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Chapter 1
Introduction Section: Overview of Therapeutic 
Angiogenesis

Yukihito Higashi and Toyoaki Murohara

The book discusses recent findings and current perspectives in therapeutic angio-
genesis. Generally, surgical bypass and percutaneous transluminal angioplasty 
alone or in combination with pharmacological therapy are options for revasculariza-
tion and improvement in limb ischemic symptoms in patients with peripheral arte-
rial disease. Unfortunately, patients with peripheral arterial disease with no other 
treatment option are subjected to amputation.

Recently, clinical studies have shown that novel therapies, including implanta-
tion of autologous bone marrow mononuclear cells, peripheral mononuclear cells, 
endothelial progenitor cells, mesenchymal stem cells, and adipose-derived stem 
cells; transfer of genes encoding for angiogenic growth factors, such as vascular 
endothelial growth factor, hepatocyte growth factor, and fibroblast growth factor; 
and other therapies (e.g., irradiation of pulsed ultrasound and shock wave, injection 
of granulocyte colony-stimulating factor, Waon therapy, aerobic exercise, new drug 
delivery system, and use of tissue engineering) are effective for improvement of 
clinical symptoms in patients with critical limb ischemia who previously had no 
treatment option other than amputation. This concept is called “therapeutic angio-
genesis.” In 2002, it was reported for the first time that implantation of autologous 
bone marrow mononuclear cells increases collateral vessel formation and improves 
ischemic symptoms in patients with peripheral arterial disease who have no other 
treatment option.

Almost 15  years have passed since the first cell therapy for angiogenesis in 
humans. Results of studies have shown that therapeutic angiogenesis in humans is 
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being established. Despite significant advances in therapeutic angiogenesis since 
the first clinical studies at the start of the twenty-first century, it has been largely 
ignored in the literature. These therapies are discussed, and data collected in clinical 
studies over the past decade are presented in this book. The book has 3 parts and 16 
chapters including an overview of therapeutic angiogenesis, cell therapy, gene ther-
apy, and other intriguing therapies. In this book, we focus on recent findings of 
therapeutic angiogenesis and present clinical perspectives of therapeutic angiogen-
esis. We believe that this comprehensive book fills that gap, making it a valuable 
resource for both researchers and practitioners alike. The door is now open to 
expand therapeutic angiogenesis beyond the area of experimental study.

We thank all authors, who are specialists in this field, and the editorial staff of 
Springer Japan, especially Ms. Chihiro Haraguchi and Ms. Kanako Honma, for 
their excellent assistance.

Y. Higashi and T. Murohara
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Chapter 2
Autologous Bone Marrow Mononuclear Cell 
Implantation in Extremities with Critical 
Limb Ischemia

Kenji Yanishi and Satoaki Matoba

Abstract Critical limb ischemia (CLI) is a terminal stage of peripheral artery dis-
ease (PAD), and the number of patients diagnosed with this condition is on the rise. 
CLI exerts a major impact on the patient’s quality of life and has poor prognosis. 
The number of CLI cases showing resistance to existing treatments (medical ther-
apy, percutaneous transluminal angioplasty, and surgical bypass) is also increasing. 
Many of these cases lead to exacerbation of the ischemia and subsequent lower-limb 
amputation. To treat these patients, cell-based angiogenesis is becoming an attrac-
tive new strategy. Cell-based therapy has also been used to treat ischemic myocar-
dium. Bone marrow cells possess the ability to differentiate into various tissue types 
and can thus regenerate the myocardium by inducing angiogenesis and myogenesis, 
as shown by recent accumulating evidence reporting improved cardiac function and 
myocardial perfusion in animals and humans. Therapeutic angiogenesis with autol-
ogous bone marrow mononuclear cells (BMMNCs) is a term that has become 
widely used in the last decade. The safety and efficacy of therapeutic angiogenesis 
using autologous BMMNCs have been supported by clinical studies and 
meta-analyses.

Keywords Therapeutic angiogenesis • Bone marrow mononuclear cells • Critical 
limb ischemia

2.1  Introduction

Critical limb ischemia (CLI) is defined as rest pain or tissue necrosis with ulcer-
ation or gangrene due to peripheral artery disease (PAD). CLI is estimated to 
increase at a rate of 200–500 cases per million persons per year [1]. Treatments 
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for PAD include removal of risk factors, exercise therapy, drug therapy using 
antiplatelet agents, vasodilators, percutaneous transluminal angioplasty, and sur-
gical bypass. However, in a case where PAD is accompanied by diffuse coarcta-
tion or a lesion extending beyond a below-knee artery, the rate of restenosis is 
high, and the disease is less likely to be indicated for surgical treatment or for 
intravascular treatment. Cases showing resistance to existing treatments are on 
the rise. Many of these cases result in lower-limb amputations due to ulcers or 
infection caused by the evolution of the disease. To treat these ischemic tissues 
that lack sufficient arteries to allow for direct intervention, cell-based angiogen-
esis has become a new strategy that can be used safely and effectively for revas-
cularization of tissues. This cell-based “therapeutic angiogenesis” originates from 
several new studies on neovascularization. Until the end of the 1990s, the differ-
entiation of mesodermal cells into angioblasts and their subsequent endothelial 
differentiation were believed to occur exclusively during embryonic development 
[2]. However, this dogma was invalidated when human adult peripheral blood 
mononuclear cells (PBMNCs) were demonstrated to differentiate into endothelial 
lineages [3]. These cells, named “endothelial progenitor cells (EPCs),” showed 
expression of endothelial markers and were incorporated into ischemic sites [4, 
5]. Furthermore, Kamihata and Quin demonstrated that bone marrow mononu-
clear cells (BMMNCs) also contain EPCs in their CD34-positive (CD34+) cell 
fraction as well as various proangiogenic factors, such as basic fibroblast growth 
factor (bFGF), vascular endothelial growth factor (VEGF), and angiopoietin 1 
(Ang-1) in their CD34-negative (CD34−) cell fraction and that transplantation of 
BMMNCs into an ischemic site enhances angiogenesis via synergistic effects of 
EPCs and angiogenic factors [6, 7]. BMMNCs-based therapy has been applied 
clinically and has developed into a useful therapeutic option against human criti-
cal limb ischemia [8]. Moreover, cell-based therapy using bone marrow cells has 
also been applied for the treatment of ischemic myocardium. Bone marrow cells 
are able to differentiate into various tissue types and can regenerate the myocar-
dium by inducing angiogenesis and myogenesis, as shown by accumulating recent 
evidence reporting improved cardiac function and myocardial perfusion in ani-
mals and humans [9–15].

Recently, autologous bone marrow cells have been used to promote angiogenesis 
resulting in the clearance of lower-limb ulcers, pain relief, and the avoidance of 
lower-limb amputation. As a consequence of the treatment, the patients’ quality of 
life is improved considerably.

2.2  Revascularization Therapy for Critical Limb Ischemia

The beginning of revascularization therapy is an attempt to promote angiogenesis 
from tissue surrounding a location of ischemia as well as collateral blood circula-
tion in order to secure blood flow in the ischemic tissue and relieve the tissue 

K. Yanishi and S. Matoba

http://ejje.weblio.jp/content/percutaneous+transluminal+angioplasty


7

damage and necrosis caused by severe PAD. In addition, revascularization therapy 
aims to reduce accompanying rest pain, lower-limb ulcers, and gangrene due to 
ischemia (in PAD and Buerger’s disease). These treatments are called therapeutic 
angiogenesis and are important treatment strategies for critical limb ischemia. 
Revascularization therapy, developed in Japan, has its roots in the discovery that 
adult peripheral blood contains vascular EPCs from the bone marrow and that these 
cells contribute to angiogenesis after birth [3]. Likewise, pluripotent stem cells in 
the bone marrow have also been shown to undergo differentiation into myocardial 
cells and endothelial cells [16]. Therefore, cardiovascular medicine in general can 
benefit from regenerating medicine that employs bone marrow cells. In particular, 
since the effectiveness of angiogenesis using BMMNCs-based transplantation for 
lower-limb ischemia due to PAD and Buerger’s disease was published, the use of 
therapeutic angiogenesis has spread all over the world, and many medical facilities 
have reported relief of lower-limb ischemia and functional recovery in treated 
patients [8, 17, 18].

2.3  Mechanisms of Angiogenesis Through Cell 
Transplantation

Generally, there are three types of stem cells: embryonic stem cells (ES), induc-
ible pluripotent stem (iPS) cells, and adult stem cells. Due to the ethical contro-
versy and the need for strict examination of feeder-free and xenogenic-free 
culture methods, ES cells are currently not ready for clinical use. iPS cells are 
still being examined intensively with the aim of finding clinical applications for 
them. In contrast, clinical applications have been found for adult stem cells. 
Based on numerous investigations in animal models, BMMNCs and PBMNCs 
are now being widely used as sources of adult stem cells to treat cardiovascular 
diseases.

There is increasing evidence that postnatal neovascularization occurs not only by 
migration and proliferation of resident endothelial cells but also by the in situ dif-
ferentiation of EPCs. Asahara et al. showed that peripheral blood contains EPCs 
which can develop into fully differentiated and functional endothelial cells [3]. It 
has been demonstrated that EPCs are involved in postnatal neovascularization in 
many animal models of bone marrow transplantation. It has also been shown that 
EPCs are mobilized into the circulation and participate in the formation of new 
vascular structures in several physiologic and pathophysiological conditions [19–
22]. On the other hand, Tateishi-Yuyama et al. have demonstrated that BMMNCs 
have a paracrine effect on resident endothelial cells by the secretion of angiogenic 
growth factors and cytokines [6]. Vascular endothelial growth factor (VEGF), 
angiopoietin-1 (Ang-1), placenta growth factor (PlGF), fibroblast growth factor 2 
(FGF-2), and other numerous growth factors are at present being extensively inves-
tigated. The roles of BMMNCs as a target or as a source of cytokines and growth 

2 Autologous Bone Marrow Mononuclear Cell Implantation in Extremities 
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factors are not fully understood and need to be further elucidated for the improve-
ment of BMMNC-based therapy.

In these studies, the contribution of EPCs to neovascularization has focused on 
therapeutic angiogenesis. Indeed, previous studies using a hindlimb ischemia model 
reported that implantation of human BMMNCs increases neovessel formation at the 
capillary level [23, 24]. Furthermore, recent data have demonstrated that bone mar-
row cells contribute to the repair of severely damaged endothelial cells in high- 
turnover areas [25].

2.4  Indications for Autologous BMMNCs-Based Therapeutic 
Angiogenesis

Currently, patients aged 20–80  years old whose lower-limb ischemia has not 
improved even after surgical or medical treatment (patients with PAD or Buerger’s 
disease or collagen disease) are eligible to receive advanced medical treatment. 
However, in special cases where infection control is impossible, the disease is not 
indicated for cell transplantation. Since worsening of a location of ischemia 
occurs rapidly, it is necessary to find an indicated treatment promptly through 
discussions with the departments of dermatology, plastic surgery, orthopedic sur-
gery, and radiology as well as with the departments of cardiovascular internal 
medicine and vascular surgery. Due to concerns about adverse effects caused by 
angiogenesis throughout the body, indications for treatment exclude complica-
tions of untreated diabetic proliferative retinopathy and malignancies. Despite 
these concerns, there has been no reported increase in cancers due to bone marrow 
cell transplantation [17, 18]. Recently, the effects of therapeutic angiogenesis 
through cell transplantation for the treatment of a peripheral vascular lesion due 
to collagenosis were reported [26]. In view of this, a future expansion of the indi-
cations for therapeutic angiogenesis is expected.

2.5  Details of Autologous BMMNCs Transplantation

For the collection of bone marrow cells, approximately 600 ml of autologous bone 
marrow aspirate is obtained from the patient under general anesthesia. After collec-
tion, BMMNCs are promptly separated. Approximately two billion BMMNCs are 
injected separately at 120 positions above the muscles of an ischemic limb. The 
number of cells obtained and their breakdown (e.g., the number of CD34+ cells that 
gives an indication of vascular EPCs) may vary between individuals due to factors 
such as age and clinical conditions (Fig. 2.1).

K. Yanishi and S. Matoba
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2.6  Clinical Trials of Therapeutic Angiogenesis Using 
Autologous BMMNCs

2.6.1  First Clinical Trial of Therapeutic Angiogenesis Using 
Autologous BMMNCs

The duration of the effects of therapeutic angiogenesis treatment in patients has 
been validated at follow-up periods during clinical trials that range from 3 weeks 
up to 4 years (Table 2.1). The first report of an initial randomized, clinical pilot 
study for angiogenic cell therapy using intramuscular injections of autologous 
BMMNCs into 45 PAD patients with critically ischemic legs (Japan Trial for 
Therapeutic Angiogenesis Using Cell Transplantation (J-TACT study)) was 
published by our group in 2002 [8]. In this study, 29 patients (group A) with 

a b

c d

Fig. 2.1 Therapeutic angiogenesis using bone marrow mononuclear cells (BMMNCs) implanta-
tion. (a) Extraction of bone marrow aspirate from an ilium. Approximately 600 ml of bone marrow 
aspirate is collected from a patient’s ilium under general anesthesia. (b) Separation and concentra-
tion of BMMNCs. A blood cell separation machine separates the BMMNCs promptly after collec-
tion. (c) Loading of BMMNCs into 27G syringes. (d) Injection of BMMNCs in the muscles of an 
ischemic limb. Approximately two billion BMMNCs are injected

2 Autologous Bone Marrow Mononuclear Cell Implantation in Extremities 
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Table 2.1 Clinical trials (including >ten patients) of therapeutic angiogenesis with autologous 
bone marrow mononuclear cells (BMMNCs) for critical limb ischemia

Year Source Pts
No. of 
pts

Total no. 
of cells 
[×109] 
(SD)a

No. of 
CD34+ 
cells 
[×107] 
(SD)a Outcome

Follow-up 
period

2002 Tateishi- 
Yuyama 
et al. [8]

CLI Total Significant 
improvement  
in ABI, TcO2, 
VAS, walking 
time, and 
angiography
Significant 
improvement in 
ABI, TcO2, VAS, 
and walking time

4 wks.
24 wks.(unilateral) 45

(bilateral) 25 1.6 (0.6) 3.9 
(2.2)

20 1.5 (0.6) 3.5 
(1.3)

2004 Miyamoto 
et al. [31]

CLI 12 4.0 (0.3) 1.9 
(0.3)

Significant 
improvement in 
ABI, VAS, 
walking time, 
Tc-TF 
perfusion, and 
scintigraphy

4 wks.

2006 Bartsch 
et al. [32]

PAD 10 0.1 (−) – Significant 
improvement in 
ABI and 
walking 
distance

8 wks.

2006 Durdu 
et al. [33]

TAO 28 1.7 (0.9) 5.3 
(3.6)

Significant 
improvement in 
VAS, walking 
time, ulcer size, 
angiography, 
and QOL
improvement in 
ABI

3 mos.
6 mos.

2006 Barc et al. 
[34]

CLI 15 – – Marginal 
improvement in 
ulcer size
No 
improvement in 
ABI, TcO2, or 
angiography

(1 mos.)
3 mos.  
(6 mos.)

2006 Gu et al. 
[35]

CLI 35 5.6 – Significant 
improvement in 
ulcer size, VAS, 
ABI, and TcO2

2 mos.

K. Yanishi and S. Matoba
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Table 2.1 (continued)

Year Source Pts
No. of 
pts

Total no. 
of cells 
[×109] 
(SD)a

No. of 
CD34+ 
cells 
[×107] 
(SD)a Outcome

Follow-up 
period

2007 Bartsch 
et al. [36]

CLI 13 0.1 
(0.03)

– Significant 
improvement in 
ABI, walking 
distance, and 
capillary-
venous SaO2

2 mos.,  
4 mos.
13 mos.

2007 Oda et al. 
[37]

CLI 21 3.0 (1.4) 6.7 
(7.6)

Significant 
improvement in 
ABI and TcO2

4 wks.

2007 Saito 
et al. [38]

CLI (TAO) 14 4.2 (4.0) – Significant 
improvement in 
VAS, ulcer size, 
and 
angiography

4 wks.,  
24 wks.

2008 Gan et al. 
[39]

CLI 15 0.2–0.9 0.9–
11.0

Significant 
improvement in 
ABI and 
walking 
distance

12 wks.

2008 Matoba 
et al. [27]

CLI Total Significant 
improvement in 
VAS, walking 
time, and ulcer 
size

3 yrs.
  PAD 115
  TAO 74 3.1 (2.8) 2.6 

(2.3)
41 4.1 (3.6) 4.6 

(4.0)
No 
improvement in 
ABI and TcO2

2011 Idei et al. 
[40]

CLI Total Significant 
improvement in 
VAS

4 yrs.

  PAD 51 1.8 (0.5) 3.5 
(1.4)

  TAO 25 – –
26 – –

No 
improvement in 
ABI and TcO2

CLI critical limb ischemia, PAD peripheral artery disease, wks. weeks, mos. months, yrs. years, 
ABI ankle brachial index, VAS visual analog scale
aValues shown are expressed as mean ± SD

2 Autologous Bone Marrow Mononuclear Cell Implantation in Extremities 
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unilateral limb ischemia were recruited, and 25 of them were treated with 
BMMNCs into the gastrocnemius of the ischemic limb (ankle brachial index 
[ABI] < 0.6). Saline was injected as a control treatment into the opposite, less 
ischemic leg (ABI > 0.6). In addition, 22 patients with bilateral leg ischemia were 
also recruited (group B), and BMMNCs (as an active treatment) or PBMNCs (as 
a control treatment) were randomly injected into their ischemic legs. Overall, the 
implantation of autologous BMMNCs was safe and effective. The results of angi-
ography showed a marked increase in the number of visible collateral vessels 
(Fig. 2.2). Significant increases in pain-free walking time, rest pain, and tissue 
oxygen pressure were observed 6  months after treatment, while injection of 
PBMCs (as a control) exerted less significant effects (Fig. 2.3). Because BMMNCs 
preparations contain EPCs and can release various angiogenic factors, we sug-
gested that the incorporation of EPCs into newly formed vessels as well as the 
angiogenesis/arteriogenesis induced by angiogenic factors secreted from the 
injected cells contributed to an increase in blood flow and that this novel cell 
therapy constitutes a promising therapeutic strategy for treating PAD patients 
with critically ischemic legs.

2.6.2  Long-Term Clinical Outcomes of Autologous  
BMMNCs- Based Therapeutic Angiogenesis

In the world’s first multicenter study (J-TACT study), autologous bone marrow 
cell transplantation was conducted on 45 patients whose lower-limb ischemia 
(Fontaine classification stage III to IV) had not improved even after surgical or 
standard medical treatment. As a result of the transplantation, 18 out of 20 patients 
showed complete relief of lower-limb pain. Overall, walking distance on a tread-
mill until the patient felt pain increased approximately 2.6-fold. Angiography also 
showed a significant increase in collateral blood circulation in 27 out of 45 cases. 
After these results were obtained, the number of participating institutions was 
increased to 11, and the number of participating patients was increased to 115, of 
which 74 were diagnosed with PAD and 41 with Buerger’s disease. Effectiveness 
and safety of the treatment over 3 years were also confirmed. Figure 2.4 shows 
overall survival and lower-limb salvage rates 3 years after therapeutic angiogene-
sis. The 3-year overall survival rates were 80% (95% CI (68–91)) for patients with 
PAD and 100% for patients with Buerger’s disease. During the 3 years, 11 of the 
74 PAD patients died, whereas none of the 41 patients with Buerger’s disease died 
(Fig. 2.4a). These results show an outstanding progress in terms of positive effects 
exerted on patients who had no other treatment option available to induce revascu-
larization and would otherwise had to undergo lower-limb amputation. There were 
19 time-dependent serious adverse events (excluding limb amputation) in the PAD 
patient group but only one case in the Buerger’s disease patient group (Fig. 2.4b). 

K. Yanishi and S. Matoba
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Before implantation

a

b

24 weeks 
after implantation

Fig. 2.2 Angiographic analysis of collateral vessel formation. Collateral branches were markedly 
increased in the (a) knee and upper tibia and (b) lower tibia, ankle, and foot 24 weeks after bone 
marrow cell implantation (right column) compared to before implantation (left column). Contrast 
densities in suprafemoral, posterior tibial, and dorsal pedal arteries (arrows) are similar before and 
after implantation. Reprinted with permission from The Lancet 2002

2 Autologous Bone Marrow Mononuclear Cell Implantation in Extremities 
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Particularly, patients showed relief of pain, increase in walking distance, and ulcer 
shrinkage, among other positive effects. Angiogenesis effects varied depending on 
the conditions of the autologous bone marrow cells and the clinical condition of 
their lower-limb vessels. Examination of 115 cases in this 3-year period demon-
strated that several factors such as a history of past lower-limb bypass, severity of 
ischemia, dialysis treatment, etc. affect prognosis and lower-limb preservation. 
After the BMMNCs transplantation, examination was conducted on the ratio of 
upper-limb blood pressure to lower-limb blood pressure (measured using the ABI 
value), ulcer size (cm2), rest pain (measured using the visual analog scale [VAS]), 
and claudication distance until the onset of lower-limb pain. As a result, no signifi-
cant difference was found in ABI values of patients with PAD or Buerger’s disease 
during these 3 years. However, rest pain, ulcer size, and claudication distance were 
significantly improved, and this positive effect continued [27] (Fig.  2.5). 
Furthermore, a multicenter clinical study is scheduled in the future, which will 
reveal additional facts.
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cells (BMMNCs). Data are expressed as mean  ±  SD.  Reprinted with permission from The 
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2.7  Persistence of the Effects Induced by Therapeutic 
Angiogenesis Treatment

When the therapeutic effects occur early after cell transplantation, it is possible to 
observe a resolution of lower-limb pain, bleeding due to increased local blood flow, 
and granulation growth within 1–2 weeks. When these effects are obtained, in many 
cases, it is also possible to observe resolution of the symptoms and ulcer shrinkage 
within 2 months at the latest. The healing process of an ulcer varies by case and 
depends on its area, depth, and site. Therefore, it is important, as part of infection 
prevention, to closely communicate with the departments of dermatology and plas-
tic surgery in order to manage the granulation around the ulcer or to conduct a skin 
transplantation that will aid in the healing process. A small ulcer and a wound due 
to toe amputation heal relatively fast. However, it is important to continue to con-
duct rigorous disinfection and meticulous checks, paying careful attention to signs 
of infection until the epidermis covers the ulcer. Our examination showed that many 
of the cases showing a blood flow increase 6 months after surgery had no recurrence 
for over 3 years due also in part to subsequent exercise therapy and the improvement 
on the patient’s living habits. Figure 2.6 shows the case of a patient with an ulcer on 
a heel caused by PAD and complicated by diabetes. As a result of therapeutic angio-
genesis with BMMNCs, clearance of the ulcer and resolution of pain were observed 
which led to an increase in the patient’s daily life activity. Moreover, the patient was 
still free of symptoms 4 years after treatment. Figure 2.7 shows a case of Buerger’s 
disease. An initial bulky ulcer was cleared by the combined use of BMMNC implan-
tation and skin transplantation. Even both of these big ulcer-healing cases needed a 
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a b

c d

Fig. 2.6 Effects of bone marrow mononuclear cell (BMMNCs) implantation in the case of a 
67-year-old male with diabetes mellitus and atherosclerotic peripheral artery diseases (PAD). 
Although a deep ulcer was observed in the heel of the patient at hospitalization, clearance and 
healing of the ulcer were observed after the implantation of BMMNCs. (a) Deep ulcer present on 
the heel of the patient at the time of hospitalization, before BMMNCs implantation, and at 20 days 
(b), 4 months (c), or 11 months (d) after the implantation of BMMNCs
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treatment period for 11 months (Fig. 2.7). Nevertheless, the treatments were con-
ducted on an outpatient visit basis thus allowing the patients to keep working as 
usual during the treatment period. It should be noted that the most important point 
during lower-limb angiogenesis treatment is to prevent deterioration of the patient’s 
general condition due to local infection or pain. If sepsis occurs as a complication 
of a local infection or if the deterioration of ischemic cardiac disease is anticipated 
due to the worsening of lower-limb pain, amputation should be chosen without 
regard to lower-limb preservation.

a b

c d

Fig. 2.7 Effects of bone marrow mononuclear cells (BMMNCs) implantation in the case of a 
48-year-old male with Buerger’s disease. Although a large ulcer was observed in the dorsum part, 
clearance of the ulcer was observed after the implantation of BMMNCs and a skin transplant. (a) 
At the time of hospitalization, before BMMNCs implantation, and at 7 days (b), 7 months (c), or 
11 months (d) after the implantation of BMMNCs
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2.7.1  Drug Therapies Used in Combination 
with Revascularization Therapy

The first choice for critical limb ischemia is vigorous revascularization. However, it 
is not always possible to conduct it. On the other hand, many cases can be improved 
by drug therapy. In particular, some severe cases can be resolved through drip infu-
sion of prostaglandin El preparation during hospitalization. Therefore, positive use 
of it is desirable as long as there is no contraindication. Generally, the most common 
drugs in Japan against PAD and Buerger’s disease are antiplatelet agents. They are 
important in terms of reduction of systemic cardiovascular events, particularly with 
regard to PAD, which accompanies many complications. Recommended antiplate-
let agents include cilostazol, ticlopidine hydrochloride, sarpogrelate hydrochloride, 
and ethyl icosapentate. However, for cases in which an epidural anesthetic or the 
like is applied for relief of pain due to lower-limb cell transplantation, it is necessary 
to cautiously discontinue the use of the antiplatelet agent to avoid the formation of 
a hematoma as a complication after spinal anesthesia. In special cases where it is not 
possible to discontinue the use of the antiplatelet agent or to administer a spinal 
anesthetic, cell transplantation is conducted under general anesthesia after cell col-
lection. Nonsteroidal anti-inflammatory drugs (NSAIDs), which are commonly 
used for pain control, mechanically inhibit angiogenesis. Hence, when possible, it 
is preferable to discontinue the use of NSAIDs or to reduce the dosage amount dur-
ing revascularization therapy. Furthermore, a switch to opioid analgesic may be 
considered in such cases. In the cases where it is not possible to discontinue the use 
of NSAIDs, their continuous administration is necessary. In PAD patients, the 
administration of beta-blockers as antihypertensive drugs for managing high blood 
pressure was not recommended because they could worsen a patient’s claudication 
symptoms. However, in a randomized controlled clinical trial, this effect was not 
observed. Hence, it is possible to safely administer beta-blockers to patients with 
claudication. In addition, when vascular complications are considered, a beta- 
blocker should be chosen in view of its cardioprotective effect [28].

2.8  Exercise Therapy for Ischemic Lower Limbs

Originally, exercise therapy was contraindicated in patients with critical limb isch-
emia that was accompanied by rest pain or an ulcer. It was postulated that worsening 
of ischemia and pain causes a cycle of vasoconstriction and the further worsening of 
ischemia. Nevertheless, a vicious cycle of muscle weakness, worsening of lifestyle 
diseases, and further progression of the lesion may arise as a result of this contrain-
dication. Contrary to this opinion, positive exercise therapy during therapeutic 
angiogenesis treatment is viewed as a start and is currently considered to be impor-
tant for the regeneration of skeletal muscles and vessels. In this regard, it must be 
noted that local contact between a brace and a shoe during exercise may worsen 
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incision ischemia. Therefore, it is necessary to improve braces, choose the best 
exercise therapy method, and carefully monitor the exercise therapy.

2.9  Points to Note for Cases with Frequent Cardiovascular 
Complications

Reportedly, 25% of patients with critical limb ischemia suffering from peripheral 
arterial obstruction die 1 year later [29]. Because of this, past reports in regeneration 
medicine focused on life prognosis and cardiovascular complications [17]. 
Particularly, differences in the effects due to the presence or absence of dialysis 
were reported by a multicenter study. These complications should be considered in 
the actual treatment [27, 30].

2.10  Indicators of Peripheral Blood Flow Improvement

It usually takes approximately 6 months for an increase of collateral pathways to 
notably appear in an angiographic image after therapeutic angiogenesis treatment in 
PAD patients with critical limb ischemia. CT angiographic analysis is a useful fol-
low- up method after therapeutic angiogenesis. However, this method is invasive and 
thus is not always used as a recurrent test. For this reason, indicators suitable for use 
as follow-up tests are still under discussion. Physiological tests such as ABI, trans-
cutaneous oxygen pressure (tcPO2), and skin perfusion pressure (SPP) are used as 
indicators in lower-limb ischemia to determine whether lower-limb amputation is 
indicated and to determine the sites for amputation. However, these indicators do not 
always correlate with therapeutic effects although they are useful for severe cases. A 
recent meta-analysis showed that cell transplantation has positive effects on ABI, 
tcPO2, rest pain, walking distance until the onset of lower-limb pain, ulcer healing, 
and lower-limb amputation [20]. Nevertheless, it is important to comprehensively 
evaluate individual cases by taking into account also cyanosis, skin temperature, and 
the severity of lower-limb pain without regard to one specific indicator. Besides, 
engraftment of a transplanted skin section, speed of granulation regeneration around 
an ulcer, etc. provide also useful information with regard to dermatology.

2.11  Issues in Therapeutic Angiogenesis

The safety and feasibility of therapeutic angiogenesis using autologous bone marrow 
cells were partially confirmed by past clinical studies and meta-analyses [17, 18]. 
Still, many cases are not improved even with therapeutic angiogenesis as treatment. 
Past examinations suggest that the main reason why therapeutic angiogenesis induces 
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only a minimal effect on PAD when compared to Buerger’s disease is that PAD causes 
more advanced lower-limb ischemia due to arteriosclerosis in addition to vascular 
complications. In order to develop and employ a less invasive and more reliable treat-
ment as the world’s standard of care for critical limb ischemia, additional clinical 
studies that focus on aspects such as combination therapies involving cell and cyto-
kine treatments, its timing, and its long-term effect as well as basic studies on angio-
genesis mechanisms are needed. In Japan, this therapy has been approved as advanced 
medical treatment by the Ministry of Health, Labour and Welfare and can be com-
bined with covered treatment by health insurance. In the future, it is expected that 
experimental facilities will increase and long-term strict management will be ensured.

2.12  Conclusion

This review provides an overview on the evolvement of therapeutic lower-limb 
angiogenesis which began with basic research studies and is now being tested and 
applied in the clinic for the actual treatment of patients. Recent studies have demon-
strated promising results for cell therapy using BMMNCs for the treatment of 
patients with CLI resistant to surgery. In these studies, intramuscular implantation 
of BMMNCs led to the extension of the amputation-free interval and an improve-
ment in ischemic pain, ulcer size, and pain-free walking distance. Since the begin-
ning of the twenty-first century, progress in regeneration medicine has accelerated. 
The number of applicable patients is expected to increase at a pace exceeding that 
in the future. The most urgent issue in the treatment of critical limb ischemia is 
conducting the treatment in the most simple and effective way. In this regard, regen-
eration medicine is expected to fulfill an important mission. Hence, researchers 
should continue to perform basic research studies, clinical studies, and multicenter 
studies in order to advance the current knowledge in this field.
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Chapter 3
Peripheral Blood Mononuclear Cells for Limb 
Ischemia
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Abstract There is accumulating evidence that the peripheral blood is a source of 
pro-angiogenic mononuclear cells (MNCs). These cells were initially described as 
endothelial progenitor cells (EPCs) expressing CD34 and vascular endothelial 
growth factor (VEGF) receptor 2. Pro-angiogenic MNCs are now known to repre-
sent a mixed population of cells, including hematopoietic stem cells, mesenchymal 
stem cells, and EPCs. The therapeutic potential of bone marrow or peripheral blood 
MNCs has been tested in patients with severe peripheral artery disease, showing 
that implanted cells promote the production of pro-angiogenic molecules in an auto-
crine and/or paracrine fashion and contribute to the recovery of blood flow in isch-
emic limbs. The molecular mechanisms underlying therapeutic angiogenesis are yet 
to be defined, but a number of studies have indicated that injection of either bone 
marrow or peripheral blood MNCs improves the clinical outcome in patients with 
severe limb ischemia and importantly achieves this effect with minor adverse events. 
In addition to controlling classical risk factors such as diabetes and/or hypertension, 
recent studies have suggested several combination therapies that can contribute to 
improving the therapeutic effects of these pro-angiogenic cells. Therapeutic angio-
genesis promoted by the injection of autologous peripheral blood MNCs is an 
essential and practical treatment for patients who have no other options.
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3.1  Introduction

The prevalence of peripheral artery disease (PAD) continues to increase. The 
clinical outcome of critical limb ischemia remains poor, especially in the setting 
of limb amputation, and it is an urgent task to develop new therapies for this 
condition. Induction of angiogenic proteins such as vascular endothelial growth 
factor (VEGF) or fibroblast growth factor (FGF) contributed significantly to 
restoring the perfusion of ischemic limbs in preclinical studies performed in 
rodents. However, clinical studies designed to assess the augmentation of a sin-
gle angiogenic factor have so far shown only a mild effect or no effect [1–8]. In 
contrast, there is accumulating evidence from both preclinical and clinical stud-
ies that indicates that cell therapy for critical limb ischemia is a promising 
option to improve perfusion of ischemic limbs, leading to better clinical out-
comes [9–13]. Mononuclear cells extracted from the bone marrow or peripheral 
blood are the chief source of the cells utilized for these therapies. Implanted 
cells contribute to promoting the formation of collateral arteries by activating 
the secretion of pro-angiogenic factors from myocytes and/or implanted mono-
nuclear cells, and it has also been demonstrated that these cells have the poten-
tial to differentiate into vascular endothelial cells [14–16]. It has been reported 
that injection of peripheral blood mononuclear cells (PB-MNCs) is as effective 
as use of bone marrow mononuclear cells (BM-MNCs) [10, 17]. Considering 
the accessibility of these highly pro-angiogenic cells, therapy with PB-MNCs is 
a less invasive option that should be considered for patients with severe limb 
ischemia. In this section, the role of PB-MNCs in the treatment of limb ischemia 
is outlined.

3.2  Pro-angiogenic Properties of PB-MNCs

Since the discovery of endothelial progenitor cells (EPCs) in the peripheral cir-
culation in 1997, the peripheral blood continues to be highlighted as a source of 
pro- angiogenic cells that can potentially be used to treat peripheral artery dis-
ease [18]. This landmark study by Asahara and Isner demonstrated that cultured 
CD34 (CD34+) and VEGF receptor 2 positive circulating mononuclear cells 
(MNCs) can differentiate into endothelium-like cells. CD34+ cells only account 
for 1% of all PB-MNCs, but make up around 60% of the attached cells in vitro. 
These cells were also shown to be incorporated into new vessels in both mouse 
and rabbit models of ischemia. Accordingly, these cell populations were ini-
tially designated as EPCs. Studies have indicated that circulating EPCs are 
increased by injection of granulocyte colony-stimulating factor (G-CSF) or 
granulocyte-macrophage colony- stimulating factor (GM-CSF) [19, 20], and 
extensive preclinical and clinical investigations have assessed the therapeutic 
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potential of pro-angiogenic cells originating from the bone marrow or periph-
eral blood mobilized by these stimulatory factors. Hur et al. described two dis-
tinct types of endothelial progenitor cells among human PB-MNCs. They 
extracted PB-MNCs by centrifugation on Histopaque gradients and cultured the 
extracted cells. Initially, the seeded cells were elongated and spindle-shaped, 
similar to the EPCs reported by Asahara et al. in 1997 (Hur et al. described these 
cells as “early EPCs”). Early EPCs increased for 2 weeks and then stopped rep-
licating and disappeared by 4 weeks after plating. Hur et al. found that another 
population of cells with a different morphology and growth pattern appeared at 
2–4 weeks after plating. These cells showed a cobblestone appearance similar to 
HUVECs, and Hur et  al. described them as “late EPCs.” Late EPCs showed 
higher expression of VE-cadherin and VEGF receptor 2 than early EPCs, while 
expression of VEGF receptor 1, endothelial nitric oxide synthase, and von 
Willebrand factor was similar for both EPC types. Early EPCs secreted more 
angiogenic molecules such as VEGF and interleukin-8 than late EPCs, while 
late EPCs were better at forming capillary tubes in  vitro. Interestingly, both 
early and late EPCs showed comparable vasculogenic activity in  vivo [21]. 
Bone morphogenetic protein (BMP) 2 and BMP 4 are selectively expressed by 
late EPCs, and the BMP pathway has been found to augment the expansion, 
proliferation, and migration of late EPCs in vitro and to promote their angio-
genic potential in vivo [22].

There is accumulating evidence that CD34+ EPCs are not the only cellular com-
ponents contributing to vasculogenesis, and PB-MNCs are currently accepted to 
include a broad spectrum of cells with pro-angiogenic potential, such as hematopoi-
etic cells, myeloid cells, side population cells, and circulating mature endothelial 
cells [5, 13]. PB-MNCs contain many populations of cells, including EPCs, and no 
single marker or combination of markers has yet been found for a pure EPC popula-
tion. Pro-angiogenic PB-MNCs can be extracted from peripheral blood through sev-
eral cell processing methods, such as Ficoll density gradient centrifugation or by 
use of a cell separator, and can then be delivered to patients by intramuscular or 
intra-arterial injection. Studies have suggested that delivery of isolated PB-MNCs 
to the ischemic limb, generally in combination with G-CSF mobilization, contrib-
utes to better clinical outcomes in patients with critical limb ischemia, and they are 
summarized in the following sections.

3.3  Clinical Studies of Unselected PB-MNCs for Limb 
Ischemia

Preclinical studies performed in rodents suggested that implantation of bone mar-
row mononuclear cells contributes to promoting collateral vessel formation in 
ischemic limbs. The therapeutic potential of pro-angiogenic MNCs was first 
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demonstrated in patients by the Therapeutic Angiogenesis using Cell Transplantation 
(TACT) study [9]. In patients with limb ischemia, autologous implantation of 
BM-MNCs improved rest pain, the pain-free walking time, and transcutaneous 
oxygen pressure (TcPO2). These effects were achieved without major adverse 
events. The TACT study compared BM-MNCs with PB-MNCs and demonstrated 
that the effects of cell therapy were superior in patients treated with BM-MNCs, 
although patients injected with PB-MNCs also showed some benefit [9]. Subsequent 
studies have indicated that PB-MNCs are as effective as BM-MNCs for promoting 
the recovery of blood flow in patients with severe limb ischemia. In one study, 
PB-MNCs were collected with an AS104 cell separator after mobilization with 
G-CSF, and 4 × 1010 cells (including 2 × 108 CD34+ cells) were injected intramus-
cularly in patients with limb ischemia. One patient with atherosclerosis and five 
patients with Buerger’s disease (Fontaine stage 3–4) underwent this therapy and 
showed significant improvement of the ankle-brachial index (ABI) at 4 weeks, as 
well as improvement of the pain scale and walking distance at 24 weeks without 
serious adverse events [23]. The therapeutic potential of intramuscular injection of 
PB-MNCs into the ischemic limb was also tested in other studies and was shown 
to significantly improve the ABI, pain scale, laser Doppler perfusion, and limb 
salvage without severe adverse effects [11, 12, 24, 25]. Lenk et al. investigated the 
effects of intra- arterial infusion of PB-MNCs in PAD patients. PB-MNCs were 
extracted by Ficoll density gradient centrifugation after recruitment with G-CSF, 
and 3.9  ±  2.4  ×  107 cells were injected into the ischemic limbs of patients in 
Rutherford classes 4–5, leading to significant improvement of the ABI, TcPO2, and 
walking distance [26]. These results clearly indicate that unselected PB-MNCs are 
pro-angiogenic and contribute to better clinical outcomes in patients with critical 
limb ischemia.

3.4  Clinical Studies Comparing BM-MNCs with PB-MNCs 
for Limb Ischemia

Some studies have focused on comparing the efficiency of cell therapy with 
BM-MNCs or PB-MNCs. In the abovementioned TACT study, implantation of 
autologous BM-MNCs achieved better clinical outcomes in patients with limb isch-
emia compared with implantation of PB-MNCs [9]. However, a randomized com-
parison of G-CSF-mobilized PB-MNCs versus BM-MNCs showed that PB-MNCs 
significantly improved the ABI, skin temperature, and rest pain in patients with 
peripheral artery disease. The authors conducted a comparative analysis and con-
cluded that use of PB-MNCs for the treatment of PAD is more practical than 
employing BM-MNCs [10]. Kamata et  al. compared these two treatments in 
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connective tissue disease patients with severe ischemia of the fingers and/or toes 
and observed significant improvement in both groups [17]. These results suggest 
that PB-MNC-based therapy is equivalent in efficacy with BM-MNC-based therapy 
for PAD.  Considering that harvesting PB-MNCs is less invasive compared with 
harvesting BM-MNCs, PB-MNC-based cell therapy seems to be a more practical 
option for patients with severe limb ischemia.

3.5  Clinical Studies of PB-MNCs for Limb Ischemia

Because PB-MNCs contain various types of cells, some studies have focused on 
the therapeutic potential of specific cellular components. In a single-blind dose- 
escalation study, G-CSF-mobilized CD34+ MNCs were extracted by magnetic 
separation and injected intramuscularly in patients with PAD or Buerger’s dis-
ease, leading to significant improvement of the efficacy score (based on changes 
of the toe-brachial pressure index, pain scale, and total walking distance). Cells 
were injected at three doses (1 × 105, 5 × 105, and 1 × 106/kg), but no significant 
dose- response relationship was observed [27]. Losordo et  al. investigated the 
pro- angiogenic potential of CD34+ MNCs in a randomized controlled study 
involving intramuscular administration of autologous CD34+ cells (1 × 105 or 
1  ×  106 cells/kg) to patients with critical limb ischemia. Compared with the 
control group, the cell- treated groups showed a lower incidence of amputation 
(p  =  0.125 at 6  months and p  =  0.054 at 12  months). Among a total of 28 
patients, 8 subjects (66.7%) in the control group, 3 subjects (42.9%) in the low-
dose group, and 2 subjects (22.2%) in the high-dose group underwent amputa-
tion by 6 months after injection, so implantation of CD34+ cells led to a better 
clinical outcome with no major adverse events [28]. In another study, autolo-
gous CD133+ cells were used to treat patients with critical limb ischemia, 
including seven patients with arteriosclerosis obliterans, one patient with throm-
boangiitis obliterans (Buerger’s disease), and one patient with a thromboem-
bolic disorder. After injection of G-CSF for mobilization, peripheral blood 
CD133+ cells were harvested, and 2.5–5 × 106 cells were injected intramuscu-
larly. One year later, seven of the nine patients were free from leg amputation, 
and the pain-free treadmill walking time and exercise capacity both showed 
improvement [29].

Thus, there is considerable evidence that PB-MNC-based cell therapy is safe and 
efficient, contributing to better clinical outcomes in patients with severe limb isch-
emia (Table  3.1). Cell therapy for critical limb ischemia is intended to increase 
blood flow in the affected limb by promoting the formation of collateral vessels, and 
the mechanisms involved are discussed next.

3 Peripheral Blood Mononuclear Cells for Limb Ischemia
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3.6  Mechanisms of PB-MNC-Induced Neovascularization

Transplantation of autologous expanded PB-MNCs has been reported to promote 
neovascularization in several animal models of hind limb ischemia [14, 15, 30]. 
Partly because PB-MNCs are a mixed population of cells that have not been com-
pletely characterized, the mechanisms through which injection of these cells 
improves tissue blood flow are yet to be fully defined. Differentiation of injected 
cells to form new capillaries is reported to be rare, which suggests that angiogenic 
factors secreted by the injected cells or tissue resident cells contribute to neovascu-
larization in the ischemic limb [14]. It has been reported that intramuscular injection 
of PB-MNCs promotes the production of angiogenic factors, such as VEGF and 
interleukin-1 beta (IL-1β), by skeletal muscle. Injection of IL-1β-deficient PB-MNCs 
into wild-type mice increased the expression of IL-1β in ischemic limbs. In contrast, 
injection of wild-type PB-MNCs into IL-1β-deficient mice failed to upregulate 
IL-1β expression in the ischemic limb, and neovascularization was impaired. 
Furthermore, neovascularization was significantly improved by co-injection of 
wild-type PB-MNCs and IL-1β, suggesting that the implanted mononuclear cells 
did not secrete cytokines at levels sufficient to promote neovascularization. 
Importantly, implantation of PB-MNCs led to an increase in the number of regener-
ating myocytes expressing various pro-angiogenic factors. Therefore, this study 
indicates that injection of PB-MNCs promotes the production of angiogenic factors 
by muscle cells, especially regenerating myocytes, and this mechanism is crucial for 
neovascularization in ischemic limbs [15].

Recently, human peripheral blood CD31-positive cells were reported to have suf-
ficient angiogenic and vasculogenic properties to promote the recovery of blood flow 
in a murine model of ischemic vascular disease [14]. CD31 is a ubiquitous endothe-
lial cell marker, and studies have suggested that it is also expressed on the surface of 
cells from various hematopoietic lineages, including hematopoietic stem cells and 
embryonic stem cells in mice [31–33]. Kim et  al. reported that peripheral blood 
CD31+ (PB-CD31+) cells extracted by a magnetic-activated cell sorter expressed 
endothelial and hematopoietic stem/progenitor markers. Approximately 40% of 
PB-CD31+ cells expressed CD14 (a monocyte/macrophage marker), and over 99% 
of PB-CD31+ cells expressed CD45 (a well-known pan-hematopoietic marker). 
These cells were also positive for endothelial cell markers, such as von Willebrand 
factor, CD105, CD141, and CD144, but predominantly showed high expression of 
stem cell or progenitor markers such as CD34, CD133, CD117, and VEGF receptor 
2. Taken together, these results suggested that PB-CD31+ cells are not circulating 
endothelial cells. PB-CD31+ cells displayed significantly higher expression of pro-
angiogenic molecules, such as VEGF-A, hepatocyte growth factor (HGF), FGF-2, 
and angiopoietin-1 (Ang-1), compared with PB-CD31− MNCs. Cultured PB-CD31+ 
cells formed vascular tubelike structures and exhibited an endothelial cell pheno-
type. In addition, PB-CD31+ cell transplantation markedly improved blood flow and 
reduced limb loss in a murine model of hind limb ischemia, in association with high 
levels of pro-angiogenic cytokines and an increased capillary density. After treat-
ment, FACS analysis revealed that 2.2% of the endothelial cells in ischemic skeletal 

3 Peripheral Blood Mononuclear Cells for Limb Ischemia
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muscle were derived from implanted PB-CD31+ cells. These results indicate that 
PB-CD31+ cells mainly promote neovascularization via transdifferentiation-inde-
pendent mechanisms, and the findings of Kim et al. suggest the promising therapeu-
tic potential of PB-CD31+ cells for treatment of PAD [14].

3.7  Modifiers of Cell Therapy

3.7.1  Influence of Systemic Conditions

It has been reported that smoking, metabolic stress, and hypertension have a nega-
tive impact on the health of endogenous EPCs. The relative risk of amputation is 
40-fold higher in patients with diabetes [34]. Cell therapy with both BM-MNCs and 
PB-MNCs can improve ischemia in diabetic patients [35], but metabolic stress is 
well known to impair the ability of progenitor cells to promote neovascularization. 
It has been reported that the fasting glucose level negatively correlates with the 
results of PB-MNC transplantation in patients with critical limb ischemia [36]. The 
diabetic state leads to a defective response of EPCs and peripheral tissues to hypoxia. 
Mobilization of cells from the bone marrow and recruitment to ischemic tissues are 
significantly reduced in diabetic mice compared with controls, and injection of 
healthy EPCs into these mice does not normalize the viability of ischemic tissue 
[37]. A high glucose level is reported to reduce the proliferative capacity and angio-
genic activity of early and late EPCs [38]. Cellular senescence is well accepted to 
have a central role in the progression of age-related disorders [39–43], and EPC 
senescence has been identified in hypertensive rats and patients with hypertension 
[44]. Smoking is reported to be associated with decrease of EPCs, and it also impairs 
EPC differentiation and function [45]. It is well known that systemic metabolic 
dysfunction is associated with high levels of reactive oxygen species, which are 
thought to contribute to the progression of diabetes. Antioxidant therapy combined 
with BM-MNC achieved synergistic improvement of neovascularization in mice 
with diabetes and dyslipidemia [46–48]. These reports clearly indicate that in addi-
tion to cessation of smoking, treatment of systemic metabolic disorders and hyper-
tension is important for therapeutic angiogenesis in patients with limb ischemia.

Exercise is the only therapy with a class I recommendation for patients with 
stable PAD. Interestingly, Schirmer et al. recently reported that monocyte-derived 
inducible nitric oxide synthase (iNOS) promotes exercise-induced growth of col-
lateral vessels [49]. In a murine treadmill exercise model with femoral artery liga-
tion, iNOS expression by PB-MNC was increased, while depletion of monocytes/
macrophages by liposomal clodronate suppressed peri-collateral macrophage accu-
mulation and attenuated upregulation of iNOS, leading to the suppression of 
exercise- induced restoration of perfusion and collateral development. Based on 
extensive studies using iNOS-depleted mice or bone marrow transplantation mod-
els, Schirmer et al. concluded that iNOS derived from circulating mononuclear cells 
is an important mediator of exercise-induced collateral vessel development [49].

M. Suda et al.
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3.7.2  Mobilizers

It has been demonstrated that circulating EPCs are dose-dependently increased by 
injection of G-CSF or GM-CSF [19, 20]. CD34+ cells mobilized into the peripheral 
blood by G-CSF were expanded in vitro and injected into the hearts of mice with 
myocardial infarction, leading to the formation of vascular structures in the myocar-
dium and improvement of cardiac function [50]. Arai et al. reported that subcutane-
ous injection of recombinant human G-CSF improves the clinical signs and 
symptoms of patients with severe PAD, including the ABI and transcutaneous oxy-
gen tension, and they found that G-CSF treatment was as effective as intramuscular 
injection of BM-MNCs [51]. In addition, injection of GM-CSF significantly 
increased circulating CD34+ cells and contributed to the improvement of endothe-
lial dysfunction and exercise capacity in PAD patients [52]. However, a double- 
blind, randomized, placebo-controlled study showed that GM-CSF treatment did 
not improve the ABI in 40 PAD patients with moderate or severe intermittent clau-
dication [53]. Also, a phase 2 double-blind, placebo-controlled study of 159 PAD 
patients with claudication showed that GM-CSF treatment did not improve the 
treadmill walking performance at 3 months after injection [54]. Thus, further stud-
ies are needed to better define the therapeutic potential of G-CSF and GM-CSF.

CXC chemokine receptor 4 (CXCR4) is involved in retention of stem cells/pro-
genitor cells in the bone marrow. A single injection of a CXCR4 antagonist 
(AMD3100) was shown to augment mobilization of bone marrow-derived EPCs 
into the peripheral blood and also contributed to enhancement of neovascularization 
and functional recovery after myocardial infarction. This CXCR4 antagonist 
increased the expression of VEGF and metalloproteinase 9 (MMP9) by both 
PB-MNCs and BM-MNCs, and its beneficial effects were dependent on MMP9 
expression in the bone marrow [55]. Accordingly, it is highly possible that CXCR4 
antagonist therapy would also be effective for promoting neovascularization in 
patients with limb ischemia. Various angiogenic molecules, including VEGF165, 
angiopoietin-1, fibroblast growth factors, hypoxia-inducible factor, and stromal 
cell-derived factors, have also been reported to recruit EPCs into the peripheral 
blood [56–58]. The precise mechanisms by which these mobilizers contribute to 
promotion of the homing, transdifferentiation, incorporation, and survival of 
injected progenitor cells have yet to be defined. However, recent studies have sug-
gested that combinations of several agents need to be considered to enhance the 
efficacy of cell therapy.

3.7.3  Genetic Engineering

Genetic engineering of injected cells could also enhance the efficiency of cell ther-
apy. Transfection of a plasmid encoding VEGF and insulin-like growth factor I 
(IGF-I) into BM-MNCs reduced apoptosis and promoted cell survival, leading to 
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greater improvement of left ventricular function in a rat model of myocardial infarc-
tion [59]. Bone marrow-derived mesenchymal stem cells (MSCs) transfected with 
the human HGF gene promoted angiogenesis in a rat model of hind limb ischemia 
[60]. In addition, treatment with MSCs transduced with adenoviral vectors encod-
ing fibroblast growth factor-2 (FGF-2) and platelet-derived growth factor-BB 
(PDGF-BB) significantly improved capillary and arteriole density in a rabbit hind 
limb ischemia model compared with control MSCs [61]. Furthermore, intramyocar-
dial VEGF gene transfer with injection of G-CSF and stem cell factor synergisti-
cally promoted the mobilization of endothelial progenitor cells into ischemic 
myocardium after myocardial infarction [62]. Moreover, the introduction of 
Ppargc1a into skeletal muscle via an adenoviral vector improved blood flow in a 
murine hind limb ischemia model of PAD by promoting the release of secreted 
phosphoprotein 1 (SPP1) and recruitment of macrophages secreting monocyte che-
moattractant protein-1 (MCP-1) that contributed to the recruitment of endothelial 
cells, pericytes, and smooth muscle cells [63].

3.7.4  Hypoxic Preconditioning

Several studies have demonstrated that hypoxic preconditioning promotes an angio-
genic profile of cells utilized for cell therapy. A hypoxic preconditioning-induced 
increase of glycogen storage improved MSC survival and promoted perfusion in 
murine ischemic limbs. Hypoxic preconditioning induces glycogenesis in MSCs, 
and when these cells are subsequently exposed to ischemia, glycogenolysis releases 
glycogen to maintain the energy supply and promote cell survival [64]. According 
to another report, hypoxic preconditioning of PB-MNCs enhanced resistance to oxi-
dative stress, increased cell viability, and promoted the production of VEGF, while 
autologous transplantation of preconditioned PB-MNCs efficiently promoted neo-
vascularization and improved limb blood flow. The mechanism of such beneficial 
effects is yet to be defined, but this could be a therapeutic strategy worth considering 
to increase the angiogenic profile of implanted PB-MNCs [65].

3.7.5  Ultrasound

Ultrasound is known to have a therapeutic effect on limb ischemia by promoting 
tissue perfusion. Low-frequency (<100 MHz) ultrasound promotes peripheral arte-
rial dilatation in rodents and humans [66, 67]. Exposure to ultrasound acutely 
increases tissue perfusion, and this effect is partially mediated by oscillatory pres-
sure fluctuations within the blood vessels. The presence of microbubbles within the 
vessels is known to amplify this effect by increasing shear stress and activating 
eNOS [68]. Song et al. reported that rupture of capillaries elicited by microbubble 
destruction with 1  MHz ultrasound contributed to the stimulation of arteriolar 
remodeling in skeletal muscle [69]. Enomoto et  al. examined the therapeutic 
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potential of microbubble destruction with ultrasound and found that it could aug-
ment neovascularization after bone marrow cell transplantation in a rat model of 
hind limb ischemia [70]. In another study, plasmid DNA encoding VEGF165 was 
charge- coupled to cationic lipid microbubbles, and ultrasound-mediated destruction 
of intravenous microbubbles carrying the VEGF165 plasmid was found to be as 
effective for delivery as intramuscular injection of this plasmid [71]. Thus, PB-MNC 
implantation combined with ultrasound could be an additional strategy to promote 
the recovery of blood flow in patients with limb ischemia.

3.7.6  Cell Scaffolds and Biomaterials

Tracking studies performed in rodents indicate that the majority of transplanted 
cells do not remain in the ischemic region for more than 24 h after injection. It was 
reported that organs with a high content of transplanted progenitor cells were the 
liver and spleen at 24 h after injection of EPCs into the infarcted heart [72, 73]. 
Clinical studies have demonstrated that intracoronary infusion of unselected 
BM-MNCs and CD34+-enriched progenitor cells results in the retention of only 2% 
and 14–39% of these cells, respectively, within the ischemic myocardium at 1 h 
after injection [74, 75]. Thus, development of bioactive materials is essential to 
improve the efficiency of cell therapy. A self-assembling, bioactive peptide nanofi-
ber matrix presenting an integrin-binding domain of fibronectin was shown to 
enhance limb perfusion and reduce ischemic limb necrosis/amputation in a murine 
model of limb ischemia with injection of BM-MNCs [76]. An injectable elastin-like 
polypeptide capable of carrying pro-angiogenic genes was developed to enhance 
gene therapy for limb ischemia and was employed to deliver a plasmid encoding 
eNOS, leading to upregulation of major pro-angiogenic growth factors such as 
VEGF, PDGF-B, and FGF-1, whereas induction of IL-10 using the same system led 
to reduced infiltration of inflammatory cells [77]. These findings suggest that com-
bining gene therapy and cell scaffolds could contribute to a better outcome of cell- 
based therapy for ischemia.

3.8  Conclusion and Future Directions

The peripheral blood is a rich source of pro-angiogenic MNCs. Early studies sug-
gested that BM-MNCs had a higher angiogenic potential than PB-MNCs, but sub-
sequently evidence was obtained that PB-MNC-based cell therapy is equally 
effective for the treatment of severe PAD.  Injection of PB-MNCs into ischemic 
limbs promotes the formation of collateral vessels and increases blood flow, leading 
to significant improvement of clinical outcomes for patients with severe limb isch-
emia. Importantly, these beneficial effects are achieved without major adverse 
events related to cell therapy. The mechanisms by which PB-MNCs promote col-
lateral vessel formation have not been clearly defined. PB-MNCs show relatively 
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low potential for transdifferentiation into mature endothelial cells, and studies have 
suggested that transplanted PB-MNCs mainly augment neovascularization via 
transdifferentiation-independent mechanisms. PB-MNCs secrete growth factors 
and cytokines with paracrine effects that promote neovascularization and also pro-
mote regeneration of myocytes that produce angiogenic molecules. PB-MNCs con-
tain a broad spectrum of cells with pro-angiogenic potential mediated by both 
cell-autonomous and non-cell-autonomous mechanisms. Further efforts are needed 
to identify the cell populations chiefly involved in promoting neovascularization in 
ischemic limbs. PB-MNCs can be harvested with relatively little invasion and show 
equal efficacy for improving clinical outcomes compared with BM-MNCs, making 
PB-MNC-based therapy a more practical option for the treatment of severe limb 
ischemia. Various factors and/or techniques have been reported to enhance the effi-
ciency of cell therapy, and combined treatment is an interesting field that needs to 
be explored. Large-scale randomized clinical trials are required to better define the 
potential of PB-MNCs for treating critical limb ischemia.
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Chapter 4
Endothelial Progenitor Cells for Ischemic 
Diseases

Takayuki Asahara and Haruchika Masuda

Abstract Endothelial progenitor cells (EPCs) are believed to home to sites of neo-
vascularization, where they contribute to vascular regeneration by forming a struc-
tural component of capillaries and by secreting angiogenic factors, thereby 
enhancing vascular and blood flow recovery in ischemic tissue. This therapeutic 
strategy has been effective in animal models of ischemia, and we and other clinical 
trials have demonstrated that it was safe and feasible for treatment of critical isch-
emic limb and cardiovascular diseases. However, the decline of EPCs in the periph-
eral blood and evidence that several disease states reduced EPC number and/or 
function have prompted the development of several strategies to overcome these 
limitations, including the administration of genetically modified EPCs that overex-
press angiogenic growth factors. To optimize therapeutic outcomes, investigators 
must keep refining methods of EPC purification, expansion, and administration and 
to develop techniques that overcome the intrinsic decline and phenotypic deficien-
cies of EPCs. In this chapter, we have illustrated EPC biology and the therapeutic 
potential of EPCs for vascular regeneration demonstrating our data of clinical study.

Keywords Endothelial progenitor cell • Cell therapy • Ischemia • Angiogenesis • 
Regeneration

4.1  Introduction

Endothelial progenitor cells (EPCs) have been isolated from adult human peripheral 
blood (PB) [1], to accumulate in active angiogenic foci and participate in neovascu-
larization following ischemic insults [2, 3], exhibiting common stem/progenitor cell 
characteristics. The evidence that BM-derived EPCs home to sites of neovascular-
ization differentiating into endothelial cells (ECs) in situ is consistent with 
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“vasculogenesis,” a critical paradigm well described in embryonic neovasculariza-
tion but recently proposed in adults in whom a reservoir of stem/progenitor cells 
contribute to postnatal vascular formation (Fig. 4.1). The discovery of EPCs has 
therefore drastically changed our understanding of adult blood vessel formation 
specifically in ischemic tissue. The following issue highlights the potential utility of 
EPCs for therapeutic angio-/vasculogenesis in ischemic diseases, updating the 
notion of EPC biology.

4.2  Biological Characteristics and Definition of EPCs

Endothelial progenitor cells or “EPCs” were originally described as blood-bound 
cells with the ability to differentiate into the endothelial lineage [4]. Believed to be 
a “progenitor cell,” EPCs were thought to be able to reside in their immature state 
and upon the encounter of appropriate stimuli to migrate, proliferate, or differenti-
ate into a more mature lineage, capable of either direct contribution to or at least 
support of regenerative processes, namely, the regeneration of the injured cardiovas-
cular system.

EPCs are currently believed to be represented by the following hallmarks: (1) the 
ability for endothelial lineage commitment and the acquisition of an EC-specific or 
“EC-equivalent” phenotype; (2) initial immatureness, while preserving the 
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 competence to differentiate, indicated by a primitive progenitor cell phenotype and 
the (partial) lack of mature EC markers; and (3) the presence of pro-angiogenic and 
vasculogenic properties, with a strong biological activity toward neovascular forma-
tion resulting in functional recovery and regeneration of the injured vascular sys-
tem. Besides these general hallmarks, EPCs can be distinguished and subdivided 
into various categories.

4.2.1  Tissue EPCs vs. Circulating EPCs

Based on their in vivo classification, one can distinguish between “tissue EPCs” and 
“circulating EPCs.” Tissue EPCs are characterized by their adhesive nature and the 
fact that they can be isolated directly from organ tissues, representing either EPCs 
in the wake of differentiation originating from the circulation, so-called “homed- 
down” circulatory EPCs, endothelial outgrowth cells (EOCs) of a yet to be defined 
origin, or cells of the endothelial lineage which are directly derived from organ- 
based stem and progenitor cells such as cardiac stem cells [5], neural stem cells [6], 
myogenic stem cells, or mesenchymal stem cells [7] (Fig. 4.1). On the other hand, 
circulating EPCs are cellular components of blood which can be isolated from 
peripheral blood (PB), umbilical cord blood (UCB), bone marrow (BM), and organs 
or organ blood vessels. Circulating EPCs emerge as floating, nonadhesive cells pres-
ent in and moving throughout the circulatory system. A “suspended, non- attaching 
blood cell state” is therefore most characteristic for circulating EPCs which can 
mobilize and be recruited from preservative and educational niches in the BM into 
the bloodstream and home to sites of ischemic and/or vascular distress, contributing 
to the regeneration of the target tissue by transforming into adhesive EPCs.

4.2.2  Hematopoietic EPCs vs. Non-hematopoietic EPCs

Circulating EPCs can be subdivided into two main categories, hematopoietic lin-
eage EPCs (h-EPCs) and non-hematopoietic lineage EPCs (nh-EPCs) (Fig.  4.1). 
The h-EPCs originate from BM and represent a pro-vasculogenic subpopulation of 
hematopoietic stem cells (HSCs). The h-EPCs can enter circulation upon stimula-
tion as cellular components of blood, compromising a possibly heterogeneous cell 
population, represented by, for example, colony-forming EPCs, non-colony- forming 
“differentiating” EPCs, myeloid EPCs or angiogenic cells, etc. The nh-EPCs are not 
HSC-derived cells, which can be isolated from blood or tissue samples via the help 
of adhesive cell culture techniques and distinguished by their rather obvious EC-like 
phenotype. The origin of nh-EPCs remains to be clarified, but they are generally 
thought to be derived from non-hematopoietic tissue prone lineage stem cells or 
organ blood vessels.

The h-EPCs can be further subdivided into three distinct classes. The first class 
is represented by EPCs which can be classified as direct descendant of HSCs, which 
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can form immature hematopoietic-like EPC colonies and commit into circulating 
EC-like cells. The second class is represented by myeloid cells derived from myeloid 
progenitors, already committed to the myeloid lineage but still capable to differenti-
ate into EC-like cells, mimicking an endothelial cell phenotype. The third type is 
represented by cells, loosely termed circulating angiogenic cells (CACs), which can 
give rise to EC-like cells and contribute to neovascularization mainly by the secre-
tion of pro-angiogenic growth factors. The characterization and identification of 
HSC-derived EPCs are tightly linked to and associated with the methods and mark-
ers already applied in the hematopoietic field. EPCs and HSCs can both be isolated 
using antibodies against various cell surface markers, including membrane recep-
tors like CD34, CD133, Flk-1/KDR, CXCR4, and CD105 (Endoglin) for human 
samples [1, 8–13] and receptors like c-Kit [14], Sca-1 [15, 16], and CD34 [14, 17] 
in combination with Flk-1 (VEGFR2) in case of mouse samples. Nevertheless, the 
identification of a unique combination of receptors specific and selective for pri-
mary EPCs, enabling an unambiguous distinction between EPCs and HSCs, is still 
missing. The introduction of a definitive assay system capable of clearly distin-
guishing between EPCs and HSCs, thus enabling the identification of the long 
sought precise primary EPC phenotype, is highly anticipated but still missing.

4.2.3  Colony-Forming EPCs vs. Non-colony-Forming EPCs

4.2.3.1  Colony-Forming EPCs

A novel recently developed EPC colony-forming assay (EPC-CFA) system, capable 
to address and overcome most of the abovementioned limitations of the classical 
assay systems, is challenging several of the predominant classical opinions about 
EPCs and enabling an until now missing differential hierarchic view on EPCs. We 
recently reported one of the first examples of such an assay system, initially designed 
to work with mouse samples. C-Kit+/Sca-1+/lineage-negative (KSL) cells were used 
as a putative murine hematopoietic EPC-enriched cell population, allowing the 
identification of two clearly distinguishable types of colonies (small and large colo-
nies) that in turn correspond to two distinct EPC populations, primitive (small) and 
definitive (large) EPCs, respectively [18–20] (Fig. 4.2). The concept of an EPC- 
CFA was recently introduced and further developed for analysis of human EPC 
samples (Masuda et al., unpublished data). The EPC-CFA enables hereby not only 
the EPC colony formation analysis of single and/or bulk cells from EPC-enriched 
arbitrary fractions or nonselected cell populations but allows also the cell fate analy-
sis of primary and/or suspension culture cultivated single and/or bulk cells. It can 
further be easily combined with a classical HPC colony assay system, thus allowing 
a direct and comprehensive elucidation of the differences and similarities between 
EPCs and HPCs via the clarification of the cell fate of each cell type. The use of 
such an EPC-CFA allows not only the elucidation of a possible but so far elusive 
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differentiation hierarchy of EPCs but can be further used to identify and character-
ize the parameters associated with proliferation, commitment, and differentiation of 
EPCs in vitro and in vivo.

Indeed, the application of EPC-CFA on human CD34+ or CD133+ stem/pro-
genitor cells enabled the identification of small and large distinct colony types each 
derived from a single cell, small EPCs, and large EPCs, respectively (Fig.  4.2). 
Small EPCs showed a higher rate of proliferative activity with a higher number of 
cells being in the S-phase, when compared to large EPCs. Interestingly, large EPCs 
showed a significantly higher rate of vasculogenic activity with overall increased 
potential for cell adhesion and tube-like structure formation in vitro as well as a 
high in  vivo de novo blood vessel-forming activity following transplantation of 
these cells into a murine ischemic hindlimb model, as compared to small EPCs. In 
contrast to small EPCs, large EPCs did not form secondary colonies but gave rise to 
isolated endothelial cell (EC)-like cells when reseeded. Due to the observed in vitro 
(by FACS analysis) and in vivo characteristics of these colony types, small EPCs 
were further characterized and believed to represent “primitive EPCs,” a highly 
immature and proliferative population of cells, compared to large EPCs which are 
believed to represent “definitive EPCs,” cells prone to differentiate and promote 
vasculogenesis.
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Vasculogenic 

Adhesive 
Migratory 
Sprouting

Primary Cells

Primitive EPC

Definitive EPC

CD133/ 34+ cells

EC-like cells 
Cultured EPCs 
Large  EPCs 
Myeloid EPCs 
Early EPCs

EPC Culture 
Assay

Fig. 4.2 Differentiation cascade of blood EPCs and in vitro EPC assay system. (1) Heterogeneous 
cell populations including myeloid cell, lymphoid cell, and EPC aggregates are assessed by Hill’s 
colony assay system, (2) relatively purified EPC-rich cell populations including primitive (small) 
EPCs and definitive (large) EPCs are assessed by EPC-CFA, and (3) small/large EPCs, monocytic 
EPCs, and angiogenic monocyte/macrophages are assessed by culture EPC assay system
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4.2.3.2  Non-colony-Forming EPCs

The widely used “classical EPC culture assay” systems are characterized by the 
appearance of adhesive endothelial lineage(-like) cells upon conditioning of PB- or 
BM-derived mononuclear cells with endothelial growth factor-supplemented media 
[21–23]. These overall reproducible and standardized assay systems were used  
for the characterization of a wide range of EPCs, ranging from “cultured EPCs”  
[21, 23–26], “EC-like cells” [27], and “early EPCs” [26, 28, 29] to so-called circu-
lating angiogenic cells [30, 31], which generally do not form colonies under con-
ventional endothelial differentiation conditions (Fig. 4.2).

Cultured EPCs are often called “EC-like cells” due to the expression of certain 
endothelial features such as (1) the expression of certain endothelial lineage marker 
genes/proteins, like CD31, Flk-1/KDR, Flt-1, VE-cadherin, Tie-2, and vWF; (2) an 
EC-like bioactivity, characterized by their capacity to migrate toward an angiogenic 
growth factor gradient or to support the formation of or incorporate into tube-like 
structures; and (3) their direct/indirect contribution to the formation of new blood 
vessels in ischemic tissues after in  vivo transplantation. Other characteristics of 
these cells cover also non-endothelial features like (1) hematopoietic cell marker 
expression, e.g., CD45 or CD14 up to 2 weeks in culture, (2) loss of EC monolayer 
formation, and (3) reduction of their proliferative activity in culture similar to cul-
tured human endothelial cells, e.g., HUVEC [21, 24, 26]. The obvious discrepancies 
between differentiating EPCs and differentiated ECs characterized by a lack of cer-
tain endothelial specific markers and properties of EC-like cells and the obvious 
diminished EPC differentiation capacity into totally differentiated EC phenotype 
in vitro have been discussed for years and still remain to be clarified.

4.3  EPC Mobilization and Kinetics in Peripheral Blood

As described previously, tissue trauma causes mobilization of hematopoietic cells 
as well as pluripotent stem or progenitor cells from the hematopoietic system [32]. 
Consistent with the notion that EPCs and HSCs share common surface angigens, 
our recent data has shown that mobilization of BM-derived EPCs constitutes a natu-
ral response to tissue ischemia. The murine BMT model also provided direct evi-
dence of enhanced BM-derived EPC incorporation into foci of corneal 
neovascularization following the development of hindlimb ischemia [22], indicat-
ing that circulating EPCs are mobilized endogenously in response to tissue ischemia 
and can incorporate into neovascular foci to promote tissue repair. These results in 
animals were recently confirmed by human studies illustrating EPC mobilization in 
patients following burns, CABG, or acute myocardial infarction [33].

In the pathophysiological events that require neovascularization in vivo, a variety 
of cytokines, growth factors, or hormones released from the jeopardized tissue 
affect BM remotely and cause EPC mobilization from BM. For instance, granulo-
cyte macrophage colony-stimulating factor (GM-CSF) is well known to stimulate 
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hematopoietic progenitor cells and myeloid lineage cells but has recently been 
shown to exert a potent stimulatory effect on EPC kinetics. The delivery of this 
cytokine induced EPC mobilization and enhanced neovascularization in severely 
ischemic tissues and de novo corneal vascularization [22]. Vascular endothelial 
growth factor (VEGF), critical for angio-/vasculogenesis in the embryo [34–36], 
has also been shown to be an important stimulus of adult EPC kinetics recently. Our 
studies performed first in mice [2] and subsequently in patients undergoing VEGF 
gene transfer for limb or myocardial ischemia [37] revealed a previously unappreci-
ated mechanism by which VEGF contributes to neovascularization in part by mobi-
lizing BM-derived EPCs. Similar modulation of EPC kinetics has been observed in 
response to other hematopoietic stimulators such as granulocyte colony-stimulating 
factor (G-CSF) and stromal cell-derived factor-1 (SDF-1) [38], growth factors such 
as platelet-derived growth factor-CC (PDGF-CC) [39], brain-derived neurotrophic 
factor (BDNF) [40], insulin-like growth factor 2 (IGF-2) [41], placental growth fac-
tor (PlGF) [42], and hormones such as estrogen [16] and erythropoietin [17] 
(Fig. 4.1). The distinct mechanism by which EPCs are mobilized to the peripheral 
circulation remains unknown but may mimic aspects of embryonic development.

EPC mobilization has recently been implicated not only by natural hematopoietic 
or angiogenic stimulants but also by pharmacological agents. For instance, 
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors (statins) 
are known to rapidly activate Akt signaling in ECs, thereby stimulating EC bioactiv-
ity in vitro and enhancing angiogenesis in vivo [43]. Recent studies by Dimmeler 
et al. and our laboratory have demonstrated a novel function of statins by mobilizing 
BM-derived EPCs through the stimulation of the Akt signaling pathway [21, 44–46]. 
Also, emerging evidences indicated that AMD3100 which is an antagonist of CXCR4 
receptor for SDF-1 exhibited therapeutic effects on wound healing [47], diabetic 
neuropathy [48], and cardiovascular diseases [49, 50]. One concrete mechanism for 
these favorable effects is due to EPC mobilization by blocking SDF-1/CXCR4 axis 
in EPC retention in BM; however, since high-dose AMD3100 blocks the SDF-1/
CXCR4 axis not only in BM but also inhibits circulating or mobilized EPCs’ homing 
capacity to sites of ischemia or target, the therapeutic dose of AMD3100 should be 
determined carefully before any application for EPC mobilizer.

Therefore, these newly appreciated role of statins and that of AMD3100 suggest 
that they can be beneficial in treating various forms of vascular diseases expecting 
endogenous EPC contribution.

4.4  Role of EPCs in Postnatal Neovascularization

Postnatal neovascularization was originally recognized to be constituted by the 
mechanism of “angiogenesis,” which is a new vessel formation, operated by in situ 
proliferation and migration of preexisting ECs as previously described [51]. 
However, the discovery of EPCs resulted in the addition of the new mechanism for 
vascular formation in adults, “vasculogenesis,” which is frequently observed during 
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embryogenesis. “Vasculogenesis” is de novo vessel formation by in situ incorpora-
tion, differentiation, migration, and/or proliferation of BM-derived EPCs [2]. The 
incorporation of BM-derived EPCs into foci of physiological and pathological neo-
vascularization has been demonstrated in various animal experiments. One well- 
established model that allows us to detect BM-derived EPCs utilizes wild-type mice 
with BM cells transplanted from transgenic mice in which LacZ expresses under the 
regulation of an EC lineage-specific promoter, Flk-1 or Tie-2 (Flk-1/LacZ/BMT, 
Tie-2/LacZ/BMT). Using these mice, Flk-1- or Tie-2-expressing endothelial lineage 
cells derived from BM (EPCs) have been shown to localize to vessels during tumor 
growth, wound healing, skeletal and cardiac ischemia, corneal neovascularization, 
and endometrial remodeling following hormone-induced ovulation [2] (Figs.  4.1 
and 4.2). On the other hand, tissue-specific stem/progenitor cells with the potency of 
differentiation into myocytes or ECs were also isolated in skeletal muscle tissue in 
murine hindlimb later on, although the origin of the cells remains to be cleared [52]. 
This finding suggests that the origin of EPCs may not be limited to BM, e.g., tissue-
specific stem/progenitor cells possibly provide “in situ EPCs” as other sources of 
EPCs than BM. Regardless of the origin of EPCs, they certainly play a significant 
role contributing to neovascularization directly via vasculogenesis in the tissue.

Apart from the established role of EPCs in neovascularization, namely, “direct 
participation in neovasculature via vasculogenesis,” recruited EPCs to the jeopardized 
tissue that requires vessel regeneration do not always participate in the neovasculature 
but rather stay in interstitial tissue along with neovascularization (Fig. 4.3). These 

Role of EPCs in Ischemic Tissue

1. 2. Indirect Contribution to 
Angiogenesis
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Fig. 4.3 Two different roles of EPCs in neovascularization. In the case of new vessel formation, 
one role of EPCs is the direct participation of EPCs in neovascularization accompanying preexist-
ing EC proliferation and migration (left in the figure). The other role of EPCs is the indirect effect 
on angiogenesis with the production and release of pro-angiogenic cytokines/growth factors from 
recruited EPCs. These EPCs remain in the site without participating in the neovasculature, exhibit-
ing so-called paracrine effect (right in the figure)
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“resting” EPCs in the tissue produce a variety of cytokines/growth factors, specifically 
pro-angiogenic ones, and promote preexisting EC proliferation and migration result-
ing in angiogenesis. This paracrine effect of EPCs represents indirect contribution to 
neovascularization. As far as we and others confirm the cytokines/growth factors pro-
duced from EPCs, EPCs will release VEGF, hepatocyte growth factor (HGF), angio-
poietin-1 (Ang-1), endothelial nitric oxide synthase (eNOS), inducible nitric oxide 
synthase (iNOS), SDF-1α, and insulin-like growth factor-1 (IGF-1), etc. Both VEGF 
and HGF promote EC proliferation leading to angiogenesis, and Ang-1 may play a 
role for stabilizing prematured vessels in ischemic tissue. Nitric oxide (NO) synthase, 
by ether eNOS or iNOS, maintains tissue blood perfusion in microcirculating systems 
acting as a vasodilator. Since little eNOS expression is observed in cardiac capillaries 
except for ECs in coronary arteries, “imported” eNOS produced from the recruited 
EPCs is thought to be a major source of eNOS and important in short-term ischemia, 
specifically  ischemia- reperfusion injury [53]. iNOS is also produced from the recruited 
EPCs; however, the expression is prominent only when the tissue hypoxia is sustained 
for a long time, i.e., in the case of chronic myocardial ischemia rather than ischemia- 
reperfusion injury. BM-derived cell eNOS or iNOS deletion results in the exacerba-
tion of myocardial infarction induced by ischemia-reperfusion injury or permanent 
vessel occlusion, respectively, suggesting that “imported” NOS is crucial for prevent-
ing ischemic myocardium depending on the type of ischemic injury [53]. SDF-1α 
released from recruited EPCs further recruits more EPCs triggering a chain reaction. 
On the other hand, EPCs will prevent cardiac apoptosis caused by ischemia via a pro-
duction of IGF-1, a potent antiapoptotic factor, activating the Akt signaling pathway. 
Thus, EPCs demonstrate tissue-protective effects producing favorable factors, namely, 
“indirect contribution to neovascularization in ischemic tissue.”

4.5  EPC-Based Therapeutic Angiogenesis

Since the discovery of EPCs in 1997, we immediately focused on the regenerative 
potential of stem/progenitor cells as well as the unique characteristics. In vitro, stem/
progenitor cells have the capability of self-renewal and differentiation into organ-spe-
cific cell types. In vivo, these cells are then directed by the appropriate milieu that allows 
them to differentiate and reconstitute target organs. The novel therapeutic strategy for 
ischemic diseases, EPC transplantation, may therefore be an epoch as a cell therapy 
involving the classic paradigm of angiogenesis developed by Folkman and colleagues.

4.5.1  EPC Transplantation in Experimental Animals

We and others indicated that cell therapy with culture-expanded EPCs can success-
fully promote neovascularization in ischemic tissue, even when administered as 
“sole therapy,” i.e., in the absence of angiogenic growth factors. Such a 
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“supply- side” version of therapeutic neovascularization in which the substrate 
(EPCs/ECs) rather than ligand (growth factor) comprises the therapeutic tool was 
first reported by intravenously transplanting human EPCs to immunodeficient mice 
with hindlimb ischemia [24]. These findings provided a novel insight that exoge-
nously administered EPCs restored impaired neovascularization in a mouse isch-
emic hindlimb model. A similar study in which human EPCs were transplanted in a 
myocardial ischemia model of nude rat demonstrated that transplanted EPCs were 
localized to the area of neovascularization with the differentiation into mature ECs. 
These findings were consistent with preserved left ventricular (LV) function and 
reduced infraction size [54]. Another study in which human cord blood-derived 
EPCs were transplanted in an ischemic hindlimb model of nude rats also demon-
strated similar findings with enhanced neovascularization in ischemic tissue [25].

Recently, other investigators have explored the therapeutic potential of CD34+ 
cells as an EPC-enriched fraction. Shatteman et  al. transplanted freshly isolated 
human CD34+ cells into diabetic nude mice with hindlimb ischemia and showed a 
blood flow recovery in the ischemic limb [55]. Also, Kocher et al. attempted intra-
venous infusion of freshly isolated human CD34+ cells into nude rats with myocar-
dial ischemia and observed preservation of LV function consistent with the inhibition 
of cardiac apoptosis [56]. CD34+ cell dose-dependent contribution to LV functional 
recovery and neovascularization in ischemic myocardium has been demonstrated 
[57]. The major mechanism for these therapeutic effects is attributed by the para-
crine effect rather than direct contribution to neovascularization of CD34+ cells due 
to its less ability of transdifferentiation to cardiovascular lineage cells. In order to 
promote the direct contribution of CD34+ cells to therapeutic angiogenesis, we and 
others focused on one of the morphogens in embryonic stage, sonic hedgehog 
(SHh), and tested the effect of pretreated CD34+ cells with SHh comparing with 
non-treated CD34+ cells in mouse ischemic disease models [58, 59]. The SHh treat-
ment significantly upregulated gene expressions of angiogenic growth factor and 
vascular-related marker in  vitro and exhibited high therapeutic outcomes with 
increased vascularity including endothelial and smooth muscle cell differentiation 
of the locally transplanted CD34+ cells (Fig. 4.3).

4.5.2  EPC Transplantation in Clinical Trials

Therapeutic effects of EPCs seen in animal models on ischemic diseases, utilizing a 
broad range of cells which are all believed to consist of or contain to a certain extent 
EPCs and/or pro-vasculogenic/angiogenic cell populations, are evaluated in numer-
ous clinical trials (Table  4.1). Excellent in-depth reviews summarizing the cells, 
conditions, as well as the therapeutic outcome, efficacy, and safety of the applied 
strategies are available [60–62].

We have recently reported a phase I/II clinical trial regarding intramuscular 
transplantation of autologous and G-CSF-mobilized CD34+ cells in patients with 
intractable critical limb ischemia (CLI) [63]. The first-in man trial was conducted as 
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a prospective, multicenter, single-blinded, and dose-escalation study since 2003 in 
our institute. G-CSF was used to efficiently mobilize BM-EPCs to PB, and the 
mobilized CD34+ cells were isolated as EPC-enriched fraction.

In all subjects, for the primary endpoint, the efficacy score at week 12 was a posi-
tive value indicating improvement of lower limb ischemia after the cell therapy. In 
addition, both subjective and objective parameters of lower limb ischemia such as 
toe brachial pressure index (TBPI), transcutaneous partial oxygen pressure (TcPO2), 
total walking distance (TWD), pain-free walking distance (PFWD), Wong-Baker’s 
pain rating scale, and the ulcer size significantly (Fig. 4.4) and serially improved 
after transplantation of CD34+ cells. Because this was not a randomized, controlled 
study, possibility of the placebo effect after CD34+ cell transplantation needs to be 
evaluated in the large-scale future trial. As for the safety evaluation, neither death 

Table 4.1 Clinical trials for ischemic diseases with EPCs

Trial name/
author

Disease 
type

Number 
of 
patients 
(T/C) EPC type

Study 
design Outcome Reference

TOPCARE- 
AMI

AMI 30/29 PB-/
BM-derived 
cultured EPCs

RT Effective [85]

Bartunek et al. AMI 19/16 CD133 RT Effective [86]
Li et al. AMI 35/35 Gm-PB-CD34 Cohort Effective [87]
Tatsumi et al. AMI 36/18 PB-MNC Cohort Effective [88]
Dobert et al. AMI 11/15 PB-/

BM-derived 
cultured EPCs

Cohort Effective [89]

Stamm et al. RMI 46/9 CD133 NRT Effective [90, 91]
Ahmadi et al. RMI 18/9 CD133 NRT Effective [92]
Balogh et al. RMI 8/18 CD34 NRT Inconclusive [93]
Erbs et al. OMI 13/13 PB-derived 

cultured EPCs
RT Effective [94]

Assmus et al. OMI 24/23 PB-derived 
cultured EPCs

RCT Ineffective [95]

Boyle et al. OMI 5/0 Gm-PB-CD34 NRT NA [96]
Losordo et al. AP 18/6 Gm-PB-CD34 RT Safe and 

feasible
[61]

Lara- 
Hernandez 
et al.

CLI 28/0 Gm-PB-CD34 Cohort Effective [97]

EPOCH-CLI CLI 17/0 Gm-PB-CD34 Cohort Effective [63]
Kuroda et al. NUF 4/0 Gm-PB-CD34 Cohort Effective Ongoing in 

Kobe, Japan

AMI acute myocardial infarction, OMI old myocardial infarction, RMI recent myocardial infarc-
tion, AP angina pectoris, CLI critical limb ischemia, NUF nonunion fracture, PB peripheral blood, 
BM bone marrow, Gm G-CSF (granulocyte colony-stimulating factor) mobilized, T/C treatment/
control, RT randomized trial, NRT nonrandomized trial, NA not available
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nor life-threatening adverse events were observed in this study. No severe adverse 
event, for which relation to a series of cell therapy could not be denied, was also 
observed. Although mild to moderate adverse events were frequent, these events 
were transient and expected. No malignant tumor was also clinically identified dur-
ing the study period.

In addition to CD34, CD133 is a surface marker of early EPC phenotype. A 
recent clinical study by Burt et al. showed the safety and feasibility of autologous, 
G-CSF-mobilized CD133+ cell implantation into lower extremity muscles of nine 
patients with CLI including a patient with Buerger’s disease [64]. PB-MNCs were 
collected by leukapheresis after G-CSF mobilization (10 μg/kg/day for 4–5 days), 
and CD133+ stem cells were selected using a magnetic separation system. There 
were no major complications from either leukapheresis or cell injection. The patient 
with Buerger’s disease underwent the procedure twice. After the procedure, rest 
pain resolved rapidly by day 2, and seven of nine patients including a case of 
Buerger’s disease were able to avoid limb amputation during the 1-year follow-up.

Although these studies were small-sized, nonrandomized trials, these initial 
results suggest the potential effectiveness of the purified EPC population in CLI 
patients.

Day 1 - 5

G-CSF Injection
10 µg/kg/day (5 days)

Day 5

Apheresis

Day 6

Intramuscular Injection of CD34+ cells

Before After (3 month)
Buerger’s Disease (36 y.o. male)

-20

0

20

40

60

Pre Wk 4 Wk 12

Ulcer size (mm)

**

CD34+ Cell Isolation 
by Magnetic Sorting 
System and 
Intramuscular 
Injection

Apheresis Magnetic cell sorter

Fig. 4.4 Representative case of autologous CD34+ cell transplantation therapy for CLI in 
Buerger’s disease. A 36-year-old male patient who had toe necrosis due to microcirculation failure 
received CD34+ cell injection at 40 sites in ischemic limb under lumbar anesthesia, and the necro-
sis was significantly improved with blood flow recovery with reduced skin ulcer size 3 months 
after the treatment. Quantitative analysis for skin ulcer size exhibits significant improvement of toe 
necrosis (graph). **P < 0.01 vs. Pre (baseline). The improvement could be maintained for more 
than 1 year without recurrence
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As for the EPC therapy for coronary artery disease, Losordo et  al. recently 
reported a phase II, randomized, placebo-controlled, and dose-ranging clinical trial 
for 167 patients with refractory angina. Autologous CD34+ cells isolated from 
G-CSF-mobilized apheresis products were intramyocardially injected into ischemic 
myocardium under the guidance of NOGA endomyocardial mapping. Six and 
12 months later, angina counts and changes in exercise time significantly improved 
in CD34+ cell group than placebo group [65]. These promising outcomes also sup-
port the clinical usefulness of EPC transplantation for reduction of tissue ischemia.

4.5.3  Problems in EPC Transplantation

Our animal studies [24] suggest that heterologous EPC transplantation requires sys-
temic injection of 0.5–2.0 × 104 human EPCs/g body weight of the recipient animal 
to achieve satisfactory improvement of hindlimb ischemia. In general, cultured 
EPCs obtained from healthy human volunteers yield 5.0 × 106 cells per 100 ml of 
peripheral blood on day 7. Based on these data in human, a blood volume of as 
much as 12 L will be necessary to obtain enough number of EPCs to treat patients 
who have critical ischemic hindlimb. Therefore, the background factors in clinical 
patients such as aging [66], diabetes [23, 67], hypercholesterolemia [23], hyperten-
sion [23, 68], and smoking [69, 70] that may reduce the number of circulating/
BM-EPCs and the function will cause major limitations of primary EPC transplan-
tation. In reality, most of the patients who are going to undergo EPC therapy for the 
ischemic diseases more or less have background diseases as described above. 
Considering autologous EPC therapy, certain technical improvements that may help 
to overcome the malfunction of EPCs should include (1) local delivery of EPCs, (2) 
endogenous EPC mobilization, i.e., cytokine/growth factor supplements to promote 
BM-derived EPC mobilization [2, 22], (3) enrichment procedures, i.e., leukaphere-
sis or BM aspiration, (4) enhancement of EPC functions by gene transduction, or (5) 
culture expansion of EPCs from self-renewable primitive stem/progenitor cells in 
BM or other sources. Unless the quality and quantity of autologous EPCs are 
obtained by the technical improvements as described above, allogenic EPCs derived 
from umbilical cord blood or culture expanded from human embryonic stem cells 
[25, 71] may be another alternative source supplying EPCs.

4.6  EPC as a Biomarker for Ischemic Diseases

Previous clinical studies reported that the number of circulating EPCs defined 
with cell surface markers, CD34+, CD34+/KDR+, CD133+/KDR, or CD34/
CD133/KDR+, inversely correlated with the severity of cardiovascular diseases 
including congestive heart failure [33, 72–76] (Table 4.2). Colony-forming activ-
ity of EPCs analyzed by Hill’s method [77] has also been known to correlate with 
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the number of circulating EPCs and used for the assessment of EPC function; 
however, Hill’s colony assay is recognized as just a method for detecting EPC 
aggregation.

Thus, we have recently developed a novel EPC colony-forming assay (EPC- 
CFA) system, which is capable of addressing and overcoming most of the limita-
tions of the classical assay systems, challenging several of the predominant classical 
opinions about EPCs, and enabling an until now missing differential hierarchic view 
on EPCs. We have reported one of the first examples of such an assay system, ini-
tially designed to work with mouse samples. C-Kit+/Sca-1+/lineage-negative (KSL) 
cells were used as a putative murine hematopoietic EPC-enriched cell population, 
allowing the identification of two clearly distinguishable types of colonies (small 
and large colonies) that in turn correspond to two distinct EPC populations, primi-
tive (small) and definitive (large) EPCs, respectively [18–20] (Fig. 4.3). The concept 
of an EPC-CFA was recently introduced and further developed for analysis of 
human EPC samples [78]. The EPC-CFA enables hereby not only the EPC colony 
formation analysis of single and/or bulk cells from EPC-enriched arbitrary fractions 
or nonselected cell populations but allows also the cell fate analysis of primary and/
or suspension culture cultivated single and/or bulk cells. It can further be easily 
combined with a classical HPC colony assay system, thus allowing a direct and 

Table 4.2 Correlation between circulating EPC number/function and cardiovascular diseases

Subject 
disease

Control 
disease N EPC type

EPC number/
function Reference

AMI (day 7 
after onset)

AMI (day of 
onset)

16 CD34+ 2X↑/CFA↑ [33]

Non-ST↑AMI 
(with 
collaterals)

Non- 
ST↑AMI 
(without 
collaterals)

20 CD133+/KDR+ 2X↑/CFA→ [73]

CAD (cardiac 
event+)

CAD (cardiac 
event−)

77 CD34+/KDR+ 0.5X↓/(−) [74]

CAD (cardiac 
event−)

CAD (cardiac 
event+)

519 CD34+/KDR+ 1.5-2X↑/(−) [76]

Congestive 
HF

Healthy 
volunteer

46 CD34+/CD133+/
KDR+

Mild HF: 3-4X↑/
CFA↑
Severe HF: 
0.7–0.5X↓/CFA↓

[75]

Eisenmenger 
syndrome 
(with 
pulmonary 
HT)

Healthy 
volunteer

96 CD34+, CD34+/
CD133+, KDR+

0.3–0.5X↓/CFA↓ [72]

AMI acute myocardial infarction, CAD coronary artery disease, HF heart failure, HT hypertension, 
CFA colony-forming activity
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comprehensive elucidation of the differences and similarities between EPCs and 
HPCs via the clarification of the cell fate of each cell type. The use of such an EPC- 
CFA allows not only the elucidation of a possible but so far elusive differentiation 
hierarchy of EPCs but can be further used to identify and characterize the parame-
ters associated with proliferation, commitment, and differentiation of EPCs in vitro 
and in vivo [78].

Indeed, application of EPC-CFA on human CD34+ or CD133+ stem/progenitor 
cells enabled the identification of small and large distinct colony types each derived 
from a single cell, small EPCs, and large EPCs, respectively. Small EPCs showed a 
higher rate of proliferative activity with a higher number of cells being in the 
S-phase, when compared to large EPCs. Interestingly, large EPCs showed a signifi-
cantly higher rate of vasculogenic activity with overall increased potential for cell 
adhesion and tube-like structure formation in vitro as well as a high in vivo de novo 
blood vessel-forming activity following transplantation of these cells into a murine 
ischemic hindlimb model, as compared to small EPCs. In contrast to small EPCs, 
large EPCs did not form secondary colonies but gave rise to isolated endothelial cell 
(EC)-like cells when reseeded. Due to the observed in vitro (by FACS analysis) and 
in vivo characteristics of these colony types, small EPCs were further characterized 
and believed to represent “primitive EPCs,” a highly immature and proliferative 
population of cells, compared to large EPCs which are believed to represent “defini-
tive EPCs,” cells prone to differentiate and promote vasculogenesis.

The advantage of these assessments for the number and colony-forming activity 
of circulating EPCs is a convenient tool for clinical application in terms of a medical 
regulatory feasibility of sampling from blood cells by antibody targeting isolation 
and a potent effectiveness on ischemic diseases through vasculogenic and angio-
genic mechanisms by primary cells.

4.7  Future Strategy with EPC Transplantation

The possible and feasible strategy that may recover potential EPC dysfunction in 
ischemic disorders should be considered, given the findings that EPC function and 
mobilization may be impaired in certain diseases. One of the strategies, genetic 
modification of EPCs to overexpress angiogenic growth factors, will enhance sig-
naling activity of the angiogenic response and reactivate the bioactivity and/or 
extend the life span of EPCs.

We have recently shown for the first time that gene-modified EPCs rescue 
impaired neovascularization in an animal model of limb ischemia [79]. 
Transplantation of heterologous EPCs transduced with adenovirus encoding human 
VEGF165 improved neovascularization and blood flow recovery, reducing the limb 
necrosis and auto-amputation rate in comparison with controls. The dose of EPCs 
needed to achieve limb salvage in these in vivo experiments was 30 times less than 
that required in the previous experiments involving unmodified EPCs [24]. Other 
investigators have also demonstrated the therapeutic efficacy of genetically engi-
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neered EPCs with a variety of target genes such as adrenomedullin (AM) [80], 
eNOS [81], tissue plasminogen activator (tPA) [82], and integrin-like kinase (ILK) 
[83] in animal models. Thus, genetic modification might overcome the potential 
problems in the patients’ EPCs for EPC transplantation therapy in ischemic diseases 
as so-called second-generation EPC therapy. Also, combining EPC cell therapy 
with gene (i.e., VEGF) therapy [84] may be another option to address the limited 
number and function of EPCs that can be isolated from peripheral blood in patients.

4.8  Summary

There is accumulating evidence that BM-derived EPCs have characteristics similar to 
those of angioblasts demonstrating the potential to promote postnatal vasculogenesis 
in adults, and clinical applications of EPCs in regenerative medicine are now ongoing. 
To acquire optimal quality and quantity of EPCs, however, several issues remain to be 
addressed, such as the development of a more efficient method of EPC purification and 
expansion, the methods of administration, and background disease-induced dysfunc-
tion or senescence in EPCs in patients. Alternatively, in the case of impossible utility 
of autologous BM-derived EPCs in patients with impaired BM function, appreciable 
EPCs isolated from umbilical cord blood or differentiated from tissue-specific stem/
progenitor or embryonic stem cells need to be optimized for EPC therapy. However, 
the unlimited potential of EPCs along with the emerging concepts of autologous cell 
therapy with gene modification suggests that they may soon reach clinical fruition.
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Chapter 5
Therapeutic Angiogenesis with Adipose 
Tissue-Derived Regenerative Cells

Toyoaki Murohara and Kazuhisa Kondo

Abstract Therapeutic angiogenesis is an important strategy to treat tissues against 
severe ischemic diseases in patients with no other treatment option including endo-
vascular intervention or bypass surgery. Recent studies indicated some possibilities 
of cell transplantation-mediated angiogenesis using autologous bone marrow cells, 
CD34+ or CD133+ stem cells, and peripheral blood mononuclear cells. Subcutaneous 
adipose tissues can be harvested by relatively easy and less invasive techniques. 
Recent studies indicated that adipose tissue contains mesenchymal progenitor cells 
that can give rise to several lineage cells. Moreover, these mesenchymal progenitor 
cells can release a variety of angiogenic growth factors including vascular endothe-
lial growth factor, hepatocyte growth factor, and chemokine stromal cell-derived 
factor. The combination of these biological properties of adipose-derived regenera-
tive cells (ADRCs) implicates that autologous adipose tissue would be a useful cell 
source for therapeutic angiogenesis.

Keywords Angiogenesis • Adipose-derived regenerative cells • Endothelial cells • 
Peripheral artery occlusive disease

5.1  Introduction

When tissue is exposed to severe ischemia, new blood vessels develop into the isch-
emic foci to prevent further cellular damage and necrosis [1]. However, this endog-
enous protective mechanism (i.e., collateral vessel formation and capillary 
angiogenesis) is often hampered by coexisting morbidity including atherosclerotic 
risk factors such as diabetes, hypercholesterolemia, smoking, etc. [2]. For example, 
it is frequent for diabetic patients to lose their extremities after suffering from severe 
peripheral artery obstructive disease (PAOD) because of insufficient development 

T. Murohara, M.D., Ph.D. (*) • K. Kondo 
Department of Cardiology, Nagoya University Graduate School of Medicine,  
65 Tsurumai, Showa-ku, Nagoya 466-8550, Japan
e-mail: murohara@med.nagoya-u.ac.jp

mailto:murohara@med.nagoya-u.ac.jp


68

of collateral vessels/angiogenesis. Therefore, the strategy called “therapeutic angio-
genesis” is a very important means to salvage tissues against critical ischemia [1].

Subcutaneous adipose tissue can be harvested by relatively easy and less invasive 
technology by an established liposuction method. Furthermore, recent studies have 
indicated that adipose tissues contain progenitor cells that can give rise to several lin-
eage cells including the fat, bone, cartilage, muscle, etc. [3, 4]. These progenitor cells 
are termed as adipose-derived stem/progenitor cells (ASCs or ADSCs) or adipose- 
derived regenerative cells (ADRCs), and these terminologies including adipose-
derived stromal vascular fraction (SVF) are essentially considered as an identical cell 
fraction [5]. ADSCs/ADRCs can also release multiple angiogenesis- related growth 
factors including vascular endothelial growth factor (VEGF), hepatocyte growth fac-
tor (HGF), and chemokine stromal cell-derived factor-1 (SDF-1) [6–8]. The combina-
tion of these biological properties (i.e., progenitor cell supply and growth factor 
release) suggests that autologous subcutaneous adipose tissue will be a good candi-
date for a cell source of therapeutic angiogenesis [6–13] (Table 5.1).

Table 5.1 Animal models of therapeutic angiogenesis by adipose-derived cells

Study Year
Cells and ischemic 
models Efficacy Proposed mechanisms

Rehman et al. [6] 2004 Human ASCs to 
mouse hind limb

Increased 
angiogenesis

Cytokines (VEGF, HGF, 
TGFβ)

Miranville et al. [9] 2004 Human SVF to 
mouse hind limb

Increased 
angiogenesis

CD34+/CD31- cells, EC 
differentiation

Planat-Benard 
et al. [10]

2004 Human SVF to 
mouse hind limb

Increased 
angiogenesis

EC differentiation

Nakagami et al. [7] 2005 Mouse ADSC to 
mouse hind limb

Increased 
angiogenesis

Cytokines (VEGF, 
HGF)

Moon et al. [11] 2006 Human ADSC to 
mouse hind limb

Increased 
angiogenesis

Possibly cytokines (n.i.)

Sumi et al. [12] 2007 Mouse SVF to 
mouse hind limb

Increased 
angiogenesis

EC, VSMC 
differentiation

Cai et al. [13] 2008 Human ASC to rat 
MI

Increased 
angiogenesis

Possibly cytokines (n.i.)

Kondo et al. [8] 2009 Mouse ADRC to 
mouse hind limb

Increased 
angiogenesis

EPC recruitment, 
cytokines (SDF-1, 
VEGF)

Harada et al. [57] 2013 Rat ADRC to 
mouse hind limb

Increased 
angiogenesis

Cytokines (VEGF, 
bFGF, HGF)

Hao et al. [56] 2014 Rabbit ADRC to 
rabbit hind limb

Increased 
angiogenesis

Cytokines (HGF, 
VEGF)

Kosaraju et al. [62] 2016 Mouse ADRC to 
mouse wound

Increased 
angiogenesis

EPC recruitment

All hind limb model is the ischemic hind limb model
ASCs adipose-derived stromal cells or adipose-derived stem cells, SVF stromal vascular fraction, 
ADSCs adipose-derived stem/progenitor cells, ADRCs adipose-derived regenerative cells, MI 
myocardial infarction, VEGF vascular endothelial growth factor, HGF hepatocyte growth factor, 
TGF transforming growth factor, EC endothelial cell, EPCs endothelial progenitor cells, VSMC 
vascular smooth muscle cell, SDF stromal cell-derived factor, n.i. not identified
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5.2  Therapeutic Angiogenesis: Growth Factor and Cytokine 
Therapy

Past Professors Judah Folkman and Jeffrey Isner, great pioneers for angiogenesis 
research, had initiated the concept of therapeutic angiogenesis in the early 1970s 
[14–16]. Folkman and co-workers observed that pathological angiogenesis is essen-
tial for the growth and metastasis of solid tumors. His original idea that the suppres-
sion of tumor angiogenesis would be effective against tumor growth had been 
developed into a completely new paradigm of anti-angiogenic therapy against neo-
plastic diseases, tumor dormancy therapy [15].

After the identification of angiogenic growth factors including VEGF and basic 
fibroblast growth factor (bFGF), investigators in the cardiovascular field started 
testing their hypothesis that facilitating angiogenesis with externally treated growth 
factor genes and/or proteins would improve tissue blood perfusion and function in 
critically ischemic diseases [17–19]. A number of preclinical data supported the 
safety and feasibility of clinical application of therapeutic angiogenesis using 
growth factor genes or proteins. Thereafter, abundant clinical trials have been per-
formed to conduct therapeutic angiogenesis with genes and cytokines [20]. Initial 
uncontrolled small clinical trials showed successful results; however, newer clinical 
studies with randomized placebo-controlled trials failed to show sufficient improve-
ment of angiogenesis, function, or symptoms [20]. These findings suggest that the 
clinical trial of therapeutic angiogenesis using single factor may have a limited effi-
cacy. This will be explained by the fact that the expression of more than 750 genes 
was either upregulated or downregulated more than twofold by acute ischemic 
insult in vivo [21], and such dramatic changes may not easily be overcome by a 
cytokine monotherapy (i.e., single gene or protein). So far, only small numbers of 
studies using HGF or basic fibroblast growth factor (bFGF) have been shown to 
reveal promising data, but these may be because a number of cytokines or transcrip-
tion factors are expressed by downstream to these cytokine-mediated signal trans-
ductions [22–24].

5.3  Therapeutic Angiogenesis: Cell Therapy

Meantime, a pioneering work conducted by Asahara, Isner, and co-workers regard-
ing the identification of putative endothelial progenitor cells (EPCs) in adult human 
peripheral blood was published in 1997 [25]. Since EPCs and hematopoietic stem 
cells (HSCs) share several cell surface antigens such as Flk-1, Tie-2, CD31, and 
CD34, EPCs are believed to derive from so-called hemangioblasts or closely related 
cell class existing in the bone marrow in adults [26]. Mobilized EPCs from the bone 
marrow circulate in the peripheral blood and participate in new blood vessel forma-
tion and/or re-endothelialization on the injured arterial wall [25]. Although trans-
plantation of culture-expanded EPCs could successfully augment angiogenesis and 
tissue blood supply in experimental animal models with ischemia [27], this 
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procedure has not been developed into clinical trials because of difficulties in cul-
ture expansion techniques and limited number of cells to implant.

Instead, based on the fact that patients’ own bone marrow can be obtained by rela-
tively easy way and that fresh bone marrow contains HSCs and EPCs [26], implanta-
tion of autologous bone marrow mononuclear cells has been investigated in both 
preclinical and clinical studies [28–31]. Adult bone marrow has been shown to contain 
EPCs that mobilize into peripheral circulation after stimulation by ischemia or by 
cytokines such as VEGF and SDF-1 [32–34]. We previously demonstrated that 
implantation of autologous bone marrow mononuclear cells into ischemic skeletal 
muscles successfully augmented angiogenesis and collateral vessel formation in both 
animal studies and human trials [28, 29, 31, 35]. Especially in the clinical study called 
the “TACT trial,” we have shown that more than 80% of Buerger’s disease patients 
and 50% of PAD patients were well responsive to this therapeutic procedure [36, 37].

However, there are several limiting factors for this procedure. One is that the 
procedure itself is sometime too invasive for patients with critical limb ischemia. In 
the TACT protocol, approximately 1–3 × 109 bone marrow mononuclear cells were 
required for cell transplantation therapy in one limb of a patient, which contains 
1–3 × 107 CD34+ cells and needs about ~800 mL of fresh bone marrow aspirated 
from the ileum [31, 37]. Moreover, for this entire protocol, patients must be under 
the general anesthesia. Secondly, mechanism of angiogenesis by bone marrow 
mononuclear cell implantation had been studied by investigators, and these studies 
suggested that differentiation of bone marrow mononuclear cells into endothelial 
cells was rarely seen within the implanted skeletal muscle tissues. However, cyto-
kines and chemokines released from implanted mononuclear cells would stimulate 
preexisting endothelial cells to sprout out. Kamihata and co-workers showed that 
cytokines such as VEGF and bFGF released from implanted bone marrow mono-
nuclear cells were likely main players for angiogenesis by stimulating “resident” 
endothelial cells [29]. Tateno and co-workers showed that inflammatory cytokine 
IL-1 released from implanted mononuclear cells once stimulates immature host 
skeletal myocytes to release VEGF which then stimulated the angiogenic sprout of 
resident endothelial cells [38]. Thus, the initially presented direct differentiation 
mechanism of bone marrow mononuclear cells into mature endothelial cells is now 
skeptical. Thirdly, although the safety and efficiency of the TACT protocol have 
been established, we recently reported that patients with severe end-stage PAOD 
had poor responses to the TACT procedure [35]. For example, patients with diabetes 
or chronic hemodialysis due to end-stage renal disease (ESRD) showed limited 
responses to the TACT procedure [35]. Moreover, recent studies indicated that 
patients with severe PAOD, ischemic heart disease, and/or multiple coronary risk 
factors had diminished functions of EPCs and poor responses to angiogenic cell 
therapy [39–42]. These results collectively suggest that even fresh autologous bone 
marrow mononuclear cells were isolated and the function of stem/progenitor cell 
per se is already reduced and is too weak to induce sufficient angiogenesis after 
implantation into the “host” ischemic tissues [39]. It has been demonstrated that the 
efficacy of the TACT procedure was limited in patients with poorly controlled dia-
betes and ESRD [35]. In such patients, the number and functions of EPCs are also 

T. Murohara and K. Kondo



71

reduced and are difficult to be isolated. Also, we previously demonstrated that the 
number and function of circulating EPCs were markedly reduced in chronic smok-
ers even without other risk factors [43]. And this reduction was persistent and was 
not easily restored by the treatment with HMG-CoA reductase inhibitor statins that 
have been shown to stimulate mobilization of EPCs from the bone marrow [44, 45].

5.4  Adipose-Derived Stem/Progenitor Cells  
or Regenerative Cells

Since bone marrow aspiration is invasive for patients with severe ischemic diseases, 
less invasive techniques for isolating cells for angiogenic therapy have been investi-
gated. One of the most attractive sources for isolating cells for therapeutic angiogen-
esis would be autologous subcutaneous adipose tissue [5, 46] (Table 5.1). Adipose 
tissue mainly comprises two classes of cells. One is mature adipocytes (MAs) form-
ing major part of adipose tissue volume, and the other is stromal cells termed as 
stromal vascular fraction (SVF). Several studies have demonstrated that SVF con-
tains multipotent mesenchymal stem/progenitor cells that could differentiate into 
various lineages including fibroblasts, adipocytes, pericytes, osteoblasts, chondro-
cytes, and myocytes [3, 4]. Recently, it has been reported that adipose tissues con-
tain multipotent mesenchymal stem cells termed adipose-derived stem/progenitor 
cells (ASCs or ADSCs) or adipose-derived regenerative cells (ADRCs) that have an 
ability to regenerate damaged tissues. ADRCs could be isolated from even a small 
amount of human subcutaneous adipose tissues and culture expandable [4]. 
Therefore, autologous ADRCs could be isolated with minimal invasiveness such as 
a liposuction method [47].

5.5  Therapeutic Angiogenesis Using Adipose-Derived 
Regenerative Cells: A New Paradigm

Although some studies reported that adipose-derived cells could be able to differen-
tiate into ECs or EPCs [9, 10, 12], in our recent investigation, we could not confirm 
ADRCs to differentiate into the endothelial lineage [8]. One study used low-serum 
medium supplemented with VEGF and insulin-like growth factor-1 (IGF-1) to 
direct ADRCs to ECs or EPCs [9]. The difference of such culture conditions might 
have affected the differentiation capacity of ADRCs into ECs or other lineages [48]. 
Nevertheless, a recent study failed to show that human ADRCs differentiated into 
ECs even under culture with endothelial-specific medium EGM-2 [49]. In addition 
in vivo study, we could not confirm differentiation of ADRCs into ECs. Implanted 
GFP-positive ADRCs expressed no endothelial makers, but implanted ADRCs were 
positive for CD140b, also known as PDGF receptor B and a myofibroblast-specific 
marker, and co-localized with vessel-like pericytes [8]. These results suggest that 

5 Therapeutic Angiogenesis with Adipose Tissue-Derived Regenerative Cells



72

ADRCs might not have the capability to differentiate into EPCs or mature ECs but 
pericytes or smooth muscle lineage cells. Similarly, several recent studies showed 
that ADRCs differentiated into pericytes in vitro and in vivo [49–51].

Although our study and previous studies failed to show the ADRCs or ASCs dif-
ferentiation into the EC lineage, it has been shown that ADRCs can secrete multiple 
angiogenic growth factors or cytokines such as vascular endothelial growth factor 
(VEGF) and hepatocyte growth factor (HGF) [6, 7]. Thus, it seems that autologous 
adipose tissue-derived cells may be useful for therapeutic angiogenesis via growth 
factor-dependent mechanisms. Nakagami and co-workers and Sumi and co-workers 
reported that implantation of adipose-derived mesenchymal cells did induce angio-
genesis via a secretion of angiogenic growth factors [7, 12]. We also found that 
implantation of ADRCs significantly augmented angiogenesis in a mouse model of 
severe hind limb ischemia (Fig. 5.1) [8]. Our data indicated that implantation of 
ADRCs induced angiogenesis not only by an endothelial differentiation of ADRCs 
but also by released chemokines such as SDF-1 [8]. Interestingly, we found that 
implantation of mature adipocytes (MAs) into skeletal muscles even worsened 
angiogenesis compared to saline-injected control mice. We found that ADRCs 
expressed SDF-1 and the abundance of mRNA and protein expression was signifi-
cantly greater in ADRCs than in MAs [8]. Recent studies indicated that MAs release 
other adipocytokines including TNF-α and IL-6. These deleterious inflammatory 
cytokines might have negatively affected angiogenesis by MA implantation 
observed in our recent study [6]. SDF-1 is a member of CXC chemokines originally 
isolated from murine BM stromal cells [52]. CXCR4 is the receptor for SDF-1 and 
is a co-receptor for HIV type 1 infection [53]. The SDF-1/CXCR4 axis regulates 
multiple physiological processes including embryonic development and organ 
homeostasis. Interestingly, SDF-1 is considered as one of the key regulators of 
EPCs trafficking from BM into PB as well [34]. Thus, SDF-1 has been shown to 
augment neovascularization by acceleration of EPC recruitment into ischemic foci 
[34, 54]. In addition, VEGF is one of the powerful angiogenic cytokines that can 
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also mobilize EPCs from BM and inhibit EPC apoptosis [55]. Interestingly, in the 
mouse ischemic hind limb model, VEGF-A-mediated angiogenesis partly depends 
on the activation of the SDF-1/CXCR4 pathway [54]. Taken together, chemokine 
SDF-1 likely plays a pivotal role for the ADRC-mediated angiogenesis [8]. In fact, 
therapeutic efficacies and mobilization of EPCs of ADRC implantation were mark-
edly suppressed by injection of an anti-SDF-1 neutralizing mAb in our study [8].

5.6  Modification of ADRCs for the Enhancement 
of Angiogenic Efficacy

After the initial reports of therapeutic angiogenesis using ADRCs, there have been 
several unique methods and findings published regarding the modification of 
ADRC functions. We recently compared the efficacy of angiogenesis between 
bone marrow mononuclear cells and ADRCs in a rabbit model of hind limb isch-
emia [56]. Overall efficacy of therapeutic angiogenesis was comparable between 
the bone marrow mononuclear cells and ADRCs, but the cytokine-releasing 
capacity was much greater in ADRCs (Fig. 5.2) [56]. Interestingly, Harada and 
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co-workers showed that transplantation of freshly isolated ADRCs (fADRCs) sig-
nificantly improved blood perfusion, capillary density, and production of several 
angiogenic factors in transplanted ischemic limbs compared with the culture-
expanded ADRC (cADRC)-injected group. fADRCs revealed significantly higher 
expression levels of angiogenic factors than cADRCs [57]. Thus, fADRCs have 
an effective angiogenic capacity, and they would be more valuable as a source for 
cell-based therapeutic angiogenesis compared to cADRCs [57]. Bhang and co-
workers demonstrated that ADRCs delivered intramuscularly into ischemic hind 
limbs in combination with nanosphere-mediated bFGF delivery enhanced limb 
survival and blood perfusion, as well as survival of the transplanted ADRCs and 
secretion of angiogenic growth factors (i.e., VEGF, HGF, and bFGF) [58]. 
Horikoshi-Ishihara and co-workers showed that coadministration of ADRCs and 
control-released bFGF enhanced angiogenesis in a murine ischemic hind limb 
model. bFGF coadministration induced the release of HGF, VEGF, and TGF-β1 
[59]. Delle Monache and co-workers found that hypoxia-conditioned ADRCs 
released leptin that enhanced Flt-1 and Tie-1, angiogenic growth factor receptors, 
and thereby enhanced angiogenic responses [60]. Kishimoto and co-workers 
recently showed that a combination of heparin/protamine micro-/nanoparticle 
(LH/P-MP)-conjugated ADRCs further enhanced angiogenesis as compared to 
ADRCs alone in mouse ischemic hind limb model [61]. Kosaraju and co-workers 
demonstrated that ADRC-seeded hydrogels enhanced recruitment and functional-
ity of endogenous bone marrow-derived progenitor cells and improved angiogen-
esis and wound healing [62]. These studies suggest that coadministration of 
ADRCs and growth factors such as bFGF with tissue-retaining compounds is a 
promising strategy to further enhance the ADRC-mediated therapeutic angiogen-
esis. This field warrants further investigation in both basic and clinical studies.

5.7  ADRC Therapy for Angiogenesis: Unanswered 
Questions

Recently, Lee and colleagues conducted a clinical trial to test the safety and efficacy 
of implanting autologous ADRCs into the ischemic limbs of patients with Buerger’s 
disease and diabetes [63]. Their study involved 15 patients with critical limb isch-
emia (12 with Buerger’s disease and 3 with diabetic foot). ADRCs were isolated 
from subcutaneous adipose tissues, expanded in culture until passage 3, and intra-
muscularly injected into the ischemic muscles of patients. They showed that this 
cell-based therapy using ADRCs might be feasible and effective for increasing 
blood flow and improving pain and clinical outcomes in patients with CLI [63].

Although the efficacy of autologous ADRC implantation for therapeutic angio-
genesis has been established in animal and human studies, it is still unknown how 
many cells should be used for optimal angiogenesis. In the case of bone marrow 
mononuclear cells, it has been reported that the injection of too many cells resulted in 
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adverse effects in an animal model [64]. The optimum dosage of ADRC implantation 
will be necessary to be determined. Second question is what the optimal cell isolation 
method is? Recently, freshly isolated ADRCs by means of collagenase digestion fol-
lowed by an automatic centrifuge system using a specific machine are useful for 
regeneration of adipose tissues for reconstructive surgeries [47, 65]. Such technique 
does not need either cell cultivation or an established cell processing center. If two 
classes of ADRCs obtained by either culture method or fresh isolation method have 
equal potency in terms of releasing angiogenic growth factors, it will be useful to 
employ such machine for cell-mediated therapeutic angiogenesis. Thirdly, either 
ADRC number or functions may be affected by concomitant patients’ conditions or 
atherogenic risk factors. For example, SDF-1 secretion is reduced in type 2 diabetes 
[66], and the function and number of progenitors are generally reduced in patients 
with multiple risk factors including diabetes, hypertension, aging, and smoking [40–
43]. Such pathological conditions are commonly complicated in patients with PAOD 
and/or Buerger’s disease. It is still unknown whether ADRC number and functions 
are influenced by the presence of such risk factors as well. Before applying this new 
technique to therapeutic angiogenesis, it will be needed to elucidate these points.
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Chapter 6
Cell Therapy for Ischemic Heart Disease

Hiroshi Kurazumi, Tohru Hosoyama, and Kimikazu Hamano

Abstract Myocardial infarction causes the loss of many cardiomyocytes, leading 
to dysfunction of the pumping function of the heart and resulting in heart failure. 
Progress in medical therapies and coronary artery revascularization has improved 
the prognosis of coronary artery disease and heart failure, but heart failure remains 
one of the main causes of mortality in the Western world.

In recent decades, basic research studies have revealed that intrinsic stem cells 
can differentiate into new cardiomyocytes and that the human heart has cardiac 
progenitor cells and self-renewal potential. Therefore, cell-based myocardial repair 
is an alternative to conventional therapy for ischemic cardiomyopathy.

Cell-based myocardial repair is achieved by transplanting stem cells into the fail-
ing heart to regenerate the organ. Various cell types, including bone marrow-derived 
cells (BMCs), skeletal myoblasts, endothelial progenitor cells (EPCs), mesenchy-
mal stem cells (MSCs), cardiac stem/progenitor cells (CPCs), embryonic stem cells 
(ESCs), and induced pluripotent stem cells (iPSCs), have been tested in animal 
models. Various delivery methods, including intramyocardial, intracoronary arte-
rial, and cell sheet applications, have also been tested.

Many clinical trials investigating stem cell therapy in patients suffering from 
heart failure have been performed as a consequence of the positive effect of this 
therapy in animal models. In clinical trials, cell therapy improves the ejection frac-
tion and myocardial perfusion and decreases the scar size while increasing the 
amount of viable heart tissue. However, these effects only modestly contribute to 
clinical outcomes. Although past clinical trials have not achieved dramatic improve-
ment in cardiac function, cell therapy remains an increasingly promising therapy.
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6.1  History

Ischemic heart disease (IHD) develops through atherosclerotic degeneration, resulting 
in coronary artery stenosis or occlusion. Myocardial infarction and subsequent isch-
emic cardiomyopathy result in significant mortality and morbidity worldwide [1].

Percutaneous coronary intervention (PCI) and coronary artery bypass grafting 
(CABG) were developed to revascularize the ischemic heart, and they remain the 
gold standard therapy for IHD.  Many medications, including diuretic agents, 
angiotensin converting enzyme inhibitors, and β-blockers, are well-established 
treatments for heart failure from IHD. These agents prevent congestive heart fail-
ure and remodeling of the diseased heart. However, ischemic heart disease patients 
with severely deteriorated heart function are not adequately treated with these 
common therapies. Approximately 45% of patients with coronary artery disease 
develop congestive heart failure despite progress in coronary revascularization 
and medical therapy [2]. More aggressive interventions, such as cardiac trans-
plantation and the use of a left ventricular assist device, are the only treatments 
available to compensate for the cardiomyocyte loss. While a few patients are 
treated with a left ventricular assist device or heart transplantation, the majority 
cannot afford these luxuries due to a limited number of donor hearts and the asso-
ciated high cost of medical care [3].

Various novel therapies for IHD have been developed and investigated in the last 
three decades. Examples include physical therapy with transmyocardial laser revas-
cularization, which was introduced in the 1980s, and gene therapy using various 
growth factors, which was introduced in the 1990s [4, 5].

In 2000, some groups reported that local transplantation of bone marrow cells 
with primitive cells facilitates in vivo angiogenesis in the ischemic heart and hind 
limb [6]. Subsequently, cell therapy for ischemic heart disease was proposed as a 
potential novel treatment strategy. In 2001, we performed the first clinical trial 
examining bone marrow cell transplantation to treat ischemic heart disease during 
CABG, demonstrating the feasibility of cell therapy, albeit in a small number of 
patients [7]. A variety of cell delivery methods and stem/progenitor cells were then 
translated from bench to bedside for cell-based myocardial regeneration. To date, 
many randomized controlled studies have been designed and completed using vari-
ous cells and delivery methods during various disease phases (acute or chronic). 
Most of these studies were conducted in European countries and the United States. 
A recent meta-analysis revealed the obvious efficacy of cell-based myocardial 
repair [8–11].

6.2  The Mechanism of Cell-Based Myocardial Repair

The mechanism of cell-based myocardial repair is very complicated, and the under-
lying details remained to be unclear. A possible mechanism of cell therapy for heart 
failure is reviewed in this paragraph. Schematic drawings of cell-based myocardial 
repair for ischemic heart diseases are shown in Fig. 6.1.
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6.2.1  Direct Regeneration

It was first supposed that primitive cells transplanted into diseased myocardium dif-
ferentiate into mature myocardium, contributing to the amelioration of cardiac 
function. This process is called “direct regeneration.” However, most of implanted 
cells were lost due to washing out from injected area and cell death from ischemia, 
anoikis, and inflammation [12], and it is thought that very few numbers of stem/
progenitor cells might be able to directly contribute to vascular structures and heart 
regeneration after transplantation. Also, there are no clinical evidences that trans-
planted stem/progenitor cells differentiate into new mature myocardium so far.

6.2.2  Indirect Regeneration (Paracrine Effects)

To date, it is thought that the major mechanism of cell-based myocardial repair is 
“indirect regeneration” due to paracrine mechanism. The engrafted stem/progenitor 
cells secrete various soluble factors affecting regeneration-mediated cardiac events 
such as protection of cardiomyocyte death, cardiac contraction, neovessel formation, 
and stem cell activation (described in Sect. 6.2.3). These effects resulted in an amelio-
ration of cardiac functions and prevention of cardiac remodeling [13, 14]. For exam-
ple, soluble factors such as HGF and bFGF from engrafted stem/progenitor cells 
inhibit apoptosis of cardiomyocytes, subsequently increasing survived cardiomyocytes 

Transplanted cells

Differentiation, maturation Paracrine factor release

Endothelial cells Cardiomyocytes

VEGF etc. IGF -1 etc. MMPs etc. SDF -1α etc.

Angiogenesis Cytoprotection Remodelling
prevention

Stem cell
activation

Proliferation of cardiac stem cells

Recruitment and homing of other progenitor cells

Direct regeneration Indirect regeneration
(paracrine effects)

de novo cardiomyogenesis by intrinsic cells

Stem cells (progenitors) Cytokine-producing cells

Fig. 6.1 Mechanism of cell-based myocardial repair
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in failing hearts. Cardiac stem/progenitor cells also secrete proangiogenic factors such 
as VEGF in addition to cell mobilization factors such as SDF-1 [15]. Finally, it has 
been reported that intramyocardial injection of bone marrow-derived mesenchymal 
stem cells activated resident cardiac stem/progenitor cells, suggesting paracrine effects 
of graft cells on stem cell stimulation [16]. Taken together, these findings clearly indi-
cate paracrine manners of graft cells in cell- based myocardial repair of failing hearts.

6.2.3  De Novo Cardiomyogenesis by Intrinsic Cells

Beginning with the finding that intramyocardial c-kit-positive cells could provide de 
novo cardiomyocytes, it has been believed that postnatal heart can be regenerated by 
providing new cardiomyocytes from resident stem/progenitor cells after injuries [17]. 
However, intrinsic regenerative potential of postnatal heart is not sufficient to improve 
cardiac functions in severe injuries, even if endogenous cardiac stem/progenitor cells 
such as c-kit-positive cells provide de novo cardiomyocytes. In other words, if it can 
be enhanced regenerative capacity of resident cardiac stem/progenitor cells, postnatal 
heart might be regenerated much more efficiently. Riley and colleagues recently 
reported that thymosin-β4, an actin-binding monomeric peptide, activates epicardial-
derived cardiac progenitor cells and induces cardiac regeneration after injury [18]. 
However, effect of thymosin-β4 on activation of epicardial cardiac progenitor cells is 
limited in postnatal heart, and it should be administrated prior to heart injury.

As another resource of de novo cardiomyocytes in postnatal heart, preexisting 
cardiomyocytes in the heart are considered, because human cardiomyocyte can 
undergo mitosis and maintain a capacity to regenerate after injury [19]. However, 
dividing capacity of preexisting cardiomyocytes is limited, and a radioactive isotope 
study demonstrated that human cardiomyocytes gradually renew 1% of the cell 
population annually at the age of 25 years to 0.45% at the age of 75 years [20]. 
Because recent studies reported the possibility that microRNAs and non- glycosylated 
growth factor can accelerate mitosis of postnatal cardiomyocytes, intrinsic cardio-
myocytes might become strong tool for cell-based myocardial repair [21, 22].

6.3  Indication for Cell Therapy

Because surgical or catheter coronary revascularization is a confirmed therapy for 
ischemic heart disease, cell therapy for ischemic heart disease should be an addi-
tional therapeutic option after coronary revascularization (PCI or CABG) and stan-
dard medical therapy.

Major indication for cell therapy for ischemic heart disease is as follows:

 (a) Acute myocardial infarction
In acute myocardial infarction patients, stem/progenitor cells are delivered 

from the culprit coronary artery after revascularization by PCI to reduce the 
infarction area.
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 (b) Chronic heart failure due to ischemic cardiomyopathy
In chronic phase of coronary artery disease, stem/progenitor cells are deliv-

ered to ischemic myocardium because coronary arteries are too small to per-
form revascularization.

 (c) Refractory angina
Patients who have untreatable angina despite maximal conventional thera-

pies (coronary revascularization or medical therapy) are the candidates of cell 
therapy.

6.4  Application Approaches

The application approaches are one of the major concerns for cell-based myocardial 
repair. Various stem cell delivery methods have been developed. To date, the best 
mode of delivery has not been determined. In this paragraph, a possible delivery 
mode is introduced. The schematic drawings of the application approaches are pro-
vided in Fig. 6.2.

Cell sheet

a b c

d e

LAD

LCx

Fig. 6.2 Routes of application. (a) Epicardial intramyocardial application. (b) Intracoronary arte-
rial application. (c) Endocardial intramyocardial application. (d) Intravenous application. (e) Cell 
sheet application. LAD left anterior descending artery, LCx left circumflex artery
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6.4.1  Epicardial Intramyocardial Application

This is the most classical cell delivery method. Cells diluted in osmolaric media 
are injected into the target region of the myocardium through the epicardium 
using a handheld needle and syringes during open heart surgery [7]. After comple-
tion of the surgical revascularization, the cells are injected into the border zone of 
the infarct area or the area that have not been grafted arteries because of a lack of 
graftable coronary arteries. This method can be applied successfully during off-
pump and conventional CABG. This method usually requires general anesthesia 
and sternotomy or thoracotomy. The advantage of this method is the direct injec-
tion of cells into the targeted area. However, a number of transplanted cells are 
lost via leakage from puncture holes; they are squeezed out by the beating myo-
cardium. Potential adverse effects are left ventricular perforation or bleeding from 
the myocardium, but serious adverse effects were not reported in a previous clini-
cal trial.

6.4.2  Intracoronary Arterial Application

This is a catheter-based technique that is performed using a percutaneous 
approach, which is less invasive than the surgical approach of direct intramyocar-
dial injection. Intracoronary artery transplantation, using a balloon catheter, has 
the advantage that cells can be directly injected into a target region of the myocar-
dium, thus preserving the blood flow and oxygen supply [23]. This procedure may 
be favorable for cell survival and engraftment; however, the cells cannot be deliv-
ered to regions with lower blood flow, which may represent an ischemic area of 
the myocardium.

6.4.3  Endocardial Intramyocardial Application

A catheter is inserted retrograde into the left ventricle across the aortic valve 
via a percutaneous, femoral arterial approach. Stem cells are transendocardially 
transplanted into the myocardium via a needle built into a catheter. This method 
is less invasive than direct surgical injection, which was described previously in 
Sect. 6.4.1. A number of transplanted cells are considered to be lost into the 
ventricle from puncture holes as well as from the direct surgical intramyocar-
dial injection. This method requires deftness and equipment for electromechan-
ically mapping the myocardium to define the target ischemic area. The potential 
adverse effects are ventricular arrhythmias and cardiac tamponade [24].  
Cell therapy using this delivery method can be safely repeated for serial treat-
ment [25].
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6.4.4  Intravenous Application

Stem cells are supplied to the systemic circulation intravenously. This method is 
indicated for patients with acute myocardial infarction [26]. This is the least inva-
sive procedure because it does not require general anesthesia, sternotomy, thora-
cotomy, or arterial puncture. However, in an animal model of acute myocardial 
infarction, the transplanted cells mainly accumulate in the lungs and spleen [27]. 
Improved accumulation of the stem cells in the injured heart cannot be expected at 
this time.

6.4.5  Cell Sheet Application

Tissue engineering technologies have been used to develop cell delivery methods 
for regenerative therapy in various organs. Using this approach, stem cells are 
expanded in temperature-responsive culture dishes and harvested as sheets. Cell 
sheets are delivered onto the surface of the damaged heart via sternotomy or thora-
cotomy. Improved cell survival and engraftment, resulting in a positive effect on 
cardiac function, have been reported [28].

The details of cell sheet myocardial repair are described in Chap. 6.

6.5  Cell Sources

Cell sources are another major concern for cell-based myocardial repair. Various 
cell sources have been investigated in previous animal models and clinical trials. To 
date, the best mode of delivery has not been revealed. In this paragraph, possible 
cell sources for cell-based myocardial repair are briefly introduced with current 
status in clinical settings. The characteristics of each cell sources are summarized in 
Table 6.1.

6.5.1  Bone Marrow-Derived Cells

Bone marrow-derived cells (BMCs) have been often used in a variety of clinical 
settings. Although some reports have shown possible cardiac differentiation ability 
of BMCs, it is used in hope that BMCs can contribute to therapeutic angiogenesis in 
ischemic heart [29]. Indeed, transplantation of BMCs into the patients with myocar-
dial infarction improved coronary blood flow resulted from angiogenesis in isch-
emic hearts [30, 31]. However, another studies reported no evidences that 
transplantation of BMCs produces any functional improvements in patients with 
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myocardial infarction [32, 33]. For this point, it is also pointed out that different cell 
delivery methods in each trials might result in a discrepancy in outcomes of BMC 
transplantation. Thus, therapeutic benefits of BMC transplantation into ischemic 
heart diseases are still controversial, and it should be followed up for therapeutic 
availability of BMCs for ischemic heart diseases in future trials.

6.5.2  Endothelial Progenitor Cells

As another cellular tool for therapeutic angiogenesis, endothelial progenitor cells 
(EPCs) are considered. EPCs, which are characterized by CD34 cell surface marker, 
can be isolated from peripheral blood and also from bone marrow [34]. Because 

Table. 6.1 Lists of cell source

Cell types
Angio-
genesis

Differen tiate 
to 
cardio-
myocyte

Auto-
logous 
source

Cell 
supply

Transplan-
tation 
immunity Safety

Clinical 
trial

Bone 
marrow-
derived cells

○ Limited ○ ◎ ○ ◎ ◎

Endothelial 
progenitor 
cells (EPCs)

○ × ○ ○ ○ ◎ ○

Skeletal 
myoblasts

○ × ○ ◎ ○ △a ○

Mesen-
chymal stem 
cells 
(MSCs)

○ Limited ○ ○ ○ ○ ○

Adipose-
derived cells

○ Limited ○ ○ ○ ○ ○

Umbilical 
cord blood 
cells

○ Unclear × × × ○ ×

Cardiac 
progenitor 
cells

○ ○ ○ ○ ○ ○ ○

Embryonic 
stem cells 
(ES cells)

○ ○ × × × Unclear ×

Induced 
pluripotent 
stem cells 
(iPS cells)

○ ○ ○ ○ ○ Unclear ×

aConcern for arrhythmia
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EPCs can give rise to vascular cells but not to cardiomyocytes, clinical application 
of EPC transplantation is expected to increase the capillary density and subse-
quently improve the microcirculation around the transplanted sites in infarcted heart 
[35]. A clinical trial reported that intramyocardial injection of autologous EPCs 
improves angina refractory heart disease and exercise tolerance [36].

6.5.3  Skeletal Myoblasts

Skeletal myoblasts, which are easily isolated from skeletal muscle tissue, were first 
cells to be clinically investigated cell-based myocardial repair [37–39]. However, 
clinical trial using autologous skeletal myoblasts (Myoblast Autologous Grafting in 
Ischemic Cardiomyopathy (MAGIC)) resulted in disappointments in efficacy and 
increased incidence of arrhythmias, declining an importance of skeletal myoblasts 
as valuable tool in cell therapy for heart failure patients [40]. On the other hand, its 
therapeutic availability for heart failure was re-demonstrated using cell sheet tech-
nology in patient with dilated cardiomyopathy, indicating that skeletal myoblasts 
are still valuable therapeutic tools when cells are delivered onto the surface of fail-
ing heart [41].

6.5.4  Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are multipotent stromal cells and can differentiate 
into a wide variety of cell types including cardiomyocytes [42, 43]. MSCs can be 
isolated from multiple tissues such as bone marrow, skeletal muscle, and adipose 
tissue and can be easily expanded in vitro. Although MSCs induce cardiac repair in 
infarcted heart after transplantation, the role of MSCs in cardiac regeneration is to 
supply not only new cardiomyocytes by trans-differentiation but also angiogenic 
factors by paracrine fashion [44].

In randomized clinical trial, which is Reinfusion of Enriched Progenitor cells 
And Infarct Remodeling in Acute Myocardial Infarction (REPAIR-AMI), trans-
plantation of autologous bone marrow-derived MSCs induced improved outcomes 
and ventricular function in patients with acute myocardial infarction at 2 years after 
transplantation [45]. In contrast to this trial, however, recent two trials using MSCs, 
which are Timing In Myocardial infarction Evaluation (TIME) and PercutaneOus 
StEm cell Injection Delivery effects On Neomyogenesis (POSEIDON), did not 
show any improvement in ventricular function of heart failure patients after intra-
coronary or transendocardial delivery of autologous bone marrow-derived MSCs 
[46, 47]. Thus, whether MSCs are valuable and effective therapeutic tool for isch-
emic heart diseases have to be decided from accumulated scientific knowledges in 
future investigations.
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6.5.5  Cardiac Stem/Progenitor Cells

As a result of further investigations of cardiac stem cells and cell cultures, cell 
sources for stem cell therapy started to become obtainable from endogenous cardiac 
progenitor cells in the 2010s. Cardiac precursor cells were expanded from heart 
biopsy pieces and proposed to be a new cell source. These cells are expected to pos-
sess greater cardiogenic potency than other stem cells. An in vivo study has shown 
that these cardiac progenitor cells have superior paracrine potency and myocardial 
repair efficacy compared with other available stem/progenitor cells [48]. These cell 
sources are unlikely to stimulate immune rejection, but techniques for expanding 
the cells in culture are needed.

Two prominent clinical trials for cell therapy using this new cell source have 
been performed in the United States. In the study “Stem Cell Infusion in Patients 
with Ischemic cardiOmyopathy (SCIPIO),” autologous c-kit-positive cells, which 
have high cardiogenic potential, were isolated from the atrial samples during CABG 
and then administered by intracoronary infusion. This therapy resulted in an increase 
of left ventricular ejection fraction (LVEF) and reduction of infarct size, suggesting 
that c-kit-positive cardiac stem/progenitor cells are promising cell type in cell ther-
apy for ischemic heart diseases [49]. On the other hand, CArdiosphere-Derived 
aUtologous stem CElls to reverse ventricUlar dySfunction (CADUCEUS) trial was 
performed using different types of cardiac stem/progenitor cells. In this trial, 
cardiosphere- derived cells isolated from endomyocardial biopsy specimens were 
used and administered to heart failure patients by intracoronary infusion [50]. In 
initial 6 months after transplantation, autologous graft CDCs induced reduction of 
scar mass, increase of viable heart mass, and regional contractility of infarcted 
heart. And, these therapeutic effects on infarcted heart were continued to at least 
12 months after cell transplantation [51]. Taken together, cardiac stem/progenitor 
cells may be a practical choice in clinical settings. However, reliability of the 
SCIPIO trial was recently being under investigation by the institution of trial imple-
mentation because of concerns about integrity of data from the trial [52]. So, we 
should carefully follow up the investigation for this clinical trial.

6.5.6  Embryonic Stem Cells

Embryonic stem cells (ESCs) are derived from the inner cell masses of blastocysts, 
an early-stage embryo, and are able to differentiate into three germ layers: endo-
derm, ectoderm, and mesoderm [53–55]. Because of its pluripotent property, ESCs 
can provide any types of cells in specific culture conditions, being an unlimited 
source of desired cell types including cardiomyocytes [56]. Considering that car-
diac stem/progenitor cells in adult heart have numerical problem to provide suffi-
cient numbers of de novo cardiomyocytes, it is no doubt that ECSs are valuable 
resource in cell therapy for heart failure. Indeed, billions of human cardiomyocytes, 
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which are theoretically required order for clinical use, can be prepared from ESCs, 
and preclinical study using nonhuman primates resulted in cardiac regeneration and 
an improvement of ventricular functions by transplantation of human ESC-derived 
cardiomyocytes into infarcted hearts [57]. Because ESC-derived cardiomyocytes 
are generally thought to be an immature fetal cardiomyocytes, an occurrence of 
arrhythmia has been concerned after transplantation into adult heart. However, the 
study on nonhuman primate models showed no obvious signs of arrhythmias after 
transplantation, suggesting that ESC-derived cardiomyocytes were matured in adult 
heart environment and synchronously functioned with preexisting mature cardio-
myocytes in monkey heart. Although tumorigenesis of graft cells is required to be 
carefully monitored hereafter, this study encouraged us to apply ESC-derived car-
diomyocytes for clinical settings.

6.5.7  Induced Pluripotent Stem Cells

As mentioned above, ESCs are promising tool for cell therapy for ischemic heart 
diseases. However, several limitations in ethics and required immunosuppression 
after transplantation are still remained to apply clinical settings. For this situation, it 
is expected that induced pluripotent stem cells (iPSCs) may break major limitations 
surrounding ESCs and boost an application of pluripotent stem cells for clinical 
settings.

iPSCs, originally established from mouse fibroblasts in 2006 and then from 
human fibroblasts in 2007, possess pluripotency and rich expansion property in 
similar to ESCs [58–60]. iPSCs can be generated from a wide variety of somatic 
cells by induction of pluripotent genes [61], indicating that large numbers of 
 autologous pluripotent stem cells and its derivatives such as cardiomyocytes can be 
developed [62]. Human iPSC-derived cardiomyocytes showed similar functional 
characteristics to ESC-derived ESCs and improved left ventricular function with 
reduction of infarcted area in large animal models of myocardial infarction [63, 64]. 
Because clinical trial using autologous iPSC derivatives have just started from 
2014 in Japan for patient with age-related macular degeneration, it is expected in 
future that iPSC-derived cardiomyocytes will be applied to patients with ischemic 
heart diseases. Establishing protocols to efficiently generate high-quality and high- 
quantity autologous iPSCs and cardiomyocyte derivatives within therapeutic time 
frame remains a challenge for clinical application.

6.5.8  Other Cell Sources

Umbilical cord blood and adipose-derived cells contain stem/progenitor cells with 
cellular characteristics that are quite distinct from bone marrow and adult peripheral 
blood. Human umbilical cord blood cells have regenerative effects in the injured 
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hearts of severe combined immunodeficiency (SCID) mice [65]. Adipose-derived 
stem cells are also available as a cell source for cell therapy, and their safety and 
efficacy have been reported in a clinical trial [66].

6.6  Timing of Cell Therapy

The optimal timing of cell therapy after acute myocardial infarction (AMI) has been 
investigated in several trials using bone marrow-derived cells with catheter-based 
applications [33, 46]. In a recent systematic review, cardiac parameters (LVEF, left 
ventricular end-systolic volume (LVESV), and left ventricular end-diastolic volume 
(LVEDV)) were significantly improved when stem cells were transplanted between 
3 and 10 days after AMI, whereas the infarct area was significantly smaller when the 
stem cells were injected within 48 h [10]. For acute myocardial infarction, stem 
cells should be delivered at least 10 days after onset.

6.7  Effectiveness and Adverse Effects

Many clinical trials investigating stem cell therapy have been reported. Because 
of the variability in study design, cell types, delivery method, and patient charac-
teristics, the efficacy of cell therapy is discordant. Several meta-analyses have 
been performed based on the previous clinical trials to investigate the overall 
efficacy of cell therapy. Most cell therapy trials have been conducted using bone 
marrow-derived cells. Therefore, the reports describing overall efficacy are mostly 
based on therapy using bone marrow-derived cells. In this paragraph, potential 
effectiveness and adverse effect of cell-based myocardial repair are briefly 
described.

6.7.1  Effectiveness

The left ventricular ejection fraction is significantly increased in patients treated 
with cell therapy. There is an approximately 3% increase in the ejection fraction 
with cell therapy using bone marrow-derived cells [9]. This 3% increase is small, 
but it is important because most candidates for cell therapy are often maximally 
treated with medical therapy and coronary revascularization and have no options for 
treatment. Additionally, a dose-dependent contribution to cardiac recovery has been 
revealed [67]. A cell number less than 50 million of bone marrow-derived cells is 
thought to be ineffective for cardiac repair [9, 10]. Significant amelioration of the 
LVEF and LVESV has been noted with the administration of more than 100 million 
cells. Cell therapy for ischemic heart disease may improve myocardial perfusion, 
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cardiac remodeling, and exercise tolerance [10, 36, 51, 59, 66]. Cell therapy for 
ischemic heart disease may decrease all-cause mortality, recurrent myocardial 
infarction, and ventricular arrhythmia [8, 11, 26, 36].

6.7.2  Adverse Effects

The potential adverse effects of cell therapy are tumor formation, ectopic calcifica-
tion, arrhythmia, myocardial infarction (especially intracoronary application), and 
ventricle rupture (especially intramyocardial application). Although ventricular 
tachycardia has been documented after skeletal myoblast transplantation in clinical 
studies [68], other critical adverse effects have not been reported. However, most 
clinical trials comprised a small number of patients with a short follow-up period. 
Thus, a larger sample size with a long-term follow-up is needed to confirm the effi-
cacy of cell therapy for ischemic heart disease.

6.8  Conclusions

Although cell therapy has complex mechanisms and previous clinical trials have not 
demonstrated dramatic improvement in cardiac function, cell-based myocardial 
repair is currently being developed. In the near future, if new cell sources (e.g., iPS 
cells or cardiac progenitor cells) became easily available and new application meth-
ods (e.g., cell sheet application) increase in popularity, cell therapy could help 
patients suffering from otherwise untreatable ischemic heart disease.
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Chapter 7
Angiogenic Therapy for Ischemic 
Cardiomyopathy with Cell Sheet Technology

Shigeru Miyagawa and Yoshiki Sawa

Abstract Although recent progress in medications, left ventricular assist device 
(LVAD), or heart transplantation did a favor for heart failure patients, additional 
treatments including cell therapy and tissue engineering are required because of 
some drawbacks such as infections or donor shortage in clinical situation.

Cell sheet technology has been developed, and angiogenic therapy by using skel-
etal cell sheet has been introduced to clinical with a large number of preclinical 
studies, aiming angiogenesis by cytokine paracrine effects. Moreover, to induce 
cardiomyogenesis in failed heart cardiomyocytes derived from induced pluripotent 
stem cells (iPS cells) has been reported to play a crucial part in myocardial regen-
eration in severely damaged myocardium. Regenerative technology with cell sheet 
has some potentials in the clinical treatment of heart failure which has little response 
to the internal medical or conventional surgical treatment, and this technology may 
open new era in the treatment of heart failure.

Keywords Heart failure • Angiogenesis • Cell sheet

7.1  Introduction

Despite of great advancement in medical treatment, heart failure mainly caused by 
ischemic or dilated cardiomyopathy (ICM or DCM) is a life-threatening disorder 
worldwide. In this situation cardiac surgeon and researchers introduced left ven-
tricular assist device (LVAD) implantation [1] and heart transplantation [2] to over-
come these problems. Owing to their untiring efforts, these permutation strategies 
have made great contributions to treatment for heart failure for the last several 
decades. But due to the durability of LVAD [3] and the donor shortage [4], this sur-
gical treatment has some limitations such as infection in LVAD and donor shortage 
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in heart transplantation to treat end-stage heart failure. This clinical situation has led 
cardiologists or cardiac surgeon to consider alternative strategy of treating end- 
stage heart failure.

The recent remarkable progress in myocardial regeneration therapy is cellular 
cardiomyoplasty, and this technique has already introduced to the treatment of heart 
failure with skeletal myoblasts [5] or bone marrow mononuclear cells (BM-MNCs) 
[6]. Although these challenges demonstrated its feasibility and safety, its efficacy 
may be insufficient to completely damaged myocardium which surgeon targets. 
Considering these results in cellular cardiomyoplasty, next-generation strategy in 
myocardial regeneration therapy, tissue-engineered cardiomyoplasty by using cell 
sheet technique and cell-based scaffold implantation technique, was developed 
experimentally and clinically.

The aim of this section is to analyze recent advances about myocardial regenera-
tion effectiveness induced by bioengineered cardiac tissue, especially cell sheet 
technology.

7.2  Recent Advancement of Bioengineered Myocardial 
Graft-Cell Sheet

Recently artificial cardiac tissues were created ex vivo and implanted to the dis-
tressed heart on behalf of scattered cells. This cardiac tissue will be implanted to 
failed heart only via surgical procedure, so only cardiac surgeons hold an unchal-
lenged position as introducer to clinical situation. This method can provide viable 
muscle tissue to completely distressed myocardium which has little myocyte and 
massive fibrosis (myogenesis) and induce angiogenesis. This is a distinctive feature 
of bioengineered cardiac tissue and attracts many clinicians who enthuse to regener-
ate completely distressed myocardium.

In 1999 a three-dimensional cardiac-like tissue which has spontaneous contract 
ability by using the self-assembling properties of neonatal cardiomyocyte was 
developed [7]. Kelm et al. pioneered three-dimensional microtissue by using same 
approach [8], and Baar et al. obtained a cylindrical construct which spontaneously 
contracts and produces force [9]. Another encouraging approach to pioneer myocar-
dial tissue without scaffold is cell sheet technique. Okano T et al. developed cell 
sheet technique [10], and this technology was applied to several diseased organs, 
such as the heart [11], eye [12], and kidney [13], experimentally and clinically. Cell 
sheets can be removed from special dishes which are coated by temperature- 
responsive polymer, poly(N-isopropylacrylamide) (PIPAAm), by using the ability 
of changes from hydrophobic to hydrophilic in lowering the temperature without 
destruction of cell-cell or cell-extracellular matrix (ECM) community in cell sheet. 
The strongest point of this technology is that cell sheet is made of cells and ECM 
produced by cells itself without artificial scaffolds [14]. Cell sheet has high ability 
of integration to native tissues because of the preserving adhesion molecules on the 
surface [15].
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Shimizu et al. developed contractile chick cardiomyocyte sheet which were rec-
ognized to heart tissue-like structure and show electrical pulsatile amplitude by 
using this special dish without enzymatic or EDTA treatment [16]. They layered one 
cell sheet to make bilayer cell sheets (the electrically communicative three- 
dimensional cardiac construct) which show the spontaneous and synchronous pul-
sation and revealed that each cell sheet adhered together rapidly by detection of 
desmosomes and intercalated disks between cell sheets [17]. Four-layered neonatal 
rat cardiomyocyte sheet was developed, and they have electrical communication 
between sheets via connexin43. This pulsatile cardiac tissue could survive in the 
subcutaneous tissue up to 1 year and showed spontaneous beating, heart-like struc-
ture, neovascularization, and the improvement of its size, conduction velocity, and 
contractile force in proportion to the host growth [18, 19]. Cardiomyocyte sheet has 
a quality of flexibility and can change form easily. Myocardial tubes were created 
and this tube can produce the pressure and follow Frank-Starling mechanism [20]. 
Sekine et al. wrapped this tube to rat thoracic aorta and revealed that this tube can 
produce the pressure in vivo [21].

Interestingly, electrical coupling between two sheets start in approximately 
34 min and completed in about 46 min by a multiple-electrode extracellular record-
ing system, and histological examination reveals that connexin43 was detected 
within 30 min [22]. This data predict that cardiomyocyte sheet make an electrical 
coupling between cell sheet and host myocardium within at least 1 h after implanta-
tion to myocardium. Miyagawa et  al. demonstrated that neonatal cardiomyocyte 
sheet survive in the infarct myocardium and communicate electrically with host 
myocardium by the suggestion of connexin43 existence and morphological changes 
of QRS wave and amplitude in action potential leading to the improvement of car-
diac performance [11]. Similarly, another paper reports that there is electrical inte-
gration between neonatal myocyte sheets and host heart by electrophysiological 
study [23]. Moreover, functional gap junction and morphological integration via 
“bridging cardiomyocyte” between sheet and host myocardium is detected [24]. 
These in vitro and in vivo studies guarantee that there is electrical and morphologi-
cal coupling between cell sheets and host myocardium exactly, and cell sheets may 
contractile synchronously with host heart beating and contribute to the improve-
ment of regional systolic function.

To consider human application, thin-layered cardiomyocyte sheets which thick-
ness of one cardiomyocyte sheet is approximately 45 μm [18] may not be enough to 
repair the end-stage heart failure, and the greatest disadvantage of this technique is 
the difficulty to obtain thick-layered cardiomyocyte sheets. The question is how 
many cardiomyocyte sheets can be layered at maximum in vivo? Problem is oxygen 
supply to cardiomyocyte sheet, that is, vascularization to cardiac tissue after implan-
tation. When four- or six-layered neonatal cardiomyocyte sheet was implanted to 
the subcutaneous tissue of athymic rats, they are survived 1 year with angiogenesis 
which was rapidly organized within a few days, and its thickness was approximately 
100 μm [19]. When over four sheets ware implanted, central necrosis was found 
because of loss of oxygen supply instead of rapid organization in microvasculature 
[25]. Polysurgery technique was developed to overcome poor vascularization and 
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produce thick, vascularized cardiac tissue, and this multistep transplant technique 
can recreate approximately 1 mm thick myocardium with a well-organized vascula-
ture network [25]. But the problem is how to implant to diseased myocardium after 
incubating thick-layered cardiomyocyte sheets in ectopic tissue, that is, how to con-
nect microvasculature network in thick-layered cardiomyocyte sheets to host myo-
cardium. This problem must be overcome for polysurgery technique to be widely 
used. About the vascularization processes after implantation, Sekiya et al. depicts 
that cardiomyocyte sheet has a potential angiogenic factors such as the expression 
of angiogenesis-related genes and endothelial cell network. Interestingly, vascula-
ture in the layered cardiomyocyte sheets comes from the layered cardiomyocyte 
sheets itself, and vessels prolong from layered cardiomyocyte sheets to host myo-
cardium to connect with host vasculature [26]. This is a very important paper to 
support the idea that additional angiogenetic factors such as endothelial cells and 
some angiogenic growth factors [27] enhance the angiogenesis for thick-layered 
cardiomyocyte sheets to survive in the damaged myocardium. Based on this paper, 
Sekine et  al. reported that neonatal cardiomyocytes-endothelial cells cocultured 
sheet could enhance the improvement of cardiac performance in the original cardio-
myocyte sheet with enhanced vascularization [28]. These techniques about the 
enhancement of angiogenesis may be a breakthrough for integration of thick- layered 
cardiomyocyte sheets incubated in ectopic tissue to damaged myocardium.

This cell sheet technique is applied to several cell sources such as skeletal myo-
blasts [29–31], mesenchymal stem cells (MSCs) [32], human smooth muscle cells 
[33], fibroblast cocultured with endothelial progenitor cells [34], and cardiomyo-
cyte cocultured with endothelial cells [28]. In clinical setting, cellular cardiomyo-
plasty has been reported to have the potential of fundamental regenerative capability 
and has already been introduced in clinical trials with skeletal myoblast, and results 
suggest that it is a relatively feasible and safety therapy [35]. In this situation skel-
etal myoblast is a most close cell source to clinical application at this stage for tissue 
cardiomyoplasty. Memon et al. demonstrated that non-ligature implantation of skel-
etal myoblast sheet regenerated the damaged myocardium and improved global car-
diac function by attenuating the cardiac remodeling in the rat ligation model by the 
mechanisms of the recruitment of hematopoietic stem cells and the release of some 
growth factors. Moreover, this cell delivery system by using cell sheets implantation 
showed better restoration of damaged myocardium compared with needle injection 
[30] with less arrhythmogenicity [36]. Skeletal myoblast sheet was applied to 
dilated cardiomyopathy hamster model, and this paper revealed that deteriorated 
myocardium was recovered accompanied with the reservation of alpha-sarcoglycan 
and beta-sarcoglycan expression on host myocyte and inhibition of fibrosis [29]. 
They implanted myoblast sheets to 27 weeks DCM hamster which is in a moderate 
heart failure stage (Fractional shortening 16%) and showed the preservation of dis-
tressed heart function and histology and prolongation of survival. Although these 
results depicts that skeletal myoblast sheet has a possibility to treat the moderate 
heart failure in DCM, efficacy to end-stage heart failure is unknown. Farther study 
is needed to elucidate the efficacy of cell sheet implantation for end-stage heart 
failure. Moreover, grafting of skeletal myoblast sheets attenuated cardiac remodel-
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ing and improved cardiac performance in pacing-induced canine heart failure model 
[31]. These papers demonstrate that skeletal myoblast sheet has a potential to regen-
erate the deteriorate myocardium induced by coronary artery diseases and DCM 
both in small and large animal model. But large animal study is only this paper, and 
there is no work to elucidate the long-term results after cell sheet implantation.

The mechanism of recovery in damaged myocardium has not been completely 
elucidated and is may be very complicated. Although the abovementioned paper 
revealed the possibility of cytokine release and hematopoietic stem cells recruit-
ment about the mechanisms of regeneration, this is only one part of regenerative 
mechanisms. The restoration of structural proteins may be due to the relief of the 
myocyte stretch evidenced by the reduction of left ventricle dimension or growth 
factors. It has been already revealed that skeletal myoblasts cannot beat synchro-
nously with host myocardium in vitro [37] and in vivo study [38]. After myoblast 
sheet implantation, the diastolic dysfunction in the distressed region of myocardium 
was significantly recovered (form our human and porcine studies, data not shown) 
leading to the improvement of systolic function in the same region without the con-
traction of implanted myoblasts. The improvement of diastolic function may depend 
on the elasticity of newly formed scar tissue by transplanted skeletal myoblast sheet 
and migrated cells. Histologically massive angiogenesis in the implanted region is 
one of the crucial characters, and we speculate that angiogenesis and recovery of 
diastolic function is a main part of regenerative mechanism in myoblast sheet 
implantation.

One of the main questions may be how long implanted cell sheet survive and 
whether implanted cell sheet can permanently work in ICM after implantation. We 
have already checked the survival of myoblast sheet by PCR analysis of Y chromo-
some in the experiments in which the male cell sheet was implanted to female rat 
infarction model and revealed that the number of implanted cells declined to about 
20% compared with pre-value and implanted myoblast sheet disappear at least 
3 months after implantation by histological analysis. Several hours after implanta-
tion, implanted myoblasts are exposed to ischemic condition, and they express 
HIF-1 gene which induce angiogenic cytokines such as HGF or VEGF, and stromal- 
derived factor-1 (SDF-1) is expressed in the implanted cell sheet which enhances 
the recruitment of mesenchymal stem cells from bone marrow which also play an 
important part in therapeutic angiogenesis. It has already been reported that main 
process in angiogenesis induced by cytokines may happen, and newly formed vas-
culature may be established only within 1 month after implantation, and the func-
tion in newly formed vasculature may be maintained by recruited mesenchymal 
stem cells in spite of survival in implanted myoblast sheet. So implanted myoblast 
sheet may be only an “opportunity” to induce angiogenesis in ischemic 
myocardium.

Although many paper reported that angiogenesis induced by paracrine effects in 
the cell sheet plays a crucial part in recovery in ICM, induced newly formed vascu-
lature by cell sheet histologically seems to be immature vasculatures which possess 
only endothelial cells without smooth muscle cells. So how to induce mature vascu-
lature in ischemic region may be an important issue in the next generation of myo-
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cardial regeneration therapy. Kainuma et al. reported that they implanted myoblast 
sheets to epicardium in ICM with omentum and revealed that this combination 
therapy induce therapeutical angiogenesis in ischemic myocardium with vascular 
maturation which showed both endothelial and smooth muscle cells, leading func-
tional angiogenic recovery with improved coronary flow reserve [39].

The growth of MSCs sheet on the infarct myocardium contributes to the improve-
ment of anterior wall thickness with new vessels, and some implanted cells differ-
entiate to cardiomyocyte [32]. This paper is characterized by the self-incubation of 
cell sheet in  vivo, and differentiated cardiomyocyte may not contribute to the 
improvement of systolic function because of low incidence of differentiation from 
MSCs to cardiac myocyte. Although maximum thickness of MSCs sheet, approxi-
mately 600 μm, is not enough to human end-stage heart failure, this method of self- 
incubation in  vivo is very unique and may be one of the possible strategies to 
recreate thick-layered sheet in vivo.

Two-cell cocultured sheet was developed to enhance the angiogenesis [28]. 
Cultured cell sheet combined with fibroblast and endothelial progenitor cells 
enhanced blood vessel formation leading the functional improvement. This strategy 
may be good candidate for ischemic myocardium or peripheral arterial disease to 
target only angiogenesis. There is another paper which targets to angiogenesis for 
peripheral arterial disease. Cocultured cell sheet combined with fibroblast and 
human smooth muscle cell accelerates the secretion of angiogenic factor in vitro 
and increase the blood perfusion by the formation of new vessels [33]. Enhanced 
effectiveness induced by coculture of two cells is supported by a paper which reveals 
that BMC and myoblast co-implantation enhances the single-cell transplantation 
efficacy [40]. It attracts researchers’ interest that cell sheet changes its character by 
coculture method and enhance the effectiveness in cell sheet derived from one kind 
of cell.

Based on physiological and pathological characters in diseases, clinician can 
decide which type cell sheet is appropriate to each disease such as ischemic myo-
cardium (angiogenesis is needed), end-stage DCM (myogenesis is needed), acute 
myocardial infarction (angiogenesis is needed), and chronic ischemic cardiomyopa-
thy (both angiogenesis and myogenesis are needed). Implantation of stem cell 
which can differentiate to cardiomyocyte in  vivo can induce little myogenesis 
because of low incidence of differentiation to cardiomyocyte in vivo [41] and mas-
sive cell loss in needle injection method. Although cardiomyocyte sheet is only a 
candidate in myogenesis which can replace myocardial scar tissue with functioning 
contractile tissue because of no evidence of synchronized beating in myoblast 
in  vivo. For the aim of cardiomyogenesis with angiogenesis in cardiomyopathy, 
cardiomyocyte sheet derived from pluripotent stem (iPS) cells has been already 
basically developed with the evidence of synchronous work with recipient myocar-
dium [42] and with significant functional recovery [43], safety after in vivo implan-
tation by immature cell elimination [44], and a large number of cell culture system 
[44, 45].

And also clinical application of myoblast sheet has been done for ICM patients 
and proved the safety in this therapy with possible efficacy [46], and myoblast sheet 
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has already been approved by the government to clinical use as “heart sheet” [47]. 
But several clinical applications have only proved the possibility in efficacy, so 
further study may be needed to elucidate the efficacy in the myoblast sheet for ICM.

7.3  Conclusions

In this section, we surveyed exciting topics in myocardial generation therapy, espe-
cially in cell sheet. Cell-based treatment inclusive cellular cardiomyoplasty and tis-
sue cardiomyoplasty having angiogenic ability makes remarkable progress in a very 
short period of time, and many researchers and clinicians have enthusiasm to 
develop new technology by using iPS cells to relieve diseased patients. Owing to 
these works, cell sheet was introduced to clinical application, but many things 
remain unknown or immature both in basic and clinical respect. However, we are 
just at the beginning of clinical myocardial regenerative therapy, and now cardiolo-
gists and cardiac surgeons may assimilate basic achievement to routine clinical 
therapy.
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Chapter 8
The Role of VEGF in the Extremities

Brendan A.S. McIntyre, Takayuki Asahara, and Cantas Alev

Abstract Vascular endothelial growth factor (VEGF) is a pro-angiogenic cytokine 
that has a strong stimulatory effect on endothelial cell proliferation and migration. 
The use of VEGF in treating vascular conditions affecting the extremities, such as 
peripheral artery disease (PAD) and critical limb ischemia (CLI), has been studied 
in both basic research and clinical settings for over 30 years. In this chapter, we will 
discuss the animal models and applied treatments that have been attempted in this 
arena, with an emphasis on clinical translation. Novel combined treatments pairing 
cellular therapy with VEGF gene therapy will also be discussed.

Keywords VEGF • VEGF165 • VEGF121 • Ischemia • Peripheral artery disease • 
Critical limb ischemia

8.1  VEGF in Therapeutic Angiogenesis and VEGF Isoforms

Vascular endothelial growth factor (VEGF) was originally discovered more than 
30 years ago and has been one of the most extensively studied cytokines known to 
the field of biomedicine [1]. VEGF is an angiogenic factor that has been associ-
ated with enhanced endothelial cell migration, proliferation, and vessel repair [2, 3]. 
The VEGF family of genes is comprised of five members, VEGF-A, VEGF-B, 
VEGF-C, VEGF-D, and PGF or placental growth factor, with signaling occurring 
through one of three receptors, VEGFR1 (FLT-1), VEGFR2 (FLK-1/KDR) or 
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VEGFR3 (FLT-4), and co-receptor neuropilin-1 (NRP1). Interestingly, two addi-
tional VEGF-A homologues not expressed in humans have been found to occur 
outside of the traditional VEGF family, known as VEGF-E and VEGF-F. VEGF-E 
occurs as a single exon- less cDNA found in the genomes of Orf viruses [4], and 
VEGF-F refers to venom- type VEGFs found in a number of venomous snake spe-
cies [5]; both VEGF-E and VEGF-F preferentially bind to VEGFR2 and cause 
edema and vessel leakiness.

In the field of biomedicine, the VEGF family member most commonly associ-
ated with clinical intervention due to its strong pro-angiogenic activity in both 
normal development and pathological settings is VEGF-A [3]. Despite the exis-
tence of at least seven reported isoforms, there are four major isoforms of 
VEGF-A, VEGF- 121, VEGF-165, VEGF-189, and VEGF-206, which are pro-
duced via alternative splicing and differ by the presence or absence of sequences 
in exons 6 and 7 [6]. VEGF-165 and VEGF-121 are the only VEGF isoforms to 
have been used in a clinical setting to treat CLI to date and will be the focus of this 
chapter. Of these, VEGF- 165 (or VEGF-A165) is the most extensively studied and 
has demonstrated the most potent and bioactive pro-angiogenic functions in vitro 
and in vivo [7].

8.2  Evidence of Efficacy of VEGF in Experimental 
Preclinical Models

8.2.1  Generation One: VEGF Plasmid DNA and Recombinant 
Protein Injection

The use of VEGF for the revascularization of ischemic tissue is a field of research 
and therapy built upon the pioneering work performed in the laboratory of Jeffrey 
Isner [8–10]. Rather than focusing on directly abrogating vascular smooth muscle 
(SMC) proliferation in the neointima, these early VEGF-based studies using 
VEGF- 165 (VEGF165) were based on the idea that re-endothelialization through 
VEGF- mediated enhancement of endothelial cell (EC) migration and prolifera-
tion would stabilize vessel integrity and thus attenuate hyperplasia [10, 11]. The 
mechanism of this remodeling had been shown to occur as a result of nitric oxide 
(NO) and prostacyclin production in the endothelium [12]. Expanding upon these 
and other discoveries, a rabbit model of hind limb ischemia [13] was employed to 
test the effect of intramuscular (IM) injection of recombinant VEGF protein [8] 
and later VEGF DNA, using the phVEGF165 plasmid as a vector [14]. This latter 
study opened the way for intramuscular naked DNA injection (plasmid DNA in 
saline without liposome encapsulation) as a viable clinical alternative form of 
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gene transfer in the treatment of limb ischemia. A subsequent study using a rat 
model of hind limb ischemia, where the animals were injected with a replication-
deficient adenoviral vector expressing VEGF165 (AdVEGF), further validated this 
work, with both models showing sustained transgene expression for greater than 
1 week postinjection [15].

The authors in both studies argued that in comparison to recombinant pro-
tein, expression from plasmid DNA or adenoviral particles would provide a 
more  sustained level of VEGF in the host. Presumably, the use of recombinant 
human VEGF (rhVEGF) would necessitate frequent and multiple injections, 
making it an impractical form of therapy. The half-life of VEGF protein under 
normoxic conditions is 15–20 min, with VEGF mRNA being only slightly better 
at 30  min. Both VEGF protein and mRNA half-life are further extended in 
hypoxic environments, as would be encountered in the ischemic limb. However, 
the mRNA half-life of VEGF under hypoxic conditions is much longer, remain-
ing stable for 6–8 h [16–19]. Further, due to the leader sequence present in exon 
1 of the VEGF gene, VEGF is packaged for extracellular export when expressed 
by host cells [20]. These studies exploring the basic functions of the VEGF 
gene, combined with the numerous preclinical models employing mice, rats, 
and rabbits, provided the groundwork that paved the way for the translation of 
VEGF-based therapies to the clinic. However, even during this translational 
phase, some mouse models had exhibited certain shortcomings, including 
instances where VEGF alone was not sufficient to restore circulation, such as 
cases of endothelial nitric oxide synthase (eNOS) insufficiency in the Akt1 
knockout mouse [21]. This study demonstrated that concomitant active eNOS is 
required for VEGF-induced revascularization [21, 22]. Furthermore, functional 
VEGF receptors are also required for proper signal transduction in order to see an 
observable effect of VEGF-mediated therapies. For instance, it has been shown that 
hind limb ischemia models using BALB/c mice are refractory to VEGF-mediated 
therapies, due to impaired expression of VEGF receptor 2/Flk-1/KDR [23]. This 
brings up the interesting perspective regarding the need for proper patient-based 
genetic screening when applying VEGF-based therapies in the clinic, a practice 
that is not currently performed.

In addition to studies of VEGF-165, the use of VEGF-121 has been investi-
gated in preclinical models of ischemia in animals. VEGF-121 is the only form of 
VEGF that does not contain a basic heparin-binding region, due to the absence of 
15 basic amino acids within exon 7, and is thus freely diffusible [24]. This iso-
form of VEGF was tested in both rats and rabbits using an adenoviral vector, 
AdCMV.VEGF121 [25]. An interesting variation in this trial is that the transgene 
was administered into healthy limbs prior to induction of hind limb ischemia. 
Results from this study showed significant improvement following a single dose 
four-point IM injection, with respect to tissue perfusion and vascularization. Not 
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only did this pave the way for the potential clinical use of this therapy as a preven-
tive measure against ischemia, but it also demonstrated for the first time that ther-
apeutic angiogenesis could be used to induce vessel growth in normal, healthy 
skeletal muscle tissue [25].

8.2.2  Generation Two: Viral Vectors and Combined VEGF 
plus Cell-Based Therapies

One of the major concerns brought up regarding initial VEGF-based therapies was 
that vessels formed following non-dose-controlled injections are immature and 
leaky [26]. In order to overcome this obstacle, an elegant approach employing 
adeno-associated viruses was developed enabling the controlled application of 
inducible VEGF expression, allowing a more tightly controlled dosing of the trans-
gene [27–29]. In doing so, dose rates of VEGF were controlled and importantly 
switched off, allowing for proper maturation of formed vessels. Although this 
approach has yet to be translated to the clinic, it provides a tantalizing model for 
dose-controlled VEGF gene therapy.

Another way proposed to make gene therapy more effective is to use a thera-
peutic cell type as a targeted vector. Endothelial progenitor cells or EPCs offer 
such a potential target cell type. EPCs were initially identified as circulating pro-
genitors with enhanced angiogenic properties [30] and continue to hold promise 
in the treatment of ischemic limbs [31]. Early on in their discovery, it was noted 
that EPCs themselves could serve as vectors of VEGF delivery, combining not 
only the regenerative capacity of the growth factor but that of the cellular vector 
as well [32]. In order to test this, a mouse model of hind limb ischemia was used 
in conjunction with adenoviral gene transfer of VEGF. This approach resulted in 
significant improvement in the therapeutic effect of administered EPCs, as mea-
sured primarily by lower limb amputation rates [32]. But this study also noted that 
in order to translate these findings to the clinic, as much as 12 L of peripheral 
blood would be required to obtain a sufficient therapeutic dose of EPCs in 
humans—an impossible feat given the current limits of ex  vivo cell expansion 
technology.

An alternative albeit still hypothetical approach could be the use of human 
embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs) (collectively 
called human pluripotent stem cells or hPSCs), which have been shown to give rise 
to endothelial cells and progenitors of the cardiovascular system in vitro [33–35]. 
Human PSC-derived vascular progenitor cells could be used as cellular vectors for 
the targeted delivery of VEGF or other pro-angiogenic growth factors in vivo, thus 
freeing possible future clinical applications from the dependency on and limitations 
of primary blood or bone marrow cells (Table 8.1).
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8.3  Clinical Trials Using VEGF for Neoangiogenesis

8.3.1  Plasmid-Based Clinical Trials Using VEGF

Clinical translation of the initial experimental models employing VEGF in the treat-
ment of PAD was proposed in 1996 [36], and case studies began to surface already 
in that same year with balloon angioplasty administration of phVEGF165 in one 
patient [37]. This is a logical progression, given the limited treatment options avail-
able to physicians, resulting in high levels of limb amputation, juxtaposed to the 
minimally invasive nature of the proposed therapy. In fact, CLI, an exacerbation of 
PAD, is responsible for the vast majority of limb amputations in the developed 
world according to a 17-year retrospective study conducted on Finnish medical data 
up to the year 2000 [38]. Recent molecular observations made from clinical cases 
have also pointed out that patients with CLI may benefit from supplementing VEGF 
levels in affected limbs based on measurements of local VEGF expression levels 
[39, 40]. In the initial clinical gene transfer studies, a plasmid encoding VEGF-A165 
under the cytomegalovirus (CMV) promoter was used. FDA approval had been 
granted for a phase I clinical trial, and within a couple of years, trial results were 
being reported [41]. The treatment regimen of this first ischemic limb trial consisted 
of two doses of 2 mg IM injections of plasmid DNA into four sites in the affected 
limbs of nine patients. Results from this study looking primarily at safety and feasi-
bility of the gene transfer treatment were extremely encouraging, with improved 
blood flow in the limbs of eight patients, healing of ulcers occurring in four of seven 
affected limbs, and successful limb salvage occurring in three patients, all of which 
prompted and encouraged further clinical work in this area [41].

The same treatment course was applied to six patients affected by Buerger’s 
disease, or thromboangiitis obliterans (TBO), a vascular occlusive disease seen in 
young smokers, characterized by inflammation and blockage of small- to medium- 
sized arteries in the extremities. In this small trial, which included two patients from 
the trial of Baumgartner et al., all patients demonstrated increased blood flow and 
formation of new vessels. Additionally, three of five limbs afflicted with ulcers 
healed [42]. As with the previous study, this trial did note that successful limb sal-
vage could only occur if gene therapy is instituted before the establishment of 
necrotic lesions.

After gaining global recognition, trials were initiated in Korea, Taiwan, the 
Netherlands, and Russia. The Korean trial used VEGF165 plasmid DNA injected IM 
in nine patients, seven of whom had Buerger’s disease and reported good tolerance 
without any significant side effects related to gene transfer [43]. With its primary 
goals being to establish safety and dose-escalation effects, the patient pool was not 
large enough to draw conclusions on the efficacy of the applied treatment. However, 
dose escalation of up to 8 mg of injected plasmid did not result in improved vascular 
conductivity, as assessed by ABI (also used by the Isner-led studies), but did note 
that serum VEGF levels were not increased, even at high doses [43]. One of the 
major unique aspects of the Kim et al. study is that they used a different vector, 
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pCK-VEGF165, to drive VEGF expression. The difference between pCK-VEGF165 
and phVEGF165 vectors is that the promoter used in pCK has been shown to drive 
higher expression levels in the skeletal muscles in animal models [44]. This was 
achieved by virtue of retaining a longer upstream sequence of the CMV promoter 
[44].

At around the same time, a Taiwanese group reported a larger clinical trial of 27 
CLI patients using phVEGF165 [45]. Both of these non-US-based studies reported 
transient edema as the major patient complication observed, which is a consistent 
side effect observed in multiple studies [46]. But intriguingly, even at much lower 
doses, 2 × 0.4 to 2 mg for the Taiwanese trial versus 2 × 2 to 8 mg for the Korean 
trial, which used the modified pCK plasmid, with reported higher expression of 
VEGF IM [44], the lower-dose Taiwanese study showed significantly elevated lev-
els of circulating VEGF, which were not seen in the Korean study. In an attempt to 
determine the minimal effective dose, the Taiwanese study also determined that no 
less than 2 × 1.2 mg was needed to see a positive effect on vascularization as mea-
sured by ABI. By showing patient tolerability, the Taiwanese study also addressed 
concerns about applying pro-angiogenic VEGF treatments outside of Western 
patient pools.

Following these two studies, a larger clinical trial conducted in the Netherlands 
used phVEGF165 with the same 2 × 2 mg IM injection regimen in a larger cohort of 
diabetic patients suffering from CLI [47]. This larger trial included 27 placebo/
control and 27 VEGF-treated individuals, with patients injected in the thigh (two 
aliquots) and calf muscle (two aliquots) of the most ischemic limb and repeated 
once after a span of 4 weeks. Again, results failed to demonstrate significant differ-
ences in amputation rates, although secondary measures such as improvement in 
skin ulcers and circulation were better in the VEGF-treated group in addition to 14 
subjects in the treatment group reporting clinical improvement versus only three in 
the control group [47].

More recently, a report detailing a Russian phase 2b/3 multicenter trial with 100 
enrolled patients was published [48]. In this randomized, controlled clinical trial, 
the largest study conducted to date using VEGF165 plasmid DNA under the CMV 
promoter, the authors concluded that VEGF gene transfer was an effective way to 
treat CLI based on pain-free walking at 2 years post-treatment. Yet again, amputa-
tion rates between placebo and treated patients were not significantly different, but 
showed a trend toward improvement in the treated patients, another theme consis-
tent with all previous trials. Intriguingly, quality of life (QoL) scores were not found 
to be significantly different in the two groups despite improved mobility, blood flow, 
and healing rates.

Cumulatively, the results of this trial were sufficient to register the drug 
Neovasculgen for the treatment of patients with moderate-to-severe claudication 
due to stages 2a to 3 atherosclerotic lower limb ischemia in Russia [48]. The authors 
went on to recommend further studies with larger patient cohorts to evaluate pCMV- 
VEGF165 in patients with resting pain from peripheral atherosclerosis, ischemia 
caused by diabetes mellitus or autoimmune disorders, and those who undergo 
peripheral artery revascularization in order to expand the number of conditions to 
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apply this therapeutic. Despite the inherent caveats of this and previous studies, the 
evidence for the clinical benefits of IM injection of naked or plasmid DNA is 
becoming apparent, with multicenter trials now conducted in five countries over the 
past three decades [49]. The current holder of drug rights to pCMV-VEGF165, the 
Human Stem Cells Institute (HSCI), currently has approvals for marketing authori-
zation of Neovasculgen in Russia and the Ukraine, with approval processes initiated 
in 2016 for the FDA in the USA and in China (http://eng.hsci.ru/products/neovas-
culgen). The HSCI also plans to explore the use of Neovasculgen for ischemic heart 
disease, diabetic foot syndrome, and treatment of trauma-induced peripheral nerve 
damage.

8.3.2  Non-plasmid-Based Clinical Trials Using VEGF

The first adenoviral trial using VEGF was reported in 2002 using a replication- 
deficient adenovirus as a vector to deliver cDNA encoding VEGF-121, AdGVVEGF121.10 
[50]. With only 11 of the 15 VEGF-121-treated and 1 of the 3 placebo- treated patients 
completing the 1-year follow-up, conclusions with respect to efficacy could not be 
made at that time [50, 51]. However, this initial study led to a larger cohort of patients 
being recruited for the Regional Angiogenesis with VEGF (RAVE) trial, which was a 
phase 2, randomized, double-blind, placebo-controlled, dose-finding study [52]. 
Dosing in this study was between 4 billion viral particles for low dose and 40 billion 
viral particles for high dose administered at one time in the form of 20 IM injections. 
At present, final results of this trial have not been reported in the form of a peer-
reviewed publication, but subsequent reports regarding the RAVE findings have dis-
cussed the lack of improvement with respect to blood flow measured by ankle- and 
toe-brachial index (ABI and TBI), QoL, and wound healing [47]. This may likely be 
due to the high diffusibility of VEGF121 in the bloodstream compared with the more 
localized effects attributed to VEGF165, which binds to heparan sulfate-bearing pro-
teins (proteoglycans) and is thus much more prone to remain sequestered in the extra-
cellular matrix [53]. Questions have also been raised regarding the half-life of 
VEGF121, particularly that a higher turnover of this protein does not permit prolonged 
and complete angiogenesis as does VEGF165 [54].

A second trial directly comparing adenovirus to liposome-complexed plasmid 
DNA was also reported in 2002 [55]. Statistical significance was not reached with 
any of the endpoints in this study. Unlike other preceding studies, administration of 
vector adenoviral particles or plasmid DNA was conducted intra-arterially, as 
opposed to with IM injections. It was argued that this method of delivery was cho-
sen over IM injection due to the hypothesis that it would lead to a more widespread 
distribution of the transgene [55]. The authors concluded there was no improvement 
in VEGF gene transfer or even activity levels with adenoviral administration, con-
trary to their hypothesis. However, they did conclude that VEGF treatment resulted 
in improved vascularity in treated limbs, in agreement with previous trials in which 
naked DNA was injected IM [55] (Table 8.2).
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Table 8.2 Chronological listing of VEGF-based clinical therapies according to publication date of 
findings

Year Lead author
No. of 
patients

Trial 
type Dosage

Detail of 
therapeutic

Major findings 
and limitations

1996 Isner [37] 1 Case 
study

2 mg via 
hydrogel- 
coated 
angioplasty 
balloon to the 
popliteal 
artery

phVEGF165 Increased 
angiogenesis 
and 
circulation. 
Limitations: 
single-patient 
case study

1998 Baumgartner 
[41]

9 Phase 
I

2 × 2 mg 
injections of 
plasmid DNA 
injected IM

phVEGF165 Improved 
blood flow in 
8/9 patients; 
healing of 4/7 
affected limb 
ulcers

1998 Isner [42] 6 Phase 
I

2 or 4 mg of 
plasmid DNA 
injected IM

phVEGF165 Improved 
blood flow in 
7/7 limbs, 
ulcers healing 
in 3/5 affected 
limbs. 
Limitations: 
two patients 
used from the 
above study

2002 Makinen [55] 54 Phase 
II

2 × 1010 pfu 
AV particles 
or 2 mg of 
liposome- 
complexed 
plasmid DNA; 
arterial 
infusion 
following 
percutaneous 
transluminal 
angioplasty

pCMV-
VEGF165 or 
VEGF165-Ad

Placebo- 
controlled trial 
showing 
increased 
vascularity in 
treated limbs

2003 Rajagopalan 
[52]

105 Phase 
II

4 or 40 × 109 
pfu AV 
particles 
injected IM

AdGVVEGF121.10 Lack of 
statistical 
improvement 
for all 
measurements

2003 Shyu [45] 27 Phase 
I

2 × 0.4 to 
2 mg of 
plasmid DNA 
injected IM

phVEGF165 Improved 
blood flow, 
ulcer healing, 
and rest pain

(continued)
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8.4  Perspectives and Future of VEGF as a Treatment 
for Ischemic Limb Diseases

Therapeutic intramuscular gene therapy holds much promise for the treatment of 
CLI and PAD. Evidence from animal models has shown that this relatively simple, 
minimally invasive procedure can promote vessel development resulting in increased 
circulation and healing of ulcers in treated limbs. However, there have been signifi-
cant challenges in translating the successes of animal models to the clinic in this 
arena. The limitations of preclinical models are raised in the context of taking an 
otherwise healthy animal and inducing ischemia through a sudden trauma such as 
ligation and incision, as compared to the human condition which develops gradually 
and where adjacent tissue is not otherwise healthy but potentially diseased and athero-
sclerotic, leaving questions as to whether cytokine responses will be equivalent [56].  

Table 8.2 (continued)

Year Lead author
No. of 
patients

Trial 
type Dosage

Detail of 
therapeutic

Major findings 
and limitations

2004 Kim [43] 9 Phase 
I

2 × 2 to 8 mg 
of plasmid 
DNA injected 
IM

pCK-VEGF165 Improved 
blood flow

2006 Kusumanto 
[47]

54 Phase 
I

2 × 2 mg of 
plasmid DNA 
injected IM

phVEGF165 Placebo- 
controlled trial 
showing 
increased 
blood flow 
and wound 
healing in 
treated 
patients

2015 Skora [49] 32 Phase 
I

2 mg of 
plasmid DNA 
injected IM 
with 0.8 to 
3.9 × 109 viral 
particles 
injected

phVEGF165 +  
BM MNCs

Autologous 
BM-MNCs 
administered 
with VEGF 
plus trial were 
compared to 
control using 
vasodilator 
pentoxifylline

2015 Deev [48] 100 Phase 
IIb/III

2 × 1.2 mg of 
plasmid DNA 
injected IM +  
BM-MNCs

pCMV-
VEGF165

Improvement 
in pain-free 
walking in 
treatment 
group

Only VEGF treatments dealing with PAD or CLI are included. Table also reports major findings of 
each study. Despite showing measures of patient improvement, all listed studies have failed to 
demonstrate significant reduction in amputation rates. AV adenoviral, BM-MNC bone marrow 
mononuclear cells, IM intramuscular
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Yet, despite their limitations, animal models are able to inform on the effectiveness 
of angiogenic induction and, importantly, offer a setting with which to study more 
complex combinations of multiplexed therapies such as combined cellular and 
gene, multigene, or gene and drug treatments.

With respect to the clinical findings of the completed VEGF studies, a common 
and somewhat surprising result is the lack of improvement of quality of life (QoL) 
scores associated with these treatments. In an attempt to understand this finding, 
despite the improvement of circulation, wound healing, and rest pain, it has been 
speculated that there may be underlying psychological depression associated with 
individuals experiencing PAD and CLI, making quantitative measures of improve-
ment difficult [48]. However, in terms of patient safety, all trials conducted to date 
have reported that plasmid or “naked DNA” injection of VEGF is well tolerated. 
The most common side effects encountered to date have been transient edema, 
which is resolved without the use of diuretics [43, 45]. Incidences of cancer, or reti-
nopathy, originally hypothesized to potentially result from high serum levels of 
VEGF, have not materialized.

While all studies report improvement in vascularization and wound healing, 
the major clinically important benchmark, reduction in limb amputation, has 
failed to show significant improvement, despite data trends indicating otherwise. 
The evaluation of VEGF in treating neuropathy is another factor to consider when 
analyzing clinical efficacy. Neuropathy, causing numbness in the limbs affected 
by CLI, can be associated with increased morbidity potentially leading to amputa-
tion as a result of loss of pain sensation. As the focus of this chapter has been on 
vascularization and neoangiogenesis resulting from VEGF treatment for PAD, 
this therapeutic aspect has not been explored in detail. However, reports of clini-
cal improvement of chronic neuropathy associated with VEGF gene transfer in 
CLI have been described in at least one trial [57] and were supported by work 
using animal models [58]. A positive effect for VEGF leads to cautious specula-
tion that ulceration and eventual limb amputation rates should decrease as a result 
of restored sensation [59]. Conversely, studies have also reported that a placebo 
effect resulting from improved patient care over the course of clinical trials may 
be occurring as well, which would lead to lower amputation rates in both placebo- 
and VEGF-treated patients [47]. This fact may provide clinicians with a relatively 
simple, yet potentially costly, guideline to keep amputation rates down. Put suc-
cinctly, improved patient support and care would appear to translate to lower 
amputation rates for CLI.

One possible improvement that could be incorporated into future trials using 
single-factor VEGF gene therapy alone would be to complex liposomes with the 
phVEGF165 plasmid. Liposome complexes have been shown to improve efficacy of 
gene transfer in animal models [60] and have been used in clinical trials of VEGF 
gene therapy [55]. However, they have not been used with the most commonly 
adopted form of clinical VEGF gene transfer, IM injection, and in the past were only 
delivered with arterial infusion following percutaneous transluminal angioplasty. 
Giving further hope for this improvement is the fact that it has been known for some 
time that liposome-mediated gene transfer is effective IM [61].
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Along the same lines as the improvement of gene transfer via liposomes, testing 
the use of hydrogels such as polyethylene glycol (PEG) matrices, which can be used 
to tether biomolecules such as growth factors, cytokines, peptides, DNA vectors, 
and drugs in place, offers potential for improvement as well. In the arena of pro- 
angiogenic therapy, PEG hydrogels have been shown to significantly improve the 
rate of retention and activity of recombinant VEGF121 when complexed with these 
materials [62]. This model also demonstrated functional differences in the ability of 
hydrogel-embedded VEGF to reperfuse ischemic mouse limbs at a greater rate than 
recombinant protein alone [62]. Fine-tuning such models by combining fibrin 
hydrogels with a fusion VEGF protein that allows enzymatic cleavage and release 
from these gels provides a further level of control over cytokine delivery in vivo 
[63]. These methods could be used for adenoviral gene delivery as well, ensuring 
more controlled and local release of the therapeutic, specifically to its target loca-
tion. This approach has been employed for lentiviral gene delivery of VEGF, which 
was held in place via porous PEG hydrogels with heparin-chitosan nanoparticles 
used to retain vectors in situ [64].

The combination of growth factors with cellular therapy, as both a vector for 
delivery and adjuvant to treatment, is an avenue of research that is showing much 
promise and will also find its translation to the clinic for CLI and PAD. Future clini-
cal studies will surely aim to combine cellular plus gene therapy approaches as 
demonstrated in animal models combining VEGF gene transfer with EPCs [32]. In 
fact clinical progress in this arena is already underway with a 3.7 million USD study 
set up to fund the phase I trial of lentiviral-transduced mesenchymal stromal cells 
(MSCs) engineered to overexpress VEGF. Initial results in four patients have already 
demonstrated a therapeutic effect in terms of improved blood flow in affected isch-
emic limbs. It remains to be seen if these combination therapies are able to demon-
strate reduction in limb amputation rates, which has remained elusive to VEGF-based 
gene therapies thus far.

The clinical trials examined here using VEGF gene therapy for the treatment of 
PAD and CLI have shown that there are some clear advantages to the use of the 
VEGF165 isoform. It has consistently led to improvements in vascular flow, wound 
healing, and in some cases lower pain at rest. Nevertheless, important concerns with 
respect to the rigor of these clinical trials have been raised, such as the limits of 
using ankle-brachial index (ABI) to measure increased perfusion, which is a com-
mon measure in all trials [65]. This is due to the fact that the ABI is based on the 
blood pressure in the distal posterior or anterior tibial artery, which is contrary to the 
smaller arteries branching off these main trunks where increased vascularity from 
VEGF-based gene therapy is predominantly observed. The use of more sophisti-
cated measures such as MRI-based arterial peak flow (APF) in future studies will 
surely help to elucidate the true effects of VEGF-based gene therapy for CLI and 
PAD [66].

Moving away from simpler single-factor trials, combination therapies have been 
evaluated experimentally for more than a decade and are progressing into the clinic 
as well [67]. They bring with them the obvious complication of dosing and deliver-
ing one or more factors which may exhibit biological interference and may not be 
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uniformly expressed, distributed, or retained within the host tissue, thus making 
success with rigorously tested experimental models an important benchmark before 
translation to the clinic. Despite these hurdles, initial studies have demonstrated that 
combination therapies with VEGF165 in addition to angiopoietin-1 (Ang1), which 
has been shown to inhibit VEGF leakiness and stabilize newly formed blood ves-
sels, are more effective than either factor alone in rabbit models of hind limb isch-
emia when administered either by IM injection of plasmid DNA [67] or with 
adeno-associated viral (AAV) transduction using a vector encoding both genes [68]. 
Complex combination therapies will surely become more and more prevalent as the 
field evolves. As evidence of this, a recent phase I trial was reported in which cel-
lular therapy and dual gene transfer were combined. In this study, a venous endothe-
lial and smooth muscle cell product, MultiGeneAngio (MGA), was engineered to 
express VEGF165 and Ang1 [69]. More recently, results from the phase 1b dose- 
escalation MGA study were published showing patient tolerability and significant 
amputation-free survival and healing rates [70].

Taking the idea of combined gene therapies one step further, using chimeric 
molecules made by fusing active domains of two biomolecules, is another evolution 
in this avenue of research. Although not yet tested clinically, chimeric molecules, 
which can be engineered to lack the unwanted side effects of native proteins while 
still giving clinical benefit, have already been created. For example, VEGF-Ang1 
chimeric proteins such as VA1 have been evaluated experimentally, showing 
increased perfusion in animal models of limb ischemia, with less vessel leakage and 
inflammation than VEGF alone [71]. VEGF mimetics are also emerging as a new 
tool in the arsenal of treating CLI and PAD. The compound QK was designed to 
mimic a region of the VEGF binding interface, which binds the VEGF receptor 
KDR in solution and stimulates EC proliferation and signaling [72]. QK was put to 
the test in a rat hind limb ischemia model where it performed with VEGF165 in 
inducing revascularization [73]. More recently, this helical VEGF mimetic peptide 
was shown to induce vessel sprouting both in vivo and in vitro and, importantly, 
showed that it could be used as a complimentary therapy alongside VEGF, as put-
ting both together resulted in augmented effectiveness [74]. In addition to QK, 
another mimetic using self-assembling nanofiber technology to display VEGF pep-
tides on their surface was found to give functional recovery in a mouse hind limb 
ischemia model [75]. It remains to be seen how VEGF mimetics will perform in 
combination with multigene therapies or cellular plus gene and drug therapy 
approaches, especially in a clinical setting. An overview of the therapeutic funnel, 
which includes treatments tested in animal models and those also validated in the 
clinical setting, has been compiled in Fig. 8.1.

As an additional emerging technology, endonuclease-based genome-editing 
tools offer new approaches for the endogenous activation of VEGF in situ. While 
proof-of-concept studies utilizing, e.g., clustered regularly interspaced short palin-
dromic repeat (CRISPR)/Cas9-based genome editing have demonstrated that local 
activation of transcript levels is achievable [76], it remains to be seen how this will 
emerge as a treatment for limb ischemia [77]. In this context it was already shown 
that expression of VEGF-A can be activated in mammalian cells in vitro using either 
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transcription activator-like effector (TALE) or CRISPR/Cas9-based genome-editing 
technology [78, 79]. Advanced genome-engineering tools will likely contribute to 
the establishment of improved cell-based therapies, utilizing either adult tissue or 
pluripotent stem cell (PSC)-derived stem or somatic cells, modified to enhance 
VEGF expression without the use of inserted transgenes. As such, we can envision 
autologous cellular therapies harnessing, for example, human-induced pluripotent 
stem cells (hiPSCs), differentiated to venous or arterial ECs, or autologous 
in  vitro- induced MSCs or EPCs and modified ex vivo for enhanced VEGF expres-
sion prior to reintroduction into an ischemic limb. Re-expressing wild-type forms of 
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mutant proteins has already been achieved for β-thalassemia [80] and cystic fibrosis 
[81], and expanding this strategy to overexpress VEGF and/or other pro-angiogenic 
factors for the treatment of CLI and PAD could take advantage of these advances in 
cellular therapy and gene editing.

In summary, there are a number of studies examining the efficacy of VEGF in 
treating PAD and CLI. Animal models have tended to give results that were more 
favorable than clinical trials, a discrepancy resulting from a variety of factors, 
including health status prior to injury, lack of preexisting ulcers or lesions, and 
genetic and lifestyle homogeneity. Future therapeutics will aim to bring new levels 
of sophistication to these treatments, yet with new treatments come new challenges. 
Thus, VEGF, and in particular VEGF165, remains an important line of therapy and 
experimentation for the clinical treatment of CLI and PAD.
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Chapter 9
HGF Gene Therapy for Therapeutic 
Angiogenesis in Peripheral Artery Disease

Jun Muratsu, Fumihiro Sanada, Yoshiaki Taniyama, Yuka Ikeda-Iwabu, 
Rei Otsu, Kana Shibata, May Kanako Brulé, Hiromi Rakugi, 
and Ryuichi Morishita

Abstract Peripheral arterial disease (PAD) is a chronic arterial occlusive disease in 
the lower and upper extremities due primarily to atherosclerosis. The clinical con-
sequences of severe PAD and critical limb ischemia include pain while walking 
(intermittent claudication), pain at rest, and the loss of tissue integrity in the distal 
ischemic limbs. Moreover, PAD is strongly associated with elevated morbidity and 
mortality with cardiovascular disease. In general, the best therapeutic option for 
chronic arterial occlusion is revascularization with percutaneous transluminal 
angioplasty or surgical bypass. Unfortunately, some patients are poor candidates for 
revascularization due to the anatomical distribution of severe stenosis, calcification 
of the artery, poor outflow in the distal lower limb, and medical comorbidities. Thus, 
specific strategies are needed to deliver sufficient blood flow to eliminate the symp-
toms in PAD patients. Many studies have been performed using cell-based therapy 
(e.g., endothelial progenitor cells, bone marrow mononuclear cells, and mesenchy-
mal stem cells) and gene therapy (e.g., vascular endothelial growth factor, fibroblast 
growth factor, and hepatocyte growth factor (HGF)) for the induction of angiogen-
esis. Among them, our group has been working on the delivery of the HGF gene into 
ischemic limbs. It can stimulate angiogenesis without the induction of vascular 
inflammation and vascular permeability. In this review article, we focus on the 
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results of clinical trials using HGF gene transfer and discuss the molecular differ-
ences between HGF and other growth factors.

Keywords Cell therapy • Gene therapy • Hepatocyte growth factor

9.1  Introduction

Peripheral artery disease (PAD) is a disease of the extremities caused by atheroscle-
rosis and thrombosis [1]. It causes pain in the extremities that is triggered by activi-
ties such as walking, leading to less motility and an impaired quality of life (QOL). 
PAD is estimated to develop in 500–1000 per one million individuals per year and 
affects 20% of all people aged over 70 years and 4–12% of the population aged 
55–70 years [2, 3]. As atherosclerosis is the principal pathological disorder respon-
sible for both PAD and cardiovascular disease (CVD), PAD is strongly associated 
with systemic atherosclerotic CVD [4–6]. Of note, the presence of PAD gives a 
three- to sixfold increase in CVD mortality, and more than half of PAD patients 
have coronary heart disease and cerebrovascular disease [7–9]. Because of the high 
risk in CVD, the 2011 American College of Cardiology Foundation/American Heart 
Association (ACCF/AHA) guidelines recommend a secondary prevention strategy 
for PAD patients that includes risk factor modification [10–14]. For that reason, 
systemic treatments, such as antiplatelet drugs, cholesterol-lowering drugs, and 
inhibitors of the renin-angiotensin system, have been widely used for the treatment 
of PAD. However, none of these agents currently significantly improve perfusion to 
the lower extremities in patients with PAD. Other options for treating PAD patients 
are surgical or endovascular interventional revascularization. However, many PAD 
patients are poor candidates for revascularization due to the anatomical distributions 
of multiple severe stenoses, calcification of the arteries, poor outflow in the distal 
lower limbs, and medical comorbidities. Therefore, specific strategies are needed to 
deliver sufficient blood flow to eliminate symptoms in such patients. Gene therapies 
and cell-based therapies have been developed to initiate therapeutic angiogenesis in 
severe PAD and critical limb ischemia (CLI) [15, 16]. Initially, gene therapy using 
proangiogenic factors, such as vascular endothelial growth factor (VEGF) [17], 
fibroblast growth factor (FGF) [18], and hepatocyte growth factors (HGF) [19], was 
intensively investigated in basic and clinical studies. Cell therapies using bone mar-
row mononuclear cells (BMMNCs), mesenchymal stem cells (BMMSCs), and 
endothelial progenitor cells (EPCs) have also been carried out in animal models and 
in early stage of clinical studies [20]. Based on the favorable results of basic research 
studies, clinical phase I/II trials using proangiogenic gene delivery have been per-
formed, and the results demonstrate the safety of these approaches and their poten-
tial for symptomatic improvement in CLI [15, 16]. However, only HGF provides 
benefit in phase III clinical trials thus far. In this review, we discuss the advantages 
and the features of HGF on angiogenesis and inflammation over other angiogenic 
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growth factors. Additionally, we discuss our recent findings regarding cilostazol, the 
only FDA-approved drug for the treatment of intermittent claudication (IC), on 
angiogenesis through HGF production in the vasculature.

9.2  Pathology of Advanced PAD

Atherosclerosis is not simply a disorder of lipid deposition but is considered an 
advancing pathophysiological process arising from a combination of inflammation 
and endothelial cell dysfunction [21]. These changes are induced by cardiovascular 
risk factors such as hyperlipidemia, diabetes mellitus, smoking, and hypertension. 
At sites of occlusion, angiogenic sprouting and capillary lumen formation induces 
collateral circulation to alleviate the effect of blood flow deprivation. However, 
these mechanisms are not operative in CLI patients. Endothelial cell (EC) dysfunc-
tion [22] and impaired endothelial progenitor cell (EPC) function [23] in PAD 
patients has been demonstrated previously. Inflammatory cytokines, such as angio-
tensin II, interleukin-6, and monocyte chemoattractant protein-1, secreted from 
monocyte/macrophage or vascular cells in atherosclerotic plaques, accelerate the 
premature senescence of ECs, EPCs, and other stem/progenitor cells in a telomere- 
independent manner [24, 25] and tissue fibrosis, which prevents oxygen diffusion 
and stem/progenitor cell migration toward the tissue regions where tissue repair is 
required. These changes can induce rest pain in the ischemic limb, chronic nonheal-
ing wounds, and gangrene. Successful angiogenesis using gene therapy for CLI 
patients should offer relief from ischemic pain and ulcers and reduce mortality and 
amputation risk. Additionally, it should not promote the process of atherosclerosis. 
Considering the several potential complications that may arise in CLI patients, pre-
cise examinations from preclinical studies are required to develop successful clini-
cal trials based on angiogenic gene transfer.

9.3  HGF Gene Therapy for PAD

Although PAD patients receive aggressive treatment, such treatments often do not 
promote sufficient blood flow to eliminate their symptoms. Thus, many studies have 
been performed using angiogenic gene therapy. The administration of plasmid 
DNA-encoding growth factors into ischemic tissue increases the local concentration 
of angiogenic factors and aims to induce EC proliferation and migration and the 
formation of new blood vessels in the ischemic leg. The goal of therapeutic angio-
genesis is to induce the development of new arterial vessels to improve perfusion of 
the ischemic tissue. Here, we summarize HGF gene therapy for the treatment of 
PAD patients.

HGF was originally discovered as a potent mitogen for adult rat hepatocytes [26]. 
Later, its angiogenic properties on ECs via tyrosine phosphorylation of its receptor, 
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c-Met, were identified. The receptor c-Met is expressed on ECs, smooth muscle cells 
(SMCs), and also bone marrow-derived EPCs [27], and its expression is induced by 
tissue hypoxia [28, 29]. HGF is now appreciated as not only a promising angiogenic 
growth factor but also as an anti-fibrotic and anti-inflammatory factor in chronic 
inflammatory diseases, such as atherosclerosis, chronic renal disease, and heart failure. 
Indeed, several animal experiments have documented that HGF plasmid DNA transfer 
can induce significant increases in blood flow and capillary density in the ischemic 
hind limbs compared to control plasmid without increasing vascular permeability and 
inflammation [30–35]. Additionally, recent findings have documented that a combina-
tion of HGF and VEGF can facilitate neovascularization by enhancing intracellular 
signaling and increasing the proliferation, migration, and survival of ECs while 
decreasing VEGF-induced vascular permeability [36]. Based on these preclinical 
results, human clinical trials using intramuscular injections of naked human HGF plas-
mid were conducted (Table 9.1). To date, five clinical trials have been completed.

9.3.1  Phase I/II Study (AMG0001-JN-100)

A phase I/II study (AMG0001-JN-100) was the first clinical trial of human HGF 
plasmid gene transfer for PAD. Twenty-two patients with CLI due to arteriosclero-
sis obliterans (ASO) and Buerger’s disease were included. HGF gene transfer was 
carried out by two intramuscular injections of naked HGF plasmid at either 2 or 
4 mg. This clinical trial comprised two stages; stage I was an open-label study, and 
stage II was a randomized, dose–response, open-label study. Stage I included 
patients with rest pain (Fontaine stage 3) and ischemic ulcers or necrosis (Fontaine 
stage 4) for an assessment of the acute allergic reactions, safety, and therapeutic 
effect. Stage II included patients with severe claudication (Fontaine stage 2b) for the 
evaluation of the safety and therapeutic effect of HGF plasmid gene transfer. The 

Table 9.1 Clinical trials of human HGF plasmid for PAD

Trials (trial name) Strategy
Delivery 
route

Patient’s 
number Reference

Morishita et al. (AMG 
0001-JN-100)

Naked 
pDNA

IM 22 [37]

Makino et al. (AMG 0001-JN- 
100, long-term follow up)

Naked 
pDNA

IM 22 [38]

Powell et al. (AG-CLI-0202) Naked 
pDNA

IM 93 [39]

Powell et al. (AG-CLI-0205) Naked 
pDNA

IM 27 [40]

Shigematsu et al. 
(AMG-JN-101)

Naked 
pDNA

IM 44 [41]

Shigematsu et al. 
(AMG-JN-102)

Naked 
pDNA

IM 10 [42]

IM intramuscular injection
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improvement rates for each end point obtained from the combined results of Stages 
I and II were as follows: 61.5% (8/13) for rest pain, 63.6% (7/11) for ischemic 
ulcers, and 64.7% (11/17) for ankle brachial index (ABI). No evidence of leg edema 
or serious adverse side effects were found. This initial clinical trial showed that 
intramuscular injection of naked human HGF plasmid is safe and feasible and can 
improve ischemic limb perfusion [37]. Subsequently, a long-term follow-up obser-
vation also documented its sustaining effects [38]. An ABI > 0.1 (78.6%, 11 of 14 
patients), reduction in rest pain (100%, 9 of 9 patients), and decrease in the size of 
ulcers (90%, 9 of 10 patients) were observed at the 2-year follow-up without severe 
complications or adverse effects.

9.3.2  Phase II Studies (AG-CLI-0202 and AG-CLI-0205)

These phase II studies were double-blind, placebo-controlled trials in the USA and 
evaluated the safety and efficacy of the human HGF plasmid in ASO patients with 
CLI. AG-CLI-0202 was designed to compare the dose-responses of angiogenesis to 
HGF gene transfer in four categories: a low-dose group, 0.05 mg per site at eight 
sites in the affected leg, three times (0.4 mg at days 0, 14, and 28, n = 23); a middle- 
dose group, 0.5 mg per site at eight sites in the affected leg, two times (4 mg at days 
0 and 28, n = 18); a high-dose group, 0.5 mg per site at eight sites in the ischemic 
leg, three times (4 mg at days 0, 14, and 28, n = 15); and a placebo control group 
(n  =  17). The measurements of transcutaneous oxygen pressure (TcPO2) were 
increased at 6 months in the high-dose group when compared with the placebo, low- 
dose, and middle-dose groups. There was no difference between the groups at the 
secondary end points, including ABI, toe-brachial index (TBI), pain relief, wound 
healing, or major amputation [39]. AG-CLI-0205 was a trial at a dose of 4 mg three 
times at 2-week intervals. A total of 27 subjects (26 patients in the HGF plasmid 
group and 6 patients in the placebo control group) were enrolled. Changes in TBI 
and the visual analogue scale (VAS) improved significantly from baseline at 
6 months in the HGF-treated group compared with the placebo (0.05 ± 0.05 vs. 
−0.17 ± 0.04; P value 0.047). Complete ulcer healing at 12 months occurred in 31% 
of the HGF-treated group and 0% of the placebo control group. There was no differ-
ence in the major amputation rate of the treated limb (HGF 29% vs. placebo 33%) 
or mortality at 12 months (HGF 19% vs. placebo 17%) between the two groups. 
Overall, hemodynamic measurements increased in the HGF-treated group, suggest-
ing better blood flow in the lower extremities [40].

9.3.3  Phase III Studies (AMG-JN-101 and AMG-JN-102)

AMG-JN-101 was a phase III, randomized, double-blind, placebo-controlled trial. 
Forty-four patients with CLI were recruited and received intramuscular injections of 
human HGF plasmid at a dose of 0.5 mg per site at eight sites in the affected leg, 
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two times, 4 weeks apart. A significant improvement in the primary end point (rest 
pain and ischemic ulcer size) and QOL in the HGF-treated group was observed. 
Although this trial failed to demonstrate an augmentation of ABI or amputation rate, 
there were no major safety problems [41]. AMG-JN-102 was an open-label trial 
evaluating the efficacy and safety of the HGF plasmid in patients with Buerger’s 
disease. The treatment regimen was at a dose of 0.5 mg per site at eight sites in the 
ischemic leg, two times, 4 weeks apart. A total of 66.7% (6/9) of the patients who 
received the human HGF plasmid showed improvements in ischemic ulcer size at 
week 12. Again, there were no major safety problems [42]. Following these favor-
able outcomes in the HGF-treated patients, a global multicenter Phase III clinical 
trial aimed at recruiting >500 CLI patients was initiated. In spite of the relatively 
small phase III clinical trials using HGF gene transfer, so far, only HGF has shown 
beneficial effects in the phase III clinical trial for the treatment of PAD.

9.4  The Differences Between HGF and Other Growth 
Factors

Initially, the HGF protein was isolated from the plasma of patients with fulminate 
hepatic failure [26]. Thereafter, several functions of the HGF/c-Met system have 
been uncovered in pathophysiological conditions, which include cell survival, cell 
proliferation, anti-inflammation, and anti-fibrosis [27–29]. Thus, HGF is now 
appreciated as a key growth factor for the attenuation of both acute and chronic 
disease progression in the heart [43], kidney [44], liver [45], and vasculature [24, 
32]. Among the beneficial functions of HGF, anti-inflammatory and anti-fibrotic 
actions are unique. Tissue inflammation initiates the progression of a wide range 
of chronic diseases, including PAD [46–49]. Inflammatory cytokines such as IL-6 
and IL-8 have been associated with cellular senescence [50–53], and in turn, 
senescent cells secrete multiple inflammatory cytokines, which are considered to 
contribute to sustained low-grade inflammation. Apparently, a tissue inflamma-
tion—cellular senescence—cytokine secretion loop exists. Nonetheless, the 
majority of preclinical animal studies of PAD have been performed in the absence 
of tissue inflammation caused by vascular risk factors present in the clinical set-
ting. To explore the possible explanations for the successes and failures of HGF 
and VEGF clinical trials, we compared the angiogenic potential of HGF and 
VEGF under Ang II administration in a mouse hind limb ischemia model. 
Interestingly, HGF, but not VEGF, attenuated Ang II-induced senescence of ECs 
and EPCs by reducing oxidative stress (ROS) [24]. When HGF stimulates its 
receptor c-Met, the SH2-domain-containing inositol 5-phosphatase (SHIP)-2 
binds to c-Met directly and initiates downregulation of the epidermal growth fac-
tor receptor (EGFR) in a ligand-dependent manner. The degradation of EGFR by 
the HGF/c-Met system occurs through the ubiquitin proteasome system [32]. This 
system similarly operates when cells are stimulated by lipopolysaccharide, ET-1, 
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and TGF-β1. Because these cytokines produce ROS through transactivation of 
EGFR, the HGF/c-Met system can reduce ROS production, leading to anti-senes-
cence and anti-inflammatory actions. These results imply that in the clinic, the 
mechanism of ligand-dependent EGFR downregulation by the HGF/c-Met system 
contributes to the anti-inflammatory and antioxidant actions in chronic inflamma-
tory diseases such as atherosclerosis [32, 54]. Interestingly, it has been shown that 
the expression level of VEGF increases after vascular injury and recruits mono-
cyte-lineage cells; in contrast, HGF decreases the recruitment of cells after injury 
[55, 56]. Importantly, HGF and VEGF synergistically induce angiogenesis [57, 58], 
and HGF can reduce VEGF-induced leukocyte adhesion and adhesion molecule 
expression by suppressing VEGF-induced NFkB signaling [59]. Thus, HGF exerts 
its angiogenic properties while inhibiting inflammation, edema, and cellular 
senescence. Another unique function of HGF is its anti-fibrotic action, whereas 
VEGF and FGF induce tissue fibrosis [60, 61]. Our group has demonstrated that 
the upregulation of HGF significantly decreases fibrotic tissue area following 
acute myocardial infarction [43] and acute kidney injury. HGF significantly atten-
uates the transition of epithelial cells into mesenchymal cells (EMT), which is 
considered to be involved in perivascular fibrosis of the heart [62] and kidney 
[44]. The diminution of EMT and subsequent tissue fibrosis may serve to mini-
mize impediments to tissue regeneration. It is conceivable that the engraftment of 
circulating stem/progenitor cells and oxygen diffusion may be limited by perivas-
cular fibrosis and result in an impairment of tissue regeneration and oxygenation. 
Local levels of HGF significantly decrease in an ischemic tissue and subsequently 
cause intramuscular and perivascular fibrosis disease progression [63]. Therefore, 
HGF administration by gene therapy can significantly influence organ regenera-
tion [64]. Thus, under pathological conditions, HGF, VEGF, and FGF may dif-
ferentially influence angiogenesis. In the future, we should acknowledge the 
limitations of preclinical studies and the complexities of clinical settings.

Recently, we have demonstrated that cilostazol, the only FDA-approved drug for 
the treatment of IC, significantly improved ischemic limb perfusion through HGF 
production. In this study, the effects of cilostazol on ischemic leg were investigated 
in a mouse hind limb ischemia model. The administration of cilostazol significantly 
increased the expression of HGF, VEGF, angiopoietin-1, and peroxisome 
proliferator- activated receptor-γ (PPARγ), especially in SMCs and ECs. The capil-
lary density in the ischemic leg was significantly increased in the cilostazol treat-
ment group when compared to control and aspirin treatment groups. Interestingly, 
an increase in capillary density and growth factor expression was almost completely 
abolished by coadministration of HGF-neutralizing antibodies. These data suggest 
that cilostazol enhances angiogenesis primarily through HGF. In vitro experiments 
revealed that cilostazol treatment increased HGF production in vascular smooth 
muscle cells via two major pathways: the PPARγ and cAMP pathways [65]. Similar 
to our report, other groups also indicate that PPARγ agonists exert their anti-fibrotic 
actions through HGF [66–68]. The distribution of PPARγ and cAMP might limit the 
benefits of these drugs.
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9.5  Conclusion

HGF, VEGF, and FGF gene therapies for PAD have remarkable benefits in preclini-
cal studies; however, in large clinical trials, such benefits were found only for 
HGF. HGF has angiogenic potential with unique anti-inflammatory and anti-fibrotic 
functions. Thus, it may be used to treat the pathology of CLI and to induce angio-
genesis. A comprehensive understanding of the biology of angiogenesis under path-
ological conditions might provide better information for successful future trials of 
therapeutic angiogenesis.
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Chapter 10
Fibroblast Growth Factor in Extremities

Michiko Tanaka and Yoshikazu Yonemitsu

Abstract Fibroblast growth factor (FGF) is recognized as one of the major angio-
genic factors. Among the FGF family members, FGF-1 (acidic fibroblast growth 
factor, aFGF) and FGF-2 (basic fibroblast growth factor, bFGF) have been exten-
sively studied at both preclinical and clinical stages for applications in therapeutic 
angiogenesis. In vivo studies have reported various synergistic effects of FGF-2, 
and gene therapy has achieved promising results in early preclinical studies. 
However, few clinical trials have been conducted. In this chapter, we provide an 
overview and future perspectives of the progression of research into angiogenic 
gene therapy with FGF for peripheral artery disease. The focus of a new gene trans-
fer vector based on a non-transmissible recombinant Sendai virus that expresses the 
human FGF-2 gene is also introduced as a frontier of therapeutic angiogenesis in 
this field.

Keywords Angiogenesis • FGF-2 • Sendai viral vector • DVC1-0101

10.1  Introduction

Fibroblast growth factors (FGFs) belong to a family of more than 20 proteins. They 
are angiogenic factors based on their induction of endothelial cell proliferation, 
migration, and morphogenesis, extracellular matrix degradation, and vessel matura-
tion. The activities of FGFs in angiogenesis are not caused by a single factor but are 
modulated by synergic effects with various extracellular matrix-associated mole-
cules such as vascular endothelial growth factor (VEGF) [1]. The crosstalk of 
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synergic effects among FGFs, VEGFs, and inflammatory cytokines/chemokines 
modulates blood vessel growth in various pathological conditions [2]. The bulk of 
experimental data related to the prototypic FGFs have been obtained in vitro and 
in vivo to establish their potential for therapeutic angiogenesis. The FGF family, 
especially FGF-1, FGF-2, FGF-4, and FGF-5, has been widely investigated with a 
particular emphasis on FGF-2 [2, 3].

10.2  Preclinical Studies of Animal Models Using FGF-2 
in Extremities

Various synergistic effects of FGF-2 induce pronounced angiogenesis in animal 
ischemic limbs. FGF-2 targets non-endothelial mesenchymal cells independently 
to stimulate arteriogenic (monocyte chemoattractant protein-1, MCP-1) path-
ways. Thus, MCP-1/C-C chemokine receptor-2 is essential for the adaptive and 
FGF-2- mediated recovery of blood flow in murine ischemic limbs [4]. The plate-
let-derived growth factor receptor (PDGFR)-α-p70S6K pathway is also an essen-
tial regulator of FGF-2-mediated therapeutic neovascularization [5]. Transient 
delivery of both FGF-2 and PDGF-BB naked DNA may increase angiogenesis 
compared with single gene delivery [6]. In addition, co-delivery of FGF-2 and 
human recombinant granulocyte colony-stimulating factor leads to superior reper-
fusion and mature vessel formation in a murine hindlimb ischemic model [7]. 
Moreover, several approaches have been reported for the optimization of FGF-2 
carriers [8, 9]. The use of a recombinant Sendai virus (SeV) as a vector appears to 
be efficient [10–12].

10.2.1  SeV Vectors

SeV is a negative-sense, single-stranded RNA virus. It belongs to the 
Paramyxoviridae family including measles, mumps, and human respiratory syn-
cytial virus and is known to cause respiratory tract infections in mice and rats 
[13]. However, it is not reported to be pathogenic to humans. The structure of SeV 
is shown in Fig. 10.1.

SeV-based vectors have a markedly higher gene expression levels and several 
theoretical and practical advantages over other viral vectors and plasmids [10, 14, 
15]. The SeV genome does not integrate into the host genome, reducing the risk of 
insertional mutagenesis [16, 17]. Unlike other viral vectors, SeV is a cytoplasmic 
negative-stranded RNA virus that replicates entirely in the cytoplasm of cells and 
does not have a DNA intermediate. These aspects are very important in terms of 
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HN (hemagglutinin/neuraminidase)
F (fusion protein)

Envelope

200nm
Genome :

(-) single strand, 15kb

Fig. 10.1 Structure of Sendai virus (SeV)

Fig. 10.2 Infection 
manner of SeV. First, 
adsorption to and 
degradation of sialic acid 
occur, followed by contact 
with the surface of the cell 
membrane, fusion with the 
cell membrane, Sendai 
virus entry, and finally 
replication and 
transcription in the 
cytoplasm

safety because SeV vectors do not cause genetic changes that are passed onto sub-
sequent generations. Furthermore, SeV is not dependent on cell division for infec-
tion of target cells and requires only brief contact with cells for cellular uptake 
(Fig. 10.2).
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10.2.2  Therapeutic Angiogenesis Using a SeV Vector Carrying 
FGF-2

Significant inhibition of auto-amputation by SeV/FGF-2 has been reported, although 
expression of VEGF from SeV/VEGF165 accelerates limb loss [11, 18]. 
Furthermore, the vector dose dependency of FGF-2 expression was examined 
in local muscles. As a result, net FGF-2 in the muscles increased proportionally to 
the titer of the input vector (Fig. 10.3a). However, the therapeutic outcomes demon-
strated no such correlation. The highest therapeutic efficacy was observed at doses 
of 3 × 106 to 1 × 107 plaque-forming units, although all doses exhibited therapeutic 
potential (Fig. 10.3b). Taking the preclinical results together, the new gene transfer 
vector based on a non-transmissible recombinant SeV expressing the human FGF-2 
gene (rSeV/df-hFGF-2) might be an effective tool for treatment of peripheral arte-
rial disease (PAD) (Fig. 10.4).
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Fig. 10.3 FGF-2 expression level and corresponding limb salvaging effects of rSeV/dF (murine 
auto-amputation model). Expression of fibroblast growth factor (FGF)-2 (a) and limb prognosis 
curve (b) in ischemic thigh muscles of the murine auto-amputation model after SeV-mediated 
FGF-2 gene transfer, indicating the possible relationship between the levels of transgene expres-
sion and therapeutic effects. (a) Dose-dependent increase of net expression of FGF-2 including 
endogenous and exogenous FGF-2. Two days after the operation and vector injection, a posterior 
portion of the thigh muscles was subjected to an ELISA that detected both murine and human 
FGF-2 (hFGF-2). Each group included six animals. Data are expressed as means ± standard error. 
(b) Limb prognosis curve following intramuscular injection of PBS, control vector (SeV lucifer-
ase), or SeV-hFGF2. Each group included eight mice with an auto-amputation model. Limb sur-
vival curves were constructed using the Kaplan-Mayer method. Data were analyzed using the 
log-rank test. PBS phosphate-buffered saline, pfu plaque-forming unit. #P ≤  0.05; *P ≤  0.01. 
Adapted from Shoji et al. [11]
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10.3  Clinical Studies

Among the published angiogenic trials using FGF for PAD patients, a plasmid- 
encoding FGF-1 has failed proof of concept, but a SeV vector carrying FGF-2 
appears to be promising.

10.3.1  Clinical Trials Using Human Naked Plasmid DNA 
Encoding FGF-1

Intramuscular administration of human naked plasmid DNA encoding FGF-1 
(NV1FGF) to a hamster model of ischemic limbs fed a cholesterol-rich diet pro-
motes vascular growth in ischemic muscles [19]. This finding indicates a potential 

2 weeks

SeV-luci
1×109 pfu/head

SeV-hFGF2
1×109 pfu/head

6 weeks

Fig. 10.4 Blood flow imaging by the laser Doppler method. Blood flow of the hind leg in SeV-
hFGF2-administered animals apparently increased (red arrows) in comparison with that of the 
control (SeV-luci administered animals) at week 6. Adapted from Shoji et al. [11]
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method to overcome perfusion defects in patients with PAD. To achieve preclinical 
success, a phase I clinical trial was performed using NV1FGF administered intra-
muscularly into the ischemic thigh and calf of patients with unreconstructable 
PAD. Increasing single and repeated doses of NV1FGF were injected into patients. 
As a result, NV1FGF was well tolerated and perfusion was improved, although 
there was no evidence of a dose-dependent effect [20]. Subsequently, the local 
NV1FGF plasmid distribution and transgene expression were tested to support the 
concept of multiple site injection for therapeutic use [21].

A randomized, double-blinded, placebo-controlled phase II called the 
TALISMAN 201 trial was conducted to administer eight intramuscular injections of 
a placebo or 16 mg NV1FGF to “non-optional” critical limb ischemia (CLI) patients 
[22]. There was a significant reduction in amputation risk at 12 months after admin-
istration of NV1FGF, while no difference was observed in ulcer healing between 
placebo and NV1FGF groups. A long-term evaluation of patients with CLI treated 
with NV1FGF or the placebo was reported, but the study was too small to evaluate 
safety and efficacy [23].

The later phase III, randomized, double-blinded, placebo-controlled TAMARIS 
study was conducted in 30 countries at 171 sites for 525 CLI patients [24]. The 
patients received 1.6 mg/mL NV1FGF or placebo on days 1, 15, 29, and 43 by intra-
muscular injections into the index leg. The primary endpoint of the trial was the 
time to major amputation of the treated leg or death during the study period of 
12 months. The results were negative with no evidence of a reduction in amputation 
or death in the NV1FGF group [25].

10.3.2  Clinical Trials Using a SeV Vector Encoding FGF-2

The first-in-men clinical trial using a new gene transfer vector, rSeV/df-hFGF-2 
(named DVC1-0101), was completed in March 2011  in Japan. The study was a 
phase I/IIa, open-label, four-dose-escalation clinical trial conducted in 12 patients 
with non-optional CLI to administer DVC1-0101 intramuscularly. The study cohort 
included ten cases of arteriosclerosis obliterans and two cases of thromboangiitis 
obliterans with a mean age of 65  years (range: 48–82  years). DVC1-0101 was 
administered at 30 sites with varying ischemic conditions as 5 × 107, 2 × 108, 1 × 109, 
and 5 × 109 cell infectious units (ciu)/60 kg body weight in a dose-escalating man-
ner (Fig. 10.5). The study results showed that DVC1-0101 was safe and well toler-
ated and significantly improved walking functions [26].

A total of 120 adverse events were observed in the 6-month follow-up after gene 
transfer, and 12 serious advance events (SAEs) were reported and reviewed by the 
Safety Monitoring Board Committee at the facility and by the Health Sciences 
Council of the Japan Ministry of Health, Labour and Welfare at 5 years after com-
pleting the protocol (Table  10.1). No dose-response relationship was observed 
between DVC1-0101 and adverse events.
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Some efficacy-related parameters showed positive responses. The improvement 
rate of clinical staging (Rutherford classification) was 58.3% (n = 7/12, P = 0.7744) 
and the improvement of stages 2–4 was 77.8% (n = 7/9, P = 0.1797). Pain reduction, 
excluding two amputation-provided patients, was seen for over 6 months (P < 0.01 
or P < 0.05). No significant change was observed in ankle-brachial index or toe- 
brachial index at any time point for up to 6 months after treatment. Seven of the ten 
patients showed negative pulse-volume recording (PVR) values at pretreatment, and 
six subjects occasionally exhibited significant appearance of PVR values after treat-
ment. The blood flow ratio according to the laser Doppler perfusion index showed 
no significant change after treatment. However, the foot skin temperature showed a 
significant decrease in differences of footpad temperatures (degrees Celsius = treated 
limb − untreated limb) at 1 month after treatment (P < 0.05, paired t-test). No ulcer 
healing was observed in the two stage 1 patients, but complete healing was observed 
in the stage 4 patient. Walking ability assessed by a treadmill showed significant 
improvement. Changes in absolute claudication distance (ΔACD; %, n = 5) were 
observed up to 321.5% at 8 months, and significance was shown at 2, 3, 5, 7, and 
12 months after treatment (P < 0.05). Overall, the previous study concluded that 
DVC1-0101 may contribute to the improvement of walking performance in patients 
with PAD (Fig. 10.6) [26].

Fig. 10.5 Administration of a non-transmissible recombinant SeV expressing the hFGF-2 gene 
(rSeV/df-hFGF-2) for peripheral arterial disease patients
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10.3.2.1  Case Report

The findings for a 65-year-old Japanese woman at stage 2 (case 201) are presented 
in Fig. 10.6. She was diagnosed as arteriosclerosis obliterans with the symptom of 
200 m of intermittent claudication (IC). She had been treated by pharmacotherapy 
and was stable, but then developed rest pain in her right foot. Her angiogram showed 
complete obstruction of whole superficial femoral to popliteal arteries and all main 
arteries at the ankle level in both legs (Fig. 10.7a, left panel). A soft X-ray (Fig. 10.7a, 
right panel) suggested difficulty in surgical management for her because of severe 
calcification throughout superficial femoral to popliteal arteries and an insufficient 
size of both saphenous veins.

DVC1-0101 was administrated at 30 sites in her right leg (10 sites at the upper 
and lower thigh and calf, respectively) for a total of 1.63 × 108 ciu. She had no 
remarkable adverse events during the 6-month observation period. Efficacy was 
demonstrated by an increase in foot temperature (Fig. 10.7b) and the appearance of 

Table 10.1 5-year follow-up for serious adverse events (SAEs) in the phase I/IIa clinical trial 
using a SeV vector encoding FGF-2

Case # SAE
Onset after 
treatment

Prognosis of 
event Review result

102 Major amputation of treated 
limb (below knee)

3 years and 
11 months

Healed stump Not related

103 Major amputation of treated 
limb (below knee)

15 days Healed stump Cannot be denied

105 Major amputation of treated 
limb (3–5 toes) + salvaging 
bypass

3 months Healed stump Not related

Myelodysplastic syndrome 1 year and 
8 months

No change Not related

Acute-on-chronic progression 
of preexisting interstitial 
pneumonitis

2 years and 
1 month

Dead Not related

201 Compression fracture of lumbar 
bone

3 years Recovered Not related 
(incidental)

204 Coronary bypass for preexisting 
coronary aneurysm

2 years and 
10 months

Recovered Not related 
(incidental)

303 Heart failure 4 years and 
8 months

Dead Not related

403 Bleeding of gastric ulcer 1 year and 
1 month

Recovered Not related

Minor amputation of treated 
limb (first toe)

1 year and 
4 months

Healed stump Not related

405 Acute myocardial infarction 2 years and 
10 months

Recovered Not related

Cholelithiasis 2 years and 
11 months

Recovered Not related
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toe-specific pulsation (Fig. 10.7c) at her right leg. The most noteworthy results were 
complete disappearance of rest pain within 1 week after gene transfer and a linear 
increase in claudication onset distance and absolute claudication distance after gene 
transfer (Fig. 10.7d). These improvements in clinical symptoms have been observed 
for 5 years posttreatment.

10.3.2.2  Ongoing Trials

Subsequently, a phase IIb, randomized, double-blinded clinical trial with IC 
patients began in August 2014 and is ongoing to enroll subjects. The primary 
objective of this trial is to investigate the safety and clinical efficacy of DVC1-
0101 (1 and 5 × 109 ciu/leg) in patients with IC. It also aims to examine the dose-
response relationship using the rate of improvement in walking as a primary 
indicator. DVC1- 0101 is administrated at 30 sites (15 sites in each upper and 
lower leg) intramuscularly. If the ACD is less than 200 m measured using a tread-
mill load test at two or more visits at 4, 5, or 6 months after the first administra-
tion, the high dose (5 × 109 ciu/leg) of DVC1-0101 will be administrated as the 
second administration [27]. The outcomes of this trial will provide valuable 
proof-of-concept data for DVC1-0101 in PAD patients and will lead to a better 
understanding of the gene therapy.
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10.3.3  Other Clinical Trials Using FGF

Although it is not a gene therapy, the safety and efficacy of intra-arterial injections 
of FGF-2 have been tested in patients with mild IC in a phase I trial. The findings 
revealed that FGF-2 was safe and well tolerated and improved lower extremity 
blood flow [28]. In addition, the TRAFFIC study, a well-controlled clinical trial of 
FGF-2, provided the proof of concept. Recombinant FGF-2 was infused intra- 
arterially in the phase II, randomized, double-blinded, placebo-controlled study of 
190 patients with moderate-to-severe IC caused by infrainguinal atherosclerosis, 
resulting in a significant increase in peak walking time at 90 days [29]. However, the 
TRAFFIC study was not powered to detect differences at 180 days with type II 
errors [3]. The limited clinical outcomes and the mild-to-moderate adverse events 
owing to the systemic leakage of FGF-2 caused the TRAFFIC study to be termi-
nated. It probably needed a higher and sustained concentration of FGF-2 in local 
target muscles without systemic leakage [30].

The safety and potential clinical efficacy of adenovirus-delivered FGF-4 
(Ad5FGF-4) were evaluated in patients with unreconstructable CLI. The study con-
cluded that intramuscular injection of Ad5FGF-4 appeared to be safe but failed to 
induce clinical efficacy because of limited assessed doses and a small patient cohort 
[31]. FGF-4 gene therapy was tested in patients with coronary artery disease, but the 
trials were halted early because an interim analysis indicated that a significant dif-
ference of efficacy in the primary endpoint was unlikely [32].

10.4  Future Directions

Experimental studies and clinical trials have established that gene therapy can be an 
alternative method of treatment for PAD [33]. Despite the success of proangiogenic 
gene therapy using FGF in preclinical in vitro and in vivo studies, the medical needs 
still do not fulfill expectations. There are many boundaries in gene therapy 
approaches that are not only using FGF but also other angiogenic factors. The issues 
are safety and trial design including the administration route and the dose and type 
of vector [34].

Specific theoretical concerns related to angiogenesis are hemorrhages, tumor 
growth, retinal neovascularization, enhanced hypertension, inflammatory responses, 
and atherogenesis [35]. All gene therapies for PAD appear to be safe and well 
 tolerated, except for peripheral edema in treatments using recombinant 
VEGF. However, at this point, one patient who died from adenoviral infection has 
heightened awareness of the potential dangers [36]. Long-term follow-up will be 
continuously required to establish the safety and efficacy of gene therapy.

Although the data from pivotal studies are not yet available, a 3-year follow-up 
of gene transfer using non-viral FGF-1 for PAD has shown no difference in the 
number of strokes, myocardial infarctions, or deaths in the NV1FGF groups of five 
phase I and II trials compared with the placebo group [23]. Long-term follow-up of 
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other angiogenic factor treatments, such as using naked plasmid DNA encoding 
hepatocyte growth factor [37] and VEGF gene transfer for coronary artery disease 
patients [38], has reported that gene therapy is relatively safe. Safety monitoring of 
long-term follow-ups for FGF treatments is still required for large trials [39].
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Chapter 11
Low-Intensity Pulsed Ultrasound

Akimichi Iwamoto, Takayuki Hidaka, Yasuki Kihara, Hiroshi Kubo, 
and Yukihito Higashi

Abstract Cell and gene therapies are invasive and may have complexity of handling 
and some safety concerns for patients with critical limb ischemia. Low- intensity 
pulsed ultrasound (LIPUS) irradiation has been widely used to promote the healing of 
bone fractures in humans. It is postulated that the initial step of bone fracture healing 
by LIPUS is angiogenesis, and subsequent neovascularization leads to osteoblasts 
being conveyed to the bone fracture site. Indeed, a few studies have shown that LIPUS 
induces angiogenesis in experimental hind-limb ischemic models. Unfortunately, 
there is no information on the effects of LIPUS on angiogenesis in humans. However, 
LIPUS irradiation should have beneficial effects on ischemia of extremities by induc-
ing angiogenesis in patients with peripheral arterial disease (PAD). The use of LIPUS 
would be a noninvasive, safe, and effective method for improving clinical symptoms 
in patients with PAD. It is expected that the use of LIPUS would be a novel strategy 
for therapeutic angiogenesis in PAD patients with a wide range of limb ischemia 
severities. In this chapter, we focus on the effect of LIPUS on angiogenesis, the mech-
anism of LIPUS-induced angiogenesis, and the possibility of improvement of clinical 
symptoms by LIPUS irradiation in patients with PAD.
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Keywords Low-intensity pulsed ultrasound • Angiogenesis • Peripheral arterial 
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11.1  What Is PUS?

Ultrasound is an oscillating sound pressure wave. An ultrasound wave has three 
components: frequency, length, and velocity of the wave. Ultrasound frequency is 
divided into two categories: low-frequency ultrasound (20–200  kHz) and high- 
frequency ultrasound (1–20 MHz). Ultrasonic energy is also divided into two cate-
gories: low-intensity ultrasound (0.5–3000 mW/cm2) and high-intensity ultrasound 
(5–15 kW/cm2) [1]. A combination of ultrasound frequency and ultrasound intensity 
is used in various clinical settings. A combination of low-frequency ultrasound and 
low-intensity ultrasound is used for treatment of bone fracture healing and soft tis-
sue healing, treatment of erectile dysfunction, and drug and gene delivery; a combi-
nation of low-frequency ultrasound and high-intensity ultrasound or high-frequency 
ultrasound and high-intensity ultrasound is used for treatment of cancer and sur-
gery; and a combination of high-frequency ultrasound and low-intensity ultrasound 
is used in diagnostic imaging.

Although there is no strict definition of LIPUS, ultrasound frequency of 
0.5–3 MHz, pulse wave of 100–400 μs in pulse burst and 1–3 kHz in repetition rate, 
and ultrasound energy of 0.5–3000 mW/cm2 have been used in many previous stud-
ies as LIPUS [2–10].

11.2  Therapeutic Medicine with LIPUS

Ultrasound is an oscillating sound pressure wave that induces various cellular 
responses in different cells such as osteogenic transcription in osteoblasts [11], col-
lagen synthesis in osteoblasts and fibroblasts [12], and calcium uptake in fibroblast 
[13]. Previous studies have shown that LIPUS stimulation induces the expression of 
the osteogenesis-related gene [3] and increases levels of different angiogenic factors 
such as interleukin-8 (IL-8) and basic fibroblast growth factor (bFGF) in osteoblasts 
and vascular endothelial growth factor (VEGF) in osteoblasts and monocytes [4].

In 1983, it was reported for the first time that LIPUS is effective for healing of 
nonunions after bone fractures in humans [2]. LIPUS has since become an estab-
lished treatment for fresh bone fractures and refractory bone fractures and is now 
widely used in a clinical setting. LIPUS for treatment of fresh fractures, delayed 
unions, and nonunions has been based on the same protocol in most studies: ultra-
sound frequency of 1.5 MHz, ultrasound output power of 30 mW/cm2, pulse dura-
tion of 200 μs, pulse repetition frequency of 1 kHz, and output duration of 20 min 
[4–8]. It is thought that LIPUS accelerates the regeneration of soft tissues including 
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skin, skeletal muscles, ligaments, tendons, alveolar gingiva, and nerves [14, 15]. 
Interestingly, it has been shown that LIPUS might be useful for treatment of rheumatoid 
arthritis and osteoarthritis though inhibition of inflammatory responses [16]. 
Recently, it has been shown that LIPUS might be beneficial for treatment of erectile 
dysfunction [17].

11.3  LIPUS Therapy for Angiogenesis

Previous studies have shown positive effects of LIPUS and low-intensity ultra-
sound with a continuous wave on angiogenesis. In 1990, Young and Dyson [18] 
reported for the first time that therapeutic ultrasound of 5 min per day for 5 days 
at a spatial average temporal average intensity of 0.1 W/cm2 with a frequency of 
either 0.75 or 3.0 MHz accelerated wound healing in the skin of adult rats through 
an increase in neovascularization. Barzelai et  al. [5] showed that low-intensity 
ultrasound with a continuous wave of 2 MHz, 5 V peak-to-peak amplitude, and 
intensity of 0.05 W/cm2 for 5 min per day over a 3-week period improved tissue 
blood flow and angiogenesis in a rat hind-limb ischemic model. Using low-inten-
sity ultrasound with a continuous wave increased blood vessels in tropical fish 
[19]. Ramli et al. [20] showed that exposure to ultrasound with a 45 kHz wave at 
an intensity of 15 mW/cm2 augmented vascularity of the chorioallantoic mem-
brane of chicks. Abtahi et  al. [6] showed that LIPUS for 5 min per day over a 
period of 2 weeks at an intensity of 0.3 W/cm2 with a frequency of 3.0 MHz and 
pulse mode of 1:4 accelerated angiogenesis assessed by CD31 expression in trans-
planted ovaries of mice. LIPUS therapy increased capillary density and improved 
regional myocardial blood flow in a porcine model of chronic myocardial isch-
emia [7]. Although angiogenesis was not directly assessed in  vivo, LIPUS for 
20 min per day over a period of 2–4 weeks at an intensity of 30 mW/cm2 with a 
frequency of 1.5 MHz and pulse duration of 200 μs accelerated bone fracture heal-
ing through enhancement of angiogenesis assessed by VEGF expression in rats 
with ovariectomy-induced osteoporosis [8], and LIPUS for 20 min per day over a 
period of 16 weeks at an intensity of 30 mW/cm2 with a frequency of 1.5 MHz and 
pulse duration of 200 μs improved bone-tendon junction healing through enhance-
ment of angiogenesis assessed by VEGF expression and enhancement of chondro-
genesis in a rabbit patellectomy model [9]. These findings suggest that LIPUS 
therapy is promising for angiogenesis.

Although almost all studies have shown positive effects of LIPUS on angiogen-
esis, one study showed that acute pulsed ultrasound at an intensity of 2.5 or 5 W/cm2 
with a frequency of 1.0 MHz and pulse repeat rate of 5 kHz had no effect on angio-
genesis [21].

We also confirmed the effects of LIPUS on angiogenesis in an ischemic limb 
mouse model. A hind-limb ischemia mouse model is widely used for assessing 
the angiogenic response and for testing the therapeutic potential of a new regi-
men for PAD [22, 23]. To verify the effects of LIPUS on ischemic wound 
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healing, hind-limb ischemia was surgically created in mice by femoral artery 
occlusion, and the mice were treated with LIPUS for 20  min per day over a 
period of 2 weeks at an intensity of 30 mW/cm2 with a frequency of 2.0 MHz 
and pulse repeat rate of 1 kHz using a device developed for in vitro and in vivo 
study (Fig.  11.1). The blood flow in ischemic legs was measured by laser 
Doppler blood imaging, and blood flow rate index was calculated by Moor LDI 
software (Moor Instruments Ltd., Devon, United Kingdom). In the control 
group (sham group), the blood flow rate on the first day after the ischemic 
operation was reduced to 29% of the preoperative blood flow rate and slightly 
increased to 62% and 60% at day 7 and day 14, respectively. In the LIPUS 
exposure group (LIPUS group), the blood flow rate was reduced to 27% of the 
preoperative value at day 1 and then increased to 79% and 97% at day 7 and day 
14, respectively. At day 14, the blood flow rate in the LIPUS group was signifi-
cantly increased compared to that in the control group (Fig. 11.2). Hematoxylin-
eosin staining of sections of control mice revealed that ischemia caused injury 
of muscle fibers and infiltration of fibrous tissue and immune cells, whereas 
infiltration of fibrous tissue and immune cells was inhibited in mice exposed to 

a

b

Fig. 11.1 (a) Low-
intensity pulsed ultrasound 
(LIPUS) exposure system 
for experimental study.  
(b) Mice were anesthetized. 
Ultrasonic gel was put on 
an ultrasound transducer 
(Nippon Sigmax Co., Ltd., 
Tokyo, Japan). The 
transducer was placed over 
the skin of the ischemic 
area of the thigh region. 
LIPUS exposure was 
repeated for 20 min per 
day. LIPUS exposure 
conditions were as follows: 
effective area of the 
transducer was 1.68 cm2, 
intensity was 30 mW/cm2 
with a 20% duty cycle, and 
pulse frequency was 
2.0 MHz with a 1 kHz 
repeat rate
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LIPUS. These findings suggest that LIPUS accelerated ischemic wound healing 
or prevented infiltration of fibrous tissue and immune cells.

It is known that angiogenesis is involved in recovery from ischemic damage. To 
determine whether the accelerated recovery of blood flow rate in the LIPUS group 
was caused by microvessel proliferation, we investigated the effects of LIPUS on 
capillary density of tissue sections stained with alkaline-phosphatase or anti-CD31 
antibody. Capillary density ratios of alkaline-phosphatase staining were 1.14 for the 
LIPUS group and 0.94 for the control group (Fig. 11.3). In addition, the ratio of 
vascular endothelial cells was estimated by histological staining using anti-CD31 
antibody. In the control group, the ratio was reduced to 0.61. The ratio of vascular 
endothelial cells was significantly increased in the LIPUS group. These results 
 suggest that microvessel proliferation was stimulated by LIPUS, leading to recov-
ery of peripheral blood flow.

Fig. 11.2 Effect of 
low-intensity pulsed 
ultrasound (LIPUS) in the 
ischemic hind limb of 
mice: quantitative analysis 
of blood flow in ischemic 
hind limb after surgery. 
(a) Representative laser 
Doppler perfusion imaging 
in the ischemic right hind 
limb of sham mice and 
LIPUS-exposed mice. 
(b) Quantitative analysis of 
the ischemic/nonischemic 
limb laser Doppler 
perfusion imaging on 
postoperative days 1, 7, 
and 14 (n = 8 for each 
group). Results are shown 
as means ± SE. On day 14, 
there was a significant 
difference between the 
control and LIPUS groups
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11.4  Mechanisms of LIPUS-Induced Angiogenesis

Several experimental studies have shown that LIPUS and low-intensity ultrasound 
with a continuous wave are beneficial for angiogenesis, osteogenesis, and wound 
healing [3, 10]. It is thought that LIPUS, in vitro and in vivo, induces angiogenesis 
through increases in angiogenic growth factors and angiogenic cytokines [24, 25]. 
Therapeutic ultrasound stimulates the production of angiogenic cytokines such as 
IL-8, bFGF, and VEGF [4].

Young and Dyson [18] reported that there were more blood vessels in equivalent 
regions of granulation tissue of ultrasound-treated wounds than in control wounds, 
suggesting that the ultrasound-treated wounds were at a more advanced stage in the 
repair process. Ultrasound is used as a noninvasive therapeutic method for treatment 
of nonunion fractures. The expression of VEGF was reported to be increased during 
bone fracture healing in LIPUS-treated rabbits and rats [3, 26]. VEGF is well known 
to be involved in angiogenesis. Ultrasound induced the expression of angiogenic 
factors in human fibroblasts, osteoblasts, and monocytes [27]. Ultrasound exposure 
increased VEGF expression in osteoporotic bone fracture healing [3] and patella- 
patella tendon junction healing [9]. Angiogenic transcription factors, angiogenic 
cytokines, and their receptors would contribute to therapeutic ultrasound-induced 
angiogenesis.

Ultrasound induces endothelial cell proliferation, migration, and sprouting [3–9]. 
The therapeutic range of ultrasound stimulates both nitric oxide (NO) synthesis and 
prostaglandin E2 synthesis by human osteoblasts [28]. Exposure of endothelial cells 
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Fig. 11.3 Low-intensity 
pulsed ultrasound (LIPUS) 
exposure enhances 
neovascularization in 
ischemic limb tissues at 
2 weeks after surgery:  
(a) representative anti-
CD31-stained slides 
obtained quadriceps femoris 
muscle sections from sham 
mice and LIPUS-exposed 
mice. (b) Quantitative 
analysis of the ischemic/
nonischemic limb capillary 
density ratio (left) in 
ischemic regions in the 
sham group and LIPUS 
group (right) (n = 8 for each 
group). Results are shown 
as means ± SE. Capillary 
density was significantly 
enhanced (P < 0.05) by 
LIPUS exposure
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to therapeutic ultrasound increases NO synthase activity and NO production, which 
could lead experimentally or therapeutically to vasodilatation [29]. Ultrasound 
treatment at an intensity of 1.6–2.0 W/cm2 for 6 days enhanced NO and Ca2+ release 
from endothelial cells but did not promote endothelial cell growth [30]. In addition, 
ultrasound stimulation changed the cellular morphology and orientation and 
increased extracellular matrix secretion from endothelial cells [30]. These findings 
suggest that exposure to LIPUS induces angiogenesis through activation of NO 
synthesis.

Mesenchymal stem cells (MSCs) are multipotent stem cells that can differ-
entiate into different cell types including osteoblasts, chondrocytes, myocytes, 
adipocytes, ß-pancreatic islets cells, and endothelial cells [31, 32]. The thera-
peutic potential of MSCs in cell-based tissue engineering has been widely 
studied. Therefore, we focused on the effects of LIPUS on MSCs derived from 
human bone marrow. After starvation for 16  h, MSCs were irradiated with 
LIPUS for 20 min, and the cells were harvested at 1, 3, 6, 9, and 12 h after 
LIPUS exposure. Total RNA was isolated from the MSCs, and the expression 
of mRNA was assessed by real-time PCR using primers for VEGF, FGF2, and 
angiopoietin 1 (ANGPT1), which are well-known factors for angiogenesis. 
Expression of VEGF was 0.97 at 1 h after LIPUS irradiation and was increased 
to 3.29 at 3 h after LIPUS exposure (Fig. 11.4a). FGF2 and ANGPT1 expres-
sion levels were significantly increased at 6 h after LIPUS exposure (Fig. 11.4b). 
Expression of the transcriptional factor PPAR gamma coactivator-1α (PGC-1α), 
but not that of hypoxia-induced factor-1α (HIF-1α), was significantly enhanced 
at 6 h after LIPUS exposure (Fig. 11.4c). These findings suggest that VEGF 
produced in MSCs may cause angiogenesis through paracrine signaling.

As mentioned above, transcriptional levels of the angiogenic factors VEGF, 
FGF2, and ANGPT1 were increased in MSCs after LIPUS exposure. The effects of 
LIPUS on hind-limb ischemia in mice might be caused by upregulation of these 
angiogenic factors. Immunostaining was performed with antibodies against VEGF, 
FGF2, and ANGPT1. In the sham group, VEGF, FGF2, and ANGPT1 were slightly 
expressed in stained sections. In the LIPUS group, the expression of VEGF, FGF2, 
and ANGPT1 was much stronger than that in contralateral nonischemic side sec-
tions, suggesting that the expression of VEGF, FGF2, and ANGPT1 was induced by 
LIPUS exposure in in vivo conditions. Arany et al. [33] reported that the VEGF gene 
is upregulated by the transcription factor transcriptional coactivator peroxisome 
PGC-1α. To determine whether PGC-1α is involved in upregulation of the VEGF 
gene after LIPUS  exposure, immunostaining was performed with a PGC-1α anti-
body. PGC-1α was substantially expressed in the ischemic side in the LIPUS group 
but was not detected in either ischemic or counter sections of the sham group, sug-
gesting that PGC-1α was upregulated in the LIPUS exposure area and might induce 
angiogenic factors in vivo.

The expression of VEGF, FGF2, and ANGPT1 mRNA was upregulated in 
MSCs by LIPUS exposure (Fig.  11.4). PGC-1α is known as a transcriptional 
coactivator and is known to play a role in the regulation of cellular energy metab-
olism. It was reported that PGC-1α induced VEGF independently of the 
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Fig. 11.4 Total RNA was 
isolated from collected 
mesenchymal stem cells 
(MSCs), and expression of 
mRNA was measured by 
real-time quantitative 
RT-PCR using primers for 
vascular endothelial 
growth factor (VEGF), 
fibroblast growth factor 2 
(FGF2), angiopoietin 1 
(ANGPT1), PPAR gamma 
coactivator-1α (PGC-1α), 
and hypoxia-induced 
factor-1α (HIF-1α), which 
are well known as 
angiogenesis-related genes. 
(a) Expression of VEGF 
was 0.97 at 3 h after 
low-intensity pulsed 
ultrasound (LIPUS) 
exposure and was 
increased to 3.29 at 6 h 
after LIPUS exposure.  
(b) FGF2 and ANGPT1 
expression levels were 
significantly increased at 
6 h after LIPUS exposure. 
(c) Expression of the 
transcriptional factor 
PGC-1α, but not that of 
HIF-1α, was significantly 
enhanced at 6 h after 
LIPUS exposure

transcription factor HIF-1 pathway [33]. Since LIPUS induced the expression of 
PGC-1α in the ischemic hind limb, LIPUS might induce an increase in VEGF via 
the PGC-1α pathway rather than the HIF-1α pathway. LIPUS upregulated the 
expression of VEGF, FGF2, and ANGPT1 in the ischemic hind limb, suggesting 
that LIPUS affects multiple pathways in several type cells and increased the 
expression of proteins involved in angiogenesis. It is well known that exercise 
and ischemia enhance VEGF expression by different mechanisms, leading to 
angiogenesis. Ischemia causes an increase in VEGF through the dual actions of 
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enhancement of HIF-1α and PGC-1α expression [33]. Exercise causes an increase 
in VEGF through predominant enhancement of PGC-1α expression [33]. It is 
likely that the mechanism of LIPUS-induced angiogenesis is similar to that of 
exercise-induced angiogenesis (Fig. 11.5).

One of the possible mechanisms of the therapeutic benefits of MSC is para-
crine release of cytokines. VEGF receptors were not expressed at detectable lev-
els in MSCs exposed to LIPUS, and serum VEGF level was not affected by 
LIPUS exposure in ischemic mice. These findings suggest that the pro-angio-
genic effects of LIPUS are paracrine effects of MSCs and are local effects; 
acceleration of angiogenesis occurs in the LIPUS exposure area, not in the 
whole body.

Recent studies have shown that LIPUS activated extracellular signal-regulated 
kinase 1/2 (ERK1/2) and p38, members of the mitogen-activated protein kinase 
(MAPK) family, in rat bone marrow-derived stromal cells and myoblasts [34, 
35]. P38 MAPK responds to several stress stimuli [36]. ERK1/2 is activated rap-
idly by numerous extracellular signals and is ubiquitously distributed in various 
tissues [37].

Previous studies have shown that LIPUS induces phosphorylation of ERK1/2 in 
C2C12 cells [35], human embryonic palatal mesenchyme cells [38], MC3T3-E1 
cells [39], human skin fibroblast cells [40], and mouse macrophage cells [41]. 
LIPUS exposure promoted proliferation via activation of focal adhesion compo-
nents, such as integrin, integrin receptors and Src, and the Rho/Rho-associated 
kinase (ROCK)/Src/ERK signaling pathway in human skin fibroblasts [34, 35]. 
There is a possibility that LIPUS induces ERK1/2 phosphorylation via focal adhe-
sion components in human umbilical vein endothelial cells. LIPUS enhances the 

Ischemia Exercise

HIF-1α PGC-1

VEGF FGF2 ANGPT1

Angiogenesis

α

LIPUSFig. 11.5 Exercise-, 
ischemia-, and low-
intensity pulsed ultrasound 
(LIPUS)-induced 
angiogenesis with vascular 
endothelial growth factor 
(VEGF) expression 
through different 
mechanisms of the 
enhancement of hypoxia-
induced factor-1α (HIF-1α) 
and peroxisome 
proliferator-activated 
receptor γ coactivator-1α 
(PGC-1α)
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function of Src and FAK, which correlates with the activity of integrin. Previous 
studies have shown that the Rho/ROCK pathway is also an upstream regulator of 
ERK1/2 [40, 41].

Fluid shear stress stimulates ERK5 activity, and ERK5 inhibits apoptosis of 
endothelial cells [42]. It is likely that LIPUS exposure protects endothelial cells 
from apoptosis.

One possible mechanism of LIPUS-induced angiogenesis through activation 
of the integrin/Src/Rho/ROCK/ERK/VEGF signaling pathway is shown in 
Fig. 11.6.

Hogan et al. [43] reported that capillary density was significantly increased 
in cremaster muscle by 1 MHz pulsed ultrasound (1 MHz, 10 kHz 50% duty) at 
intensities in the range 1.25–10.0 W/cm2. In contrast, Rubin et al. [21] reported 
that there was no significant effect on blood flow or capillary density of the 
mouse cremaster muscle of 1 MHz pulsed ultrasound (1 MHz, 5 kHz 50% duty, 
2.5 and 5 W/cm2). Since over 1 W/cm2 levels of ultrasound intensity have ther-
mal effects, we used a transducer of 30 mW/cm2. We found that 1 MHz LIPUS 
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ROCK ERK1/2
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Fig. 11.6 Putative 
mechanism of low-
intensity pulsed ultrasound 
(LIPUS)-induced 
angiogenesis through 
activation of the integrin/
Src/Rho/Rho-associated 
kinase (ROCK)/
extracellular signal- 
regulated kinase (ERK)/
vascular endothelial 
growth factor (VEGF) 
signaling pathway
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(1 MHz, 1 kHz 20% duty, and 30 mW/cm2) slightly increased blood flow in the 
ischemic leg, but there were no significant differences between the LIPUS 
group and sham group, suggesting that therapeutic angiogenesis for hind-limb 
ischemia is dependent on the ultrasound energy and that 2 MHz LIPUS is more 
suitable than I MHz LIPUS for acceleration of angiogenesis. In fact, it was 
reported that 2 MHz continuous ultrasound (50 mW/cm2) induced angiogenesis 
in rat hind-limb ischemia [5]. Further studies are needed to determine whether 
pulsed ultrasound is more efficacious than continuous ultrasound for the cure of 
hind-limb ischemia.

In addition, high-intensity ultrasound induces tissue warming, including warm-
ing of the vasculature [5]. Thermal effects may be a dual-edged sword for the vas-
culature. It has been shown that LIPUS has beneficial effects on the vasculature 
independently of thermal effects [31, 44]. Indeed, LIPUS of 27  kHz continuous 
wave at 0.25 W/cm2 for 10 min increased NO synthase activity and NO production 
in human umbilical endothelial cells in a temperature-controlled water bath [44]. 
Although LIPUS of 1.4 W/cm2 and a pulse wave with a duty cycle of 30% for 5 min 
induced coronary vasodilation in dogs, intracoronary temperature showed no change 
during exposure to LIPUS for 90 min [45].

11.5  Development of a LIPUS Device

From a clinical perspective, it is expected that LIPUS will be effective for angio-
genesis in patients with PAD with limb ischemia ranging from a mild stage to a 
severe stage. We developed a new device of LIPUS therapy in humans (Fig. 11.7) 
[46]. The LIPUS device has a main body (size: width, 249 mm; depth, 298 mm; 
height, 142  mm; weight, 1.9  kg) with a power supply of 100 VAC–240 
VAC  ±  10% and electricity consumption of ≤150 VA.  Ultrasound transducer 
element (Nippon Sigmax Co., Ltd., Tokyo, Japan) has a size (width, 34.68 mm; 
depth, 38.68 mm; height, 7.84 mm; weight, 17.0 g), eight elements (each trans-
ducer consists of four elements), ultrasound frequency of 2 MHz ± 10%, ultra-
sound output power of 30 mW/cm2, beam nonuniformity ratio of 5 ± 2, pulse 
duration of 200 μs ± 5%, pulse repetition frequency of 1 kHz ± 5%, pulse duty 
of 20% ± 5%, and output duration of 20 min. Ultrasound control mode has a 
burst wave time-sharing system: each channel or group consists of four trans-
ducer elements. Within a channel transducer, elements are driven one by one 
with the power generator so that convolution of emitted ultrasound is unlikely. 
Ultrasound irradiation is applied over the skin of the ischemic area of the thigh 
region for 20 min. The gap between the transducer and skin is filled with ultra-
sonic gel. Eight transducers are attached to the skin over the gastrocnemius of 
each ischemic leg (Fig. 11.7).
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11.6  Conclusions

In experimental hind-limb ischemic models, different pulse waves and intensities of 
ultrasound and different exposure times were used to find conditions effective for 
angiogenesis [13–16]. Unfortunately, an optimal ultrasound treatment method for 
therapeutic angiogenesis remains unclear. The establishment of optimal ultrasound 

Fig. 11.7 (a) Appearance 
of the low-intensity pulsed 
ultrasound (LIPUS) device. 
(b) Application of 
transducers for LIPUS 
exposure in the 
gastrocnemius of the 
ischemic leg
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treatment would enable more specific conclusion concerning the role of ultrasound 
in angiogenesis in humans to be drawn.

Further studies are needed to evaluate the effects of LIPUS on adverse effects 
and various events, including not only cardiovascular outcomes but also onset of 
malignancy, during a much longer follow-up period using a prospective randomized 
controlled study design. To evaluate the effect of LIPUS on clinical symptoms, we 
are currently performing a multicenter, double-blind, parallel randomized clinical 
trial using a new LIPUS device, SX-1001, in patients with Buerger disease with 
Fontaine III (UMIN Clinical Trial Registry; UMIN000014757) [46].

There are several therapies for PAD including exercise, pharmacologic medica-
tion, surgical bypass, endovascular intervention, and cell and gene therapies. In this 
chapter, we showed that LIPUS accelerated angiogenesis in an animal ischemic 
model. Since LIPUS has low energy and is noninvasive and easy to use, it will be 
beneficial for the treatment of PAD. We believe that the use of LIPUS will become 
a new strategy for angiogenesis in patients with PAD.  The door is now open to 
expand ultrasound beyond the area of diagnostic imaging.

Acknowledgments We thank Megumi Wakisaka, Ki-ichiro Kawano, and Satoko Michiyama for 
their excellent secretarial assistance.

Sources of Founding: This study was supported in part by a Grant-in-Aid for Scientific 
Research from the Ministry of Education, Science and Culture of Japan (18590815 and 21590898).

References

 1. Khanna A, Nelmes RT, Gougoulias N, Maffulli N, Gray J. The effects of LIPUS on soft-tissue 
healing: a review of literature. Br Med Bull. 2009;89:169–82. doi:10.1093/bmb/ldn040.

 2. Duarte LR.  The stimulation of bone growth by ultrasound. Arch Orthop Trauma Surg. 
1983;101:153–9.

 3. Cheung WH, Chow SK, Sun MH, Qin L, Leung KS. Low-intensity pulsed ultrasound acceler-
ated callus formation, angiogenesis and callus remodeling in osteoporotic fracture healing. 
Ultrasound Med Biol. 2011;37:231–8. doi:10.1016/j.ultrasmedbio.2010.11.016.

 4. Reher P, Doan N, Bradnock B, Meghji S, Harris M. Effect of ultrasound on the production of 
IL-8, basic FGF and VEGF. Cytokine. 1999;11:416–23.

 5. Barzelai S, Sharabani-Yosef O, Holbova R, Castel D, Walden R, Engelberg S, et  al. Low- 
intensity ultrasound induces angiogenesis in rat hind-limb ischemia. Ultrasound Med Biol. 
2006;32:139–45.

 6. Abtahi NS, Eimani H, Vosough A, Shahverdi A, Fathi R, Hayati N, et al. Effect of therapeutic ultra-
sound on folliculogenesis, angiogenesis and apoptosis after heterotopic mouse ovarian transplanta-
tion. Ultrasound Med Biol. 2014;40:1535–44. doi:10.1016/j.ultrasmedbio.2014.02.006.

 7. Hanawa K, Ito K, Aizawa K, Shindo T, Nishimiya K, Hasebe Y, et al. Low-intensity pulsed 
ultrasound induces angiogenesis and ameliorates left ventricular dysfunction in a porcine 
model of chronic myocardial ischemia. PLoS One. 2014;9(8):e104863. doi:10.1371/journal.
pone.0104863.

 8. Cheung WH, Leung KS, Chow SK. Ultrasound and fragility fracture: is there a role? Injury. 
2016;47(Suppl 1):S39–42. doi:10.1016/S0020-1383(16)30010-30019.

 9. Lu H, Qin L, Cheung W, Lee K, Wong W, Leung K. Low-intensity pulsed ultrasound acceler-
ated bone-tendon junction healing through regulation of vascular endothelial growth factor 
expression and cartilage formation. Ultrasound Med Biol. 2008;34:1248–60. doi:10.1016/j.
ultrasmedbio.2008.01.009.

11 Low-Intensity Pulsed Ultrasound

http://dx.doi.org/10.1093/bmb/ldn040
http://dx.doi.org/10.1016/j.ultrasmedbio.2010.11.016
http://dx.doi.org/10.1016/j.ultrasmedbio.2014.02.006
http://dx.doi.org/10.1371/journal.pone.0104863
http://dx.doi.org/10.1371/journal.pone.0104863
http://dx.doi.org/10.1016/S0020-1383(16)30010-30019
http://dx.doi.org/10.1016/j.ultrasmedbio.2008.01.009
http://dx.doi.org/10.1016/j.ultrasmedbio.2008.01.009


174

 10. Hill G, Fenwick S, Matthews B, Chivers RA, Southgate J. The effect of low-intensity pulsed 
ultrasound on repair of epithelial cell monolayers in  vitro. Ultrasound Med Biol. 
2005;31:1701–6.

 11. Chen YJ, Wang CJ, Yang KD, Chang PR, Huang HC, Huang YT, et al. Pertussis toxin-sensitive 
Galphai protein and ERK-dependent pathways mediate ultrasound promotion of osteogenic 
transcription in human osteoblasts. FEBS Lett. 2003;554:154–8.

 12. Reher P, Doan N, Bradnock B, Meghji S, Harris M. Therapeutic ultrasound for osteoradione-
crosis: an in  vitro comparison between 1  MHz and 45  kHz machines. Eur J  Cancer. 
1998;34:1962–8.

 13. Mortimer AJ, Dyson M. The effect of therapeutic ultrasound on calcium uptake in fibroblasts. 
Ultrasound Med Biol. 1988;14:499–506.

 14. Fu SC, Shum WT, Hung LK, Wong MW, Qin L, Chan KM. Low-intensity pulsed ultrasound 
on tendon healing: a study of the effect of treatment duration and treatment initiation. Am 
J Sports Med. 2008;36:1742–9. doi:10.1177/0363546508318193.

 15. Shiraishi R, Masaki C, Toshinaga A, Okinaga T, Nishihara T, Yamanaka N, et al. The effects of 
low-intensity pulsed ultrasound exposure on gingival cells. J Periodontol. 2011;82:1498–503. 
doi:10.1902/jop.2011.100627.

 16. Zeng C, Li H, Yang T, Deng ZH, Yang Y, Zhang Y, et al. Effectiveness of continuous and pulsed 
ultrasound for the management of knee osteoarthritis: a systematic review and network meta- 
analysis. Osteoarthr Cartil. 2014;22:1090–9. doi:10.1016/j.joca.2014.06.028.

 17. Xin Z, Lin G, Lei H, Lue TF, Guo Y. Clinical applications of low-intensity pulsed ultrasound 
and its potential role in urology. Transl Androl Urol. 2016;5:255–66. doi:10.21037/
tau.2016.02.04.

 18. Young SR, Dyson M. The effect of therapeutic ultrasound on angiogenesis. Ultrasound Med 
Biol. 1990;16:261–9.

 19. Martin CJ, Pratt BM, Watmough DJ. A study of ultrasound-induced microstreaming in blood 
vessels of tropical fish. Br J Cancer Suppl. 1982;5:161–4.

 20. Ramli R, Reher P, Harris M, Meghji S. The effect of ultrasound on angiogenesis: an in vivo 
study using the chick chorioallantoic membrane. Int J  Oral Maxillofac Implants. 
2009;24:591–6.

 21. Rubin MJ, Etchison MR, Condra KA, Franklin Jr TD, Snoddy AM, et  al. Acute effects of 
ultrasound on skeletal muscle oxygen tension, blood flow and capillary density. Ultrasound 
Med Biol. 1990;16:271–7.

 22. Sata M, Nishimatsu H, Suzuki E, Sugiura S, Yoshizumi M, Ouchi Y, et al. Endothelial nitric 
oxide synthase is essential for the HMG-CoA reductase inhibitor cerivastatin to promote col-
lateral growth in response to ischemia. FASEB J. 2001;15:2530–2.

 23. Sumi M, Sata M, Hashimoto A, Imaizumi T, Yanaga K, Ohki T, et al. OPC-28326, a selective 
femoral arterial vasodilator, augments ischemia induced angiogenesis. Biomed Pharmacother. 
2007;61:209–15.

 24. Li J, Waugh LJ, Hui SL, Burr DB, Warden SJ. Low-intensity pulsed ultrasound and nonsteroi-
dal anti-inflammatory drugs have opposing effects during stress fracture repair. J Orthop Res. 
2007;25:1559–67.

 25. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al. Multilineage 
potential of adult human mesenchymal stem cells. Science. 1999;284:143–7.

 26. Walsh W, Langdown A, Auld J, Stephens P, Yu Y, Vizesi F, et al. Effect of low intensity pulsed 
ultrasound on healing of an ulna defect filled with a bone graft substitute. J Biomed Mater Res 
B Appl Biomater. 2008;86:74–81.

 27. Doan N, Reher P, Meghji S, Harris M. In vitro effects of therapeutic ultrasound on cell prolif-
eration, protein synthesis, and cytokine production by human fibroblasts, osteoblasts, and 
monocytes. J Oral Maxillofac Surg. 1999;57:409–19.

 28. Reher P, Harris M, Whiteman M, Hai HK, Meghji S. Ultrasound stimulates nitric oxide and 
prostaglandin E2 production by human osteoblasts. Bone. 2002;31:236–41.

A. Iwamoto et al.

http://dx.doi.org/10.1177/0363546508318193
http://dx.doi.org/10.1902/jop.2011.100627
http://dx.doi.org/10.1016/j.joca.2014.06.028
http://dx.doi.org/10.21037/tau.2016.02.04
http://dx.doi.org/10.21037/tau.2016.02.04


175

 29. Altland O, Dalecki D, Suchkova V, Francis CW. Low-intensity ultrasound increases endothe-
lial cell nitric oxide synthase activity and nitric oxide synthesis. J  Thromb Haemost. 
2004;2:637–43.

 30. Hsu S, Huang T.  Bioeffect of ultrasound on endothelial cells in  vitro. Biomol Eng. 
2004;21:99–104.

 31. Tang J, Wang J, Zheng F, Kong X, Guo L, Yang J, et al. Combination of chemokine and angio-
genic factor genes and mesenchymal stem cells could enhance angiogenesis and improve car-
diac function after acute myocardial infarction in rats. Mol Cell Biochem. 2010;399:107–18. 
doi:10.1007/s11010-009-0374-0.

 32. Chen L, Jiang X, Yang L. Differentiation of rat marrow mesenchymal stem cells into pancre-
atic islet beta-cells. World J Gastroenterol. 2004;10:3016–20.

 33. Arany Z, Foo SY, Ma Y, Ruas JL, Bommi-Reddy A, Girnun G, et al. HIF-independent regula-
tion of VEGF and angiogenesis by the transcriptional coactivator PGC-1alpha. Nature. 
2008;451:1008–12. doi:10.1038/nature06613.

 34. Sena K, Angle SR, Kanaji A, Aher C, Karwo DG, Sumner DR, et al. Low-intensity pulsed 
ultrasound (LIPUS) and cell-to-cell communication in bone marrow stromal cells. Ultrasonics. 
2011;51:639–44. doi:10.1016/j.ultras.2011.01.007.

 35. Ikeda K, Takayama T, Suzuki N, Shimada K, Otsuka K, Ito K. Effects of low-intensity pulsed 
ultrasound on the differentiation of C2C12 cells. Life Sci. 2006;79:1936–43.

 36. Cuenda A, Rousseau S. p38 MAP-kinases pathway regulation, function and role in human 
diseases. Biochim Biophys Acta. 2007;1773:1358–75.

 37. Boulton TG, Cobb MH.  Identification of multiple extracellular signal-regulated kinases 
(ERKs) with antipeptide antibodies. Cell Regul. 1991;2:357–71.

 38. Appleford MR, Oh S, Cole JA, Protivinský J, Ong JL. Ultrasound effect on osteoblast precur-
sor cells in trabecular calcium phosphate scaffolds. Biomaterials. 2007;28:4788–94.

 39. Bandow K, Nishikawa Y, Ohnishi T, Kakimoto K, Soejima K, Iwabuchi S, et al. Low-intensity 
pulsed ultrasound (LIPUS) induces RANKL, MCP-1, and MIP-1beta expression in osteoblasts 
through the angiotensin II type 1 receptor. J Cell Physiol. 2007;211:392–8.

 40. Zhou S, Zhou S, Schmelz A, Seufferlein T, Li Y, Zhao J, et al. Molecular mechanisms of low 
intensity pulsed ultrasound in human skin fibroblasts. J Biol Chem. 2004;279:54463–9.

 41. Zhou S, Bachem MG, Seufferlein T, Li Y, Gross HJ, Schmelz A. Low intensity pulsed ultrasound 
accelerates macrophage phagocytosis by a pathway that requires actin polymerization, Rho, and 
Src/MAPKs activity. Cell Signal. 2008;20:695–704. doi:10.1016/j.cellsig.2007.12.005.

 42. Pi X, Yan C, Berk BC. Big mitogen-activated protein kinase (BMK1)/ERK5 protects endothe-
lial cells from apoptosis. Circ Res. 2004;94:362–9.

 43. Hogan RD, Burke KM, Franklin TD. The effect of ultrasound on microvascular hemodynam-
ics in skeletal muscle: effects during ischemia. Microvasc Res. 1982;23:370–9.

 44. Tokcaer-Keskin Z, Akar AR, Ayaloglu-Butun F, Terzioglu-Kara E, Durdu S, Ozyurda U, et al. 
Timing of induction of cardiomyocyte differentiation for in vitro cultured mesenchymal stem 
cells: a perspective for emergencies. Can J Physiol Pharmacol. 2009;87:143–50. doi:10.1139/
Y08-111.

 45. Miyamoto T, Neuman Y, Luo H, Jeon DS, Kobal S, Ikeno F, et al. Coronary vasodilation by 
noninvasive transcutaneous ultrasound: an in  vivo canine study. J  Am Coll Cardiol. 
2003;41:1623–7.

 46. Higashi Y, Azuma N, Takeishi Y, Minamino T, Kihara Y, Node K, et al. Effect of low-intensity 
pulsed ultrasound device, SX-1001, on clinical symptoms in Buerger disease with critical limb 
ischemia: a multicentre, double-blind, parallel randomized clinical trial. Int Heart J.  2015; 
56:633–8. doi:10.1536/ihj.15-191.

11 Low-Intensity Pulsed Ultrasound

http://dx.doi.org/10.1007/s11010-009-0374-0
http://dx.doi.org/10.1038/nature06613
http://dx.doi.org/10.1016/j.ultras.2011.01.007
http://dx.doi.org/10.1016/j.cellsig.2007.12.005
http://dx.doi.org/10.1139/Y08-111
http://dx.doi.org/10.1139/Y08-111
http://dx.doi.org/10.1536/ihj.15-191


177© Springer Nature Singapore Pte Ltd. 2017 
Y. Higashi, T. Murohara (eds.), Therapeutic Angiogenesis, 
DOI 10.1007/978-981-10-2744-4_12

Chapter 12
Low-Energy Extracorporeal Shock Wave 
Therapy

Kenta Ito, Tomohiko Shindo, and Hiroaki Shimokawa

Abstract Despite recent advances in medical knowledge and technology, ischemic 
heart disease is still one of the major causes of death, with the morbidity increasing 
worldwide. We have recently developed a new, noninvasive angiogenic therapy 
using low-energy shock waves. Low-energy extracorporeal cardiac shock wave 
therapy improves myocardial ischemia in a porcine model of chronic myocardial 
ischemia and in patients with refractory angina pectoris. Shock wave therapy also 
improves walking ability in patients with peripheral arterial disease and ameliorates 
digital skin ulcers in patients with systemic sclerosis. Furthermore, animal studies 
suggest that shock wave therapy may be effective to suppress left ventricular remod-
eling after acute myocardial infarction and to enhance locomotor recovery after 
spinal cord injury. Here, we summarize the studies in animals and humans and dis-
cuss the advantages and perspectives of low-energy shock wave therapy.

Keywords Shock wave therapy • Ischemic heart disease • Growth factors • New 
technology

12.1  Introduction

Despite recent advances in medical knowledge and technology, ischemic heart dis-
ease (IHD) is still one of the major causes of death in developed countries, with the 
morbidity increasing worldwide [1–4]. The standard management of IHD has three 
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major therapeutic options, including medication, percutaneous coronary interven-
tion (PCI), and coronary artery bypass grafting (CABG). However, the number of 
severe IHD patients with multiple comorbidities has been increasing as the popula-
tion is aging. Thus, new, noninvasive therapeutic strategies are urgently needed for 
aged and severely diseased patients.

Shock wave (SW) is a longitudinal acoustic wave that propagates through water, 
fat, and soft tissues as ultrasound does. SW is a single pressure pulse with a short 
needlelike positive spike <1 μs in duration and up to 100 MPa in amplitude, fol-
lowed by a tensile portion lasting several microseconds with lower amplitude. 
Extracorporeal shock wave (SW) therapy was clinically introduced more than 
30 years ago, which has markedly improved the treatment of urolithiasis. In extra-
corporeal SW lithotripsy, high-energy SW is used to break up stones in the urinary 
tract. We and others have demonstrated that low-energy SW (about 10% of the 
energy density that is used for urolithiasis) enhances the expression of vascular 
endothelial growth factor (VEGF) (Fig. 12.1) and nitric oxide (NO) release in cul-
tured human umbilical vein endothelial cells (HUVEC) [5, 6]. Furthermore, we 
have demonstrated that low-energy cardiac SW therapy improves myocardial isch-
emia in a porcine model of chronic myocardial ischemia and in patients with refrac-
tory angina pectoris [5, 7, 8]. In this chapter, we summarize the studies in animals 
and humans and discuss the advantages and perspectives of low-energy SW 
therapy.
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Fig. 12.1 Effects of SW on mRNA expression in HUVECs in  vitro. SW therapy upregulated 
mRNA expression of VEGF (a) and Flt-1 (b) with a maximum effect noted at 0.09 mJ/mm2, in 
which level is approximately 10% of that used for urolithiasis. Results are expressed as mean ± SEM 
(n = 10 each) (from [5] with permission)
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12.2  Extracorporeal Cardiac SW Therapy for Angina 
Pectoris

12.2.1  Animal Studies

Based on our in vitro studies in HUVEC, we studied whether low-energy SW therapy 
ameliorates myocardial ischemia in a porcine model in vivo [5]. A porcine model of 
chronic myocardial ischemia was prepared by placing an ameroid constrictor at the 
proximal segment of the left circumflex coronary artery (Lcx). This constrictor gradu-
ally induced a total occlusion of the Lcx with sustained myocardial dysfunction but 
without myocardial infarction in 4 weeks. Four weeks after the implantation of the 
ameroid constrictor, we performed low-energy extracorporeal cardiac SW therapy in 
the SW group (n = 8) three times during the first week, whereas animals in the control 
group (n = 8) received the same anesthesia procedures three times a week but without 
the SW therapy. Low-energy SW was applied to nine spots (0.09 mJ/mm2, 200 shots/
spot) in the ischemic Lcx region in the left ventricle (LV) with a guidance of an echo-
cardiogram equipped within a specially designed SW generator (Storz Medical AG, 
Kreuzlingen, Switzerland) with an R-wave-triggered manner. We evaluated cardiac 
function before (baseline) and at 4 and 8 weeks after the ameroid implantation. Four 
weeks after the implantation of the constrictor, wall motion of the Lcx region in the LV 
was reduced to the same extent in both the control and the SW group (Fig. 12.2a, c). 
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Fig. 12.2 Effects of the SW therapy on LV function in pigs in vivo. The extracorporeal cardiac 
SW therapy improved ischemia-induced myocardial dysfunction in vivo as evaluated by left ven-
triculography. Four weeks after the implantation of an ameroid constrictor, LV wall motion of the 
LCX (posterolateral) region was reduced in both the control (a) and the SW group (before the SW 
therapy) (c). Eight weeks after the implantation of an ameroid constrictor, no significant change in 
LV wall motion was noted in the control group (b), whereas marked recovery was noted in the SW 
group (d). (e) The SW therapy normalized LV ejection fraction in the SW group but not in the 
control group. Results are expressed as mean ± SEM (n = 8 each) (from [5] with permission)
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However, 4 weeks after the SW therapy (8 weeks after the implantation of the constric-
tor), LV wall motion was marked improved only in the SW group (Fig. 12.2b, d, e). We 
also confirmed that the SW therapy upregulated the expression of VEGF, increased 
capillary density (Fig. 12.3), and normalized regional myocardial blood flow in the 
ischemic myocardium in  vivo. No complications or adverse effects, such as tissue 
injury, hemorrhage, or arrhythmia, were noted during or after the SW therapy. These 
results suggest that the low-energy cardiac SW therapy enhances the endogenous angio-
genic system in pigs in vivo. This was the first report that demonstrates the potential 
usefulness of low-energy extracorporeal cardiac SW therapy as a noninvasive angio-
genic approach to chronic myocardial ischemia.
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Fig. 12.3 Effects of the SW therapy on capillary density and VEGF expression in the ischemic 
myocardium in pigs in vivo. The extracorporeal cardiac SW therapy increased the density of factor 
VIII-positive capillaries and VEGF expression in the ischemic myocardium. Capillary density was 
significantly greater in the SW group (SW) than in the control group (control) in both the endocar-
dium (a) and the epicardium (b). The mRNA expression (c) and the protein levels (d) of VEGF 
were significantly higher in the SW group than in the control group. Results are expressed as 
mean ± SEM (n = 6 each) (from [5] with permission)
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12.2.2  Clinical Studies

Standard therapeutic approaches to ischemic heart disease (IHD) include medica-
tion, percutaneous coronary intervention (PCI), and coronary artery bypass grafting 
(CABG). However, the number of IHD patients who are resistant to those therapies 
is increasing. Based on the promising results in animal studies, we conducted the 
first clinical trial of low-energy extracorporeal cardiac SW therapy in nine patients 
with refractory angina pectoris without indication of PCI or CABG (55–82 years 
old, five men and four women) [7]. Low-energy SW was applied to 20–40 spots 
(0.09 mJ/mm2, 200 shots/spot) in the ischemic area in the LV three times during the 
first week. During the therapy, a patient lays on the bed in a supine position without 
any anesthesia or analgesics (Fig. 12.4). The low-energy SW therapy significantly 
improved symptoms and reduced the use of nitroglycerin (Fig. 12.5) and also ame-
liorated myocardial perfusion as assessed by stress scintigraphy only in the isch-
emic area treated with the SW therapy (Fig. 12.6). No complications or adverse 
effects related to the SW therapy were noted. These results indicate that low-energy 
extracorporeal cardiac SW therapy is a safe, effective, and noninvasive therapeutic 

Shock wave 
generator head

In-line UCG probeECG UCG monitor

Fig. 12.4 Extracorporeal cardiac SW therapy in action in a patient with refractory angina pectoris. 
The machine is equipped with a SW generator head and in-line echocardiography probe. The SW 
generator is attached to the chest wall of the patient when used. The SW pulse is easily focused on 
the ischemic myocardium under the guidance of echocardiography. There is no need of anesthesia 
or analgesics
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strategy for severe ischemic heart disease. To further confirm the effectiveness and 
safety of the SW therapy, we performed a second clinical trial in a randomized and 
placebo-controlled manner [8]. In this second clinical trial, we again demonstrated 
that the low-energy SW therapy not only improves symptoms and reduces the use 
of nitroglycerin but also improves LV function (Fig. 12.7), establishing cardiac SW 
therapy as an effective and safe angiogenic strategy for severe ischemic heart dis-
ease. Following our initial report, several clinical studies with positive results were 
reported worldwide [9–15]. Although the SW therapy improves the quality of life 
(QOL) in patients with angina pectoris as mentioned above, it should be clarified 
whether the SW therapy improves the long-term prognosis of those patients.
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Fig. 12.5 Effects of the extracorporeal cardiac SW therapy on symptom and the use of nitroglyc-
erin. Extracorporeal cardiac SW therapy significantly improved Canadian Cardiovascular Society 
(CCS) class scores (a) and the use of nitroglycerin (NG) (b) in patients with refractory angina 
pectoris. Results are expressed as mean ± SEM. *P < 0.05 and †P < 0.01 vs. 0 month (statistically 
analyzed by post hoc test after one-way ANOVA) (from [7] with permission)

Fig. 12.7 Effects of the extracorporeal cardiac SW therapy in patients with refractory angina 
pectoris in the placebo-controlled and double-blind study. CCS Canadian Cardiovascular Society, 
NTG nitroglycerin, Max. exercise maximum exercise capacity in watts (W), Peak VO2 peak oxygen 
uptake, LVEF left ventricular (LV) ejection fraction, LVSV LV stroke volume, LVEDV LV end- 
diastolic volume, BNP brain natriuretic peptide. Results are mean ± SE (n = 8 each) (from [8] with 
permission)
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SPECT
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Before Tx After 1st Tx After 2nd Tx

Fig. 12.6 Effects of the extracorporeal cardiac SW therapy on myocardial perfusion in patients 
with refractory angina pectoris. Dipyridamole stress thallium-201 single-photon emission com-
puted tomography (SPECT) imaging and polar map in a patient with severe three-vessel coronary 
artery disease before and after the SW therapy. The results clearly demonstrated that the SW 
therapy ameliorated myocardial perfusion only where SW was applied, in the anteroseptal wall 
after the first treatment (1st Tx) and in the lateral wall after the second treatment (2nd Tx) (arrows) 
in a stepwise manner after the staged SW treatment. The areas treated with the SW therapy are 
indicated with dotted lines (from [7] with permission)
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12.3  Extracorporeal Cardiac SW Therapy for Acute 
Myocardial Infarction

Although primary PCI substantially reduced the mortality of patients with acute 
myocardial infarction (AMI), LV remodeling after AMI still remains an important 
issue in cardiovascular medicine [16]. Thus, it is crucial to develop new therapeutic 
strategies to suppress post-MI LV remodeling. Since capillary density in the border 
zone adjacent to the infarcted myocardium is negatively correlated with infarct size 
1 month after AMI [17], enhancing angiogenesis in the border zone is expected to 
ameliorate the progression of post-MI LV remodeling in patients. Thus, we studied 
whether the SW therapy is also effective to ameliorate post-MI LV remodeling in 
pigs in vivo. First, we created AMI by surgically excising the proximal segment of 
the Lcx [18]. Low-energy extracorporeal cardiac SW therapy was performed at 3, 
5, and 7 days after AMI in the SW group. The animals in the control group were 
treated in the same manner but without the SW therapy. Four weeks after the ther-
apy, LV ejection fraction and LV end-diastolic volume were significantly improved 
in the SW group compared with the control group (Fig.  12.8). Furthermore, 
regional myocardial blood flow and capillary density in the border zone were sig-
nificantly improved in the SW group compared with the control group. Again, no 
procedural complications or adverse effects were noted. These results suggest that 
the low-energy extracorporeal cardiac SW therapy is an effective and noninvasive 
therapy to ameliorate post-MI LV remodeling as well. This was the first report that 
demonstrates the usefulness and safety of extracorporeal cardiac SW therapy as a 
noninvasive treatment of AMI. We also confirmed the beneficial effects and safety 
of the SW therapy in another porcine model of AMI due to myocardial ischemia 
(90 min)/reperfusion to mimic the clinical setting [19]. Based on the promising 
results in two types of AMI models in pigs, the first clinical trial in AMI patients is 
conducted to examine the feasibility, effectiveness, and safety of cardiac SW ther-
apy. In this trial, low-energy SW is applied to the border zone around the infarcted 
area in AMI patients who are successfully treated with PCI as an adjunctive 
therapy.
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Fig. 12.8 Effects of the extracorporeal cardiac SW therapy on LV remodeling in pigs in vivo. The 
SW therapy significantly ameliorated LV remodeling characterized by the increase in LV end- 
systolic volume (LVESV) and end-diastolic volume (LVEDV) and reduced LV ejection fraction 
(LVEF) in a porcine model of AMI (from [18] with permission)
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12.4  Additional Indications of Low-Energy Extracorporeal 
SW Therapy

12.4.1  SW Therapy for Peripheral Arterial Disease

Peripheral arterial disease (PAD) is often associated with IHD and the prognosis of 
patients with critical limb ischemia is quite poor [20–22]. Thus, we studied the effects 
of SW therapy on hindlimb ischemia in rabbits [23]. Hindlimb ischemia was induced by 
surgical excision of the entire unilateral femoral artery. One week after the operation, 
low-energy SW was applied to 30 spots (0.09 mJ/mm2, 200 shots/spot) in the ischemic 
region three times a week for 3 consecutive weeks. Four weeks after the operation, 
blood flow, blood pressure, and capillary density were all significantly higher in the SW 
group than in the control group. Based on the results in animal studies, we conducted a 
clinical trial in 12 patients with PAD with intermittent claudication (Fontaine stage II; 
60–86 years old, ten men and two women) [24]. Low-energy SW was applied to 40 
spots (0.1 mJ/mm2, 200 shots/spot) in the ischemic region three times a week for 3 
consecutive weeks. Subjective walking ability was evaluated with a Walking Impairment 
Questionnaire (WIQ), and walking ability was evaluated with a treadmill test at 4, 8, 12, 
and 24 weeks after the SW therapy. The low-energy SW therapy significantly improved 
symptoms, maximum walking distance, and peripheral perfusion (Fig. 12.9). Tara et al. 
also reported the beneficial effects of low-energy SW therapy in PAD patients including 
Fontaine stage III and IV [25]. These results suggest that low-energy SW therapy is 
promising as a new, noninvasive angiogenic therapy for PAD.
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Fig. 12.9 Effects of the extracorporeal cardiac SW therapy on walking ability in patients with PAD 
and intermittent claudication. Maximum walking distance during the treadmill test was significantly 
increased and was maintained for 24 weeks after the SW therapy (from [24] with permission)
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12.4.2  SW Therapy for Refractory Skin Ulcer

Raynaud’s phenomenon and digital skin ulcers are severe complications of systemic 
sclerosis (SSc) which is related to immune activation, endothelial cell damage, and 
persistent vasospasms [26]. However, conventional immunosuppressive therapies, 
vasodilators, and anticoagulants are often ineffective. We and others have reported 
that low-energy SW therapy enhances wound healing in rodents [27–30] and in 
patients [31, 32]. We have demonstrated that the SW therapy facilitates wound heal-
ing in a mouse model of skin ulcers and that eNOS, VEGF, and angiogenesis play 
important roles in the repair process. Thus, we studied the effects of low-energy SW 
therapy on digital skin ulcers in nine patients with SSc [33]. Low-energy SW was 
applied to 20 areas on both hands and to 15 areas on both feet, totaling 7000 pulses 
once a week for 9 consecutive weeks with observations over 20 weeks. The low- 
energy SW therapy significantly improved digital ulcers in terms of size and num-
ber. No adverse effect was noted during the study period, demonstrating that this 
therapy can be safely repeated for a long period. These results suggest that the SW 
therapy may be added to standard treatments for refractory digital ulcers due to SSc.

12.4.3  SW Therapy for Other Disorders

We and others have reported the effects of low-energy SW therapy on secondary 
lymphedema in animals [34, 35]. We created a tail model of lymphedema in rats, 
and the tail was treated with low-energy SW on 2, 4, 6, and 8 days after the surgery 
[35]. Secondary lymphedema was sustained in the control group, which was signifi-
cantly attenuated in the SW group. The lymphatic system function, the lymphatic 
vessel density, and the expression of VEGF-C and bFGF were all enhanced by the 
SW therapy. These results suggest that the low-energy SW therapy induces thera-
peutic lymphangiogenesis by upregulating VEGF-C and bFGF and that the SW 
therapy could be a noninvasive therapeutic strategy for lymphedema in humans. 
Low-energy SW has been widely used for the treatment of orthopedic diseases, such 
as bone nonunions, tendinosis calcarea, epicondylitis, and calcaneal spur through 
anti-inflammatory effects [36–39]. We have recently reported the effects of low- 
energy SW therapy on locomotor function after spinal cord injury in rats [40]. In 
this study, thoracic spinal cord contusion injury was inflicted using an impactor. 
Low-energy SW was applied to the injured spinal cord three times a week for 3 
consecutive weeks. The SW therapy enhanced the expression of VEGF, attenuated 
neural tissue damage, and improved locomotor recovery. This study provides the 
first evidence that low-energy SW therapy can be a safe and promising therapeutic 
strategy for spinal cord injury.
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12.5  Potential Mechanisms for the Beneficial Effects of SW 
Therapy

We and others have reported angiogenic effects of low-energy SW therapy in vari-
ous animal models and in humans as mentioned above. Low-energy SW is reported 
to enhance VEGF release from bone marrow-derived mononuclear cells 
(BMDMNCs) and their differentiation into endothelial phenotype cells when 
applied to BMDMNCs [40]. Low-energy SW also activates proliferation and dif-
ferentiation in cultured progenitors and precursors of cardiac cell lineages from the 
human heart [41, 42]. Furthermore, it has been reported that the beneficial effects of 
cell therapy were enhanced by pretreating BMDMNCs with SW before implanta-
tion into infarcted area in rabbits and that the pretreatment of ischemic leg with SW 
before cell therapy in a rat model of hindlimb ischemia enhanced the expression of 
stromal cell-derived factor 1 (SDF-1) in ischemic tissue and the resultant recruit-
ment of endothelial progenitor cells [43, 44]. Thus, combination of cell therapy and 
SW therapy could be one of the potential approaches.

Recently, we have studied the effects of low-energy SW therapy on inflammatory 
responses in a rat model of AMI [45]. In this study, low-energy SW was applied to 
whole hearts at 1, 3, and 5 days after AMI. The SW therapy significantly suppressed 
the infiltration of inflammatory cells during acute phase in addition to enhanced 
angiogenesis in the border zone. These results suggest that the SW therapy sup-
pressed post-MI LV remodeling through anti-inflammatory effects in addition to its 
angiogenic effects.

12.6  Conclusions

The beneficial effects of SW (angiogenesis, anti-inflammatory effects, neuroprotec-
tion, etc.) may be mediated by the enhancement of various intrinsic pathways. 
Although the precise intracellular mechanisms remain to be elucidated, low-energy 
extracorporeal SW therapy is promising as an effective, safe, and noninvasive 
approach to not only ischemic cardiovascular disorders but a wide range of 
disorders.
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Chapter 13
Granulocyte Colony-Stimulating Factor

Yasuyuki Fujita and Atsuhiko Kawamoto

Abstract Granulocyte colony-stimulating factor (G-CSF) is a potent hematopoi-
etic protein that promotes the development and function of granulocytes and mobi-
lizes stem/progenitor cells from the bone marrow. Recent studies have shown that 
G-CSF also directly influences the activity of some non-hematopoietic cells, such as 
cardiomyocytes, endothelial cells, and neurons via G-CSF receptor. This chapter 
provides an overview of the preclinical and clinical reports to demonstrate the use-
fulness and the current limitations of the therapeutic strategy using G-CSF for isch-
emic diseases.
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13.1  Granulocyte Colony-Stimulating Factor (G-CSF)

Granulocyte colony-stimulating factor (G-CSF) is a potent hematopoietic protein 
that promotes the maturation, proliferation, and differentiation of the precursor cells 
of neutrophilic granulocytes [1–3] and mobilizes stem/progenitor cells from the 
bone marrow (BM) into peripheral blood (PB) [4]. Clinically, G-CSF has been used 
for the treatment of patients suffering from chemotherapy-associated neutropenia 
and the collection of stem cells used in allogeneic or autologous PB stem cell 
(PBSC) transplantation.

G-CSF is a 19.6 kD glycoprotein encoded by a single gene located on human 
chromosome 17 at 17q11–12 [5]. Two variant forms of this protein including 174- 
amino acid protein and 177-amino acid protein can be derived from differential 
splicing of the pre-mRNA of G-CSF [2, 6]. The 174-amino acid G-CSF is more 
active at stimulating proliferation of progenitor cells than the 177-amino acid 
G-CSF [2]. Monocyte/macrophage lineage cells are the major source of G-CSF; 
however, vascular endothelial cells, mesothelial cells, and fibroblasts have been 
found to produce G-CSF in response to inflammatory cytokines [7–10]. Production 
of G-CSF can be induced in vitro by appropriate stimulation with inflammatory 
mediators such as lipopolysaccharide (LPS), tumor necrosis factor (TNF)-α, 
interferon (IFN)-β, vascular endothelial growth factor (VEGF), interleukin (IL)-
17 and IL-1  in endothelial cells, macrophages, epithelial cells, and fibroblasts 
[11–13]. G-CSF primarily acts via activation of G-CSF receptor (G-CSFR), which 
is a type I receptor (amino terminus is extracellular) consisting of four different 
domains: an immunoglobulin-like domain, a cytokine receptor homologous 
domain, and three fibronectin type III domains in the extracellular region [14]. 
G-CSFRs are expressed on not only hematopoietic cells including precursors, 
mature neutrophils, platelets, lymphocytes, and monocytes but also endothelial 
cells, neurons, glial cell, and cardiomyocytes [15–21]. G-CSFR activates a variety 
of intracellular pathways, including the Janus kinase/signal transducer and activa-
tor of transcription (JAK-STAT) pathway [22, 23], the Ras/mitogen-activated pro-
tein kinase (MAPK) pathway, and phosphatidylinositol 3-kinase (PI3K)/Akt 
pathway [24, 25]. Activation of these pathways mediates inhibition of apoptosis, 
promotes cell survival, and enhances proliferative response to G-CSF [25]. 
Cumulating evidence suggests a much broader role of G-CSF signaling in the 
repair of range of tissues outside the hematopoietic system.

Based on its ability to mobilize stem/progenitor cells and tissue repair and pro-
tection properties, regenerative effects of G-CSF on ischemic diseases have been 
rapidly investigated.
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13.2  G-CSF Therapy for Ischemic Diseases

13.2.1  G-CSF for Coronary Artery Disease (CAD)

13.2.1.1  Preclinical Studies

G-CSF

The safety and efficacy of G-CSF for myocardial repair have been reported in sev-
eral preclinical studies. G-CSF-mobilized stem cells are recruited to ischemic myo-
cardium and differentiated into specialized cells such as cardiomyocytes, endothelial 
cells, and smooth muscle cells [26–30]. Furthermore, these mobilized cells may 
accelerate the healing process by induction of matrix metalloproteinases and VEGF 
[31, 32].

G-CSF also directly affects the activity of some non-hematopoietic cells such as 
cardiomyocytes and endothelial cells [33]. When administered immediately after 
myocardial infarction (MI), G-CSF activates the JAK-STAT pathway, which pro-
motes the production of several anti-apoptosis-related proteins, decreases cardio-
myocyte death, and limits infarct size [18]. In a murine model of MI, G-CSF 
treatment was associated with improvement of left ventricular (LV) function and 
enhancement of arteriogenesis [34]. On the other hand, G-CSF can also stimulate 
the differentiation of lineage-committed progenitor cells into neutrophils and mac-
rophages [35], which could worsen inflammation and cardiac remodeling [36].

13.2.1.2  Clinical Trials

The safety and efficacy of G-CSF therapy in patients with acute MI (AMI) have been 
evaluated in several clinical trials (Table  13.1). In the MAGIC Cell (Myocardial 
Regeneration and Angiogenesis in Myocardial Infarction with G-CSF and Intra- 
Coronary Stem Cell Infusion) trial, 27 patients with revascularized AMI were ran-
domly assigned to G-CSF-mobilized cell infusion group, G-CSF alone group, or 
control group. Among the three groups, cell infusion group showed significant 
improvement of cardiac function at 6 months. However, the trial was halted prema-
turely because of high rate of in-stent restenosis at the culprit lesion in patients who 
received G-CSF [37]. On the other hand, in subsequent phase I trials, G-CSF admin-
istration after percutaneous coronary intervention (PCI) in patients with AMI revealed 
improvement of cardiac function [26, 39–41, 47]. In the FIRSTLINE-AMI (Front-
Integrated Revascularization and Stem Cell Liberation in Evolving Acute Myocardial 
Infarction) randomized, open-label trial, 25 patients with ST-segment elevation MI 
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(STEMI) were randomly assigned to receive subcutaneous injection of G-CSF at 
10 μg/kg/day for 6 days starting within 90 min after primary PCI for STEMI; the 
control group (n = 25) did not receive placebo injections but had standard post-inter-
ventional care. Four months [39] and 1 year [40] after the PCI procedure, improve-
ment of LV ejection fraction (LVEF) were significantly greater in G-CSF-treated 
patients than the control group. However, these promising results were not repro-
duced in subsequent double-blind, placebo-controlled trials, such as the STEMMI 
(Stem Cells in Myocardial Infarction), REVIVAL-2 (Regenerate Vital Myocardium 
by Vigorous Activation of Bone Marrow Stem Cells), and G-CSF- STEMI (Granulocyte 
Colony-Stimulating Factor ST-Segment Elevation Myocardial Infarction) trials [42–
44]. Again, meta-analyses reported mixed results and a high heterogeneity in pub-
lished studies [48–50]. The lack of consensus about efficacy of G-CSF in improving 
LV performance after AMI may be due to small sample size studies and heterogeneity 
in a variety of factors including different doses and timings of G-CSF administration, 
infarct size, LV function, symptom-to-balloon time, and techniques used to assess LV 
remodeling. Abdel-Latif et  al. suggested that early administration of G-CSF may 
potentially benefit patients with large MI and severely impaired LV function in meta-
analyses [48]. In the STEM-AMI (STem cEll Mobilization in Acute Myocardial 
Infarction), randomized, single-blind, placebo- controlled, and phase II study, 60 
patients with anterior STEMI undergoing primary PCI with symptom-to-reperfusion 
time of 2–12 h and EF ≤45% after PCI were randomized to G-CSF 5 μg/kg subcuta-
neously bis in die (bid) or placebo for 5 days, starting 12 h after PCI. There were no 
significant differences in LVEF as measured by magnetic resonance imaging (MRI) 
or 99mTechnetium Sestamibi single-photon emission computed tomography (SPECT) 
perfusion between the groups. However, a significant reduction in transmural late 
gadolinium enhancement segments was seen at 6 months in the G-CSF group versus 
placebo group [45]. The final 3-year follow-up of the STEM-AMI trial on 35 patients 
confirmed that G-CSF attenuated adverse LV remodeling also in the long term [46]. 
The phase III STEM-AMI OUTCOME trial is ongoing [51].

The safety and efficacy of G-CSF therapy for patients with chronic coronary artery 
disease (chronic CAD) have been also evaluated [52–55] (Table 13.1). In a phase I study 
of G-CSF therapy for 29 patients with severe occlusive CAD, 13 patients were treated 
with G-CSF (5 μg/kg/day for 6 days) and 16 patients served as controls. G-CSF therapy 
increased the number of circulating CD34+ cells and reduced nitroglycerin consump-
tion and angina attacks without improvement of myocardial perfusion or function [53]. 
In another study, 16 patients with chronic CAD received G-CSF (10 μg/kg/day) for 
5 days. G-CSF therapy increased the number of circulating CD34+/CD133+ cells but 
without improvement of LV function, perfusion, or exercise duration and with two 
severe adverse cardiac events including one case of non-ST-segment elevation MI (non-
STEMI) and the other case of death after MI [52]. In the study by Ripa et al. the combi-
nation therapy of intramyocardial injection of VEGF-A165 plasmid followed by 
subcutaneous injection of G-CSF in patients with severe occlusive CAD did not improve 
myocardial perfusion or clinical symptoms [54].
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13.2.2  G-CSF for Peripheral Artery Disease (PAD)

13.2.2.1  Preclinical Studies

As noted above, G-CSF is a growth factor that mobilizes CD34+ endothelial pro-
genitor cells (EPCs) from the BM into the PB [4]. On the other hand, Ohki et al. 
found that G-CSF increased VEGF production from Gr-1 + CD11b- neutrophils 
in vitro, and intramuscular injection of G-CSF increased plasma levels of VEGF in 
nonischemic mice. They also demonstrated that local G-CSF administration into 
ischemic tissue increased the number of Gr-1 + VEGF+ double positive cells and 
enhanced neovascularization of ischemic tissue in a mouse hind limb ischemia 
model [33]. Furthermore, blockade of the VEGF/VEGFR1 pathway eliminated 
G-CSF-induced (200 μg/kg/day for 5 days) angiogenesis in a mouse hind limb isch-
emia model, suggesting that G-CSF-induced vasculogenesis is VEGF dependent 
and could be indirectly mediated by this mechanism [33]. Lee et al. demonstrated 
that G-CSF enhanced migration and tube formation of human umbilical vein endo-
thelial cells (HUVECs) in vitro. In vivo, local injection of low doses (2, 10, and 
20 μg/kg per day for 6 days) augmented neovascularization in a rat model of hind 
limb ischemia [56].

13.2.2.2  Clinical Trials

There is only one clinical study of G-CSF for patients with PAD [57]. In this study, 
39 patients were randomly assigned to conventional drug therapy, conventional 
drug therapy plus BM transplantation (BMT), or conventional therapy plus 
G-CSF. Subjective symptoms, ankle-brachial pressure index (ABI), and transcuta-
neous oxygen pressure (TcPO2) were significantly improved in the G-CSF and 
BMT groups to the same degree 1 month after treatment, whereas such improve-
ments were not observed in the conventional therapy group (Table 13.2).

Table 13.2 Randomized controlled trials of G-CSF monotherapy for PAD

Trial 
name/
author Year

Study 
design Disease

Number of patients

Product

Dose and  
route of 
administration

Follow-up 
duration OutcomesTotal Treated Control

Arai 
et al. 
[57]

2006 RCT Atherosclerotic 
PAD (Fontaine 
III or IV)

39 G-CSF: 14 12 G-CSF 2–5 μg/kg/day 
for 10 days

1 month ABPI ↑, 
TcPO2↑

BM-MNCs: 
13

SC Ulcer 
healing↑

Abbreviations: PAD peripheral artery disease

13 Granulocyte Colony-Stimulating Factor
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13.2.3  G-CSF for Cerebrovascular Disease (CVD)

13.2.3.1  Preclinical Studies

Preclinical studies have demonstrated the neuroprotective and neuroregenerative 
properties of G-CSF in experimental cerebral ischemia. Intravenous administration 
of G-CSF to mice [58] or rats [59, 60] enhanced survival rate and decreased cerebral 
infarct volume in experimental cerebral ischemia models. Furthermore, G-CSF 
therapy improved motor function and cognition in a mouse cerebral ischemia model 
[61, 62] and improved neurological behavior in a rat cerebral ischemia model [59]. 
However, a systemic review revealed that these favorable effects occur in transient 
but not permanent models of cerebral ischemia [63]. In the acute phase of transient 
cerebral ischemia, potential mechanisms underlying neuroprotective effects of 
G-CSF include inhibition of glutamate release [64] and direct protection against 
glutamate-induced excitotoxicity by G-CSFR-mediated activation of STAT3 [60], 
reduction of inflammation [61, 62, 65–68], anti-apoptotic activity [69, 70], and sup-
pression of edema formation [71]. On the other hand, a negative effect of G-CSF 
was reported in a mouse permanent cerebral ischemia model [72]. Mice treated with 
G-CSF displayed cortical atrophy and impaired behavioral function, associated 
with G-CSF-induced exaggeration of inflammatory response, which was based on 
infiltration of CD11b-positive and F4/80-positive cells in the peri-infarction area. 
However, administration of G-CSF is accompanied by significant increase of circu-
lating neutrophils 2 days after cerebral ischemia, but leukocytosis is restricted to the 
vessel compartment without deleterious effect on lesion formation and functional 
recovery [73]. Several experimental studies demonstrated that G-CSF also induces 
functional recovery by stimulating neuronal progenitor cells [59, 62] and promotes 
angiogenesis [59, 66, 67] and neurogenesis [59, 67, 69].

13.2.3.2  Clinical Trials

In the first randomized controlled trial of G-CSF therapy for patients with acute 
stroke within 7 days after onset, ten patients were randomized to receive subcutane-
ous G-CSF injections (15 μg/kg per day) for 5 days or usual care. No severe adverse 
effects were found in patients receiving G-CSF. There was a greater improvement 
in neurologic function including National Institutes of Health Stroke Scale (NIHSS) 
and Barthel Index [74]. STEMS (The Stem Cell Trial of Recovery EnhanceMent 
After Stroke) is a dose-escalation, double-blind, placebo-controlled, phase IIa trial 
of G-CSF treatment in patients with subacute ischemic stroke [75]. Thirty-six 
patients with ischemic stroke (7–30 days after the onset) were randomized to receive 
either subcutaneous G-CSF (1–10 μg/kg subcutaneously, one or five daily doses) or 
placebo. G-CSF increased PB-CD34+ cell count in a dose-dependent manner and 
appeared to be safe and well tolerated. However, there was no significant difference 
in functional outcomes 90 days after treatment between the groups. Schäbitz et al. 
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performed a placebo-controlled, dose-escalation, and phase IIa trial (AXIS trial) of 
four intravenous dose regimens (30–180 μg/kg over the course of 3 days) of G-CSF 
for 44 patients with ischemic stroke within 12 h after onset [76]. No treatment- 
related serious adverse events were found. Although there was no significant differ-
ence in the clinical outcome between G-CSF group and placebo, there was a 
dose-dependent beneficial effect in patients with larger diffusion-weighted image 
(DWI) lesions >14–17 cm3. In a phase IIb single-center randomized controlled trial 
(STEMS 2) for patients 3–30 days after ischemic or hemorrhagic stroke [77], 60 
patients were randomly assigned to receive subcutaneous injection of G-CSF 
(10 μg/kg) or placebo for 5 days. The study results suggested that G-CSF may be 
safe when administered subcutaneously and may reduce ischemic lesion volume by 
MRI. In the phase III AXIS 2 trial [78], intravenous injection of G-CSF (135 μg/kg 
over 72 h) was tested against placebo in 328 patients with acute stroke localized in 
the middle cerebral artery territory within 9 h after onset. Primary and secondary 
endpoints were the modified Rankin Scale score and NIHSS score at day 90 after 
treatment, respectively. Disappointingly, G-CSF treatment failed to meet the pri-
mary and secondary endpoints of the trial (Table 13.3).

In patients with chronic ischemic stroke at least 4 months after onset, Floel et al. 
reported that subcutaneous G-CSF treatment (10 μg/kg for 10 days) was feasible, 
safe, and reasonably tolerable; however the primary efficacy endpoint, hand motor 
function, was not significantly improved [79] (Table 13.3).

13.3  G-CSF-Mobilized Crude Mononuclear Cells (MNCs) 
and Fractionated EPCs (CD34+/CD133+ Cells)

Although results from preclinical studies have been promising, outcomes of G-CSF 
monotherapy trials remain controversial. Accumulating knowledge of the potential 
of stem/progenitor cells as therapeutic agents in both animal studies and clinical 
trials has shifted the interest in regenerative medicine from molecular to cell-based 
approaches.

In 1997, EPCs were first identified in adult human PB as CD34+ mononuclear 
cells (MNCs) [80]. They are phenotypically characterized by expression of antigens 
associated with hematopoietic stem cells (HSCs) including CD133, CD34, c-kit, 
VEGFR-2, CD144 (vascular endothelial (VE)-cadherin), and Sca-1. The discovery of 
circulating EPCs changed the traditional paradigm that “vasculogenesis” occurs 
exclusively in the developing embryo. EPC levels in the PB are low under normal 
condition; however, EPCs residing in the BM are mobilized into PB in response to 
physiological and pathological stimuli, such as myocardial and peripheral ischemia 
[81, 82]. Mobilized EPCs recruit to the foci of neovascularization where they form 
structural components of the growing vasculature [83]. Accumulated recent insights 
into the mechanism of EPC-mediated neovascularization reveal that EPCs secrete 
paracrine factors including VEGF-A, VEGF-B, stromal cell-derived factor-1 (SDF- 1), 
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and insulin-like growth factor-1 (IGF-1) [84]. The paracrine effect of EPCs inhibits 
cell death, enhances cell proliferation, activates resident stem/progenitor cells in the 
ischemic tissue, and recruits additional stem/progenitor cells to the ischemic site [85–
89]. On the other hand, Gehling et  al. reported that a cell population positive for 
AC133 (CD133), a more immature HSC marker, consists of progenitor and stem cells 
with not only hematopoietic potential but also the capacity of endothelial differentia-
tion [90]. Accumulated studies revealed that PB-, BM-, and umbilical cord blood-
derived CD34+ or CD133+ cells are enriched for endothelial lineage, can express 
endothelial markers, and form endothelial structure in vitro and in vivo [28, 91–94].

The discovery of EPCs guided to the development of stem/progenitor cell-based 
therapeutic strategies for ischemic cardiovascular diseases. Since then, BM-, PB-, 
or G-CSF-mobilized PB-MNCs including EPCs as well as the EPC-enriched frac-
tion purified from the crude MNCs have been preclinically applied for ischemic 
diseases including CAD, PAD, and CVD. The promising results from these experi-
mental studies in rodents promoted the initiation of clinical pilot trials.

13.3.1  G-CSF-Mobilized Crude MNCs for CAD

13.3.1.1  Clinical Trials

Crude MNCs

In the MAGIC Cell trial [37], 27 patients with revascularized AMI were randomly 
assigned to G-CSF-mobilized cell infusion group, G-CSF alone group, or control 
group. Among the three groups, cell infusion group showed significant improve-
ment of cardiac function at 6 months. However, the trial was halted prematurely 
because of high rate of in-stent restenosis at the culprit lesion in patients who 
received G-CSF.  At 2  years of follow-up evaluation, cell infusion improved LV 
systolic function and remodeling compared to baseline, but G-CSF alone did not 
[38]. In the MAGIC Cell-3-DES (Myocardial Regeneration and Angiogenesis in 
Myocardial Infarction With G-CSF and Intra-Coronary Stem Cell Infusion-3-Drug- 
Eluting Stents) trial [95], 96 patients with myocardial infarction who underwent 
coronary revascularization with drug-eluting stent (DES) for the culprit lesion were 
randomly assigned to four groups, AMI cell infusion group, AMI control group, old 
myocardial infarction (OMI) cell infusion group, and OMI control group. In cell 
infusion groups, PB-MNCs were mobilized by daily subcutaneous injection of 
G-CSF 10 μg/kg for 3 days and delivered to infarcted myocardium via intracoronary 
infusion. The AMI cell infusion group showed a significant improvement in LVEF 
and remodeling compared with controls. In OMI cell group, there was no significant 
change of LVEF and ventricular remodeling in spite of significant improvement of 
coronary flow reserve after cell infusion (Table 13.4).
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13.3.2  G-CSF-Mobilized Crude MNCs for PAD

13.3.2.1  Clinical Trials

G-CSF-mobilized PB-MNCs have been also investigated in critical limb ischemia 
(CLI), which is the advanced stage of PAD representing ischemic rest pain and/or 
ulcer/necrosis. PB-MNCs are usually mobilized using several doses of subcutane-
ous G-CSF and harvested by plasmapheresis. Both intramuscular and intra-arterial 
injections of unfractionated mobilized PB-MNCs improved ABPI and maximum 
walking distance in small clinical trials [96–99]. A phase III clinical trial is ongoing 
(ClinicalTrials.gov NCT 01833585), and the final results may provide a definitive 
evidence of clinical usefulness of this cell-based therapy in CLI.

Huang et al. compared the therapeutic effect of intramuscular administration of 
BM-MNCs with G-CSF-mobilized PB-MNCs in patients with CLI [100]. One 
hundred fifty patients with CLI were randomized to receive intramuscular injec-
tion of BM-MNCs or G-CSF-mobilized MNCs. At 12  weeks after therapy, 
improvement of ABPI, skin temperature, and rest pain were significantly greater 
in PB-MNC group than BM-MNC group despite no difference in pain-free walk-
ing distance, ulcer healing, and amputation rates between the two groups 
(Table 13.5).

13.4  G-CSF-Mobilized Fractionated CD34+/CD133+ Cells

13.4.1  G-CSF-Mobilized Fractionated CD34+ Cells for CAD

13.4.1.1  Clinical Trials

The first pilot (phase I/IIa) study of intramyocardial injection of autologous and G-CSF-
mobilized CD34+ stem cells in patients with refractory angina provided early evidence 
of feasibility, safety, and bioactivity of the stem cells [102]. The promising results 
encouraged the ACT34-CMI study, a prospective, double-blind, randomized, controlled 
phase II trial [103]. In this study, 167 patients with refractory angina were randomized 
to receive intramyocardial injection of 1 × 105 or 5 × 105 cells/kg of mobilized autolo-
gous CD34+ cells or an equal volume of diluent (placebo). Improvement of weekly 
angina frequency and exercise tolerance was significantly greater in low-dose patients, 
but not high-dose group, than placebo- treated patients at 6  months and 12  months. 
Three patients in the control group died in this study. No major adverse cardiovascular 
events were causatively related to the cell therapy (Table 13.6).

13 Granulocyte Colony-Stimulating Factor
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13.4.2  G-CSF-Mobilized Fractionated CD34+/CD133+ Cells 
for PAD

13.4.2.1  Clinical Trials

BM-derived EPCs comprise a small fraction (0.1–2%) of total MNCs. The advantage 
of the administration of fractionated EPCs is a higher concentration of EPCs com-
pared with that of crude MNCs resulting in greater therapeutic potency. Onodera 
et al. reported that treatment with small number of harvested CD34+ cells was a nega-
tive independent predictor of amputation and death following either BM- or PB-MNC 
implantation in patients with CLI [104]. This finding suggests an important role of 
EPCs for therapeutic neovascularization and may provide a reasonable rationale for 
transplantation of CD34+ cells purified from crude MNCs in patients with CLI.

In a phase I/IIa clinical trial, our group evaluated the safety and feasibility of 
G-CSF-mobilized CD34+ cells in no-option patients with atherosclerotic PAD or 
Buerger’s disease representing CLI [105]. CD34+ cells were isolated from the 
G-CSF-mobilized apheresis product using a magnetic cell sorting system and then 
intramuscularly transplanted in a dose-escalating manner into 17 patients (105  cells/
kg, n  =  6; 5  ×  105  cells/kg, n  =  8; or 106 cells/kg, n  =  3). CD34+ cell therapy 
 significantly improved Rutherford’s category, pain scale, skin ulcer size, and blood 
perfusion at 12 weeks after treatment, although no significant dose-dependent rela-
tionship was observed. Furthermore, the safety and efficacy of CD34+ cell therapy 
were sustained for up to 4 years after cell therapy [106]. Furthermore, our phase II 
trial almost reproduced the clinical outcomes in the previous phase I/Iia trial, indi-
cating the safety, feasibility, and potential effectiveness of CD34+ cell transplanta-
tion for CLI patients [107]. Recently, in the ACT34-CLI (Autologous CD34+ Cell 
Therapy for Critical Limb Ischemia Investigator) study, a double-blind, random-
ized, placebo- controlled, phase I/Iia pilot clinical trial, 28 patients with CLI were 
randomized to receive intramuscular injection of 1 × 105 (low-dose, n = 7) or 1 × 106 
(high-dose, n = 9) cells/kg of mobilized CD34+ cells or an equal volume of diluent 
[108]. A favorable trend toward improvement of amputation-free survival rate was 
observed in the cell-treated groups, especially in the high-dose group, compared 
with control group at 6 and 12 months after treatment (Table 13.7).

In a phase I trial, Burt et al. evaluated the safety and feasibility of intramuscular 
implantation of autologous G-CSF-mobilized CD133+ cells, another EPC-enriched 
fraction, in nine patients with CLI [109]. In this uncontrolled study, leg amputation 
was observed in two out of nine patients at 12 months after treatment. The seven 
amputation-free patients showed significant improvement in QOL score at 3 and 
6 months, but not 12 months. There was a favorable trend toward improvement in 
pain-free walking distance and exercise capacity at 12 months (Table 13.7).

Larger randomized clinical trials are warranted to clarify the efficacy of EPCs 
fractionated by various methods for the treatment of PAD patients. Following these 
favorable outcomes, a multicenter, phase II/III clinical trial for G-CSF-mobilized 
CD34+ cells in patients with CLI is in preparation in our institution.
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13.5  Conclusions

Summarizing the results of the clinical trials regarding G-CSF monotherapy for 
CAD, G-CSF treatment is feasible and relatively safe. However, efficacy of this 
therapy remains controversial. The final result of an ongoing phase III clinical trial 
[51] may provide a definitive evidence of G-CSF treatment in STEMI. As for G-CSF 
monotherapy for PAD, there is only one early-phase clinical trial [57]. Randomized 
clinical trials are warranted to clarify the efficacy of G-CSF monotherapy for 
PAD.  As for CVD, despite favorable results from animal studies, no significant 
effect of G-CSF monotherapy on major endpoints was observed in several random-
ized clinical trials.

Theoretically, G-CSF-mobilized stem/progenitor cell therapies may be superior 
over G-CSF monotherapy due to not only direct vasculogenic properties but also 
paracrine action by secreting multiple growth factors besides a single hematopoietic 
cytokine. Early-phase clinical trials reveled safety and feasibility of  G-CFS- mobilized 
stem/progenitor cell therapy for CAD and PAD. As far as the authors searched, any 
clinical trials of G-CSF-mobilized stem/progenitor cell therapy for CVD have not 
been conducted. To prove the safety, feasibility, and efficacy of the cell-based thera-
pies, well-designed, larger-scaled, and randomized clinical trials will be needed.
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Chapter 14
Waon Therapy: Effect of Thermal Stimuli 
on Angiogenesis

Masaaki Miyata, Mitsuru Ohishi, and Chuwa Tei

Abstract Tei et al. developed a form of thermal therapy, namely, Waon therapy, which 
uses a dry sauna with temperature maintained at 60 °C and differs from the traditional 
sauna. We have previously reported that Waon therapy improves cardiac and vascular 
function in patients with chronic heart failure (CHF) and demonstrated that the molec-
ular mechanism by which Waon therapy improves vascular flow and endothelial func-
tion is through increased endothelial nitric oxide synthase (eNOS) expression.

In a mouse model of hindlimb ischemia, we demonstrated that eNOS is a critical 
regulator of angiogenesis by Waon therapy. Furthermore, we reported that Waon 
therapy upregulates the heat shock protein 90 which contributes to the activation of 
the Akt/eNOS/NO pathway and induces angiogenesis in mice with hindlimb 
ischemia.

In addition, we have demonstrated that repeated Waon therapy is safe for patients 
with severe peripheral artery disease (PAD) and potentially effective as evidenced 
by substantial decrease in the pain score, by increases in ankle-brachial pressure 
index and blood flow assessed by laser Doppler perfusion imaging, and by forma-
tion of new collateral vessels on angiography. Ischemic ulcers heal or improve 
markedly. Moreover, we reported that Waon therapy mobilized circulating endothe-
lial progenitor cells and improved limb ischemia in patients with PAD.

In conclusion, the thermal stimulus by Waon therapy is one of noninvasive thera-
pies of therapeutic angiogenesis for PAD.
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14.1  Introduction

Peripheral artery disease (PAD) is associated with decreased functional capacity 
and quality of life. Furthermore, patients with PAD have a higher rate of limb ampu-
tation and an increased risk of death compared with the general population. Patients 
with chronic critical limb ischemia have a 20% mortality rate per year with many 
patients being poor candidates for revascularization procedures [1]. Therapeutic 
angiogenesis and vasculogenesis may provide a treatment option for those patients 
with critical limb ischemia who are not suited to conventional revascularization 
therapy [2].

Dr. Tei et al. developed a form of thermal therapy, namely, Waon therapy, which 
uses a dry sauna with temperature maintained at 60 °C and differs from the tradi-
tional sauna with high temperature and humidity [3]. This thermal therapy increases 
the deep body temperature by 1 °C. We reported that the repeated Waon therapy 
improves hemodynamics and ameliorates symptoms in patients with chronic heart 
failure (CHF) [4, 5]. Furthermore, we have reported that Waon therapy improves 
vascular endothelial dysfunction in patients with CHF and in patients with coronary 
risk factors such as hypertension, hyperlipidemia, diabetes mellitus, and smoking 
[6, 7]. We demonstrated that the molecular mechanism by which Waon therapy 
improves vascular flow and endothelial function is through increased endothelial 
nitric oxide synthase (eNOS) expression [8, 9].

Nitric oxide (NO), constitutively produced by eNOS, is a mediator of angiogen-
esis [10]. Therefore, we drew attention to the effect of NO induced by Waon therapy 
on angiogenesis and demonstrated that Waon therapy increases eNOS protein 
expression, blood flow, and capillary density in a mouse model of hindlimb isch-
emia [11]. Furthermore, we have reported that Waon therapy is safe and improves 
symptoms, status, and blood flow in patients with PAD [12]. In this section, we 
summarize the beneficial effect of Waon therapy as the therapeutic angiogenesis for 
patients with PAD.

14.2  Waon Therapy

Waon therapy uses a far-infrared-ray dry sauna room, which is evenly maintained at 
60  °C and differs from the traditional sauna with high temperature and mist. 
Figure 14.1 shows how to perform Waon therapy. The patients were placed in a 
supine or sitting position in the dry room at 60 °C for 15 min and, once removed, 
allowed to rest on a bed in a supine position with a blanket to keep them warm for 
an additional 30 min. They were weighed before and after Waon therapy, and oral 
hydration with water was used to compensate for weight loss by perspiration [3, 13].

We have treated many CHF patients with Waon therapy, and none of the patients 
so far have shown any deterioration in their condition. However, Waon therapy does 
not appear to be indicated for CHF patients with severe aortic stenosis or obstructive 

M. Miyata et al.



219

hypertrophic cardiomyopathy, because the pressure gradient might be increased 
during Waon therapy. Patients with infectious disease are also excluded from Waon 
therapy.

14.3  Waon Therapy for CHF

For the better understanding of therapeutic angiogenesis by Waon therapy for PAD, 
first, we would like to summarize the effects of Waon therapy on CHF and its 
mechanism.

14.3.1  Effects of Waon Therapy on CHF

Regarding the acute effect of Waon therapy, we have reported that 60 °C dry sauna 
therapy for 15 min improved acute hemodynamics in patients with CHF, including 
cardiac index, mean pulmonary wedge pressure, systemic and pulmonary resis-
tance, and cardiac function [4]. Subsequently, we examined the chronic effects of 

1. Sauna 60ºC for 15 min

2. Keep warmth with blanket for 30 min

3. Drink water to compensate for perspiration

Fig. 14.1 Protocol of Waon therapy. The patients were placed in a supine or sitting position in the 
dry room at 60 °C for 15 min (1) and allowed to rest on a bed in a supine position with a blanket 
to keep them warm for an additional 30 min (2). They were weighed before and after Waon ther-
apy, and oral hydration with water was used to compensate for weight loss by perspiration (3)
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repeated Waon therapy on clinical symptoms and cardiac function in patients with 
CHF and have reported that 4 weeks of Waon therapy significantly improved clini-
cal symptoms, increased ejection fraction, and decreased cardiac size on the echo-
cardiogram and chest X-ray [4, 5]. Furthermore, we demonstrated that repeated 
Waon therapy decreased the ventricular arrhythmias and the oxidative stress and 
improved the autonomic nervous activity and the prognosis in patients with CHF 
[14–17]. In two prospective multicenter studies, we have confirmed that Waon ther-
apy is safe, improves clinical symptoms and cardiac function, and decreases cardiac 
size in CHF patients [18, 19].

14.3.2  Mechanism of the Effect of Waon Therapy on CHF

We then investigated the vascular endothelial function to clarify the mecha-
nisms of the effect of Waon therapy on CHF, since vascular endothelial function 
had been reported to be impaired in CHF. We have reported that 2 weeks of a 
daily Waon therapy significantly reduced brain natriuretic peptide (BNP) con-
centrations and improved endothelial function in patients with CHF. There was 
a significant correlation between the change in flow-mediated dilatation 
(%FMD) and the percent improvement in BNP concentrations suggesting that 
Waon therapy improves cardiac function with the betterment of vascular  
function [6].

In order to confirm the effect of Waon therapy on CHF and clarify its mecha-
nism, we performed experimental studies using TO-2 cardiomyopathic hamsters 
with heart failure. We reported that the repeated Waon therapy improved survival in 
TO-2 cardiomyopathic hamsters with heart failure [20]. Furthermore, we clarified 
that one of the molecular mechanisms by which repeated Waon therapy improved 
endothelial function was an increase in mRNA and protein of endothelial nitric 
oxide synthase (eNOS) in Syrian golden hamsters and TO-2 cardiomyopathic ham-
sters [8, 9]. We believe that eNOS upregulation induced by repeated Waon therapy 
is caused by an increase in cardiac output and blood flow, which in turn results in 
increased shear stress, although thermal stimulation might upregulate arterial eNOS 
directly (Fig. 14.2).

14.4  Waon Therapy Upregulates eNOS and Augments 
Angiogenesis

NO, constitutively produced by eNOS, plays roles in angiogenesis. Therefore, we 
drew attention to the effect of NO induced by Waon therapy on angiogenesis. 
Having reported that Waon therapy upregulated the expression of arterial eNOS in 
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hamsters, we investigated whether this therapy increased angiogenesis in mice with 
hindlimb ischemia. Unilateral hindlimb ischemia was induced in apolipoprotein 
E-deficient mice divided into control and Waon therapy groups. The latter mice 
were placed in a far-infrared dry sauna at 41 °C for 15 min and then at 34 °C for 
20 min, which increases the core temperature by 1 °C and is the same setting as 
patients, once a day for 5 weeks. Laser Doppler perfusion imaging demonstrated 
that the ischemic limb/normal side blood flow ratio in Waon therapy group was 
significantly increased beyond that in controls (Fig. 14.3). Significantly greater cap-
illary density was seen in Waon therapy group. Western blotting showed Waon ther-
apy markedly increased hindlimb eNOS expression (Fig. 14.4). To study possible 
involvement of eNOS in thermally induced angiogenesis, we gave Waon therapy to 
mice with hindlimb ischemia with or without NG-nitro-l-arginine methyl ester 
(L-NAME) administration for 5 weeks. L-NAME treatment abolished angiogenesis 
induced by Waon therapy. In addition, Waon therapy did not increase angiogenesis 
in eNOS-deficient mice. From these results, we concluded that eNOS is a critical 
regulator of angiogenesis by Waon therapy [11].

Waon
therapy

Hsp90
Heat

Shear stress

Akt p-Akt

eNOS

NO

p-eNOS

Phosphorylation

Angiogenesis

Phosphorylation

Fig. 14.2 Underlying pathway of angiogenesis upregulated by Waon therapy. Repeated Waon 
therapy upregulates eNOS expression through shear stress of the vessel wall and Hsp90. Hsp heat 
shock protein, NO nitric oxide, eNOS endothelial nitric oxide synthase
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14.4.1  Heat Shock Protein and Akt/eNOS/NO Pathway

Using the same unilateral hindlimb ischemia model, we demonstrated that heat 
shock protein 90 (Hsp90), phosphorylated-Akt, and phosphorylated-eNOS were 
detected in arterial endothelial cells of ischemic hindlimbs and all were upregulated 
by Waon therapy. The effect of Waon therapy on angiogenesis through the activation 
of the Hsp90/Akt/eNOS pathway was attenuated by the administration of an Hsp90 
inhibitor [21]. Therefore, we concluded that Waon therapy upregulates Hsp90 which 
contributes to the activation of the Akt/eNOS/NO pathway and induces angiogene-
sis in mice with hindlimb ischemia (Fig. 14.2).
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Fig. 14.3 Time course of ischemic/normal leg blood perfusion ratio in apolipoprotein E-deficient mice 
monitored by laser Doppler perfusion imaging. Computer-assisted quantitative analysis demonstrated 
a significantly greater increase of ischemic/normal hindlimb perfusion ratio in the Waon therapy group 
(n = 7) than in the control group (n = 7). *P < 0.005, **P < 0.001 vs. control group. Adapted from [11]
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Fig. 14.4 Western blotting of eNOS protein in the muscle of mouse hindlimb. Waon therapy mark-
edly increased eNOS protein expression not only in the ischemic hindlimb but also in the nonisch-
emic hindlimb at days 14 and 35. eNOS endothelial nitric oxide synthase. Adapted from [11]
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14.5  Effects of Waon Therapy on PAD Patients

We evaluate the effect of repeated Waon therapy on 20 patients with PAD, including 
15 patients with bilateral limb ischemia and 5 patients with unilateral limb ischemia 
[12]. Waon therapy was performed once a day for 5 days per week for a period of 
10 weeks. All patients completed the study without any adverse events.

Leg pain was scored by a visual analogue scale, using a marked 10-cm line 
extending from “no pain, 0,” to “severe pain, 10.” The pain score significantly 
decreased after 10 weeks of Waon therapy (Fig. 14.5a). Exercise performance, eval-
uated by the 6-min walking distance, improved in all 18 patients after 10 weeks of 
Waon therapy (Fig. 14.5b). We measured ankle-brachial pressure index (ABI) in 31 
limbs, and the mean ABI significantly increased after Waon therapy (Fig. 14.5c). 
Serial assessment of leg blood flow was performed with a laser Doppler imaging. It 
showed that blood flow increased after 10 weeks (Fig. 14.5d). Digital subtraction 
angiography was performed to evaluate new collateral vessel formation in 20 legs 
(13 patients), which showed a dramatic increase in the visible collateral vessels in 
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Fig. 14.5 Effect of Waon therapy on PAD patients. (a) Improvement in pain score evaluated by a 
visual analogue scale (10, severe pain; 0, no pain) after 10  weeks of Waon therapy. n  =  20, 
*P < 0.01 vs. baseline. (b) Improvement in 6-min walking distance after 10 weeks of Waon ther-
apy. n = 18, *P < 0.01 vs. baseline. (c) Improvement in ankle-brachial pressure index (ABI), after 
10 weeks of Waon therapy. n = 31, *P < 0.01 vs. baseline. (d) Improvement in laser Doppler perfu-
sion imaging after 10 weeks of Waon therapy. n = 28, *P < 0.01 vs. baseline. Adapted from [12]
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12 ischemic legs after 10  weeks of Waon therapy. In addition, ischemic ulcers 
healed in all of seven limbs, resulting in successful limb salvage.

We described one of the impressive patients [22]. Although this patient had 
undergone femoropopliteal bypass surgery, all toes on his right foot, except for the 
fifth toe, had to be amputated. Furthermore, the patient developed a severe foot ulcer 
with intolerable pain, and therefore a below-knee amputation was thus being con-
sidered. He received Waon therapy without any changes in medication. The skin 
ulcer healed completely in 15 weeks, limb amputation was avoided, and he was 
discharged. After being discharged, he continued to receive Waon therapy twice per 
week at our outpatient clinic and no recurrence of the skin ulcer has been seen dur-
ing 5 years of follow-up (Fig. 14.6). Patients followed at our out-patient clinic after 

Before

5 weeks after

Waon therapy

10 weeks after

Waon therapy

15 weeks after

Waon therapy

5 years after

Waon therapy

Fig. 14.6 Limb salvage by Waon 
therapy. The skin ulcer healed 
completely in 15 weeks after Waon 
therapy, and he was discharged. After 
being discharged, he continued to 
receive thermal therapy twice per week 
and no recurrence of the skin ulcer has 
been seen during 5 years of follow-up
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discharge continued Waon therapy at least twice per week, and none of them showed 
the worsening symptoms of PAD. Therefore, to maintain the effect of Waon therapy, 
we believe that it should be continued at least twice per week after discharge.

14.6  Mechanism of the Effect of Waon Therapy on PAD

To investigate the underlying mechanism of Waon therapy for the treatment of 
patients with PAD, we determine whether Waon therapy can mobilize blood-derived 
progenitor cells [23]. Twenty-one consecutive PAD patients received standard med-
ications and were randomly divided into control (n = 10) and Waon therapy groups 
(n  =  11). The Waon therapy group received Waon therapy daily for 6  weeks. 
Frequency of circulating CD34+ cells increased after 6  weeks of Waon therapy, 
while it remained unchanged in the control group (Fig. 14.7). We confirmed serum 
nitrate and nitrite levels increased significantly after Waon therapy, but not in the 
control group. These results suggested that Waon therapy mobilized circulating 
endothelial progenitor cells and improved limb ischemia in patients with PAD.
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Fig. 14.7 Changes in frequency of mobilized circulatory CD34+ cells. Frequency of circulating 
CD34+ cells increased after 6 weeks of Waon therapy, while it remained unchanged in the control 
group. Open bars, at baseline; solid bars, after 6  weeks; GAPDH glyceraldehyde-3-phosphate 
dehydrogenase. Adapted from [23]
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14.7  Conclusion

We reported that angiogenesis was induced via eNOS using Waon therapy in mice 
with hindlimb ischemia. Repeated Waon therapy upregulates eNOS expression 
through shear stress of the vessel wall and Hsp90. Furthermore, we demonstrated 
that repeated Waon therapy improved symptoms, status, and blood flow in patients 
with PAD. Waon therapy therefore is the noninvasive and highly promising strategy 
for treating PAD with therapeutic angiogenesis.
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Chapter 15
Exercise

Tatsuya Maruhashi, Yasuki Kihara, and Yukihito Higashi

Abstract Supervised exercise training has been recommended as first-line therapy 
for treatment of peripheral artery disease (PAD) patients with intermittent claudica-
tion. Capillary growth in skeletal muscle by angiogenesis is thought to be one of the 
possible mechanisms underlying the improvement of exercise performance and 
walking ability by exercise training in patients with PAD. Under normal conditions, 
exercise training has been demonstrated to increase the capillarity of active muscle. 
Exercise-induced increase in blood flow and tissue stretch has been proposed as 
important stimuli for angiogenesis in skeletal muscle. It is postulated that an increase 
in shear stress with increased blood flow and passive stretch primarily induces 
angiogenesis by longitudinal division of the vessel and sprouting angiogenesis, 
respectively. Vascular endothelial growth factor (VEGF) is recognized as the central 
pro-angiogenic factor strongly associated with angiogenesis. Exercise training 
induces angiogenesis through activation of various factors, including nitric oxide 
(NO), hypoxia-inducible factor-1α, and peroxisome proliferator-activated receptor-γ 
coactivator 1α (PGC-1α), through VEGF expression. However, PAD has been 
reported to be associated with reduced NO bioavailability represented by endothe-
lial dysfunction or reduced PGC-1α expression in skeletal muscle. Therefore, it 
remains unclear whether similar mechanisms or angiogenic factors are involved in 
exercise-induced angiogenesis under normal and pathological conditions.

Keywords Exercise training • Angiogenesis • Peripheral artery disease • Skeletal 
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15.1  Exercise Training for Peripheral Artery Disease (PAD) 
Patients with Intermittent Claudication

In patients with PAD, intermittent claudication is the classical and main symptom 
characterized by muscular discomfort, including fatigue, aching, numbness, and 
cramping, in the lower limb that is reproducibly manifested by exercise and relieved 
by a short rest. Intermittent claudication is associated with functional impairment, 
including limited exercise performance and walking ability, leading to reduced 
physical activity and quality of life. Therefore, one of the main goals of treatment 
for PAD patients with intermittent claudication is to relieve symptoms and improve 
exercise performance and daily functional activity. In addition to risk factor modifi-
cation and pharmacotherapy, supervised exercise training has been recommended as 
first-line therapy for PAD patients with intermittent claudication [1]. Compared 
with nonsupervised exercise training, it was shown that supervised exercise training 
significantly increased maximal treadmill walking distance by 50–200% in patients 
with PAD [2–4]. In addition, a randomized controlled clinical trial demonstrated 
that supervised exercise training and endovascular revascularization equally 
improved maximum walking distance after 6 and 12 months in PAD patients with 
intermittent claudication [5].

Although the mechanisms underlying the improvement in exercise performance 
and walking ability by supervised exercise training are still not completely under-
stood, increase in collateral flow, improvement in endothelial function, enhance-
ment of skeletal muscle metabolism and mitochondrial function, and increase in 
capillarity of skeletal muscle by the process of angiogenesis are thought to be the 
possible mechanisms of the beneficial effect of exercise training in patients with 
PAD. In this review, the current understanding of exercise-induced angiogenesis in 
skeletal muscle under normal and pathological conditions is discussed.

15.2  Importance of Angiogenesis in Skeletal Muscle 
in Response to Muscle Activity

15.2.1  Peripheral Adaptation in Response to Exercise

In addition to central cardiovascular hemodynamic factors, such as cardiac output, 
peripheral mechanisms for oxygen uptake and utilization, such as peripheral oxy-
gen delivery, distribution, extraction, and mitochondrial respiration, are major 
determinants of exercise tolerance. Although peak oxygen uptake is increased after 
exercise training during constant oxygen supply to skeletal muscle, it is decreased 
after immobilization, indicating a role for peripheral factors in oxygen uptake in 
skeletal muscle and performance during exercise [6, 7]. Saltin et  al. [8] demon-
strated that after one-legged endurance training, peak oxygen uptake during exer-
cise with the trained leg is higher than that with the contralateral untrained leg.  

T. Maruhashi et al.



231

The capacity of central hemodynamics to perfuse the exercising leg is not enhanced 
by one-legged exercise. Therefore, these results demonstrate that peripheral factors 
are important determinants of skeletal muscle oxygen uptake and performance dur-
ing exercise and that peripheral adaptations mediated by increases in oxygen extrac-
tion and utilization may contribute to the increased exercise capacity [8]. The 
capacity of maximum performance depends not only on central cardiovascular 
hemodynamic factors but also on peripheral adaptations for oxygen extraction and 
utilization through increasing capillarity and oxidative capacity.

Both oxidative activity and capillarity in peripheral tissues are enhanced by 
endurance training. Peripheral adaptations in response to exercise include increase in 
capillarization and increases in mitochondria content and enzymatic activity involved 
in oxidative and glycolytic metabolism in skeletal muscle, leading to improvement 
in oxygen diffusion capacity and utilization [9]. A capillary serves as the interface 
between blood and tissue for delivery of oxygen and removal of metabolites. 
Therefore, it is postulated that increased capillarity improves oxygen diffusion and 
metabolite clearance capacity by increasing the surface area, reducing the diffusion 
distance and increasing mean transient time, leading to improvement in endurance 
and aerobic capacity. Krogh demonstrated the importance of the capillary bed for 
oxygen delivery to muscle in his pioneering work showing that the capillary and 
muscle interface represents a limiting factor for oxygen supply [10, 11]. It has also 
been reported that there is a significant correlation between exercise performance or 
maximal aerobic capacity and skeletal muscle capillary density in animals [12].

15.2.2  Capillarization in Response to Exercise

Exercise training has been demonstrated to increase capillarity of active skeletal 
muscle both in animal studies [13–15] and human studies. Although differences in 
the degree of exercise-induced increase in capillarization assessed by capillary-to- 
fiber ratio exist among the studies, endurance training for 4–24 weeks increases 
capillarization by 10–40% [16–21]. It has also been reported that exercise-induced 
increase in capillarization rapidly disappears after cessation of training [22, 23]. 
Although there is little information on the relationships of degree of increase in 
capillarization with training intensity and duration, low-intensity training is mini-
mally effective for increase in capillarity. In addition, high-intensity resistance 
training, such as weight lifting, often results in decreased capillarity as a result of 
fiber hypertrophy without angiogenesis [24, 25]. Moderate-intensity and high- 
intensity training have been reported to result in similar increases in skeletal muscle 
capillarizaion after 4–8 weeks [20, 22, 26, 27]. Recent animal studies using other 
techniques, such as electron microscopy and measurements of activated endothelial 
cells labeled with bromodeoxyuridine, for the assessment of angiogenic response to 
muscle activity support a role of exercise training for increase in skeletal muscle 
capillarity [28, 29]. These techniques have also provided mechanistic insights into 
capillarization in response to various stimuli to skeletal muscle.
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15.2.3  Angiogenesis in Response to Exercise

Angiogenesis is defined as the formation of new capillaries from preexisting capil-
laries in response to alterations in a mechanical, metabolic, or hypoxic environment. 
The vasculature is normally quiescent in adults. However, the occurrence of angio-
genesis is observed in both physiological and pathological conditions, such as dur-
ing the proliferative phase of the menstrual cycle in the uterus, in the processes of 
wound healing and tumor progression, and in the adaptation of skeletal muscle to 
exercise training. Angiogenesis is a very complex process strictly regulated by a 
balance between pro- and anti-angiogenic factors through increases in synthesis or 
release from storage sites (Fig. 15.1). The growth process of angiogenesis is broadly 
divided into three categories: sprouting angiogenesis, longitudinal splitting, and 
intussusception [30].

Sprouting angiogenesis is thought to be the most common form of capillary 
growth. It is thought to be initiated by proteolytic degradation of the basement 
membrane surrounding a capillary, which allows endothelial cells to branch out 
from the parent vessel, migrate into the extracellular matrix, develop a lumen, and 
connect to existing vessels or other sprouts to form anastomoses. The newly formed 
vessel is initially leaky and subsequently becomes matured and functional through 
reconstruction of a basement membrane and investment by pericytes. Harmonization 
of several energetic processes, including degradation of the basement membrane 
and extracellular matrix, proliferation and migration of endothelial cells, and matu-
ration of the new capillary, is required for sprouting angiogenesis.

Exercise

Shear stress Muscle stretch Metabolic alteration Local hypoxia

eNOS

NO

Longitudinal division Sprouting angiogenesis

Angiogenesis

HIF-1a

VEGF

PGC-1a

AMPKP38MAPK

b-adrenergic signal

MMP

Muscle contraction

Fig. 15.1 Putative mechanisms of exercise-induced angiogenesis in skeletal muscle. NO indicates 
nitric oxide, eNOS endothelial nitric oxide synthase, VEGF vascular endothelial growth factor, 
MMP matrix metalloproteinase, AMPK AMP-activated kinase, PGC-1α peroxisome proliferator- 
activated receptor-γ coactivator 1α, HIF-1α hypoxic-inducible factor-1α
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Longitudinal splitting refers to a process in which an activated endothelial cell 
extends a filopodial ridge into the lumen to split an existing vessel into two func-
tionally separate vessels. The extending filopodium makes contact with the opposite 
surface of the vessel, and a cellular bridge across the lumen is consequently formed. 
This bridge continues to extend along the lumen, and two parallel flow channels are 
created [31]. This internal separation wall remodels and eventually separates the 
existing vessel into two distinct functional capillaries.

Intussusception also refers to an angiogenic process in which an existing vessel 
splits into two separate vessels. Intussusception is initiated by inward protrusion of 
opposing vessel walls from the abluminal surface into the vessel lumen. This pro-
cess pinches the vessel wall and results in contact with each opposite wall, leading 
to the formation of a contact zone between endothelial cells. Then endothelial 
bilayer is perforated centrally and invaded by interstitial tissue, such as fibroblasts, 
pericytes, and collagen fibrils, resulting in the creation of a transluminal pillar and 
separation of the existing vessel into two lumens [32].

Although there is a possibility that longitudinal splitting and intussusception rep-
resent different aspects of the same angiogenic process, both types of capillary 
remodeling eventually separate a preexisting vessel into two functional parallel cap-
illaries, resulting in redistribution of blood flow and a consequent decrease in shear 
stress. Compared with sprouting angiogenesis, capillary growth by longitudinal 
splitting and intussusception seems to be a faster, less complex, and less energy- 
demanding process, involving less degradation of the basement membrane and 
extracellular matrix, less proliferation of endothelial cells, and less compromised 
function of the capillary during the growth process [32, 33].

15.3  Physiological Mechanical Factors Related 
to Angiogenesis in Skeletal Muscle

Exercise-induced increases in blood flow and tissue stretch have been proposed as 
important stimuli for angiogenesis in skeletal muscle [12, 34]. Endothelial cells are 
exposed to increased shear stress, transmural pressure, and cyclic stretch by exer-
cise. These mechanical stimuli activate mechanosensors on the endothelial cell sur-
face, including integrins, receptor tyrosine kinase, G proteins and G protein-coupled 
receptors, Ca2+ channel, membrane lipids, and glycocalyx, consequently activating 
signal transduction involving phosphorylation of kinases and Rho family GTPases 
[35]. In endothelial cells, activation of these mechanotransduction pathways results 
in alterations in the expression of genes related to vascular growth, regulation of 
proliferation and migration, and rearrangement of the actin cytoskeleton. Increases 
in internal shear stress and external stretch, two main stimuli to the endothelium, are 
thought to promote physiological angiogenesis by different mechanisms [30]. It is 
thought that increased shear stress induces capillary growth by longitudinal divi-
sion, whereas passive stretch induces capillary growth by sprouting angiogenesis 
[30, 36].
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15.3.1  Shear Stress

Shear stress is a frictional force produced by blood flow that acts on the luminal 
surface of the endothelium. A normal range of shear stress plays a pivotal role in 
maintenance of vascular health by promoting the activation of vasodilatory and anti-
thrombotic factors and inhibiting the activation of growth and pro-inflammatory 
factors [37–39]. In order to maintain shear stress in an appropriate range, arteries 
and arterioles alter their vessel diameter in a feedback manner, referred to as flow- 
mediated vasodilation, through various signaling pathways activated by shear stress 
in response to blood flow. Therefore, arteries and arterioles tend to become larger in 
response to elevated blood flow to maintain shear stress in a normal range. However, 
capillaries of skeletal muscle are less capable of modulating their diameter in 
response to elevated blood flow due to limited compliance. Therefore, the endothe-
lium in capillaries is exposed to a continuously elevated shear stress induced by 
chronic vasodilation of arterioles. Chronic administration of the vasodilator dipyri-
damole has been shown to induce endothelial cell proliferation and increase the 
number of capillaries in skeletal muscle [40]. Similarly, chronic administration of 
the α1-adrenergic receptor blocker prazosin, which induces vasodilation and high 
shear stress, has been shown to increase the number of capillaries in rat skeletal 
muscle [41]. Electron microscopic findings have further revealed that capillary 
growth in response to high shear stress induced by elevated blood flow occurs by 
longitudinal division of the vessel by filopodial extensions [30]. Capillaries adapt to 
chronically elevated shear stress by formation of new capillaries through the pro-
cess of longitudinal division. Capillary remodeling by longitudinal division results 
in lower shear stress by redistributing blood flow.

However, it was shown that pump-controlled high blood flow without muscle 
contraction (passive hyperperfusion) resulted in no increase in VEGF or fibroblast 
growth factor-2 gene expression in skeletal muscle of the canine leg, whereas elec-
trical nerve stimulation, which induces both blood flow increase and muscle con-
traction, caused an increase in VEGF mRNA [42]. These findings suggest that an 
increase in blood flow must be coupled with other factors, such as low tissue oxygen 
tension and metabolite concentration changes, or an increase in muscle contraction 
for the increase in mRNA expression of angiogenic factors. Nitric oxide (NO) pro-
duced by endothelial NO synthase (eNOS) activation through shear stress appears to 
play a pivotal role in the process of capillary growth by longitudinal division induced 
by increased blood flow. Angiogenesis via longitudinal division in response to 
increased blood flow induced by administration of prazosin was inhibited by co- 
treatment with an NOS inhibitor or by genetic knockout of eNOS, indicating that 
shear stress-induced eNOS activation and consequent NO production are necessary 
for angiogenesis via longitudinal division [43]. Matrix metalloproteases (MMPs) 
are thought to mediate proteolytic degradation of the basement membrane surround-
ing a capillary, which may be necessary for the process of sprouting angiogenesis 
but not required for luminal division during capillary growth. Previous studies dem-
onstrated that production of MMPs is not increased in microvascular endothelial 
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cells exposed to high shear stress in culture [44, 45] and in an in vivo model of 
prazosin-induced angiogenesis in rat skeletal muscle [44, 46], suggesting that shear 
stress induces angiogenesis not via sprouting angiogenesis but via longitudinal 
division.

15.3.2  Muscle Stretch

Muscle stretch is another potent angiogenic stimulus as a physiological mechanical 
factor. Capillaries are attached to the extracellular matrix and connective tissue 
components. Therefore, capillaries are tethered to myocytes during muscle contrac-
tion, relaxation, or lengthening through surrounding tissues, resulting in application 
of tensile forces to the capillaries. Application of stretch to cultured endothelial cells 
promotes upregulation of angiogenic factors, including VEGE and angiopoetins, 
activation of MMPs, and increase in migration and proliferation of endothelial cells 
[47–49]. Muscle stretch evoked by surgical extirpation of a functional synergist 
induced capillary growth [29, 50]. In that animal model, the expression of VEGF 
and MMPs was upregulated, and electron microscopic observations showed signs 
of basement membrane degradation, migration and proliferation of endothelial 
cells, and capillary sprouting. These findings suggest that capillary growth provoked 
by muscle stretch is primarily induced by sprouting angiogenesis [30, 43]. However, 
in this experimental animal model, the possibility of effects of additional metabolic 
signals induced by prolonged muscle overload cannot be excluded, making it diffi-
cult to establish a distinctive role of physiological mechanical stretch alone in 
angiogenesis.

In humans, a passive movement model is used to examine the role of physiologi-
cal mechanical factors alone in capillary growth in skeletal muscle without the 
effect of metabolic factors. Passive limb movement by extension and flexion of the 
knee leads to an increase in blood flow-induced shear stress and stretch of muscle 
fibers with a negligible effect on muscle metabolism [51]. Ninety minutes of pas-
sive leg movement at a rate of 60 cycles/min has been demonstrated to increase 
interstitial VEGF protein concentration and eNOS mRNA levels in human skeletal 
muscle, suggesting that physiological mechanical stimuli alone can induce an 
angiogenic response without significant alterations of metabolic factors [51]. In 
addition, 4-week passive leg movement has been demonstrated to increase prolif-
eration of endothelial cells and upregulation of angiogenic factors [52], supporting 
a role of physiological mechanical factors in the initiation of angiogenesis. However, 
compared with active exercise training, angiogenic signals evoked by passive move-
ment appear not to be strong enough to induce an increase in capillarization. A 
4-week period of passive movement training did not lead to a significant increase in 
capillary growth in healthy young subjects [52]. Alterations in metabolism and/or 
local oxygen tension appear to be necessary for exercise-induced angiogenesis in 
humans.
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15.4  Local Hypoxia and Metabolic Alterations Related 
to Angiogenesis in Skeletal Muscle

Reduced oxygen tension and/or elevated metabolic activity have been shown to be 
related to exercise-induced angiogenesis [53]. Angiogenesis may lead to enhance-
ment of oxygen delivery to skeletal muscle. Therefore, it is postulated that a relative 
lack of oxygen supply or low tissue oxygen tension serves as a key regulator of the 
process of angiogenesis. Several animal and human studies have demonstrated that 
increase in exercise-induced angiogenesis is augmented in trained skeletal muscle 
under the condition of restricted oxygen supply by limited blood flow [54, 55]. 
Compared with exercise in normoxia, exercise under a condition of hypoxia further 
increased VEGF mRNA expression in rats [56]. However, human studies have 
yielded conflicting results regarding the effect of exercise under a condition of 
hypoxia on the expression of VEGF mRNA. Although one study showed a further 
increase in VEGF mRNA expression by exercise under a condition of limited oxy-
gen supply to the muscle by blood flow restriction compared with exercise under a 
normal condition, other studies have shown that there was no further increase in 
VEGF mRNA expression during exercise under a hypoxic condition compared with 
exercise under a normal condition [57, 58].

15.4.1  Hypoxia-Inducible Factor-1 (HIF-1)

HIF-1 is known to activate transcription of VEGF under hypoxic conditions. Under 
a condition of reduced oxygen availability, enzymatic activities of prolyl hydroxy-
lase domain proteins (PHDs) and factor-inhibiting HIF-1 (FIH-1) are reduced, and 
then hydroxylation of HIF-1α by PHD and FIH-1 and degradation of HIF-1α by the 
proteasome are consequently inhibited, leading to stabilization and accumulation of 
HIF-α. HIF-α dimerizes with constitutively expressed HIF-1β, recruits p300, and 
binds to hypoxia response elements, resulting in upregulation of VEGF expression 
[59]. Exercise induces a significant reduction in intramuscular oxygen pressure 
[60], which is lowered enough to activate HIF-1α. Ameln et al. [61] demonstrated 
that HIF-1α protein level was increased after a 45-min bout of one-legged knee- 
extension exercise, indicating a role of exercise-induced hypoxia in the process of 
angiogenesis through an increase in HIF-1α protein level. However, they also 
reported that there was no further increase in exercise-induced expression of HIF-1α 
protein in a hypoxic condition with restriction of blood flow compared with exercise 
in a normal condition without restriction, whereas VEGF mRNA level was further 
increased by exercise training in a hypoxic condition compared with that in a nor-
mal condition [61]. These findings suggest that not HIF-1α but other transcriptional 
factors are associated with the further increase in VEGF mRNA levels induced by 
exercise under a hypoxic condition. As for the insignificant difference between 
HIF-1α protein levels with exercise training under hypoxic and normal condition, 
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further studies are needed to determine whether a further reduction in oxygen ten-
sion induced by blood flow restriction is too small to promote further increases in 
HIF-1α protein levels and whether activation of HIF-mediated angiogenesis occurs 
in a threshold-dependent manner and this threshold is already exceeded during exer-
cise under a normal condition.

The role of hypoxia in the process of exercise-induced angiogenesis is still con-
troversial. In an animal study, myocyte-specific HIF-1α knockout mice had a higher 
baseline capillary-to-fiber ratio than that in control mice, and exercise training did 
not induce a further increase in the capillary-to-fiber ratio [62]. In human studies, in 
response to chronic high altitude hypoxia, muscle capillary density is remained 
unchanged or increased slightly as a result of a decrease in muscle fiber size rather 
than being due to an increase in capillary growth [63–65]. In addition, HIF-1α pro-
tein levels in skeletal muscle were not changed after prolonged exposure to high 
altitude hypoxia [66]. Involvement of HIF-1α in exercise-induced angiogenesis 
appears not to be as straightforward as originally expected.

15.4.2  Peroxisome Proliferator-Activated Receptor-γ 
Coactivator 1α (PGC-1α)

PGC-1α has been identified as one of the key transcriptional coactivators that mod-
ify the expression of genes involved in energy metabolism and mitochondrial bio-
genesis [67]. Recent studies have demonstrated that PGC-1α is also an important 
regulator of exercise-induced angiogenesis [68]. PGC-1α knockout mice showed 
lower basal VEGF protein expression and lower capillary-to-fiber ratio in skeletal 
muscle than those in control mice and showed no increase in VEGF protein after 
exercise [69]. Myocyte-specific PGC-1α knockout mice also did not show an 
exercise- induced increase in capillary density [70, 71]. These findings suggest that 
PGC-1α in skeletal muscle is essential for exercise-induced upregulation of VEGF 
expression and angiogenesis.

Expression and activity of PGC-1α are regulated by several pathways. p38γ 
mitogen-activated protein kinase (MAPK) is one of the important mediators of 
PGC-1α. Myocyte-specific p38γ MAPK knockout mice showed decreases in 
PGC-1α mRNA and VEGF mRNA with blunted mitochondrial biogenesis and 
angiogenesis in skeletal muscle following motor nerve stimulation [72]. Increases 
in cytosolic calcium and activated calcium/calmodulin-dependent kinase during 
muscle contraction are thought to activate p38 MAPK [73]. AMP-activated kinase 
(AMPK) is also thought to regulate PGC-1α activity. AMPK acts as an important 
cellular energy sensor regulating cell metabolism, including exercise-induced 
changes in glucose and fatty acid metabolism in skeletal muscle [74]. AMPK is 
activated by contractile activity [75–77]. AMPK induces the expression of PGC-1α 
mRNA and directly phosphorylates PGC-1α protein [78]. It has been shown that 
AMPK activation led to an increase in VEGF protein expression in control mice but 
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not in PGC-1α knockout mice, indicating that AMPK stimulates VEGF expression 
through a PGC-1α-dependent mechanism [69]. AMPK has also been demonstrated 
to stimulate phosphorylation of p38 MAPK with increases in VEGF mRNA and 
protein levels in mouse skeletal muscle [79]. Recently, the β-adrenergic signal has 
been shown to be involved in exercise-induced angiogenesis through PGC-1α acti-
vation [80]. In an animal study, β-adrenergic stimulation by exercise or a long- 
acting β2 agonist increased the expression of PGC-1α mRNA from an alternative 
promoter (PGC-1α2) with an increase in VEGF mRNA, whereas exercise-induced 
expression of both PGC-1α and VEGF mRNA was blunted in mice treated with a 
β-adrenergic receptor blocker [70]. Expression of PGC-1α splice variants induced 
by exercise was also observed in human skeletal muscle [81, 82]. Translation of 
alternative PGC-1α2 mRNA produces two PGC-1α variants (PGC-1α2 and 
PGC-1α3) with a slight difference from the canonical PGC-1α at their NH2-terminus 
[70]. PGC-1α2 appears to be the most exercise-responsive PGC-1α isoform, which 
is rapidly elevated by a single exercise bout in human skeletal muscle [82]. PGC-1α 
coactivates estrogen-related receptor-α (ERR-α) on conserved binding sites found 
in an enhancer within the first intron of the VEGF gene, inducing VEGF expression 
in an HIF-independent fashion [68, 70].

15.5  Exercise-Induced Angiogenesis in Patients with PAD

As discussed above, it has become apparent that angiogenesis is a very complex 
process that is tightly regulated through the balance between pro- and anti- 
angiogenic factors. However, it remains unclear whether similar mechanisms or 
angiogenic factors are involved in exercise-induced angiogenesis under normal and 
pathological conditions.

Endothelial function is impaired in patients with PAD. Flow-mediated vasodila-
tion in the brachial and popliteal arteries is attenuated in patients with PAD, indicat-
ing reduced NO bioavailability in systemic circulation [83–85]. Shear stress-induced 
NO production in endothelial cells has been shown to be necessary for angiogenesis 
through the process of longitudinal division. Therefore, this raises a possibility that 
angiogenesis via longitudinal division in response to increased blood flow induced 
by exercise does not occur in PAD patients with endothelial dysfunction. However, 
endothelial function has been demonstrated to be improved by exercise training in 
patients with PAD [3, 86]. Exercise training is expected to improve endothelial 
function, leading to an increase in NO bioavailability and exercise-induced capil-
lary growth through longitudinal division in patients with PAD.

VEGF is recognized as the central pro-angiogenic factor strongly associated 
with angiogenesis. Although there are a number of closely related VEGF isoforms 
(A-D) that have been characterized in human tissue, VEGF-A has been shown to 
play a predominant role in skeletal muscle angiogenesis [87]. Several splice variants 
of human VEGF-A with different molecular weights have been identified, among 
which VEGF165 is the most physiologically active isoform in skeletal muscle  
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[88, 89]. In patients with PAD, VEGF-A levels have been reported to be paradoxically 
elevated compared with levels in subjects without PAD [90, 91]. It is unclear why 
adequate angiogenesis and collateralization do not occur despite increased VEGF-A 
levels in patients with PAD.  Recent studies have revealed the existence of anti- 
angiogenic splice variants of human VEGF-A, generated from differential splicing 
of exon 8 [92, 93]. VEGF-A165a protein has a pro-angiogenic effect, whereas VEGF- 
A165b exerts an anti-angiogenic effect through inhibition of canonical VEGF-A sig-
naling by competing with pro-angiogenic isoforms for binding to the VEGF 
receptor-2 (VEGFR-2)-neuropilin-1 receptor complex, leading to the attenuation of 
downstream signaling of VEGFR2. Kikuchi et al. demonstrated that total circulat-
ing VEGF-A levels are significantly higher in PAD patients than in control subjects, 
with increased levels of anti-angiogenic VEGF-A165b splice isoform and corre-
sponding decreased levels of pro-angiogenic VEGF-A165a splice isoform in patients 
with PAD [94]. Expression of anti-angiogenic VEGF-A165b is upregulated in isch-
emic tissue as a result of secreted frizzled-related protein 5 deficiency and Wnt5a 
activation in the setting of metabolic disease. It is unclear whether exercise-induced 
angiogenesis occurs by similar mechanisms in healthy individuals and PAD patients 
with dominant anti-angiogenic VEGF-A isoform over pro-angiogenic VEGF-A 
isoform.

Diabetes mellitus has been demonstrated to be associated with the development 
of PAD.  The incidence of intermittent claudication is about two-times higher in 
diabetes patients than in non-diabetic patients [95]. As described above, PGC-1α is 
thought to be an important regulator in the process of exercise-induced angiogene-
sis. However, in diabetic animal models and human patients with diabetes mellitus, 
basal expression of PGC-1α mRNA has been reported to be reduced in skeletal 
muscle [96–98]. Moreover, PGC-1α mRNA expression in skeletal muscle is not 
induced by acute exercise in patients with type 2 diabetes mellitus [99]. Further 
studies are needed to investigate the mechanisms underlying exercise-induced 
angiogenesis in patients with PAD.

15.6  Conclusions

Tissue stretch and increased blood flow induced by exercise training are thought to 
be important stimuli for angiogenesis in skeletal muscle. Synthesis or release of 
angiogenic factors is activated by mechanical stimuli in skeletal muscle. VEGF 
appears to be the central pro-angiogenic factor. VEGF expression is stimulated by 
exercise training through various factors including NO, HIF-1α, and PGC-1α in a 
normal condition. Supervised exercise training has been recommended as first-line 
therapy for PAD patients with intermittent claudication, but the mechanisms under-
lying the improvement in exercise performance and walking ability by exercise 
training are not completely understood. Exercise-induced increase in capillarity of 
skeletal muscle through angiogenesis is thought to be one of the possible mecha-
nisms of the beneficial effect of exercise training in patients with PAD. However, it 
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remains to be elucidated whether similar mechanisms are involved in the process of 
exercise-induced angiogenesis under normal and pathological conditions. A better- 
defined understanding of the process of exercise-induced angiogenesis in normal 
and pathological conditions may lead to novel treatment and prevention of PAD.
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Chapter 16
Nanoparticle-Mediated Endothelial  
Cell- Selective Drug Delivery System

Kaku Nakano, Jun-ichiro Koga, and Kensuke Egashira

Abstract Peripheral arterial disease (PAD) causes peripheral tissue ischemia, 
resulting in skin ulceration, gangrene, and limb amputation. The therapeutic goal is 
restoration of blood supply, and various treatments including exercise, medical ther-
apy, and surgical revascularization are performed. The prognosis of critical limb 
ischemia, however, is still unsatisfactory, and there are unmet needs in developing 
novel therapeutics. We have been developing novel nanotechnology-based drug 
delivery system aiming efficient angiogenesis by delivering of HMG-CoA reduc-
tase inhibitor (statin) to endothelium. In this chapter, we summarized current devel-
oping status of nanotechnology-based drug delivery system including animal 
experiments and ongoing clinical trials (CLINICAL TRIAL REGISTRATION 
NUMBER: UMIN000008011).

Keywords Drug delivery system • Angiogenesis • Peripheral arterial disease • 
Statin

16.1  Peripheral Arterial Disease

Peripheral arterial disease (PAD) causes intermittent claudication, ulcer forma-
tion, and limb amputation by impairing blood supply to the peripheral organs/
tissues. These symptoms have serious impacts on patients’ quality of life (QOL). 
Atherosclerotic lesion formation results in organic stenosis/occlusion of the 
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arteries and impairs peripheral blood supply. Various risk factors such as hyper-
tension, diabetes mellitus, and dyslipidemia promote the pathobiology of ath-
erosclerosis [1, 2]. PAD occurs as one of the phenotypes of systemic 
atherosclerosis. Actually, 75% PAD patients die of cerebrovascular diseases and 
coronary artery diseases [3–6]. Therefore, risk factor management is important 
to improve the prognosis. Therapeutic principles of PAD have been presented in 
various guidelines including “Management of Peripheral Arterial Disease” by 
TransAtlantic Inter-Society Consensus (TASC), TASC II, and ACC/AHA 2005 
Guidelines [7]. Many epidemiologic studies reported that the prevalence of PAD 
is high in men and aged people. The prevalence of PAD has been reported to be 
2.5% for people aged 40–59 years, 8.3% for 60–69 years, and 18.8% for 70 years 
or older [8, 9].

Critical limb ischemia (CLI) is a PAD with rest pain or ischemic skin lesions 
(ulcers, gangrene) classified as grade III or IV in the Fontaine classification. The 
primary goals of CLI treatment are improvement in QOL, i.e., relief of symptoms 
due to ischemia and prevention of limb amputation. Improvement of survival is 
also an important purpose of the treatment of PAD. TASC II reported that the 5- 
and 10-year survival of patients with CLI are 50% and 10%, respectively. Half of 
the CLI patients are attempted revascularization, and the others undergo primary 
amputation or medical treatment. Half of the patients, however, die or experience 
limb amputation within a year, and CLI is resolved in only 25% patients [3]. 
Therefore, there are unmet needs in the treatment of PAD, especially in CLI. Clinical 
trials have been already conducted that aims “therapeutic angiogenesis” in patients 
with CLI, but no clinically relevant drug therapy has been established and mar-
keted so far.

16.2  Developmental Status of Novel Therapeutics 
and Problems

In recent years, there has been increasing attention on a new therapy, therapeutic 
angiogenesis, which increases collateral arteries by administrating growth factors or 
genes stimulating angiogenesis into the ischemic tissues. Table  16.1 shows the 
developmental status of new drugs or cell therapy for PAD in worldwide from the 
Thomson Reuters Pharma database. In addition, transplantation of autologous stem 
cells has been conducted in CLI patients. Autologous stem cell transplantation ther-
apy is largely classified into two types according to the cell source—peripheral 
blood and bone marrow. Any type of autologous stem cell transplantation therapy, 
however, requires a cell processing center with dedicated instruments for cell prepa-
ration as well as a highly organized transplant team, making it difficult to establish 
the therapy as general/standard medicine.
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16.2.1  Statins

HMG-CoA reductase inhibitors, statins, are widely used cholesterol-lowering 
agents and reported to have pleiotropic effects independent of their cholesterol- 
lowering effect [10–12]. One of the pleiotropic effects of statins is their angiogenic 
action. For example, various animal experiments have shown that the systemic 
administration of a statin increases re-endothelialization of damaged blood vessels 
and promotes angiogenesis of ischemic tissue. However, daily administration of a 
high-dose statin is needed to obtain therapeutic effects, which may lead to serious 
adverse side effects in clinical settings [13–16]. Endothelial cell-targeting drug 
delivery of statins by nanotechnology-based drug delivery system (DDS) can opti-
mize the therapeutic effects and avoid adverse effects of statin.

16.2.2  PLGA NPs for the Treatment of Cardiovascular 
Diseases

We have been developed drug delivery system based on lactide/glycolide copoly-
mer (PLGA) nanoparticles [11, 17–19]. PLGA NPs were prepared by emulsion 
solvent diffusion method. The mean diameter of particles is approximately 200 nm 

Table 16.1 Developmental status of new drugs for peripheral arterial disease Data Source: 
Thomson Reuters Pharma (Cortellis Competitive Intelligence)

Drug code Developer Phase of development

DVC1-010 Dnavec Corp. Phase 2 clinical
AMG-0001 AnGes MG Inc. Phase 3 clinical
Ixmyelocel Astrom Biosciences Inc. Phase 2 clinical
Plasmin Talecris Biotherapeutics Phase 2 clinical
AX-200 SYGNIS Bioscience Phase 2 clinical
Autologous fat-derived stem 
cells

RNL Bio Co, Ltd Phase 2 clinical

Autologous CD133+ 
hematopoietic stem cells

University of Wisconsin-Madison Phase 1 clinical

Autologous endothelial 
progenitor cell therapy

Kobe Institute of Biomedical 
Research and Innovation

Phase 2 clinical

ZFP-VEGF Sangamo BioSciences Inc. No development 
reported

Autologous CD34+ stem cell 
therapy

University of Debrecen Clinical

AKB-9778 Procter & Gamble Pharmaceuticals 
Inc.

Discovery

VM-202 ViroMed Co Ltd Phase 2 clinical
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[20, 21]. In the bloodstream, PLGA NPs escape from clearances in the kidney and 
reticuloendothelial system, which prolong blood retention time and result in effec-
tive drug delivery to the site with increased vascular permeability [22]. PLGA NPs 
also have the following advantages for DDS: (1) PLGA has been already used in 
humans for over 40  years [23], and concerns about the safety are little; and (2) 
PLGA can encapsulate both hydrophobic and hydrophilic agents including chemi-
cals and nucleotides.

16.2.3  HMG-CoA Reductase Inhibitory Action

To candidate for incorporated statins into the PLGA nanoparticle, the effects of 
statins were compared in vitro assays. Pitavastatin, atorvastatin, rosuvastatin, simv-
astatin, fluvastatin, and pravastatin were purchased, extracted from products, and 
purified.

First, we compared inhibitory activity of statins (pitavastatin, fluvastatin, rosuv-
astatin, atorvastatin, simvastatin, and pravastatin) on HMG-CoA reductase using rat 
liver microsomes. Statins (0.1–1000  nM) and [3-14C]HMG-CoA (0.1  mM) were 
added to 0.1 mg of microsome protein. After 30 min, mevalonic acid was converted 
to mevalonolactone and then isolated by thin-layer chromatography to measure 
radioactivity. Pitavastatin, fluvastatin, rosuvastatin, atorvastatin, simvastatin, and 
pravastatin inhibited HMG-CoA reductase activity in a concentration-dependent 
manner, and the half maximal inhibitory concentrations (IC50) were 1.88, 1.89, 3.09, 
3.46, 5.12, and 40.8 nM, respectively.

16.2.4  Effects of Pitavastatin on Endothelial Cell Migration 
and Tube Formation

A scratch motility assay using human umbilical vein endothelial cells (HUVECs) 
was performed to assess the re-endothelialization response following endothelial 
denudation. HUVECs were seeded on collagen I-coated 24-well plates at a density 
of 2 × 104 cells per well and grown to be confluent with EGM2. The monolayers 
were scratched with a pipet tip and photographed before incubation with EBM con-
taining 0.5% BSA containing VEGF165 (10 ng/mL, R & D) with or without statins. 
After 5  h, cells were photographed, and the number of cells migrating to the 
scratched area was counted. In the human endothelial cell scratch motility assay 
(re-endothelialization in vitro), only pitavastatin increased the re-endothelialization 
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response following scratch injury; the other five statins showed no such effects 
(Fig. 16.1) [24].

16.2.5  Angiogenesis Activity of Human Endothelial Cells

Angiogenesis of human vascular endothelial cells was tested by two-dimensional 
Matrigel assay, as previously described [25]. HUVEC (2 × 104) were plated on 
an eight-well chamber slide pre-coated with 200 μL of Matrigel (BD Bioscience) 
in 500  μL of EBM-2 medium with supplements (Lonza) in the presence or 
absence of statins (1 or 10 nM). In another set of experiments, HUVECs were 
pretreated with NP incorporated with pitavastatin at 1 or 10 nM for 24 h, washed, 
and then suspended in Matrigel. Treatment with pitavastatin increased angio-
genic activity in HUVECs, whereas other statins had no effect (Fig. 16.2) [26].

Based on these in vitro results, pitavastatin was selected as the nanoparticulation 
compound because this compound (1) elicited the strongest HMG-CoA reductase 
inhibitory effect (minimum IC50) and (2) promotes endothelial cell migration as 
compared with other statins.
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Fig. 16.1 In vitro human umbilical vein endothelial cell scratch motility assay. A vertical axis 
denotes the number of migrated cells into the scratched area. *p < 0.05 vs. no treatment by one- 
way ANOVA followed with Dunnett’s multiple comparison test. N = 6–8 each

16 Nanoparticle-Mediated Endothelial Cell-Selective Drug Delivery System



252

16.3  Nanoparticle-Mediated Drug Delivery System

16.3.1  Therapeutic Neovascularization by Nanotechnology- 
Mediated Cell-Selective Delivery of Pitavastatin 
into the Vascular Endothelium in Mice

Restoration of tissue perfusion is a major goal in the treatment of patients with criti-
cal limb ischemia. Double-blinded placebo-controlled clinical trials designed to 
induce neovascularization by administering exogenous angiogenic growth factors 
failed to demonstrate a clinical benefit and, in contrast, showed some undesired side 
effects [27, 28]. These results were not consistent with the results observed in ani-
mal experiments and small-scale open-label clinical trials [29, 30]. These disap-
pointing results may be resulted from, at least in part, less effective transfection 
efficacy of the genetic materials or the rapid washout of proteins. Because multiple 
endogenous angiogenic growth factors are induced for the development of func-
tional collaterals, the strategy of intramuscular injection of single exogenous angio-
genic growth factor may be insufficient. Excessive angiogenic growth factors 
in local tissues could increase the risks of edema, angioma-like capillary formation, 
atherosclerosis after vascular injury, and tumor angiogenesis. Hence, optimization 
of the distribution and pharmacokinetics of angiogenic growth factors by drug 
delivery system (DDS) could be a novel therapeutic strategy to improve the efficacy 
and decrease undesired effects.

The PLGA NP offers the advantages of safety, delivery of encapsulated drugs 
into the cellular cytoplasm, and slow cytoplasmic drug release. PLGA NP is effec-
tively and rapidly taken up by vascular endothelial cells in vitro. To our knowledge, 
however, no prior studies have examined whether PLGA NPs are useful as an endo-
thelial cell-selective DDS in vivo.
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Fig. 16.2 Effects of statins on angiogenic capacity of human umbilical vein endothelial cells 
in vitro. Quantitative analysis of tube formation (tube length (mm) per well) of six independent 
experiments. *p < 0.01 vs. control by one-way ANOVA with Dunnett’s multiple comparison test
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16.3.2  Drug Formulation According to GMP Regulation

PLGA with an average molecular weight of 20,000 and a lactide to glycolide copo-
lymer ratio of 75:25 (PLGA7520; Wako Pure Chemical Industries, Osaka, Japan) 
was used as a substrate material for the NPs. The bioabsorption half-life of this 
product was 2 weeks in rat tissue. PLGA NPs incorporated with pitavastatin (Kowa 
Pharmaceutical Co. Ltd., Tokyo, Japan) were prepared by a previously reported 
emulsion solvent diffusion method in purified water, according to Good 
Manufacturing Practice [25]. Pitavastatin-loaded PLGA NPs (Investigational New 
Drug Code: NK-104-NP) contained 12% pitavastatin and were preserved as freeze-
dried material. The mean particle size was analyzed by the light scattering method 
(Microtrack UPA150; Nikkiso, Tokyo, Japan). The mean diameters of pitavastatin-
NP were 196 nm (Fig. 16.3a).
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Fig. 16.3 PLGA NPs and the effects of statin-NP on angiogenic capacity of human umbilical vein 
endothelial cells in  vitro. (a) PLGA NPs prepared by the emulsion solvent diffusion method. 
Images were taken by transmission electron microscope (left) and scanning electron microscope 
(right). Scale bar indicates 1 μm. (b) Quantitative analysis of tube formation (tube length) of four 
independent experiments. *p < 0.01, **p < 0.001 vs. control
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16.3.3  Intracellular DDS

If the use of pitavastatin-loaded PLGA NPs drastically increases statin concentra-
tions in cells, it may result in adverse drug reactions. Therefore, we compared the 
effect of pitavastatin-loaded PLGA NPs and pitavastatin alone on angiogenesis in 
HUVECs. Pitavastatin-loaded PLGA NPs induced angiogenesis at 10 nM, whereas 
equivalent concentration of pitavastatin alone does not show angiogenic effects. 
These in  vitro results indicate that encapsulation of pitavastatin in PLGA NPs 
increases the efficacy of pitavastatin on angiogenesis (Fig. 16.3b). Our in vitro data 
suggest that nanoparticulation retards elimination of pitavastatin by gradually 
releasing incorporated pitavastatin to the cytosol (intracellular DDS) [25].

16.3.4  Endothelial Cell-Targeting Delivery of NPs In Vivo

Cellular distribution of FITC was examined 3, 7, and 14 days after intramuscular 
injection of FITC-NP. On day 3 postinjection, FITC signals were detected only in 
ischemic muscle of mice-injected FITC-NP, whereas no FITC signals were observed 
in control nonischemic muscle or in ischemic muscle injected with only FITC 
(Fig. 16.4). The FITC signals were localized predominantly in the capillaries and 

Control
FITC

FITC-NP

3 days 3 days 7 days 14 days

Fig. 16.4 Representative light and fluorescent stereomicrographs of gastrocnemius muscles from 
nonischemic hindlimb (control) and from ischemic hindlimb (FITC, FITC-NP)
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arterioles. FITC signals were also detected in myocytes at this time point. These 
data suggest that NP solution might distribute to intra- and extracellular spaces of 
ischemic skeletal muscle tissues immediately after intramuscular injection of NP, 
and then the NP was uptaken by cells (endothelial cells, smooth muscle cells, myo-
cytes, etc.) or retained in extracellular spaces at this early time point. On days 7 and 
14, FITC signals were predominantly observed in capillaries and arterioles. 
Immunofluorescent staining revealed that FITC signals localized mainly in endo-
thelial cells positive for CD31 in FITC-NP-injected ischemic muscle (Fig. 16.5). In 
contrast, no FITC signals were observed in myocytes. FITC signals were not 
detected in contralateral nonischemic hindlimb or in remote organs (liver, spleen, 
kidney, and heart) at any time point (data not shown).

A mouse model of lower limb ischemia was prepared and divided into four 
groups: an untreated group, an FITC-loaded PLGA nanoparticle administration 
group (0.18 mg/100 μL PLGA nanoparticle suspension), a pitavastatin-only admin-
istration group (0.01  mg/100  μL, 0.5  mg/kg of pitavastatin calcium), and a 
pitavastatin- loaded PLGA nanoparticle administration group (0.18  mg/100  μL 
pitavastatin-loaded PLGA nanoparticle suspension containing 0.01 mg of pitavas-
tatin calcium or 0.5 mg/kg of pitavastatin calcium). Each of these groups except the 
untreated group was administered with the drug by single intramuscular injection at 
four sites of the lower limb immediately after femoral artery ligation, and blood 
flow was measured with a laser Doppler blood flowmeter after 7 and 14 days to 
evaluate recovery of blood flow (Fig. 16.6). The pitavastatin-loaded PLGA nanopar-
ticle increased blood flow compared with the untreated group, the FITC-loaded 

Control

FITC

FITC-NP

CD31 Merged

Fig. 16.5 Fluorescent micrographs of cross sections of the gastrocnemius muscle from nonisch-
emic mice with no injection (control), ischemic muscles 14 days after the injection of FITC-NP 
(middle), and expanded view of boxed area of middle panel (right). Scale bars: 100 μm
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PLGA nanoparticle, and the pitavastatin alone. PLGA NPs induced angiogenesis 
and arteriogenesis without changing blood biomarker concentration (Fig. 16.7). In 
contrast, pitavastatin alone did not increase blood flow of the ischemic limb within 
the range of 4–20  mg/kg. An increase of vascular progenitor cells in peripheral 
blood induced by statins was not observed after injection of pitavastatin-loaded 
PLGA NPs.

Sata et al. [15] reported that systemic daily administration of pitavastatin (1 mg/
kg per day × 49 days = 49 mg/kg) has significant therapeutic effects in mice with 
hindlimb ischemia. In the present study, we confirmed the study of Sata et al. [15] 
by showing that oral daily administration of pitavastatin for 14 days (1 and 10 mg/
kg per day  ×  14  =  14 and 140  mg/kg, respectively) had significant therapeutic 
effects, as did statin-NP (0.4 mg/kg). Therefore, our NP-mediated delivery system 
seems to be as effective at an approximately 100 times lower dose than the cumula-
tive systemic dose. Furthermore, measurement of the tissue and serum concentra-
tions of pitavastatin confirmed the effective local retention of statin-NP in ischemic 
skeletal muscles in vivo. NP-mediated delivery of pitavastatin accelerated angio-
genesis in human endothelial cells in  vitro. Therefore, it is possible that after 
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Fig. 16.6 (a) Representative laser Doppler perfusion imaging at 14  days postischemia. Arrow 
indicates ischemic limb. (b) Quantification of blood flow recovery
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NP-mediated endothelial delivery, pitavastatin was slowly released from the NP 
into the cytoplasm along with PLGA hydrolysis, resulting in significant therapeutic 
effects.

16.3.5  The Mechanisms of Pitavastatin Nanoparticle-Mediated 
Angiogenesis

Intramuscularly injected pitavastatin-NPs induced therapeutic angiogenesis without 
any effects on serum lipid levels, suggesting that pitavastatin-NPs demonstrated 
their efficacy by mechanisms independent with lipid-lowering effects. Furthermore, 
the effects of pitavastatin-NPs were abrogated by NO synthase inhibitor, L-NAME 
or genetic deletion of eNOS in wild-type mice. These findings support the hypoth-
esis that eNOS pathway plays essential role in the mechanism of pitavastatin-NP- 
induced angiogenesis (Fig.  16.8). We have demonstrated that pitavastatin-NP 
activates the eNOS/PI3K/Akt pathway accompanied with induction of endogenous 
angiogenic factors, i.e., VEGF and FGF-2, as shown by other investigators, too [13, 
15, 16, 31]. These therapeutic effects afforded by the NP-mediated delivery of 
pitavastatin were not associated with a further increase of circulating vascular pro-
genitor cells. Intramuscular injection of high-dose pitavastatin solution (4 and 
20 mg/kg) has no therapeutic effect, suggesting a specific advantage of endothelial 
cell-targeting delivery of pitavastatin by PLGA NPs. These findings suggest that 
pitavastatin-NP acted locally on ischemic vascular endothelium to induce therapeu-
tic neovascularization and are consistent with the notion that NP-mediated 
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endothelial cell-targeting delivery of statin produces a well-harmonized integrative 
angiogenesis to form functionally mature collaterals by controlled expression of 
endogenous multiple angiogenic growth factors and signals. Collectively, these 
results suggest that PLGA NP-mediated approach could be a more effective and 
clinically feasible approach for therapeutic neovascularization.
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16.3.6  Nanoparticle-Mediated Endothelial Cell-Targeting 
Delivery of Pitavastatin Induces Functional Collateral 
Arteries (Therapeutic Arteriogenesis)

To translate our experimental findings in the murine model of acute hindlimb isch-
emia to clinically applicable approaches, it is desirable to determine whether 
NP-mediated statin delivery into vascular endothelial cells induces the development 
of collateral arteries (arteriogenesis) and thus restores tissue perfusion in a setting 
of chronic ischemia in larger animals. To address this point, male Japanese White 
rabbits were used. To induce chronic hindlimb ischemia, the left femoral artery was 
completely excised from its proximal origin at the branch point of the external iliac 
artery to the bifurcation of the saphenous and popliteal arteries. For intramuscular 
injections, drug-incorporating nanoparticles were suspended in 5 mL of phosphate- 
buffered saline (PBS) and injected into ten different sites of the left medial thigh 
muscles with a 27-gauge needle 7 days after femoral artery excision. At 7 days after 
ischemia, PBS, FITC-NPs, pitavastatin (0.5  mg/kg), and pitavastatin-NPs (0.05, 
0.15, and 0.5 mg/kg as pitavastatin calcium) were injected into ischemic muscle. 
FITC-NPs were detected in vascular endothelial cells in the ischemic tissue for over 
4  weeks. Induction of collateral arteries confirmed by angiography was demon-
strated only in the pitavastatin-NP group (equivalent to 0.5 mg/kg of pitavastatin 
calcium) (Fig. 16.9) [26].

16.3.7  Preclinical POC (Proof of Concept) Study 
in Nonhuman Primate Critical Limb Ischemia

Although there is currently no clear consensus regarding which animal model is 
most appropriate for the evaluation of therapeutic angiogenesis, nonhuman primate 
models may have advantages over non-primate animal models, because the body 
size and pharmacokinetics in these animals are more similar than other small-sized 
primates. Therefore, male cynomolgous monkeys were subjected to critical lower 
limb ischemia. Pitavastatin-NPs (4 mg pitavastatin/body) injected in the left semi-
membranosus muscle 4 weeks after induction of limb ischemia with a 26-gauge 
injection needle (ten sites, 3-day and 6-day repeated doses). In addition, a single- 
dose experiment was also conducted at 4 mg of pitavastatin calcium. The 6-day 
protocol demonstrated development of collateral circulation at 4 weeks after induc-
tion of limb ischemia. The 3-day protocol demonstrated similar effects at 8 weeks 
after the ischemia with recovery of the mobility of lower limbs (Fig. 16.10).
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Fig. 16.9 Effects of pitavastatin nanoparticles (NPs) on angiographically visible collateral arterial 
development. (a) Quantitative data of the angiographic scores (n = 6 each). (b) Representative 
angiograms of ischemic rabbit lower extremities at 28 days after treatments. Corkscrew-like col-
lateral arteries were observed only in the pitavastatin-NP group. (c) The difference of arterial and 
venous oxygen saturation after 30 min exercise is shown in the four groups (n = 6 each)
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16.3.8  Rationale for Dose and Mode of Administration

The highest dose set in this clinical trial, described later (4 mg of pitavastatin cal-
cium per body), is the maximum dose of the oral pitavastatin calcium currently used 
in hospitals. Administrations were conducted at 20 sites in the lower limb for five 
consecutive days. The dose per site was approximately 1 mL, and markings were 
made on the lower limb so that injection sites will not overlap each other.

The results of three preclinical studies with animal models of lower limb isch-
emia suggested that intramuscular administration has a higher efficacy than oral 
administration, and in order to deliver a large amount of the drug to the ischemic 
area, intramuscular administration once daily at 20 injection sites for 5 days was 
considered as clinically feasible protocol.

16.4  Investigator-Initiated Clinical Trial for PAD

16.4.1  Study Design

This study was conducted as a phase I/IIa, multicenter, open-label, dose-escalation, 
and randomized trial investigating the safety and efficacy of NK-104-NP containing 
0.5, 1, 2, and 4 mg of pitavastatin calcium. NK-104-NP was intramuscularly admin-
istered for five consecutive days in patients with CLI, and pharmacokinetics of the 
parent compound and the lactone bodies of pitavastatin in plasma/urine were evalu-
ated. This clinical trial is a first-in-man study assessing the safety and efficacy of 
intramuscularly injected PLGA nanoparticles. This clinical trial was conducted in 
compliance with ethical principles of the Declaration of Helsinki, Guideline for 
Good Clinical Practice (GCP, Ordinance of the Ministry of Health, Labour and 
Welfare), and other related regulatory requirements. This trial was also conducted 
under the support of the Clinical and Translational Research Center of Kyushu 
University Hospital. The study is conducted in multicenter (Kyushu University 
Hospital and Nagoya University Hospital) after approval by the Pharmaceutical and 
Medical Device Agency (PMDA) and the ethics committee (Kyushu University 
Hospital and Nagoya University Hospital). The trial was registered to UMIN 
Clinical Trial Registration (UMIN000008011). Patients who satisfied all the criteria 
were enrolled with a written consent.

16.4.2  Study Population and Inclusion Criteria

The eligibility criteria of this study that the participant has symptoms of chronic 
limb ischemia (atherosclerosis obliterans (ASO)) include rest pain, nonhealing isch-
emic ulcers, and contraindicated to catheter interventions or surgical revasculariza-
tions. Patients with the following criteria were enrolled: (1) symptoms classified to 
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Fontaine grade III or IV, (2) contraindicated to revascularization of the femoral 
artery or below, (3) medical therapy (vasodilators, antiplatelet agents, or prostaglan-
dins at least for 2 weeks)-resistant patients, and (4) 20 years or older at the time of 
consent.

16.4.3  Primary Endpoints

The primary endpoints of the study are the safety of the treatment, pharmacokinet-
ics of pitavastatin and its metabolite in the plasma/urine, and efficacy of treatment 
(the changes of Fontaine classification and Rutherford classification).

16.4.4  Secondary Endpoints

The secondary endpoints include physiological tests (body weight, body tempera-
ture, blood pressure, and pulse), blood biochemistry, cardiac ultrasound imaging, 
and efficacy of treatment: ankle-brachial index (ABI), toe-brachial index (TBI), 
ankle pressure (AP), pulse volume recording (PVR), laser Doppler blood flow, angi-
ography (IA-DSA), ulcer size, degree of pain (VAS), and transcutaneous oxygen 
pressure (TcPO2). The number of cases that undergone either minor amputation or 
major amputation is also evaluated.

16.4.5  Adverse Effects Reporting

All the adverse events are documented in every patient. Based on these information, 
proper terms shall be selected from the Medical Dictionary for Regulatory Activities/
Japanese version (MedDRA/JTM). For adverse events, the number of cases, num-
ber of patients, and incidence rates shall be summed for all subjects and for each 
administration condition. Summation shall also be performed for each system organ 
class (SOC) and for each preferred term (PT). For adverse drug reactions, the num-
ber of cases, number of subjects, and incidence rates are to be summed for all sub-
jects. Summation shall also be performed for each SOC and for each PT.

16.4.6  Dose-Escalation Criteria

Dose escalation shall be decided by the person conducting the trial (principal inves-
tigator) on the basis of safety and pharmacokinetic results up to 2 weeks after the 
final administration to all four subjects in the group.
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16.4.7  Observation Period

Follow-up shall be continued for 26 weeks after the final administration, as per the 
following clinical trial schedule.

16.4.8  Administration of NK-104-NP

NK-104-NP is supplied by Kowa Company Ltd. (Nagoya, Japan), as a sterile pow-
der within vial. A specified amount of injectable saline was to be added to the vial, 
suspended, and administered intramuscularly. Administration is to be conducted at 
20 sites on a lower limb once daily for 5 days. The 20 administration sites on a lower 
limb are to be determined in accordance with the separately prepared administration 
manual for the test product. The dose per site is to be 1 mL, and markings are to be 
made on the lower limb so that injection sites will not overlap. For the selection of 
the lower limb for administration, the lower limb in the worse condition is to be 
selected within the range of the inclusion criteria and the exclusion criteria.

16.4.9  Data Collection and Statistical Analysis in Clinical 
Trial

All data are collected at Data Center of the Center for Clinical and Translational 
Research (CCTR) in Kyushu University Hospital. Pharmacokinetic parameters are 
estimated in the Department of Clinical Pharmacokinetics (Drs. Ieiri and Fukae). 
Subjects on whom there is data and who were administered the test product are to 
be selected. Safety evaluation is to be performed with this analysis set.

Subjects on whom there is plasma pharmacokinetic data and who were adminis-
tered the test product are to be selected. Pharmacokinetic evaluation is to be per-
formed with this analysis set. For background information, the basic statistics of 
each group and the whole shall be calculated.

We are now conducting clinical trial testing the efficacy of pitavastatin-NPs 
nanoparticle-mediated delivery of pitavastatin in patients with critical limb 
ischemia.

16.5  Conclusion

In conclusion, this platform nanotechnology that aims vascular endothelial cell- 
targeting delivery of statin is a promising strategy to develop more effective and 
integrative nanomedicine in patients with severe organ ischemia. The 
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nanotechnology platform may be developed further as an “integrative” approach for 
therapeutic neovascularization and extended to target other molecular signals spe-
cific to vascular endothelial cells. The results of the trial will set the stage for a 
larger trial to evaluate efficacy of NK-104-NP for CLI patients. Dynamic collabora-
tive research beyond the fields of each researcher is necessary to promote rapid 
development and clinical application of these nanoparticle-based novel 
therapeutics.
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