic effect of the LHON mutation, and

this may account for the incomplete penetrance in LHON (Giordano et al. 2014).

These efforts aiming at identifying nuclear modifiers in LHON have provided some

helpful information for uncovering the puzzle of LHON, although we suggest that

more studies are essential to define the modifier genes and their regulatory

mechanisms in biochemical pathways.

6 Environmental Factors

The gender bias and incomplete penetrance of LHON strongly suggest that envi-

ronmental factors which are more specific to males than to females, such as

smoking and alcohol, may contribute to the increased disease risk of LHON in

males (Charlmers and Harding 1996; Kerrison et al. 2000; Kirkman et al. 2009). A

study by Charlmers and Harding (1996) showed that alcohol, but not smoking, may

significantly increase the penetrance of LHON. However, different observations

were obtained in a recent large-scale epidemiological study by Kirkman et al.

(2009), which showed that smoking is significantly linked to the penetrance of

LHON, independent of gender and alcohol intake, and excessive drinking would

lead to increased risk of LHON. Furthermore, a recent study found that oestrogens

could rescue the mitochondrial dysfunction caused by LHON primary mutations
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(Giordano et al. 2011), which may underline the potential reason for the gender bias

of LHON. There are some anecdotal reports for the effect of exposure to toxic

substances or medicines, such as carbon monoxide poisoning (Hwang and Park

1996) and anti-tuberculosis medication including ethambutol (Seo et al. 2010), to

increase the clinical expression of LHON.

7 Biochemical Effects of mtDNA Mutations and Their
Implication for LHON Treatment

7.1 Biochemical Effect of mtDNA Mutations

It is of note that almost all the primary mutations and mutational hotspots for LHON

are located in genes that encode the subunits of complex I in the mitochondrial

respiration chain. For instance, mutations m.3460G>A (p.A52T) and m.3635G>A

(p.S110N) occur in the MT-ND1 subunit, mutation m.11778G>A (p.R340H) is

located in the MT-ND4 subunit and mutation m.14484T>C (p.M64V) is located in

the MT-ND6 subunit, whereas mutation m.10680G>A (p.A71T) is located in the

MT-ND4L subunit. All these mutations change the amino acids in different com-

plex I subunits and were considered to cause LHON through impairing the function

of complex I (Fig. 3) (Yen et al. 2006). Mitochondrial complex I, also known as

NADH dehydrogenase, is crucial for cellular metabolism and ATP production

(Hirst 2013). In addition, complex I is the major source of reactive oxygen species

(ROS) (Hirst 2013). A large number of studies have showed significantly decreased

complex I activity and respiration rate, as well as ATP level, in cybrids, fibroblasts

or lymphoblasts with LHON pathogenic mutations (Baracca et al. 2005; Brown

et al. 2000; Cock et al. 1999; Hirst 2013; Hofhaus et al. 1996; Lin et al. 2012;

Majander et al. 1996; Wong et al. 2002). It is suggested that the increased oxidative

stress caused by complex I dysfunction (Beretta et al. 2004; Wong et al. 2002) leads

to a series of mitochondrial defects and further triggers the clearance of damaged

mitochondria, which is also known as mitophagy (Melser et al. 2015). The excess of

mitophagy might be the major reason for the decreased level of mitochondrial mass,

as well as ATP production observed in LHON (Giordano et al. 2014). In this way

complex I dysfunction may eventually lead to increased apoptosis and cell death

(Hofhaus et al. 1996; Wong et al. 2002; Zanna et al. 2003) and be the potential

reason for the optic neuron loss observed in LHON patients and animal models

(Fig. 3). Consistent with this hypothesis, the chemically induced mouse model

initiated by the use of rotenone, an inhibitor of complex I, presented similar

degeneration of retinal ganglion cells as in LHON (Zhang et al. 2002). Therefore,

complex I dysfunction induced by LHON primary mutations may well be a key

pathogenic cause for the onset of LHON symptoms.
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7.2 Functional Characterization of the LHON Primary Mutations

The pathogenicity of the LHON primary mutations needs to be proven by the use of

functional assays (Bandelt et al. 2009). One feasible approach is to develop cell

cybrids using blood platelets as these cells do not have nuclei (King and Attardi

1989), and this is now the most frequently used method to study the direct associa-

tion between mtDNA variants and alterations in mitochondrial function. Early

studies of the cybrids with LHON primary mutation m.11778G>A showed a

significantly decreased oxygen consumption, demonstrating a pathogenic role of

this mutation in impairing cell respiration (Vergani et al. 1995). A later study,

however, showed mutations m.3460G>A and m.11778G>A could result in com-

plex I defects, whereas m.14484T>C caused only a much milder biochemical

defect (Brown et al. 2000). In addition, LHON primary mutations were found to

disrupt glutamate transport in cybrid cell lines (Beretta et al. 2004).

Besides the trans-mitochondrial cybrids, the allotopic expression system, in

which the mtDNA gene was converted to a nuclear-encoded version and the protein
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Fig. 3 Potential pathogenic role of LHON mutations in the cell and treatment strategy. The

dysfunction of complex I due to LHON mutations leads to the overproduction of ROS, and the

significantly increased oxidative stress triggers a series of mitochondrial-related dysfunctions and

increased apoptosis and cell death (Yen et al. 2006). Antioxidants like idebenone might therefore

be potentially effective medicines (Mashima et al. 2000). Gene therapy through allotopic expres-

sion of mitochondrial genes (Guy et al. 2002) or genome-editing technique using mitochondria-

targeted restriction endonucleases or TALENs (Reddy et al. 2015) may also increase the percent-

age of wild-type mtDNA and prevent the germline transmission of pathogenic mtDNA mutations

and is, therefore, another promising treatment for LHON symptoms
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was first expressed in the cytosol and then imported into mitochondria with the

direction of mitochondrial targeting peptide (Fig. 3) (Manfredi et al. 2002), has also

been demonstrated to be efficient for the functional characterization of certain

mtDNA mutation(s) in our recent study (Bi et al. 2015) and others (Guy

et al. 2002; Manfredi et al. 2002). Through allotopic expression of wild-type ND4
gene in cybrids with m.11778G>A, Guy et al. (2002) found that this method could

efficiently rescue the defective complex I-dependent ATP production and cell

growth in galactose medium. However, because of the high hydrophobicity of

mtDNA-encoded protein, the efficiency of this method was questioned in many

studies (Figueroa-Martinez et al. 2010; Oca-Cossio et al. 2003). Kaltimbacher et al.

(2006) optimized the allotopic expression system, in which the mRNA was first

targeted to the mitochondrial surface and then the protein translation was coupled

with protein transport. Allotopic expression of wild-type ND1 and ND4 genes in

fibroblasts containing m.3460G>A and m.11778G>A using this optimized method

successfully restored the complex I activity and mitochondrial dysfunction induced

by the LHON primary mutations (Bonnet et al. 2008). Using the same method,

Ellouze et al. (2008) introduced the ND4 gene harbouring the m.11778G>A

mutation into rat eyes by in vivo electroporation and developed an animal model

that mimics the essential aspects of LHON, including degeneration of retinal

ganglion cells and decline in visual performance. Further overexpression of the

wild-type ND4 gene in these LHON models could improve these signs.

7.3 New Avenues of Research: LHON Gene Therapy and Genome
Editing

In order to accomplish a more efficient gene delivery, the allotopic expression

method was further developed by injecting adeno-associated virus (AAV) with

mtDNA genes into eyes (Chadderton et al. 2013; Koilkonda et al. 2014; Yu

et al. 2012). Koilkonda et al. (2014) estimated the safety and effect of this AAV

mediate allotopic expression system in non-human primate and ex vivo human eyes

and found that the allotopic expression was efficient and long lasting with no

serious adverse reactions in most retinal ganglion cells. These studies indicated

that the gene therapy through allotopic expression of mitochondrial genes may be a

promising method in the treatment of LHON (Fig. 3). Also, Iyer et al. (2012) had

success by using healthy donor mtDNAs complexed with recombinant human

mitochondrial transcription factor A (TFAM) to improve respiration and biogenesis

in a LHON cell line. Recently, further work of this type has been reported from

France (Cwerman-Thibault et al. 2014; Cwerman-Thibault et al. 2015), and a trial

in carriers of the mutation m.11778G>A has been initiated. However, evidently,

there is still a long way to go before this method is fully accepted as a therapy.

Another promising approach for LHON therapy is mitochondrial replacement,

which involves spindle, pronuclear or polar body genome transfer into healthy

enucleated donor oocytes or embryos, and this approach has been successfully used

to eliminate pathogenic mtDNA variant(s) and to prevent the transmission of
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mtDNA disease (Craven et al. 2010; Paull et al. 2013; Tachibana et al. 2009, 2013;

Wang et al. 2014). More recently, Reddy and colleagues (2015) took advantage of

the recently advanced genome-editing technique and selectively prevented the

germline transmission of a mtDNA haplotype using either mitochondria-targeted

restriction endonucleases or transcription activator-like effector nucleases

(TALENs). They successfully reduced LHON mutation level in mammalian

oocytes using mitochondria-targeted TALENs (mito-TALENs). We believe that

the most recently available CRISPR/Cas system, which is very powerful for

genome editing (Cong et al. 2013), will also be a workable method for mtDNA

genome editing in the future. The safety and efficacy of this mtDNA genome-

editing approach open a new avenue for LHON therapy (Fig. 3). However, there are

also potential concerns about the use of these techniques in a clinical setting

(Craven et al. 2011). Besides the complex technical issues, all these techniques

still need to be confirmed as being safe for use in humans.

7.4 Implications for Medical Therapy for LHON

There is currently no effective treatment that can be proven to prevent, or restore,

the visual loss in LHON (La Morgia et al. 2014; Yu-Wai-Man et al. 2014). But

several different approaches and therapies have been suggested. LHON mutation

carriers may have their symptoms precipitated by vitamin B12 deficiency, and

known carriers should have an adequate dietary intake of vitamin B12 (Pott and

Wong 2006). Spontaneous visual recovery is observed in some LHON patients, and

idebenone in combination with vitamin B2 and vitamin C has been suggested to

speed up this recovery (Fig. 3) (Mashima et al. 2000). Idebenone is described as an

antioxidant (Mordente et al. 1998) and transports electrons bypassing complex I to

complex III and thereby partly restores ATP production in cases where there is a

complex I defect (Giorgio et al. 2011; Haefeli et al. 2011). Pharmacological study

in a LHONmouse model with complex I dysfunction induced by rotenone indicated

that idebenone can restore the loss of retinal ganglion cells and vision defects in a

LHON mouse model (Heitz et al. 2012). In recent years, more evidence has shown

that LHON patients might benefit from idebenone treatment (Carelli et al. 2011;

Klopstock et al. 2011, 2013), suggesting that agents active against complex I

dysfunction and oxidative stress may be an efficient treatment for LHON in the

future (Fig. 3). However, the question of whether or not a new LHON patient should

be offered treatment with idebenone is still unproven.

Another approach to therapy for LHON is promising but still very much at the

theoretical stage and involves considering how to control the balance between

mitochondrial biogenesis and clearance (mitophagy). Mitochondrial biogenesis is

regulated by a complex system of transcriptional regulator networks of mitochon-

drial proteins (Vega et al. 2015). Furthermore, it was reported that the mitochon-

drial biogenesis and mitophagy could be regulated through the post-translational

modification of mitochondrial proteins (i.e. lysine acetylation), which was found to

be modified by the nutritional homeostasis (Webster et al. 2014). There are many
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agents, chemicals and medicines that are known to reduce mitochondrial biogene-

sis, such as antibiotics targeting mitochondria like erythromycin, tetracycline,

chloramphenicol and glycylcyclines (Lamb et al. 2015). Recent studies have

identified several potentially therapeutic agents that could stimulate key regulators

of mitochondrial biogenesis (Sanchis-Gomar et al. 2014; Valero 2014), including

activators of the PPAR-PGC1α axis, bezafibrate, thiazolidinediones, pioglitazone,

rosiglitazone and fenofibrate (Uittenbogaard and Chiaramello 2014; Wu et al. 2014;

Yadav et al. 2014; Zamora and Villena 2014); agonists of AMPK, resveratrol,

AICAR and metformin (Uittenbogaard and Chiaramello 2014; Wu et al. 2014;

Zamora and Villena 2014); triggering factors of SIRT1, SRT1720, quercetin,

resveratrol and several isoflavone-derived compounds (Uittenbogaard and

Chiaramello 2014; Wu et al. 2014; Zamora and Villena 2014); and the agonists

of Nrf2, triterpenoids and Bacopa monnieri (Yadav et al. 2014). However, the

hypothesis to increase ATP production at times of stress through increasing mito-

chondrial mass has not been clinically proved. But it is an interesting line of

research that may be of significance to carriers of LHON mutations, as the possi-

bility of taking a simple medication to prevent the onset of symptoms is a pleasing

prospect.

8 Conclusion and Future Perspective

LHON, the most extensively studied mitochondrial disease, predominantly causes

blindness in young males and brings a lot of suffering to the patients and their

families. Although many primary mtDNA mutations have been identified, the

phenotypic expression of these primary mutations is very complex. Incomplete

disease penetrance, male-biased onset, involvement of additional genetic factors

(secondary mutations, mtDNA background, nuclear genetic modifiers, epigenetic

changes) or environmental factors (smoking, alcohol, toxic substance) are all

involved in the pathogenesis of the disorder; but their relevance has not been

fully understood. Currently, there is no effective treatment for LHON. Studies in

the past two decades have shown us that complex I dysfunction is the main

biochemical effect of the pathogenic mutations and gene therapy or medicine

aimed against complex I dysfunction are promising treatments for LHON. The

new techniques of genome editing also offer the possibility of a successful treat-

ment for LHON. Further studies focusing on the underlying mechanism of LHON

will be of importance in elucidating the pathophysiology of retinal neuron loss as

well as in searching for new clues that may finally prevent the visual loss caused

by LHON.
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Abstract

The report in 1988 that Leber Hereditary Optic Neuropathy (LHON) was the

product of mitochondrial DNA (mtDNA) mutations provided the first demon-

stration of the clinical relevance of inherited mtDNA variation. From LHON

studies, the medical importance was demonstrated for the mtDNA showing its

coding for the most important energy genes, its maternal inheritance, its high

mutation rate, its presence in hundreds to thousands of copies per cell, its quanti-

tatively segregation of biallelic genotypes during both mitosis and meiosis, its

preferential effect on the most energetic tissues including the eye and brain, its

wide range of functional polymorphisms that predispose to common diseases,

and its accumulation of mutations within somatic tissues providing the aging

clock. These features of mtDNA genetics, in combination with the genetics of the

1–2000 nuclear DNA (nDNA) coded mitochondrial genes, is not only explaining

the genetics of LHON but also providing a model for understanding the com-

plexity of many common diseases. With the maturation of LHON biology and

genetics, novel animal models for complex disease have been developed and new

therapeutic targets and strategies envisioned, both pharmacological and genetic.

Multiple somatic gene therapy approaches are being developed for LHON which

are applicable to other mtDNA diseases. Moreover, the unique cytoplasmic

genetics of the mtDNA has permitted the first successful human germline gene

therapy via spindle nDNA transfer from mtDNA mutant oocytes to enucleated

normal mtDNA oocytes. Such LHON lessons are actively being applied to

common ophthalmological diseases like glaucoma and neurological diseases

like Parkinsonism.

Keywords

Animal models • Estrogen receptor beta • Gene therapy • Haplogroup • Leber’s

hereditary optic neuropathy • LHON • Mitochondrial disease • Mitochondrial

DNA • Mitochondrial physiology • mtDNA copy number • Oxidative stress •

Retinal ganglion cells • Transmitochondrial cybrids

1 Leber Hereditary Optic Neuropathy (LHON), Window into
Rare and Common Diseases

Leber Hereditary Optic Neuropathy (LHON) was the first disease reported to be

caused by a maternally inherited mitochondrial DNA (mtDNA) mutation (Wallace

et al. 1988a). Since publication of the first LHON report in 1988, hundreds of

mtDNA missense and protein synthesis base substitution mutations have been

reported in the mtDNA associated with a plethora of clinical manifestations

(MITOMAP 2017). Yet even now, a quarter of a century later, there are still

mysteries about the pathobiology of LHON.

Affected LHON patients develop a mid-life, acute-onset, central-vision loss

resulting in central scotoma due to the death of the retinal ganglion cells. Generally,

all maternal relatives have the same mtDNA genotype, yet only some maternal
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relatives go blind, with males being about four times more likely to go blind than

females (Carelli et al. 2004; Yu-Wai-Man 2015; Yu-Wai-Man and Chinnery 1993).

Like LHON, delayed onset and variable expressivity are characteristics of a

range of common metabolic and degenerative diseases, and a male bias is charac-

teristic of other neuropsychiatric disorders including autism (Developmental

Disabilities Monitoring Network Surveillance Year 2010 Principal Investigators,

Centers for Disease Control and Prevention (CDC) 2014) and Parkinson disease

(Nicoletti et al. 2016). Moreover, mild mitochondrial dysfunction frequently affects

retinal function, with glaucoma affecting the retinal ganglion cells (Lopez Sanchez

et al. 2016; Chrysostomou et al. 2013) and retinitis pigmentosa and age-related

macular degeneration affecting the retinal pigment epithelial cells (Ortiz et al.

1993; Udar et al. 2009). Consequently, the methodical elucidation of the factors

leading to mtDNAmutation-induced blindness is providing insight into the etiology

of a variety of common ophthalmological and neurological diseases.

The mitochondrial genome consists of 1–2,000 nuclear DNA (nDNA) genes plus

hundreds to thousands of copies of the maternally inherited mtDNA per cell. The

mtDNA codes for the 13 most important polypeptides of the mitochondrial energy

generating process, oxidative phosphorylation (OXPHOS), plus the 12S and 16S

rRNA and 22 tRNAs required for mitochondrial protein synthesis to translate these

mRNAs. The additional approximately 80 OXPHOS polypeptides are coded in the

nucleus. Thus complex I (NADH:ubiquinone oxidoreductase) is composed of ~45

polypeptides, 7 (ND1, 2, 3, 4, 4L, 5, 6) coded by the mtDNA; complex II (succinate:

ubiquinone oxidoreductase) is composed of four nDNA coded subunits; complex

III (bc1 complex) is composed of 11 polypeptides, cytochrome b coded by the

mtDNA; complex IV (cytochrome c oxidase) is composed of 13 polypeptides, three

(COI-III) coded in the mtDNA; and complex V (ATP synthase) is composed of

18 polypeptides, two (ATP6&8) coded in the mtDNA. All of the remaining mito-

chondrial polypeptides are coded in the nucleus.

In Europeans pathogenic mtDNA disease mutations have an estimated fre-

quency of greater than one in 5000 (Schaefer et al. 2008; Chinnery et al. 2000;

Cree et al. 2009). Furthermore, about 1 in 200 cord bloods have been observed to

harbor one of the ten most common mtDNA mutations implying a high de novo

mtDNA mutation rate (Elliott et al. 2008). Numerous mutations in nDNA coded

mitochondrial genes have also been associated with disease (Koopman et al. 2012).

One of these is autosomal dominant optic atrophy (DOA) caused my mutations in

the OPA1 gene (Alexander et al. 2000; Delettre et al. 2000). DOA has clinical

manifestations similar to those of LHON, though with an earlier onset and progres-

sive course, demonstrating that mutations in either mtDNA or nDNA coded mito-

chondrial genes can produce similar symptoms if they perturb the same

mitochondrial physiological parameters.

The existence of “mitochondrial diseases” caused by high impact single mito-

chondrial gene mutations is now well established. These have been designated

“primary mitochondrial diseases.” However, there is rapidly growing evidence that

many of the common “complex” diseases have an underlying mitochondrial etiol-

ogy (Picard et al. 2016). Females harboring LHON mtDNA mutations have an

increased predilection to a multiple sclerosis-like syndrome (Harding et al. 1992;
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Palace 2009; Pfeffer et al. 2013; Matthews et al. 2015) as do OPA1 mutation

patients (Yu-Wai-Man et al. 2016). Individuals harboring the more deleterious

mtDNA LHON mutations can present with other neurological diseases such as

generalized dystonia at higher heteroplasmy levels (Jun et al. 1994a, b). Finally,

LHON and DOA share the clinical and cellular pathological features of Primary

Open Angle Glaucoma (POAG) (Lopez Sanchez et al. 2016).

In addition to the production of ATP by the process of oxidative phosphorylation

(OXPHOS), the mitochondria regulate a broad range of cellular processes. These

include production of reactive oxygen species (ROS) and regulation of cellular

oxidation-reduction (REDOX) status, uptake of cytosolic Ca++ thus regulating cellular

Ca++ concentrations, the control of cell death (apoptosis) by activation of the mito-

chondrial permeability transition pore (mtPTP), and the production of high energy

intermediates that modulate cytosolic signal transduction and nuclear epigenomic

pathways. Hence, mitochondrial function is intimately interdigitated with essentially

every cellular process and thus has sweeping implications for the cellular pathology

(Picard et al. 2014; Wallace and Fan 2010; Wallace et al. 2010; Wallace 2013a).

Given the prevalence and importance of mitochondrial dysfunction to a wide

range of common diseases (Wallace 2013a), it is surprising how little is known

about the mitochondrion and its role in human health. Even more problematic is

that very limited attention has been paid to developing mitochondrial therapeutic

interventions. This lack of attention to the mitochondrion may be an important

factor in our limited capacity to generate effective therapies for the common

metabolic and degenerative diseases (Wallace 2013b). To begin rectifying these

limitations, we need to develop an in-depth understanding of this representative

“primary” mitochondrial disease, LHON (Carelli et al. 2004).

2 LHON Genetics and Biology

The incidence of LHON is estimated at >1 in 7000 (Sadun et al. 2011). Most

European LHON mutations occur in the mtDNA OXPHOS complex I (NADH:

ubiquinone oxidoreductase or NADH dehydrogenase) genes. The three most com-

mon LHON mutations are the missense mutations in the ND4 gene at nucleotide

(nt) 11778G>A (R340H) (Wallace et al. 1988a), the ND1 gene at nt 3460G>A

(A52T) (Huoponen et al. 1991), and the ND6 gene at nt 14484T>C (M64V) (Johns

et al. 1992) (Table 1). Milder LHON mutations are generally homoplasmic (all

cellular mtDNAs contain the mutation). More severe complex I mutations cause

optic atrophy when heteroplasmic (a mixture of mutant and normal mtDNAs), but

when homoplasmic, result in more severe phenotypes including basal ganglia

degeneration, dystonia, and Leigh Syndrome. The ND6 G14459A (A72V) (Jun

et al. 1994a) and ND6 G14600A (P25L) (Malfatti et al. 2007) mutations are

examples of the latter mutations (Table 1).

LHON presents as unilateral acute or subacute optic atrophy in the second or

third decade of life, followed within a year of optic atrophy in the contralateral eye.

The visual impairment is associated with a central scotoma and pseudopapilledema

of the optic disc with retinal nerve fiber loss. Within the optic nerve the central
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small caliber fibers of the papillomacular bundle are preferentially affected while

the larger caliber peripheral fibers are preserved. The preferential involvement of

the optic nerve has been attributed to the high energy demand placed on the

unmyelinated portion of the optic nerve fibers anterior to the lamina cribrosa, an

area rich in mitochondria (Carelli et al. 2004; Yu-Wai-Man 2015; Yu-Wai-Man and

Chinnery 1993; Lopez Sanchez et al. 2016; Sadun et al. 2011).

For homoplasmic LHON mutations, the penetrance of acute onset central sco-

toma is remarkably variable with males being 2–6 times more likely to go blind

than females, and with the percentage of central scotoma patients varying markedly

between pedigrees (Sadun et al. 2011). Maternal relatives that have not progressed

to subacute optic atrophy still show signs of visual impairment including dys-

chromatopsia, which implies cone dysfunction, alterations in electroretinographic

(ERG) responses (Salomao et al. 2004; Shibata et al. 1999), and retinal nerve fiber

layer thickening as detected by optical coherence tomography (OCT) (Ramos et al.

2009; Ventura et al. 2007). Many outstanding questions regarding LHON remain.

How does a systemic mtDNA defect only affect the visual system? What is

responsible for the delayed onset and variable penetrance of the blindness? Why

are males preferentially affected? Most importantly how can we treat or prevent

LHON? (Yu-Wai-Man 2015; Yu-Wai-Man and Chinnery 1993; Sadun et al. 2006,

2011; Ventura et al. 2007).

Both common (ND4 11778A, ND1 3460A, ND6 14484C) and rare (ND6
14459A, ND4L 10663C (V65A) (Brown et al. 2002), ND1 at 3394C (Y30H)

(Brown et al. 1995; Puomila et al. 2007; Zhang et al. 2010; Liang et al. 2009)

complex I mutations have been associated with LHON (Table 1). Numerous other

rare mtDNA mutations have also been reported affecting virtually every mtDNA

gene (Wallace et al. 2007; Koilkonda and Guy 2011; Ji et al. 2016). These are

reported in MITOMAP (MITOMAP 2017).

The transmitochondrial cybrid technique (Bunn et al. 1974; Wallace et al. 1975;

Wallace 1981, 1982a; Trounce et al. 1996) has been used to confirm that the

mtDNA variants associated with LHON cause the mitochondrial and cellular

defects associated with the disease. LHON mtDNA mutations can be transferred

into established human cell lines via fusion of patient blood platelets or cytoplasts

derived from patient fibroblasts or lymphoblasts to established human cells which

lack mtDNA (ρ0 cells) (King and Attardi 1989). Three human ρ0 cell lines have

been used in these cybrid studies: the lymphoblastoid cell line WAL2A (Brown

et al. 2000), the osteosarcoma cell line 143B(TK�) (Vergani et al. 1995; Danielson
et al. 2002), and the neuroblastoma Ntera2/D1 which can be differentiated in vitro

into neurons with retinoic acid (Wong et al. 2002). These transmitochondrial

cybrids have been analyzed for biochemical effects associated with the mtDNA

mutations (Trounce et al. 1996) and have revealed that the common LHON

mutations cause partial complex I and site I respiration defects, reduce ATP

production, altered excitatory glutamate transport, increase mitochondrial reactive

oxygen species (ROS) production, and sensitize the mitochondrial permeability

transition pore (mtPTP) to predispose to apoptosis (Jun et al. 1994a; Brown et al.

2000, 2001; Danielson et al. 2002; Carelli et al. 1997, 1999; Baracca et al. 2005;

Beretta et al. 2004, 2006; Floreani et al. 2005; Ghelli et al. 2008; Sala et al. 2008).
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In neurons prepared by induced differentiation of Ntera2D1 11778 or 3460 cybrids,

the mtDNA/nDNA ratio declined and the mitochondrial ROS production increased

markedly, indicating that elevated mitochondrial ROS production may be an

important feature of the neuronal pathophysiology of LHON (Wong et al. 2002).

3 LHON Penetrance and mtDNA Background

The penetrance of the milder LHON mutations (11778A, 14484C, 10366C, etc.) is

markedly affected by the mtDNA background, or haplogroup. Because the mtDNA

is exclusively maternally inherited, it can only change by the accumulation of

sequential mutations along radiating maternal lineages. The establishment of a

new mtDNA mutation creates a branch in the mtDNA mutational tree. Hence, all

extant mtDNA variation can be traced back to a single mtDNA which arose in

Africa about 150,000–200,000 years before present (YBP) (Cann et al. 1987;

Johnson et al. 1983; Merriwether et al. 1991). From that origin, mtDNA sequences

radiated in Africa until approximately 65,000 YBP generating the African “L”

mtDNA lineages. At that point, two mtDNAs (M and N) succeeded in leaving

Africa and colonizing the rest of the world. Derivatives of N radiated in Europe

giving rise to haplogroups H, I, J, K(Uk), T, U, V, W, and X while both M and N

colonized and radiated in Asian generating a plethora of haplogroups. Of all of the

Eurasian mtDNA lineages, only haplogroups A, B, C, D, and X colonized the

Americas starting about 20,000 YBP (Brown et al. 1998; Wallace 2015).

As women colonized the globe, occasional mutations arose that were beneficial,

subtly altering cellular mitochondrial metabolism in ways that were optimal in the

local environment. These functional mutations conferred an advantage to the local

population permitting the descendants to proliferate resulting in regional groups of

related mtDNA haplotypes, termed haplogroups. These haplogroups can be bene-

ficial in the environment in which they arose, but may be maladaptive if placed in a

different environment. Thus, mtDNA haplogroups can predispose to common

diseases and also alter the expression of the milder LHON mutations which arise

on that mtDNA background (Wallace 2015).

Evidence that mtDNA haplogroups can modulate the expressivity of primary

mtDNA disease mutations was first documented in LHON. LHON mutations

11778, 14484, and 10663 that arise on European mtDNA haplogroup J have a

significantly increased penetrance then when the same mutation arises on haplo-

group H mtDNA (Brown et al. 1995, 1997, 2002; Torroni et al. 1997), and cybrids

harboring the 11778A (340H) mutation on the J background have lower respiration

rates than 11778A haplogroup H cybrids (Vergani et al. 1995). The largest LHON

ND4 nt 11778G>A (R340H) pedigree which connects patients between Italy and

Brazil arose on the haplogroup J background (Sadun et al. 2003).

European haplogroup J is a derivative of macrohaplogroup N, which encom-

passes the ND3 10398A>G (A114T) and ATP6 8701A>G (A59T) polypeptide

variants. J is defined by the reversion of the ND3 variant 10398G>A (T114A) plus

the acquisition of a new variant,ND5 13708G>A (A458T). J encompasses twomajor

subclades, J1c and J2b, which harbor cytochrome b mutations at nucleotides
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14798T>C (F18L) and 15257G>A (D171N). These J subclades increase the pene-

trance of the milder LHONmutations (Mishmar et al. 2006; Ruiz-Pesini andWallace

2006; Kazuno et al. 2006; Gomez-Duran et al. 2010; Carelli et al. 2006).

The contextual importance for mtDNA variant phenotypes is demonstrated by

the ND1 at 3394C (Y30H) variant. ND1 Y30H is associated with LHON when it

occurs on macrohaplogroup N. However, this same variant is nonpathogenic and

even enriched in high altitude Tibetans when it occurs on macrohaplogroup M

mtDNAs, especially M9. On the N background the 3394C variant reduces complex

I activity, yet on the M9 background it is associated with the highest complex I

activity observed (Ji et al. 2012). Hence, mtDNA and presumably nDNA-coded

mitochondrial gene variants (Strauss et al. 2013) can have marked differential

effects on the expressivity of LHON mtDNA variants.

4 LHON Penetrance and X-Linked Chromosomal Modifier
Genes

Since mtDNA background is established as a modulator of primary LHON muta-

tion expressivity, it follows that nDNA variants in mitochondrial genes might have

a similar effect. For example, polymorphisms in an OXPHOS X-chromosomal gene

might account for the increased penetrance of LHON in males. Reported

associations have included the DXS7 marker on Xp (Vilkki et al. 1991), a locus

at Xp21.1-q21.2 (Hudson et al. 2005), and a locus at Xq25-27.2 in the large

Brazilian 11778A plus J pedigree (Shankar et al. 2008). The Xp21.1-q21.2 associ-

ation has been confirmed in a Chinese LHON study (Ji et al. 2010), but these

associations remain controversial (Chalmers et al. 1996; Handoko et al. 1998;

Sweeney et al. 1992; Petruzzella et al. 2007; Qu et al. 2010). Autosomal nDNA

loci have also been associated with LHON penetrance (Phasukkijwatana et al.

2010; Ishikawa et al. 2005).

5 Estrogen Modulation of Mitochondrial Function
and the Male Bias in Expressivity

Another explanation for the male bias in LHON could be that the female hormone,

estrogen, may be protective of mitochondrial dysfunction through increasing mito-

chondrial antioxidant defenses. It has been shown that about 20% of the estrogen

receptor β (ERβ) is located in the mitochondrial matrix, and treatment of cells with

estradiol doubles the mitochondrial Mn superoxide dismutase (MnSOD) activity

within 60 min, thus decreasing mitochondrial ROS production. Mitochondrial ROS

activates c-jun N-terminal kinase (JNK) and protein kinase Cδ which activates

BAX to translocate to the mitochondrion where it stimulates the release of cyto-

chrome c and activates the intrinsic pathway of apoptosis. By inducing MnSOD,

estradiol removes mitochondrial ROS and blocks this pathway (Pedram et al. 2006).

Pre-menopausal women are thus partially protected from chronic mitochondrial

oxidative stress by the cyclic induction of estrogen.
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ERβ has been shown to be localized within the mitochondria of retinal ganglion

cells (RGCs). In studies of cybrids harboring the ND4 nt 11778G>A mutation,

phytoestrogens have been found to strongly reduce mitochondrial ROS production,

induce mitochondrial biogenesis, and reduce predilection to apoptosis. The combi-

nation of phytoestrogens, genistein + daidzein + equol (G + D + E), preferentially

bind to ERβ but not ERα thus activating mitochondrial function without activating

pathways leading to feminization. While LHON cybrids grow poorly in galactose

and have an increased predilection to apoptosis, G + D + E renders the LHON

cybrid growth comparable to controls. Physiologically, G + D + E increases the

oxygen consumption rate of the LHON cybrids to that of normal controls and

elevates the oxygen consumption of the controls above the untreated level. Finally,

the elevated LHON cybrid ROS production is reduced to normal by G + D + E in

association with the up-regulation SIRT1, PGC-1α, NRF1, and Tfam (Pisano et al.

2015).

6 Environmental Modifiers of LHON

Environmental factors that impair mitochondrial function also increase the pene-

trance of primary LHON mutations. Smoking and excessive alcohol consumption,

which create oxidative stress, increase the penetrance of the common LHON muta-

tions (Sadun et al. 2011; Amaral-Fernandes et al. 2011; Giordano et al. 2015;

Carelli et al. 2016). Similarly, the antibiotics erythromycin and ethambutol, a treat-

ment for tuberculosis, have been reported to precipitate optic atrophy in patents

harboring the ND4 11778A>G mutation (Yu-Wai-Man et al. 2011).

7 Mitochondrial Biogenesis and mtDNA Copy Number
as Modifiers of LHON Mutant Expressivity

The fact that many individuals that are homoplasmic for a primary mtDNA LHON

mutation do not go blind has led to a nomenclature in which individuals with an

LHON mutation that go blind being designated “affected” while those with the

mutation that do not go blind designated “carriers.” But what is the difference?

Analysis of the mtDNA copy number in white blood cells of individuals harbor-

ing mtDNA LHON mutations who are affected or are carriers has revealed that

carriers have a higher mtDNA copy number and mitochondrial quantity than

affected individuals. This trend has been confirmed in skeletal muscle and retinal

ganglion cells. Affected individuals have higher mtDNA copy numbers than

controls, suggesting that the partial mitochondrial defect caused by the LHON

mutations induces a compensatory induction of mitochondrial biogenesis, with

carriers able to mount a more robust compensatory response than affected indi-

viduals. The physiological significance of this has been confirmed by growth of

subject fibroblasts in galactose. Controls grew best, affected grew poorly, but

carriers grew in galactose only slightly less well than controls. These data indicated

that carriers must have additional genetic factors, other than mtDNA variants, that
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permit them to more robustly compensate for the LHON mtDNA genetic defect

(Giordano et al. 2014).

LHON patients that smoke have been found to have decreased mtDNA copy

numbers. Exposure of cells to cigarette condensate reduced the mtDNA copy

number in cells from affecteds and carriers of LHON mutations, but also controls.

Cigarette condensate also reduced the specific activity of complexes I and IV,

increased carbonylated proteins, and induced antioxidant defenses including

MnSOD. Presumably in LHON carriers, heavy smoking may offset the beneficial

effects of higher mtDNA copy, resulting in late-onset blindness (Giordano et al.

2015; Carelli et al. 2016).

8 Animal Models of LHON

8.1 Tissue Models of LHON

Mammalian models of mtDNA LHON are essential if we are to fully elucidate the

genetics and pathophysiology of LHON. Only mammals can permit determination

of how systemic mitochondrial defects cause tissue-specific disease and thus can

provide meaningful preclinical models for therapeutic testing.

An LHON-like phenotype can be induced in rodents by respiratory poisons. The

most common approach is chronic treatment with the complex I inhibitor rotenone

(Mansergh et al. 2014; Marella et al. 2010). However, these models do not permit

investigation of the complex genetic interactions that lead to the variable pene-

trance of blindness.

LHON-like phenotypes can also be produced by transient genetic modifications.

Import into retinal cells of siRNAs that inhibit the translation of the nDNA coded

mitochondrial genes for the complex I polypeptide, NDUFA1 (Qi et al. 2003a), or the

mitochondrial antioxidant polypeptide, MnSOD (Qi et al. 2003b) have been used.

A common transient genetic approach to produce an LHON-like phenotype has

been to import a mutant mitochondrial polypeptide into the mitochondrion via

“allotropic” expression of the mutant mtDNA gene within the nucleus. The most

common case involves the mutant mtDNA ND4 nt 11778A (codon 340 H) gene.

The mtDNA mutant gene is cloned, the mtDNA genetic code altered to be compat-

ible with the nDNA genetic code, the recoded mtDNA gene is fused to a mitochon-

drial targeting peptide, and the modified gene combined with the appropriate nDNA

promoter-enhancer and poly-A addition signals. This gene cassette is then inserted

into an Adeno-Associated Vector (AAV) and the AAV-borne allotropic gene

construct used to transduce cultured cells or retinal ganglion cells. Once in the

nucleus, the allotropic ND4 gene is transcribed, the mRNA translated in the cytosol,

and the mutant polypeptide imported into the mitochondrion. Allotopically

expressed ND4 mutant protein has been reported to be incorporated into complex

I to generate the LHON defect and LHON-like phenotype (Koilkonda and Guy

2011; Cwerman-Thibault et al. 2011).
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8.2 Germline Models of LHON

While the somatic tissue models of LHON are useful for investigating somatic gene

therapy approaches, investigation of the pathophysiology of LHON mutations

requires mouse germline mutations. One novel approach has been to introduce a

plasmid bearing the mutant mtDNA gene into the mitochondrion. AAV has been

produced with a mitochondrial targeting peptide attached to the capsid core protein.

The AAV capsid was used to package a human mtDNA ND4 gene bearing the

common nt 11778A 340H LHON mutation integrated into a plasmid containing the

mtDNA H-strand promoter. This construct was cloned into a self-complementary

AAV (scAAV) backbone and the AAV construct injected into fertilized oocytes.

The resulting animals harbored the human mtDNA ND4 mutant gene in a plasmid

within the mitochondrion. The human ND4 mutant gene was present at 20% of the

normal mouse ND4 gene. These mice developed an optic atrophy comparable to

that of LHON, and the phenotype could be ameliorated by allotopically expressed

normal human ND4 protein (Yu et al. 2015).

While both the tissue-specific models and the mitochondrial plasmid model

introduce the mutant mtDNA polypeptide into the mitochondrion, in all cases the

resulting cell or animal harbors a mixture of introduced mutant and endogenous

normal mtDNA genes and proteins. Yet most LHON families are homoplasmic

mutant and heteroplasmy has been found to be strongly protective of the onset of

optic atrophy. Since the endogenous normal gene and protein would likely be in

excess, it seems possible that the ophthalmological pathology resulting from

mixtures of mutant and normal proteins may be the result of some factor other

than the mutant ND4 protein. One possibility might be the perturbation of the

normal stoichiometry of assemble of the polypeptides of complex I.

8.3 The mtDNA ND6 nt 13997G>A P25A Mutant Mouse

To generate a homoplasmic LHON mtDNA mutant mouse, an alternative approach

is required. One such mouse has been generated which harbors the same ND6 gene
missense mutation as found in the family in which heteroplasmic individuals

presented with optic atrophy and cerebellar ataxia while homoplasmic individuals

died of multisystem diseases including a Leigh Syndrome presentation (Malfatti

et al. 2007). Because mice live only 2 years and must develop the phenotype within

approximately 1 year, while people live 80 years and develop the phenotypes in

about 25 years, it follows that mice may need to harbor more severe mutations to

get the same neurological phenotype as humans. Consequently, creating a mouse

harboring the ND6 P25L mutation seemed likely to generate a credible model

of LHON.

The mouse mutation equivalent of the human the ND6 14600G>A (P25L)

mutation is the ND6 13997G>A (P25L). To generate the ND6 G13997A P25L

missense mutation, cultured LM(TK�) mouse cells were mutagenized with

trimethyl psoralen and UV mutagenesis, mutants enriched by ethidium bromide
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depletion-re-amplification, and partially respiratory deficient cells identified by

impaired growth on galactose (Acin-Perez et al. 2004). The mtDNAs of the

resulting mutant clones were sequenced and one clone was identified, LT13, that

was homoplasmic for the ND6 gene mutation at nt 13997A (Lin et al. 2012).

Biochemical characterization of the mutant cell line revealed that it has a 23%

reduction in complex I, a 24% reduction in NADH-linked mitochondrial respiration

but normal succinate respiration, a 65% reduction in ATP synthesis rate, and a 48%

increase in mitochondrial ROS production. Hence, this mutation had the biochemi-

cal profile consistent with legitimate LHON mutations.

This mutation was transferred into the mouse germline using the female embry-

onic stem cell line (CC9.3.1) (MacGregor et al. 2006). The resident mtDNAs of

CC9.3.1 cells were removed with rhodamine 6G and replaced with the LT13 cell

line ND6 13997A 25L mutant mtDNAs by fusion to the CC9.3.1 cells with

enucleated LT13 cell cytoplasts. The resulting pluripotent stem cell cybrids were

then injected into blastocysts, the blastocysts introduced into a foster mother, and

chimeric female progeny bred to transmit the mutant mtDNA through the maternal

lineage. This process resulted in homoplasmic ND6 13997A 25L mutant mice that

are viable and fertile and have been backcrossed onto the C57BL/6J background.

Characterization of the mtDNA ND6 13997A 25L mutant mouse revealed that it

exhibits all of the features of LHON possible given the anatomical differences

between the eyes of mice and men.

Reduced Retinal Response in ND6 P25L Mice Electroretinogram (ERG) analysis

of 14-month-old ND6 13997A 25L mice revealed a 17–26% reduction in the

amplitudes of all ERG parameters tested including oscillatory potentials

(OP) which interrogate multiple retinal cell types. Yet the mice remain responsive

to light by optokinetic analysis. The overall retinal function of these mice also

declined further by 23–24 months. Such partial retinal deficiencies including

reduced ERG cone responses and altered color vision are seen in both LHON

asymptomatic carriers and LHON patients (Salomao et al. 2004; Shibata et al.

1999).

RGC Axonal Swelling and Preferential Loss of Smallest Fibers in the ND6
P25L Mice Transmission electron microscopic analysis of RGC axons revealed

that the ND6 P25L eyes exhibited axonal swelling in both 14- and 24-month mutant

optic nerves (Fig. 1a, b) associated with demyelination and proliferation of abnor-

mal mitochondria (Fig. 1c).

The average axonal diameter was 0.67 � 0.01 μm in wild-type and

0.80 � 0.04 μm (P < 0.0001) in ND6 25L mutant 14-month-old mice and

0.73 � 0.01 μm in wild-type and 0.85 � 0.05 μm in ND6 25L mutant mice at

24 month (P< 0.0001) (Fig. 1d). Moreover, the distribution of the axonal diameters

revealed an increased number of large fibers and a marked loss of small axonal

fibers (�0.5 μm) in 14-month-old ND6 mutant, and this was more pronounced in

24-months (Fig. 1e). Thus there were fewer small and medium axons (�0.8 μm)

and more swollen axonal fibers with diameter larger than 1 μm in the ND6 25L mice
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(Fig. 1e) and these adverse effects were most apparent in the region of the

smallest fibers at the central and temporal regions of the mouse optic nerve.

The number of axons in the optic nerves regardless of axonal diameters also

declined 30% by 24 months (P< 0.0001) (Fig. 1f). Thus, the observed shift towards

larger axons is initially (14 months) due to swelling of medium axons and later

(24 months) the loss of small axons. Examination of the spatial distribution of axons

in a cross-sectional view of the optic nerve of the mutant mice revealed that

axonal changes were primarily central and eccentric toward the temporal region,

corresponding to the human temporal region characteristically affected in LHON

pathology.

The optic tract axons of 14-month-old ND6 25L mice had a 58% increase in

mitochondria (P ¼ 0.0036) while those at 24 months had a 94% increase

(P ¼ 0.064) with 31.5% more of the ND6 25L mitochondria being abnormal at

14 months (P ¼ 0.023) and 56% more at 24 months (P ¼ 0.03).

Fig. 1 RGC axonal swelling and loss examined by electron microscopy. Plastic embedded thin

sections of cross-sectional profiles of 14 month (a) wild-type and (b) 14 month ND6mutant mouse

retrobulbar optic nerves at 2000� magnification. Several swollen axons with thin myelin

(asterisks) could be seen adjacent to normal caliber axons (lower left) from a 14-month ND6
mutant mouse. (c) Sections showing demyelination (yellow arrow), abnormal mitochondria (red
arrow) and mitochondrial proliferation. (d) The average axonal diameter in the 14-month and

24-month control and ND6 mutant mice (n ¼ 4). (e) Histograms of percent distribution of optic

nerve axon diameters in both 14- and 24-monthwild-type andND6mutantmice (bin size¼ 0.1 μm).

The distribution of axonal diameters in the 14-month age group showed a shift in the ND6 mutant

subset to larger diameter axons, while those smaller than 0.5 μm in diameter were reduced in

number. This trend was augmented in 24-month age group as the shift drifted further towards large

axons to 0.8 μm. (f) Reduction of axonal number in 24-month ND6 P25L mutant optic nerves
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Reduced Complex/Activity and Increased Forward but Inhibited Reverse ROS
Production in ND6 25L Brain Synaptosomes and Mitochondria The complex I

activity in ND6 25L liver mitochondria was decreased by 29% (P ¼ 0.0119),

equivalent to the reduction seen in the LT13 cell line. However, the NADH:

ferricyanide oxidoreductase was unaltered indicating that the decrease in activity

was not due to a lower abundance of complex I. The ND6 mutation also caused a

25% decrease in mitochondrial oxygen consumption (P ¼ 0.0152).

Analysis of liver sub-mitochondrial particle (SMP) H2O2 production when

metabolizing NADH revealed significantly increased in H2O2 production during

forward electron transfer. However, when mitochondrial complex I H2O2 produc-

tion was measured during reverse electron flow driven by succinate plus oligomycin

the ND6 25L mutation had an almost complete absence of ROS production. Hence,

the ND6 25L mutation increased ROS production in the forward electron flow

direction, while completely blocking ROS production by reverse electron flow.

This is a completely novel finding, since reverse electron flow generally generates

the maximum ROS.

Recently, it has been proposed that in ischemia-reperfusion, the buildup of

succinate in the mitochondrion in the absence of oxygen results in increased ROS

production on reperfusion, by reverse electron flow. The increased ROS then

oxidizes the Cys39 thiol on complex I subunit ND3 inactivating complex I and

blocking reverse electron flow induced ROS. Upon oxidation of the excess succi-

nate, the Cys39 can be reduced and complex I reactivated (Chouchani et al. 2014,

2016). Though ND6 25L mice are resistant to reverse electron flow ROS produc-

tion, their mitochondria constitutively generate more ROS by forward electron

flow. If this is a general feature of LHON mutations, it suggests that the primary

pathophysiology of LHON may be ROS toxicity to retinal ganglion cells.

To evaluate the consequences of the ND6 25L mutation on neuronal cells,

mitochondrial function was examined in isolated synaptosomes (Fig. 2a). ND6
25L mutant synaptosomes had reduced oxygen consumption under all conditions

examined. However, this reduction was greatest under low turnover conditions

(basal respiration or respiration in the presence of oligomycin) while the deficit

was reduced as the mitochondrial membrane potential was reduced and respiration

rate increased, due to either uncoupling with FCCP or activation of the plasma

membrane sodium ion channel with veratridine, which increases ATP consumption

by the Na+-K+ ATPase (Fig. 2b). In contrast to cultured cell mitochondria in which

ATP production was reduced, in situ ATP levels in the synaptosomes were

maintained under various energetically demanding conditions including incubation

with 4-aminopyridine, a potassium ion channel inhibitor; a high concentration of

KCl that depolarizes synaptosome; and veratridine (Fig. 2b). The mutant synapto-

somes did display a slight but significant decrease in ATP levels when partially

inhibited by rotenone (9.7% less than controls, P ¼ 0.0173), a phenomenon

previously reported for cybrid cell lines harboring LHON mtDNA mutations

(Beretta et al. 2006; Marella et al. 2010; Cock et al. 1999; Silva et al. 2009), but

in the absence of rotenone the ND6 25L synaptosome ATP levels were equal to

Leber Hereditary Optic Neuropathy: Exemplar of an mtDNA Disease 353



controls (Fig. 2c). This again suggests that the primary pathophysiology of LHON

is oxidative stress, not ATP deficiency.

Analysis of brain mitochondrial H2O2 production confirmed that the ND6 P25L

mutation caused elevated ROS production during forward complex I electron trans-

port but marked suppression of ROS production during reverse electron transport

(Fig. 2d). Rotenone increased the rate of H2O2 production during forward electron

transfer in both wild-type (2.3-fold increase) and ND6 P25L (2.7-fold increase).

Therefore, the ND6 25L brain mitochondria have an increased rate of H2O2 gener-

ation even when electron transfer to ubiquinone is fully inhibited by rotenone

(Fig. 2d). ND6 25L synaptosomes respiring using glucose as a substrate also had

increased forward electron transfer H2O2 production (37% increase, P¼ 0.015) and

this increase was preserved in the presence of rotenone (37% increase, P ¼ 0.0462)

(Fig. 2d). Together these data suggest that theND6 25Lmutation acts “up-stream” of

the rotenone binding site, likely at the FNM redox site. Finally, the increased ROS

production has cellular consequences since 3-nitrotyrosine was increased more than

twofold (236%, P < 0.0001) and glial fibrillary acid protein (GFAP) was increased

by 65.5% (P ¼ 0.0059) in ND6 P25L whole brain lysates.

In summary, the mouse mtDNA ND6 P25L mutation model approximates

phenotype of LHON as closely as is possible given the anatomical differences

between man and mouse. These include reduced light response, swelling and loss of

optic nerve fibers, preferential loss of the small caliber central optic nerve fibers

with sparing of the larger caliber peripheral fibers, and accumulation of highly

abnormal mitochondria. Given that the mtDNA ND6 25L mouse is a valid repre-

sentation of LHON, it suggests some interesting conclusions about the pathophysio-

logy of LHON. The most striking observation is that the biochemical defect of the

neuronal cells, as indicated by the synaptosome studies, is not about ATP deficiency

but rather about chronic oxidative stress. Since the ND6 25L mutation blocks ROS

production by reverse electron flow, this suggests that the mutation partially inhibits

Fig. 2 Mitochondrial physiology of the ND6 25L mouse brain synaptosomes. (a) Brain synapto-

some used to analyze neuronal function. (b) Oxygen consumption of synaptosomes at various

levels of synaptosome energetic demand. (c) Relative synaptosome ATP levels. (d) Mitochondrial

ROS production by synaptosomes (black) and brain mitochondria (grey) in various metabolic

states determined by substrates and inhibitors. Oligo Oligomycin, S succinate, ROT rotenone,

G + M glutamate + malate
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the transfer of electrons from complex I iron-sulfur center (N2) to coenzyme Q

(CoQ). This would mean that reverse electron flow would not be able to bridge the

increased energetic gap between CoQ and N2. Moreover, the forward electron flow

rate would be diminished resulting in the chronic reduction of all upstream complex

I electron carriers including FMN which is thought to be an important site of

complex I ROS production (Pryde and Hirst 2011; Murphy 2009; Brand 2010).

Since the block is partial, under high electron flux, the differential electron transfer

rate is less significant and ATP levels are maintained but the production of ROS

would increase as energetic demands on the neurons increases. It is possible that

this type of complex I defect may be a common feature of LHON mutations since

the ND6 14459G>A (A72V) mutation also retards electron flow to CoQ (Jun et al.

1996). Therefore, the pathophysiology of LHON may not be energy deficiency but

rather chronic ROS production and oxidative stress.

9 Possible Therapeutic Approaches to LHON
and Mitochondrial Diseases

Efforts to treat LHON have involved both metabolic-pharmacological and genetic

approaches. Metabolic interventions with nutraceuticals have been of limited

effect. However, some success has been achieved with redox pharmaceuticals.

Until now, gene therapy approaches have emphasized AAV transduction of allo-

tropically expressed normal mtDNA genes. However, considerable recent interest

has developed around germline gene therapy.

9.1 Nutraceutical and Pharmacological Treatment of LHON

While administration of Coenzyme Q (CoQ) and various antioxidant and vitamin

nutraceuticals are commonly used in LHON therapy, there is little empirical evi-

dence that this is beneficial (Pfeffer et al. 2012). Redox pharmaceuticals have

shown some benefit. The CoQ analogue, idebenone (2.3-dimethoxy-5-methyl-6-

(10-hydroxydecyl)-1,4-benzoquinone), has been reported to be beneficial in both

open label studies (Mashima et al. 2000; Carelli et al. 2011) and a double blind trial

(Klopstock et al. 2011). Idebenone treatment of 11778 and 3460 patient fibroblasts

increased complex I activity 42% (Angebault et al. 2011), but may also activate the

mtPTP (Giorgio et al. 2012).

The CoQ analogue, EPI-743, has also been used to treat both a range of mito-

chondrial disease patients (Enns et al. 2012) and LHON patients (Sadun et al.

2012). In open label studies most mitochondrial diseases patients reported bene-

ficial effects (Enns et al. 2012; Sadun et al. 2012). The advantageous application of

the antioxidant drugs such as Idebenone and EPI-743 would be consistent with the

hypothesis that the primary pathophysiological etiology of LHON is chronic retinal

ganglion cell oxidative stress.
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Drugs that stabilize the mtPTP and inhibit apoptosis have also been proposed as

potential therapies. However, a trial of brimonidine purite (0.15% eye drops 4 times

per day), an α-2 agonist aimed at upregulating Bcl-2 and inhibiting the activation of

the mtPTP, produced little beneficial effect (Newman et al. 2005).

Drugs that increase the number of mitochondria might provide protection from

LHON mutation-induced blindness. This could be accomplished by activation of

the peroxisome proliferator-activated receptors (PPARs) and the PPAR gamma

coactivator-1 (PGC-1α) biosynthetic pathways with bezafibrate. This drug has

been used successfully to treat Cox10 deficient mice and to increase lifespan,

muscle strength, and skeletal muscle COX activity (Wenz et al. 2016, 2008). It

should also be beneficial in the central nervous system since it has been reported to

ameliorate symptoms in the Huntington Disease mouse model, R6/2. For R6/2 the

drug restored depressed levels of PCG-1α, PPARα, PPARγ, PPARδ, cytochrome c,

Tfam, and ATP synthase in brain, skeletal muscle, and brown fat in association with

extending lifespan, grip strength, and activity levels (Wenz et al. 2008; Johri et al.

2012).

As mentioned, the resistance of females to succumbing to blindness suggests a

hormonal agent may be protective of mitochondrial dysfunction. Consistent with

this idea, the phytoestrogens genistein, daidzein, and equol which interact with the

non-feminizing estrogen receptor β (ERβ) look particularly promising (Pisano et al.

2015).

9.2 Somatic Gene Therapy of the Retina

Direct somatic gene therapy of the retina currently appears to be the most promising

approach to treating retinal diseases such as LHON. Leber Congenital Amaurosis

resulting from genetic inactivation of the nDNA RP65 gene has been successfully

treated by sub-retinal injection of AAV2-hRPE65v2 (Maguire et al. 2008, 2009;

Bennicelli et al. 2008; Amado et al. 2010; Simonelli et al. 2010; Bennett et al.

2012). Since the retinal ganglion cells lie adjacent to the vitreous of the eye, they

can be treated by injection of AAV viral vectors harboring the therapeutic transgene

into the vitreous directly above the retinal ganglion cells.

Gene Therapy Using Allotopic Protein Expression Two research teams, Dr. John

Guy (Koilkonda and Guy 2011) and Dr. Marisol Corral-Debrinski (Cwerman-

Thibault et al. 2011), have been developing procedures for treating LHON by

allotropic gene expression of a normal ND4 nt 11778G (340R) gene. The mtDNA

ND4 gene is isolated, the genetic code changed to that of the cytosol, a mitochondrial

targeting peptide added, nuclear gene expression elements added, and the allotropic

gene inserted into the nDNA where the gene can be transcribed, the protein trans-

lated in the cytosol, and the normal protein imported into the mitochondrion.

The allotopic system was first used to correct the mtDNA ATP6 8993T>G

defect in cultured cells (Manfredi et al. 2002) and this same construct was used to

suppress the oncogenic phenotype of HeLa cells harboring the ATP6 8993T>G
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mutant mtDNA (Shidara et al. 2005). Positive allotopic expression has been

reported for ATP8 (Oca-Cossio et al. 2003), ATP6 (Bonnet et al. 2007), ATP6-
coded oligomycin resistance (Zullo et al. 2005), ND1 (Bonnet et al. 2008), and ND4
(Bonnet et al. 2007, 2008; Guy et al. 2002; Ellouze et al. 2008) genes.

By contrast, efforts to allotopically introduce apocytochrome b and ND4 into

cultured cell mitochondria were unsuccessful and resulted in the formation of

cytoplasmic fiber-like aggregates (Oca-Cossio et al. 2003). Similarly, attempts to

complement a frame shift mutation in the mouse mtDNA ND6 gene (nt 13887delC)
were unsuccessful (Perales-Clemente et al. 2011) as were efforts to complement the

human ATP6 nt 8993 T>G and a COXIII 15 base deletion mtDNA mutations in

cultured cells using Chlamydomonas reinhardtiioptimized ATP6 and COX3 genes

(Figueroa-Martinez et al. 2011). These negative results have led to concern that

allotopically expressed proteins may not enter the mitochondrion and/or assemble

in the respiratory complex and perhaps even aggregate and be toxic to the retinal

ganglion cells (Oca-Cossio et al. 2003; Perales-Clemente et al. 2011; Figueroa-

Martinez et al. 2011). This might initiate a mitochondrial unfolded protein response

(UPRMT) (Houtkooper et al. 2013) which would transiently improve mitochondrial

function without curing the disease.

Still, both the Guy and Corral-Debrinski laboratories have proceeded with

clinical trials to use allotropic gene therapy to treat patients with the 11778 340H

mutation using Adeno-Associated Virus (AAV) carrying an allotropic ND4 gene

injected into the vitreous of the eye (Cwerman-Thibault et al. 2011; Guy et al. 2009;

Lam et al. 2010). Dr. Corral-Debrinski’s laboratory also adds a 30-UTR that causes

the allotopic gene mRNA to be translated on mitochondrially bound polysomes.

This increases the import of long, hydrophobic proteins into the mitochondrion

(Koilkonda and Guy 2011; Cwerman-Thibault et al. 2011). Both groups have

focused on allotopic expression of the mtDNA ND4 gene since the 11778A muta-

tion is the most common molecular cause of LHON.

Extensive research has been conducted by the Guy team in developing AAV

delivery of mitochondrially targeted genes to the eye. This group prepared an

allotopic ND4 protein with the ATPase “c” protein mitochondrial targeting

sequence and reported that it could complement the complex I defects in 11778A

(340H) mtDNA-containing cybrids (Guy et al. 2002). MnSOD transduction also

complements (Qi et al. 2007a). Since the Guy team lack a mouse harboring an optic

atrophy producing mtDNA mutation, they created an allotopic ND4 11778A

(340H) mutant construct and used AAV to transduce the retinal ganglion cells

resulting in optic atrophy (Qi et al. 2007b). They then reported that the ND4

polypeptide entered the mitochondrial matrix and was incorporated into complex

I (Guy et al. 2009). Additional AAV modifications have been made to increase

transduction efficiency (Koilkonda et al. 2009, 2010).

Using 30-UTR sequence that targets the mRNAs of nDNA coded mitochondrial

proteins for translation on mitochondria-bound polysomes Dr. Corral-Debrinski

enhances the co-translational import into the mitochondrion of hydrophobic

proteins such as ND4 through the TOMM and TIMM complexes. Dr. Corral-

Debrinski’s allotopic constructs employ the COX10 mitochondrial targeting
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sequence (21 amino acids) and COX10 30-UTR (1,425 nt) to bracket the mtDNA

derived gene, with the whole assembly transcribed from a CMC enhancer-promoter

(Cwerman-Thibault et al. 2011; Sylvestre et al. 2003a, b). With these constructs the

Corral-Debrinski team has reported the allotopic complementation of the mitochon-

drial defects of the NARP ATP6 8993T>G (L156R), LHON ND4 11778G>A

(Bonnet et al. 2007) and LHON ND1 3460G>A (Bonnet et al. 2008) mutations

in cultured cells. They have also transformed retinal ganglion cells with an allotopic

ND4 11778A (340H) mutant gene and observed retinopathy (Ellouze et al. 2008).

Finally, they have used AAV to transduce the apoptosis inducing factor (AIF)

cDNA into Harlequin mutant mouse eyes and corrected the complex I defect stabil-

izing the retinas (Bouaita et al. 2012).

While these reports appear positive, the allotopic retinal gene therapy approach

is untested in animal mtDNA mutant models of LHON. The creation of LHON

animal models by allotopic expression of the mutant ND4 11778A 340H protein

imported into the retinal ganglion cells may be problematic since individuals

harboring heteroplasmic LHON mutations are generally unaffected, yet the

AAV-ND4 11778A treated mice develop optic atrophy while retaining a full com-

plement of normal mtDNAs.

The next generation somatic gene therapy proposed by the Guy laboratory is to

introduce a plasmid containing the normal mtDNA gene into the mitochondrion. As

used to generate a germline mutant model for LHON, AAV has been generated with

a mitochondrial targeting peptide bound capside protein. The normal human ND4
gene borne on a mitochondrial H-strand containing plasmid is inserted into an

scAAV DNA. The concept is that the transducing virus will be injected into the

vitreous of the eye, enter the retinal ganglion cells, enter the mitochondrion, the

plasmid will be uncoated, and the ND4 gene transcribed and translated to comple-

ment the LHON defect (Yu et al. 2012).

Gene Therapy Using Allotopic Expression of mRNA A main concern about

allotopic protein therapy is that the cytosolic-translated mtDNA protein will aggre-

gate in the cytosol outside the mitochondrion and become toxic. This is normally

prevented for mtDNA encoded proteins, because the altered mtDNA genetic code

blocks the cytosolic translation of mtDNA mRNAs (Wallace 1982b). This genetic

code barrier would be retained if the natural mtDNAmRNA sequence is transcribed

in the nucleus and the mRNAs imported into the mitochondrial matrix for trans-

lation. Such a system has been developed by Drs. Michael Teitell and Carla Koehler

of UCLA drawing on the Teitell laboratory discovery that the mitochondrial RNA

processing enzyme, polynucleotide phosphorylase or PNPASE, is located in the

mitochondrial inter membrane space and functions as a chaperone for the import of

nDNA coded RNAs into the mitochondria. The imported nuclear-coded RNAs

include components of the RNase P and the MRP enzymes, the 5S rRNA, and

perhaps tRNAs (Wang et al. 2010, 2012a). To be imported, the RNA needs to have

a 50 stem loop structure like that found on the H1 RNA component of the RNase P

RNA (the “RP” targeting element) and the 30-UTR element that directs mRNAs of

the nDNA-coded mitochondrial proteins to bind to the outer mitochondrial
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membrane. The Teitell laboratory is using the 154 nt 30-UTR from the mitochon-

drial ribosomal protein MRPS12 for this purpose. With various arrangements of

these RNA elements, the Teitell laboratory has imported tRNAs into the mitochon-

drion (Wang et al. 2012b) and complemented the tRNALys nt 8344A>G MERRF

mutation (Wallace et al. 1988b; Shoffner et al. 1990) and the tRNALeu(UUR) nt

3243A>G MELAS mutation (Goto et al. 1990). They have also flanked the human

mtDNA COII mRNA with the RP and 30-UTR sequences. This human mtDNA

mRNA construct was successfully imported into the mitochondria of mouse embry-

onic fibroblasts where it was translated. While only about 5–10% of the mRNA is

imported into the mitochondrion (Wang et al. 2012b) the extra allotopic mRNA

cannot be translated on cytosolic ribosomes and is degraded. Since relatively low

levels of heteroplasmy are sufficient to inhibit the development of optic atrophy in

humans, the poor RNA uptake efficiency may not be problematic. This technology

has been extended by Dr. Michael Paladino’s laboratory to import antisense RNAs

into the mitochondrion to modulate the expression of the ATP6 and COII genes in
Drosophila (Towheed et al. 2014).

Gene Therapy to Bypass Complex I and/or Reduce ROS Toxicity An alternative

approach could be to bypass the complex I defect or to ameliorate the physiological

defect. Defects in mitochondrial complex I could be by-passed by the transduction

of the Saccharomyces cerevisiae single polypeptide complex I, Ndi1. Initial studies

using viral transduction of Nde1 to bypass complex I inhibition in the substantia

nigra have been explored for treating Parkinson disease (Seo et al. 1998, 2000,

2002, 2004, 2006; Marella et al. 2008). This approach has also been proposed for

the treatment of the complex I defects on LHON (Park et al. 2007) and delivery of

Ndi1 into the optic layer of the superior colliculus was able to effectively ameliorate

the optic atrophy in a rotenone-induced rat model of LHON (Marella et al. 2010).

An AAV-borne Ndi1 gene has been directly injected in to the eye vitreous to

transduce the retinal ganglion cells and ameliorate the effects of rotenone induced

LHON in rodent models (Mansergh et al. 2014; Chadderton et al. 2013).

Other interventions could attempt to mitigate the toxic physiological effects of

the mtDNA mutations. Respiratory defects result in the buildup of NADH, thus

increasing electron flux through complex I and complex I ROS production. The

excess NADH could be reduced by introduction into the retinal ganglion cells of the

water-forming NADH oxidase from Lactobacillus brevis (LbNOX) (Titov et al.

2016). Assuming the complex I ROS production is the primary mediator of retinal

ganglion cell toxicity, this could be ameliorated by introduction of a catalytic

antioxidant enzyme such as mCAT into the retinal ganglion cell mitochondrial

matrix (Schriner et al. 2005).

Heteroplasmy Shifting Heteroplasmy shifting appears to have considerable prom-

ise in treating mitochondrial diseases resulting from severe heteroplasmic muta-

tions (Santra et al. 2004; Srivastava and Moraes 2001; Bacman et al. 2007, 2010,

2013; Hashimoto et al. 2015; Reddy et al. 2015). Regrettably, however, most

LHON mutations are homoplasmic so this approach will have limited utility.
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9.3 Germline Therapy by Nuclear Transplantation

While the development of effective treatments of the retinal ganglion cells of

LHON may ultimately be able to improve mitochondrial function sufficiently to

prevent the onset of blindness, women harboring homoplasmic primary LHON

mtDNA mutations will still have a 100% probability of transmitting predisposition

to LHON to their children, putting their sons at significant risk of mid-life blind-

ness. The maternal transmission of LHON risk could be obviated by replacing the

maternal mutant mtDNA with normal mtDNAs via transfer of the maternal oocyte

or zygote nucleus into an enucleate oocyte from a woman with normal mtDNAs

(Wallace 1987).

Four research teams are actively pursuing this strategy: Drs. Douglass Turnbull,

Mary Herbert, and associates in Newcastle (Craven et al. 2011), Dr. Shoukhrat

Mitalipov in Oregon (Craven et al. 2011), Dr. Egli in New York (Paull et al. 2013;

Yamada et al. 2016), and Dr. John Zhang in New York. Two major strategies have

been developed. The first is fertilization of the maternal oocyte with the paternal

sperm and then transfer the zygote nucleus into the recipient enucleated oocyte

(Craven et al. 2011; Paull et al. 2013; Hyslop et al. 2016). The second is the transfer

of the oocyte metaphase II (MII) spindle into the enucleate recipient oocyte

followed by fertilization with the paternal sperm. This latter procedure has been

used to generate rhesus macaque monkeys with little transfer of donor oocyte mito-

chondria and apparently normal development and phenotype (Paull et al. 2013;

Tachibana et al. 2013; Lee et al. 2012; Kang et al. 2016).

Both the pronuclear and spindle transfer techniques have been refined to transfer

a minute amount of nuclear donor mtDNA. While low level heteroplasmy of a

pathogenic mutation would probably be masked by the predominance of normal

mtDNAs, minimizing the risk of a clinical phenotype, there is a risk of incompati-

bility between the two mtDNA haplogroup lineages (Sharpley et al. 2012). In cases

of incompatibility, there is the possibility that the mutant heteroplasmy may

resurface in subsequent embryonic stem cells and thus in maternal offspring

(Paull et al. 2013; Kang et al. 2016). This concern might be mitigated by prescreen-

ing potential oocyte mtDNA donor women for their mtDNA haplogroups and

matching the mtDNA haplogroups of the nuclear donor mother with that of the

oocyte recipient. That spindle transfer can be used to eliminate a maternally

inherited, homoplasmic, mtDNA LHON mutation has been confirmed by the recent

public announcement by Dr. Zhang that a normal child has been borne applying this

technique to a mother who had previous children with Leigh syndrome due to

high mtDNA heteroplasmy levels of the mtDNA ATP6 nt 8993T>G (L156R) muta-

tion https://www.newscientist.com/article/2107219-exclusive-worlds-first-baby-

born-with-new-3-parent-technique/.

360 D.C. Wallace and M.T. Lott

https://www.newscientist.com/article/2107219-exclusive-worlds-first-baby-born-with-new-3-parent-technique/
https://www.newscientist.com/article/2107219-exclusive-worlds-first-baby-born-with-new-3-parent-technique/


10 LHON, Entry to the Mitochondrial Etiology of Common
Ophthalmological Diseases

The preferential sensitivity of retinal cells to partial mitochondrial dysfunction has

spawned interest in the possibility that mitochondrial defects may be the patho-

physiological mechanism for a range of common ophthalmological diseases from

glaucoma to age-related macular degeneration (AMD). Glaucoma patient’s fibro-

blasts and lymphoblastoid cell lines have been found to have partial complex I

defects (Lopez Sanchez et al. 2016; Chrysostomou et al. 2013; Van Bergen et al.

2015) and mtDNA mutations have been identified in the mtDNAs of African-

American glaucoma patients (Collins et al. 2016).

While LHON, DOA, and glaucoma all implicate mitochondrial dysfunction

retinal ganglion cells dysfunction and death, mitochondrial dysfunction has also

been implicated in other common retinal diseases including retinitis pigmentosa

(Ortiz et al. 1993) and age-related macular degeneration (AMD) (Udar et al. 2009).

AMD is the most common cause of age-related blindness and specific mtDNA

haplogroups have been associated with increased AMD risk, specifically European

haplogroups J, T, and U (Udar et al. 2009; Kenney et al. 2013a). Functional

evaluation of cybrids prepare with haplogroups J mtDNAs in retinal pigmentary

epithelial cells have been found to have mitochondrial physiological alterations and

perturbed expression of the nDNA inflammatory genes that have been linked to

AMD (Kenney et al. 2013b; Kenney et al. 2014; Nashine et al. 2016). Conversely,

mutation in the complement factor H gene previously linked to AMD risk have

been found to be associated with increases in retinal pigment epithelial mtDNA

damage (Ferrington et al. 2016).

11 Conclusion

Many common diseases ranging from Type II diabetes to Parkinson and Alzheimer

Disease have a delayed onset, progressive course, and highly variable penetrance.

This phenomenon is not predicted under the deterministic Mendelian paradigm.

The discovery that LHON is due primarily to mtDNA mutations has offered a new

perspective on such common complex diseases. In many common diseases, multi-

ple gene defects can produce the same phenotype. Since mitochondrial energy

metabolism requires thousands of nDNA genes plus thousands of copies of the

mtDNA, many different gene defects and combinations of gene variants can cause

the same metabolic defects and associated phenotype (Wallace 2013a). The delayed

onset and progressive course of the common degenerative diseases can be under-

stood as a result of a partial mitochondrial defects predisposing to the disease which

become exacerbated by the accumulation of somatic mtDNA mutation during the

aging process (Corral-Debrinski et al. 1992). As the degree of mitochondrial dys-

function increases, mitochondrial signaling to the nuclear epigenome causes phased

changes in nuclear gene expression and progression of disease phenotypes (Picard

et al. 2014). Since energy production is central to an animal’s interaction with the

Leber Hereditary Optic Neuropathy: Exemplar of an mtDNA Disease 361



environment (diet, oxygen tension, thermal stress, infection, toxins), the mito-

chondria are the environmental sensors (Wallace 2016). Finally, mitochondrial

energetics must be attuned by flight-fight responses, activity levels, and reproduc-

tion so hormonal systems must also modulate the mitochondria. Hence, the studies

of LHON have opened broad new vistas to our understanding of human health and

disease.
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Abstract

Understanding the complex involvement of mitochondrial biology in disease

development often requires the acquisition, analysis, and integration of large-

scale molecular and phenotypic data. An increasing number of bioinformatics

tools are currently employed to aid in mitochondrial investigations, most notably

in predicting or corroborating the spatial and temporal dynamics of mitochon-

drial molecules, in retrieving structural data of mitochondrial components, and
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in aggregating as well as transforming mitochondrial centric biomedical knowl-

edge. With the increasing prevalence of complex Big Data from omics experi-

ments and clinical cohorts, informatics tools have become indispensable in our

quest to understand mitochondrial physiology and pathology. Here we present

an overview of the various informatics resources that are helping researchers ex-

plore this vital organelle and gain insights into its form, function, and dynamics.

Keywords

Computation • Data science • FAIR data • Metadata • Omics • Open access •

Visualization

1 Introduction

Mitochondria play a major role in a range of diseases and are promising targets for

therapeutic approaches to neurodegenerative and metabolic disorders, ischemia-

reperfusion injury and cardiomyopathies, and various forms of cancer (Lesnefsky

et al. 2001; Vlasblom et al. 2014). In spite of this, very few mitochondrial drugs

have completed clinical trials (Walters et al. 2012). Initially described as “bio-

blasts” in 1890 by Altmann, mitochondria are of vital importance in eukaryotic

systems (Altmann 1894). In the 1940s, Claude developed methods for cell frac-

tionation and differential centrifugation that allowed the separation of mitochon-

dria from the cytosol and a closer study of these fascinating organelles in isolation

(Bensley and Hoerr 1934; Claude and Fullam 1945; Claude 1946a, b). He esta-

blished the localization of respiratory enzymes to the mitochondrion; Kennedy and

Lehninger further identified this as the site of the citric acid cycle, oxidative phos-

phorylation, and fatty acid oxidation (Kennedy and Lehninger 1949). The distinc-

tive dual-membrane characteristic of the mitochondrion and the organization of

cristae within its matrix were uncovered in 1952 with the first high-resolution

electron micrographs of isolated mitochondria by Palade (1952, 1953) (Daems and

Wisse 1966). Imaging approaches also provided the means for the discovery of

mitochondrial DNA (Nass 1963; Nass and Nass 1963; Schatz et al. 1964) which

ultimately became the first component of the human genome to be completely

sequenced (Anderson et al. 1981) more than 20 years before the massive Human

Genome Project completed their goal of sequencing the entire human genome

(Lander et al. 2001).

Technological advances and physiological discoveries have fomented renais-

sance periods in mitochondrial research. A notable example is the work of Peter

Mitchell leading to the chemiosmotic theory (Mitchell 1961, 1966, 1968). Eventu-

ally accepted 20 years after its introduction, Mitchell’s proposal broadened the

scope from basic molecular biology and biochemistry to a more physiological

approach, including explorations of the intricacies of the potassium cycle and

matrix volume regulation through the study of channel and carrier membrane bio-

logy. These approaches have become progressively more advanced, leading to a
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greater understanding of mitochondrial physiology and its role in health and

disease. The scientific community is now progressing from the classical,

organelle-based study of mitochondria to the digital era of the informatics-based

mitochondrial phenome. Informatics combines computer science, engineering, and

statistics to develop tools and methods that empower researchers to navigate

biological data, put it into context, and extract knowledge. Under the increasing

influx of data, prowess in data science methods and awareness of available infor-

matics resources are becoming essential components of the modern researcher’s

tool chest.

The most common high-throughput data come in the form of omics datasets,

which assess the global conditions within the cell through one dimension of data,

be it whole-genome sequencing for genomics, RNA-sequencing (RNA-seq) for trans-

criptomics, tandem mass spectrometry (MS/MS) for proteomics, or NMR spectro-

scopy for metabolomics studies (Field et al. 2009). Integrating levels of expression

across many dimensions can elucidate physiological mechanisms underlying healthy

and diseased phenotypes not revealed or biasedly portrayed by a single dimension.

Developments in these technologies have manifested a dramatic increase in the sheer

volume of publicly available scientific data; genomics data has been growing at a rate

that exceeds Moore’s law by a factor of 4 since 2008 (Gomez-Cabrero et al. 2014;

O’Driscoll et al. 2013). This deluge of data has presented unique and unforeseen

challenges. Omics investigations rely heavily on effective database management and

annotation to contextualize molecular data and infer biological significance through

statistical enrichment and class discovery techniques. The completeness and preci-

sion of existing annotations are therefore instrumental to harness omics techniques

for disease phenotyping and mechanistic investigations. In light of these challenges,

funding agencies, research organizations, and publishers around the world are adop-

ting FAIR data principles, which maintain that data should be findable, accessible,

interoperable, and reusable (FORCE11 2014). Building on these principles, omics

datasets and analysis platforms must also be citable and scalable to allow the attri-

bution of the work to the appropriate research groups and expansion to new and

improved techniques with larger capacity. In this changing landscape, the concept of

open-access data is gaining traction, asserting that data should be freely available for

researchers to use, reuse, and disseminate (Molloy 2011).

This chapter provides an overview of the informatics tools and resources avail-

able to the modern researcher and how they may be used to inform a greater under-

standing of mitochondrial physiology. We focus on integrated omics resources,

including mitochondria-specific resources, mitochondrial components of general

resources, available mitochondrial datasets, as well as analytical tools and compu-

tational methods for an informatics approach to mitochondrial physiology.
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2 Mitochondria-Specific Resources

The mitochondrial research community has undergone several paradigm shifts in

conceptual focus and experimental design, progressing from hypothesis to data-

driven approaches. The discovery of mitochondrial DNA (mtDNA) fostered a period

of renewed interest in mitochondrial physiology and the development of new tools

and techniques. Mitochondrial DNA was first discovered in 1963 by Nass et al., who

described them as “intramitochondrial fibers with DNA characteristics” (Nass 1963;

Nass and Nass 1963). The entirety of the human mitochondrial genome was se-

quenced in 1981 by Anderson et al. (1981), and mutations were first discovered less

than a decade later, identifying the genetic basis of LHON, Kearns-Sayre, MELAS,

and MERRF (Wallace et al. 1988a, b). mtDNA is 3,000 kb long and encodes only

13 proteins in the mitochondrial proteome, compared to over 1,500 from nuclear

DNA. Aberrations in the mitochondrial genetic code result in diseases that are most

often fatal, demonstrating their integral role. Maternal inheritance of mtDNA has

provided a method for genotyping and tracing of genetic lineages. Computational

approaches have been employed to identify genetic pressures for phylogenetic re-

tention of mitochondrial genes as well as the debated mtDNA bottleneck mecha-

nism, whereby cell–cell variability is utilized to avoid aggregation of deleterious

mutations and loss of function of the uniparental mtDNA (Johnston and Williams

2016; Johnston et al. 2015).

Characterizing the mitochondrial genome and corresponding proteome requires a

tailored approach due to its unique quality of having genetic contribution from both

nuclear and mitochondrial DNA. The databases that contain these datasets must de-

lineate the genetic sources, and the protein localization information can vary between

datasets and detection methods. As such, the mitochondrial community has created a

variety of tools to decipher the principles of mitochondrial physiology. In this section,

we highlight mitochondria-specific resources geared exclusively toward the storage,

maintenance, and manipulation of mitochondrial datasets, from “omics” repositories

to community-curated resources of mitochondrial knowledge.

In genomics, analyses of an individual’s genome is compared to a reference

genome to determine individual genetic variations and aberrations; accordingly, the

Cambridge Reference Sequence (CRS) was created in 1981 (Anderson et al. 1981),

and updated in 1999 (Andrews et al. 1999). This reference sequence is stored with-

in GenBank [NCBI Reference Sequence: NC_012920.1] and within MITOMAP,

which provides information relating specifically to the human mitochondrial ge-

nome; this includes polymorphisms, mutations, and control regions, and allows

users to upload and analyze sequences through the MITOMASTER web interface

(Lott et al. 2013). Similarly, MitoCarta 2.0 provides a curated inventory of 1,158

human and mouse genes, as well as the proteins that localize to the mitochon-

drion. The inventory is generated using mass spectra of mitochondria isolated from

14 tissues and protein localization is determined via GFP tagging, microscopy, and

machine learning. MS and microscopy results are integrated with six other genome-

scale datasets of mitochondrial localization, lending greater accuracy to the deter-

mination of protein location (Pagliarini et al. 2008). Importantly, MitoCarta has
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integrated information from archived mitochondrial databases, such as MitoP2, in

order to ensure that the knowledge contained within said databases remains acces-

sible (Calvo et al. 2016). Datasets can be downloaded in Excel, MySQL, BED, and

FASTA file formats and are publicly available. Datasets within MitoCarta have led

to important insights such as the identification of targets for whole-exome sequenc-

ing disease analysis (Falk et al. 2012).

Characterizing the mitochondrial genome is particularly important in the context

of human disease, where maternally inherited mutations can lead to deadly diseases

such as MERAS and MERFF (Wallace et al. 1988a, b). Computational tools have

been essential in characterizing these mutations (see Table 1). MitImpact is a re-

pository of pathogenicity predictions as related to mitochondrial DNA mutations.

Predictions are generated by assembling estimations as well as structural and evo-

lutionary annotations for each missense mutation. The resource is comprehensive,

and provides assessments of susceptibilities for previously characterized and un-

known mutations resulting in amino acid sequence alteration (Castellana et al. 2015).

Mutations currently characterized across populations are stored in the Human Mito-

chondrial DataBase (HmtDB), which focuses on mitochondrial diseases in population

genetics (Rubino et al. 2012). The genome sequences within HmtDB are annotated

based on population variability factors, using SiteVar software. Users can query and

browse the database, analyze sequences for classification, and download the results

with reference genomes. As of August 2016, HmtDB contains 28,196 complete nor-

mal genomes spanning multiple continents, and 3,539 complete patient genomes.

Globally, the database contains data for close to 10,000 variant sites (Attimonelli et al.

2005). For more deleterious mutations, MitoBreak contains mitochondrial genome re-

arrangements comprising circular deletion, circular duplication, and linear break-

points. Spanning seven species including human, each case lists the positions of the

breakpoints, junction sequences, and clinical relevance found in publications. The

resulting resource is crucial for studying structural alterations of mtDNA (Damas et al.

2014). MitoSeek is a software tool for obtaining various mitochondrial genome in-

formation from exome, whole genome, and RNA-seq data (Guo et al. 2013). The tool

can be utilized for mitochondrial sequence extraction, assembly quality evaluation,

relative copy number estimation, detection of mitochondrial heteroplasmy, soma-

tic mutations, and structural mtDNA alterations (Jayaprakash et al. 2015). These

mitochondria-specific tools have enabled greater efficiency and standardization in

the analysis of genomics datasets.

Just a few short years after Marc Wilkins coined the term “proteome” in 1995

(Wasinger et al. 1995; Godovac-Zimmermann 2008), Rabilloud attempted the first

characterization of all mitochondrial proteins using 2-D electrophoresis (Rabilloud

et al. 1998). In the ensuing decades, tremendous progress has been made in defining

the mitochondrial proteome and its subproteomes (Lotz et al. 2014), owing primar-

ily to the remarkable developments in mass spectrometry technology (Yates 2013).

To house the massive amount of data generated in these studies, MitoMiner is used

as a data aggregator to store and analyze mitochondrial proteomics data obtained

from MS and fluorescent protein tagging studies (Smith et al. 2012). It integrates

with many other informatics resources, namely UniProt, Gene Homology, Online

Equipping Physiologists with an Informatics Tool Chest: Toward an. . . 381



Table 1 Mitochondrial resources and websites

Tool URL Description

Last

updated

HmtDB http://www.hmtdb.

uniba.it:8080/hmdb/

Open resource hosting human

mitochondrial genome sequences

annotated with population and

variability data, the latter being

estimated through the application of

SiteVar

09/2015

MitImpact http://mitimpact.css-

mendel.it/

Repository of pathogenicity predictions.

These predictions are created through

the assembly of precomputed and

computed sets of estimations for all

missense mutations; these mutations are

then structurally and evolutionarily

annotated

07/2016

MitoBreak http://mitobreak.

portugene.com

Database containing mitochondrial

genome rearrangements through a list of

circular deletion, circular duplication,

and linear breakpoints

05/2014

MitoCarta 2.0 http://www.

broadinstitute.org/

node/7098/index.

html

Provides a curated inventory of 1,158

human and mouse genes encoding

proteins with strong scientific support of

localization to the mitochondrion

06/2015

MitoFish/

MitoAnnotator

http://mitofish.aori.u-

tokyo.ac.jp/

Contains the mitochondrial genomes of

many model systems, including zebra

fish. The database also contains

phylogenetic information, as lineage can

often be determined via mitochondrial

DNA. MitoAnnotator automates the

annotations of new sequences uploaded

to the database, and has also reannotated

the previously uploaded mitogenomes to

gain new insights

08/2016

MITOMAP http://www.mitomap.

org/MITOMAP

Provides information relating

specifically to the human mitochondrial

genome, including polymorphisms,

mutations, and control regions, and

allows users to upload and analyze

sequences through the MITOMASTER

web interface

06/2016

MitoMiner http://mitominer.

mrc-mbu.cam.ac.uk

Data aggregator for the storage and

analysis of mitochondrial proteomics

data obtained from MS and fluorescent

protein tagging studies

04/2016

MitoPedia http://www.bioblast.

at/index.php/

MitoPedia

Encyclopedic resource and discussion

platform specifically focused on

mitochondrial knowledge relating to

experimental design, methods, and

terminology

05/2016

(continued)
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Mendelian Inheritance inMan, HomoloGene, IntegratedMitochondrial Protein Index,

KEGG, and PubMed. As such, MitoMiner provides an all-in-one platform for mito-

chondrial researchers interested in probing the mitochondrial proteome. MitoMiner

currently encompasses 11 different species and integrates 46 large-scale proteomics

studies in its database, providing output data in XML, JSON, GFF3, UCSC-BED,

FASTA, and HTML formats, and programmatic access through REST APIs and

platform-specific clients (Perl, Python, Ruby, and Java). Most importantly,MitoMiner

is actively maintained and updated to accommodate changes to the integrated

resources.

Other databases have been created for specific animal models, such as MitoFish.

MitoFish contains the mitochondrial genomes of many fish species, including the

common model system, zebra fish. The database also contains phylogenetic informa-

tion, as lineage can often be determined via mitochondrial DNA. MitoAnnotator

automates the annotations of new sequences uploaded to the database, and has also

reannotated the previously uploaded mitogenomes to gain new insights (Iwasaki et al.

2013). MitoFish is particularly useful to mitochondrial researchers due to expert

curation and automated annotation. Data contained within MitoFish has spurred ef-

forts to determine the genetic basis for various adaptations in fish (Wang et al. 2016)

as well as advancements in phylogeographic studies (Hirase et al. 2016). This

includes the development of suffix tree-based marker detection methods for detecting

short genetic sequences, resulting in improved approaches to annotating mitochon-

drial genomes or to detecting and correcting erroneous annotations (Moritz et al.

2014).

Collaboration among domain-specific communities is integral to creating studies

for emerging physiological questions. Created in 2010 by Bioblast, MitoPedia was

created as an encyclopedic resource and discussion platform specifically focused

on mitochondrial knowledge relating to experimental design, methods, and termino-

logy. Content is generated by contributions from domain scientists and mitochondrial

physiologists with experience in cellular and mitochondrial isolation and experi-

mentation. Experts in the field write, discuss, and contribute to articles relating to

respirometry, fluorometry, spectrophotometry, mitochondrial swelling, membrane

potential (Δψ), and ion flux experiments. Members of the Mitochondrial Physio-

logy Society (MiPs) comprise the primary user base of the MitoPedia platform,

which has been accessed over 40,000 times, with approximately 100–200 page

views per month (Oroboros 2015). Many of the articles presented deal with respiro-

metry experiments and the MiPs group actively endorses a move to

Table 1 (continued)

Tool URL Description

Last

updated

MitoSeek https://github.com/

riverlee/MitoSeek

Software tool for obtaining various types

of mitochondrial genome information

from exome, whole genome, and

RNA-seq sequencing data

05/2015
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standardized experimental protocols, drug concentrations, and terminology so as to

have the most effective discussions among mitochondrial physiologists across the

world.

Use Case for Investigating Mitochondrial DNA Mutations

Biomedical question: An investigator would like to study the role of mtDNA

mutations in Leber’s hereditary optic neuropathy (LHON), whether poly-

morphisms exist predominantly for a particular demographic, as well as infor-

mation on current treatment efficacy and clinical trials.

Data science approach: Use HmtDB to find sequences, population genet-

ics, and polymorphisms in human mitochondrial genomes. Searching for

LHON returns 190 records in healthy and diseased patients. The same search

on MITOMAP yields 61 selected references, and MitoMiner was recently

used to identify mitochondrial proteins that are downregulated in LHON

patients due to an mtDNA mutation (Tun et al. 2014). MitoPedia contains

13 entries of references and abstracts relating to LHON and mitochondrial

function. Finally, clinicaltrials.gov (discussed in Sect. 3) lists a current Phase

2 randomized clinical trial on a small cohort (12 patients) “Investigating the

Safety, Tolerability, and Efficacy of Elamipretide (MTP-131) Topical Oph-

thalmic Solution for the Treatment of Leber’s Hereditary Optic Neuropathy”

(https://clinicaltrials.gov/ct2/show/NCT02693119/). Using the patient records

from HmtDB, one could determine differential prevalence across demograph-

ics, or predict other mutations that would result in a similar phenotype using

the MitImpact tool.

3 General Bioinformatics Resources and Their Mitochondrial
Components

Approaches to the study of mitochondrial physiology have undergone tremendous

change with the advent of omics approaches and cloud computing, among other

technologies and advancements. The resulting influx of information has the poten-

tial to generate vast amounts of knowledge, but only with the proper infrastructure

in place to handle the load. Bioinformatics and cloud computing approaches allow

more efficient and effective management of the wide variety of data sources that

contribute to our generation of physiological knowledge and a greater under-

standing of mitochondria. Here we review the mitochondrial components of well-

established, curated omics resources (see Table 2).

Many resources span multiple dimensions, providing information on two or more

omics data types. Xfam is a collection of databases including Rfam for RNA families

(Nawrocki et al. 2015), Pfam for protein families (Finn et al. 2014a), and iPfam for

protein family interactions (Finn et al. 2014b). Each database provides annotations that

are crowdsourced throughWikipedia and links to other databases formore information
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on the protein sequence, protein structure, or RNA sequence of interest. Rfam contains

information about noncoding RNAs (ncRNAs), structured cis-regulatory elements,

and self-splicing RNAs. Each entry is represented by multiple sequence alignments,

consensus secondary structures, and covariance models (CMs), which allow simul-

taneous modeling of RNA structure and sequence (Nawrocki et al. 2015). Currently,

there are 861 mitochondrial RNA families within this database. Pfam utilizes hidden

Markov models (HMMs) to generate multiple protein sequence alignments, allowing

users to search sequence databases for homologous proteins with a specialized com-

putational package. Sequence information is organized into higher level groupings

of related families called clans, based on collections of Pfam-A entries related by

sequence similarity, structure, or profile HMM (Finn et al. 2014a). Pfam has over

16,000manually curated entries to date, 1,460 ofwhich are annotated asmitochondrial.

iPfam provides protein interaction information, based on structural information from

all known structures contained in the Protein Data Bank (PDB) (Berman et al. 2000).

Protein crystal structure is analyzed to identify protein domains, bonds, and small

chemical ligands in each structure and bond length is estimated based on geometric and

chemical properties of the sites (Finn et al. 2014b). There are 325 protein families and

44 ligands within iPfam that are mitochondrially related.

The Research Collaboratory for Structural Bioinformatics Protein Data Bank

(RCSB PDB) is the premier resource for protein structure data. The PDB contains

over 120,000 crystallographic structures of proteins, nucleic acids, and protein/

Table 2 Mitochondrial entries in existing big resources

Tool URL Data type(s)

Mitochondrial relevant

entries

Flybase http://flybase.org/ Fly genes, mutations, and

stocks

377 genes, 11,057 stocks

HMDB http://www.hmdb.ca/ Metabolites 17,682 metabolites

IMSR http://www.findmice.

org/

Mouse strains 4,011 strains

KEGG http://www.genome.

jp/kegg/

Pathway maps 55 relevant pathway maps

PDB http://www.rcsb.org/

pdb/

Protein structures 2,107 protein structures

Reactome http://www.reactome.

org/

Reactions and pathways 153 human pathways

UniProt http://www.uniprot.

org/

Proteins 4,889 reviewed proteins

Xfam http://xfam.org/

Rfam http://rfam.xfam.

org/

RNA families RNA families

Pfam http://pfam.xfam.

org/

Protein families 1,460 proteins

iPfam http://ipfam.org/ Protein family

interactions

325 protein families,

44 ligands
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nucleic acid complexes, along with complementary analysis and visualization tools

(Berman et al. 2000). The PDB also accepts data depositions from the community

and provides tools for data preparation and validation. Most data provided by the

PDB is available as PDBML or PDB files, and is accessible over two REST web

services: the SEARCH service for querying the database and the FETCH service

for retrieving the structure data. Over 2,000 of the structures within PDB are mito-

chondrially associated. Structural information about these proteins yields valuable

insight into their conformational arrangements and sites of posttranslational modifi-

cation, and can help identify active sites for drug development.

The PDB assists in these developments by providing a stable, organized resource

for accessing and sharing structural data. To supplement the structural data within

PDB, users rely on UniProt, a publicly accessible, comprehensive resource of protein

sequence, annotation, and localization data created and maintained by the European

Bioinformatics Institute. UniProt contains both highly curated and machine-generated

protein annotations, and has become the de facto source for protein information. As of

September 2016, this resource contains 550,000 manually reviewed proteins for hu-

man (SwissProt), of which 4,889 are related to the mitochondria.

Perturbation in protein expression is a crucial component of omics research; the

manifestations of such changes can be studied through metabolomics, which assess

the entire pool of small molecules within the cell or organelle. As proteins act on

metabolites, their fluctuations provide another, highly dynamic dimension of pheno-

typic data. One database, the Human Metabolome Database (HMDB), contains or

links chemical data, clinical data, and molecular biology/biochemistry data (Wishart

et al. 2007). The database has detailed, curated information for 41,993 water- and

lipid-soluble metabolites. Within each entry, there are 110 data fields, with a large

emphasis on chemical and clinical data; significantly, quantification information is

available on each MetaboCard entry, and there exists protein sequence information

for 5,701 entries. The HMDB supports extensive text, sequence, chemical structure,

and relational query searches (Wishart et al. 2009). The database interfaces with many

others, including some of those aforementioned, as well as PubChem, MetaCyc,

ChEBI, and GenBank (Wishart et al. 2013). Of the over 40,000 metabolites within

the database, mitochondrially related metabolites comprise over 17,000 MetaboCard

entries.

Metabolite fluctuations are best understood through visualization of their respec-

tive pathways, as it is becoming increasingly apparent that their complex interplay

is a burgeoning area of investigation. Two databases provide pathway visualization

tools: KEGG PATHWAY and Reactome. The Kyoto Encyclopedia of Genes and

Genomes (KEGG) currently contains 17 databases, each with a different focus in

the domains of systems biology, genomics, chemistry, and medicine. KEGG is

publicly accessible and supports tab-separated, plain text or KEGG database entry

data formats, while the KEGG Application Programming Interface (API) allows

customization of KEGG analyses (Kanehisa et al. 2014). These tools provide an

in-depth look at signaling pathways and interactions among proteins, allowing a

more complete view of pathways of interest, providing insight into related pro-

cesses and species that might deserve study. Specifically, within KEGG
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PATHWAY, there are 55 mitochondrial relevant pathway maps, many of which are

associated with the progression of common human diseases. Another resource,

Reactome, is an open-source platform for biological pathway visualization that is

manually curated and peer reviewed by experts, with a focus on human reaction

pathways (Matthews et al. 2009). The database contains deeply annotated pathway

information from 19 distinct species and includes 1,786 pathways for human as of

September 2016. Of these, there are over 150 mitochondrially associated pathways,

reactions, and complexes identified and annotated within the platform. Reactome

bundles many pathway-related visualization, interpretation, and analysis tools in

one resource (Stein 2004). The pathway data can be viewed and analyzed direct-

ly from the Pathway Browser, accessed programmatically through a REST API,

or downloaded in BioPAX, PSI-MITAB, SBML, and SBGN formats (Jupe et al.

2015). Reactome is widely used for different analyses, including the identification

of biomarkers in a neurological model of PTSD (Jia et al. 2012; Bai et al. 2007).

Use Case for Investigating Mitochondrial Localization or Involvement

Biomedical question: 12-Lipoxygenase has been implicated in ischemic pre-

conditioning pathways, but has it been identified as having mitochondrial

localization? What resource can an investigator use to answer this question?

Are lipoxygenases mitochondrially targeted? What metabolic changes result

from perturbations in lipoxygenase expression or function? What interacting

partners exist or is there any relevance as a drug target?

Data science approach: UniProt reveals a GO annotation of positive regu-

lation of mitochondrial depolarization. Querying HMDB for 12-lipoxygenase

returns five metabolites that are associated with the enzyme. These results also

connect the user to a multitude of resources, including primary research papers

that have been used for annotation and other sites or resources with relevant

information. KEGG and Reactome can also be used to investigate reaction

pathways related to the lipoxygenases; a KEGG query for 12-lipoxygenase

returns eight pathways and Reactome lists seven reactions and their corres-

ponding pathways.

4 Public Mitochondrial Datasets and Data Sharing

The digitization of scientific literature through resources like PubMed has made

scientific publications easy to find for a much wider audience. However, due to

the incremental nature of science, where new studies are based on the conclusions

reached by past endeavors, knowledge remains distributed across many publi-

cations. This creates a gap in our ability to reuse or repurpose existing knowledge

and renders high-throughput computational analyses of the literature immensely

difficult. The growing demand for access to the data behind scientific publications

assigns data repositories an increasingly important role as the backbone of modern
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scientific research. Sponsored by the National Institutes of Health, the National

Center for Biotechnology Information (NCBI) created the Database of Genotypes

and Phenotypes, or dbGaP, which contains hierarchical data of structured types.

The inputted data are organized into investigations that explore the interface of

genotype and phenotype and are linked to an accession number. Within the studies

are phenotypic datasets, whereby certain variables are measured. Investigators can

upload the raw datasets, provide important information, and give metadata to

encourage reusability. If investigators performed analyses, those may also be

uploaded. Upon study completion, investigators may upload supporting doc-

uments, which may contain further information such as study instructions, pro-

tocols/forms for data procurement, and other information necessary to use these

datasets (Tryka et al. 2014). Conducting a query for “mitochondria” returns 21 mito-

chondrial related studies spanning 216 variables. Within this, there are ten supporting

documents and 37 raw datasets. These are also documented in clinicaltrials.gov.

Currently, the database is openly accessible to institutions, and there is an avenue

by which individuals can gain controlled access. These resources are aggregated in

Table 3.

As the creation of new data exponentially grew, the scientific community real-

ized the need for consolidated, open omics repositories. One unique challenge was

to take raw, unprocessed datasets and provide information and resources to enable

Table 3 Publicly accessible mitochondrial datasets

Dataset URL Description

Mitochondrial

datasets and

components

dbGaP http://www.ncbi.

nlm.nih.gov/gap

The database of genotypes and

phenotypes contains hierarchical

data of structured types

21 studies:

216

variables

1 analysis

10

documents

37 datasets

ProteomeXchange http://www.

proteomexchange.

org/

Publicly accessible, centralized

repository for proteomics

datasets

32 datasets

OmicsDI http://www.

omicsdi.org/

Provides searchable metadata

such as accession, description,

sample/data protocols, and

biological corroborations

2,819 total

datasets:

326

proteomics

24

metabolomics

63

transcriptomics

122

genomics

208 multi-

omics
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access and collaborative analysis by other users. Founded by the creators of the

prominent primary proteomics resource PRIDE (PRoteomics IDEntifications), the

ProteomeXchange Consortium sought to create a repository for proteomics mass

spectrometry datasets. The consortium consists of investigators who created many

primary and secondary proteomics resources, and now has a publicly accessible,

centralized repository (Vizcaino et al. 2014). Users can proceed through a full or

partial submission workflow, using PRIDE as the initial resource. The PX Submis-

sion Tool facilitates the upload of datasets, as well as supporting documentation and

metadata (Ternent et al. 2014). Of the over 2,500 datasets compiled on the

ProteomeXchange resource, there are 32 proteomics datasets that are related to

mitochondria. While many repositories exist that are specific to one omics domain,

they are fragmented, operate independently, and highlight the need for an integrated

repository, whereby omics datasets can be organized and disseminated in a sys-

tematic fashion. Within the Big Data to Knowledge (BD2K) Initiative, there exists

OmicsDI, a repository for multiple datasets. One common challenge within omics

datasets is that data is generated through differential protocols; as such, this hinders

the analyses that can be performed. OmicsDI combats this by providing searcha-

ble metadata such as accession, description, sample/data protocols, and biological

corroborations (Perez-Riverol et al. 2016). Querying OmicsDI for mitochondrial

terms yields 2,800 datasets: of those, 122 are genomic, 63 are transcriptomic, 326

are proteomic, 24 are metabolomic, and 208 are multi-omic datasets.

The development of informatics resources for storage, maintenance, and ana-

lysis of scientific data addresses each component of the FAIR data doctrine. Stan-

dardization of experimental protocols in the “omics” sciences is necessary for more

reliable data, while consistency in data formats and annotation facilitates more

efficient data sharing. Curated resources and data repositories organize the infor-

mation, rendering “omics” data findable and accessible, and lending added value to

the data that might otherwise be undiscovered in an obscure format. Furthermore,

analytic tools and platforms have been developed by the scientific community to

facilitate the goals of interoperability and reusability. Analytic platforms make data

mining and the generation of metadata much easier and more widely accessible,

furthering data discovery and allowing others to try a novel approach on any of the

available datasets. Scientists benefit from making their datasets publicly available

and in a common format because their work becomes more visible, useable, and,

ultimately, citable.

In addition to the technical challenges of data sharing, there exist legal and cul-

tural considerations, especially with respect to clinical studies. One readily identifi-

able challenge is sharing clinical datasets in accordance with the Health Insurance

Portability and Accountability Act (HIPAA), which mandates the protection of pri-

vacy with regard to medical information. Research efforts must establish protocols

that de-identify information contained within electronic health/medical records

(EHR/EMR), and package them into usable, queryable data for research purposes

(Russo et al. 2016). More important, however, is the need to secure explicit consent

from study participants such that their personal data can be shared across groups

with different research foci. Currently, protocols are being developed to provide
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standardized consent forms for larger scale purposes with wide applicability, rather

than for individual studies. New studies benefit from incorporating these stipu-

lations into consent documents during study design, whereas researchers wishing to

disseminate older datasets must review their consent documents to determine if

sharing is appropriate or legal. Alternatively, a follow-up may be necessary to gain

further consent from study participants (Kaye and Hawkins 2014). Already,

research groups and agencies have created repositories with these issues in mind.

Because these data repositories are general and allow the storage of datasets origi-

nating from a broad range of biological fields, researchers may question the utility of

those that were not originally constructed with a mitochondrial focus. Previously, data-

sets were considered disposable material, only useful for supporting the conclusions of

the particular study. In the data science landscape, new methods and protocols have

been developed for managing and cataloging data, providing researchers the ability to

recycle and reuse datasets. There lies untapped potential in these datasets for mito-

chondrial researchers to explore and gain new insights, all while avoiding expensive

and laborious data generation until it is necessary. This is especially applicable to

large-scale omics datasets, which provide the opportunity for data-driven, untargeted

approaches to streamline experimental design and generate targeted approaches for

further hypothesis-driven, physiological studies.

5 Pipelines and Tools for Data Processing and Analysis

While access to datasets is crucial, it is only one step in being able to truly harness

the knowledge contained within them. The first and often most laborious aspect is to

process the data and wrangle it into a format that will be usable by intended tools

and pipelines. Investigative teams often perform their own processing protocols,

and do not leave adequate metadata and/or annotation for others to be able to

recreate the study. To mitigate this, some omics investigators have sought to create

best practice pipelines. The effects of a unified system and set of tools can be most

concretely seen in the area of genomics, specifically with the Genome Analysis

ToolKit (GATK), which focuses on sequence analysis to discover relevant variants

(McKenna et al. 2010). Having established best practices for genomics analyses,

GATK has also been expanded to have copy number and structural variation

analysis capacities (Tennessen et al. 2012). Currently, GATK hosts a wide variety

of tools to assist investigators along all steps of analysis, including sequence data

processing tools, such as sequence aligners and readers; variant discovery, eval-

uation, and manipulation tools, such as a Bayesian genotyper and a variant filter;

and annotation modules. The toolkit was originally intended for human exomes and

genomes sequenced from Illumina technologies, but has been expanded to other

experimental protocols and model systems, regardless of ploidy. GATK also hosts

third-party tools that can be integrated with the previously established pipelines

(DePristo et al. 2011; Van der Auwera et al. 2013). GATK and other analysis tools

and pipelines are highlighted in Table 4.
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Table 4 Analysis pipelines and platforms

Tool URL Description

COPaKB https://amino.

heartproteome.org/

Centralized platform featuring high-quality

cardiac proteomics data and relevant

cardiovascular phenotype information. The

organellar modules constitute the mass

spectral library and are utilized by COPaKB’s

unique high-performance search engine to

identify and annotate proteins in the mass

spectra files that are submitted by the user in

mzML or DTA formats

Cytoscape http://www.cytoscape.org/ Open-source software platform for the

visualization of complex biological systems,

such as molecular interaction networks and

biological pathways. The platform enables

enhancement of the network data through

integration of various formats of metadata

into the network structure

Galaxy https://usegalaxy.org/ Informatics workflow management system

and data integration platform that aims to

make computational biology accessible to

researchers with limited experience in

computer programming. Provides a graphical

user interface, customizable plug-ins, access

to public datasets, and other users’ workflows

GATK https://software.

broadinstitute.org/gatk/

Toolkit that focuses on sequence analysis to

discover relevant variants; originally intended

for human exomes and genomes sequenced

from Illumina technologies, but has been

expanded to other experimental protocols and

model systems, regardless of ploidy

MetaboAnalyst http://www.metaboanalyst.

ca/

Analysis pipeline spanning a wide variety of

data types; has the capacity for biomarker

identification, as well as a host of other

bioinformatics tools for the best standard

metabolomics analyses using an extensive

spectral library for enhanced metabolite

identification

MetaCore https://portal.genego.com/ Standalone program and Web application

comprising multiple different analysis

methods for varying types of high-throughput

molecular data, including sequencing and

gene expression, proteomic data, and

metabolomic data. Also contains a manually

curated database

MetazSecKB http://bioinformatics.ysu.

edu/secretomes/animal/

index.php

Database presenting subcellular protein

location based on manual curation of the

scientific literature combined with UniProt

sequence data and annotations. Employs an

algorithm that utilizes multiple prediction

tools, combining the predictions of publicly

(continued)
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Many other emerging areas of omics are developing best practice guidelines;

however, creating these guidelines requires significant effort for their implemen-

tation. To help investigators with this, OmicsPipe integrates multiple best practice

pipelines to provide a platform for processing raw data. OmicsPipe aims to reduce

the overhead for processing large datasets, and provides visualizations produced;

currently, the platform has automated workflows for processing RNA-seq, whole-

exome sequencing (WES), whole-genome sequencing (WGS), and ChIP-seq data-

sets (Fisch et al. 2015).

Upon processing the data, investigators are faced with myriad tools to perform

analyses; without distinct computational knowledge, navigating these platforms

can be daunting. Operating on a unified system can substantially streamline omics

analyses; that being said, there are many stand-alone tools specific to one branch

of omics that can elucidate valuable knowledge. Within the realm of proteomics,

identifying the subcellular location of a protein is important for determination of

function, genome annotation, drug development, and disease identification. Pro-

teins are designed to play their role in specific locations, defining their function

based on their environment. This becomes particularly important when discussing

mitochondrial proteins. Generally speaking, there are two parallel approaches to

Table 4 (continued)

Tool URL Description

available tools including TargetP, SignalP,

Phobius, ScanProsite, WolfPSORT,

FragAnchor, and TMHMM

OmicsPipe http://sulab.org/tools/

omics-pipe/

Integrates multiple best practice pipelines to

provide a platform for processing raw data;

aims to reduce the overhead for processing

large datasets, and provides visualizations

produced; currently, the platform has

automated workflows for processing

RNA-seq, whole-exome sequencing (WES),

whole-genome sequencing (WGS), and ChIP-

seq datasets

ProTurn http://heartproteome.org/

proturn

Scalable analysis platform that assesses the

turnover rate of proteins. Uses a deuterium

oxide (D2O) labeling protocol and determines

the kinetics by integrating MS peaks,

determining isotope abundances, and using

multivariate optimization. Available for use

on a wide variety of datasets

TargetP http://www.cbs.dtu.dk/

services/TargetP/

Web-based tool for predicting the subcellular

location of eukaryotic proteins and identity of

secretory signal or transit peptides using

N-terminal sequence information and a

combination of machine learning methods.

Commonly used by mitochondrial

physiologists analyzing proteomics datasets
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determine whether a protein is localized to the mitochondrion: the approach of the

biologist or biochemist, and that of the informatician. The former will devise a plan

for isolation, fractionation, assays, and copurification with other known mitochon-

drial markers to look for biochemical evidence of localization to one organelle or

another. The latter would investigate features of the gene or protein sequence uti-

lizing computational approaches that would identify it as localized to mitochondria.

Proteins bound for localization in mitochondrial membranes contain an amino

acid sequence signal at the N-terminus or an internal targeting sequence to direct

them to their appropriate position, both of which are managed by different species

of the translocase inner- and outer-membrane (TIM and TOM) complexes. An

amphipathic helix in a protein’s presequence is cleaved upon delivery (von Heijne

1986; Schatz and Gottfried 1993), while proteins lacking a presequence region

remain in the cytosol (Fox 2012).

TargetP is a Web-based tool for predicting the subcellular location of eukaryotic

proteins and identity of secretory signal or transit peptides using N-terminal

sequence information and a combination of machine learning methods. This tool

is commonly used by mitochondrial physiologists analyzing proteomics datasets, as

evidenced by over 2,000 citations of the tool’s two papers in the scientific literature.

The user submits either an amino acid sequence or a FASTA file as the input, and

retrieves a plain text file outlining the predictions (Emanuelsson et al. 2007). The

predictions were found to be 90% accurate for non-plant proteins and 85% accu-

rate for plant proteins (Klee and Ellis 2005; Emanuelsson et al. 2000). The tool is

publicly accessible as a Web service or downloadable for local computation. It

is one of the prediction tools used by UniProt to annotate mitochondrial peptides,

along with Predotar, TMHMM, and Phobius, all of which make predictions based

on N-terminal targeting sequences (Small et al. 2004; Käll et al. 2004; Krogh et al.

2001). In addition to localization prediction, TMHMM predicts transmembrane

helices in protein sequences with 97% accuracy (Krogh et al. 2001) while Phobius

was shown to predict the secondary structure of proteins with fewer instances of

false classification and identify signaling proteins with fewer false positives than

TargetP and TMHMM (Käll et al. 2004).

MetazSecKB combines results from each of these tools to increase prediction

accuracy for secretome and subcellular proteome localization. The database

presents subcellular protein location based on manual curation of the scientific

literature combined with UniProt sequence data and annotations. When this anno-

tation is lacking, MetazSecKB employs an algorithm that utilizes multiple predic-

tion tools, combining the predictions of publicly available tools including TargetP,

SignalP, Phobius, ScanProsite, WolfPSORT, FragAnchor, and TMHMM (Meinken

et al. 2015). The accuracy of localization predictions increased significantly when

these tools were utilized in concert, rather than individually. Accordingly, the

algorithm combs data from each of the tools simultaneously, and then applies

statistical and data mining techniques to acquire the most accurate localization

predictions for eukaryotic secreted proteins (Min 2010). Over 135,000 proteins in

Homo sapiens are represented in the database, approximately 21,000 of which
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localize to mitochondria; 3,737 of these are associated with the mitochondrial

membrane and 17,623 are non-membrane proteins.

The Cardiac Organellar Protein Atlas Knowledgebase (COPaKB) is a central-

ized platform featuring high-quality cardiac proteomics data and relevant cardio-

vascular phenotype information (Zong et al. 2013). As of September 2016, COPaKB

features 11 organellar modules, comprising 4,467 LC-MS/MS experiments from hu-

man, mouse, drosophila, and Caenorhabditis elegans. There are four mitochondrial

specific modules for each species with over 1,000 proteins represented in each spe-

cies. The organellar modules constitute the mass spectral library and are utilized by

COPaKB’s unique high-performance search engine to identify and annotate proteins

in the mass spectra files that are submitted by the user in mzML or DTA formats.

Data in COPaKB can be viewed within the browser, accessed via the REST API or

downloaded in Excel XLS, XML, and JSON formats.

Protein expression data does not take into account the rate of synthesis and de-

gradation of a certain protein, termed protein turnover. As such, measuring expres-

sion alone is not sufficient to understand the dynamics of protein levels within the

mitochondria. Accordingly, tools have been developed that align with dynamics

protocols. One such tool is ProTurn, which uses a deuterium oxide (D2O) labeling

protocol and determines the kinetics by integrating MS peaks, determining isotope

abundances, and using multivariate optimization. Most importantly, this tool is scal-

able, which enables users to perform analysis on a wide range of datasets (Wang

et al. 2014).

To elucidate the small-molecule perturbations that may occur in varying mito-

chondrial physiological states, two types of tools exist: one assesses the quantita-

tive levels of metabolites, while the other synthesizes metabolite lists into known

networks, so that these can be visualized by the investigator. Originally developed

in 2009 (Xia et al. 2009), MetaboAnalyst has gone through many iterations, with

updates in 2012 (Xia et al. 2012) and 2015 (Xia et al. 2015) bringing vital improv-

ements. The current version accepts a wide variety of data types, including NMR

spectra, MS spectra, and compound/concentration data. The user interface guides

investigators through the analysis pipeline, beginning with dataset quality control

by the user. Once quality control standards have been met, the platform will analyze

the data, using an extensive spectral library for enhanced metabolite identification.

The most current version, MetaboAnalyst 3.0, has the capacity for biomarker

identification, as well as a host of other informatics tools for the best standard

metabolomics analyses. The graphical output allows users to view the analysis

results in a user-friendly format. This platform has been used extensively in mito-

chondrial studies to understand mitochondrial physiological function in the spinal

cord in an ALS model, identify therapeutic targets of cardiomyopathy, and uncover

the role of mitochondrial protein quality control in the context of physiological

stress across many systems (Quintana et al. 2016; Cacabelos et al. 2016; Picard

et al. 2015).
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Cytoscape is an open-source software platform for the visualization of complex

biological systems, such as molecular interaction networks and biological pathways.

The platform enables enhancement of the network data through integration of various

formats of metadata into the network structure. One powerful aspect of Cytoscape is

its extendibility; third-party developers can access its API and develop applications on

top of Cytoscape that readily implement the desired functionality. As of September

2016, the Cytoscape App Store contains 228 Apps, with 305,000 downloads in total

(Ono 2015). Cytoscape is an excellent fit for visualization of networks, such as

microRNA networks in the brain stem (DeCicco et al. 2015).

Stand-alone tools created by members of the omics community have proven inte-

gral to furthering omics research. However, these tools exist as fragments, which

makes dissemination to the broader community a significant challenge. To combat

this, Galaxy was created as an informatics workflow management system and data

integration platform that aims to make computational biology accessible to researchers

with limited experience in computer programming (Goecks et al. 2010). Galaxy pro-

vides a graphical user interface, customizable plug-ins, and access to public data-

sets and other users’ workflows. This offers a robust peer-review mechanism in which

the analyses conducted previously can be reproduced with little effort (Sandve et al.

2013). Because the workflows are hosted on the cloud and Galaxy servers perform the

computational work, this greatly reduces the requirement for setting up expensive

infrastructure to achieve research goals. One branch of Galaxy, Galaxy-P, contains

workflows specifically designed to analyze proteomics datasets and integrate them

with other forms of omics data, such as transcriptomics (Sheynkman et al. 2014). In

addition to tools developed in the academic community, commercial tools have been

developed with similar infrastructure. MetaCore™, developed by Thomson Reuters,

exists as a stand-alone program as well as a Web application. The tool contains multi-

ple different analysis methods for varying types of high-throughput molecular data,

including sequencing and gene expression, proteomic data, and metabolomic data. In

addition to an internal, manually curated database, MetaCore™ contains genomic

analysis tools, a data mining toolkit, a pathway editor, and data parsers to adapt the

wide range of omics data that can be uploaded (Cambiaghi et al. 2016).

Using these tools requires significant computational power; the previously esta-

blished paradigm for in-house platforms is becoming extremely costly. The hardware

usually becomes dated in about 3 years, and must be updated in order to maintain

relevance. Even with extensive collaboration and shared infrastructure, the servers are

used for only a fraction of the time they are available, which creates a highly inefficient

cost per analysis. These problems have illustrated the need for a unified resource in

which researchers can take advantage of ever-improving capacities and features, with

significantly less up-front expense. Recent advancements point to cloud-based com-

puting and storage systems. Operations on the cloud provide the same computational

power but represent only a tiny fraction of the hardware and operational costs for an

in-house server-based computational platform. The National Institutes of Health has

proposed the cloud-based Commons environment, a cost-sharing model that will pro-

vide access to scalable storage and computational resources for the entire biomedical

community. Commons Credits will serve as the currency for computational efforts and
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require minimal effort to apply so as to reduce the administrative overhead of esta-

blishing computational infrastructure, be it in-house or on business cloud servers

(https://www.commons-credit-portal.org).

6 Conclusion

The current deluge of data brings significant challenges to which researchers must

respond by continually improving methods and technologies for data management

and dissemination. In adhering to the FAIR doctrine, data shall be accessible in all

respects, and their analyses will also be presented in an intuitive, structured manner.

As such, the resulting dataset and knowledge will be open to reuse, repurpose, and

reanalysis so as to investigate different targets of interest. In this chapter, we have

outlined a collection of tools and resources that serve to aid a deeper understanding

of mitochondrial physiology and its role in health and disease. These tools range

from community-generated encyclopedic resources, expert-curated databases, and

repositories for data management and access to tools for analysis and visualization

of biological processes. They allow greater access and reuse of data through anno-

tation, metadata, and analysis platforms. The development of these tools and

resources, as well as the openness of scientific data, has had a dramatic impact on

the breadth, depth, and structure of data, as well as the reproducibility of experi-

ments and analysis pipelines.

The physiology discipline stands at a unique cross section, and bridges data and

clinical applications. It is through these tools that investigators are able to unlock

mechanistic insight and access the potential for clinical translation. The advance-

ment of multi-omic approaches, bioinformatics analyses, and open-access data has

improved our basic understanding of physiology and pathology while spurring the

development of personalized medicine and discovery of biomarkers for disease

(Almeida 2010; de Graaf 2013). EHR is becoming more detailed, accessible, and

multidimensional, and natural language processing is making it easier to conduct

meta-analyses of disease treatments from de-identified patient records. With the

concept of precision medicine, the paradigm of health and disease classification is

shifting from broad generalization to distinct and individualized medical profiling

(Hayes et al. 2014). In this landscape, researchers can significantly benefit from

using computational and informatics tools to enable better scientific investigations.

Informatics science is transforming the scope of biomedical research, providing

ample tools and methods by which to address the requirements of Big Data,

personalized medicine, and next-generation scientific questions. New and improved

infrastructure in the research and health sectors have resulted in a burgeoning

expansion of data that requires research scientists and clinicians alike to investigate

novel approaches in data science and informatics. It is at the interface of domain

knowledge and computational bandwidth that mitochondrial research can syner-

gistically propel forward, at a velocity not seen in isolated studies. As this data is

shifting from disposable to indispensable, integrated approaches are rapidly
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demonstrating themselves as invaluable components of a biomedical researcher’s

tool chest.
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Abstract

Mitochondrial flashes (mitoflashes) are recently discovered mitochondrial activ-

ity which reflects chemical and electrical excitation of the organelle. Emerging

evidence indicates that mitoflashes represent highly regulated, elementary sig-

naling events that play important roles in physiological and pathophysiological

processes in eukaryotes. Furthermore, they are regulated by mitochondrial ROS,

Ca2+, and protons, and are intertwined with mitochondrial metabolic processes.

As such, targeting mitoflash activity may provide a novel means for the control

of mitochondrial metabolism and signaling in health and disease. In this brief

review, we summarize salient features and mechanisms of biogenesis of mito-

flashes, and synthesize data on mitoflash biology in the context of metabolism,

cell differentiation, stress response, disease, and ageing.
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1 Introduction

Originated through endosymbiosis 1.5 billion years ago, the mitochondrion is a

fascinating organelle that captivates the attention and imagination of generations of

scientists. Ever since their visualization and morphological characterization in the

late nineteenth century, mitochondria have been instrumental in the development of

some of the most profound concepts in modern biology. The chemiosmotic theory

established about half a century ago has put mitochondria in the center of cellular

energy metabolism (Mitchell 1961). The past two and a half decades, however,

have witnessed a new wave of vigorous research that unveils their roles as a

signaling hub in vital processes ranging from programmed cell death to innate

immunity, from calcium regulation to redox and reactive oxygen species (ROS)

signaling (Wallace 2012; Shadel and Horvath 2015; Weinberg et al. 2015). As such,

mitochondrial dysfunction and mal-signaling are deeply interlinked to the etiology

of major diseases including metabolic disorders, cardiomyopathy, neurodegenera-

tive diseases, and cancer as well as the biology of senescence.

As a transformative new understanding of this organelle, we now increasingly

appreciate that mitochondria are dynamic, morphologically and functionally. Inside

live cells, they move, divide, fuse, and undergo kissing and nanotunneling for inter-

mitochondrial communication (Huang et al. 2013; Mishra and Chan 2014). At the

single-organelle level, they are also pulsing, chemically and electrically. Oscilla-

tion of the mitochondrial membrane potential occurs incessantly over a broad

spectrum of frequency (Aon et al. 2003). Through the mitochondrial Ca2+ uniporter,

mitochondrial matrix Ca2+ transients arise in response to dynamic Ca2+ changes in

the cytosol and the endoplasmic/sarcoplasmic reticulum (Baughman et al. 2011; De

Stefani et al. 2011; Patron et al. 2013). Strikingly, we and others have recently

unveiled a novel type of functional dynamics of the organelle, i.e., mitochondrial

flash or mitoflash (Wang et al. 2008), which has been hotly pursued by many

research groups (Azarias and Chatton 2011; Fang et al. 2011; Schwarzlander

et al. 2011, 2012; Wei et al. 2011; Santo-Domingo et al. 2013; Wei-LaPierre

et al. 2013). In this brief review, we intend to summarize distinctive features and

mechanisms of this newly discovered mitochondrial phenomenon, with a focus on

the emerging notion that mitoflashes are elemental signaling events in eukaryotes.

We will synthesize data on mitoflash biology in the context of metabolism, cell

differentiation, stress response, disease, and ageing. Extensive reviews on related

topics can be found in references from different groups (Wang et al. 2012, 2016a;

Wei and Dirksen 2012; Hou et al. 2014).

2 Mitoflashes: A New Type of Dynamic Activity
of the Organelle

Mitoflashes are 10-s dynamic events occurring suddenly and spontaneously in

individual mitochondria in milieu of intact cells under physiological conditions

(Wang et al. 2008). First detected with the mitochondrial matrix-targeted biosensor
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mt-cpYFP, which dually senses superoxide and pH, mitoflashes have since been

visualized with a panel of biosensors and chemical probes, including mitoSOX for

superoxide and 2, 7-dichlorodihydrofluorescein diacetate (DCF) for total ROS

(Zhang et al. 2013), grx1-roGFP2 for redox potential (Breckwoldt et al. 2014;

Wang et al. 2016b), mitoSypHer, pHTomato, and SNARF-1 for matrix pH

(Santo-Domingo et al. 2013; Wei-LaPierre et al. 2013; Wang et al. 2016b). In

addition, label-free imaging of NADH and FAD autofluorescence revealed also a

transient oxidation of NADH and FADH2 (Wei-LaPierre et al. 2013; Hou et al.

2014; Wang et al. 2016b). Simultaneous measurement using TMRM or TMRE

showed a rapid, partial loss of mitochondrial membrane potential (Δψm) followed

by a gradual recovery, whose time course mirrors or sometimes outlasts the other

indicator-reported signals (Wang et al. 2008; Wei et al. 2011). Overall, there is a

positive correlation between the amplitudes of cpYFP-reported mitoflashes and the

TMRM-reported Δψm depolarization (Wang et al. 2016b), indicating that these

parameters are likely interlinked. Interestingly, only a subset of Δψm oscillations

correspond to cpYFP-reported mitoflashes (Wang et al. 2008; Li et al. 2012b),

indicating that the two types of mitochondrial dynamics have overlapping but

different origins. Hence, mitoflashes represent a new mitochondrial dynamic phe-

nomenon and each reflects chemical and electrical excitation at the single-organelle

level. By integrating data from multiparametric measurements from different

groups, we conclude that a mitoflash event comprises multifaceted and interlinked

signals – bursting superoxide production, redox shift toward oxidation, matrix

alkalinization, and action potential-like membrane depolarization (Hou et al.

2014; Wang et al. 2016b) (Fig. 1). It is conceivable that relative contributions of

these sub-components may vary in a cell type-specific and context-sensitive manner.

The mitoflash activity is universally present in all types of cells, tissues, and

organisms examined so far. These include mammalian cardiomyocytes, skeletal

muscle fibers, neurons, glial cells, fibroblasts, chondrocytes, epithelial cells, and

many types of cancer cells (Wang et al. 2008; Pouvreau 2010; Fang et al. 2011; Ma

et al. 2011; Wei et al. 2011; Hou et al. 2012, 2013; Cao et al. 2013; Wei-LaPierre

et al. 2013). It is well-conserved in species from plants to animals and, for animals,

from C. elegans to zebrafish to rodents and to humans. Even for single-cell

eukaryotic species like yeast, robust mitoflash activity can be detected upon meta-

bolic challenge (Ouyang and Cheng, unpublished data). The experimental systems

used for the demonstration of mitoflashes range from isolated single mitochondria

(Wei-LaPierre et al. 2013; Zhang et al. 2013) to permeabilized cells (Jian et al.

2014; Gong et al. 2015), to explanted beating hearts (Wang et al. 2008), and even

live worms (Shen et al. 2014), zebrafish (Zhang et al. 2015), and mice (Fang et al.

2011) (Fig. 2). The universality of mitoflashes, together with the fact that mito-

flashes occur in cell-free respiring mitochondria, attests an evolutionally ancient

origin of this unique biophysical and physiological activity. Indeed, this speculation

is somewhat bolstered by the finding that mitoflash properties in terms of amplitude

and duration are remarkably similar across the vast breadth of species and cell

types, in sharp contrast to the diversity in mitochondrial shape, density, motility,

metabolic rate, and functionality.
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Fig. 1 Multifaceted signals in a mitoflash. Transient matrix alkalinization is detected by cpYFP

(a, f, h), pHTomato (b), and SNARF-1 (d); MitoSox (c) is used to detect superoxide and DCF (d)
for the total ROS; Membrane depolarization is measured using TMRM (e, h); Transient redox shift
toward oxidation was visualized with Grx1-roGFP2 (e) in conjunction with label-free imaging of

NADH (f) and FAD (g) autofluorescence. From Wang et al. (2016b)
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3 Biogenesis of Mitoflashes

Since mitoflash is an excitable phenomenon, the first and foremost prerequisite for

mitoflash biogenesis is that the mitochondria must be energized at an excitable

state. Mitoflash activity is abrogated upon dissipation of Δψm and pH gradients

across the inner mitochondrial membrane (IMM), by nanomolar FCCP, a charge-

uncompensated proton ionophore, or micromolar nigericin, an electroneutral H+/K+

antiporter, or micromolar monensin, a H+/Na+ antiporter (Wang et al. 2008, 2016b;

Wei-LaPierre et al. 2013). Mitoflash is completely absent in ρ0 143B human osteo-

sarcoma cells devoid of mitochondrial DNA and electron transfer chain (ETC) activity

(Wang et al. 2008). ETC inhibitors, including rotenone (Complex I), myxothiazol

(Complex II), antimycin A (Complex III), sodium cyanide (Complex IV), are all

effective blockers of mitoflashes (Wang et al. 2008; Santo-Domingo et al. 2013).

Moreover, limiting electron entry at complex I by cardiac-specifically knocking out

Ndufs4, an assembling subunit of complex I, suppresses mitochondrial flash activity in

cardiac myocytes (Gong et al. 2015).

In normal mitochondrial respiration, oxygen is required to act as the four-

electron acceptor and form H2O at complex IV, pulling the electron flow forward

through the ETC, whose activity is coupled with proton pumping at complexes I,

III, and IV to establish the proton gradients across the IMM, and contributes to

Δψm. Oxygen can also act as the one-electron acceptor for the formation of

superoxide anions at intermediary ETC sites. Thus, no mitoflashes exist in the

conditions of stringent anoxia (Huang et al. 2011). Further, to permit mitoflash

occurrence, the pool of electron donors, NADH to donate electrons at Complex I

and FADH2 at Complex II, should not be in exhausted states.

A stochastic, flickering opening of the still-elusive mitochondrial permeability

transition pore (mPTP) is thought to ignite a mitoflash in such an excited system.

Most, though not all, mitoflashes accompany sudden and irreversible loss of Rhod-

2 (MW¼ 752 Da) (Wang et al. 2008) or its Ca2+-insensitive analog (MW¼ 980 Da)

(Wang et al. 2012), suggesting that small molecules leak out of the matrix through

mPTP at the onset of a mitoflash. Electrophysiological characterization has
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Fig. 2 Mitoflashes: universal and elemental mitochondrial events. Mitoflashes of highly

conserved properties are found in different tissues, cells, and isolated mitochondria across eukary-

otic species
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revealed that mPTP exhibits a range of conductance, and likewise, its putative pore

is variably permeable to small molecules of MW up to 1.5 KDa (Bernardi et al.

2015). This might explain the fact that not all mitoflashes are associated with

discernible loss of matrix-preloaded Rhod-2 or its analog.

Several additional lines of evidence support the role of mPTP opening in

mitoflash biogenesis. Mitoflashes are activated by atractyloside (ATR, an mPTP

activator) and inhibited by bongkrekic acid (BA, an mPTP inhibitor) (Wang et al.

2008; Hou et al. 2013). Mitoflash frequency is decreased by cyclosporine A (CsA)

which targets cyclophilin D (CyPD), an important regulator of mPTP (Wang et al.

2008). Overexpression of CyPD increases and knockout of CyPD halves cardiac

mitoflash frequency (Shang et al. 2016). However, it should be noted that neither

deletion of CyPD nor its inhibition by CsA alters mitoflash frequency in skeletal

muscles (Wei et al. 2011; Shang et al. 2016). This apparent tissue-to-tissue disparity

can be explained for two reasons. First, it has been recently shown that classic

mPTP can operate in the absence of any CypD and in a CsA-insensitive manner

(Baines et al. 2005; Basso et al. 2005; Li et al. 2012a), indicating that CypD is not

obligatory to flickering mPTP gating. Second, the expression of CyPD in skeletal

muscles is only 1/4 of that in cardiac muscles (Shang et al. 2016), suggesting that

mPTP gating in skeletal muscles might be largely CypD-independent. Hence,

neither CypD-independence nor CsA-insensitivity, as observed in skeletal muscles,

should be taken as evidence excluding the involvement of mPTP in mitoflash

biogenesis. Nevertheless, the exact mechanism whereby mPTP opening leads to a

cascade of changes that manifest as a mitoflash is not fully understood.

Upon mPTP opening, electrochemically downhill movement of protons from the

inter-membrane space to the matrix would acidify the matrix. Unexpectedly, we

and others have found no evidence of matrix acidosis at the onset of a mitoflash.

This apparent paradox might be reconciled for three different reasons. The opening

of mPTP, as judged from leakage of small molecules, is brief (<2 s); the matrix pH

buffering power is high, reaching 500,000 at pH 8.0 (Poburko et al. 2011). Further-

more, partial loss of Δψm accelerated proton pumping by the ETC complexes and

this would counteract the mPTP-mediated proton influx.

Recently, Santo-Domingo and colleagues have proposed a model of mitoflash

ignition, in which the formation of the IMM fusion pore serves the trigger (Santo-

Domingo et al. 2013). This model was based on their observation that knockout of

Opa1, which is an IMM fusion protein, completely abolishes mitoflashes in mouse

embryonic fibroblasts (MEFs) (Santo-Domingo et al. 2013). We revisited this issue

and found that, albeit markedly inhibited, basal mitoflash frequency is not completely

vanished in Opa1�/� MEFs (Li et al. 2016). Strikingly, in response to hyperosmotic

stress, which stimulates mitoflash production via Ca2+- and ROS-dependent

mechanisms (Hou et al. 2013), the rate of mitoflash occurrence is similarly elevated

regardless of Opa1, excluding IMM fusion as a prerequisite of mitoflash biogenesis.

Meanwhile, we and others have found that mitochondrial respiration is markedly

inhibited in the absence of Opa1, due presumably to the fact that Opa1 is required for

proper formation of cristae and ETC supercomplexes (Mishra et al. 2014). We

408 G. Feng et al.



conclude that Opa1 deficiency secondarily impairs the biogenesis of spontaneous

mitoflashes via its direct suppression of respiratory activity.

Within a heart cell containing thousands of mitochondria, mitoflashes seen in a

confocal plane distribute randomly amongst the mitochondrial population, and the

interval between two consecutive events in a given cell obeys a decaying exponen-

tial function, consistent with the idea that mitoflash ignition is governed by a

Poisson process (Li et al. 2012b). Most recently, we have proposed a stochastic

trigger model for the ignition of mitoflashes (Li et al. 2016). Specifically, the

propensity of mitoflash ignition in a mitochondrion (in the form of granule, thread,

or reticular network) is determined by nPo, where n refers to the number of discrete

trigger sites (e.g., number of mPTPs) and Po the probability of transient opening.

This model is supported by the observation that at the whole-cell level mitoflash

frequency is largely invariant when mitochondria network fragmentizes in Mfn1/

Mfn2 knockout cells or hyperfuses in Drp1- or Mff-deficient cells. As such, at the

single-mitochondrion level, fragmented or hyperfused mitochondria display fewer

or more frequent events per organelle. This is in contrast to an oscillatory trigger

model in which mitoflashes arise from intrinsic oscillation of the mitochondria

(Romashko et al. 1998; Aon et al. 2003). The oscillatory trigger model predicts a

constant oscillation frequency independent of mitochondrial fission and fusion

(Fig. 3). An exemplary oscillator system can be found in cardiac pacemaking – the

rate of action potential firing in the whole sinoatrial node, which consists of hundreds

of pacemaker cells that are electrically coupled to form a functional syncytium, is

similar to that of individual cells acting in isolation (Lakatta et al. 2010).

Once activated, a mitoflash appears to evolve in an autonomous fashion. In a

working model recently refined (Wang et al. 2016b) (Fig. 4), we hypothesized that

mPTP opening results in water and ionic fluxes to electrically depolarize and

mechanically strain the IMM. The mechanical strain is evidenced by the conspicu-

ous mitochondrial swelling that sometimes even masquerade as “contraction”

during a mitoflash. Recent super-resolution microscopy studies further revealed

that the contents in the inter-membrane space can be squeezed by matrix expansion

while the whole mitochondria volume is kept constant (Booth et al. 2016),

indicating that mechanical strain may occur even in the absence of mitochondrial

swelling. In either case, mechanical strain may cause dislocation of ETC molecular

assembly (e.g., supercomplexes) and dis-insulation of the normal electron path

particularly at the intermolecular junctures (Mechanism 1), and thus greatly

increases intermediary electron leakage to oxygen, giving rise to a burst of super-

oxide formation. Meanwhile, depolarization accelerates electron transfer from the

donor pool to ETC acceptors (e.g., from NADH to complex I, and from FADH2 to

complex II) and shifts the redox potential toward oxidation (Mechanism 2). The

flux of superoxide production can be put in an equation [modified from a previous

review (Wang et al. 2012)]:

Jsuperoxide ¼ β O2½ � e�½ �
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where [e�] refers to the electron occupancy at transferable sites, [O2] the local

oxygen concentration, and β the transfer efficiency. In this scenario, Mechanism 1 is

related to an increase in β whereas Mechanism 2 is related to change in [e�].
Depolarization and bursting superoxide formation stimulate ETC activity and

accelerate coupled proton pumping across the IMM, resulting in matrix alkaliniza-

tion. In this way, different facets of the mitoflashes are mechanistically interlinked.

Termination of a mitoflash ensues following stochastic closure of the mPTP, restora-

tion of matrix ionic homeostasis, re-insulation of the ETC path as the membrane stain

decreases, and recovery of normal ETC activity as Δψm repolarizes. It is noteworthy

that a subset of cpYFP-reported mitoflashes exhibit a prolonged tail of undershoot.

We interpret this tail component to reflect a sustained matrix acidosis, likely arising

from decreased ETC proton pumping (as the electron-donor pool diminishes) and/or

enhanced proton entry due, for instance, to incomplete closure of mPTP. In this

regard, multiparametric measurement in neurons shows that mito-SypHer reports a

brief matrix alkalinization followed by a prolonged acidosis, while mito-Grx1-

roGFP2 reports a persistent oxidative redox shift during the tail component

(Breckwoldt et al. 2014).

As to properties of individual mitoflashes, quantitative analysis has been aided

with an automated mitoflash detection algorithm, the Flashsniper (Li et al. 2012b),

a
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Mitochondria Activated mitochondria Trigger sites

Stochastic Trigger Model Oscillatory Trigger Model

Additive Frequency Constant Intrinsic Frequency
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Fig. 3 Stochastic trigger model for mitoflash biogenesis. (a) Putative mitoflash trigger sites,

marked with red blocks, remain constant when the mitochondrial network hyperfuses or

fragmentizes. (b) In the stochastic trigger model, hyperfused mitochondrial reticulum exhibits

additive rate of mitoflash production. In contrast, oscillatory trigger model predicts a near constant

oscillation frequency, independent of mitochondrial fission or fusion. Modified from Li et al.

(2016)
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and the latest data obtained from hyperfused mitochondria with improved detection

ability and minimized out-of-focus detection bias (Li et al. 2016). We found that the

mitoflash amplitude follows a decaying exponential distribution (Li et al. 2016).

This indicates that the chemical and electrical excitation of the mitochondria, in the

form of mitoflashes, is polymorphic rather than stereotypical. This variability in

mitoflash magnitude is presumably under the control of trigger strength (e.g., mPTP

open duration and conductance). Thus, albeit discrete and digital, mitoflash bio-

genesis is not an all-or-none phenomenon as we initially thought.

Notably, we found that, over reticular mitochondrial network that extend up to

50 μm in skeletal muscles or the entire cell in HeLa cells, mitoflash ignition can be

synchronous at the millisecond temporal resolution. This observation implicates

that electrical signals, instead of diffusive messengers, are most likely responsible

for the spatial synchrony. This hypothesis is in general agreement with the results
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Fig. 4 Schematic model for mitoflash biogenesis. Acting solo or in concert, matrix Ca2+, ROS, H+,

or other factors trigger a transient opening of mPTP. A stochastic, flickering opening of the mPTP

results in water and ionic fluxes to strain and depolarize the inner mitochondrial membrane (IMM).

The membrane depolarization may trigger additional mPTP opening throughout the mitochondrion

or interconnected mitochondrial network. The mechanical strain may cause dislocation of ETC

molecules and disruption of the normal electron-flow path, and thus greatly increases electron

leakage to oxygen at intermediary ETC sites, giving rise to a burst production of superoxide and

its ROS derivatives. Meanwhile, depolarization accelerates electron transfer from the donor pool to

ETC acceptors (e.g., from NADH to complex I, and from FADH2 to complex II), and shifts redox

potential toward oxidation. Accelerated ETC activity, driven dually by depolarization and oxygen

deprivation of ETC electrons, stimulates coupled proton pumping by ETC complexes across the

IMM, giving rise to matrix alkalinization. Modified from Wang et al. (2008)
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that membrane depolarization activates mPTP (Bernardi 1992), even though not all

membrane depolarization events are associated with mitoflashes (Wang et al. 2008).

Functionally, we can define mitoflash signal mass as amplitude � duration � area

(Li et al. 2016), and the aforementioned finding implicates that mitochondrial mor-

phological remodeling can regulate mitoflash signaling.

4 Mitoflashes: Elemental Signaling Events

At the level of a single mitochondrion, however, a mitoflash engulfs the entire

organelle, all its genomic, protein, and lipid contents. The bursting formation of

superoxide and its derivative ROS would put the mitochondrion in jeopardy.

Moreover, it occurs at the expense of a significant sum of energy, evidenced by

the dissipation ofΔψm and the depletion of electron donor pool. The question arisen

is why on the earth such mitoflash activity is universally present and highly

conserved across all the eukaryotic cells and organisms examined? Is it an unavoid-

able, hazardous byproduct of the organelle at work? Or is it a necessary evil

invented and harnessed for some beneficiary deeds, e.g., cellular and organelle

signaling?

Much work has been unveiling a multi-layered link of mitoflash with energy

metabolism. As discussed above, mitochondrial energization and respiration are

prerequisites to the occurrence of mitoflashes in intact cells, and mitoflash fre-

quency positively correlates with energy metabolism in many (but not all, see

below) situations. Superfluous substrate supply (glucose or fatty acid in intact

cells, or pyruvate in permeabilized cells) stimulates mitochondrial respiration and

increases mitoflash frequency (Pouvreau 2010; Gong et al. 2015). By generating

mt-cpYFP transgenic mice and developing in vivo mitoflash imaging technique, we

have demonstrated that mitoflash frequency of skeletal muscles surges in response

to systemic glucose challenge or insulin stimulation (Fang et al. 2011). Likewise,

glucose supplementation in the culture plates enhances mitoflash activity in

C. elegans pharyngeal muscles, whereas removal of food for 3–6 h diminishes it

(Shen et al. 2014). Mitoflash frequency is also linked to energy expenditure and

muscle activities, apparently in a more complex way: it significantly increases as an

aftereffect of pacing of cardiac myocytes (2 min at 2 Hz) (Gong and Wang 2013;

Gong et al. 2014); or, in skeletal muscle fibers, a brief tetanic stimulation (5 tetani)

increases, but prolonged tetanic stimulation (40 tetani) markedly decreases

mitoflash frequency observed right after stimulation (Wei et al. 2011). Taking

these as a whole, mitoflash frequency is thought to be a biomarker of mitochondrial

metabolic state. However, a caveat is that mitoflash frequency is not a unique

function of the rate of metabolism under different conditions (see below).

We have recently shown that protons at nanodomains of IMM are powerful

trigger of mitoflashes (Wang et al. 2016b). Matrix proton uncaging elicits immedi-

ate and robust mitoflash response over a broad dynamic range in cardiac myocytes

and HeLa cells. Similar effects can be induced by electroneutral proton–cation

antiport mediated by low concentrations of nigericin and monensin. Because the
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estimated lifetime and diffusion distance of free matrix proton are merely 1.42 ns

and 2.06 nm, the mitoflash-triggering effect is likely mediated by nanodomain,

short-lived free protons rather than changes of bulk matrix pH (Wang et al. 2016b).

For steady pH changes, mitoflash incidence in cardiac cells shows little change over

the physiological pH ranges or even decreases at extreme pH values (Wang et al.

2016b). Since concepts such as proton gradients, vectorial proton movements, and

proton motive force occupy the center stage of bioenergetics, that protons trigger

mitoflashes indicates that mitoflash biogenesis is mechanistically coupled with

energy metabolism at the deepest level. Future investigations are warranted to

determine whether and how mitoflash activity reciprocally regulates mitochondrial

energy metabolism, fulfilling a signaling role.

However, this mitoflash-metabolism link is only one facet of the whole story.

Mitochondria are multifunctional, so situations are there when mitoflash activity

is regulated independently of energy metabolism. Indeed, mitoflash biogenesis

involves molecular players and mechanisms that overlap but are distinctly different

from those of energy metabolism (see above). For instance, mPTP, which is

obligatory to mitoflash ignition, does not directly participate in oxidative phosphor-

ylation, but serves a hub to integrate convergent signals including Ca2+, ROS,Δψm,

pH, Pi (Bernardi et al. 2015). Indeed, mitoflash frequency is actively regulated

alongside yet relatively independent of the regulation of mitochondrial respiration.

In particular, three major mitoflash trigger signals have been identified, i.e., physi-

ological levels of matrix Ca2+ elevation, basal ROS, and recently, protons at

nanodomains of IMM (Hou et al. 2013; Jian et al. 2014; Wang et al. 2016b). In

HeLa cells, a prolonged sub-micromolar matrix Ca2+ elevation increases mitoflash

frequency, with EFHD1 functioning as a novel mitochondrial Ca2+ sensor (Hou

et al. 2016). H2O2 and oxidants including selenite, menadione, and hypochlorite

also dose-dependently enhance mitoflash activity (Ma et al. 2011; Hou et al. 2013;

Zhang et al. 2014). Importantly, the co-presence of ROS can allow an otherwise

sub-threshold Ca2+ signal to significantly augment mitoflash frequency, indicating a

synergistic effect between Ca2+ and ROS in mitoflash regulation (Hou et al. 2013).

In a nutshell, regulation of mitoflash ignition is qualitatively very similar to, but

quantitatively distinctive from, the regulation of persistent mPTP opening – the

mitoflash ignition involves much weaker, physiological changes of the trigger

signals (Hou et al. 2014). Collectively, these results indicate that mitoflashes are

not merely a byproduct or epiphenomenon of mitochondrial respiration. In addition,

mitoflash is a complex event regulated by multiple factors, so different regulators

may be dominant in different experimental conditions.

An emerging concept is that the ubiquitous, yet potentially hazardous mitoflashes

are harnessed to act as elemental signaling events. In this regard, we have proposed

that the ROS components or superoxide flashes are well-poised to serve as elemental,

dynamic signaling units (Wang et al. 2012). It has been increasingly appreciated that

ROS are important messengers participating in many signaling pathways including

cell migration, cell proliferation, autophagy, apoptosis, and senescence (Shadel and

Horvath 2015; Zhang et al. 2016). During cell migration, Rho, a critical mediator of

actin polymerization and the formation of focal adhesions, can be activated by ROS
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through direct oxidation of a redox-sensitive motif (Aghajanian et al. 2009). As an

inhibitor of cell migration, the low molecular weight protein tyrosine phosphatase is

inactivated by ROS through direct oxidation on Cys12 and Cys17 to form an

inactivating disulfide bond (Chiarugi et al. 2001). Moreover, matrix pH change in a

mitoflash or pH flash can also act as a signal. For example, nutrient stimulation

increases mitochondrial matrix pH in pancreatic β cell and the matrix alkalinization

promotes ATP synthase and metabolism-coupled insulin secretion (Wiederkehr et al.

2009; Akhmedov et al. 2010). Therefore, both the ROS and the pH components

endow mitoflashes the potential to act as signaling events.

Mitoflash signaling occurs mainly in the frequency-modulated (FM) mode,

because the amplitude and duration of mitoflashes are stochastic variables whose

mean values are relatively constant in different conditions. Many groups have

independently demonstrated that mitoflash frequency can be actively regulated over

two orders of dynamic range. This implicates a high signal-to-background contrast,

high signal-to-noise ratio, and high information-encoding capacity. Mitoflashes are

“digital,” and unique advantages of a digital versus analog signal are as the follows.

(1) Linearity. Its signaling strength is linearly determined by the event rate, while an

analog system may subject to non-linear transformation and undergo saturation;

(2) Coordination among multiple effectors. If two or more effectors are targeted, a

digital mechanism causes the same fold-change in each and every effector affected,

whereas an analog signal differentially activates its effectors in accordance with their

respective affinities (e.g., Kd) (Cai et al. 2008); (3) Efficiency. For any hyperlinear

processes, spatially and temporally focused signals would be more effective than

those if the same total signal mass spread evenly over space and time. (4) Specificity.
In the digital paradigm, compartmentalization of signals provides a way to achieve

signaling specificity by strategic localization of decoder and effector proteins;

(5) Diversity. With specificity and compartmentalization, diverse signals can be

activated in different contexts. Furthermore, as individual mitoflashes constitute

elemental signaling events, higher orders of spatial and temporal pattern of mitoflash

activation can greatly expand the information-encoding capacity in a combinatorial

fashion. (6) Safety. Take ROS for an example. Whereas sustained elevation of global

ROS is undoubtedly detrimental, brief and compartmentalized ROS pulses may

reliably activate high-threshold ROS effectors and pathways locally, limiting cellular

and mitochondrial damage.

These recent advances have also brought forth new insights into the “digital-

analog” duality of cellular ROS signaling. Specifically, mitochondrial basal ROS

production provides the primary source of analog, “hemostatic ROS” for setting

basal ROS level and redox potential. Amidst this background, mitoflashes form a

distinctive, discrete system of digital, “signaling ROS” (Hou et al. 2014). As

discussed above, key features of the digital subsystem include confinement of

mitoflashes to single mitochondria, autonomous mitoflash evolvement (with sto-

chastic variability), and FM encoding and decoding of biological information. Such

a digital subsystem does not operate independently of to the analog ROS subsystem.

Basal ROS directly triggers mitoflash events, whilst the contribution of digital

signaling ROS to homeostatic ROS appears to be marginal (Ma et al. 2011; Hou
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et al. 2013). In analogy to “Ca2+ sparks” for Ca2+ signaling (Cheng and Lederer

2008), mitoflashes as the elemental ROS units may support hierarchical multi-

scaled intracellular ROS dynamics, including ROS waves supported by ROS-

induced ROS release (Romashko et al. 1998; Yan et al. 2008; Zorov et al. 2014)

and cell-wide ROS oscillations under stressed conditions (Aon et al. 2003).

Through spatial and temporal coordination, complemented with the multiplicity

of mitoflash signal components, mitoflash signaling may achieve efficiency, diver-

sity, and cell type- and context-dependent specificity, all at once.

In this scenario, we speculate that the mitochondrion in its symbiotic life might

have been harnessed by its host not only as a powerhouse, but also for a handy,

digital ROS (and pH) signal generator. That is, it provides a digital machinery to

generate and terminate discrete signaling ROS and other signals. Evidently, this

compartmentalized ROS signaling is intimately interlinked with other core

functions and signals of the organelle, including bioenergetics, basal ROS produc-

tion for redox homeostasis, and mitochondrial stress responses. Investigation of

mitoflash signaling should shed new light on our understanding of mitochondrial

functions and their integration to cellular and organismal biology.

5 Mitoflash Signaling in Biology

While the consensus on the origin and nature of mitoflashes emerges, more research

groups are beginning to explore possible roles of mitoflashes in diverse physiologi-

cal and pathophysiological contexts. This is an enormous and important undertake,

because we anticipate that, despite the universality of mitoflashes, mitoflash signal-

ing might vary in a tissue- and cell type-specific and context-dependent manner. In

this section, we present a few sets of examples to give a glimpse of the significance

and complexity of mitoflash signaling in biology (Fig. 5). An intimate relationship

between mitoflashes and mitochondrial respiration and metabolism has been

discussed above and will not be repeated.

In the first set of examples, mitoflashes serve as an important senor and responder

to oxidative stresses. For instance, in cardiac myocytes exiting from hypoxia treat-

ment, a flurry of mitoflash activity surges within 5–10 windows of reoxygenation

(Wang et al. 2008). Chemical preconditioning with adenosine, which alleviates

reoxygenation-associated oxidative stress, effectively suppresses this transient over-

shoot of mitoflash activity (Wang et al. 2008). Hyperosmotic stress elicits a reversible

20-fold increase of mitoflash frequency in an ROS- and Ca2+-dependent manner (Hou

et al. 2013). This elevated mitoflash activity is implicated in the activation of JNK and

p38 involved in cellular adaptive responses for survival (Hou et al. 2013). In HeLa

cells undergoing oxidative stress-related apoptosis, an increase in mitoflash activity is

an early stress responder, occurring prior to global ROS increase, mitochondrial

fragmentation, Bax translocation, and cytochrome C release (Ma et al. 2011). Such

mitoflashes drive the progression toward the commitment of the cell to death, and are

sensitive to CypD- and Bcl-2-mediated pro- and anti-apoptotic regulation (Ma et al.

2011). InC. eleganswith transgenic expression of cpYFP, Shen et al. have shown that
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oxidative stressors, H2O2, or paraquat or photochemically induced ROS from the

fluorescent protein KillerRed, almost immediately increase mitoflash frequency, by

15-fold in the pharyngeal muscles (Shen et al. 2014). These results provide compel-

ling evidence that mitoflash frequency is a sensitive gauge of oxidative stress, and

mitoflashes constitute an early component of oxidative stress response.

Mitoflashes also participate in the regulation of cell differentiation, cell prolifer-

ation, and stemness maintenance. The mitoflash frequency negatively regulates the

self-renewal of embryonic mouse cerebral cortical neural progenitor cells (NPCs)

(Hou et al. 2012). SOD2 deletion and mPTP opener increase mitoflash frequency

Cell 
metabolism

Oxidative 
stress

Aging

Cell differentiation
/proliferation

Diseases

Input 
JNK, p38

ERK, 
Nanog

? ? ?

Decoding 

Ca2+

ROS

H+ ROS
pH ∇∇

Ψm

Encoding 

Biology 

Fig. 5 Mitoflash signaling in biology. Input signals, such as matrix Ca2+, ROS, H+, and other

factors, converge on triggering discrete mitoflash events. Mitoflash encodes the input signals in the

form of ROS burst, redox shift toward oxidation, matrix alkalinization, and/or IMM depolariza-

tion. While intra-mitochondrial decoding processes are largely unknown at present, cytosolic

decoding of mitoflash signals appears to invoke effectors such as ERK, JNK, p38, and Nanog.

As such, mitoflashes play a signaling role in vital biological processes ranging from metabolism to

cell differentiation, to stress response, diseases, and aging
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and decrease NPC proliferation, whereas ROS scavengers or mPTP inhibitors

decrease mitoflash frequency and increase NPS proliferation, with little change in

the global ROS level (Hou et al. 2012). At mid-gestation, fewer proliferative NPCs

and differentiated neurons are found in the embryonic cerebral cortex of SOD2

knockout mice compared with wild-type littermates (Hou et al. 2012). This

mitoflash signaling is in part mediated by ERK1/2 activation, and is in contrast to

the role of global ROS which is generally thought to promote cell differentiation

(Hou et al. 2012). More recently, Ying et al. reported that mitoflash plays a role at

the early stages of somatic stem cell reprogramming through increasing the expres-

sion of Nanog at both mRNA and protein level (Ying et al. 2016). These findings

are in general agreement with that mitochondrial ROS play signaling roles in

a variety of pathways in differentiation and organogenesis (Owusu-Ansah and

Banerjee 2009).

Shen et al. reported that mitoflash frequency in early adulthood is a predictor of

C. elegans lifespan (Shen et al. 2014). The day-3 mitoflash frequency in pharyngeal

muscles negatively correlates with the lifespan of individual animals. This negative

correlation holds when lifespan is altered genetically, or by environmental factors,

or from stochastic variability, suggesting that the tempo of mitoflashes reflects the

tick of the mitochondria which, in turn, are deeply rooted in the putative ageing

program.

It has also been reported that increased mitoflash activity is associated with an

over-all doubled level of mtDNA mutation in both fibroblasts from patients with

Huntington’s disease (HD) and the HD mouse model (Wang et al. 2013). Xu and

Chisholm have shown that physical damage of the worm skin induces a wave of

dramatically increased mitoflash activity in the wake of a tissue-level propagating

Ca2+ wave initiated from the injury site. Functionally, this mitochondrial ROS burst

promotes actin-based wound closure (Xu and Chisholm 2014). Moreover, in the

skeletal muscle fibers from RYR1 Y522S/WT mice, a model of malignant hyper-

thermia, a significant temperature-dependent increase of mitoflash frequency has

also been documented (Wei et al. 2011). The decreased mitoflash frequency in

Ndufs4 cKO mice is accompanied by accelerated heart failure (Karamanlidis et al.

2013; Gong et al. 2015). In mt-cpYFP-expressing db/db mouse model with the

obesity and insulin-resistance, we uncovered a progressive increase of mitoflash

frequency along with its mitochondrial morphological changes. Pioglitazone treat-

ment normalized mitoflash frequency and morphology while restoring mitochon-

drial respiratory function and insulin sensitivity (Ding et al. 2015). This set of

findings illustrates that mitoflashes provide a powerful investigative tool in pursuing

the etiology and therapeutic intervention of major mitochondrion-related diseases.

6 Perspectives

According to Shannon’s information theory, a signaling pathway can be regarded as

a communication system of information transmission, and involves encoding,

communicating, and decoding components (Shannon 1997; Uda and Kuroda
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2016). When a signaling pathway operates in cells and organisms, there are also

biological input signals feeding to the pathway, and downstream effectors that

respond to the output signals. In this perspective, we are only at the beginning of

appraising the mitoflash signaling pathways. With Ca2+, basal ROS, protons as the

major input signals, how does a mitoflash encode them into new signals inside the

mitochondria and beyond? How are the mitoflash signals decoded, and which

signaling molecules and pathways are invoked? What are the ultimate biological

effectors of mitoflashes? These are important questions that beg for answers.

We have by now identified several biological inputs – matrix Ca2+, H+, and basal

ROS as the triggers. Candidate encoding signals include ROS burst, pH transient,

redox shift, and action potential-like Δψm oscillation. These signals blanket over

the entire mitochondrion or interconnected mitochondrial network. At present,

almost nothing is known about how a mitoflash affects mitochondrion-residing

signaling and functioning molecules – the protein machineries for tricarboxyl acid

cycle and lipid metabolism, a plethora of enzymes for phosphorylation and acety-

lation, and other post-translation modifications, and metal proteins for redox–

sensing and regulation, as well as transcription factors and protein synthesis

machinery serving the mitochondrial genome. Likewise, little is understood about

how the mitoflash activates downstream events beyond a mitochondrion. In princi-

ple, it might communicate with neighbor mitochondria and other organelles (e.g.,

endoplasmic/sarcoplasmic reticulum) directly via stable and diffusive ROS species

derived from superoxide anions. In contrast, single-mitochondrion pH change is

unlikely to propagate over a long distance, because free proton lifetime and

diffusion distance are on nanosecond and nanometer scales in milieu of heavily

buffered cellular environments. It might also be possible that signaling molecules

are activated intra-mitochondrially and then traffic beyond single mitochondrion to

relay mitoflash signaling. In the cytosol, only a few decoding signaling molecules

have been identified to link mitoflashes to cell survival and stress responses.

Nonetheless, biological studies have depicted an increasingly interesting picture

where mitoflashes play salient and versatile roles in metabolism, biogenetics, cell

fate regulation, stress responses, diseases, and aging.

With superoxide flash as one facet of a mitoflash, recent advances in mitoflash

research shed new light on ROS signaling. Mitoflash ROS bursts are digital, local

(single-mitochondrion), and stochastic. By contrast, ROS oscillations in the form of

ROS-induced ROS release and ROS waves are oscillatory phenomena involving

long-range and even cell-wide inter-mitochondrial communication. Future investi-

gation is warranted to integrate such a broad spectrum of ROS dynamics into a

unifying framework. Finally, as mitoflashes emerge as elemental events underlying

ROS signaling and beyond, targeting mitoflash activity may provide a novel means

for the control of mitochondrial metabolism and signaling in health and disease.

The field is widely open to new researchers for new discoveries.
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Abstract

Mitochondria, the powerhouse of the cell, have been known for many years for

their central role in the energy metabolism; however, extensive progress has been

made and to date substantial evidence demonstrates that mitochondria play a

critical role not only in the cell bioenergetics but also in the entire cell

metabolome. Mitochondria are also involved in the intracellular redox poise, the

regulation of calcium homeostasis, and the generation of reactive oxygen species

(ROS), which are crucial for the control of a variety of signaling pathways.

Additionally, they are essential for the mitochondrial-mediated apoptosis process.

Thus, it is not surprising that disruptions of mitochondrial functions can lead or be

associated with human pathologies. Because of diseases like diabetes, Alzheimer,

Parkinson’s, cancer, and ischemic disease are being increasingly linked to mito-

chondrial dysfunctions, the interest in mitochondria as a prime pharmacological
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target has dramatically risen over the last decades and as a consequence a large

number of agents, which could potentially impact or modulate mitochondrial

functions, are currently under investigation. Based on their site of action, these

agents can be classified as mitochondria-targeted and non-mitochondria-targeted

agents. As a result of the continuous search for new agents and the design of

potential therapeutic agents to treat mitochondrial diseases, terms like

mitochondriotropics, mitochondriotoxics, mitocancerotropics, and mitocans

have emerged to describe those agents with high affinity to mitochondria that

exert a therapeutic or deleterious effect on these organelles. In this chapter,

mitochondria-targeted agents and some strategies to deliver agents to and/or

into mitochondria will be reviewed.

Keywords

Lipophilic cations • Mitocans • Mitochondria • Mitochondriotropics •

Mitochondriotoxics • Triphenylphosphonium

1 Introduction

Mitochondria are sub-cellular organelles commonly recognized as the powerhouse

of the cell; however, in addition to their role in the energy metabolism it has

increasingly become evident that mitochondria play important roles in a large

variety of process including apoptosis, cell differentiation, oxygen sensing, and

calcium metabolism (Smith et al. 2012).

The growing interest of different research groups to investigate mitochondria as

a pharmaceutical target has been triggered by the realization that a large variety of

neuromuscular and neurodegenerative disorders, as well as diseases like cancer,

ischemia-reperfusion injury, and diabetes, are associated with mitochondrial

dysfunctions.

An increasing number of bioactive molecules potentially able to act on mito-

chondrial molecular targets, as well as strategies to deliver such molecules to and/or

into mammalian mitochondria in living cells have been described (D’Souza

et al. 2011). According to their site of action, agents able to interfere with mito-

chondrial functions can be classified into two main categories: as mitochondria-

targeted and non-mitochondria-targeted agents (Smith et al. 2012). Mitochondria-

targeted agents are those molecules that have mitochondria as their primary target

and alter mitochondria functionality by directly acting on them. On the other hand,

non-mitochondrial-targeted agents are those molecules that have a secondary target

in a different sub-cellular location other than mitochondria but their interaction

results in modifications of mitochondria functionality (Szewczyk and Wojtczak

2002). Figure 1 illustrates multiple targets of mitochondria including the respiratory

chain complexes and the mitochondrial permeability transition pore complex

(PTPC), as well as the whole cell representing additional sub-cellular organelles

as secondary targets of mitochondria.
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The search for mitochondria-targeted drugs and the development of new

strategies to deliver low-molecular weight compounds to mitochondria have created

a variety of terms including “mitochondriotropics,” “mitochondriocancerotropics,”

“mitochondriotoxics,” and “mitocans” to describe their high affinity for

mitochondria as well as their ability to interfere with the multiple metabolic

pathways that take place in these organelles. Among these agents are antioxidants,

anticancer, nonsteroidal anti-inflammatory, and immunosuppressive drugs (Horobin

et al. 2007).

2 Mitochondriotropic Agents

The term “mitochondriotropics” generally refers to low-molecular weight

compounds, which based on their physicochemical properties and reactivity show

high intrinsic affinity towards mitochondria. Once inside mammalian cells,

mitochondriotropics accumulate either at or inside mitochondria without requiring

the assistance of any mitochondrial-targeted delivery system (Weissig and

Fig. 1 Schematic representation of potential pharmacological targets in the cell. Mitochondria-

targeted agents directly act on molecular targets such as the mitochondrial respiratory chain

complexes and the mitochondria permeability transition pore in the mitochondrion. Some other

agents accumulate within mitochondria driven by the large mitochondrial membrane potential

(ΔΨ). Non-mitochondria-targeted agents, on the other hand, act on different sub-cellular

organelles in the cell but their interaction also triggers modifications in mitochondria functionality
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Torchilin 2001a; Weissig and Torchillin 2001b). Skulachev’s group (Liberman

et al. 1969) described the first of such compounds, the methyl-triphenylphosphonium

cation in 1969. Skulachev’s group found that this compound selectively accumulated

inside mammalian mitochondria in response to the large mitochondrial membrane

potential (ΔΨm).

Horobin, Trapp, and Weissig (Horobin et al. 2007) analyzed over 100 agents

known to accumulate at or inside mitochondria. Using physicochemical classifica-

tion, QSAR, and Fick–Nerst–Plank models these authors concluded that the agents

with potential mitochondriotropic properties included those with the following

features: lipophilic molecules: 8> log P> 5, amphiphilic molecules: 8>AL> 5,

weak acids with lipophilic less-ionized species: Z� 0; log Pless ionized> 0,

pKa¼ 7� 3, lipophilic to strong lipophilic cations: Z> 0; 5 log P> 0, and moder-

ately hydrophilic to moderately lipophilic cations: Z> 0; �2> log P> 2. In addi-

tion, they also concluded that the mechanisms behind the mitochondrial

accumulation of those molecules were mainly the electric potential, ion trapping,

or complex formation with cardiolipin (Horobin et al. 2007).

A long with the physicochemical properties, molecular weight seems to be

another significant parameter involved in the specific accumulation of agents within

mitochondria, as it directly impacts their diffusion and membrane permeability

(Zheng et al. 2011). In a meta-analysis performed to determine the accumulation of

approximately 900 small molecules in specific locations within cell, Zheng reported

that compounds with molecular weights <500 Daltons were highly localized in

mitochondria (Zheng et al. 2011). A few examples of the chemical compounds

analyzed in this meta-analysis that showed accumulation within mitochondria

included valproic acid, amytal, lonidamine, zidovudine, diclofenac, and

haloperidol.

The recognition of specific physicochemical properties found in low-molecular

weight compounds with high affinity for mitochondria now makes possible to

predict the mitochondriotropic behavior of certain drugs or molecules, which in

turn has tremendously increased the number of pharmacological agents under

investigation for clinical applications. Equally important is the identification of

molecular targets, pathways, or mechanisms of action responsible for the pharma-

cological effects of mitochondriotropic agents. In this regard, multiple potential

mitochondrial molecular targets either at the inner (IMM) or the outer (OMM)

mitochondria membranes, matrix or intermembrane space (IMS) have been

described (Weissig et al. 2004). Among them are mitochondria respiratory chain

complexes, mitochondrial DNA (mtDNA), mitochondrial PTPC, and proapoptotic

and antiapoptotic proteins (see Fig. 1), (Milane et al. 2015). Table 1 provides a

detailed list of the main primary targets of mitochondria, while Table 2 describes a

vast number of mitochondria-targeted agents and their pharmacologic effect.
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2.1 Delocalized Lipophilic Cations

Low-molecular weight compounds lacking of mitochondriotropism but that could

potentially act on a molecular target at or inside mitochondria often need to be

directed towards these organelles. One of the most commonly used approaches to

deliver these low-molecular weight compounds to mitochondria is their conjuga-

tion to mitochondriotropic lipophilic cations such as triphenylphosphonium (TPP,

see Fig. 2). Following their first description by Skulachev’s group in 1969,

delocalized lipophilic cations have become very well known for being rapidly

taken up by mitochondria without requiring a specific type of transport. Due to

their delocalized positive charge, lipophilic cations can permeate mitochondrial

membranes and accumulate in or at mitochondria in response to their larger

mitochondrial membrane potential (negative inside) (Modica-Napolitano and

Aprille 2001; Horobin et al. 2007; Murphy 2008). The utilization of delocalized

lipophilic cations, especially TPP cations for targeting a variety of agents to

mitochondria, has been pioneered and extensively studied by Mike Murphy’s

group. They have successfully linked TPP to a significant number of molecules to

Table 1 Molecular targets of mitochondria divided according to their sub-localization (Milane

et al. 2015; Horobin et al. 2007; Weissig et al. 2004)

Localization Target

OMM Bcl-2

Voltage-dependent anion channels, VDACs

Hexokinase

Mitochondrial benzodiazepine receptor, BzPR

p53

Carnitine acyltransferase I, CPT1

P-glycoprotein, Pgp

Translocase of the outer membrane (TOM)

Bax

IMM Adenine nucleotide translocase, ANT

Complex I

Complex II

Complex III

Complex IV

Complex V

Cytochrome c
Ca2+ uniport

ATP-sensitive channel, mitoKATP channel

Mitochondrial inner membrane K+ channel, mitoKCa

Uncoupling proteins, UCP

ATPase

Matrix Mitochondrial cyclophilin, CyP-D

Mitochondrial estrogen receptor, ER

Tricarboxylic acid cycle, TCA

Mitochondrial DNA, mDNA

Sirtuin-silent information regulator proteins, SIRT

IMS Glycerol phosphate dehydrogenase, GPD
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Table 2 Pharmacologic effect of mitochondrial-targeted agents (Milane et al. 2015; Horobin

et al. 2007; Zheng et al. 2011)

Agent Effect

Valproic acid

Glibenclamide

Tolbutamide

These agents are known to inhibit or interfere with mitochondrial

β-oxidation

Menadione

Rotenone

Paraquat

Memantine

Imipramine

Cinnarizine

Flunarizine

Haloperidol

Myxothiazol

Mahanine

Cyanide

Amytal

Vacor

These agents are able to directly inhibit complexes of the mitochondrial

respiratory chain, and subsequently trigger cell death

Ubiquinol

Flupirtine

Resveratrol

Ranolazine

MitoQ

MitoE

MitoPBN

MitoPeroxidase

SS31

The overproduction of reactive oxygen species (ROS) appears to be a

common underlying mechanism of many pathologies, as it damages

cellular components, including proteins, lipids, and DNA. These agents

have been used to counteract these detrimental effects, based on their

ability to act as antioxidants and radical scavengers

Cromakalim

Nicorandil

Diazoxide

These potassium channel openers are able to depolarize the mitochondrial

membrane potential and cause reversible oxidation of flavoproteins of the

respiratory chain and increase mitochondrial ROS production

Cyclosporin A Permeability transition pore opening is major step towards apoptosis.

Cyclosporin A is a well-known mitochondrial permeability transition pore

opening blocker

Zidovudine

Zalcitabine

Stavudine

Didanosine

Ditercalinium

5-Aminolevuliniv

acid

Cellular exposure to these compounds generates oxidative damage to

mitochondrial DNA (mtDNA), including single- and double-strand breaks

and base damage

Aspirin

Ibuprofen

Diclofenac

Mefenamic acid

Tolfenamic acid

Piroxicam

Salicylic acid

Acetylsalicylic

acid

These agents act as uncouplers of the oxidative phosphorylation by

reducing the ATP production
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selectively target mitochondria, particularly, antioxidant molecules to protect the

cell from oxidative stress damage. (Murphy 2008). A few examples of these

TPP-conjugates include MitoE, MitoPeroxidase, MitoTempo, MitoPC, and at last

MitoQ, the most studied antioxidant-targeted molecule (Armstrong 2007; Starenki

and Park 2013; Szeto 2008; Smith and Murphy 2011).

Another strategy to deliver molecules with pharmacological effect to

mitochondria is their incorporation into pharmaceutical nanocarriers such as

liposomes. This strategy is particularly useful for those molecules that exhibit

low affinity to mitochondria, low solubility, or are easily degraded. Boddapati

(Boddapati et al. 2008), for example, conjugated the lipophilic cation TPP to a

stearyl residue to obtain the STPP conjugate, which was subsequently incorporated

into liposomes to form the so-called mitochondriotropic liposomes. These

mitochondriotropic liposomes were loaded with ceramide and when added into

the cancer cells they efficiently induced apoptosis. In the same way, Malhi (Malhi

et al. 2012) prepared what he called “mitocancerotropic liposomes,” which

consisted in folic acid-functionalized STPP liposomes loaded with doxorubicin.

Since delocalized lipophilic cations are toxic at high concentrations. Biswas

(Biswas et al. 2012) conjugated polyethylene glycol-phosphatidylethanolamine

(PEG-PE) to the TPP cation in order to reduce its toxicity. The resulting TPP-

PEG-PE conjugate was incorporated into liposomes loaded with paclitaxel, which

reduced TPP toxicity and at the same time improved paclitaxel anticancer

properties. Benien (Benien et al. 2015) and Guzman-Villanueva (Guzman-

Villanueva et al. 2015) also achieved reduction of the TPP cation toxicity by

Mastoparan

CH2

CH2

CH2

CH2 CH2

CH3

CH2

CH2
CH2

CH2
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Fig. 2 Schematic representation of the most commonly used mitochondriotropic and

mitochondriotoxic systems
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conjugating TPP to other commercially available phospholipids including phospha-

tidylethanolamine (PE). Possible reasons for the reduced cytotoxicity of the TPP

cation conjugated to two-tailed phospholipids compared to the TPP conjugated to a

single fatty acid have been discussed by Guzman-Villanueva et al. STPP (TPP

conjugated to a stearyl residue), for example, possesses an alkyl-lysolipid-like

structure. Lysolipids (or single-tailed lipids) are not bilayer forming lipids, which

generate high positive curvatures and membrane re-arrangements when inserted

into phospholipid bilayer membranes. One can easily imagine STPP contributing to

the permeabilization of the mitochondria membrane, thereby creating instability

and modifications of the properties of the lipid bilayer (Lucken-Ardjomande and

Martinou 2005; Fuller and Rand 2001). It has indeed been reported that excessive

accumulation of lysolipids in membranes induces cell lysis, which is consistent

with the concentration-dependent toxicity of STPP, as observed by Guzman-

Villanueva. Along with these membrane structural modifications, Guzman-

Villanueva also suggested that STPP may induce cell death by disturbing the

lipid metabolism and lipid signaling in cell membranes, as described by van del

Luit (van der Luit et al. 2002) and Marco (Marco et al. 2014).

In summary, as of today a substantial number of TPP conjugates for antioxidant

and anticancer therapy have been described and the covalent attachment of TPP to

different drugs has become a well-establish approach to prepare mitochondriotropic

agents. However, the use of mitochondriotropics, in particular, delocalized

lipophilic cations as single agents has also been studied for anticancer therapy.

Because cancer cells exhibit a considerably higher mitochondrial membrane poten-

tial than non-transformed cells due to altered bioenergetics, higher (10-fold greater)

accumulation of lipophilic actions in mitochondria has been documented (Modica-

Napolitano and Aprille 2001). Examples of these lipophilic cations include Rhoda-

mine 123 and MKT-077. MKT-077 has shown to selectively accumulate in tumor

cell mitochondria including colon, pancreatic, bladder and breast carcinoma and

now is being investigated in clinical trials (Koya et al. 1996; Propper et al. 1999).

2.2 Dequalinium Vesicles

Dequalinium, 1,1’-Decamethylene bis (4-aminoquinaldinium chloride), a cationic

bolaamphiphile composed of two quinaldinium rings linked by ten methylene

groups (Fig. 2), is another agent that displays mitochondriotropic properties

(Lasch et al. 1999; Weissig et al. 1998). Weissig (Weissig et al. 1998) named

these vesicles DeQAlinium-based lipoSOMES, DQAsomes, after having acci-

dently discovered dequalinium’s capacity to self-assemble into vesicles-like

liposomes. Recent reports have shown that DQAsomes have been used to deliver

drugs like paclitaxel, curcumin, and even DNA constructs to mammalian

mitochondria (Zupančič et al. 2014; Lasch et al. 1999; Vaidya and Vyas 2012;

Lyrawathi et al. 2011; D’Souza et al. 2008; D’Souza et al. 2005).
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2.3 Mitochondriotropic Peptides

Many reports in the literature have described the ability of certain peptides to

readily penetrate plasma membrane (Lindgren et al. 2000; Deshayes et al. 2005).

However, it was recently reported that some of these peptides have the ability not

only to permeate the plasma membrane but also to selectively accumulate within

mitochondria (Szeto 2006). Examples of such peptides are the so-called Szeto-

Schiller (SS peptides). These small, water-soluble peptides are tetrapeptides com-

posed of Tyr-Tyrosine or Dmt-dimethyltyrosine, Arg-Arginine, Phe-Phenylalanine,

and Lys-Lysine residues, which selectively accumulate in the inner mitochondrial

membrane (IMM), scavenge ROS, and inhibit the mitochondrial permeability

transition pore opening (Szeto 2008). The sequence of these SS peptides is

characterized by the alternation of the aromatic motifs (Tyr, Dmt, and Phe) with

the basic amino acids (Arg, Lys), which contributes to their net positive charge

(Szeto 2006), as seen in Fig. 2. This amino acid sequence also allows them to freely

penetrate membranes in an energy-independent and non-saturable manner. Among

these peptide antioxidants SS-01 (Tyr-D-Arg-Phe-Lys-NH2), SS-02 (Dmt-D-Arg-

Phe-Lys-NH2), and SS-31 (D-Arg-Dmt-Lys-Phe-NH2) have been described (Szeto

2008).

The aromatic amino acids Dmt and Tyr appear to be accountable for the

antioxidant activity of the SS peptides, as they efficiently scavenge reactive oxygen

species (ROS) to form unreactive tyrosyl or dityrosine radicals, which can also

react with superoxide radicals to form tyrosine hydroperoxide (Zhao et al. 2004).

Moreover, seems like SS-31 inhibits cardiolipin peroxidation and the onset of

mitochondrial transition pore (Birk et al. 2013).

3 Mitochondriotoxic Peptides

Viral protein R (Vpr), a protein encoded in the HIV-1 genome, is a small soluble

protein consisting of 96 amino acids and 3 alpha-helical domains. Vpr is present in

most IHV-1 infected patients and it has been reported to induce cell death via the

intrinsic pathway of apoptosis, which involves mitochondrial membrane

permeabilization (Brenner and Kroemer 2003). Upon incubation with isolated

mitochondria, Vpr has been demonstrated to cross the outer membrane via the

voltage-dependent anion channel (VDAC) and to subsequently interact with the

adenine nucleotide translocator (ANT) forming a channel that dissipates the mito-

chondrial membrane potential triggering apoptosis. In ANT-deficient cells, Vpr

failed to induce apoptosis, thus demonstrating that the ANT is critical for Vpr to

induce apoptosis (Brenner and Kroemer 2003). The mitochondriotoxic effect of

Vpr has been associated with a dodecapeptide (amino acid 72–83) located in the

C-terminal α-helix. This dodecapeptide contains three arginine residues (positively
charged) distributed in one side of the C-terminal α-helix, which physically

interacts with the first loop (amino acids 104–116) of the transmembrane domain
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ANT exposed to the mitochondrial intermembrane space (Brenner and Kroemer

2003).

Mastoparan is another peptide able to permeate plasma and mitochondria

membranes. Mastoparan consists of a sequence of 14 amphipathic and cationic

amino acids (Ile-Asn-Leu-Lys-Ala-Leu-Ala-Ala-Leu-Ala-Lys-Lys-Ile-Leu-NH2),

isolated from the venom of Vespula lewisii (de Azevedo et al. 2015). When

added to isolated mitochondria, mastoparan induces mitochondrial membrane

permeabilization. Incubation of the whole cells with mastoparan induces

mitochondria-mediated apoptosis, which is characterized by morphological

changes in mitochondria, translocation of phosphatidylserine, DNA fragmentation,

nuclear condensation, loss of mitochondrial membrane potential, and activation of

caspases.

Previous work has reported that mastoparan shows potent antitumor activity

against melanoma including A2058, MCF7, Jurkat, SiHa, SK-BR3, and other

cancer cell lines. Interestingly, mastoparan appears to be less toxic in

non-transformed cells (de Azevedo et al. 2015).

Mastoparan possesses an α-helical conformation with a positive charge

distributed on one side of the helix. This “mitochondriotoxic” motif has also been

found in the proapoptotic viral protein R (Vpr) from human immunodeficiency

virus-1 (described above), and other derivatives, which suggests that this structural

motif is essential to initiate this mitochondriotoxic effect (Yamamoto et al. 2014).

Another example of mitochondriotoxic molecules is the p13II protein, an

87 amino acid protein coded by the X-II open reading frame of the human T-cell

leukemia/lymphotropic virus type I (HTLV-1). This p13II protein selectively

targets mitochondria producing alterations in the mitochondrial morphology and

disruptions in the mitochondrial membrane potential (Ciminale et al. 1999).

According to Ciminale (Ciminale et al. 1999), the mitochondria-targeting effect

of the p13II protein is the result of a 10 amino acid sequence in the amino-proximal

region that contains positively charged residues (also Arg residues) that are

distributed in the α-helix. Mitochondriotoxic agents like mastoparan, viral

protein R, and p13II protein appear to share unique structural and conformational

features: sequence motifs located at the amino-proximal or amino-terminal region

of the protein, a positive charge, and an amphipathic α-helical conformation.

Together, these properties have demonstrated to be recognized as mitochondrial

targeting signals (Ciminale et al. 1999) that provide mitochondrial selectivity.

4 Mitocans

“Mitocans,” a term coined by Ralph (Ralph et al. 2006), has recently been used to

classify all the agents that show anticancer activity by specifically acting on

mitochondria. A few of these mitocans are described below and their schematic

representation is shown in Fig. 3.

Lonidamine, 1-[(2,4-dichlorophenyl)methyl]-1H-indazole-3-carboxylic acid or

LND is a drug with antitumoral properties, which in combination with other
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chemotherapeutic agents, seems to enhance the cellular apoptotic response (Floridi

et al. 1987). For example, the combination of lonidamine with cisplatin potentiates

cisplatin toxicity in ovarian carcinoma cell lines. This adjuvant property of

lonidamine with other standard antineoplastic agents like doxorubicin, cyclophos-

phamide, and radiotherapy has also been investigated for the treatment of solid

tumors and metastatic cancers (Di Cosimo et al 2003). Although mechanisms of

action like intracellular lactate accumulation, increase in cytosolic Ca2+, interfer-

ence of the function of mitochondrial hexokinase, and respiratory chain have been

proposed, it has been now demonstrated that lonidamine induces apoptosis by

directly affecting the mitochondrial PTPC. It specifically inhibits the adenine

nucleotide translocase (ANT). When added to the cells, lonidamine causes PT

pore opening, decreases mitochondrial membrane potential, generates uncoupling

of the respiratory chain, and produces swelling of the mitochondrial matrix. All

these events trigger the release of apoptogenic factors, subsequently leading to

nuclear apoptosis (Ravagnan et al. 1999). Lonidamine is currently undergoing

phase III/IV clinical trials, although it has shown to be toxic in non-tumor tissue

(Neuzil et al. 2013).

Arsenite is another agent that shows anticancer activity against acute

promyelocytic leukemia and myeloma cells. Similar to other mitocans, the

Fig. 3 Chemical structures of mitocans, agents that exhibit with high affinity to mitochondria as

well as anticancer properties
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mechanism of action of arsenite was initially unclear; however, caspase activation,

generation of ROS, and downregulation of Bcl-2 have been described as events

involved in the cell death (Larochette et al. 1999). Later, it was confirmed that

mitochondria are the intracellular target of arsenite, as nuclear apoptosis failed

when arsenite was added to isolated nuclei but it was activated in the presence of

mitochondria. In addition, apoptotic-inducing factor (AIF) was found in

supernatants of mitochondria treated with arsenite. PT pore opening inhibitors

like CsA and the overexpression of Bcl-2 prevented the release of AIF. This effect

immediately suggested that the proapoptotic effect of arsenite was mediated by

acting on the mitochondrial permeability transition pore (MPTP) (Larochette

et al. 1999; Costantini et al. 2000). Finally, it has been reported that arsenite induces

permeabilization of ANT and requires mitochondria to induce nuclear apoptosis, as

shown by cell-free systems (Neuzil et al. 2013).

Betulinic acid, a natural pentacyclic triterpene, has also been demonstrated to

possess potent antitumoral activity against a number of cancer cells, including

melanoma, head and neck, colon, breast, lung, prostate, and ovarian carcinoma.

Betulinic acid also shows activity in drug-resistant cancer cells and has reported a

low cytotoxicity in normal cells and tissue (Fulda 2008). The anticancer properties

of betulinic acid have been attributed to its ability to induce the mitochondrial

pathway of apoptosis through the loss of mitochondrial membrane potential, which

in turn triggers mitochondrial outer membrane permeabilization (MOMP), as well

as modulates the activity of Bcl-2 proteins (Neuzil et al. 2013).

CD437 (6[3-adamantyl-4-hydroxyphenyl]2-naphthalene carboxylic acid) is a

well-known anticancer agent. The anticancer properties of this mitocan are also

linked to mitochondrial membrane permeabilization by inhibiting the ANT protein.

CD437 has shown proapoptotic activity against breast, prostate, lung, and ovarian

cells (Costantini et al. 2000; Belzacq et al. 2001). Other chemotherapy agents

directly acting on mitochondria include diamide, PK11195, MT-21, verteporfin

(Belzacq et al. 2001).

Mitochondria membrane permeabilization has shown to constitute a critical

event in the apoptotic process induced by chemotherapy agents, as it promotes

the release of AIF and cytochrome c, which activate caspases and nucleases.

Additionally, it reduces ATP production and causes loss of redox balance. Hence,

it is evident that targeting the MPTP represents a promising strategy for anticancer

therapy, as the mitochondrial PT pore opening precedes a series of signaling events

that lead to apoptotic cell death.

Shifting the balance between antiapoptotic and proapoptotic Bcl-2 family

proteins represents another strategy to induce apoptosis in cancer cells. For exam-

ple, BH3 mimetics have shown to interfere with the interaction between

antiapoptotic proteins (Bcl-2, Blc-xL, or Mcl) and the prop-apoptotic proteins

Bax or Bak, which leads to the oligomerization of BAx or Bak to form channels

and to activate MOMP-dependent apoptosis (Oliver et al. 2004). ABT-737,

ABT-263, and AT-101 (gossypol) are the best-characterized BH3 mimetics and

all of them are now under investigation in clinical trials alone or in combination

with other standard chemotherapeutic agents (Neuzil et al. 2013).
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Disruptors of the HK II and VDAC interaction offer an additional alternative for

the development of new mitocans, as HK II is frequently overexpressed in cancer

and its binding with VDAC is usually tighter in cancer cells than in nonmalignant

cells. Methyl jasmonate is a small molecule known to disrupt the HK II-VDAC

interaction, which favors the MOMP in cancer cell lines (Goldin et al 2008).

Honokiol is another small molecule, isolated from Magnolia, which has recently

shown antitumor activity. Induction of CyP-D and MPTP opening has been

suggested as its major mechanism of action (Neuzil et al. 2013).

Mitochondria respiratory chain complexes are also target of mitocans. Tamoxi-

fen, a nonsteroidal selective estrogen receptor modulator commonly used in

estrogen-positive breast cancer chemotherapy, for example, induced apoptosis by

interfering with the FAD binding site (Moreira et al 2006).

Mitocans targeting mitochondrial DNA (mtDNA) have also been reported. The

toxin 1-methyl-4-phenylpyridinium reduces the copy number of mtDNA by

destabilizing the structure of the mitochondrial D-loop (Neuzil et al. 2013).

In summary, it has been well established that agents acting directly on mito-

chondrial molecular targets can potentially be powerful anticancer agents. For this

reason, it is important to discriminate between those chemotherapeutic agents that

directly act on mitochondria to induce apoptosis from those classical chemothera-

peutic agents that compromise mitochondrial function by activating extra-

mitochondrial proapoptotic signal pathways like etoposide, cisplatin, or doxorubi-

cin. This discrimination is particularly important because mitocans offer two major

advantages over the classical chemotherapeutic agents: selectivity and their ability

to bypass drug resistance (Kroemer and de Thé 1999).

5 Final Remarks

Mitochondria have emerged over the last two decades as a prime pharmacological

target. Subsequently, the amount of agents able to act on mitochondrial molecular

targets has significantly increased. Terms like mitochondriotropics,

mitochondriotoxics, mitocancerotropics, and mitocans have emerged to describe

those agents with high affinity to mitochondria. Investigations aimed to better

understand mitochondrial-targeted agents and their interaction with their

corresponding molecular targets will eventually translate into an increasing number

of pharmacological alternatives for the treatment of mitochondria-associated

disorders including cancer.
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Abstract

Mitochondria are a major source of intracellular energy and reactive oxygen

species in cells, but are also increasingly being recognized as a controller of cell

death. Here, we review evidence of signal transduction control by mitochondrial

superoxide generation via the nuclear factor-κB (NF-κB) and GATA signaling

pathways. We have also reviewed the effects of ROS on the activation of MMP

and HIF. There is significant evidence to support the hypothesis that mitochon-

drial superoxide can initiate signaling pathways following transport into the cytosol.

In this study, we provide evidence of TATA signal transductions by mitochondrial

superoxide. Oxidative phosphorylation via the electron transfer chain, glycolysis,

and generation of superoxide from mitochondria could be important factors in

regulating signal transduction, cellular homeostasis, and cell death.

Keywords

Activation • GATA • HIF • Mitochondria • Mitochondrial ROS • MMP •

MnSOD • NF-κB • Reactive oxygen species • Signal transduction • Superoxide

1 Introduction

Our solar system and planet were formed ~4.6 billion years ago, and evidence has been

presented for the development of life on earth 1 billion years later. The evolution of

algae is believed to have given rise to the presence of oxygen (O2) in the planetary

atmosphere, with this now containing ~20.5% O2. Before this, atmospheric O2 levels

were extremely low (Arnold et al. 2004; Kerr 2005). This rise in atmospheric O2
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resulted in major evolutionary survival pressures due to the increased incidence and

severity of oxidative damage and intracellular peroxidation, especially in mitochondria

(Halliwell and Gutteridge 2007a). Organisms have therefore had to evolve prevention

and protection systems against oxidative damage imposed by higher O2 levels, which

can be toxic to non-adapted cells. These protective systems include enzymes such as

superoxide dismutase (SOD), catalase (CAT), peroxiredoxins, and glutathione peroxi-

dase (GPX), and non-enzymatic substances including glutathione (GSH); vitamins A,

C, andE; urate; carotenoids; and polyphenols (Halliwell andGutteridge 2007b). Current

data suggest that about 1 billion years ago, infection or uptake of a kind of a Rickettsia
prowazekii, a free-living bacteria, into cells resulted in the formation of a symbiotic

relationship with the host cell (Gray et al. 1999; Andersson et al. 1998). This symbiosis,

which is supported by genetic analysis, appears to have given rise to the development of

the mitochondria, and underlies the development of most eukaryotes. The incorporated

bacterium appears to have evolved to share cellular functions with the host, and

particularly the production of large quantities of cellular “energy” in the form of

phosphorylated compounds by oxidative phosphorylation (OXPHOS) via electron

transfer from cellular substrates to molecular O2. Other organisms on earth (anaerobes)

have adapted to live without O2, withmost of these, using glucose to produce energy via

glycolysis. Mammalian cells retain the capacity to use glycolysis to produce energy,

in addition to OXPHOS, but this pathway only produces 2 molecules of adenosine

triphosphate (ATP; the major “energy fuel” in cells) compared to the 31 molecules of

ATP produced in mitochondria via OXPHOS (Salway 2004), indicating the consider-

able advantages of the symbiosis with Rickettsia prowazekii, and the development of

mitochondria.

The evidence that mitochondria are of bacterial origin, such as from Rickettsia, is
considerable (Wang andWu 2015). Thus, mitochondria have the double-membrane

structure typical of prokaryotes compared to the single membranes of eukaryotes,

together with their own deoxyribonucleic acid (DNA; mtDNA), and protein produc-

tion system. The mtDNA is constituted of 16,569 base pairs (bp) (compared to

~3 � 109 bp in human nuclear DNA), and has 13 genes that code for protein

production, i.e., transcription and translation, all of which are for subunits of the

OXPHOS system. In contrast, protein formation from nuclear DNA occurs within

the cytosol (DiMauro and Schon 2006).Mitochondria are comprised of almost 1,000

proteins, with nearly all of the genes that code for these, except the 13 mitochondrial

genes, present in the nuclear genome indicating a dramatic symbiosis (Indo et al.

2007, 2015; Majima et al. 2016).

Evolutionary development of complex organisms from simple multicellular

systems appears to have required an efficient intracellular energy source, so that

without the acquisition of mitochondria and OXPHOS, it is less likely that the

complexity of organisms that are currently present on earth could have developed.

Similar efficient intracellular energy production systems are likely to be required for

all complex species, whether they have evolved on earth, or elsewhere. The tremen-

dous production of intracellular energy afforded by the presence ofmitochondria has

allowed the development both of complex organisms and their considerable life

spans. Why should this be the case? The links between mitochondria, life span, and
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aging are of considerable interest and there is now a large body of evidence that links

the electron transport chains of mitochondria, with oxidative damage and life span.

Oxidative stress resulting from the generation of oxidants from electron leakage

from the OXPHOS process has been strongly implicated in both aging and neurode-

generative disorders (Indo et al. 2015; Majima et al. 2016). However, reactive

oxygen species produced by OXPHOS might have other signaling functions in

normal and tumor cells.

2 Reactive Oxygen Species (ROS) Activate Transduction
Signals: Nrf2 and NF-kB

There is increasing evidence that reactive oxygen species (ROS), peroxides and other

reactive species formed on several proteins, lipids, and DNAs, can activate transduc-

tional signals. One of the major signaling pathways activated in this manner is the

Kelch-like ECH-associated protein 1 (Keap1)–nuclear factor E2-related factor 2 (Nrf2)

system (Kobayashi and Yamamoto 2006). Multiple reactive oxidants can modify

amino acid residues of these proteins (Stadtman and Berlett 1991), and it has been

established that damage to Keap1 results in dissociation of the Nrf2–Keap1 complex,

and activation of Nrf2 (Itoh et al. 2004). There is also evidence that simultaneous

targeting of both the Nrf2 and NF-κB systems can have therapeutic effects against

neuro-inflammation and oxidative stress via alteration of nerve damage, impaired

blood supply, pain hypersensitivity, and neuronal apoptosis (Ganesh Yerra et al. 2013).

In cells, signal transduction networks act to maintain homeostasis and prevent major

changes in intracellular status including alterations to redox potentials. Among the

multiple pathways involved, signal transduction via NF-κB appears to play a key role

during inflammation, immunity, development, cell growth, and survival. NF-κB regu-

lates over 100 genes, including those with both antioxidant and pro-oxidant functions

(Morgan and Liu 2011). Tumor necrosis factor-α (TNF-α) is a well-established inducer
of NF-κB, with this occurring in a ROS-dependent manner (Jamaluddin et al. 2007).

Although antioxidants have been reported to induce NF-κB activation (Liu et al. 2008),

there is overwhelming evidence for a key role of numerous oxidants in this process,

which is postulated to be important in disease (Schieven et al. 1993; Peng et al. 1995;

Li and Karin 1999; Bowie and O’Neill 2000; Kamata et al. 2002; Schoonbroodt and

Piette 2000; Takada et al. 2003; Gloire et al. 2006; Gloire and Piette 2009). The protein,

NF-κB essential modulator (NEMO, also known as inhibitor of NF-κB kinase subunit

gamma, IKK-γ), is a subunit of the IκB kinase complex that activates NF-κB when

present in a dimer (disulfide-bond) form. The formation of these disulfide bonds requires

Cys54 andCys347, and it has been shown that treatment of cellswithH2O2 enhances the

formation of NEMO dimers, suggesting that oxidants can activate the NF-κB-related
system via this pathway (Herscovitch et al. 2008).

Several studies have shown that antioxidants such as N-acetyl-L-cysteine (NAC)

can inhibit NF-κB activation by preventing nuclear translocation of active NF-κB
(Dirsch et al. 1998). It is also known that ROS can activate the mitogen-activated

protein kinase (MAPK) pathway (Guyton et al. 1996; Gupta et al. 1999),
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and evidence has been presented for alteration of critical amino acids in proteins,

and changes in structure and function (Thannickal and Fanburg 2000). Thus,

oxidative modification of signaling proteins by ROS may be a plausible mechanism

for the activation of this pathway. However, the precise molecular targets and the

nature of the reactive oxidants responsible in vivo are unknown, though some of the

observed effects can be replicated in vitro or ex vivo by specific species such as

hydrogen peroxide (H2O2) (Son et al. 2011).

3 ROS Activate MMPs and HIF

Matrix metalloproteinases (MMPs) are a large family of ubiquitous extracellular

endopeptidases, first reported by Gross and Lapierre (1962), that play important

roles in physiology and pathology (Stefano and Herrero 2016; Mittal et al. 2016),

proliferation and development (Small and Crawford 2016), transcriptional regula-

tion (Sternlicht and Werb 2001), differentiation (Barkho et al. 2008), tissue re-

modeling (Hulboy et al. 1997), wound healing (Lazaro et al. 2016), angiogenesis

(Vu et al. 1998; Pepper 2001; Rundhaug 2005), hematopoiesis (Pruijt et al. 1999),

cancer progression (Coussens et al. 2002), and apoptosis (Vu et al. 1998).

Hao et al. have demonstrated that adrenoceptor-dependent ROS generation in rat

small mesenteric arteries is decreased in the presence of MMP inhibitors, suggesting

the involvement of MMP on ROS generation (Hao et al. 2006). There are also a

number of studies highlighting a role for ROS in the activation of various MMPs.

Thus, Zhan et al. have shown that increases of ROS activate MMP-2 in MCF-7 cells

(Zhang et al. 2002). Lu and Wahl have shown that ROS activate MMP-1 through

NF-kB activation in lipopolysaccharide-activated human primary monocytes (Lu and

Wahl 2005).

Many genes are involved in oxygen-regulated gene expression (Ratcliffe et al.

1998). The hypoxic-inducible factor-1 (HIF-1) is expressed in all cell types and

functions as a master regulator of oxygen homeostasis by playing critical roles

in both embryonic development and postnatal physiology (Semenza 2004). The

expression of over 70 genes is known to be activated at the transcriptional level

by HIF-1 (Semenza 2004). Under normal oxygen conditions, HIF α-subunits is

degraded by a process that requires the von Hippel-Lindau (VHL) tumor-suppressor

protein in the presence of oxygen (Kaelin 2002). VHL is a recognition motif and E3

ubiquitin ligase (Kaelin 2002). Under hypoxia and acidic conditions, VHL is

transported into nucleus (Mekhail et al. 2004). However, interestingly under hypoxic

and normal pH conditions, this transportation does not occur, in contrast to effects

seen under low-pH conditions (Mekhail et al. 2004). Zhao et al. have reported that

active HIF-1 induced the reprogramming of glucose metabolism from oxidative

phosphorylation to anaerobic glycolysis, leading to a decrease in cytotoxic ROS

levels (Zhao et al. 2014). It has also been shown that in addition to hypoxia, H2O2 and

menadione activate HIF-1α, but not HIF-1β in HeLa, A549, HCT116, and HepG2

cells (Jung et al. 2008). Interestingly, ROS work differently on HIF-1 pathway in the

context of cancer and ischemia (Qutub and Popel 2008). It is well established that
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angiotensin II (Ang II) is related to HIF-1 stabilization. Ang II stimulation causes

H2O2 production via NADPH oxidases (NOXs) 1 and 4 (Dikalov et al. 2008). This

Ang II-mediated H2O2 production stabilizes HIF-1α through a decrease in ascorbate

levels, and decrease in hydroxylation of proline residue 402, which leads to

decreased HIF prolyl-hydroxylase activity (Pagé et al. 2008). Mitochondria may

be involved in HIF-1α stabilization. Hagen demonstrated the hypothesis that

mitochondria play a critical role in the regulation of HIF-1α by controlling intracel-

lular oxygen concentrations (Hagen 2012). Bonello et al. demonstrated that NF-κB is

involved in HIF-1 activation by the observation that the HIF-1α promoter contains a

functional NF-κB-binding site, and NF-κB modulates the expression of the HIF-1

target gene (Bonello et al. 2007). Modestly increased ROS lengthen the life span in

Caenorhabditis elegans. Hwang et al. have demonstrated that ROS activate

AMP-activated kinase (AMPK) and HIF-1 promotes longevity by increasing immu-

nity (Hwang et al. 2014). They demonstrated that internal ROS levels are reduced by

AMPK, while being amplified by HIF-1 when animals are stimulated to have

increased ROS levels. Thus, balancing ROS at optimal levels appears to be crucial

for organismal health and longevity (Hwang et al. 2014).

4 NF-kB, NADPH Oxidases (NOX), and Reactive Oxidants
Control GATA

GATA proteins, a family of transcription factors named after their capacity to bind

to the DNA sequence “GATA,” are essential transduction factors in development,

growth, and survival (Shivdasani et al. 1997; Lentjes et al. 2016). GATA1/2/3 are

required for differentiation of mesoderm and ectoderm-derived tissues, including

the hematopoietic and central nervous system, whereas GATA4/5/6 are implicated

in development and differentiation of endoderm- and mesoderm-derived tissues

such as induction of differentiation of embryonic stem cells, cardiovascular embryo-

genesis, and guidance of epithelial cell differentiation in the adult (Lentjes et al.

2016). A recent study has suggested that NF-κB controls GATA (Fang et al. 2016),

with Das et al. reporting that inhibition of NF-κB activity prevents GATA-3 expression

(Das et al. 2001). BCL3 is a proto-oncogene product and controls nuclear translocation

of the NF-κB subunit p50, but not of p65 (Heissmeyer et al. 1999; Naumann et al. 1993;

Thornburg et al. 2003). Suppression of BCL3 results in a decrease in GATA3 (Corn

et al. 2005), consistent with NF-κB-modulating GATA3 activation.

NADPH oxidases (NOXs) also work as signal transduction regulators (reviewed

in Jiang et al. 2011), with the oxidants formed by these enzyme complexes [superox-

ide radicals (O2
•�) and H2O2] reported to regulate GATA through redox-dependent

c-Jun protein activation (Jiang et al. 2011; Murray et al. 2013). Interestingly, NOX2-

deficient T cells appear to have decreased GATA-3 expression (Shatynski et al. 2012).

Hyperglycemia can cause systolic dysfunction and a higher expression of cardiac

troponin-I (cTnI) in cardiomyocytes, with this reported to occur through oxidant-

mediated enhancement of MEK/ERK-induced GATA-4 phosphorylation and accu-

mulation in the cell nucleus (Ku et al. 2011). It has also been reported that GATA is
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controlled by reactive oxidants generated by leptin synthesis (Ghantous et al. 2016).

These reports are consistent with direct effects of reactive oxidants on GATA.

5 Amino Acid Modification in Proteins by Reactive Oxidants
in Signaling and Aging

Modification of proteins by oxidants has been implicated as an important factor in

aging and has been reviewed (Thannickal and Fanburg 2000; Stadtman 2006; Hawkins

et al. 2009; Dean et al. 1997; Davies 2016), and how oxidants can modify protein

systems and multiple potential mechanisms have been described. These include

(1) modification of critical active site and functional side chains (e.g., cysteines, Cys)

by oxidation; (2) formationof (reversible) intramolecular disulfide linkages; (3) protein
dimerization by formation of (reversible) intermolecular disulfide linkages; (4) forma-

tion of (irreversible) dityrosine and other covalent cross-links; (5) unfolding resulting

from side-chain modifications and increased hydrophilicity; and (6) induction of pro-

tein backbone cleavage (fragmentation). These modifications can be induced by both

radicals (one-electron oxidants) and two-electron oxidants [e.g., peroxynitrous acid

(ONOOH), hypochlorous acid (HOCl), and related species, ozone, singlet oxygen,

photochemical reactions, peroxides] (Dean et al. 1997; Davies 2016). Metal ion-

catalyzed oxidation of proteins by “Fenton-like” chemistry has been shown to generate

protein carbonyls, both on the side chain and backbone of proteins, by a variety of

oxidative pathways (Thannickal and Fanburg 2000;Dean et al. 1997;Davies 2016), but

these species are not unique to metal ion-catalyzed reactions, and are also formed, in

variable yields, by other oxidants. Carbonyl groups can not only be introduced into

proteins by direct oxidation of amino acids, but also via secondary oxidation products

of lipid peroxidation (reactive aldehydes, e.g., the formation of malondialdehyde-

lysine adducts), and by the oxidation products of reducing sugars (e.g., glucose and

dicarbonyls, which give species such as carboxymethyllysine and hydroimidazolones)

(Wadley et al. 2016).Metal ion-catalyzed oxidation of lysine (Lys) gives α-aminoadipic

semialdehyde, arginine (Arg) gives glutamic semialdehyde, proline (Pro) gives glutamic

semialdehyde and 2-pyrrolidone, and threonine (Thr) gives 2-amino-3-ketobutyric acid.

Direct oxidation of proteins by radicals can also yield highly reactive carbonyl deri-

vatives resulting from the cleavage of peptide bonds by the α-amidation pathway, by

radical attack at the α-carbon and subsequent oxygen radical chemistry, or from back-

bone hydroperoxides (reviewed in Dean et al. 1997; Davies 2016). Less backbone

fragmentation is observed with most two-electron oxidants. Carbonyl groups may be

introduced into proteins by adduction of reactive aldehydes derived from the metal-

catalyzed oxidation of polyunsaturated fatty acids. These lipoxidation products include

di-aldehydes such as malondialdehyde (MDA), which reacts with Lys residues; α,β-
unsaturated aldehydes [4-hydroxy-2-nonenal (HNE), acrolein], which can undergo

Michael-addition reactions between their electrophilic C¼C double bonds and the

sulfhydryl group of Cys; the ε-amino group of Lys or the imidazole group of His

residues; and γ-ketoaldehydes (levuglandins, isoketals, neuroketals), which react with

Lys residues. The chemical modification of protein by reactive carbonyl compounds
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derived from lipid peroxidation reactions results in the formation of advanced lipoxi-

dation end products (ALEs). Carbonyl groups can also be generated by secondary

reaction of the primary amino group of Lys residues with reactive carbonyl derivatives

(ketoamines, ketoaldehydes, deoxyosones), produced by the reaction of reducing sugars

or their oxidation products with Lys, Arg, His, and Cys residues on proteins (glycation/

glycoxidation reactions), eventually leading to the formation of advanced glycation end

products (AGEs) (Dalle-Donne et al. 2006).

6 Mitochondria as Source of Intracellular Energy
and a Source of Intracellular Oxidants

Mitochondria are source of intracellular energy, via OXPHOS and ATP production

that occurs via the electron transport chain (ETC) located in the inner membrane of

mitochondria. Electrons are transported through the ETC from metabolic substrates

(that eventually get converted to carbon dioxide), and with ADP converted to ATP

at the expense of reduction of O2 to water. During this oxidative phosphorylation

process, 2–3% of the electrons leak from the ETC, with these predominantly resulting

in reaction with O2 to give O2
•�. These relatively unreactive species undergo rapid

enzymatic or spontaneous dismutation to H2O2, which in turn can give rise to

HPF

MitoTracker

HPF+MitoTracker

HeLacot143B 143B

HNE

Cyt c

HNE+
Cyt c

a b

Fig. 1 Intracellular ROS are generated by mitochondria, and lipid peroxidation occurs around

mitochondria. (a) Representative images of live human 143B and HeLacot cells in which ROS

were visualized using HPF (green). To examine the location of mitochondria, the same cells were

stained with MitoTracker Red CMXRos. Merged double images of HPF and MitoTracker fluores-

cence were constructed to identify ROS localization in mitochondria. (b) 143B cells were fixed

and a major lipid peroxidation product, HNE, was immunocytochemically stained. To establish

the localization of HNE (green), double staining was performed using anti-cytochrome c (Cyt c),
which is present in the mitochondria (red). Most HNE was localized in mitochondria, as seen in the

merged image (yellow). Figure reproduced from Indo et al. (2007)
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additional reactive species (e.g., HOCl, peroxynitrous acid, singlet oxygen); this

mixture is commonly referred to as “ROS” (see review Indo et al. 2015). Mitochondria

are a major intracellular source of ROS as shown in Fig. 1a, which is supported by the

detection of lipid peroxidation localized around mitochondria as shown in Fig. 1b,

similar to that observed in Fig. 1a (Indo et al. 2007). Together, these data support a key

role of mitochondrial ROS in apoptosis, aging, antioxidant actions, and signaling

processes (see reviews Indo et al. 2015; Majima et al. 2016).

7 Fluorescent Dyes for Detection of ROS Localization

Our early studies indicated that ROS generated from mitochondria cause apoptosis

(Majima et al. 1998), with this conclusion derived from studies using 2-[6-(40-
hydroxy)phenoxy-3H-xanthen-3-on-9-yl]benzoic acid (HPF), which detects hyd-

roxyl radicals and peroxynitrous acid (Indo et al. 2007; Majima et al. 2011a). This

dye has a neutral charge and can provide information regarding the site of ROS

generation by use of a laser confocal microscope (Indo et al. 2007). When other

dyes such as 20,70-dichlorodihydrofluorescin diacetate (DCF), and dihydroethidium

(DHE), were employed, mitochondrial ROS generation could not be observed,

whereas dihydrorhodamine 123 (DHR) gave clear images of mitochondrial ROS

generation (Indo et al. 2007). DHR is an oxidation-sensitive lipophilic dye that enters

cells, and when oxidized by mitochondrial ROS gives the positively charged and

fluorescent product rhodamine 123 that accumulates and localizes in the mitochondria

(Johnson et al. 1980). MitoB is a boronate probe that is also positively charged and

accumulates and localizes in the mitochondria (Cochemé et al. 2011). MitoB

accumulates in mitochondria, because the surface of mitochondria is negatively

charged, �150–180 mV, and is oxidized by H2O2 (Kamo et al. 1979; Perry et al.

2011). However, it is possible that the dye can be oxidized before entering and

localizing in the mitochondria (Indo et al. 2007). Kalyanaraman have reported that

DHE, and its analogue Mito-SOX®, which like MitoB localizes in the mitochondria

owing to the presence of a triphenylphosphonium group (TPP+), cannot detect mito-

chondrial O2
•� efficiently (Kalyanaraman 2011).

8 Can Mitochondrial ROS Be Released into the Cytoplasm
to Perform Signal Transduction?

Generation of O2
•� from mitochondria via the OXPHOS pathway has been long

known (Boveris and Cadenas 1975; Takeshige and Minakami 1979). Although there

is clear evidence that most of the O2
•� produced is localized inside mitochondria

(Fig. 1; Indo et al. 2007), Majima et al. have also provided evidence that mitochon-

drial ROS can result in apoptosis using MnSOD cellular transfections. Thus, cells

transfected with MnSOD vectors resulted in less ROS production, reduced lipid

oxidation, and decreased apoptosis (Majima et al. 1998). However, the significance

of mitochondrial ROS release has been more difficult to determine, and although it is
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known that ROS can initiate various signal transduction pathways, the role of mito-

chondrial ROS in initiating signal transductions in the cell cytosol has been the

subject of controversy. This subject has been dealt with in several reviews (Zhang

and Gutterman 2007; Finkel 2012; Cosentino-Gomes et al. 2012; Holmstr€om and

Finkel 2014; Chandel 2014, 2015; Shadel and Horvath 2015; Itoh et al. 2015).

Water has been reported to only equilibrate slowly across cellular membranes,

with most water transported through aquaporin water channels (Goodman 2002;

Tradtrantip et al. 2009). These data indicate that O2
•�, due to its charge and ionic

nature, and also H2O2 are unlikely to diffuse rapidly through the mitochondrial

membrane, and opening of VDACmay be necessary for O2
•� release into the cytosol.

However, opening of VDAC is controlled by a number of proteins including Bad and

Bak (McCommis and Baines 2012), and these can initiate apoptosis. Thus, the major

portion of mitochondrial O2
•�, which is produced on the matrix site of the inner

membrane, is unlikely to exit themitochondria. O2
•� has been shown to cross the outer

mitochondrial membrane via anion channels (Han et al. 2003), but O2
•� passage

through VDAC may be a late event in signal transduction, as the opening of VDAC is

a defining event in apoptosis.

Mitochondrial ROS might play a number of roles in homeostasis in cellular

physiology and pathology, and it is clear that maintenance of homeostasis is of

critical importance to life. Signal transduction is therefore likely to be important in

the protection of cells from adverse and unexpected events. There is good evidence

that ROS can markedly affect and alter cellular environments, and that ROS forma-

tion can lead to apoptosis, necrosis, or autophagy (Majima et al. 2009). However,

ROS formation may also act as a pre-conditioner that helps prevent or ameliorate

secondary or subsequent oxidative stress events. This may occur via up- or down-

regulation of cell signaling pathways, and some of these processes may be driven,

either directly or indirectly, via mitochondrial ROS formation and its downstream

consequences. This may be regulated by the mitochondrial membrane, and also

membrane pore opening regulated by ROS.

9 Evidence of Mitochondrial ROS as the Signal Transduction
Initiator

Mitochondrial ROS may act on signal transduction pathways via different routes or

mechanisms.Mitochondrial ROSmight work to initiate a signal transduction in cells

to prevent further oxidative stress and injury. Changes in MnSOD gene expression,

which exists in mitochondria and removes mitochondrial O2
•� in the mitochondrial

matrix, are a key tool in investigating the relevance and role ofmitochondrial ROS in

signal transduction pathways. Thus, transfection with MnSOD vectors and exami-

nation of subsequent changes can be a powerful indicator of the role of mitochon-

drial O2
•�, with cells transfected with MnSOD vector potentially giving different

results dependent on the amount and role of mitochondrial O2
•�. To illustrate this
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approach, we have compared mouse gastric tumor cells RGK1 transfected with

vector alone, or MnSOD vector. Western analysis, and immunoblotting for anti-

GATA 1, 3, 4, and 5 proteins, reveals that theMnSOD transfectants have significantly

decreased amounts of the GATA protein (Fig. 2), suggesting that a decrease in the
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GATA1 GATA3 GATA4 GATA5

GATA1 GATA5GATA3 GATA4
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MnSOD
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*

mean + SE
* P＜0.001

Fig. 2 Immunofluorescent staining for GATA proteins. Representative images of rat gastric

mucosal tumor cells (RGK1) stained with antibodies specifically directed against GATA proteins

using GATA antibodies: GATA1(N1) rat monoclonal antibody, GATA3(HG3-31) mouse mono-

clonal antibody, GATA4(C-20) goat antibody, and GATA5(M-20) goat antibody with appropriate

Alexa Fluor 488-conjugated second antibodies. The vector control-transfected cells are shown in

the top panel, with MnSOD vector-transfected cells shown in the bottom panel. Bioimages of

GATA proteins were obtained using a CSU-10 confocal laser scanning unit (Yokogawa Electric

Co., Tokyo, Japan) coupled to an IX90 inverted microscope with a UPlanAPO X20 objective lens

(Olympus Optical Co., Tokyo, Japan) and a C5810-01 color chilled 3CCD camera (Hamamatsu

Photonics, Hamamatsu, Japan). Alexa Fluor 488-conjugated second antibodies were excited at

488 nm and the emissions were filtered using a 515-nm barrier filter. The intensity of the laser

beam, the exposure time of the 3CCD camera, and the gain of the amplifier were held at 500 μW,

4.0 s, and 18 dB, respectively, to allow quantitative comparisons of the relative fluorescence

intensity of the cells between groups. Cells were chosen on a random basis and scanned at more

than three points for analysis. The graph represents the average fluorescence intensity per cell in

the vector control and MnSOD-transfected cells after immunostaining with GATA1, GATA3,

GATA4, and GATA5 using IPLab Spectrum version 3.0 software (Scanalytics Inc., Fairfax, VA)

with some modification of the program by one of the authors (H.J.M.). Statistical analysis was

performed by Student t-test. Continuous variables were expressed as mean values � standard

error. A p value of less than 0.001 was considered to be statistically significant
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levels of mitochondrial O2
•�diminished GATA expression. This provides good evi-

dence for an influence of mitochondrial ROS on signal transduction in the cell cytosol

(see scheme in Fig. 3). The exact nature of the ROS involved is unknown, but potential

candidates that can induce this signal transduction include the hydroperoxyl radical

(HOO•; protonated superoxide) or H2O2, as these species are more likely to have a

sufficiently long lifetime due to the low rate constant for reaction with biological

substrates, and diffusion radius to cross the mitochondrial membrane and exert effects

in the cytosol. Table 1 shows the rate constants for the reaction of the equilibrium

mixture of AscH2/AscH
�/Asc2� at pH 7.4 (Buettner and Jurkiewicz 1996). As shown

in Table 1, the rate constant of HOO• is extremely low. It is noted that the excess

production of H2O2 byMnSOD could be quickly detoxified by GPX by reducing it to

water in mitochondria (Davies 2000). Further studies along these lines to explore the

role of mitochondrial O2
•� in cell signaling processes are clearly warranted.

The roles of ROS on cell metabolism, homeostasis, and cell physiology and

pathology have not been clarified yet. Helmut Sies established the principle of “oxida-

tive stress” in 1985, as described elsewhere (Majima et al. 2016). Further roles of

Nuclei H2O 

MnSOD 
HO2

• H2O
 matrix 

CuZnSOD 

ETC 
ONOOH 
（（NO+HO2

•） 

  
  

ROS ROS 

ROS 

Oxidative Stress 

GPx 

CAT 

H2O2 

2GSH GSSG 

HSP60 

HSP70/HSC70 

[NO2
.
 --- 

.
OH]  

Nitration  Hydroxylation 
       Isomerization to NO3 

- 

HO2
• 

O2
• 

SIGNAL TRANSDUCTION 

Fig. 3 Scheme showing mitochondrial generation of ROS and the resulting cellular conse-

quences. O2
•� generated from mitochondria moves to the cytosol where it can react with NO• to

produce ONOOH, which leads to the formation of NO2
• and HO•. It is noted that the rate constant

of O2
•� and HO2

• is extremely low compared to HO• (see Table 1). Therefore, HO2
• could have

sufficient lifetime to diffuse and cross the mitochondrial membrane and exert effects on the

cytosol. MnSOD decreases the amount of O2
•�, therefore decreasing further production of NO2

•

and HO• (reproduced from Majima et al. 2016)
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mitochondrial ROS, effects of antioxidants in vivo and in vitro, and the mitochondrial

superoxide theory for oxidative stress, diseases, and aging are discussed elsewhere

(Majima et al. 2016). Mitochondria could be a target in oxidative diseases, aging, and

neurodegenerative disorders (Majima et al. 2011b).
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Cochemé HM, Quin C, McQuaker SJ, Cabreiro F, Logan A, Prime TA, Abakumova I, Patel JV,

Fearnley IM, James AM, Porteous CM, Smith RA, Saeed S, Carré JE, Singer M, Gems D,
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Abstract

Mitochondria are attractive organelles that have the potential to contribute

greatly to medical therapy, the maintenance of beauty and health, and the

development of the life sciences. Therefore, it would be expected that the further

development of mitochondrial drug delivery systems (DDSs) would exert a

significant impact on the medical and life sciences. To achieve such an
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innovative objective, it will be necessary to deliver various cargoes to

mitochondria in living cells. However, only a limited number of approaches

are available for accomplishing this. We recently proposed a new concept for

mitochondrial delivery, a MITO-Porter, a liposome-based carrier that introduces

macromolecular cargoes into mitochondria via membrane fusion. To date, we

have demonstrated the utility of mitochondrial therapeutic strategy by MITO-

Porter using animal models of diseases. We also showed that the mitochondrial

delivery of antisense oligo-RNA by the MITO-Porter results in mitochondrial

RNA knockdown and has a functional impact on mitochondria. Here, we

summarize the current state of mitochondrial DDS focusing on our research

and show some examples of mitochondrial functional regulations using

mitochondrial DDS.

Keywords

Membrane fusion • Mitochondria • Mitochondrial drug delivery • Mitochondrial

function • Mitochondrial gene therapy • Mitochondrial medicine development •

MITO-Porter

1 Significance of Targeting Mitochondria and the Current
Status of Mitochondrial DDS Development

Why is it important to target mitochondria rather than the nucleus, cytosol, or other

organelles? Mitochondria carry out various essential functions including ATP

production, regulating apoptosis, mitochondrial biosynthesis, and have their own

genome, mitochondrial DNA (mtDNA). In recent years, mitochondrial

dysfunctions have been implicated in a variety of diseases including neurodegener-

ative diseases, cardiac infarction, and mitochondrial inherited diseases (Schapira

2006; Tuppen et al. 2010). It is now well accepted that mutations and defects in

mtDNA form the basis of a variety of diseases (Wallace 1999; Goto et al. 1990;

Shanske et al. 1990; Shoffner et al. 1990). Therefore, the answer to the previous

question is because mitochondria represent promising organelles for various fields

including the life sciences, drug discovery, and gene therapy.

To achieve such innovative technology and mitochondrial therapy, a mitochon-

drial drug delivery system (DDS) will be required. During this past decade,

numerous mitochondrial DDS developments have been reported (Zhang

et al. 2011; Yamada and Harashima 2008; Biswas and Torchilin 2014; Weissig

2011; Kajimoto et al. 2014); however, only a limited number of approaches are

available for mitochondrial therapy. However, these strategies face many problems,

including cell internalization, size limitations and the physicochemical properties

of the cargoes, modification of a functional device, and the denaturation of the

cargoes.

To overcome these problems, the use of nanotechnology has attracted consider-

able attention, and research directed at the development of nanomachines for
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mitochondrial delivery is currently underway (Kajimoto et al. 2014). What do you

imagine a “nanomachine” would be? In a Japanese manga entitled The Monster of
the 38th Parallel and the US movie entitled “Fantastic Voyage,” humans boarded

nanomachines to make voyages inside the human body. Although these stories were

scientific fiction, even in the real world, medical nanomachines have been devel-

oped and have been applied to treating various diseases. A liposome is a lipid

bilayer membrane vesicle, originally discovered by Bangham, A.D., and Horne,

R.W. in 1964 (Bangham and Horne 1964), and has attracted attention as a success-

ful current nanomachine for pharmaceuticals and cosmetics. Doxil is world’s first

liposomal formulation in which doxorubicin, an anticancer agent, is encapsulated.

It accumulates at increased levels in cancer cells, permitting its therapeutic effect to

be enhanced, by regulating biodistribution in the human body (Oku et al. 1994).

To reach mitochondria in living cells, the development of more advanced

innovative nanomachines are required to regulate intracellular trafficking. In this

chapter, I will mainly discuss the development of the MITO-Porter, which is a

liposomal mitochondrial DDS developed in our laboratory, and the validation of

mitochondrial functional regulations by the MITO-Porter system.

2 Construction of a MITO-Porter

Figure 1a shows a schematic image of mitochondrial delivery by the MITO-Porter,

which delivers the encapsulated cargoes to mitochondria via membrane fusion

(Yamada et al. 2008; Sato et al. 2014). The MITO-Porter, which is modified with

a cell penetrating peptide, octaarginine (R8), is first internalized into the cytosol via

macropinocytosis. The MITO-Porter then binds to mitochondria via electrostatic

interactions between the cationic R8 and negatively charged mitochondria. Finally,

the cargoes are delivered to mitochondria via membrane fusion. Mitochondria

actively repeat fusion and fission to share bio macromolecules in living cells.

Therefore, we expected that a strategy involving membrane fusion via a MITO-

Porter system would permit the delivery of a cargo to mitochondria, independent of

its size and physical properties.

We first screened for mitochondrial fusogenic liposomes using isolated rat liver

mitochondria by varying the lipid composition of a panel of liposomes. As a result,

we succeeded in identifying liposomes with a high mitochondrial fusogenic

activity among more than 100 different liposomes and referred to these liposomes

as MITO-Porters (Fig. 1b). The successful MITO-Porter had the following

lipid composition: 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE)/

sphingomyelin (SM)/stearylated R8 (STR-R8) [9:2:1, molar ratio] or DOPE/

phosphatidic acid (PA)/STR-R8 [9:2:1, molar ratio] (Yamada et al. 2008, 2012a;

Yamada and Harashima 2014).

To evaluate mitochondrial delivery by the MITO-Porter in living cells, we

observed intracellular trafficking using confocal laser scanning microscopy

(CLSM). We confirmed that the green fluorescent protein (GFP) that was

encapsulated in the MITO-Porter was co-localized with mitochondria (Fig. 1c)
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(Yamada et al. 2008). On the other hand, low mitochondrial fusogenic liposomes

(e.g., liposomes containing egg yolk phosphatidylcholine (EPC)) showed no

co-localization with mitochondria. We also performed electron microscopy

analyses and observed that the MITO-Porter successfully delivered colloidal gold

particles as model macromolecules into mitochondria (Fig. 1c) (Yamada

et al. 2008). These results verify that the MITO-Porter is capable of delivering

macromolecules into mitochondria of living cells.

So far, we described research outcomes regarding the development of a MITO-

Porter system and the mitochondrial delivery of macromolecule in living cells. We

also performed other studies to establish the MITO-Porter, including the construc-

tion of a dual function (DF) MITO-Porter, which possesses mitochondria-fusogenic

Fig. 1 Schematic image of mitochondrial delivery by MITO-Porter (a). IM, inner membrane;

IMS, intermembrane space; OM, outer membrane; R8, octaarginine. Screening of fusogenic lipid

compositions with the mitochondrial membrane (b). Fusion activities (%) of DOPE-LP and

EPC-LP. Closed bars, R8-LP; open bars, unmodified liposome. Intracellular observations of the

MITO-Porter after staining mitochondria and transmission electron microscopy (TEM) analysis,

indicating that gold colloids encapsulated in MITO-Porter were delivered to mitochondria (c). Mt,

mitochondria. These figures are used with permission from Elsevier (Sato et al. 2014). For

interpretation to color in this figure, the reader is referred to the article (Sato et al. 2014)

460 Y. Yamada and H. Harashima



inner and endosome-fusogenic outer envelopes (Yamada et al. 2011, 2012b;

Yamada and Harashima 2012, 2015), selective delivery by a mitochondrial

targeting device (Kawamura et al. 2013a, b; Yamada and Harashima 2013;

Tawaraya et al. 2014), and characteristics and pharmaceutical formulation

(Yamada et al. 2011, 2012a, b; Yamada and Harashima 2015; Yamada et al. in

press). Based on established technologies, our research then focused on the devel-

opment of a mitochondrial medicine and regulating mitochondrial gene expression

by a MITO-Porter via collaboration with experts in various fields. In the following

section, we summarize our latest research outcomes regarding these themes.

3 Research Directed Toward Mitochondrial Medicine
Development

The delivery of pharmacological agents to mitochondria is considered to be an

important issue in the development of mitochondrial medicines. Each drug must be

sorted to the appropriate region of a mitochondrion depending on the pharmacody-

namic action of the molecule. For example, apoptosis-inducing and apoptosis-

inhibiting drugs should be delivered to the outer membrane, where the main events

related to apoptosis are triggered. These delivery systems would be expected to be

useful for cancer therapy and therapy for cardiac infractions caused by excessive

apoptosis. In the case of respiratory chain-related proteins and coenzymes, they

should be delivered to the intermembrane space and the inner membrane region,

where the key components of the electron transfer system are found. To achieve

these, as a researcher of mitochondrial DDS, it is necessary to validate the proof of

concept (POC) of therapeutic strategies by mitochondrial DDS and demonstrate the

utility of mitochondrial targeting based on the experimental results.

3.1 Validation of POC of Therapeutic Strategy by Mitochondrial
DDS Using Model Culture Cells

We first attempted to validate the POC of a therapeutic strategy using a MITO-

Porter in living cells in an in vitro experiment that involved the mitochondrial

delivery superoxide dismutase (SOD), an antioxidant enzyme, and bongkrekic acid

(BKA), an anti-apoptosis chemical.

In an evaluation of the antioxidant effect conferred by delivering SOD to

mitochondria using the MITO-Porter, we collaborated with Prof. Igarashi, R., and

Prof. Takenaga, M., in the St. Marianna University School of Medicine, who

developed phosphatidylcholine-conjugated SOD (PC-SOD) (Igarashi et al. 1992).

We succeeded in incorporating PC-SOD into the lipid envelope of a MITO-Porter

(SOD-MITO-Porter), which is made up of positively charged particles with

diameters of around 150 nm. Intracellular fluorescence microscopy observations

showed that the green fluorescent-labeled SOD-MITO-Porter was effectively

internalized into cells (Fig. 2A(a)). We also confirmed that the SOD-MITO-Porter
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decreased reactive oxygen species (ROS) level of cells more effectively than naked

SOD (Fig. 2A(b)) (Furukawa et al. 2011).

We also attempted the mitochondrial delivery of BKA, in an attempt to develop

an innovative medicine for the treatment of apoptosis-related diseases. We

succeeded in packaging the highly hydrophobic BKA in the lipid envelope of a

MITO-Porter, a BKA-MITO-Porter. Intracellular observations showed that the

BKA-MITO-Porter was co-localized with mitochondria (Fig.2B(a)). Moreover,

we confirmed that the MITO-Porter enhanced the anti-apoptosis effect of naked

Fig. 2 Intracellular observation and therapeutic effects of the SOD-MITO-Porter (A). (a)
PC-SOD in cells was visualized using wide-field fluorescence microscopy. Scale bar, 20 μm. (b)
ROS-level decreased cells were investigated. Data are represented as the mean� S.D. (n¼ 3).

*Significant difference ( p< 0.01) was calculated by one-way ANOVA. Intracellular observations

and therapeutic effect of the BKA-MITO-Porter (B). (a) Intracellular observation of BKA-MITO-

Porter using CLSM. Scale bar, 10 μm. (b) Comparison of anti-apoptosis between BKA-MITO-

Porter and naked BKA. The closed and open circles represent values corresponding to caspase

3/caspase 7 activity (%), when the BKA-MITO-Porter and naked BKA were used. Data are

represented by the mean� SD (n¼ 4). These figures are reproduced from the references

(Furukawa et al. 2011; Yamada et al. 2013a). For interpretation to color in this figure, the reader

is referred to the article (Furukawa et al. 2011; Yamada et al. 2013a)
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BKA (Fig. 2B(b)) (Yamada et al. 2013a). These results indicate the POC of a

therapeutic strategy using MITO-Porter in living cells in an in vitro experiment.

3.2 Demonstration of Mitochondrial Therapeutic Strategy Using
Disease Model Animal

To accelerate the development of mitochondrial medicine, our challenge was to

demonstrate the utility of MITO-Porter using model animals in in vivo experiments

regarding “construction of tissue targeting DDS for mitochondrial delivery

(Yamada et al. 2013b, 2014, 2015a)” and “validation of mitochondrial therapeutic

strategy using diseases model animals (Yamada et al. 2015b).” Here, we would like

to introduce our latest published work entitled “Evaluation of antioxidant effect

conferred by mitochondrial delivery of coenzyme CoQ10 (CoQ10) using ischemic/

reperfusion (I/R) injury model mouse (Yamada et al. 2015b).” Figure 3A shows a

schematic image of the prevention of a hepatic I/R injury by the mitochondrial

delivery of CoQ10, an antioxidant chemical, using a MITO-Porter system. Under an

ideal scenario, the MITO-Porter encapsulating CoQ10 reaches the liver tissue via

systemic injection, and the carrier is then internalized into hepatocytes. In the

cytosol, the carrier delivers CoQ10 to mitochondria via membrane fusion, resulting

in the development of a pharmacological effect of CoQ10 in mitochondria. In this

experiment, we first constructed a CoQ10-MITO-Porter and investigated its accu-

mulation in liver mitochondria and then evaluated hepatoprotective effect from I/R

injury.

3.3 Construction of CoQ10-MITO-Porter and Investigation
of Liver Mitochondria Accumulation

Before the construction of the CoQ10-MITO-Porter, we investigated the accumula-

tion of conventional MITO-Porter in the liver mitochondria. This particular particle

was surface-modified with a high density of R8. It has been reported that R8

functions as a cellular uptake device via macropinocytosis (Futaki et al. 2001;

Khalil et al. 2006) and as a mitochondrial targeting device via electrostatic

interactions (Yamada and Harashima 2008; Yamada et al. 2008). Moreover, it

has been reported that R8-modified liposomes effectively accumulate in the liver

when administered via tail vein injection (Khalil et al. 2011). Therefore, we

expected that the MITO-Porter would also accumulate in the liver and target

mitochondria.

We first performed histological observations of liver tissue. In this experiment,

we administered the fluorescent-labeled MITO-Porter to mice via a tail vein

injection and observed the liver tissue using fluorescent imaging. As a result, we

confirmed that numerous strong fluorescent signals corresponding to the MITO-

Porter could be detected in liver cells, while only a weak signal derived from a

polyethylene glycol (PEG)-modified liposome (PEG-LP) as a control carrier was
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observed (Yamada et al. 2015b). We then quantified the accumulation of radio

isotope (RI)-labeled form of the carrier in liver mitochondria after systemic injec-

tion. In this experiment, the livers were harvested after systemic injection and

homogenized to obtain the mitochondria-enriched fraction, followed by RI detec-

tion. As a result, the MITO-Porter accumulated in the liver and the mitochondria

much more efficiently than a control carrier, PEG-LP (Yamada et al. 2015b)

(Fig. 3B). These results indicate that the MITO-Porter that was validated for

mitochondrial delivery in cultured cells was also able to reach the liver via systemic

injection, followed by mitochondrial targeting in the liver.

We next attempted to construct a CoQ10-MITO-Porter. We succeeded in pack-

aging the highly hydrophobic CoQ10 in a lipid envelope of a MITO-Porter

containing PEG-lipids by an EtOH dilution method. Using this method, it is

Fig. 3 Schematic image of the prevention of the hepatic I/R injury by the mitochondrial delivery

of CoQ10 using the MITO-Porter system (A). Quantification of mitochondrial accumulation in the

liver following the systemic injection of the CoQ10-MITO-Porter (B). Quantification of carrier

accumulation in the liver (a) and liver mitochondria (b) by RI. MITO-Porter and PEG-LP labeled

with [3H]-CHE were systemically injected into the tail vein of mice. The values for liver

accumulation and mitochondrial targeting activity were calculated from the [3H] content in the

liver and liver mitochondrial lysate at 1 h after injection. Bars indicate means� S.D. (n¼ 3–5).

**Significant differences ( p< 0.01) between MITO-Porter and PEG-LP were calculated by an

unpaired Student’s t-test. Evaluation of hepatoprotective effect from an I/R injury (C). Mice were

administered with samples containing CoQ10. MITO-Porter uncontaining CoQ10 was used as a

vehicle. Serum ALT activities were measured after hepatic I/R injury. Data are represented as the

mean� S.D. (n¼ 4). *Significant difference between vehicle and others ( p< 0.05 by one-way

ANOVA). These figure are used with permission from Elsevier (Yamada et al. 2015b)
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relatively easy to control the size of the CoQ10 containing carriers by simply

varying the concentration of EtOH. We then investigated the size effect of the

carriers on liver accumulation after systemic administration using fluorescent

imaging. As a result, we observed that numerous strong fluorescent signals had

accumulated in liver cells in the case of a small sized CoQ10-MITO-Porter. On the

other hand, only very weak signals in the liver were observed in the case of the large

sized carrier (Yamada et al. 2015b). Thus, we concluded that controlling the size of

the CoQ10-MITO-Porter is an important factor in the accumulation of the carriers in

the liver after systemic injection. In the following experiments, we used a small

sized CoQ10-MITO-Porter.

3.4 Evaluation of Hepatoprotective Effect from I/R Injury

To evaluate the therapeutic effect of the nanoparticles, we administrated the CoQ10-

MITO-Porter to mice, followed by inducing a hepatic I/R injury, and then measured

serum alanine aminotransferase (ALT) levels. In this experiment, it was expected

that the delivery of CoQ10 to mitochondria in livers of the I/R injury-induced mice

would protect the liver from mitochondria-derived ROS, resulting in a decrease in

ALT levels (a marker of a liver injury). As a result, we confirmed that the CoQ10-

MITO-Porter resulted in a significant decrease in ALT levels compared with naked

CoQ10 and other carriers (Yamada et al. 2015b) (Fig. 3C).

In addition, to validate the therapeutic effect resulting from the delivery of

CoQ10 to mice liver mitochondria by the MITO-Porter via membrane fusion, we

prepared control carriers, which were CoQ10-EPC-LP with low binding and fusion

activities and CoQ10-R8-EPC-LP with high binding and low fusion activities. As a

result, the CoQ10-MITO-Porter with high binding and fusion activities resulted in a

significant decrease in serum ALT levels (Yamada et al. 2015b). On the other hand,

the control carriers showed no detectable therapeutic effect. Based on these results,

we concluded that the mitochondrial membrane fusion activity of the CoQ10-

MITO-Porter is an important factor in producing a therapeutic effect.

4 Validation of Mitochondrial Gene Regulations by
Mitochondrial Delivery of Functional Cargoes Using
MITO-Porter

4.1 Needs for MITO-Porter to Achieve Successful Mitochondrial
Gene Regulation

To achieve mitochondrial gene therapy and diagnosis, therapeutic agents need to be

delivered into the innermost mitochondrial space, the mitochondrial matrix, which

contains the mtDNA pool. To validate that this is possible, we utilized propidium

iodide, PI, an impermeable fluorescence-dye for nucleic acids, as a probe to detect

mtDNA, and encapsulated it in the MITO-Porter. As a result, we confirmed that the
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MITO-Porter delivered its cargo to the mitochondrial matrix, as evidenced by the

result that PI forms conjugates with mtDNA which emits a fluorescent light

(Yasuzaki et al. 2010).

In another point, the efficient packaging of therapeutic macromolecules includ-

ing proteins and nucleic acids in the carrier is a very important issue. Sufficient

amounts of cargoes need to be delivered to mitochondria, in order to effectively

control mitochondrial function. Figure 4 shows a multifunctional envelope-type

nano-device (MEND), a nonviral vector developed in our laboratory, in which

various macromolecules are packaged efficiently (Kajimoto et al. 2014; Yamada

et al. 2012a; Kogure et al. 2004). In this case, we packaged therapeutic

macromolecules in the MITO-Porter system based on the MEND concept and

validated mitochondrial gene therapeutic strategy, including the mitochondrial

delivery of proteins and nucleic acids.

Fig. 4 Schematic representation of a multifunctional envelope-type nano-device (MEND)

(Yamada et al. 2012a). This figure is used with permission from Elsevier. The MEND consists

of condensed pDNA molecules, coated with a lipid envelope modified with functional devices.

Various cargoes can be efficiently encapsulated in MEND
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4.2 Validation of Mitochondrial Genome Targeting by a MITO-
Porter Encapsulating a Bioactive Molecule, DNase I Protein

To validate mitochondrial genome targeting by the MITO-Porter system, we

attempted to deliver the DNase I protein into mitochondria in living cells and

evaluated this by measuring the digestion of mtDNA and mitochondrial activity

(Fig. 5a). For this validation, we developed a DF-MITO-Porter, which is made up of

mitochondria-fusogenic inner and endosome-fusogenic outer envelopes. Intracel-

lular observations showed that the DF-MITO-Porter was more efficient than a

conventional MITO-Porter for mitochondrial delivery (Yamada et al. 2011). The

construction of the DF-MITO-Porter encapsulating DNase I involves the following

three steps: construction of nanoparticles containing the DNase I protein, coating

the nanoparticles with a mitochondria-fusogenic envelope, and further coating with

an endosome-fusogenic envelope. For this preparation, the particle diameter was

around 150 nm, and the zeta potential was around plus 30 mV (Yamada et al. 2011).

Fig. 5 Summary of experimental results to validate mitochondrial genome targeting by a

DF-MITO-Porter. (a) Schematic image of mitochondrial genome targeting DF-MITO-Porter

encapsulating DNase I protein. (b) Comparison of mitochondrial activity after DNase I delivery

between the DF-MITO-Porter and a conventional MITO-Porter. The closed and open circles
represent the values corresponding to mitochondrial activity (%), when the DF-MITO-Porter

and conventional MITO-Porter were used. Data are represented as the mean� S.D. (n¼ 3–4).

(c) Evaluation for the levels of mtDNA after the mitochondrial delivery of DNase I. DNase I

proteins encapsulated in the DF-MITO-Porter (lanes 3, 4) or the control carrier with low mito-

chondrial fusion activity (lane 2) was incubated with HeLa cells. Cellular DNA was collected and

then subjected to PCR for the mitochondrial NADH dehydrogenase 6 (ND6) gene (146 bp) derived

from mtDNA. These figures are reproduced from reference Yamada and Harashima (2012)
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We evaluated mitochondrial activity after delivery of the DNase I protein by

measuring the activity of mitochondrial dehydrogenase. In this experiment, mito-

chondrial activity would be inversely proportional to the efficiency of the mito-

chondrial delivery of DNase I. As a result, the use of the DF-MITO-Porter resulted

in a significant decrease in mitochondrial activity compared with control carriers

with a low mitochondrial fusion activity (Yamada and Harashima 2012). Moreover,

we confirmed that the DF-MITO-Porter was more efficient than the conventional

MITO-Porter in mitochondrial delivery (Yamada and Harashima 2012) (Fig. 5b).

We also evaluated mtDNA-levels within the cells after the delivery of the DNase I

protein using PCR, followed by EtBr staining after separation by electrophoresis.

The results indicated that the use of the DF-MITO-Porter resulted in decrease

mtDNA-levels, whereas the carriers with low fusion properties had only a negligi-

ble effect on mtDNA-levels (Yamada et al. 2011; Yamada and Harashima 2012)

(Fig. 5c). These results show that a DF-MITO-Porter achieved mitochondrial

genome targeting of bioactive molecules in living cells.

4.3 Mitochondrial Delivery of Nucleic Acids and Gene Silencing

In the area of research regarding mitochondrial gene expression regulation, we

attempted mitochondrial gene silencing by the mitochondrial delivery of nucleic

acids. In this experiment, we performed the mitochondrial delivery of antisense

RNA targeted to endogenous mitochondrial mRNA using the MITO-Porter. We

chose an mRNA that codes for COX2 as a target. COX2 is one of the endogenous

mitochondrial proteins related to the maintenance of mitochondrial membrane

potential. If the knockdown of the COX2 mRNA was successful, the expression

levels of the target mitochondrial protein would be decreased, followed by a

decrease in mitochondrial membrane potential.

Figure 6A provides information on the quantification of mRNA levels coding

COX2 after transfection by the MITO-Porter. As a result, the mRNA levels of

COX2 were decreased as the result of the mitochondrial delivery of antisense RNA

(Furukawa et al. 2015) (Fig. 6A). We also quantified the expression levels of the

target protein using immunostaining and confirmed that the use of antisense RNA

resulted in a significant decrease in the level of expression of the target protein

(Furukawa et al. 2015) (Fig. 6B).

We then evaluated mitochondrial membrane potential using JC-1. JC-1 emits a

red fluorescence in mitochondria when the mitochondria have a high membrane

potential, while the fluorescence changes to green in the cytosol when the potential

is low. As a result, in the case of nontreated and mock-treated cells, red fluorescent

mitochondria were observed. On the other hand, we observed a green color in the

cytosol as result of the mitochondrial delivery of antisense RNA (Fig. 6C) (please

refer to reference (Furukawa et al. 2015) for an interpretation of the color in this

figure). These results indicate that MITO-Porter system is able to regulate mito-

chondrial gene expression and mitochondrial functions.
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5 Perspective: DDS and Mitochondria

In this chapter, we focused on our current efforts regarding mitochondrial delivery

including the development of a MITO-Porter for mitochondrial delivery via mem-

brane fusion and validation that mitochondrial function can be regulated by the

MITO-Porter system. We currently conduct trials to establish a viable mitochon-

drial therapeutic strategy. Our ultimate goal is to carry out successful mitochondrial

therapy using a mitochondrial DDS. To reach this ultimate goal, we believe that

mitochondrial DDS requires collaboration with experts in various fields of research

(e.g., genetics, molecular biology, pathology, and so on).

Fig. 6 Summary of experimental results for regulating mitochondrial gene expression levels

using MITO-Porter system. (A) Quantification of target mRNA levels was performed by

qRT-PCR. Bars indicate the mean with SEM (n¼ 3–4). *Significant differences were calculated

by one-way ANOVA ( p< 0.05). COX, cytochrome c oxidase subunit II. (B) Evaluation of relative
COX2/SDHA protein expression levels in mitochondrial protein knockdown using

immunostaining. Bars are the mean with SEM (n¼ 64). *Significant differences were calculated

by one-way ANOVA ( p< 0.01). (C) Visualization of mitochondrial membrane potential using

JC-1. After 48 h transfection of MITO-Porter system (nontreatment (a), Mock (b), AS RNA

(COX2) (c)), HeLa cells were incubated with JC-1 and observed by CLSM. These figures are

reproduced from reference Furukawa et al. (2015). For interpretation to color in this figure, the

reader is referred to the article (Furukawa et al. 2015)
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To date, we have collaborated with numerous researchers in various fields and

clinicians. Such a collaboration provides us with many fruitful interactions that

would be impossible for a single research group to achieve. Therefore, we

established a private delivery system of mitochondrial DDS to accelerate

collaborations all over the world. It is our hope that these collaborations will

open new research areas in mitochondrial DDS and will have a significant impact

on the medical and life sciences.
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Abstract

Some of the side and beneficial effects of antiepileptic drugs (AEDs) are

mediated via the influence on mitochondria. This is of particular importance in

patients requiring AED treatment for mitochondrial epilepsy. AED treatment in

patients with mitochondrial disorders should rely on the known influences of

AEDs on these organelles. AEDs may influence various mitochondrial functions

or structures in a beneficial or detrimental way. There are AEDs in which the

toxic effect outweighs the beneficial effect, such as valproic acid (VPA), carba-

mazepine (CBZ), phenytoin (PHT), or phenobarbital (PB). There are, however,

also AEDs in which the beneficial effect on mitochondria outweighs the

mitochondrion-toxic effect, such as gabapentin (GBT), lamotrigine (LTG),

levetiracetam (LEV), or zonisamide (ZNS). In the majority of the AEDs,

however, information about their influence of mitochondria is lacking. In clini-

cal practice mitochondrial epilepsy should be initially treated with AEDs with

low mitochondrion-toxic potential. Only in cases of ineffectivity or severe

mitochondrial epilepsy, mitochondrion-toxic AEDs should be given. This

applies for AEDs given orally or intravenously.

Keywords

Antiepileptic drugs • Apoptosis • Epilepsy • Membrane potential •

Mitochondrion • Oxidative stress • Reactive oxygen species • Respiratory

chain • Side effects • Toxicity

1 Introduction

All prescribed drugs in medicine have side effects, depending on the dosage,

toxicity, and individual tolerability (Ray 2014). This is also the case for

antiepileptic drugs (AEDs) (Finsterer and Zarrouk-Mahjoub 2012). Some of these

side effects result from toxicity of AEDs to mitochondria. Various AEDs have been

reported to influence function, biogenesis, kinetics, and survival of mitochondria.

Toxicity of AEDs to mitochondria has particular implications for the treatment of

epilepsy in mitochondrial disorders. The following chapter deals with the mito-

chondrion toxicity of AEDs and its consequences for the treatment of epilepsy in

patients with mitochondrial disorders (mitochondrial epilepsy).

2 Effects of AEDs on Mitochondria

Generally, AEDs may have a beneficial effect, may induce adverse reactions, or

may have no effect on mitochondria (Table 1). The effect of AEDs on mitochondria

may be evident on the molecular level, on the clinical level, or on both. On the

clinical level, the beneficial or adverse effects of an AED are particularly seen in

patients with a mitochondrial disorder. In some of the AEDs, predominantly

adverse reactions have been reported, in some predominantly beneficial reactions,
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but in most both (Table 1). In the following section, the effects of the various AEDs

on mitochondria are discussed in detail.

2.1 Valproic Acid

2.1.1 Adverse Effects

Molecular Level
In a study of the effect of antidepressants on the respiratory chain in mitochondria

from pig neurons, valproic acid (VPA) inhibited complex I and complex IV of the

respiratory chain (Hroudova and Fisar 2010). In rats fed with VPA during 75 days, a

30% decrease of the respiration rate in liver mitochondria was observed (Ponchaut

et al. 1992). In this study VPA induced loss of cytochrome-c oxidase, which

correlated with the simultaneous reduction of cytochrome aa3 (Ponchaut

et al. 1992). In a HepG2 in vitro model, VPA decreased O2 rates and Δψ, depleted
ATP levels, increased reactive oxygen species (ROS), decreased superoxide

dismutase (SOD), and increased cell death (Komulainen et al. 2015). In

hepatocyte-like cells differentiated from pluripotent stem cells deriving from

fibroblasts from Alpers-Huttenlocher disease (AHD) patients, VPA induced

mitochondrion-dependent apoptosis due to activated caspase-9 and cytochrome-c

release from the intermembrane space (Li et al. 2015). Additionally, soluble and

Table 1 Adverse and beneficial effects of AEDs on mitochondria

AED Adverse effects Beneficial effects

VPA Valproic acid +++ +

PHT Phenytoin (diphenylhydantoin) +++ +

CBZ Carbamazepine ++ +

PB Phenobarbital ++ +

ZNS Zonisamide + +++

LTG Lamotrigine + ++

LEV Levetiracetam + ++

GBP Gabapentin + ++

TPM Topiramate + +

ESM Ethosuximide + +

OXC Oxcarbazepine ++ �
FBM Felbamate + �
e.g. NZP Benzodiazepines � +

PRM Primidone � +

TGB Tiagabine � +

VGB Vigabatrin � +

PGB Pregabalin � +

LAC Lacosamide � �
RFM Rufinamide � �
PER Perampanel � �
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oligomeric OPA1, which keeps cristae junctions tight, was reduced in these cells

(Li et al. 2015). In this study VPA also reduced the expression of POLG1, the

mtDNA content, and the ATP production and caused abnormal mitochondrial

ultrastructure, SOD flashes, and frequent spontaneous bursts of SOD generation

(Li et al. 2015). VPA toxicity to these cells can be prevented by cyclosporine A,

which inhibits the opening of the mitochondrial permeability pore (Li et al. 2015).

In a study of Wistar rats, VPA induced apoptosis, mitochondrial swelling, and

cristolysis of mitochondria in uterine stroma cells (Cansu et al. 2010). In this study

apoptosis was also increased in ovaries (Cansu et al. 2010). In another in vitro

study, VPA stabilised a specific acetyl modification of the p53 tumour suppressor

protein, resulting in increased pro-apoptotic activity of the mitochondrial mem-

brane (Chen et al. 2011). VPA also affects the morphology of mitochondria. In a

study of rat liver and kidney mitochondria, conformational changes of respiratory

chain proteins and structural abnormalities of the inner mitochondrial membrane

were found (Rumbach et al. 1986).

Clinical Level
On the clinical level, mitochondrial toxicity of VPA has been documented particu-

larly in mitochondrial disorder patients. In a newborn with AHD, VPA treatment

was associated with severe liver failure and cortical blindness (Castro-Cago

et al. 1999). Development of liver failure 3 months after administration of VPA

was also observed in a 3-year-old girl with complex IV deficiency with fatal

outcome (Chabrol et al. 1994). Fatal liver failure was additionally described in a

30-year-old female with chronic progressive external ophthalmoplegia (CPEO)

who received VPA for status epilepticus and died 4 months after starting VPA

(Krähenb€uhl et al. 2000). In a patient with mitochondrial encephalopathy lactic

acidosis and stroke-like episodes (MELAS) syndrome, VPA aggravated epilepsy,

which did not resolve before the discontinuation of VPA (Hsu et al. 2012). VPA

also aggravated epilepsia partialis continua in a male with MELAS syndrome (Lin

and Thajeb 2007). In a single patient with MELAS syndrome due to the

m.3243A>G mutation, VPA induced convulsions (Lam et al. 1997). In a boy

with AHD, administration of VPA was followed by development of epilepsia

partialis continua, hepatic failure, and death (Rasmussen et al. 2000). VPA caused

hepatotoxicity in several other patients with AHD (Bicknese et al. 1992; Kayihan

et al. 2000; Pronicka et al. 2011; Saneto et al. 2010; Schaller et al. 2011; Schwabe

et al. 1997; Simonati et al. 2003; Uusimaa et al. 2008; Wolf et al. 2009).

VPA-induced liver failure was also reported in patients with mitochondrial reces-

sive ataxia syndrome (MIRAS) (Hakonen et al. 2010). The reason why the liver is

the predominant target of VPA toxicity in mitochondrial disorders remains

speculative.

2.1.2 Beneficial Effects
VPA may not only exhibit adverse reactions in mitochondrial disorder and

non-mitochondrial disorder patients but may also produce some beneficial effects

(Barnerias et al. 2010). In a study of SH-SY5Y cells, VPA together with lithium
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exhibited a protective effect against oxidative stress-induced cell death (Lai

et al. 2006). In another study VPA together with lithium protected against met-

amphetamine-induced reduction of cytochrome-c activity and of the mitochondrial

anti-apoptotic Bcl-2/Bax ratio and enhanced mitochondrial functions (Bachmann

et al. 2009). In this study long-term application of VPA to SH-SY5Y cells increased

the cell respiration rate and Δψ (Bachmann et al. 2009). In the rotenone rat model

of Parkinson’s disease, VPA exhibited a neuroprotective effect by inhibiting his-

tone deacetylases (Monti et al. 2010). In a study of 3-nitropropionic acid-induced

convulsions in mice, VPA reversed the mitochondrion-toxic effect of this agent,

which inhibits complex II of the respiratory chain (Urbanska et al. 1998). In HepG2

cells, VPA increased the release of interferon-γ and TNF-α, an effect which

increased with exposure time (Neuman et al. 2013). In fibroblasts of patients

carrying POLG1 mutations, VPA increased the expression of POLG1 and of

regulators of the mitochondrial biogenesis (Sitarz et al. 2014). This effect was

more pronounced in mutated cells as compared to normal cells (Sitarz et al. 2014).

2.2 Phenytoin

2.2.1 Adverse Effects

Molecular Level
In rat hepatocytes, PHT, an aromatic AED and heterocyclic amide, elevated ROS

formation, reduced intracellular reduced glutathione, increased intracellular

oxidised glutathione, and enhanced lipid peroxidation and mitochondrial damage

(Eghbal et al. 2014). In a murine hepatic microsomal system, PHT decreased state-3

respiration, ATP synthesis, and Δψ, increased state-4 respiration, impaired Ca++�
uptake and release, and inhibited Ca++� induced swelling (Santos et al. 2008a).

Mitochondrial dysfunction was higher as compared to phenobarbital (PB) and

carbamazepine (CBZ) (Santos et al. 2008a). The hepatotoxic effect of PHT was

mediated by oxidative stress induced by PHT metabolites (Santos et al. 2008b).

Clinical Level
One month after intravenous PHT for treating status epilepticus in a 16-year-old

female with MELAS syndrome due to the m.3243A>G mutation, the patient

developed intestinal pseudo-obstruction. Pseudo-obstruction resolved not earlier

than after discontinuation of PHT (Chiyonobu et al. 2008). Decreased cerebrospinal

fluid (CSF) folate levels were found in a patient with Kearns–Sayre syndrome after

administration of PHT (Allen et al. 1983). Folate deficiency resolved after replacing

PHT by another AED (Allen et al. 1983).

2.2.2 Beneficial Effect
Intraperitoneal injection of PHT in an animal model of epilepsy resulted in

enhanced SOD activity, decreased cerebral malondialdehyde, a biomarker of
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oxidative stress, and decreased monoamine oxidase A+B activity (Bogdanov

et al. 2009).

2.3 Carbamazepine

2.3.1 Adverse Effects
In a murine hepatic microsomal system, CBZ, an aromatic AED, decreased state-3

respiration, ATP synthesis, and Δψ, increased state-4 respiration, impaired Ca++�
uptake and release, and inhibited Ca++� induced swelling of mitochondria (Santos

et al. 2008a). The potential to disrupt mitochondrial functions was lower than with

PHT and PB (Santos et al. 2008a). The hepatotoxic effect of CBZ was mediated by

oxidative stress induced by metabolites of these drugs (Santos et al. 2008b). In a

study of five children with a mitochondrial disorder, CBZ reduced the ATP

production (Berger et al. 2010).

2.3.2 Beneficial Effects
In animal studies CBZ has been shown to protect against rotenone-induced striatal

neuronal dysfunction (Costa et al. 2008). Rotenone selectively inhibits complex I of

the respiratory chain (Costa et al. 2010). The beneficial effect occurred only in the

presence of γ-aminobutyric acid (GABA) (Costa et al. 2008). Rotenone can also

prevent the back flow of electrons from complex II/III to complex I.

2.4 Phenobarbital

2.4.1 Adverse Effects
PB decreased state-3 respiration, ATP synthesis, and Δψ, increased state-4-respi-

ration, impaired Ca++� uptake or release, and inhibited Ca++� induced swelling

in a murine hepatic microsomal system (Santos et al. 2008a). The potential to

induce mitochondrial dysfunction was higher compared to CBZ but lower com-

pared to PHT (Santos et al. 2008a). The hepatotoxic effect of PB was mediated by

oxidative stress induced by metabolites of these drugs (Santos et al. 2008b).

2.4.2 Beneficial Effects
In a study of 3-nitropropionic acid-induced convulsions in mice, PB reversed the

mitochondrion-toxic effect of this agent (Urbanska et al. 1998). In a study of five

children with a mitochondrial disorder, PB, an aromatic AED, had a mild

stimulating effect on ATP production (Berger et al. 2010).
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2.5 Zonisamide

2.5.1 Adverse Effects
In an in vitro study using the dansyl amide competition binding assay, ZNS

inhibited the mitochondrial carbonic anhydrase (De Simone et al. 2005).

2.5.2 Beneficial Effects
In a study of 15 patients with Parkinson’s disease, ZNS exhibited a protective effect

on mitochondria (Grover et al. 2013). ZNS has been also shown to exhibit an

antioxidative effect (Condello et al. 2013). In a study of human neuroblastoma

SH-SY5Y cells differentiated towards a neuronal phenotype, ZNS significantly

reduced the intracellular ROS production (Condello et al. 2013). In addition, ZNS

restored Δψ (Condello et al. 2013). In this study ZNS exhibited an anti-apoptotic

effect, as demonstrated by flow cytometric analysis, and attenuated rotenone-

increased caspase-3-activity (Condello et al. 2013). ZNS counteracted apoptotic

signalling mechanisms mainly by its antioxidative effects. In a study of astroglial

C6 cells, ZNS increased glutathione levels in astroglial C6 cells, thus enhancing the

antioxidative capacity (Asanuma et al. 2010). Glutathione levels were also

increased by ZNS-induced enhancement of the astroglial cysteine transport system

or astroglial proliferation via production and secretion of S100b (Asanuma

et al. 2010). Additionally, ZNS reduced rotenone-induced mitochondrial toxicity

against complex I (Costa et al. 2010). ZNS is the AED of which its beneficial effects

on mitochondria strongly outweigh its adverse effects.

2.6 Lamotrigine

2.6.1 Adverse Effects
In mitochondrial disorder patients, LTG may not only have an effect on the central

nervous system but also on the myocardium. In a 67-year-old male with a

non-syndromic mitochondrial disorder manifesting with malignant hyperthermia

susceptibility, epilepsy, and hypertrophic cardiomyopathy, LTG was made respon-

sible for subaortic valve stenosis, which resolved immediately upon switching from

LTG to LEV (St€ollberger et al. 2011). In a patient with late-onset very long-chain

acyl-CoA dehydrogenase deficiency (VLCAD) with complex partial seizures,

administration of LTG resulted in deterioration of epilepsy (Shchelochkov

et al. 2009).

2.6.2 Beneficial Effects
In 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mice, the mouse model

of Parkinson’s disease, LTG maintained the dopamine transporter density,

mitigated apoptosis of dopaminergic neurons in the substantia nigra, and promoted

sprouting of striatal dendrites (Lagrue et al. 2007). In a study of five children with a

mitochondrial disorder, LTG increased ATP production from pyruvate, maleate,

and succinate (Berger et al. 2010). In this study LTG also decreased the cortical and
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amygdaloid choline acetyltransferase activity, thus reducing malonate-induced

destruction of basal forebrain cholinergic neurons (Connop et al. 1997). In a

study of rats exposed to 3-nitropropionic acid, which reduces oxidative defence

and impairs function of complexes I, II, and IV of the respiratory chain, adminis-

tration of LTG restored mitochondrial oxidative defence mechanisms and respira-

tory chain complex activities (Kumar et al. 2012).

2.7 Levetiracetam

2.7.1 Adverse Effects
In an animal model of prolonged status epilepticus, LEV did not prevent mitochon-

drial dysfunction and neuronal death (Gibbs and Cock 2007).

2.7.2 Beneficial Effects
In male Wistar rats, LEV has been shown to exhibit a neuroprotective effect by

modifying the expression of xCT and iNOS in connection with lipid peroxidation,

by enhancing the increased basal endogenous antioxidant ability in the hippocam-

pus and by decreasing the basal concentration of glutamate (Ueda et al. 2009). In

C17.2 neuronal cells, LEV increased Δψ in the presence of nerve growth factor

(Rogers et al. 2014). In a mitochondrial disorder patient carrying the

m.13042G>A mutation, LEV exhibited a long-term beneficial effect on myoclo-

nus (Schinwelski et al. 2015). In a patient with POLG-related mitochondrial

epilepsy, LEV together with low glycemic index treatment (a variant of the

ketogenic diet) had a long-term beneficial effect on the seizure frequency

(Martikainen et al. 2012).

2.8 Gabapentin

Whether GBT inhibits the mitochondrial branched-chain aminotransferase, which

reversibly catalyses transamination of the essential branched-chain amino acids

leucine, isoleucine, and valin, remains a matter of debate (Goto et al. 2005; Hutson

et al. 2001). In a study of rats exposed to 3-nitropropionic acid, which reduces

oxidative defence and impairs function of complexes I, II, and IV of the respiratory

chain, administration of GBT restored mitochondrial oxidative defence

mechanisms and respiratory chain complex activities (Kumar et al. 2012). In a

transgenic mouse model, GBT-lactam has been shown to exhibit a neuroprotective

effect by opening mitochondrial ATP-dependent K-channels (Zucker et al. 2004).

GBT has been shown to inhibit mitochondrial forms of the brain branched-chain

aminotransferase in rats resulting in reduced synthesis of glutamate from branched-

chain amino acids (Goldlust et al. 1995).

480 J. Finsterer



2.9 Oxcarbazepine

Exposure of rat hippocampal neurons towards OXC increased the production of

ROS, decreased ATP production, and decreased Δψ (Araújo et al. 2004). OXC

caused swelling and degeneration of hippocampal neurons and was more toxic than

CBZ on the molecular level (Araújo et al. 2004). In a study of Wistar rats, OXC

induced apoptosis in ovaries (Cansu et al. 2010).

2.10 Topiramate

TPM exhibits adverse and beneficial effects on mitochondria. Whether TPM is a

strong or weak inhibitor of the mitochondrial carbonic anhydrase is a matter of

debate (De Simone et al. 2005; Dodgson et al. 2000). In the pilocarpine rat model,

TPM exhibited a neuroprotective effect being attributable to inhibition of the

mitochondrial transition pore (Kudin et al. 2004). In the pilocarpine model, tempo-

ral epilepsy is induced by administration of pilocarpine to rats.

2.11 Ethosuximide

In a study of the Mg-ATPase and Na,K-ATPase in subcellular fractions of Sprague–

Dawley rat cerebral cortices, ESM, a heterocyclic amide, reduced the activity of the

mitochondrial Na,K-ATPase (Gilbert et al. 1974). Intraperitoneal injection of ESM

in an animal model of epilepsy resulted in enhanced SOD activity, decrease of

cerebral malondialdehyde content, and decrease of monoamine oxidase A+B

(Bogdanov et al. 2009). In a patient with MELAS syndrome due to the

m.3243A>G mutation, ESM was effective against slow-spike wave activity,

consistent with Lennox–Gastaut syndrome and electroencephalographic status

epilepticus disregarding the adverse effects reported above (Demarest et al. 2014).

2.12 Felbamate

Little information about the effect of FBM on mitochondria is available from the

literature, and FBM has been only rarely given to patients with a mitochondrial

disorder. In a review about the interactions of AEDs, FBM was reported to inhibit

the mitochondrial β-oxidation in addition to inhibition of some specific isoforms of

cytochrome-P (CYP) (Riva et al. 1996).

2.13 Benzodiazepines

Benzodiazepines used as antiepileptic drugs include diazepam, lorazepam,

clobazam, clorazepate, and clonazepam. In a study of 3-nitropropionic acid-
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induced convulsions in mice, diazepam reversed the mitochondrion-toxic effect of

this agent (Urbanska et al. 1998). In single patients with MERRF syndrome,

clonazepam has been shown beneficial for myoclonus (Iwanga et al. 1992).

2.14 Primidone

Only few data about the effect of PRM on mitochondria are available. In an animal

model of epilepsy, intraperitoneal injection of PRM, a heterocyclic amide, resulted

in enhanced SOD activity, decrease of cerebral malondialdehyde content, and

decrease of monoamine oxidase A+B (Bogdanov et al. 2009).

2.15 Tiagabine

Only few data about the effect of TGB on mitochondria are available. In an animal

model of Huntington’s disease, TGB reversed 3-nitropropionic acid-induced

increase of lipid peroxidation, nitrate levels, and total RNA levels and reduction

of glutathione, adrenal ascorbic acid levels, and succinate dehydrogenase levels

(Dhir et al. 2008). In cell cultures of rat cortical astrocytes, TGB exhibited a

protective effect against oxidative stress (Cardile et al. 2000).

2.16 Vigabatrin

In normal mice VGB, an inhibitor of the γ-aminobutyric acid transaminase,

increases the number and area of mitochondria (Vogel et al. 2015). VGB has

been shown to have a beneficial effect on infantile spasms and hypsarrhythmia in

infants carrying the m.8783T>G mutation (Desguerre et al. 2003). Administration

of VGB to livers of rat fetuses resulted in increased protein and lipid peroxidation in

these animals (Cengiz et al. 2005).

2.17 Pregabalin

In cell cultures and rats, PGB has been shown to antagonise the neurotoxic effects

of copper (Marmolino and Manto 2010). In vitro copper decreases survival of

neurons, enhances the production of nitric oxide (NO), and activates the transcrip-

tion of NO synthase and of PGC1a, a key regulator of mitochondrial biogenesis

(Marmolino and Manto 2010). In vivo copper impairs NMDA-mediated regulation

of glutamate, increases the production of NO, and enhances motor cortex

excitability (Marmolino and Manto 2010).
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2.18 Antiepileptic Drugs

AEDs which have not been reported so far as mitochondrion toxic, respectively, as

having a beneficial effect on mitochondria include lacosamide, rufinamide, and

perampanel. Whether the absence of reports describing effects of these AEDs on

mitochondria is due to missing investigations of these effects or has to be

interpreted as an indicator of drug safety remains speculative.

3 Clinical Implications

The effect of AEDs on mitochondria, irrespective if it is beneficial or adverse, has a

number of clinical implications. First, AEDs with exclusive or predominant mito-

chondrial toxicity (e.g. VPA, PHT, CBZ, PB) should, if possible, not be used as

first-line agents for the treatment of mitochondrial epilepsy. AEDs with a poten-

tially beneficial therapeutic effect on mitochondria (e.g. ZNS, LTG, LEV, GBT)

should be preferred. This applies with restrictions since there are a number of

reports showing that mitochondrion-toxic AEDs, such as VPA, can be well

tolerated as an antiepileptic treatment by single patients with mitochondrial epi-

lepsy. A beneficial antiepileptic effect despite mitochondrion toxicity could be due

to an AED dosage too low to induce the mitochondrion-toxic effect, the uniqueness

of each patient with individual tolerability of a drug, and the beneficial effect of an

AED which may outweigh the adverse effect or due to compensation of the adverse

effect of an AED by the beneficial effect of concomitantly applied AEDs. A toxic

effect could be also absent simply because the patient does not adhere to the

proposed treatment. A beneficial and harmful effect of the same AED to

mitochondria may be explained by the dosage applied, the individual tolerability,

the antioxidative capacity of the organelle, and the heteroplasmy rate of mtDNA

mutations. Second, AEDs should not be combined with AEDs such that

mitochondrion-toxic effects potentiate. In case a combination of AEDs is necessary

to control seizures in a mitochondrial disorder patient, combinations of AEDs with

known mitochondrion-toxic effect (e.g. VPA with PHT, CBZ, or PB) should be

avoided. Again, this applies with restrictions since individual mitochondrial disor-

der patients may well tolerate even a combination of mitochondrion-toxic AEDs.

Third, a number of AEDs applied in the daily routine are not tested for their

potential mitochondrion toxicity (e.g. LAC, RFN, PER). In such case the particular

AED may be effective or ineffective with regard to the antiepileptic effect, but may

exhibit a previously unrecognised mitochondrion-toxic effect with the result that

adverse reactions or deterioration of the underlying mitochondrial disorder occurs,

which prompt discontinuation of a certain AED treatment. The variable tolerability

of AEDs in different patients may result from the fact that AEDs modulate multiple

transmitter systems (Costa et al. 2008) and that these systems may be variably

affected in individual mitochondrial disorder patients.

AEDs with a high known potential of mitochondrion toxicity include VPA,

CBZ, PHT, and PB. Though VPA is considered the AED of choice in progressive
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myoclonic epilepsy, it should be used with caution if it is due to a mitochondrial

disorder, in particular myoclonic epilepsy with ragged red fibre (MERRF) syn-

drome (Mancuso et al. 2006). As an alternative LEV can be tried in this indication

(Ponchaut et al. 1992). AEDs with low potential of mitochondrion toxicity include

LEV, LTG, GBT, and ZNS. Since LTG seems to exhibit only minor

mitochondrion-toxic effects in mitochondrial disorder patients but has a high

antiepileptic effectiveness, LTG can be recommended as a useful AED for epilepsy

in mitochondrial disorder patients. If AEDs with low mitochondrion-toxic potential

are ineffective in mitochondrial epilepsy, AEDs with high mitochondrion-toxic

potential must be tried disregarding the possibility that they deteriorate the under-

lying mitochondrial disorder or epilepsy. Particularly in epileptic states or epilepsia

partialis continua, single AEDs or combinations of AEDs with high mitochondrion-

toxic potential must be tried to evaluate their antiepileptic effect. Since the number

of AEDs which can be given intravenously is limited to VPA, LEV, LAC, PHT, PB,

and benzodiazepines, VPA, PHT, and PB must be tried in severe cases of mito-

chondrial epilepsy as soon as it becomes evident that less mitochondrion-toxic

AEDs are ineffective.
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