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FOREWORD

hy an encyclopedia? The original Greek word means ‘the circle of arts and sciences essential for a

liberal education’, and such a book was intended to embrace all knowledge. That was the aim of the
famous Encyclopedie produced by Diderot and d’Alembert in the middle of the 18th century, which
contributed so much to what has been called the Enlightenment. It is recorded that after all the authors
had corrected the proofs of their contributions, the printer secretly cut out whatever he thought might give
offence to the king, mutilated most of the best articles and burnt the manuscripts! Later, and less controver-
sially, the word ‘encyclopedia’ came to be used for an exhaustive repertory of information on some particular
department of knowledge. It is in this class that the present work falls.

In recent years the scope of Human Nutrition as a scientific discipline has expanded enormously. I used to
think of it as an applied subject, relying on the basic sciences of physiology and biochemistry in much the
same way that engineering relies on physics. That traditional relationship remains and is fundamental, but the
field is now much wider. At one end of the spectrum epidemiological studies and the techniques on which
they depend have played a major part in establishing the relationships between diet, nutritional status and
health, and there is greater recognition of the importance of social factors. At the other end of the spectrum
we are becoming increasingly aware of the genetic determinants of ways in which the body handles food and
is able to resist adverse influences of the environment. Nutritionists are thus beginning to explore the
mechanisms by which nutrients influence the expression of genes in the knowledge that nutrients are
among the most powerful of all influences on gene expression. This has brought nutrition to the centre of
the new ‘post-genome’ challenge of understanding the effects on human health of gene-environment interactions.

In parallel with this widening of the subject there has been an increase in opportunities for training and
research in nutrition, with new departments and new courses being developed in universities, medical schools
and schools of public health, along with a greater involvement of schoolchildren and their teachers. Public
interest in nutrition is intense and needs to be guided by sound science. Governments are realizing more and
more the role that nutrition plays in the prevention of disease and the maintenance of good health, and the
need to develop a nutrition policy that is integrated with policies for food production.

The first edition of the Encyclopaedia of Human Nutrition established it as one of the major reference
works in our discipline. The second edition has been completely revised to take account of new knowledge in
our rapidly advancing field. This new edition is as comprehensive as the present state of knowledge allows,
but is not overly technical and is well supplied with suggestions for further reading. All the articles have been
carefully reviewed and although some of the subjects are controversial and sensitive, the publishers have not
exerted the kind of political censorship that so infuriated Diderot.

{ﬂm Waterlon -

J.C. Waterlow

Emeritus Professor of Human Nutrition

London School of Hygiene and Tropical Medicine
February 2005






INTRODUCTION

he science of human nutrition and its applications to health promotion continue to gain momentum. In

the relatively short time since the release of the first edition of this Encyclopedia, a few landmark
discoveries have had a dramatic multiplying effect over nutrition science: the mapping of the human genome,
the links between molecular bioenergetics and lifespan, the influence of nutrients on viral mutation, to name
a few.

But perhaps the strongest evidence of the importance of nutrition for human health comes from the fact
that almost 60% of the diseases that kill humans are related to diet and lifestyle (including smoking and
physical activity). These are all modifiable risk factors. As individuals and organizations intensify their efforts
to reduce disease risks, the need for multidisciplinary work becomes more apparent. Today, an effective
research or program team is likely to include several professionals from fields other than nutrition. For both
nutrition and non-nutrition scientists, keeping up to date on the concepts and interrelationships between
nutrient needs, dietary intake and health outcomes is essential. The new edition of the Encyclopedia of
Human Nutrition hopes to address these needs. While rigorously scientific and up to date, EHN provides
concise and easily understandable summaries on a wide variety of topics. The nutrition scientist will find that
the Encyclopedia is an effective tool to “fill the void” of information in areas beyond his/her field of
expertise. Professionals from other fields will appreciate the ease of alphabetical listing of topics, and the
presentation of information in a rigorous but concise way, with generous aid from graphs and diagrams.

For a work that involved more than 340 authors requires, coordination and attention to detail is critical.
The editors were fortunate to have the support of an excellent team from Elsevier’s Major Reference Works
division. Sara Gorman and Paula O’Connell initiated the project, and Tracey Mills and Samuel Coleman saw
it to its successful completion.

We trust that this Encyclopedia will be a useful addition to the knowledge base of professionals involved in
research, patient care, and health promotion around the globe.

Benjamin Caballero, Lindsay Allen and Andrew Prentice
Editors
April 2005






GUIDE TO USE OF THE ENCYCLOPEDIA

Structure of the Encyclopedia

The material in the Encyclopedia is arranged as a series of entries in alphabetical order. Most entries consist of several
articles that deal with various aspects of a topic and are arranged in a logical sequence within an entry. Some entries
comprise a single article.

To help you realize the full potential of the material in the Encyclopedia we have provided three features to help you
find the topic of your choice: a Contents List, Cross-References and an Index.

1. Contents List

Your first point of reference will probably be the contents list. The complete contents lists, which appears at the front of
each volume will provide you with both the volume number and the page number of the entry. On the opening page of an
entry a contents list is provided so that the full details of the articles within the entry are immediately available.

Alternatively you may choose to browse through a volume using the alphabetical order of the entries as your guide. To
assist you in identifying your location within the Encyclopedia a running headline indicates the current entry and the
current article within that entry.

You will find ‘dummy entries’ where obvious synonyms exist for entries or where we have grouped together related
topics. Dummy entries appear in both the contents lists and the body of the text.

Example
If you were attempting to locate material on food intake measurement via the contents list:

FOOD INTAKE see DIETARY INTAKE MEASUREMENT: Methodology; Validation. DIETARY SURVEYS. MEAL SIZE
AND FREQUENCY

The dummy entry directs you to the Methodology article, in The Dietary Intake Measurement entry. At the appropriate
location in the contents list, the page numbers for articles under Dietary Intake Measurement are given.

If you were trying to locate the material by browsing through the text and you looked up Food intake then the following
information would be provided in the dummy entry:

Food Intake see Dietary Intake Measurement: Methodology; Validation. Dietary Surveys. Meal Size and Frequency

Alternatively, if you were looking up Dietary Intake Measurement the following information would be provided:

DIETARY INTAKE MEASUREMENT

Contents
Methodology
Validation



xii GUIDE TO USE OF THE ENCYCLOPEDIA

2. Cross-References

All of the articles in the Encyclopedia have been extensively cross-referenced.
The cross-references, which appear at the end of an article, serve three different functions. For example, at the end of
the ADOLESCENTS/Nutritional Problems article, cross-references are used:

i. To indicate if a topic is discussed in greater detail elsewhere.

See also. Adolescents: Nutritional Requirements of Adolescents.
Anemia: Iron-Deficiency Anemia. Calcium: Physiology. Eating Dis-
orders: Anorexia Nervosa; Bulimia Nervosa; Binge Eating. Folic Acid:
Physiology, Dietary Sources, and Requirements. Iron: Physiology, Dietary
Sources, and Requirements. Obesity: Definition, Aetiology, and
Assessment. Osteoporosis: Nutritional Factors. Zinc: Physiology.

ii. To draw the reader’s attention to parallel discussions in other articles.

See also: Adolescents: Nutritional Requirements of Adolescents.
Anemia: Iron-Deficiency Anemia. Calcium: Physiology. Eating Dis-
orders: Anorexia Nervosa; Bulimia Nervosa; Binge Eating. Folic Acid:
Physiology, Dietary Sources, and Requirements. Iron: Physiology, Dietary
Sources, and Requirements. Obesity: Definition, Aetiology, and
Assessment. Osteoporosis: Nutritional Factors Zine: Physiology.

iii. To indicate material that broadens the discussion.

See also: Adolescents: Nutritional Requirements of Adolescents.
Anemia: Iron-Deficiency Anemia. Calcium: Physiology. Eating Dis-
orders: Anorexia Nervosa; Bulimia Nervosa; Binge Eating. Follic Acid:
Physiology, Dietary Sources, and Requirements. Iron: Physiology, Dietary
Sources, and Requirements. Obesity: Definition, Aetiology, and
Assessment. Osteoporosis: Nutritional Factors! Zinc: Physiology.

3. Index

The index will provide you with the page number where the material is located, and the index entries differentiate
between material that is a whole article, is part of an article or is data presented in a figure or table. Detailed notes are
provided on the opening page of the index.

4. Contributors

A full list of contributors appears at the beginning of each volume.
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Introduction

The role of white adipose tissue (WAT) in storing
and releasing lipids for oxidation by skeletal muscle
and other tissues became so firmly established
decades ago that a persistent lack of interest hindered
the study of the extraordinarily dynamic behavior
of adipocytes. However, disentangling the neuro-
endocrine systems that regulate energy homeostasis
and adiposity has jumped to a first-priority chal-
lenge, with the recognition of obesity as one of the
major public health problems. Strictly speaking,
obesity is not defined as an excess of body weight
but as an increased adipose tissue accretion, to the
extent that health may be adversely affected. There-
fore, in the last decades, adipose tissue has become
the research focus of biomedical scientists for epide-
miological, pathophysiological, and molecular
reasons. Although the primary role of adipocytes is
to store triglycerides during periods of caloric excess
and to mobilize this reserve when expenditure
exceeds intake, it is now widely recognized that
adipose tissue lies at the heart of a complex network
that participates in the regulation of a variety of
quite diverse biological functions (Figure 1).

Development

Adipose tissue develops extensively in home-
otherms with the proportion to body weight

varying greatly among species. Adipocytes differ-
entiate from stellate or fusiform precursor cells of
mesenchymal origin. There are two processes of
adipose tissue formation. In the primary fat for-
mation, which takes place relatively early (in
human fetuses the first traces of a fat organ are
detectable between the 14th and 16th weeks of
prenatal life), gland-like aggregations of epithe-
loid precursor cells, called lipoblasts or
preadipocytes, are laid down in specific locations
and accumulate multiple lipid droplets becoming
brown adipocytes. The secondary fat formation
takes place later in fetal life (after the 23rd week
of gestation) as well as in the early postnatal
period, whereby the differentiation of other
fusiform precursor cells that accumulate lipid to
ultimately coalesce into a single large drop per
cell leads to the dissemination of fat depots
formed by unilocular white adipocytes in many
areas of connective tissue. Adipose tissue may be
partitioned by connective tissue septa into
lobules. The number of fat lobules remains con-
stant, while in the subsequent developmental
phases the lobules continuously increase in size.
At the sites of early fat development, a multilo-
cular morphology of adipocytes predominates,
reflecting the early developmental stage. Micro-
scopic studies have shown that the second trime-
ster may be a critical period for the development
of obesity in later life. At the beginning of the
third trimester, adipocytes are present in the main
fat depots but are still relatively small. During
embryonic development it is important to empha-
size the temporospacial tight coordination of
angiogenesis with the formation of fat cell
clusters. At birth, body fat has been reported to
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Figure 1 Dynamic view of white adipose tissue based on the
pleiotropic effects on quite diverse physiological functions.

account for approximately 16% of total body
weight (with brown fat constituting 2-5%) with
an increase in body fat of around 0.7-2.8 kg dur-
ing the first year of life.

Adipogenesis, i.e., the development of adipose
tissue, varies according to sex and age. Further-
more, the existence of sensitive periods for changes
in adipose tissue cellularity throughout life has been
postulated. In this regard, two peaks of accelerated
adipose mass enlargement have been established,
namely after birth and between 9 and 13 years of
age. The capacity for cell proliferation and differ-
entiation is highest during the first year of life,
while it is less pronounced in the years before
puberty. Thereafter, the rate of cell proliferation
slows down during adolescence and, in weight
stable individuals, remains fairly constant through-
out adulthood. In case of a maintained positive
energy balance adipose mass expansion takes places
initially by an enlargement of the existing fat cells.
The perpetuation of this situation ends up in severe
obesity where the total fat cell number can be easily
trebled. Childhood-onset obesity is characterized by
a combination of fat cell hyperplasia and hypertro-
phy, whereas in adult-onset obesity a hypertrophic
growth predominates. However, it has been
recently shown that adult humans are capable of
new adipocyte formation, with fat tissue containing
a significant proportion of cells with the ability
to undergo differentiation. Interestingly, the hyper-
plasic growth of fat cells in adults does not take
place until the existing adipocytes reach a critical
cell size.

Initially, excess energy storage starts as hyper-
trophic obesity resulting from the accumulation of
excess lipid in a normal number of unilocular

adipose cells. In this case, adipocytes may be four
times their normal size. If the positive energy bal-
ance is maintained, a hyperplasic or hypercellular
obesity characterized by a greater than normal
number of cells is developed. Recent observations
regarding the occurrence of apoptosis in WAT have
changed the traditional belief that acquisition of fat
cells is irreversible. The adipose lineage originates
from multipotent mesenchymal stem cells that
develop into adipoblasts (Figure 2). Commitment
of these adipoblasts gives rise to preadipose cells
(preadipocytes), which are cells that have expressed
early but not late markers and have yet to accumu-
late triacylglycerol stores (Figure 3). Multipotent
stem cells and adipoblasts, which are found during
embryonic development, are still present postnatally.
The relationship between brown and white fat dur-
ing development has not been completely solved.
Brown adipocytes can be detected among all white
fat depots in variable amounts depending on species,
localization, and environmental temperature. The
transformation of characteristic brown adipocytes
into white fat cells can take place rapidly in numer-
ous species and depots during postnatal
development.

The morphological and functional changes that
take place in the course of adipogenesis represent a
shift in transcription factor expression and activity
leading from a primitive, multipotent state to a final
phenotype characterized by alterations in cell shape
and lipid accumulation. Various redundant signaling
pathways and transcription factors directly influence
fat cell development by converging in the upregula-
tion of PPAR~, which embodies a common and
essential regulator of adipogenesis as well as of adi-
pocyte hypertrophy. Among the broad panoply of
transcription factors, C/EBPs and the basic helix-
loop-helix family (ADD1/SREBP-1¢) also stand out
together with their link with the existing nutritional
status. The transcriptional repression of adipogen-
esis includes both active and passive mechanisms.
The former directly interferes with the transcrip-
tional machinery, while the latter is based on the
binding of negative regulators to yield inactive forms
of known activators.

Hormones, cytokines, growth factors, and nutri-
ents influence the dynamic changes related to adi-
pose tissue mass as well as its pattern of distribution
(Figure 4). The responsiveness of fat cells to neuro-
humoral signals may vary according to peculiarities
in the adipose lineage stage at the moment of expo-
sure. Moreover, the simultaneous presence of some
adipogenic factors at specific threshold concentra-
tions may be a necessary requirement to trigger
terminal differentiation.
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Figure 2 Schematic diagram of the histogenesis of white and brown adipocytes. C/EBPs, CCAAT/enhancer binding proteins; PGC-1¢,
peroxisome proliferator-activated receptor-y coactivator-1; PPAR~, peroxisome proliferator-activated receptor-+.

Structure

Adipose tissue is a special loose connective tissue
dominated by adipocytes. The name of these cells
is based on the presence of a large lipid droplet with
‘adipo’ derived from the Latin adeps meaning ‘per-
taining to fat.” In adipose tissue, fat cells are individ-
ually held in place by delicate reticular fibers
clustering in lobular masses bounded by fibrous
septa surrounded by a rich capillary network. In
adults, adipocytes may comprise around 90% of
adipose mass accounting only for roughly 25% of
the total cell population. Thus, adipose tissue itself
is composed not only of adipocytes, but also other
cell types called the stroma-vascular fraction, com-
prising blood cells, endothelial cells, pericytes, and
adipose precursor cells among others (Figure 5);

these account for the remaining 75% of the total
cell population, representing a wide range of targets
for extensive autocrine-paracrine cross-talk.
Adipocytes, which are typically spherical and
vary enormously in size (20-200pm in diameter,
with variable volumes ranging from a few picoliters
to about 3 nanoliters), are embedded in a connec-
tive tissue matrix and are uniquely adapted to store
and release energy. Surplus energy is assimilated by
adipocytes and stored as lipid droplets. The stored
fat is composed mainly of triacylglycerols (about
95% of the total lipid content comprised princi-
pally of oleic and palmitic acids) and to a smaller
degree of diacylglycerols, phospholipids, unesteri-
fied fatty acids, and cholesterol. To accommodate
the lipids adipocytes are capable of changing their
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preparation dissolve out the lipids, leaving a thin
rim of eosinophilic cytoplasm that typically loses its
round shape during tissue processing, thus contrib-
uting to the sponge-like appearance of WAT in
routine preparations for light microscopy (Figure 6
and Figure 7). Owing to the fact that about 90% of
the cell volume is a lipid droplet, the small dark
nucleus becomes a flattened semilunar structure
pushed against the edge of the cell and the thin
cytoplasmic rim is also pushed to the periphery of
the adipocytes. Mature white adipose cells contain
a single large lipid droplet and are described as
unilocular. However, developing white adipocytes
are transiently multilocular containing multiple
lipid droplets before these finally coalesce into a
single large drop (Figure 8). The nucleus is round
or oval in young fat cells, but is cup-shaped and
peripherally displaced in mature adipocytes. The
cytoplasm is stretched to form a thin sheath around
the fat globule, although a relatively large volume is
concentrated around the nucleus. A thin external
lamina called basal lamina surrounds the cell. The
smooth cell membrane shows no microvilli but has
abundant smooth micropinocytotic invaginations
that often fuse to form small vacuoles appearing
as rosette-like configurations (Figure 9). Mitochon-
dria are few in number with loosely arranged mem-
branous cristae. The Golgi zone is small and the
cytoplasm is filled with free ribosomes, but contains
only a limited number of short profiles of the

granular endoplasmic reticulum. Occasional lyso-
somes can be found. The coalescent lipid droplets
contain a mixture of neutral fats, triglycerides, fatty
acids, phospholipids, and cholesterol. A thin inter-
face membrane separates the lipid droplet from the
cytoplasmic matrix. Peripheral to this membrane is
a system of parallel meridional thin filaments.
Because of the size of these cells, relative to the
thickness of the section, the nucleus (accounting
for only one-fortieth of the cell volume) may not
always be present in the section. Unilocular adipo-
cytes usually appear in clumps near blood vessels,
which is reasonable since the source and dispersion
of material stored in fat cells depends on transpor-
tation by the vascular system.

Brown fat is a specialized type of adipose tissue
that plays an important role in body temperature
regulation. In the newborn brown fat is well
developed in the neck and interscapular region.
It has a limited distribution in childhood, and
occurs only to a small degree in adult humans,
while it is present in significant amounts in
rodents and hibernating animals. The brown
color is derived from a rich vascular network
and abundant mitochondria and lysosomes. The
individual multilocular adipocytes are frothy
appearing cells due to the fact that the lipid,
which does not coalesce as readily as in white
fat cells and is normally stored in multiple small
droplets, has been leached out during tissue
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Figure 6 (A) Human subcutaneous white adipose tissue
with Masson trichrome staining (10x; bar=100um). (B) Same
tissue at a higher magnification (40x; bar=25pm). (Courtesy
of Dr. M A Burrell and M Archanco, University of Navarra,
Spain.)

processing (Figure 10). The spherical nuclei are
centrally or eccentrically located within the cell.
Compared to the unilocular white adipocytes, the
cytoplasm of the multilocular brown fat cell is
relatively abundant and strongly stained because
of the numerous mitochondria present. The mito-
chondria are involved in the oxidation of the
stored lipid, but because they exhibit a reduced
potential to carry out oxidative phosphorylation,
the energy produced is released in the form of
heat due to the uncoupling activity of UCP and
not captured in adenosine triphosphate (ATP).
Therefore, brown adipose tissue is extremely
well vascularized so that the blood is warmed
when it passes through the active tissue.

(A)

(B)

Figure 7 (A) Human omental white adipose tissue with Masson
trichrome staining (10x; bar=100pum). (B) Same tissue at a
higher magnification (40x; bar=25um). (Courtesy of Dr. M A
Burrell and M Archanco, University of Navarra, Spain.)

Distribution

White adipose tissue may represent the largest endo-
crine tissue of the whole organism, especially in
overweight and obese patients. The anatomical dis-
tribution of individual fat pads dispersed throughout
the whole body and not connected to each other
contradicts the classic organ-specific localization.
WAT exhibits clear, regional differences in its sites
of predilection (Table 1). The hypodermal region
invariably contains fat, except in a few places such
as the eyelids and the scrotum. Adipocytes also
accumulate around organs like the kidneys and adre-
nals, in the coronary sulcus of the heart, in bone
marrow, mesentery, and omentum. Unilocular fat is
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Figure 8 Paraffin section of rat abdominal white adipose tissue
with a hematoxylin and eosin stain showing the simultaneous
presence of uni- and multilocular adipocytes (40x; bar =25 um).
(Courtesy of Dr. M A Burrell and M Archanco, University of
Navarra, Spain.)

v

widely distributed in the subcutaneous tissue of
humans but exhibits quantitative regional differ-
ences that are influenced by age and sex. In infants
and young children there is a continuous subcuta-
neous fat layer, the panniculus adiposus, over the
whole body. This layer thins out in some areas in
adults but persists and grows thicker in certain other
regions. The sites differ in their distribution among
sexes, being responsible for the characteristic body
form of males and females, termed android and
ginecoid fat distribution. In males, the main regions
include the nape of the neck, the subcutaneous
area over the deltoid and triceps muscles, and the
lumbosacral region. In females, subcutaneous fat is
most abundant in the buttocks, epitrochanteric
region, anterior and lateral aspects of the thighs, as
well as the breasts. Additionally, extensive fat
depots are found in the omentum, mesenteries, and
the retroperitoneal area of both sexes. In well-
nourished, sedentary individuals, the fat distribution
persists and becomes more obvious with advancing
age with males tending to deposit more fat in the
visceral compartment. Depot-specific differences
may be related not only to the metabolism of fat
cells but also to their capacity to form new adipo-
cytes. Additionally, regional differences may result
from variations in hormone receptor distribution as
well as from specific local environmental character-
istics as a consequence of differences in innervation
and vascularization.

Regional distribution of body fat is known to
be an important indicator for metabolic and
cardiovascular alterations in some individuals.

(A)

(B)

Figure 9 (A) Transmission electron micrographs with the
characteristically displaced nucleus to one side and slightly flattened
by the accumulated lipid. The cytoplasm of the fat cell is reduced to
a thin rim around the lipid droplet (7725x). (B) The cytoplasm
contains several small lipid droplets that have not yet coalesced. A
few filamentous mitochondria, occasional cisternae of endoplasmic
reticulum, and a moderate number of free ribosomes are usually
visible (15000x). (Courtesy of Dr. M A Burrell and M Archanco,
University of Navarra, Spain.)
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B)

Figure 10 (A) Paraffin section of rat brown adipose tissue with
a hematoxylin and eosin stain (20x; bar=50um). (B) Same
tissue at a higher magnification (40x; bar=25um). (Courtesy
of Dr. M A Burrell and M Archanco, University of Navarra.)

The observation that the topographic distribution
of adipose tissue is relevant to understanding the
relation of obesity to disturbances in glucose and
lipid metabolism was formulated before the 1950s.
Since then numerous prospective studies have
revealed that android or male-type obesity corre-
lates more often with an elevated mortality and
risk for the development of diabetes mellitus type
2, dyslipidemia, hypertension, and atherosclerosis
than gynoid or female-type obesity. Obesity has
been reported to cause or exacerbate a large num-
ber of health problems with a known impact on
both life expectancy and quality of life. In this
respect, the association of increased adiposity is
accompanied by important pathophysiological

Table 1 Distribution of main human adipose tissue depots

Subcutaneous (approx. 80%; deep + superficial layers)
Truncal

— Cervical

— Dorsal

— Lumbar

Abdominal

Gluteofemoral

Mammary

Visceral (approx. 20%; thoracic-abdominal-pelvic)
Intrathoracic (extra-intrapericardial)
Intra-abdominopelvic
— Intraperitoneal
Omental (greater and lesser omentum)
Mesenteric (epiplon, small intestine, colon, rectum)
Umbilical
— Extraperitoneal
Peripancreatic (infiltrated with brown adipocytes)
Perirenal (infiltrated with brown adipocytes)
— Intrapelvic
Gonadal (parametrial, retrouterine, retropubic)
Urogenital (paravesical, para-retrorectal)

Intraparenchymatous (physiologically or pathologically)
Inter-intramuscular and perimuscular (inside the muscle fascia)
Perivascular

Paraosseal (interface between bone and muscle)

Ectopic (steatosis, intramyocardial, lypodystrophy, etc.)

Hyperlipidemia
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Obstructive
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Figure 11 Main comorbidities associated with increased
adiposity.

alterations, which lead to the development of a
wide range of comorbidities (Figure 11).

Function

Although many cell types contain small reserves of
carbohydrate and lipid, the adipose tissue is the
body’s most capacious energy reservoir. Because of
the high energy content per unit weight of fat as well
as its hydrophobicity, the storage of energy in the
form of triglycerides is a highly efficient biochemical
phenomenon (1g of adipose tissue contains around
800 mg triacylglycerol and only about 100 mg of
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water). It represents quantitatively the most variable
component of the organism, ranging from a few per
cent of body weight in top athletes to more than half
of the total body weight in severely obese patients.
The normal range is about 10-20% body fat for
males and around 20-30% for females, accounting
approximately for a 2-month energy reserve. During
pregnancy most species accrue additional reserves of
adipose tissue to help support the development of
the fetus and to further facilitate the lactation
period.

Energy balance regulation is an extremely com-
plex process composed of multiple interacting
homeostatic and behavioral pathways aimed at
maintaining constant energy stores. It is now evident
that body weight control is achieved through highly
orchestrated interactions between nutrient selection,
organoleptic  influences, and neuroendocrine
responses to diet as well as being influenced by
genetic and environmental factors. The concept
that circulating signals generated in proportion to
body fat stores influence appetite and energy expen-
diture in a coordinated manner to regulate body
weight was proposed almost 50 years ago. Accord-
ing to this model, changes in energy balance suffi-
cient to alter body fat stores are signaled via one or
more circulating factors acting in the brain to elicit
compensatory changes in order to match energy
intake to energy expenditure. This was formulated
as the ‘lipostatic theory’ assuming that as adipose
tissue mass enlarges, a factor that acts as a sensing

hormone or ‘lipostat’ in a negative feedback control
from adipose tissue to hypothalamic receptors
informs the brain about the abundance of body fat,
thereby allowing feeding behavior, metabolism, and
endocrine physiology to be coupled to the nutri-
tional state of the organism. The existing body of
evidence gathered in the last decades through tar-
geted expression or knockout of specific genes
involved in different steps of the pathways control-
ling food intake, body weight, adiposity, or fat
distribution has clearly contributed to unraveling
the underlying mechanisms of energy homeostasis.
The findings have fostered the notion of a far more
complex system than previously thought, involving
the integration of a plethora of factors.

The identification of adipose tissue as a multifunc-
tional organ as opposed to a passive organ for the
storage of excess energy in the form of fat has been
brought about by the emerging body of evidence
gathered during the last few decades. This pleiotro-
pic nature is based on the ability of fat cells to
secrete a large number of hormones, growth factors,
enzymes, cytokines, complement factors, and matrix
proteins, collectively termed adipokines or adipocy-
tokines (Table 2, Figure 12), at the same time as
expressing receptors for most of these factors
(Table 3), which warrants extensive cross-talk at a
local and systemic level in response to specific exter-
nal stimuli or metabolic changes. The vast majority
of adipocyte-derived factors have been shown to be
dysregulated in alterations accompanied by changes

Table 2 Relevant factors secreted by adipose tissue into the bloodstream

Molecule Function/effect

Adiponectin/ACRP30/AdipoQ/

Plays a protective role in the pathogenesis of type 2 diabetes and cardiovascular diseases

apM1/GBP28
Adipsin Possible link between the complement pathway and adipose tissue metabolism
Angiotensinogen Precursor of angiotensin Il; regulator of blood pressure and electrolyte homeostasis
ASP Influences the rate of triacylglycerol synthesis in adipose tissue
FFA Oxidized in tissues to produce local energy. Serve as a substrate for triglyceride and structural

molecules synthesis. Involved in the development of insulin resistance

Glycerol Structural component of the major classes of biological lipids and gluconeogenic precursor

IGF-I Stimulates proliferation of a wide variety of cells and mediates many of the effects of growth
hormone

IL-6 Implicated in host defense, glucose and lipid metabolism, and regulation of body weight

Leptin Signals to the brain about body fat stores. Regulation of appetite and energy expenditure. Wide
variety of physiological functions

NO Important regulator of vascular tone. Pleiotropic involvement in pathophysiological conditions

PAI-1 Potent inhibitor of the fibrinolytic system

PGl, & PGF5, Implicated in regulatory functions such as inflammation and blood clotting, ovulation, menstruation,
and acid secretion

Resistin Putative role in insulin resistance

May participate in inflammation

TNF-a Interferes with insulin receptor signaling and is a possible cause of the development of insulin
resistance in obesity

VEGF Stimulation of angiogenesis




10 ADIPOSE TISSUE

Vasoactive factors

Angiotensinogen
Monobutyrin
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LPL

Eicosanoids
VEGF

Tissue factor
Nitric oxide
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IL-17 D
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IGF-1
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Glucose metabolism
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Figure 12 Factors secreted by white adipose tissue, which underlie the multifunctional nature of this endocrine organ. Although due
to their pleiotropic effects some of the elements might be included in more than one physiological role, they have been included only
under one function for simplicity reasons. apoE, apolipoprotein E; ASP, acylation-stimulating protein; CRP, C-reactive protein; CSFs,
colony-stimulating factors; FFA, free fatty acids; HGF, hepatocyte growth factor; IGF-1, insulin-like growth factor-1; IL-10, interleukin-10;
IL-17 D, interleukin-17 D; IL-1Ra, interleukin-1 receptor antagonist; IL-14, interleukin-13; IL-6, interleukin, 6; IL-8, interleukin-8; LIF,
leukemia inhibitory factor; LPL, lipoprotein lipase; MCP-1, monocyte chemoattractant protein-1; NGF, nerve growth factor; PAI-1,
plasminogen activator inhibitor -1; PGF,,, prostaglandin F,,; PGl,, prostacyclin; SAA3, serum amyloid A3; sR, soluble receptor;
TGF-4, transforming growth factor-8; TNF-«, tumor necrosis factor-o; VAP-1/SSAO, vascular adhesion protein-1/semicarbazide-

sensitive amine oxidase; VEGF, vascular endothelial growth factor.

in adipose tissue mass such as overfeeding and
lipodystrophy, thus providing evidence for their
implication in the etiopathology and comorbidities
asssociated with obesity and cachexia.

WAT is actively involved in cell function regula-
tion through a complex network of endocrine, para-
crine, and autocrine signals that influence the
response of many tissues, including hypothalamus,
pancreas, liver, skeletal muscle, kidneys, endothe-
lium, and immune system, among others. Adipose
tissue serves the functions of being a store for
reserve energy, insulation against heat loss through
the skin, and a protective padding of certain organs.
A rapid turnover of stored fat can take place, and
with only a few exceptions (orbit, major joints as
well as palm and foot sole), the adipose tissue can be
used up almost completely during starvation. Adipo-
cytes are uniquely equipped to participate in the
regulation of other functions such as reproduction,
immune response, blood pressure control, coagula-
tion, fibrinolysis, and angiogenesis, among others.
This multifunctional nature is based on the existence
of the full complement of enzymes, regulatory pro-
teins, hormones, cytokines, and receptors needed to

carry out an extensive cross-talk at both a local and
systemic level in response to specific external stimuli
or neuroendocrine changes. This secretory nature
has prompted the view of WAT as an extremely
active endocrine tissue. Interestingly, the high num-
ber and ample spectrum of genes found to be
expressed in WAT together with the changes
observed in samples of obese patients substantiates
the view of an extraordinarily active and plastic
tissue. The complex and complementary nature of
the expression profile observed in adipose tissue
from obese organisms reflects a plethora of adaptive
changes affecting crucial physiological functions that
may need to be further explored through genomic
and proteomic approaches.

The endocrine activity of WAT was postulated
almost 20years ago when the tissue’s ability for
steroid hormone interconversion was alluded to. In
recent years, especially since the discovery of lep-
tin, the list of adipocyte-derived factors has been
increasing at a phenomenal pace. Another way of
addressing the production of adipose-derived fac-
tors is by focusing on the function they are impli-
cated in (Figure 12). One of the best known



ADIPOSE TISSUE 11

Table 3 Main receptors expressed by adipose tissue

Receptor Main effect of receptor activation on adipocyte metabolism

Hormone-cytokine receptors

Adenosine Inhibition of lipolysis
Adiponectin (AdipoR1 & AdipoR2)  Regulation of insulin sensitivity and fatty acid oxidation
Angiotensin Il Increase of lipogenesis
Stimulation of prostacyclin production by mature fat cells.
Interaction with insulin in regulation of adipocyte metabolism
GH Induction of leptin and IGF-I expression. Stimulation of lipolysis
IGF-l & -l Inhibition of lipolysis. Stimulation of glucose transport and oxidation
IL-6 LPL activity inhibition. Induction of lipolysis
Insulin Inhibition of lipolysis and stimulation of lipogenesis. Induction of glucose uptake and oxidation.

Stimulation of leptin expression

Leptin (OB-R) Stimulation of lipolysis. Autocrine regulation of leptin expression

NPY-Y1 & Y5 Inhibition of lipolysis. Induction of leptin expression

Prostaglandin Strong antilypolitic effects (PGE,). Modulation of preadipocyte differentiation (PGF,, and PGly)

TGF-5 Potent inhibition of adipocyte differentiation

TNF-a Stimulation of lipolysis. Regulation of leptin secretion. Potent inhibition of adipocyte
differentiation. Involvement in development of insulin resistance

VEGF Stimulation of angiogenesis

Catecholamine-nervous system receptors

Muscarinic Inhibition of lipolysis

Nicotinic Stimulation of lipolysis

a1-AR Induction of inositol phosphate production and PKC activation

ax-AR Inhibition of lipolysis. Regulation of preadipocyte growth

B1-, Po- & [3-AR Stimulation of lipolysis. Induction of thermogenesis. Reduction of leptin mRNA levels

Nuclear receptors

Androgen Control of adipose tissue development (antiadipogenic signals). Modulation of leptin expression

Estrogen Control of adipose tissue development (proadipogenic signals).

Modulation of leptin expression

Glucocorticoids Stimulation of adipocyte differentiation

PPAR$ Regulation of fat metabolism. Plays a central role in fatty acid-controlled differentiation of
preadipose cells

PPAR~y Induction of adipocyte differentiation and insulin sensitivity

RAR/RXR Regulation of adipocyte differentiation

T3 Stimulation of lipolysis. Regulation of leptin secretion. Induction of adipocyte differentiation.
Regulation of insulin effects

Lipoprotein receptors

HDL Clearance and metabolism of HDL
LDL Stimulation of cholesterol uptake
VLDL Binding and internalization of VLDL particles. Involvement in lipid accumulation

Abbreviations: ACRP30, adipocyte complement-related protein of 30 kDa; apM1, adipose most abundant gene transcript 1; ASP,
acylation-stimulating protein; FFA, free fatty acids; GBP28, gelatin-binding protein 28; GH, growth hormone; HDL, high density
lipoprotein; IGF, insulin-like growth factor; IL-6, interleukin 6; LDL, low density lipoprotein; LPL, lipoprotein lipase; NO, nitric oxide;
NPY-Y1 & -Y5, neuropeptide receptors Y-1 & -5; OB-R, leptin receptor; PAI-1, plasminogen activator inhibitor -1; PGE,, prostaglandin
E,; PGF,,, prostaglandin F,,,; PGl,, prostacyclin; PPAR, peroxisome proliferator-activated receptor; RAR, retinoic acid receptor; RXR,
retinoid x receptor; T3, triiodothyronine; TGF-g, transforming growth factor-3; TNF-«, tumor necrosis factor-o; VEGF, vascular
endothelial growth factor; VLDL, very low-density lipoprotein; a4- & ao-AR, a4- & ap-adrenergic receptors; (-, o- & 83-AR, 51-, [fo- &
(3 adrenergic receptors.

aspects of WAT physiology relates to the synthesis
of products involved in lipid metabolism such as
perilipin, adipocyte lipid-binding protein (ALBP,
FABP4, or aP2), CETP (cholesteryl ester transfer
protein), and retinol binding protein (RBP). Adi-
pose tissue has also been identified as a source of
production of factors with immunological proper-
ties participating in immunity and stress responses,
as is the case for ASP (acylation-simulating protein)

and metallothionein. More recently, the pivotal
role of adipocyte-derived factors in cardiovascular
function control such as angiotensinogen, adipo-
nectin, peroxisome proliferator-activated receptor ~y
angiopoietin related protein/fasting-induced adipose
factor (PGAR/FIAF), and C-reactive protein (CRP)
has been established. A further subsection of
proteins produced by adipose tissue concerns other
factors with an autocrine-paracrine function like
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PPAR-vy (peroxisome proliferator-activated receptor),
IGF-1, monobutyrin, and the UCPs.

It is generally assumed that under normal physio-
logical circumstances adult humans are practically
devoid of functional brown adipose tissue. As is the
case in other larger mammals the functional capacity
of brown adipose tissue decreases because of the
relatively higher ratio between heat production
from basal metabolism and the smaller surface area
encountered in adult animals. In addition, clothing
and indoor life have reduced the need for adaptive
nonshivering thermogenesis. However, it has been
recently shown that human WAT can be infiltrated
with brown adipocytes expressing UCP-1.

Regulation of Metabolism

The control of fat storage and mobilization has been
marked by the identification of a number of regula-
tory mechanisms in the last few decades. Isotopic
tracer studies have clearly shown that lipids are con-
tinuously being mobilized and renewed even in indi-
viduals in energy balance. Fatty acid esterification
and triglyceride hydrolysis take place continuously.
The half-life of depot lipids in rodents is about
8 days, meaning that almost 10% of the fatty acid
stored in adipose tissue is replaced daily by new fatty
acids. The balance between lipid loss and accretion
determines the net outcome on energy homeostasis.
The synthesis of triglycerides, also termed lipogen-
esis, requires a supply of fatty acids and glycerol.
The main sources of fatty acids are the liver and the
small intestine. Fatty acids are esterified with gly-
cerol phosphate in the liver to produce triglycerides.
Since triglycerides are bulky polar molecules that do
not cross cell membranes well, they must be hydro-
lyzed to fatty acids and glycerol before entering fat
cells. Serum very low-density lipoproteins (VLDLs)
are the major form in which triacylglycerols are
carried from the liver to WAT. Short-chain fatty
acids (16 carbons or less) can be absorbed from
the gastrointestinal tract and carried in chylomicra
directly to the adipocyte. Inside fat cells, glycerol is
mainly synthesized from glucose. In WAT, fatty
acids can be synthesized from several precursors,
such as glucose, lactate, and certain amino acids,
with glucose being quantitatively the most impor-
tant in humans. In the case of glucose, GLUT4, the
principal glucose transporter of adipocytes, controls
the entry of the substrate into the adipocyte. Insulin
is known to stimulate glucose transport by promot-
ing GLUT4 recruitment as well as increasing its
activity. Inside the adipocyte, glucose is initially
phosphorylated and then metabolized both in the
cytosol and in the mitochondria to produce cytosolic

acetyl-CoA with the flux being influenced by phos-
phofructokinase and pyruvate dehydrogenase. Gly-
cerol does not readily enter the adipocyte, but the
membrane-permeable fatty acids do. Once inside the
fat cells, fatty acids are re-esterified with glycerol
phosphate to yield triglycerides. Lipogenesis is
favored by insulin, which activates pyruvate kinase,
pyruvate dehydrogenase, acetyl-CoA carboxylase,
and glycerol phosphate acyltransferase. When excess
nutrients are available insulin decreases acetyl-CoA
entry into the tricarboxylic acid cycle while directing
it towards fat synthesis. This insulin effect is antag-
onized by growth hormone. The gut hormones glu-
cagon-like peptide 1 and gastric inhibitory peptide
also increase fatty acid synthesis, while glucagon
and catecholamines inactivate acetyl-CoA carboxy-
lase, thus decreasing the rate of fatty acid synthesis.

The release of glycerol and free fatty acids by
lipolysis plays a critical role in the ability of the
organism to provide energy from triglyceride stores.
In this sense, the processes of lipolysis and lipogen-
esis are crucial for the attainment of body weight
control. For this purpose adipocytes are equipped
with a well-developed enzymatic machinery,
together with a number of nonsecreted proteins
and binding factors directly involved in the regula-
tion of lipid metabolism. The hydrolysis of triglycer-
ides from circulating VLDL and chylomicrons is
catalyzed by lipoprotein lipase (LPL). This rate-
limiting step plays an important role in directing
fat partitioning. Although LPL controls fatty acid
entry into adipocytes, fat mass has been shown to
be preserved by endogenous synthesis. From obser-
vations made in patients with total LPL deficiency it
can also be concluded that fat deposition can take
place in the absence of LPL. A further key enzyme
catalyzing a rate-limiting step of lipolysis is
HSL (hormome sensitive lipase), which cleaves tria-
cylglycerol to yield glycerol and fatty acids. Some
fatty acids are re-esterified, so that the fatty acid:
glycerol ratio leaving the cell is usually less than the
theoretical 3:1. Increased concentrations of cAMP
activate HSL as well as promote its movement
from the cytosol to the lipid droplet surface. Cate-
cholamines and glucagon are known inducers of the
lipolytic activity, while the stimulation of lipolysis is
attenuated by adenosine and protaglandin E,. Inter-
estingly, HSL deficiency leads to male sterility and
adipocyte hypertrophy, but not to obesity, with an
unaltered basal lipolytic activity suggesting that
other lipases may also play a relevant role in fat
mobilization.

The lipid droplets contained in adipocytes are
coated by structural proteins, such as perilipin, that
stabilize the single fat drops and prevent triglyceride
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hydrolysis in the basal state. The phosphorylation of
perilipin following adrenergic stimulation or other
hormonal inputs induces a structural change of the
lipid droplet that allows the hydrolysis of triglycer-
ides. After hormonal stimulation, HSL and perilipin
are phosphorylated and HSL translocates to the lipid
droplet. ALBP, also termed aP2, then binds to the
N-terminal region of HSL, preventing fatty acid
inhibition of the enzyme’s hydrolytic activity.

The function of CETP is to promote the exchange
of cholesterol esters of triglycerides between plasma
lipoproteins. Fasting, high-cholesterol diets as well
as insulin stimulate CETP synthesis and secretion in
WAT. In plasma, CETP participates in the modula-
tion of reverse cholesterol transport by facilitating
the transfer of cholesterol esters from high-density
lipoprotein (HDL) to triglyceride-rich apoB-contain-
ing lipoproteins. VLDLs, in particular, are converted
to low-density lipoproteins (LDLs), which are sub-
jected to hepatic clearance by the apoB/E receptor
system. Adipose tissue probably represents one of
the major sources of CETP in humans. Therefore,
WAT represents a cholesterol storage organ,
whereby peripheral cholesterol is taken up by HDL
particles, acting as cholesterol efflux acceptors, and
is returned for hepatic excretion. In obesity, the
activity and protein mass of circulating CETP is
increased showing a negative correlation with HDL
concentrations at the same time as a positive corre-
lation with fasting glycemia and insulinemia suggest-
ing a potential link with insulin resistance.

Synthesis and secretion of RBP by adipocytes is
induced by retinoic acid and shows that WAT plays
an important role in retinoid storage and metabo-
lism. In fact, RBP mRNA is one of the most abun-
dant transcripts present in both rodent and human
adipose tissue. Hepatic and renal tissues have been
regarded as the main sites of RBP production, while
the quantitative and physiological significance of the
WAT contribution remains to be fully elucidated.

The processes participating in the control of energy
balance, as well as the intermediary lipid and carbohy-
drate metabolism, are intricately linked by neurohu-
moral mediators. The coordination of the implicated
molecular and biochemical pathways underlies, at
least in part, the large number of intracellular and
secreted proteins produced by WAT with autocrine,
paracrine, and endocrine effects. The finding that
WAT secretes a plethora of pleiotropic adipokines at
the same time as expressing receptors for a huge range
of compounds has led to the development of new
insights into the functions of adipose tissue at both
the basic and clinical level. At this early juncture in
the course of adipose tissue research, much has been
discovered. However, a great deal more remains to be

learned about its physiology and clinical relevance.
Given the adipocyte’s versatile and ever-expanding
list of secretory proteins, additional and unexpected
discoveries are sure to emerge. The growth, cellular
composition, and gene expression pattern of adipose
tissue is under the regulation of a large selection of
central mechanisms and local effectors. The exact nat-
ure and control of this complex cross-talk has not been
fully elucidated and represents an exciting research
topic.

Abbreviations
ACRP30/apM1/ adipocyte complement-related
GBP28 protein of 30 kDa/adipose most

abundant gene transcript
1/gelatin-binding protein 28
adipocyte determination and
differentiation factor-1/sterol
regulatory element binding

ADD1/SREBP-1C

protein-1c

ALBP/FABP4/aP2 adipocyte fatty acid binding
protein

apoE apolipoprotein E

ASP acylation-stimulating protein

ATP adenosine triphosphate

cAMP cyclic adenosin monophosphate

CD36 fatty acid translocase

C/EBPs CCAAT/enhancer binding
proteins

CETP cholesteryl ester transfer protein

CRP C-reactive protein

CSF colony-stimulating factor

ECM extracellular matrix

EGF epidermal growth factor

FFA free fatty acids

FGF fibroblast growth factor

GH growth hormone

GLP-1 glucagon-like peptide-1

GLUT4 glucose transporter type 4

HDL high density lipoprotein

HGF hepatocyte growth factor

HSL hormone-sensitive lipase

IGF insulin-like growth factor

IL interleukin

IL-1Ra interleukin-1 receptor
antagonist

LDL low density lipoprotein

LIF leukemia inhibitory factor

LPL lipoprotein lipase

MCP-1 monocyte chemoattractant
protein-1

MCSF macrophage colony stimulating
factor

MIF macrophage migration
inhibitory factor

MIP-1« macrophage inflammatory

protein-1la
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NGF nerve growth factor

NO nitric oxide

NPY-Y1 & -YS5 neuropeptide receptors Y-1 & -5

OB-R leptin receptor

PAI-1 plasminogen activator inhibitor-1

PDGF platelet-derived growth factor

PGAR/FIAF peroxisome proliferator-
activated receptor angiopoietin
related protein/fasting-induced
adipose factor

PGC-1a peroxisome proliferator-
activated receptor-y
coactivator-la

PGE, prostaglandin E,

PGF,,, prostaglandin F,,

PGI, prostacyclin

PPAR peroxisome proliferator-
activated receptor

Pref-1 preadipocyte factor-1

RAR retinoic acid receptor

RBP retinol binding protein
RXR retinoid x receptor
SAA3 serum amyloid A3

Ts triiodothyronine

TGF-3 transforming growth factor-3

TNF-« tumor necrosis factor-a

UCP uncoupling protein

VAP-1/SSAO vascular adhesion protein-1/
semicarbazide-sensitive amine
oxidase

VEGF vascular endothelial growth
factor

VLDL very low density lipoprotein

WAT white adipose tissue

ar- & ax-AR a1- & ar-adrenergic receptors

Bi- Br- & (5-AR B1-, B2- & (3 adrenergic

receptors

See also: Cholesterol: Sources, Absorption, Function
and Metabolism; Factors Determining Blood Levels.
Diabetes Mellitus: Etiology and Epidemiology;
Classification and Chemical Pathology; Dietary
Management. Fatty Acids: Metabolism;
Monounsaturated; Omega-3 Polyunsaturated; Omega-6
Polyunsaturated; Saturated; Trans Fatty Acids.
Hypertension: Etiology. Lipids: Chemistry and
Classification; Composition and Role of Phospholipids.
Lipoproteins. Obesity: Definition, Etiology and

Assessment; Fat Distribution; Childhood Obesity;
Complications; Prevention; Treatment. Pregnancy: Safe
Diet for Pregnancy.
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Introduction

Adolescence is the period of transition between
childhood and adulthood. This reflects not only the
physical and emotional changes experienced by the
adolescent, but the development of dietary behav-
iors. Whereas younger children are characterized by
their resistance to new experiences, the adolescent
may use food to assert their independence, not
always in a beneficial way. This section will cover
development in adolescence and highlight nutrients
that are important during this time. Information
on adolescent energy and nutrient intakes from a
broad range of countries will be presented. The
findings will be put in context with dietary
recommendations.

Physical Changes During Adolescence

Adolescence is generally assumed to be the period of
human development from 10 to 18 years of age, a
time during which rapid growth and physical matu-
rity take place.

Table 1 Percentiles for height, weight, and body mass index

Growth

During prepubescent childhood, the growth of boys
and girls follows a similar trajectory, although boys
may be slightly taller and heavier than girls. Around
the 9th year, the pubertal growth spurt, which can
last up to 3.5years, will occur in girls with boys
beginning 2 years later. Girls reach their full height
approximately 2years before boys and are, there-
fore, the taller of the two sexes for a period of
time. Current UK standards for height and weight
during adolescence are presented in Table 1.

Maximum height velocity is generally seen in the
year preceding menarche for girls and at around
14 years for boys. On average, weight velocity peaks
at 12.9 years for girls and 14.3 years for boys. Annual
growth rates during adolescence can be as much as
9cm/8.8kg in girls and 10.3cm/9.8kg in boys.
Energy and protein intakes per kilogram body weight
have been observed to peak during maximal growth,
suggesting increased requirements during adoles-
cence. Undernutrition in this crucial window of devel-
opment can result in a slow height increment, lower
peak bone mass, and delayed puberty. On the other
hand, overnutrition is not without its risks. It is
believed that obesity in young girls can bring about
an early menarche, which then increases the risk of
breast cancer in later adulthood. Menarche is deemed
precocious if it occurs before the age of eight. Rising
childhood obesity levels in Western countries have
resulted in a rise in the proportion of girls displaying
precocious menarche.

Age (years) Height (cm) Weight (kg) Body mass index
3rd 50th 97th 3rd 50th 97th 2nd 50th 99.6th

(a) Boys

11 130.8 143.2 155.8 26.1 345 50.9 14 17 26

16 158.9 173.0 187.4 44.9 60.2 83.2 16 20 30

18 163.3 176.4 189.7 52.0 66.2 87.9 17 21 32

(b) Girls

11 130.9 143.8 156.9 26.0 35.9 53.6 14 17 27

16 151.6 163.0 174.6 42.8 55.3 741 16 20 31

18 152.3 163.6 175.0 44.7 57.2 76.3 17 21 32
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It is not fully known when growth ceases. Certainly,
height gains of up to 2 cm can still occur between 17
and 28 years. Important nutrients for growth include
protein, iron, calcium, vitamin C, vitamin D, and zinc.
Calcium, in particular, has a key role in bone devel-
opment, and huge increments in bone density are seen
during adolescence under the influence of sex hor-
mones. Bone density peaks in the early twenties and a
low bone density at this time is related to increased
osteoporosis risk in later life, especially for women.
Studies have suggested that body mass index in adoles-
cence is the best predictor of adult bone density,
explaining why children who experience anorexia ner-
vosa are likely to have a higher risk of osteoporosis.

Adipose stores

There are few differences in body fat between boys and
girls in the prepubertal stage. However, during pub-
erty, girls develop adipose tissue at a greater rate than
boys, laying down stores in the breast and hip regions.
The pattern for boys is rather different and tends
towards a more central deposition. Methods for esti-
mating fatness in adolescents include weight for
height, body mass index (weight in kilograms/height
in meters?), skinfold thickness measures, bioelectrical
impedance analysis, densitometry, magnetic resonance
imaging, dual energy X-ray absorptiometry, and com-
puter tomography. Waist circumference is gaining
popularity as a useful proxy of fatness in the field.
Many researchers argue that it is a better predictor
than body mass index (BMI) of the central adipose
stores, which place the individual most at risk from
later obesity, diabetes, and coronary heart disease.
Current UK standards for BMI and waist circum-
ference are outlined in Table 1. The 90th percentile
is viewed as the lower cut-off point for classification
of overweight and can identify those at risk of
chronic disease. In a Norwegian longitudinal survey,
adolescents with a mean baseline BMI above the
95th centile increased their risk of early mortality
by 80-100% compared with adolescents whose
mean baseline BMI was between 25th and 75th
centiles. Despite this intriguing data, it is notoriously
difficult to establish which adolescents will persist
with an excess body weight into adulthood. This is
partly because adolescents have yet to reach their
full height and partly because the etiology of obesity
is related to lifestyle factors that may change with
time. Attempts to track fatness from childhood to
adulthood have produced contradictory results, with
some authors claiming that certain ages, such as
7years and adolescence, are ‘risk’ points for the
development of later obesity and others finding
that only the adiposity of older adolescents tracks

to adulthood. Thus, there is no guarantee that the
overweight adolescent will remain so in later life.

Sexual Development

In girls, the onset of menarche at around 13 years is
triggered by the attainment of a specific level of body
fat, with taller, heavier girls more likely to experience
an early menarche. Vigorous exercise, e.g., gymnastics
and endurance running, can delay the menarche, due
both to the physiological effects of regular training and
the depletion of body fat. Iron becomes more impor-
tant for girls as menstrual periods become regular and
heavier, and there is evidence that the iron status of
many girls may be inadequate. Low iron status in this
age group is, in part, due to higher requirements, but it
is also linked to nutritional practices such as missing
breakfast, avoiding red meat, and dieting.

Dietary Recommendations

There are, of course, a variety of national recom-
mendations for nutritional intake, which, for adoles-
cents, are normally based on a combination of
deficiency studies and extrapolations from adult stu-
dies. In the UK, US, and Canada, guidelines have
evolved from a simple recommended dietary intake
(RDI) to a more complex bell-shaped distribution
with a mean representing the intake likely to satisfy
the needs of 50% of the population. The upper
extreme, at the 97.5th centile, represents the intake
likely to meet the needs of the majority of the popu-
lation, while the lower extreme, at the 2.5th centile,
represents the lowest acceptable intake. Current UK
reference nutrient intakes (RNIs), presented in
Table 2, cover a range of nutrients from fats and
sugars to the main micronutrients. Dietary guide-
lines are an important reference point for nutrition
scientists and dietitians, but it must also be borne in
mind that they relate to the average needs of popu-
lations, rather than individuals.

Instead of numerical recommendations, many
nations have adopted more conceptual ways of
representing the ideal diet. This makes sense as
recommended nutrient intakes are poorly under-
stood by the public and need to be put into context
by health professionals. Communication tools such
as the plate model, pyramid system, food groups,
and traffic light system can help to get healthy eat-
ing messages across to adolescents.

Dietary Intakes

There is a lay belief that most adolescents have a
nutritionally inadequate diet yet, despite reported
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Table 2 UK Dietary guidelines for adolescents

(a) Dietary reference values macronutrients

Age group Sex Energy Protein NSP Fat Starch/intrinsic sugars Nonmilk extrinsic sugars
(vears) (MJ) ) © (% energy) (% energy) (% energy)
11-14 M 9.27 421 18 35 39 11
F 7.92 41.2 18 35 39 11
15-18 M 11.51 55.2 18 35 39 11
F 8.83 45.0 18 35 39 11
(b) Reference nutrient intakes vitamins and minerals
Age group Sex Vit. B, Vit. B, Niacin Vit. Bg Vit. Bys Folate Vit. C Vit. A Ca Fe Zn
(vears) (mg) (mg) (mg) (mg) (1g) (n9) (mg) (19) (mg)  (mg)  (mg)
11-14 M 0.9 1.2 15 1.2 1.2 200 35 600 1000 11.3 9.0
F 0.7 1.1 12 1.0 1.2 200 35 600 800 14.8 9.0
15-18 M 1.1 18 1.5 1.5 200 40 700 1000 11.3 9.5
F 0.8 14 1.2 1.5 200 40 600 800 14.8 7.0

NSP, nonstarch polysaccharide.

low intakes of some micronutrients in surveys, there
is little evidence of widespread clinical deficiencies,
or indications that adolescents are failing to achieve
appropriate heights and weights. Iron is the excep-
tion, where mean intakes are low and clinical mar-
kers suggest deficiency in some age groups. There is
justifiable concern about the general healthiness of
diets eaten by ‘at risk’ subgroups such as dieters,
smokers, strict vegetarians, and adolescents who
drink excess amounts of alcohol.

Dietary surveys

Mean daily intakes of energy and selected micronu-
trients from a selection of major international sur-
veys of adolescents are presented in Table 3.
Caution should be exercised when interpreting
data from dietary surveys because under-reporting
of energy is widespread in adolescent and adult
populations. ~ Selective  under-reporting,  often
focused on energy-dense or high-fat foods, can par-
tially explain low reported intakes of energy and
certain micronutrients. It is also complex to make
comparisons between the data from different coun-
tries given the range of dietary assessment methods
used. There is normally a trade-off between sample
size and methodology, which sees the larger surveys
favoring less precise methods such as 24-h recalls or
food frequency questionnaires in order to make
data collection more economical. The results of
the most recent UK National Diet and Nutrition
Survey (NDNS) of 2672 young people aged 4-
18 years (adolescent values given in Table 4) will
be discussed in detail as this represents a survey
with particularly strong dietary methodology (i.e.,
7-day weighed inventory).

Energy and Protein

Despite mean height and weight data, which are
consistent with expected results, energy intakes in
UK adolescents remain below estimated average
requirements (EARs). Mean energy intakes for boys
and girls were 77-89% of EARs; a similar finding to
that demonstrated by surveys of younger children
and adults. Girls aged 15-18 years had the lowest
energy intakes as a proportion of EARs and, apart
from under-reporting, this could be due to smoking,
slimming, or indeed lower than anticipated energy
expenditure. It is well documented that physical
activity is particularly low in adolescent girls.
Indeed, the NDNS reported that 60% of girls (and
40% of boys) failed to perform the recommended
amount of 1h moderate physical activity per day.
Popular sources of energy in the UK adolescent diet
included cereal products (one third of energy),
savory snacks, potatoes, meat/meat products, white
bread, milk/dairy products, biscuits/cakes, spreading
fats, and confectionery. Soft drinks contributed on
average 6% of energy intakes.

Figure 1 gives a comparison of energy intakes
across a range of countries; mainly in Europe. The
values represent the mean of reported energy intakes
for children aged 9-18years in these countries,
with the majority of surveys focusing on intakes of
11-18 year olds. It is interesting that a large number
of countries display similar results (around
10000 k] day '), with a handful of countries, namely
Germany, Greece, Portugal, Sweden, and the UK dis-
playing intakes closer to 8000 k]. For these countries,
under-reporting, lower energy requirements, or con-
scious energy restriction prompted by weight con-
cerns could be reasons for the apparent low intakes.
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Figure 1 Reported energy intakes (kJ) for adolescents in a selection of countries.

In the NDNS, mean protein intakes were consid-
erably in excess of requirements, as assessed by RNI,
for all ages and both sexes. The main sources were
meat and meat products (which contributed 30% of
overall protein), cereals, bread, and milk products. It
is believed that protein requirements in adolescents
are between 0.8 and 1.0gperkg body mass,
although this fails to take into account any addi-
tional needs related to regular exercise (which are
likely to be minor for most sports and be covered by
normal protein intakes). As a proportion of energy,
protein intakes were higher in Southern European
countries, Australia, and New Zealand compared
with intakes in the US and Northern European
countries.

Fat

Mean total fat intake as a proportion of energy in
the NDNS was around 35%, corresponding to the
UK dietary reference value (DRV). This is lower
than the intakes (38-40% energy from fat) found
in previous studies. However, intakes of saturated
fat, at 14% energy, still exceeded the DRV of 11%
energy. Of more concern was the subgroup of ado-
lescents in the highest percentile of intakes who
consumed around 17% energy from saturated fat.

This emphasizes the view that, although mean
intakes may look acceptable when compared with
dietary guidelines, there may be ‘at risk’ groups
whose dietary habits predispose them to a greater
risk of chronic disease. Main sources of saturated fat
in the adolescent diet included meat and meat prod-
ucts (around 20%), savory snacks, and fried foods.
In most other countries, fat intakes were 36-38%
energy with the highest fat intake reported in
Finland, Greece, Belgium, Germany, Switzerland, and
Spain at around 38% energy. In the US, where the
dietary guideline is 30%, intakes were around 32%
energy from fat.

Carbohydrates

Average total carbohydrate intake in the NDNS
was close to the DRV of 50% energy. The main
sources were cereals, bread, savory snacks, vegeta-
bles, and potatoes. Fiber intakes, expressed as
nonstarch  polysaccharide (NSP), were 10-
13gday !, which approached 70% of the adult
guideline. Vegetables, potatoes, and savory snacks
together contributed 40% of NSP. Interesting,
there was no clear relationship between NSP and
bowel movements, although it was noted that ado-
lescents who experienced less than one bowel
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movement per day tended to have NSP intakes at
the lowest end of the distribution spectrum. The
mean intake of nonmilk extrinsic sugars (a proxy
for added sugars) was 16% of energy, around
4 percentage points higher than the DRV of 11%
food energy. Key sources were soft drinks (provid-
ing 42% of sugars), sugar preserves, and confec-
tionery, particularly chocolate. Children from
lower income households tended to have lower
intakes of total carbohydrate, nonmilk extrinsic
sugars, and NSP compared with children from
higher income households.

Recommendations to reduce fat are often
accompanied by those urging a decrease in added
sugars due to concerns about obesity, dental
health, and micronutrient dilution. However, an
inverse relationship between fat and sugars is
evident in the majority of dietary surveys, suggest-
ing that concurrent reductions in fat and sugar
may neither be realistic nor totally beneficial.
A previous survey found a difference of 4% energy
from fat between children in the lowest and high-
est thirds of sugar intake. Observational studies,
including the latest NDNS, have also found an
inverse relationship between body mass index and
sugar intake. Explanations for this include self-
imposed sugar restrictions amongst heavier people,
and food choices in favor of higher sugar, low-fat
foods, which could be less obesigenic. With respect
to the potential impact of added sugars on micro-
nutrient dilution, studies in the UK, Germany, and
the US have found that a broad range of sugar
intake is consistent with adequate micronutrient
intakes. This may be partly due to fortification of
sugar-containing foods, e.g., breakfast cereals.
Lower levels of vitamins and minerals tend to be
seen only at the upper and lower extremes of sugar
consumption, suggesting that these diets lack
variety.

Micronutrients

Main sources of micronutrients are breakfast cere-
als, milk, bread, chips/potatoes, and eggs. Surveys
that report comparisons between intakes and recom-
mendations have found satisfactory intakes for most
micronutrients when means are considered. Intakes
of vitamins By, By, Bg, By» C, and niacin greatly
exceeded RNIs in the NDNS, perhaps reflecting
high protein intakes and the fortification of popular
foods such as breakfast cereals, bread, and bev-
erages. Even folate, a problem nutrient in earlier
studies, was consumed at an acceptable level.
Nutrient intakes that remain at lower than
expected levels were iron and zinc for both sexes,

and calcium and vitamin A for girls. Mean iron
intake was particularly low in 11-18-year-old girls
at 60% of the RNI (see Table 4). Mean iron intakes
often fail to meet recommended levels in the major-
ity of studies reported, particularly in women and
girls. This may reflect avoidance of iron-containing
foods, e.g., red meat, for reasons of perceived
health, food safety, or dislike. Iron status is also
hampered by absorption rates, which can be as low
as 10%. It is important to reverse this trend as
increasing numbers of young girls are now demon-
strating clinical evidence of poor iron status, e.g.,
more than a quarter of 15-18-year-old girls in the
NDNS. A New Zealand survey reported that 4-6%
of adolescents were anemic. Good sources of iron
are meat/meat products, breakfast cereals, bread,
chips/potatoes, chocolate, and crisps. Around 25%
of iron intakes are from fortified foods, which sup-
ply non-heme iron. The latter four food groups are
not particularly rich in iron but, nevertheless, con-
tribute over 10% due to the significant amounts
eaten.

Poor intakes of calcium are of concern due to the
rising incidence of osteoporosis in later life, espe-
cially amongst women. While average calcium
intakes were around 80% of the RNI in the
NDNS, there was a considerable proportion of
adolescents with intakes below the lower RNI (the
bottom end of the acceptable spectrum). In 11-14-year-
old children, 12% of boys and 24% of girls fell into
this category, while in 15-18 year olds, the figures
were 9% and 19%, respectively. Good sources of
calcium are milk, cheese, yogurt, tinned fish, and, in
many countries, fortified grain products. Concern
has been expressed that the rise in soft drink con-
sumption has displaced milk from the diets of ado-
lescents and this could be contributing to the low
calcium intakes found in many surveys. Fluid milk
consumption has fallen dramatically over the last
decade in Western countries and this is due to a
range of factors including preference for other bev-
erages, dieters’ concerns about calories, and attitude
of adolescents towards milk. It should not be for-
gotten that physical activity is an important aspect
in the prevention of osteoporosis. Some life-style
practices, such as smoking and drinking alcohol,
are related to a higher requirement for micronutri-
ents, suggesting that specific groups of adolescents
may be more at risk from a poor nutrient status.

Impact of Lifestyle on Dietary Intakes

Young people consume particular foods and diets
for a variety of reasons, often completely unrelated
to their nutritional content. These can include:
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slimming or weight control (whether justified or
not); peer group pressure to consume certain foods
or brands; the development of personal ideology,
such as the use of vegetarian diets; following a spe-
cific diet to enhance sporting prowess; or even con-
venience. Energy and nutrient intakes are influenced
by specialized eating patterns, thus it is important to
consider life-style choices when interpreting dietary
survey data.

Breakfast Consumption

Breakfast is identified in many studies as a nutrient-
dense, low-fat meal, yet is often omitted by adoles-
cents. Around 10% of younger children miss break-
fast, rising to 20% as adulthood is approached. Boys
omit breakfast less than girls and favor cereals
rather than bread or a cooked breakfast. Data on
breakfast habits have revealed higher intakes of
sugars, fiber, and micronutrients, such as folate,
niacin, iron, calcium and zinc, amongst high break-
fast cereal consumers. Fat intakes, as a proportion of
energy, are inversely related to breakfast cereal
intake, probably due to the higher carbohydrate
intakes of breakfast consumers. Previous surveys of
adolescents have found an inverse relationship
between breakfast cereal consumption and body
mass index.

Consumption of School Lunches

Although the popularity of school lunches has
diminished over the last 10years, they are still
eaten regularly by almost 40% of children, particu-
larly those from lower socioeconomic groups.
School lunches have been found to contribute 30—
40% of total energy and are often criticized for
containing a high proportion of fat and low levels
of key micronutrients such as vitamin C and cal-
cium. Older children often prefer to eat lunch at
cafes and take-aways rather than consider school
meals and this practice has been found to relate to
lower nutrient-dense diets, particularly in the case of
iron. Initiatives have been taken forward in many
schools to improve the quality and perception of
school meals including action groups involving
pupils, caterers, and teachers. There have also been
efforts at government level to integrate the produc-
tion of school meals with classroom-based topics
around nutrition, health, and life style. It is too
early to say whether these efforts have had a signifi-
cant impact on the nutrition of adolescents.

Snacking and Soft Drink Consumption

There has been a general shift over the last decade
towards fewer meals eaten at home and more eaten

in restaurants and cafes combined with an increase
in snacking. Snacks, including soft drinks, now con-
tribute a significant proportion of the daily energy
intake of adolescents. Concerns about the possible
impact of snacks on measures of overweight and
nutrient composition have not been borne out by
the evidence, although it is acknowledged that data
collection in this area is complicated by the myriad
of definitions for ‘snack.” A number of observational
studies have found that frequent snackers have simi-
lar nutrient intakes to those who snack infrequently.
With respect to body size, snacking tends to relate to
a lower body mass index rather than one that is
high. Intervention studies also provide valuable evi-
dence on the effects of snacking. A study in adults,
which attempted to increase consumption of snacks
to around 25% of daily energy using a variety of
low- and high-fat products, found that the subjects
compensated for the additional energy by reducing
the amount eaten at meals. While these data suggest
that snacking is more benign than was previously
thought, it is important to emphasize the concept of
balance. Common snack foods amongst adolescents
are potato crisps, carbonated drinks, biscuits, and
confectionery. While these foods certainly have a
role in creating variety and enjoyment in the diet,
no one would argue that they should represent the
primary sources of energy for young people. In the
case of soft drinks, evidence from short-term inter-
vention studies suggests that higher intakes (in
excess of two cans per day) are linked with higher
energy intakes and lower intakes of micronutrients.
Yet most epidemiological studies show an inverse
correlation between sugar consumption (a proxy
for soft drink consumption) and mean body mass
index. Further work is needed to determine optimal
cut-offs for soft drink intakes, particularly for ado-
lescents who tend to be major consumers.

Smoking

The proportion of adolescent smokers rises with age
and is between 8% and 20% with an average expo-
sure, in older children, of around 40 cigarettes per
week. Since the 1980s, smoking has decreased in
adolescent boys but not in girls. Smokers tend to
have different dietary habits from nonsmokers and
this is reflected in their nutrient intakes. Studies have
found that smokers consume less dairy foods, whole-
meal bread, fruit and breakfast cereals, and more
coffee, alcohol and chips. Smokers’ diets tend to be
lower in fiber, vitamin By, and vitamin C compared
with nonsmokers. In a study of 18year olds, male
smokers had higher percentage energy from fat and
lower intakes of sugars and iron. Contrary to
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evidence from adult surveys, smoking has not been
found to relate to body size in adolescents, although
the opposite is believed to be true for teenage girls
who use smoking as a misguided means to control
energy intake. As would be expected, dietary restraint
is more common amongst female smokers.

Consumption of Alcohol

In the NDNS, alcohol was consumed by 10% of 11—
14 year olds and 37-46% of 15-18year olds with
older boys most likely to drink alcohol. Other
European surveys have found higher proportions (60—
90% in 14-18-year-old males), while US surveys have
found similar proportions to the UK. The average
contribution of alcohol to energy intakes in the
NDNS was just over 1%, with higher contributions
reported by Danish and Irish studies (around 2-5%
energy). Excess alcohol intake can increase micro-
nutrient requirements but few younger adolescents
fall into this category. However, binge drinking in
the 15-18-year-old age group is a concern. One US
study found that 20% of adolescents could be
classed as problem drinkers, while 7% could be
classed as alcoholics. Regular moderate consump-
tion of alcohol can contribute to obesity since the
energy provided by alcoholic drinks rarely displaces
energy from other food sources. This is likely to
increase overall daily energy intakes and could lead
to a positive energy balance.

Other Factors that Impact on Dietary Intakes

Comparisons between boys and girls often reveal
differences in dietary patterns, yet these are seldom
consistent between surveys. On the whole, boys
eat more meat and dairy products, while girls
favor fruit, salad vegetables, and artificially swee-
tened drinks. The dietary practices of girls are
more likely to be influenced by a desire to limit
energy intakes. Lower intakes of dairy products,
meat, and breakfast cereals seen in older adoles-
cent girls explain their typically poor intakes of
iron and calcium.

Differences in diet are sometimes seen between
children from different social classes or income
groups. In the NDNS, children from a lower socio-
economic background were less likely to consume
low-fat dairy foods, fruit juice, salad vegetables,
high-fiber cereals, fruit juices, and fruit than chil-
dren from a higher socioeconomic background. This
impacted on mean daily nutrient intakes with lower
socioeconomic children consuming less protein, total
sugars, total carbohydrate, and fiber. There was a
similar trend for micronutrients, particularly vitamin
C. Some surveys have found higher fat intakes in

children from lower socioeconomic backgrounds.
Such a dietary pattern, characterized by lower than
optimal levels of protective nutrients, combined with
a higher prevalence of smoking, may partly explain
the higher burden of chronic disease experienced by
people from lower socioeconomic groups.

Promoting Optimal Diets

The findings of the studies shown in Tables 3 and 4
reveal that most adolescents in the developed world
are likely to be receiving adequate energy and pro-
tein to support growth. The intakes of micronutri-
ents found in subgroups of the population may not
be high enough to ensure optimal health but it is
difficult to interpret the effects of these without
appropriate biochemical data. For iron, there is
good evidence of clinical deficiency in low iron con-
sumers, particularly girls but for other nutrients,
biochemical evidence is scarce. Longitudinal studies
that attempt to link early diet with the incidence of
later disease are a valuable tool and seem to suggest
that high intakes of fruit, vegetables, folate, and #n-3
polyunsaturated fatty acids (present in oily fish) are
dietary indicators that relate to important aspects of
health later in life. Despite these scientific findings,
health messages relating to fruit and vegetables seem
to have fallen on deaf ears. The NDNS showed that
70% of children had eaten no citrus fruit during the
week of the dietary survey. Around 60% had eaten
no green leafy vegetables or tomatoes, valuable
sources of vitamins and minerals.

Since energy intake is the main predictor of micro-
nutrient intakes, it makes sense to ensure that ado-
lescents avoid restricting energy. Yet this finding
needs to be considered against a background of ris-
ing obesity in the adolescent population. There is
strong evidence that adolescence is the time when
substantial reductions in physical activity are seen
and such a trend, combined with lower energy
intakes, could result in larger numbers of children
failing to meet their individual nutrient
requirements.

The key to tackling this lies as much with phys-
ical activity as it does with dietary intervention.
Energy intakes need to be maintained at a level
suitable for optimal micronutrient uptake while, at
the same time, energy expenditure should be
increased to ensure energy balance. A wide range
of foods encompassing the main food groups will
ensure a nutrient-dense diet. Special conditions in
adolescence, such as pregnancy, lactation, and
sports training, may increase requirements above
normal and merit manipulation of the diet to
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favor food groups known to be important sources
of certain nutrients.

Conclusions

Diets of adolescents in developed countries meet the
macronutrient requirements of the majority of indi-
viduals resulting in appropriate rates of growth.
While fat intakes, as a proportion of energy, have
continued to decline towards dietary guidelines, con-
cern remains over the intakes of iron, calcium, zinc,
and vitamin A in many subgroups of adolescents,
particularly older girls. Maintaining adequate energy
intakes and encouraging consumption of fruit, vege-
tables, lean meat, and oily fish may be a key route to
achieving an optimal intake of micronutrients. Pre-
sent recommendations for adolescents include a con-
tinuing reduction in dietary fat to help prevent later
diseases of affluence. This should be combined with
encouragement to increase physical activity in order
to address the rising incidence of obesity in most
developed countries.

See also: Adolescents: Nutritional Problems. Alcohol:
Absorption, Metabolism and Physiological Effects;
Disease Risk and Beneficial Effects; Effects of
Consumption on Diet and Nutritional Status. Calcium.
Dietary Surveys. Osteoporosis.
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Introduction: Normal Adolescent Growth
and Diets

Adolescence is a unique time of rapid growth, with
half of eventual adult weight and 45% of peak bone
mass accumulated during adolescence. Adolescence is
a time when peak physical muscular development and
exercise performance is reached. However, adolescent
diets are often notorious for their reliance on snacks
and ‘junk foods’ that are high in calories, sugar, salt,
and saturated fat, which could provide extra energy
for high-activity demands of teenagers, but often risk
becoming part of bad habits leading to obesity and
increased risk of atherosclerotic heart disease in later
life. Although most studies have been on older sub-
jects, it is now clear that many Western diseases, espe-
cially heart disease, stroke, diabetes, hypertension, and
many cancers, are diet related, and that diets high in
saturated fat and low in fruits, vegetables, and fiber
may increase risks of heart disease.

Indeed, autopsy reports of atherosclerotic plaques
already present in adolescents who died accidentally
suggests that prevention of heart disease should start
quite early in life. Epidemiologic evidence from large
cohort studies have concluded that a striking 80%
reduction of heart disease and diabetes might be
achieved in those with diets lower in saturated and
trans fat and higher in fruits, vegetables, folate,
fiber, and #-3 fish oils. Other factors include regular
exercise, moderate alcohol use, and avoidance of
obesity and smoking.

Nutrient Requirements

About every 10 years, the Institute of Medicine con-
venes several committees of nutrition scientists to
review the scientific literature and recommend levels
of daily dietary nutrients that would keep 95% of
the population from developing deficiencies.

In the past, the dietary reference intakes (DRIs)
or recommended dietary allowances (RDAs) concen-
trated on ensuring that nutrient deficiencies were
minimized by specifying lower limits of intakes. How-
ever, it is now clear that many Western diets provide
too much of some nutrients such as total calories,
simple carbohydrates, saturated fats, and salt. There-
fore, recent editions of DRIs (see Table 1 to 5) have
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specified estimated average requirements (EARs), ade-
quate intakes (Als), and upper limits (ULs).

Obesity

Obesity has recently become an epidemic in the US,
with 31% of American adults classified as obese
(body mass index >30kgm 2) and 68% classified
as overweight (body mass index >25kgm 2) in
2000. The prevalence of obesity in childhood tripled
from 5% in 1980 to 15% in 2000 according to
National Health and Nutrition Examination Surveys
(NHANES). There is every indication that the devel-
oped countries of Western Europe are not far
behind. Indeed, obesity is becoming a worldwide
problem, rapidly increasing in many developing
countries including China and India, and overtaking
undernutrition as the major nutritional problem.

Although obesity affects children in all socioeco-
nomic classes, it is more prevalent in those of lower
socioeconomic status in the US and developed coun-
tries, whereas it tends to affect the well-off in devel-
oping countries. This suggests that food insecurity
and poor food choices are more the problem than
lack of availability because of poverty. Although
only 30% of obesity begins in adolescence, some
estimate that 80% of obese adolescents will become
obese adults, and obese adolescents are at much
more risk for diabetes and major medical complica-
tions later in life. Since long-term weight loss is
usually very difficult to achieve and is often unsuc-
cessful despite widespread attempts at dieting,
efforts to prevent obesity in early life are important.

Ultimately, weight gain results from dietary energy
intake exceeding metabolic basal needs and activity.
Only rarely is this due to some identifiable disorder
of basal metabolic requirements such as hypothyroid-
ism. However, it is difficult to measure either dietary
intake or activity with enough accuracy to detect the
relatively small mismatch necessary to add weight.
For example, a small increase in dietary intake of
200 kcal day ™", without a corresponding increase in
activity could theoretically result in a weight gain of
8 kg over the course of a year.

Although the heritability of obesity has been esti-
mated to be on the order of 60-80% on the basis of
twin studies and family histories, the genetics of
obesity are complex and just beginning to be under-
stood. Adult weight is much more reflective of bio-
logical parents rather than adoptive parents in twin
studies. Known genetic syndromes producing obe-
sity in humans are rare (on the order of 1-2% of
obese patients) but should be considered, such as
trisomy 21 (Down’s syndrome), Prader-Willi,

Bardet-Biedl and Beckwith-Wiedemann syndromes,
hypothyroidism, and polycystic ovary syndrome.

The adipose fat cell is not only a passive storage
site. but an endocrinologically active secretor of
many substances like leptin, adiponectin, and cyto-
kines, which participate in an inflammatory
response and may mediate a host of adverse con-
sequences, including insulin resistance and diabetes.
Obesity is related to an increased risk of developing
type 2 insulin-resistance diabetes mellitus, hyper-
lipidemia, heart disease, obstructive sleep apnea,
asthma and other respiratory problems, back pain
and orthopedic problems, fatty liver (nonalcoholic
steato-hepatitis or NASH), gallstones, and depres-
sion. The increasing incidence of type 2 diabetes in
obese adolescents is already being noticed, with
estimates of 200000 diabetics under age 20 years
in the US predicted to rise to a lifetime risk of
developing diabetes of 33-39% for those born in
the year 2000.

The rapid increase in obesity has made standards
based on population percentiles meaningless as
medical obesity involved more than just the top
5% of weight-for-age. Instead of just relying on
cross-sectional height- and weight-for-age graphs
(see Figures 1 and 2), there has developed a need
for a more valid indicator of obesity. The body mass
index (BMI) charts recently released by the Centers
for Disease Control allow for tracking of BMI stan-
dards for adolescents, who should have a BMI lower
than the 20-25kgm 2 expected for adults.
Although long-term validation data is not as avail-
able as in adults, in adolescents obesity is considered
above the 95th percentile for age, with risk for
obesity defined as above 85th percentile for age.

Body mass index is defined as weight (in kilo-
grams) divided by height (in meters) squared, and is
considered the best anthropometric surrogate for
body composition (see Figures 3 and 4). Waist
size may be an easier measurement to follow in
adults, and particularly identifies central adiposity.
Measurements by tape and caliper of mid-arm cir-
cumference and triceps skinfolds have a fairly good
correlation (0.7-0.8) with more expensive research
methods of underwater weighing and dual-energy
X-ray absorptiometry (DEXA), and can be made
even more accurate by including biceps, subscapu-
lar, and suprailiac skinfold measurements. Bioelec-
tric impedance measures the difference in resistance
between adipose and lean body tissue, but can be
affected by fluid shifts especially in ill patients.

Physical examination should include blood
pressure measurement because of the high percent-
age of comorbidity of the metabolic syndrome (obe-
sity, hypertension, dyslipidemia, and/or diabetes).
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SOURCE: Developed by the National Center for Health Statistics in collaboration with
the National Center for Chronic Disease Prevention and Health Promotion (2000).
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Figure 1 Weight-for-age percentiles: boys, 2—20years. (Developed by the National Center for Health Statistics in collaboration with
the National Center for Chronic Disease Prevention and Health Promotion 2000: http://www.cdc.gov/growthcharts)

The metabolic syndrome is defined as three or more
of the following: abdominal obesity (waist circum-
ference greater than 40inches (100 c¢m) in men or
35inches (90 cm) in women), fasting hypertriglyceri-
demia (<150 mgdl™!), high fasting glucose greater
than 110mgdl™', low high-density cholesterol
(<40mgdl™"), and high blood pressure (>135/

85mmHg). So far, it is mostly seen in later life
(>40% of those over 60), but is increasingly seen
at younger ages (7% of 20-29 years old). Acanthosis
nigricans is a skin hyperpigmentation, chiefly
around the neck, seen in about 20% of obese
patients, especially  African-Americans, which
reflects insulin resistance and this finding should



34 ADOLESCENTS/Nutritional Problems

2 to 20 years: Girls
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SOURCE: Developed by the National Center for Health Statistics in collaboration with
the National Center for Chronic Disease Prevention and Health Promotion (2000).
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Figure 2 Weight-for-age percentiles: girls, 2—20years. (Developed by the National Center for Health Statistics in collaboration with
the National Center for Chronic Disease Prevention and Health Promotion 2000: http://www.cdc.gov/growthcharts)

provoke screening tests for type 2 diabetes. Labora-
tory screening tests might include thyroid-stimulat-
ing hormone for hypothyroidism, fasting glucose,
insulin, and glycosylated hemoglobin (HbA1C) for
type 2 diabetes.

Diet histories and diet recalls are particularly
important in nutritional assessments, but quantitative

calorie counts are particularly unreliable in obese
patients because of widespread conscious and sub-
conscious underreporting of 20% or more. Regular
meetings with a dietician should involve counseling
on healthy eating choices. The recommendations
regarding daily activity should include hours of tele-
vision watching per day or per week because this is



ADOLESCENTS/Nutritional Problems 35

2 to 20 years: Boys NAME
Body mass index-for-age percentiles RECORD #
Date Age Weight Stature BMI* Comments
BMI—
1
t 35—
34—
33—
71— 32—
7.
v
,9/ 31—
- 7
. 7 30—
*To Calculate BMI: Weight (kg) + Stature (cm) + Stature (cm) x 10,000 L ,‘93
or Weight (Ib) + Stature (in) + Stature (in) x 703 — - - 29—
: % = A 7
—BMI : ‘} — — 28 —|
y 1 90
— 27 27 —
7 ”
— 26 = - 85 26—
4
|- 25 va — — 25 —
/ 7 75
— 23 A= , = 23 —
/- -l
— 22 A A e 22
4 - ~
21 A= g 21
I — - /- AI 29
— 20 T 20 —
V4 T
O /17 7 10
— 19 \\ N Z 7 = 1 9 -
NG > - — o
N 7 Y
— 18— i > e ~ 18—
17 ~— - = 17 -
— 16 > = 16—
— 15 —— 15—
L 14 —— — ‘ 14—
— 13 : 13—
— 12 12—
i
kg/m® -+ AGE (YEARS) — 1 kg/m*
n L n M| n I 1 I n I n n TN SN VIR IS SR Y n n L I n 1 n M n 1 MR M
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

SOURCE: Developed by the National Center for Health Statistics in collaboration with
the National Center for Chronic Disease Prevention and Health Promotion (2000).

http://www.cdc.gov/growthcharts

Figure 3 Body mass index-for-age percentiles: boys, 2-20years. (Developed by the National Center for Health Statistics in
collaboration with the National Center for Chronic Disease Prevention and Health Promotion 2000: http://www.cdc.gov/growthcharts)

well correlated with obesity, not only because of
decreased activity but also because of the influence
of commercial snack food advertising.

Treatment should ideally involve a multidisciplin-
ary team with a dietician, social worker, physical
therapist, and physician, concentrating on lifestyle
modification, moderate caloric restriction and regu-
lar exercise, with frequent follow-up and compliance

being a good indicator of likelihood of success.
Recent success with low-carbohydrate diets rather
than the traditional low-fat diet advice suggests the
importance of the role of satiety in maintaining
caloric restriction. Most commercial diet plans prom-
ise short-term weight loss, but very few long-term
studies have shown these to keep weight off for
more than 6-12months. As adolescents naturally
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Figure 4 Body mass index-for-age percentiles: girls, 2-20years. (Developed by the National Center for Health Statistics in
collaboration with the National Center for Chronic Disease Prevention and Health Promotion 2000: http://www.cdc.gov/growthcharts)

gain weight with height as they progress through
puberty, it is probably more important that they
learn healthy eating and activity habits over the
long term rather than losing weight quickly only to
gain it back within a few months.

Medications such as phenteramine-fenfluramine
and stimulants have gained recent notoriety with
unforeseen side effects. Possible treatment with

leptin and other hormones or antagonists has much
future promise, but so far has been effective only in
rare patients with specific defects. Surgical gastro-
plasty has proven the most successful long-term
therapy for massively obese adults, possibly because
of suppression of ghrelin, increased satiety, and
reduced hunger, but morbidity and mortality is vari-
able and the option of major surgery should be
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carefully considered only as a last resort before
offering it to any adolescents.

Eating Disorders

Eating disorders affect 3-5 million in the US; 86%
are diagnosed before the age of 20 and up to 11% of
high-school students are affected. More than 90%
are female, 95% Caucasian, and 75% have an onset
in adolescence. Eating disorders are probably the
most frequent causes of undernutrition in adoles-
cents in developed countries, but only a relatively
small percentage meet the full Diagnostic and Statis-
tical Manual (DSM) IV criteria for anorexia nervosa
(see Table 6), while most cases fall into the more
general category eating disorder NOS (not otherwise
specified). Bulimia, binge eating, and/or purging are
probably much more common than full-blown anor-
exia nervosa, with some estimates of up to 20-30%
of college women in the US, and often occur surrep-
titiously without telltale weight loss. Lifetime preva-
lence estimates range from 0.5% to 3% for anorexia
nervosa and 1-19% for bulimia. So far eating dis-
orders are considered rare in developing countries,
but prevalence often increases dramatically when
Western influences such as television advertising
are introduced, as was the experience in the South
Pacific Islands.

The pathophysiology of anorexia nervosa is not
well understood, and there is probably a combina-
tion of environmental and psychological factors
with a biochemical imbalance of neurotransmitters,

Table 6 DSM-IV criteria for anorexia nervosa

A. Refusal to maintain body weight at or above a minimally
normal weight for age and height (e.g., weight loss leading to
maintenance of body weight less than 85% of that expected
or failure to make expected weight gain during period of
growth, leading to body weight less than 85% of that
expected)

B. Intense fear of gaining weight or becoming fat, even though
underweight

C. Disturbance in the way in which one’s body weight or shape
is experienced; undue influence of body weight or shape on
self-evaluation, or denial of the seriousness of the current low
body weight

D. In postmenarchal females, amenorrhea, that is, the absence
of at least three consecutive menstrual cycles

Specify types

Restricting type: during the episode of anorexia nervosa, the
person does not regularly engage in binge eating or purging
behavior (i.e., self-induced vomiting or the misuse of laxatives
or diuretics)

Binge-eating-purging type: during the episode of anorexia
nervosa, the person has regularly engaged in binge eating or
purging behavior (i.e., self-induced vomiting or the misuse of
laxatives or diuretics)

especially serotonin and its precursor 5-hyroxyin-
dole acetic acid, which tends to be reduced. There
is a substantial biologic predisposition to run in
families with heritability in twin studies of 35-90%.

Eating disorders should be suspected in any ado-
lescent below normal weight ranges or with recent
weight loss, but other medical conditions such as
intestinal malabsorption, inflammatory bowel dis-
ease, and malignancy should also be considered. It
is important to realize that most height and weight
charts represent cross-sectional population norms,
which may not be as sensitive as longitudinal track-
ing or height velocity of individuals, since puberty
occurs at different ages. For example, a 12-year-old
who does not gain weight for 6 months may just be
entering puberty, or might be severely affected by
growth failure due to a malignancy or inflammatory
bowel disease.

Physical signs and symptoms of inadequate caloric
intake may include amenorrhea, cold hands and
feet, dry skin and hair, constipation, headaches,
fainting, dizziness, lethargy, hypothermia, bradycar-
dia, orthostatic hypotension, and edema. There is no
specific laboratory diagnosis, but there are often
endocrine and electrolyte abnormalities especially
hypokalemia, hypophosphatemia, and hypochlore-
mic metabolic alkalosis from vomiting, which often
require careful supplementation.

Treatment may be very difficult and prolonged,
often involving behavior therapy and occasionally
long inpatient stays in a locked unit with threats of
forced nasogastric feeding to maintain weight. There
is a high risk of refeeding syndrome with edema,
possible arrhythmias, and sudden death from elec-
trolyte abnormalities, so protocols have been devel-
oped to provide a slow increase of calories,
supplemented by adequate amounts of phosphorus
and potassium. The anorexic patient’s persistent dis-
torted view of body image reality is very resistant to
casual counseling.

The consequences of anorexia nervosa can be
quite severe and include menstrual dysfunction, car-
diovascular disease, arrhythmias, anemia, liver dis-
ease, swollen joints, endocrinopathies, cerebral
atrophy, and even sudden death. There is a signifi-
cant bone loss or osteopenia associated with ame-
norrhea and lack of estrogen stimulation, which is
not completely reversed even with hormone replace-
ment. Anorexia nervosa is well associated with other
psychiatric diagnoses such as depression, anxiety,
personality disorders, obsessive-compulsive disorder,
and substance abuse, and psychiatric problems often
continue to remain an issue even when normal
weight is maintained. Prognosis is relatively poor
compared to other adolescent medical illnesses,
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with 33% persistence at Syears and 17% at
11 years. Six per cent die within 5years and 8.3%
by 11 years.

Other Nutritional Diseases

In many countries of the world, HIV infection and
acquired immunodeficiency syndrome (AIDS) has
become one of the leading causes of undernutrition
and cachexia, especially in younger patients. Indeed,
many of the syndromes and consequences of protein-
energy malnutrition are also seen in AIDS cachexia,
such as frequent respiratory and other infections,
diarrhea, malabsorption, and rashes. Weight loss is
an AIDS-defining symptom, and weight loss of a
third of usual weight usually signifies terminal illness.
Fortunately, new generations of protease inhibitors
and other medications have dramatically slowed the
progression of HIV infection in many patients, as
well as reducing the vertical transmission rate.
Indeed, some studies have suggested that multivita-
min supplementation of pregnant mothers may itself
reduce vertical transmission rates in developing coun-
tries where antivirals are difficult to obtain. Proper
attention to nutrition, with early enteral energy and
micronutrient supplementation, is an important part
of care, which is best instituted long before weight
loss becomes manifest.

Specific Nutrients
Calcium

Calcium is the major component of bone, providing
structural skeletal support to the human body (see
00033). The approximately 2-3kg of bone calcium
in each person also provides a storage reservoir for
the small percentage of ionized calcium that allows
muscle to contract, nerves to communicate, enzymes
to function, and cells to react. The body has developed
several hormonal mechanisms, including vitamin D,
parathyroid hormone, and calcitonin, to protect the
small amount of ionized calcium in the blood from
changing drastically. Tight control of blood calcium
levels is needed because unduly low blood calcium
might result in uncontrolled tetanic muscle contrac-
tions and seizures, while high blood calcium levels
may cause kidney stones and muscle calcifications. To
increase blood calcium levels, vitamin D and its meta-
bolites increase calcium absorption from the intestinal
tract, parathyroid hormone increases calcium reab-
sorption from the kidney, and both increase resorp-
tion of calcium from the bone.

During the early years of life, calcium is deposited
in the bone as it grows, but after about the 3rd

decade, there is a steady decline in bone calcium.
This is especially marked after menopause in
women, when estrogen declines, and often leads to
bone loss (osteopenia) to below a threshold that
predisposes women in particular to fractures (osteo-
porosis). Osteoporosis is not just a disease of the
elderly, and may occur in much younger patients,
especially athletic young women, those with anor-
exia nervosa, those on steroids and other medica-
tions, and in anyone on prolonged bed rest,
including astronauts experiencing long periods of
weightlessness.

Dietary calcium is often seen as the most limiting
factor in the development of peak bone mass, and
strategies to increase dietary calcium have been pro-
moted. Other factors in the development of bone
mineral include height, weight, racial background
and inheritance, gender, activity, vitamin D deficiency,
parathyroid hormone deficiency, vitamin A, vitamin
K, growth hormone, calcium, phosphorus, and mag-
nesium. Phosphorus, the other major component of
bone mineral, is relatively common in the diet.

In the 1997 DRIs, Als of calcium were raised from
800 to 1300 mg in 9-18year olds. Only a small
percentage of the population takes in the RDA for
calcium. The estimated average calcium intake in
American women is only about 500-600 mg a day,
and is much lower in the developing world (as low
as 200 mg a day). From calcium tracer studies per-
formed since the 1950s, intestinal calcium absorp-
tion ranges from 10% to 40% of ingested calcium,
with a higher percentage absorption with lower
calcium intakes. A large percentage (usually 70-
80%) of dietary calcium is from milk and dairy
products, which provides about 250mg calcium
per 80z (240 ml) glass of milk, and most studies
show better absorption from dairy products than
from vegetable sources. However, many people,
especially non-Caucasians, develop relative lactose
intolerance after childhood, and are reluctant to
increase their dairy food intake.

Thus, attention has focused on whether supple-
mentation or fortification with calcium, especially
during adolescence, will ensure achievement of
peak bone mass. Calcium supplementation in ado-
lescent females has shown short-term increases in
bone mineral density, but this may be because it
increases mineralization in a limited amount of tra-
becular bone, and it remains to be seen whether this
leads to long-term improvement or protection
against future fractures. Also, most studies still
assume that increased bone mineral density is synon-
ymous with reduced fracture risk, although fractures
may depend on many other factors such as optimal
bone architecture and lack of falls. Although the



ADOLESCENTS/Nutritional Problems 39

majority of scientific opinion probably favors
increased dietary calcium intake in adolescence, the
factors that control bone mineralization are not yet
completely understood, and long-term protection
against eventual bone loss and fractures remains
to be demonstrated by randomized clinical trials.

Iron

Iron deficiency is one of the most common vitamin or
mineral deficiencies in the world, affecting 20% or
more of women and children especially in developing
countries. Adolescent women who have started
menses or who are pregnant are particularly at risk
for developing iron deficiency, which may ldevelop
long before iron stores are exhausted and anemia
ensues. Anemia (low hemoglobin or red cell volume)
may lead to reduced school and work performance
and may affect cognitive function, as well as leading
to cardiovascular and growth problems. Diagnosis is
made most simply by hemoglobin level or packed red
cell volume (hematocrit) and red cell morphology, or
alternatively by transferrin saturation, serum ferritin,
or serum iron level. Microscopic examination of a
red cell smear typically shows red cells that are
small (microcytic) and pale (hypochromic).

Folate

Folate is a vitamin that is responsible for one-carbon
methyl transfer in a variety of cellular reactions,
including formation of purines and pyrimidines,
which make up DNA and RNA. Folate deficiency
may result in megaloblastic anemia, as forming red
cells fail to divide. As the best source of folate is in
green leafy vegetables, folate nutrition may be mar-
ginal in many adolescents. Recent epidemiologic
evidence suggests that folate supplementation, at
levels that are higher than usual dietary intake
(200400 pg day '), reduced the incidence of neural
tube defects (anencephaly and spina bifida) in new-
borns. Supplementation needs to be started early in
pregnancy, within the first 8 weeks and before most
pregnancies are apparent, so should involve most
women of child-bearing age. The recent decision to
fortify grains and cereals with folic acid in the US
will also reduce serum homocysteine levels, lowering
the risk of cardiovascular disease.

Zinc and Other Minerals

Zinc is a component of many metalloenzymes
including those needed for growth, pancreatic
enzymes, and intestinal secretions. Although it is

unusual to find a documented case of clinical zinc
deficiency apart from occasional cases of acroder-
matitis enteropathica, there has been recent concern
over the possibility of relative zinc deficiency, espe-
cially among chronically ill patients with excessive
intestinal secretions. Zinc deficiency could lead to
impaired taste (hypogeusia) and appetite and immu-
nodeficiency as well as affecting growth. A large
group of adolescents in Shiraz, Iran was described
to be of very short stature because of dietary zinc
deficiency. Similarly, a group of people in Keshan,
China was found to develop cardiomyopathy
because of a selenium deficiency in the soil. Todine
deficiency is surprisingly common worldwide, per-
haps involving up to half of the world population or
3 billion people, especially in areas of Southeast Asia
where it is not supplemented in salt. It may cause
hypothyroidism, goiter (neck masses), cretinism, or
impaired intelligence if severe.

See also: Adolescents: Nutritional Requirements.
Anemia: Iron-Deficiency Anemia. Calcium. Eating
Disorders: Anorexia Nervosa; Bulimia Nervosa; Binge
Eating. Folic Acid. Iron. Obesity: Definition, Etiology
and Assessment. Osteoporosis. Zinc: Physiology.
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Introduction

The aging processes, and interventions to ameliorate
them, have fascinated humans since the dawn of
civilization. Research into aging is now a vital area
of human endeavor, as our species reaches the limits
of its longevity and faces the prospect of an aging
population.

This article aims to highlight the processes
involved with aging and how they affect the entire
hierarchical structure of living organisms, from
molecules to cells, tissues, organs, and systems.
Accordingly, many theories have evolved to explain
the aging processes at each of these levels. A brief
overview of these theories will highlight the frame-
work for investigations into the aging processes
with the ultimate aim of reducing their deleterious
effects, such as age-related disease, perhaps with
nutritional and molecular biological intervention
strategies.

The term ‘aging’ can have a wide variety of dif-
ferent meanings in different circumstances. For
example, the normal processes from birth, through
growth and maturation, an extended period of
adulthood, and on to senescence can be thought of
as aging.

The term is used here to describe a progressive
sequence of detrimental age-related changes that are
observed to occur in every individual of a given
species, although they may appear at different
rates. These changes lead to a breakdown in the
normal homeostatic mechanisms, with the result
that the functional capacity of the body and its
ability to respond to a wide variety of extrinsic
and intrinsic agents is often decreased. This causes
the degradation of structural elements within the
cells, tissues, and organs of the body, leading even-
tually to the onset of age-related disorders and
ultimately death.

Social and Demographic Considerations

An individual’s life expectancy is contributed to by
the interaction of intrinsic (genetic and epigenetic)
factors with extrinsic (environmental and life style)
factors (Figure 1). In the world’s more developed
countries (MDCs) the life expectancy at birth

in the 1900s was around 47 years. By the end of
the twentieth century this rose to a mean of 78 and
76 years in western Europe and north America,
respectively, with many individuals living much
longer. This dramatic increase in average life expe-
ctancy has been largely due to improvements in
environmental conditions such as nutrition, housing,
sanitation, and medical and social services, and has
resulted in a large increase in the number of older
people around the world. This change in the age
structure of society is compounded by the decreasing
fertility levels in the world’s populations leading to
large gains in worldwide median population ages.
Our aging populations have a growing number and
proportion of older people and, importantly, a
growing number and proportion of very elderly
people.

Based on the current rates and trends in popula-
tion growth it has been predicted that by the year
2025 the elderly population (aged 65 and above)
in the world’s MDCs will increase by more than
50%, and will more than double worldwide. The
elderly population itself is aging with the very
elderly (aged 80 and above) being the fastest
growing section of the elderly population. This

Genetics:
‘senescence’ genes, genes coding
for components of biomolecule defense
systems, etc.

Environment:
exposure to chemicals,
disease-causing
organisms, etc.

Lifestyle factors:
diet, housing, exercise, etc.

Rate of aging

Age-related diseases

Death

Figure 1 |Interactive factors that contribute to the aging
process. (Reproduced with permission from Barnett YA (1994)
Nutrition and the ageing process. British Journal of Biomedical
Sciences 51: 278-287.)
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changing demographic picture will result in a large
increased prevalence worldwide of long-term ill-
ness, disability, and the degenerative diseases asso-
ciated with aging. These alterations in the
proportions of the population of working age and
those beyond working age will have a significant
impact on the funding and costs of healthcare for
all nations, making research into aging of critical
international importance.

Theories of Aging

The human body has a hierarchy of structure and
function, ranging from cellular biomolecules,
through to organelles and cells, and on to tissues,
organs, and the body’s various systems. The biolog-
ical manifestations that occur with aging affect the
entire hierarchical structure of living systems. Age-
related effects are seen in the accumulation of
damaged cellular biomolecules (e.g., advanced gly-
cosylation end products, lipid peroxidation pro-
ducts, genetic damage, and mutation), damaged
organelles (mitochondria), and loss of cellular func-
tion, which contributes to dysfunction of the body’s
tissues, organs, and systems. These hierarchical
changes have paved the way for over 300 theories
in an attempt to explain how and why aging occurs.
These theories have previously been broadly cate-
gorized into: (1) programed or genetic theories;
and (2) damage accumulation (stochastic) theories.
However, with ongoing research these categories
have not proven to be entirely comprehensive or
mutually exclusive and it is more likely that there
is a shifting range throughout the life span that
reflects a decreasing influence of genetic factors
and an increasing influence of stochastic events.

Programed and Genetic Theories

Programed and genetic theories propose that the
process of aging follows a biological timetable,
perhaps a continuation of the one that regulates
childhood growth and development. There are a
number of lines of evidence supporting these
theories.

Longevity genes It is clear that aging is con-
trolled to some extent by genetic mechanisms. The
distinct differences in life span among species are a
direct indication of genetic control, at least at the
species level. A number of genes have been identi-
fied in yeast, nematode worms (Caenorbabditis ele-
gans), and fruit flies (Drosophila melanogaster)
that significantly increase the organism’s potential
maximum life span. The products of these genes act

in a diverse number of ways and are involved in
stress response and resistance, development, signal
transduction, transcriptional regulation, and meta-
bolic activity.

However, the genetics of longevity have not been
as revealing in mammalian studies. In mouse sys-
tems genes involved with immune response have
been implicated in longevity, as has the ‘longevity
gene’ p66°°¢, which is involved in signal transduc-
tion pathways that regulate the cellular response to
oxidative stress. In humans, a number of mitochon-
drial DNA polymorphisms are associated with long-
evity. Linkage analysis in humans systems has
associated certain genes on chromosome 4 with
exceptional longevity. Further support for human
longevity genes may be provided by the observation
that siblings and parents of centenarians live longer.
The major histocompatibility complex (MHC), the
master genetic control of the immune system, may
also be one of the gene systems controlling aging,
since a number of genetic defects that cause immu-
nodeficiency shorten the life span of humans. Cer-
tain MHC phenotypes have also been associated
with malignancy, autoimmune disease, Alzheimer’s
disease, and xeroderma pigmentosum in humans.

Accelerated aging syndromes No distinct pheno-
copy exists for normal aging, but there are several
genetic diseases/syndromes that display some fea-
tures of accelerated aging, including Hutchinson-
Gilford syndrome (classic early onset Progeria),
Werner’s syndrome, and Down’s syndrome. Patients
with these syndromes suffer from many signs of
premature aging including hair loss, early greying,
and skin atrophy, and also suffer from premature
age-related diseases such as atherosclerosis, osteo-
porosis, and glucose intolerance. The defined genet-
ics involved in these syndromes provide strong
evidence for the genetic basis of aging.

Neuroendocrine theories These theories propose
that functional decrements in neurons and their
associated hormones are pivotal to the aging pro-
cess. An important version of this theory suggests
that the hypothalamic-pituitary-adrenal (HPA)
axis is the key regulator of mammalian aging.
The neuroendocrine system regulates early devel-
opment, growth, puberty, the reproductive system,
metabolism, and many normal physiological func-
tions. Functional changes to this system could
exert effects of aging throughout an organism.
However, the cells of the neuroendocrine system
are subject to the normal cellular aging processes
found in all cells, and the changes occurring in the
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neuroendocrine system may be secondary expres-
sions of the aging phenotype.

Immunologic theory and immunosenescence
Deterioration of the immune system with aging
(‘immunosenescence’) may contribute to morbidity
and mortality due to decreased resistance to infec-
tion and, possibly, certain cancers in the aged. T-cell
function decreases and autoimmune phenomena
increase in elderly individuals.

Although the immune system obviously plays a
central role in health status and survival, again the
cells of the immune system are subject to the normal
cellular aging processes found in all cells. Changes
to the immune system may be secondary expressions
of the aging phenotype.

Cellular senescence At the cellular level, most, if
not all, somatic cell types have a limited replicative
capacity in vitro before they senesce and die. The
number of cell population doublings in wvitro is
inversely correlated with donor age. This is called
the ‘Hayflick phenomenon’ after the scientist cred-
ited with its discovery. This limit in the capacity of a
cell type or tissue to divide and replenish itself
would have major repercussions in vivo. There is
evidence that replicative senescence is related to in
vivo aging, but definitive evidence that senescent
cells accumulate in vivo is lacking to date. Many
alterations to normal cellular physiology are exhib-
ited with the senescent phenotype, indicating that
senescent cells exist in a growth state that is quite
distinct from that of young cells and are subject to a
complex alteration to their cellular physiology.

A number of possible explanations for limiting the
number of cell population doublings have been pro-
posed, including a tumor suppressive mechanism.
One proposal is that the shortening of telomeres,
the sequences of noncoding DNA located at the
end of chromosomes, is a measure of the number
of cell divisions that a cell has experienced. These
telomeres may act as specialized regions of the gen-
ome, a sacrificial ‘sentinel’ zone, for the detection of
DNA damage being noncoding, more prone to
damage, and less prone to repair than the genome
as a whole. Damage to telomeres transposes to tel-
omere shortening, and loss of telomere higher order
structure may trigger senescence and/or apoptosis.

Studies involving fusion of normal cells (subject to
senescence) with immortal cell lines in vitro have
clearly demonstrated that the senescent phenotype
is dominant, and that unlimited division potential
results from changes in normal growth control
mechanisms. These fusion studies have also revealed
the existence of several dominant genes associated

with the process of cellular senescence. These genes
reside on a number of chromosomes, including 1,4,
and X.

Disposable soma theory The disposable soma the-
ory suggests that aging is due to stochastic back-
ground damage to the organism, i.e., damage that
is not repaired efficiently because the energy
resources of the somatic cells are limited. So, instead
of wasting large amounts of energy in maintaining
the whole body in good condition, it is far more
economical to simply repair the heritable stem cell
genetic material, in order to ensure the survival of
the species. In this way the future of the species is
secured at the expense of individual lives. When the
somatic energy supply is exhausted, the body ages
and dies, but the genetic material survives (in the
next generation).

Damage Accumulation (Stochastic) Theories

The ‘damage’ or ‘error’ theories emphasize intrinsic
and environmental insults to our cellular compo-
nents that accumulate throughout life and gradually
cause alterations in biological function and the phy-
siological decline associated with aging.

Somatic mutation and DNA repair Damage to
DNA occurs throughout the lifetime of a cell. If
this damage is not repaired or removed then muta-
tions may result. Mutations may result in the synth-
esis of aberrant proteins with altered or absent
biological function; alterations to the transcriptional
and translational machinery of a cell; and deregula-
tion of gene control. The accumulation of mutations
on their own, or in combination with other age-
related changes, may lead to alterations in cellular
function and ultimately the onset of age-related
disease.

Error catastrophe This theory suggests that
damage to mechanisms that synthesize proteins
results in faulty proteins, which accumulate to a
level that causes catastrophic damage to cells, tis-
sues, and organs. Altered protein structure has been
clearly demonstrated to occur with age; however,
most of these changes are posttranslational in nat-
ure, and hence do not support this theory of aging.
Such changes to protein structure may result in pro-
gressive loss of ‘self-recognition’ by the cells of the
immune system and thus increase the likelihood that
the immune system would identify self-cells as for-
eign and launch an immune attack. Indeed, the inci-
dence of autoimmune episodes is known to increase
with age.



AGING 43

Cross-linking The cross-linking theory states that an
accumulation of cross-linked biomolecules caused by a
covalent or hydrogen bond damages cellular and tissue
function through molecular aggregation and decreased
mobility. The modified malfunctional biomolecules
accumulate and become increasingly resistant to
degradation processes and may represent a physical
impairment to the functioning of organs. There is
evidence in vitro for such cross-linking over time in
collagen and in other proteins, and in DNA. Many
agents exist within the body that have the potential
to act as cross-linking agents, e.g., aldehydes, antibo-
dies, free radicals, quinones, citric acid, and polyvalent
metals, to name but a few.

Free radicals The most popular, widely tested and
influential of the damage accumulation theories of
aging is the ‘free radical’ theory, first proposed by
Harman in 1956. Free radicals from intrinsic and
extrinsic sources (Table 1) can lead to activation of
cytoplasmic and/or nuclear signal transduction path-
ways, modulation of gene and protein expression,
and also alterations to the structure and ultimately
the function of biomolecules. Free radicals may thus
induce alterations to normal cell, tissue, and organ
functions, which may result in a breakdown of
homeostatic mechanisms and lead to the onset of
age-related disorders and ultimately death. It can

Table 1 Extrinsic and intrinsic sources of free radicals

Extrinsic sources Intrinsic sources

Plasma membrane:
lipoxygenase,
cycloxygenase, NADPH
oxidase

Mitochondria: electron
transport, ubiquinone,
NADH dehydrogenase

Microsomes: electron
transport, cytochrome
p450, cytochrome bg

Peroxisomes: oxidases,
flavoproteins

Radiation: ionizing, ultraviolet

Drug oxidation: paracetamol,
carbon tetrachloride,
cocaine

Oxidizing gases: oxygen,
ozone, nitrogen dioxide

Xenobiotic elements: arsenic
(As), lead (Pb), mercury
(Hg), cadmium (Cd)

Redox cycling substances:
paraquat, diquat, alloxan,
doxorubicin

Heat shock

Phagocytic cells: neutrophils,
macrophytes, eosinophils,
endothelial cells

Auto-oxidation reactions:
Metal catalyzed reactions

Other: hemoglobin, flavins,
xanthine oxidase,
monoamine oxidase,
galactose oxidase,
indolamine dioxygenase,
tryptophan dioxygenase

Ischemia — reperfusion

Cigarette smoke and
combustion products

be predicted from this theory that the life span of
an organism may be increased by slowing down the
rate of initiation of random free radical reactions or
by decreasing their chain length. Studies have
demonstrated that it is possible to increase the life
span of cells in vitro by culturing them with various
antioxidants or free radical scavengers. Antioxidant
supplementation with a spin-trapping agent has
been demonstrated to increase the lifespan of the
senescence accelerated mouse, although as yet there
is little evidence for increasing the life span of a
normal mammalian species by such strategies.

Mitochondrial DNA damage This hypothesis com-
bines elements of several theories, covering both the
stochastic and genetic classes of aging theories. It is
proposed that free radical reactive oxygen species
generated in the mitochondria contribute signifi-
cantly to the somatic accumulation of mitochondrial
DNA mutations. This leads to a downward spiral
wherein mitochondrial DNA damage results in
defective mitochondrial respiration that further
enhances oxygen free radical production, mitochon-
drial DNA damage, and mutation. This leads to the
loss of vital bioenergetic capacity eventually result-
ing in aging and cell death.

The absence of evidence that exclusively supports
any one theory leaves no doubt that aging is due to
many processes, interactive and interdependent, that
determine life span and death.

Age-Related Diseases

Regardless of the molecular mechanisms that under-
lie the aging process, a number of well-characterized
changes to the structure and therefore the function
of the major cellular biomolecules (lipids, proteins,
carbohydrates, and nucleic acids) are known to
occur with age (Table 2). The age-related alterations
to the structure and therefore the function of cellular
biomolecules have physiological consequences and
may directly cause or lead to an increased suscept-
ibility to the development of a number of diseases
(Figure 2).

Cellular biomolecules are constantly exposed to a
variety of extrinsic and intrinsic agents that have the
potential to cause damage. A number of defense sys-
tems exist, e.g., antioxidant enzymes and DNA repair
systems, which aim to reduce, remove, or repair
damaged biomolecules. These defense systems are
not perfect, however, and biomolecular damage may
still occur. Such damage can result in the degradation
of structural elements within the cells, tissues, and
organs of the body, leading to a decline in biological
function and eventually to disease and death.
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Table 2 Major age-related alterations in biomolecule structure and the resultant physiological consequences of such structural changes

Biomolecule

Alteration

Physiological consequence

Lipids

Proteins

Carbohydrates

Nucleic acids

Lipid peroxidation

Racemization, deamination,
oxidatation, and carbamylation

Fragmentation, depolymerization
Glucose auto-oxidation

Strand breaks Base adducts
Loss of 5-methyl cytosine
from DNA

Oxidized membranes become rigid, lose selective permeability and
integrity. Cell death may occur

Peroxidation products can act as cross-linking agents and may play a
role in protein aggregation, the generation of DNA damage and
mutations, and the age-related pigment lipofuscin

Alterations to long-lived proteins may contribute to aging and/or
pathologies. For example, modified crystallins may aggregate in the
lens of the eye thus leading to the formation of cataracts

Cross-linking and formation of advance glycosylation end-products
(AGEs), which can severely affect protein structure and function

Effects on the maintenance of cellular homeostasis

Alters physical properties of connective tissue. Such alteration may be
involved in the etiology and pathogenesis of osteoarthritis and other
age-related joint disorders

Glycosylation of proteins in vivo with subsequent alteration of biological
function; for example, glycosylation of insulin in patients with diabetes
may result in altered biological function of insulin and so contribute to
the pathogenesis of the disease

Damage could be expected to interfere with the processes of
transcription, translation, and DNA replication. Such interference may
reduce a cell’s capacity to synthesize vital polypeptides/proteins.
In such circumstances cell death may occur. The accumulation of a
number of hits in critical cellular genes associated with the control of
cell growth and division has been shown to result in the process of
carcinogenesis

Dedifferentiation of cells (5-methylcytosine plays an important role in
switching off genes as part of gene regulation)

If viable, such dedifferentiated cells may have altered physiology and
may contribute to altered tissue/organ function

The physiological alterations with age proceed at
different rates in different individuals. Some of the
common changes seen in humans are: the function
of the immune system decreases by the age of
30vyears of age, reducing defenses against infection
or tumor establishment and increasing the likelihood
of autoimmune disorders; metabolism starts to slow
down at around 25years of age; kidney and liver
function decline; blood vessels lose their elasticity;
bone mass peaks at age 30years and drops about
1% per year thereafter; the senses fade; the epider-
mis becomes dry and the dermis thins; the quality of
and need for sleep diminish; and the brain loses
20% of its weight, slowing recall and mental per-
formance. A number of age-related diseases may
develop as a consequence of the tissue, organ, and
system deterioration (Table 3).

Modification of the Aging Process

Can the adverse consequences of aging be pre-
vented? Down through the ages many have pursued
the elixir of life. Attempts to increase the average life
expectancy and quality of life in the elderly can only
succeed by slowing the aging process itself. In

humans, the rate of functional decline associated
with aging may be reduced through good nutrition,
exercise, timely health care, and avoidance of risk
factors for age-related disease.

Nutritional Modification

It is clear that diet contributes in substantial ways to
the development of age-related diseases and that
modification of the diet can contribute to their pre-
vention and thus help to improve the quality of life
in old age. Macronutrient intake levels can play a
significant part in the progression of age-related
diseases and affect the quality of life. For example,
the total and proportional intakes of polyunsatu-
rated fatty acids and saturated fatty acids in the
Western diet may have an effect on the incidence
of atherosclerosis and cardiovascular diseases.

Our dietary requirements also change as we age
and if such changes are not properly addressed this
could lead to suboptimal nutritional status. This
challenge is compounded by a decrease in the
body’s ability to monitor food and nutrient intakes.
Dietary intake and requirements are complex issues,
intertwined with many health and life style issues.
However, most research points towards the need for
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Biomolecule damaging agents

Defense mechanism

e.g., free radicals

s that aim to prevent

or repair biomolecule damage

e.g., antioxidants

Nucleic acids

Altered: Altered:
structure (mutation)
gene expression

transcription and translation

Biomolecule damage may still occur

Proteins

protein structure
biological activity
Protein aggregation
Activation of proteolytic enzymes
Protein aggregation
DNA — protein cross-links

Lipids

Membrane peroxidation and
destruction leads to

rigidity of cell membranes,

loss of selective permeability,
and loss of membrane integrity.
Aggregation with proteins,
pigments, and metal ions to
form lipofuscin

Biomolecule damage

f

Cell with altered biological

function — aging cell

Cell death

Development of ag

Decline in tissue and organ functions

by chance
Cancer Normal
cell cell

e-related disorders

Death
Figure 2 Biomolecule damage and the aging process. (Reproduced with permission from Barnett YA (1994) Nutrition and the aging

process. British Journal of Biomedical Sciences 51: 278-287.)

a varied diet as we age, with an increased emphasis
on micronutrient intake levels.

An exemplary diet for healthy aging can be found
in the traditional diet of Okinawa, Japan. Okina-
wans are the longest-living population in the world
according to the World Health Organization, with
low disability rates and the lowest frequencies of
coronary heart disease, stroke, and cancer in the
world. This has been attributed to healthy life style
factors such as regular physical activity, minimal
tobacco use, and developed social support networks
as antistress mechanisms, all of which are under-
pinned by a varied diet low in salt and fat (with
monosaturates as the principal fat) and high levels of
micronutrient and antioxidant consumption.

Vitamins and micronutrients The mechanisms by
which certain vitamins and micronutrients mediate
their protective effect in relation to a number of age-
related disorders is based in large part upon their
abilities to prevent the formation of free radicals or
scavenging them as they are formed, either directly
(e.g., vitamins C, E, and (-carotene) or indirectly
(e.g., copper/zinc superoxide dismutase, manganese-
dependent superoxide dismutase, selenium-depen-
dent glutathione peroxidase). Table 4 summarizes
the effects that a variety of vitamins and micro-
nutrients can have on age-related disease. Only by
exploring more fully the underlying molecular
mechanisms of aging and the major classes of anti-
oxidants will it be possible to establish the role
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Table 3 Major age-related alterations in vivo and the resultant
pathological conditions

Table 4 Effects of vitamins and micronutrients on age-related
disorders

Body system Pathological changes

Cardiovascular Atherosclerosis, coronary heart disease,
hypertension

Central nervous Reduction of cognitive function,

system development of various dementias
(e.g., Alzheimer’s disease and
Parkinson’s disease)
Endocrine Noninsulin-dependent diabetes,
hypercortisolemia
Hemopoietic Anemia, myelofibrosis
Immune General decline in immune system

function, particularly in T cells
Osteoporosis, osteoarthritis, skeletal
muscle atrophy

Musculoskeletal

Renal Glomerulosclerosis, interstitial fibrosis

Reproductive Decreased spermatogenesis,
hyalinization of semeniferous tubules

Respiratory Interstitial fibrosis, decreased vital

capacity, chronic obstructive
pulmonary disease

Cataracts, senile macular degeneration,
diabetic retinopathy

Cancer

Sense organs

All systems

of, and develop strategies for using various classes of
antioxidants to reduce the effects of aging. Other
dietary components may also have a beneficial effect
in preventing or delaying the onset of age-related
disease. For example, as a deterrent against the
onset of osteoporosis, adults should ensure adequate
calcium and vitamin D intakes.

Dietary energy restriction The effect of caloric
restriction on life span has only been convincingly
demonstrated in rodents to date. Feeding mice and
rats diets that are severely deficient in energy (about
35% of that of animals fed ad libitum, after the
initial period of growth) retards the aging of body
tissues, inhibits the development of disease and
tumors, and prolongs life span significantly. The
exact mechanism of action of dietary energy restric-
tion remains to be elucidated, but may involve mod-
ulation of free radical metabolism, or the reduced
hormone excretion that occurs in dietary restricted
animals may lower whole body metabolism resulting
in less ‘wear and tear’ to body organs and tissues.
Current investigations into the effects of dietary
energy restriction (of about 30%) on the life spans
of primates, squirrels, and rhesus monkeys continue.
Caloric restriction in rhesus monkeys leads to reduc-
tions in body temperature and energy expenditure
consistent with the rodent studies. These investiga-
tions should have direct implications for a dietary
energy restriction intervention aimed at slowing

Vitamin or micronutrient Possible effect on age-related

disorder

Vitamins Bg, E copper, zinc,
and selenium

Impairment of immune function
in older humans
if inadequate amounts

Increased amount in the diet is
associated with delayed
development of various
forms of cataract

Protective effect against the
development of lung cancer
in smokers

Dietary supplementation
associated with a decreased
risk of age-related macular
degeneration

Absolute or relative deficiency
associated with development
of a number of cancers (not
breast cancer)

Dietary supplementation may
decrease the rate of
development of
atherosclerosis

Dietary deficits are associated
with an increased risk of
cardiovascular disease

Vitamins C, E, and
carotenoids

Carotenoids and zinc

Selenium

Vitamin C, -carotene,
a-tocopherol, and zinc

Selenium, copper, zinc,
lithium, vanadium,
chromium, and
magnesium

Vitamins B,, Bg, and folate Adequate levels throughout a
lifetime may prevent some of
the age-related decrease in
cognitive function

Deficiency is associated with
an increased risk of the
development of type 2
diabetes mellitus

Chromium

down the aging process in humans, should any
humans wish to extend their life span at such a
cost. Once the mechanisms of effects of caloric
restriction on longevity are understood it may be
possible to develop drugs that act through these
mechanisms directly, mitigating the need for diets
that interfere with the quality of life.

Molecular Biological Interventions
and the Aging Process

Accelerated aging syndromes show degenerative char-
acteristics similar to those appearing during normal
aging. The mutations leading to these disorders are
being identified and their roles in the aging process
are being elucidated. Examining differences in the
genetic material from normal elderly people and
those with progeria should help to give a better
understanding of the genetic mechanisms of aging.
Identification of a control gene or genes that inhibit
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the action of the genes producing the progeroid phe-
notype might make it possible to slow down aberrant
protein production in normal people as well.

As an example, the genetic defect that predisposes
individuals to the development of Werner’s syndrome
has now been elucidated. Individuals with this disease
carry two copies of a mutant gene that codes for a
helicase enzyme (helicases split apart or unwind the
two strands of the DNA double helix). DNA helicases
play a role in DNA replication and repair.

In light of the biological function of these enzymes
it has been proposed that the reason for the prema-
ture aging in Werner’s syndrome is that the defective
helicase prevents DNA repair enzymes from remov-
ing background DNA damage, which thus becomes
fixed as mutations, with consequent deleterious
effects on cellular function. It remains to be deter-
mined whether increasing the fidelity or activity of
helicases in cells will extend their life span.

Since it appears that the loss of telomeric DNA
sequences can lead to replicative senescence in divid-
ing cells, in theory by preventing such telomere loss
the life span of the cell could be extended. A natu-
rally occurring enzyme, telomerase, exists to restore
telomeric DNA sequences lost by replication. Telo-
merase is normally only functional in germ cells.
Manipulating certain cell types (e.g., cells of the
immune system) to regulate the expression telomer-
ase may extend their functional life span. Drugs that
enhance telomerase activity in somatic cells are cur-
rently being developed. However, cellular senescence
has been implicated as a tumor suppressor mechan-
ism and it has been found that cancer cells express
telomerase. An uncontrolled expression of this
enzyme in somatic cells may lead to the onset of
malignancy through uncontrolled cell proliferation.
Thus, any intervention aiming to increase life span
based on the cellular expression of telomerase must
strike a balance between maintaining controlled cell
division and uncontrolled proliferation.

A number of single gene mutations have been
identified that affect metabolic function, hormonal
signaling, and gene silencing pathways. In the future
it may be possible to develop drugs to mimic the
antiaging effects that these genes exert.

See also: Antioxidants: Diet and Antioxidant Defense;
Observational Studies; Intervention Studies. Cancer:
Epidemiology and Associations Between Diet and
Cancer. Coronary Heart Disease: Lipid Theory;
Prevention. Fats and Oils. Fatty Acids:
Monounsaturated; Saturated. Growth and
Development, Physiological Aspects. Lipids:
Chemistry and Classification; Composition and Role of
Phospholipids. Nucleic Acids. Nutrient Requirements,
International Perspectives. Older People: Nutritional
Requirements; Nutrition-Related Problems; Nutritional
Management of Geriatric Patients. Protein: Synthesis
and Turnover; Requirements and Role in Diet; Digestion
and Bioavailability. Supplementation: Role of
Micronutrient Supplementation.
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After caffeine, ethanol is the most commonly used
recreational drug worldwide. ‘Alcohol’ is synon-
ymous with ‘ethanol,” and ‘drinking’ often describes
the consumption of beverages containing ethanol.

In the United Kingdom, a unit of alcohol (stan-
dard alcoholic drink; Table 1) contains 8 g of etha-
nol. The Department of Health (United Kingdom)
and several of the medical Royal Colleges have
recommended sensible limits for alcohol intake
based on units of alcohol. However, because the
amount of ethanol in one unit varies throughout
the world (Tables 2 and 3), the unit system does
not allow international comparisons.

Despite these guidelines, the quantity of alcohol
consumed varies widely. Many enjoy the pleasant
psychopharmacological effects of alcohol. However,

Table 1 Unit system of ethanol content of alcoholic beverages?®

Beverage containing ethanol Units of ethanol

Half pint of low-strength beer (284 ml)

Pint of beer (568 ml)

500 ml of high-strength beer

Pint of cider

One glass of wine (125ml)

Bottle of wine (750 ml)

One measure of spirits (e.g., whisky,
gin, vodka)

Bottle of spirits (e.g., vodka; 750 ml) 36

O =NOoON =

4The unit system is a convenient way of quantifying consumption
of ethanol and offers a suitable means to give practical guidance.
However, there are several problems with the unit system. The
ethanol content of various brands of alcoholic beverages varies
considerably (for example, alcohol content of beers/ales is
0.5-9.0%—a pint may contain 2-5 units) and the amounts of
alcohol consumed in homes bear little in common with standard
measures.

some experience adverse reactions due to genetic
variation of enzymes that metabolize alcohol. Mis-
use of alcohol undoubtedly induces pathological
changes in most organs of the body. Some question-
able data have suggested that alcohol may be bene-
ficial in the reduction of ischaemic heart disease.
Many of the effects of alcohol correlate with the
peak concentration of ethanol in the blood during a
drinking session. It is therefore important to under-
stand the factors that influence the blood ethanol
concentration (BEC) achieved from a dose of ethanol.

Physical Properties of Ethanol

Ethanol is produced from the fermentation of glu-
cose by yeast. Ethanol (Figure 1) is highly soluble in
water due to its polar hydroxyl (OH) group. The
nonpolar (C,Hs) group enables ethanol to dissolve
lipids and thereby disrupt biological membranes. As
a relatively uncharged molecule, ethanol crosses cell
membranes by passive diffusion.

Absorption and Distribution of Alcohol

The basic principles of alcohol absorption from the
gastrointestinal (GI) tract and subsequent distribu-
tion are well understood. Beverages containing etha-
nol pass down the oesophagus into the stomach. The
endogenous flora of the GI tract can also transform
food into a mixture of alcohols including ethanol.
This is particularly important if there are anatomical
variations in the upper GI tract (e.g., diverticulae).
Alcohol continues down the GI tract until
absorbed. The ethanol concentration therefore

Table 2 Geographical variation in the amount of ethanol in one
unit?

Country Amount of alcohol (g)
Japan 14
United States 12
Australia and New Zealand 10
United Kingdom 8

4The unit system does not permit international comparisons.
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Table 3 Guidelines for the consumption of alcohol?

Men (units) Women (units)

Weekly® Daily*® Weekly® Daily*®
Low risk 0-21 3-4 0-14 2-3
Hazardous 22-50 >4 15-35 >3
Harmful >50 >35 >1-29

4Guidelines regarding the consumption of alcohol are designed to
reduce harm. The Royal Colleges’ (1995) guidelines are for
weekly consumption rates, and the Department of Health’s
(1995) guidelines are for daily consumption.

PRecommendations of the Working Group of the Royal Colleges
of Physicians, Psychiatrists and General Practitioners (UK).
°Recommendations of the Department of Health (UK).

9When pregnant or about to become pregnant, consumption of
more than 1 or 2 units of alcohol, one or two times per week, is
harmful.

Polar hydroxyl group

H H
H—C—C—0—H
H oW
L

Non-polar carbon backbone
Figure 1 Chemical structure of ethanol.

decreases down the GI tract. There is also a concen-
tration gradient of ethanol from the lumen to the
blood. The concentration of ethanol is much higher
in the lumen of the upper small intestine than in
plasma (Table 4). Alcohol diffuses passively across
the cell membranes of the mucosal surface into the
submucosal space and then the submucosal
capillaries.

Absorption occurs across all of the GI mucosa but
is fastest in the duodenum and jejunum. The rate of

Table 4 Approximate ethanol concentrations in the gastroin-
testinal tract and in the blood after a dose of ethanol®

Site Ethanol
concentration
g/dl mmol/|
Stomach 8 1740
Jejunum 4 870
lleum 0.1-0.2 22-43
Blood (15—-120 minutes after dosage) 0.1-0.2 22-43

4Ethanol appears in the blood as quickly as 5minutes after
ingestion and is rapidly distributed around the body. A dose of
0.8 g ethanol/kg body weight (56 g ethanol (7 units) consumed by
a 70kg male) should result in a blood ethanol concentration of
100—200 mg/dI (22—43 mmol/l) between 15 and 120 minutes after
dosage. Highest concentrations occur after 30—90 minutes.

gastric emptying is the main determinant of absorp-
tion because most ethanol is absorbed after leaving
the stomach through the pylorus.

Alcohol diffuses from the blood into tissues across
capillary walls. Ethanol concentration equilibrates
between blood and the extracellular fluid within a
single pass. However, equilibration between blood
water and total tissue water may take several hours,
depending on the cross-sectional area of the capil-
lary bed and tissue blood flow.

Ethanol enters most tissues but its solubility in
bone and fat is negligible. Therefore, in the postab-
sorption phase, the volume of distribution of ethanol
reflects total body water. Thus, for a given dose,
BEC will reflect lean body mass.

Metabolism of Alcohol

The rate at which alcohol is eliminated from the
blood by oxidization varies from 6 to 10 g/h. This
is reflected by the BEC, which falls by 9-20 mg/dl/h
after consumption of ethanol. After a dose of
0.6-0.9 g/kg body weight without food, elimination
of ethanol is approximately 15 mg/dl blood/h. How-
ever, many factors influence this rate and there is
considerable individual variation.

Absorbed ethanol is initially oxidized to acetalde-
hyde (Figure 2) by one of three pathways (Figure 3):

1. Alcohol dehydrogenase (ADH)—cystosol

2. Microsomal ethanol oxidizing system (MEOS)—
endoplasmic reticulum

3. Catalase—peroxisomes

Alcohol Dehydrogenase

ADH couples oxidation of ethanol to reduction of
nicotinamide adenine dinucleotide (NAD™') to
NADH. ADH has a wide range of substrates and
functions, including dehydrogenation of steroids and
oxidation of fatty acids.

Alcohol Dehydrogenase Isoenzymes

ADH is a zinc metalloprotein with five classes of
isoenzymes that arise from the association of eight
different subunits into dimers (Table 5). A genetic
model accounts for these five classes of ADH as

H H H
| | //o
H—C—C=0 H—C—C
(I | Ay
H H O
L | L |
Acetaldehyde Acetate

Figure 2 Chemical structures of acetaldehyde and acetate,
the products of ethanol metabolism.
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Figure 3 Pathways of ethanol metabolism.

products of five gene loci (ADH1-5). Class 1 iso-
enzymes generally require a low concentration of
ethanol to achieve ‘half-maximal activity’ (low
K..), whereas class 2 isoenzymes have a relatively
high K,,. Class 3 ADH has a low affinity for ethanol
and does not participate in the oxidation of ethanol
in the liver. Class 4 ADH is found in the human
stomach and class 5 has been reported in liver and

Table 5 Classes of alcohol dehydrogenase isoenzymes

Class Subunit Location K (mmol/l)? Vpax

1

ADH1 « Liver 4 54

ADH2 g Liver, lung 0.05-34

ADH3 7 Liver, stomach 0.6-1.0

2

ADH4 = Liver, cornea 34 40

3

ADH5 X Most tissues 1000

4

ADH7 o, u Stomach, oesophagus, 20 1510
other mucosae

5

ADH6 — Liver, stomach 30

2K, supplied is for ethanol; ADH also oxidizes other substrates.
Adapted with permission from Kwo PY and Crabb DW (2002)
Genetics of ethanol metabolism and alcoholic liver disease.

In: Sherman DIN, Preedy VR and Watson RR (eds.) Ethanol
and the Liver. Mechanisms and Management, pp. 95-129.
London: Taylor & Francis.

stomach. Whereas the majority of ethanol metabo-
lism occurs in the liver, gastric ADH is responsible
for a small portion of ethanol oxidation.

Catalase

Peroxisomal catalase, which requires the presence of
hydrogen peroxide (H,0,), is of little significance in
the metabolism of ethanol. Metabolism of ethanol
by ADH inhibits catalase activity because H,O,
production is inhibited by the reducing equivalents
produced by ADH.

Microsomal Ethanol Oxidizing System

Chronic administration of ethanol with nutritionally
adequate diets increases clearance of ethanol from
the blood. In 1968, the MEOS was identified. The
MEOS has a higher K, for ethanol (8-10 mmol/l)
than ADH (0.2-2.0 mmol/l) so at low BEC, ADH is
more important. However, unlike the other path-
ways, MEOS is highly inducible by chronic alcohol
consumption. The key enzyme of the MEOS is cyto-
chrome P4502E1 (CYP2E1). Chronic alcohol use is
associated with a 4- to 10-fold increase of CYP2E1
due to increases in mRNA levels and rate of
translation.

Acetaldehyde Metabolism

Acetaldehyde is highly toxic but is rapidly converted
to acetate. This conversion is catalyzed by aldehyde
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Table 6 Classes of aldehyde dehydrogenase isoenzymes

Class Structure  Location K (umol/l)?
1
ALDH1 od Cytosolic
Many tissues: highest 30
in liver
2
ALDH2 o4 Mitochondrial

Present in all tissues 1
except red blood cells

Liver > kidney >
muscle > heart

4K, supplied is for acetaldehyde; ALDH also oxidizes other
substrates.

Adapted with permission from Kwo PY and Crabb DW (2002)
Genetics of ethanol metabolism and alcoholic liver disease. In:
Sherman DIN, Preedy VR and Watson RR (eds.) Ethanol and
the Liver. Mechanisms and Management, pp. 95-129. London:
Taylor & Francis.

dehydrogenase (ALDH) and is accompanied by
reduction of NAD" (Figure 3). There are several
isoenzymes of ALDH (Table 6). The most important
are ALDH1 (cytosolic) and ALDH2 (mitochon-
drial). The presence of ALDH in tissues may reduce
the toxic effects of acetaldehyde.

In alcoholics, the oxidation of ethanol is increased
by induction of MEOS. However, the capacity of
mitochondria to oxidize acetaldehyde is reduced.
Hepatic acetaldehyde therefore increases with
chronic ethanol consumption. A significant increase
of acetaldehyde in hepatic venous blood reflects the
high tissue level.

Metabolism of Acetate

The final metabolism of acetate derived from etha-
nol remains unclear. However, some important prin-
ciples have been elucidated:

1. The majority of absorbed ethanol is metabolized
in the liver and released as acetate. Acetate
release from the liver increases 21 times after
ethanol consumption.

2. Acetyl-CoA synthetase catalyzes the conversion
of acetate to acetyl-CoA via a reaction requiring
adenosine triphosphate. The adenosine mono-
phosphate produced is converted to adenosine
in a reaction catalyzed by 5’-nucleosidase.

3. Acetyl-CoA may be converted to glycerol, glyco-
gen, and lipid, particularly in the fed state. How-
ever, this only accounts for a small fraction of
absorbed ethanol.

4. The acetyl-CoA generated from acetate may be
used to generate adenosine triphosphate via the
Kreb’s cycle.

5. Acetate readily crosses the blood-brain barrier
and is actively metabolized in the brain. The
neurotransmitter acetylcholine is produced from
acetyl-CoA in cholinergic neurons.

6. Both cardiac and skeletal muscle are very impor-
tant in the metabolism of acetate.

Based on these observations, future studies on the
effects of ethanol metabolism should focus on skel-
etal and cardiac muscle, adipose tissue, and the
brain.

Blood Ethanol Concentration

The relationship between BEC and the effects of alco-
hol is complex and varies between individuals and
with patterns of drinking. Many of the effects correlate
with the peak concentration of ethanol in the blood
and organs during a drinking session. Other effects are
due to products of metabolism and the total dose of
ethanol ingested over a period of time. These two
considerations are not entirely separable because the
ethanol concentration during a session may determine
which pathways of ethanol metabolism predominate.

It is of considerable clinical interest to understand
what factors increase the probability of higher max-
imum ethanol concentrations for any given level of
consumption.

Factors Affecting Blood Ethanol
Concentration

Gender Differences in Blood Ethanol
Concentration

Women achieve higher peak BEC than men given
the same dose of ethanol per kilogram of body
weight. The volume of distribution of ethanol
reflects total body water. Because the bodies of
women contain a greater proportion of fat, it is
not surprising that the BEC is higher in women.
However, gender differences in the gastric metabo-
lism of ethanol may also be relevant.

Period over which the Alcohol Is Consumed

Rapid intake of alcohol increases the concentration
of ethanol in the stomach and small intestine. The
greater the concentration gradient of alcohol, the
faster the absorption of ethanol and therefore peak
BEC. If alcohol is consumed and absorbed faster
than the rate of oxidation, then BEC increases.

Effects of Food on Blood Ethanol Concentration

The peak BEC is reduced when alcohol is consumed
with or after food. Food delays gastric emptying into
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Figure 4 Blood ethanol concentration curve after oral dosing
of ethanol. A subject injected 0.8 g/kg ethanol over 30 minutes
either after an overnight fast or after breakfast. The peak blood
ethanol concentration and the area under the curve are reduced
if ethanol is consumed with food.

the duodenum and reduces the sharp early rise in
BEC seen when alcohol is taken on an empty sto-
mach. Food also increases elimination of ethanol
from the blood. The area under the BEC/time
curve (AUC) is reduced (Figure 4). The contributions
of various nutrients to these effects have been stud-
ied, but small, often conflicting, differences have
been found. It appears that the caloric value of the
meal is more important than the precise balance of
nutrients.

In animal studies ethanol is often administered
with other nutrients in liquid diets. The AUC is
less when alcohol is given in a liquid diet than
with the same dose of ethanol in water. The differ-
ent blood ethanol profile in these models may affect
the expression of pathology.

However, food increases splanchnic blood flow,
which maintains the ethanol diffusion gradient in
the small intestine. Food-induced impairment of gas-
tric emptying may be partially offset by faster
absorption of ethanol in the duodenum.

Beverage Alcohol Content and Blood Ethanol
Concentration

The ethanol concentration of the beverage con-
sumed (Table 7) affects ethanol absorption and
can affect BEC. Absorption is fastest when the
concentration is 10-30%. Below 10%, the low
ethanol concentration in the GI tract reduces diffu-
sion and the greater volume of liquid slows gastric
emptying. However, concentrations above 30%
irritate the GI mucosa and the pyloric sphincter,
increasing secretion of mucous and delaying gastric
emptying.

Table 7 Alcohol content of selected beverages

Beverage Alcohol content
g/dl (%) mmol/| mol/l

Low-strength beers 34 650-870 0.65-0.87
High-strength beers 89 1740-1960 1.74-1.96
Wine 7-14 1520-3040 1.52-3.04
Brandy 35-45 7610-9780 7.61-9.78
Vodka 35-50 7610-10870 7.61-10.87
Gin 35-50 7610-10870 7.61-10.87
Whisky 35-75 7610-16300 7.61-16.30

First-Pass Metabolism of Ethanol

The AUC is significantly lower after oral dosing of
ethanol than after intravenous or intraperitoneal
administration. The total dose of intravenously
administered ethanol is available to the systemic
circulation. The difference between AUC,,, and
AUG;, represents the fraction of the oral dose that
was either not absorbed or metabolized before
entering the systemic circulation (first-pass metabo-
lism (FPM)). The ratio of AUC,,, to AUG;, reflects
the oral bioavailability of ethanol.

The investigation of ethanol metabolism has pri-
marily focused on the liver and its relationship to
liver pathology. However, gastric metabolism
accounts for approximately 5% of ethanol oxidation
and 2-10% is excreted in the breath, sweat, or
urine. The rest is metabolized by the liver.

After absorption, ethanol is transported to the
liver in the portal vein. Some is metabolized by the
liver before reaching the systemic circulation. How-
ever, hepatic ADH is saturated at a BEC that may be
achieved in an average-size adult after consumption
of one or two units. If ADH is saturated by ethanol
from the systemic blood via hepatic artery, ethanol
in the portal blood must compete for binding to
ADH. Although hepatic oxidation of ethanol cannot
increase once ADH is saturated, gastric ADH can
significantly metabolize ethanol at the high concen-
trations in the stomach after initial ingestion. If
gastric emptying of ethanol is delayed, prolonged
contact with gastric ADH increases FPM. Conver-
sely, fasting, which greatly increases the speed of
gastric emptying, virtually eliminates gastric FPM.

Physiological Effects of Alcohol

Ethanol or the products of its metabolism affect
nearly all cellular structures and functions.

Effects of Alcohol on the Central Nervous System

Ethanol generally decreases the activity of the cen-
tral nervous system. In relation to alcohol, the most
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important neurotransmitters in the brain are gluta-
mate, gamma-aminobutyric acid (GABA), dopa-
mine, and serotonin.

Glutamate is the major excitatory neurotransmit-
ter in the brain. Ethanol inhibits the N-methyl-
p-aspartate (NMDA) subset of glutamate receptors.
Ethanol thereby reduces the excitatory effects of
glutamate. GABA is the major inhibitory neuro-
transmitter in the brain. Alcohol facilitates the
action of the GABA-a receptor, increasing inhibi-
tion. Changes to these receptors seem to be impor-
tant in the development of tolerance of and
dependence on alcohol.

Dopamine is involved in the rewarding aspects
of alcohol consumption. ‘Enjoyable’ activities such as
eating or use of other recreational drugs also release
dopamine in the nucleus accumbens of the brain. Ser-
otonin is also involved in the in reward processes and
may be important in encouraging alcohol use.

The most obvious effects of ethanol intoxication on
the central nervous system begin with behavior mod-
ification (e.g., cheerfulness, impaired judgment, and
loss of inhibitions). These ‘excitatory’ effects result
from the disinhibition described previously (inhibition
of cells in the brain that are usually inhibitory). As a
result of these effects, it is well recognized that driving
under the influence of ethanol is unsafe. However, the
definition of what is safe or acceptable varies between
countries (Table 8) and often changes.

The effects of ethanol are dose dependent
(Table 9) and further intake causes agitation,
slurred speech, memory loss, double vision, and
loss of coordination. This may progress to depres-
sion of consciousness and loss of airway protective
reflexes, with danger of aspiration, suffocation, and

death.

Table 8 Legal limits of blood ethanol concentrations for driving®

Legal limit® Blood ethanol concentration
mg/dl mmol/|
Norway and Sweden 20 4.3
France, Germany, ltaly, 50 11
and Australia
United Kingdom, United 80 17
States, and Canada
Russia “Drunkenness”

2Ethanol impairs judgment and coordination. It is well recognized
that driving under the influence of ethanol is unsafe. However,
the definition of what is safe or acceptable varies between
countries and can change as a result of social, political, or
scientific influences.

bLegisIation regarding legal limits of blood ethanol for driving
may change.

Table 9 Relationship between amount of ethanol consumed,
blood ethanol concentration (BEC), and effect of ethanol on the
central nervous system

Alcohol Possible BEC Effect
consumed
(units)
1-5 10-50 mg/dl No obvious change in behavior
2—11 mmol/l
2-7 30—-100 mg/dl Increased self-confidence;
7—-22 mmol/l loss of inhibitions
Impaired judgment, attention,
and control
Euphoria Mild sensorimotor impairment,
delayed reaction times
Sociability Legal limits for driving
generally fall within this
range (see Table 8)
8-15 90-250 mg/dl Loss of critical judgment
20-54 mmol/l Impairment of perception,
memory, and
comprehension
Reduced visual acuity
Reduced coordination,
impaired balance
Drowsiness
11-20 180-300 mg/dl Disorientation
39-65 mmol/l Exaggerated emotional states
Disturbances of vision and
perception of color, form,
motion, and depth
Confusion Increased pain threshold
Further reduction of
coordination, staggering
gait, slurred speech
15-25 250-400 mg/dl Loss of motor functions
54—-87 mmol/l Markedly reduced response to
stimuli
Marked loss of coordination,
inability to stand/walk
Stupor Incontinence
Impaired consciousness
22-30 350-500 mg/dl Unconsciousness
76—108 mmol/I Reduced or abolished reflexes
Incontinence
Coma Cardiovascular and respiratory
depression (death possible)
38 >600 mg/dl
>130 mmol/l Respiratory arrest
Death

@Approximate amounts of alcohol required by a 70kg male to
produce the corresponding blood ethanol concentration and
intoxicating effects of ethanol. One unit of alcohol contains 8g of
ethanol.

Adapted with permission from Morgan MY and Ritson B (2003)
Alcohol and Health: A Handbook for Students and Medical
Practitioners, 4th edn. London: Medical Council on Alcohol.

This sequence of events is particularly relevant in
the hospital setting, where patients may present intoxi-
cated with a reduced level of consciousness. It is diffi-
cult to determine whether there is coexisting pathology
such as an extradural hematoma or overdose of other
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drugs in addition to ethanol. Although measurement
of BEC is helpful (Table 9), it is safest to assume that
alcohol is not responsible for any disturbance in con-
sciousness and to search for another cause.

Neuroendocrine Effects of Alcohol

Alcohol activates the sympathetic nervous system,
increasing circulating catecholamines from the adre-
nal medulla. Hypothalamic—pituitary stimulation
results in increased circulating cortisol from the
adrenal cortex and can, rarely, cause a pseudo-
Cushing’s syndrome with typical moon-shaped
face, truncal obesity, and muscle weakness. Alco-
holics with pseudo-Cushing’s show many of the bio-
chemical features of Cushing’s syndrome, including
failure to suppress cortisol with a 48-h low-dose
dexamethasone suppression test. However, they
may be distinguished by an insulin stress test. In
pseudo-Cushing’s, the cortisol rises in response to
insulin-induced hypoglycemia, but in true Cushing’s
there is no response to hypoglycemia.

Ethanol affects hypothalamic osmoreceptors, redu-
cing vasopressin release. This increases salt and water
excretion from the kidney, causing polyuria. Signifi-
cant dehydration may result particularly with con-
sumption of spirits containing high concentrations of
ethanol and little water. Loss of hypothalamic neurons
(which secrete vasopressin) has also been described in
chronic alcoholics, suggesting long-term consequences
for fluid balance. Plasma atrial natriuretic peptide,
increased by alcohol consumption, may also increase
diuresis and resultant dehydration.

Alcoholism also affects the hypothalamic—pitui-
tary—gonadal axis. These effects are further exacer-
bated by alcoholic liver disease. There are
conflicting data regarding the changes observed.
Testosterone is either normal or decreased in men,
but it may increase in women. Estradiol is increased
in men and women, and it increases as hepatic dys-
function deteriorates. Production of sex hormone-
binding globulin is also perturbed by alcohol.

The development of female secondary sexual
characteristics in men (e.g., gynaecomastia and tes-
ticular atrophy) generally only occurs after the
development of cirrhosis. In women, the hormonal
changes may reduce libido, disrupt menstruation, or
even induce premature menopause. Sexual dysfunc-
tion is also common in men with reduced libido and
impotence. Fertility may also be reduced, with
decreased sperm counts and motility.

Effects of Alcohol on Muscle

Myopathy is common, affecting up to two-thirds of
all alcoholics. It is characterized by wasting,

weakness, and myalgia and improves with absti-
nence. Histology correlates with symptoms and
shows selective atrophy of type II muscle fibers.
Ethanol causes a reduction in muscle protein and
ribonucleic acid content. The underlying mechanism
is unclear, but rates of muscle protein synthesis are
reduced, whereas protein degradation is either unaf-
fected or inhibited. Attention has focused on the role
of acetaldehyde adducts and free radicals in the
pathogenesis of alcoholic myopathy.

Alcohol and Nutrition

The nutritional status of alcoholics is often
impaired. Some of the pathophysiological changes
seen in alcoholics are direct consequences of
malnutrition. However, in the 1960s, Charles Lieber
demonstrated that many alcohol-induced patholo-
gies, including alcoholic hepatitis, cirrhosis, and
myopathy, are reproducible in animals fed a nutri-
tionally adequate diet. Consequently, the concept
that all alcohol-induced pathologies are due to nutri-
tional deficiencies is outdated and incorrect.

Myopathy is a direct consequence of alcohol or
acetaldehyde on muscle and is not necessarily asso-
ciated with malnutrition. Assessment of nutritional
status in chronic alcoholics using anthropometric
measures (e.g., limb circumference and muscle
mass) may be misleading in the presence of
myopathy.

Acute or chronic ethanol administration impairs
the absorption of several nutrients, including glu-
cose, amino acids, biotin, folate, and ascorbic acid.
There is no strong evidence that alcohol impairs
absorption of magnesium, riboflavin, or pyridoxine,
so these deficiencies are due to poor intakes. Hepa-
togastrointestinal damage (e.g., villous injury, bac-
terial overgrowth of the intestine, pancreatic
damage, or cholestasis) may impair the absorption
of some nutrients such as the fat-soluble vitamins
(A, D, E, and K). In contrast, iron stores may be
adequate as absorption is increased.

Effects of Alcohol on the Cardiovascular System

Alcohol affects both the heart and the peripheral
vasculature. Acutely, alcohol causes peripheral
vasodilatation, giving a false sensation of warmth
that can be dangerous. Heat loss is rapid in cold
weather or when swimming, but reduced awareness
leaves people vulnerable to hypothermia. The main
adverse effect of acute alcohol on the cardiovascu-
lar system is the induction of arrhythmias. These
are often harmless and experienced as palpitations
but can rarely be fatal. Chronic ethanol consump-
tion can cause systemic hypertension and
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congestive cardiomyopathy. Alcoholic cardiomyo-
pathy accounts for up to one-third of dilated cardi-
omyopathies but may improve with abstinence or
progress to death.

The beneficial, cardioprotective effects of alcohol
consumption have been broadcast widely. This
observation is based on population studies of mor-
tality due to ischemic heart disease, case—control
studies, and animal experiments. However, there is
no evidence from randomised controlled trials. The
apparent protective effect of alcohol may therefore
result from a confounding factor. Furthermore, on
the population level, the burden of alcohol-induced
morbidity and mortality far outweighs any possible
cardiovascular benefit.

Effects of Alcohol on Liver Function

Central to the effects of ethanol is the liver, in which
60-90% of ethanol metabolism occurs. Ethanol
displaces many of the substrates usually metabolized
in the liver. Metabolism of ethanol by ADH in the
liver generates reducing equivalents. ALDH also
generates NADH with conversion of acetaldehyde
to acetate. The NADH/NAD+ ratio is increased,
with a corresponding increase in the lactate/pyruvate
ratio. If lactic acidosis combines with a 3-hydroxy-
butyrate predominant ketoacidosis, the blood pH
can fall to 7.1 and hypoglycemia may occur. Severe
ketoacidosis and hypoglycemia can cause permanent
brain damage. However, in general the prognosis of
alcohol-induced acidosis is good. Lactic acid also
reduces the renal capacity for urate excretion.
Hyperuricemia is exacerbated by alcohol-induced
ketosis and acetate-mediated purine generation.
Hyperuricemia explains, at least in part, the clinical
observation that alcohol misuse can precipitate gout.
The excess NADH promotes fatty acid synthesis
and inhibits lipid oxidation in the mitochondria,
resulting in fat accumulation. Fatty changes are
usually asymptomatic but can be seen on ultrasound
or computed tomography scanning, and they are asso-
ciated with abnormal liver toxicity tests (e.g., raised
activities of serum v-glutamyl transferase, aspartate
aminotransferase, and alanine transaminases).
Progression to alcoholic hepatitis involves inva-
sion of the liver by neutrophils with hepatocyte
necrosis. Giant mitochondria are visible and dense
cytoplasmic lesions (Mallory bodies) are seen. Alco-
holic hepatitis can be asymptomatic but usually pre-
sents with abdominal pain, fever, and jaundice, or,
depending on the severity of disease, patients may
have encephalopathy, ascites, and ankle oedema.
Continued alcohol consumption may lead to cir-
rhosis. However, not all alcoholics progress to

cirrhosis. The reason for this is unclear. It has been
suggested that genetic factors and differences in
immune response may play a role.

In alcoholic cirrhosis there is fibrocollagenous
deposition, with scarring and disruption of sur-
rounding hepatic architecture. There is ongoing
necrosis with concurrent regeneration. Alcoholic
cirrhosis is classically said to be micronodular,
but often a mixed pattern is present. The under-
lying pathological mechanisms are complex and
are the subject of debate. Induction of the MEQOS
and oxidation of ethanol by catalase result in free
radical production. Glutathione (a free radical
scavenger) is reduced in alcoholics, impairing the
ability to dispose of free radicals. Mitochondrial
damage occurs, limiting their capacity to oxidize
fatty acids. Peroxisomal oxidation of fatty acids
further increases free radical production. These
changes eventually result in hepatocyte necrosis,
and inflammation and fibrosis ensue. Acetaldehyde
also contributes by promoting collagen synthesis
and fibrosis.

Alcohol and Facial Flushing

Genetic variations in ADH and ALDH may explain
why particular individuals develop some of the
pathologies of alcoholism and others do not. For
example, up to 50% of Orientals have a genetically
determined reduction in ALDH2 activity (‘flushing’
phenotype). As a result, acetaldehyde accumulates
after ethanol administration, with plasma levels up
to 20 times higher in people with ALDH2 defi-
ciency. Even small amounts of alcohol produce
a rapid facial flush, tachycardia, headache, and
nausea. Acetaldehyde partly acts through cate-
cholamines, although other mediators have been
implicated, including histamine, bradykinin,
prostaglandin, and endogenous opioids.

This is similar to the disulfiram reaction due to
the rise of acetaldehyde after inhibition of ALDH.
Disulfiram is used therapeutically to encourage
abstinence in alcohol rehabilitation programs. The
aversive effects of acetaldehyde may reduce the
development of alcoholism and the incidence of cir-
rhosis in ‘flushers.” However, some alcoholics with
ALDH2 deficiency and, presumably, higher hepatic
acetaldehyde levels develop alcoholic liver disease at
a lower intake of ethanol than controls.

Effects of Acetaldehyde

Acetaldehyde is highly toxic and can bind cellular
constituents (e.g., proteins including CYP2E1, lipids,
and nucleic acids) to produce harmful acetaldehyde
adducts (Figure 5). Adduct formation changes
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affected molecules. The new structures may be
recognized as foreign antigens by the immune sys-
tem and initiate a damaging response.

Adduct formation leads to retention of protein
within hepatocytes, contributing to the hepatome-
galy, and several toxic manifestations, including
impairment of antioxidant mechanisms (e.g.,
decreased glutathione (GSH)). Acetaldehyde thereby
promotes free radical-mediated toxicity and lipid per-
oxidation. Binding of acetaldehyde with cysteine (one
of the three amino acids that comprise GSH) and/or
GSH also reduces liver GSH content. Chronic ethanol
administration significantly increases rates of GSH
turnover in rats. Acute ethanol administration inhi-
bits GSH synthesis and increases losses from the liver.
Furthermore, mitochondrial GSH is selectively
depleted and this may contribute to the marked dis-
ruption of mitochondria in alcoholic cirrhosis.

Effects of Acetate

The role of acetate in alcohol-induced pathology is
not well understood. The uptake and utilization of
acetate by tissues depend on the activity of acetyl-
CoA synthetase. Acetyl-CoA and adenosine are
produced from the metabolism of acetate. Acetate
crosses the blood-brain barrier easily and is
actively metabolized in the brain. Many of the
central nervous system depressant effects of etha-
nol may be blocked by adenosine receptor block-
ers. Thus, acetate and adenosine may be important
in the intoxicating effects of ethanol.

Ethanol increases portal blood flow, mainly by
increasing GI tract blood flow. This effect is repro-
duced by acetate. Acetate also increases coronary
blood flow, myocardial contractility, and cardiac
output. Acetate inhibits lipolysis in adipose tissue
and promotes steatosis in the liver. The reduced
circulating free fatty acids (a source of energy for
many tissues) may have significant metabolic conse-
quences. Thus, many of the effects of alcohol may
be due to acetate.

Ethanol is probably the most commonly used recrea-
tional drug worldwide. Taken orally, alcohol is
absorbed from the GI tract by diffusion and is
rapidly distributed throughout the body in the
blood before entering tissues by diffusion. Ethanol
is metabolized to acetaldehyde mainly in the sto-
mach and liver. Acetaldehyde is highly toxic and
binds cellular constituents, generating harmful acet-
aldehyde adducts. Acetaldehyde is further oxidized
to acetate, but the fate of acetate and its role in the
effects of ethanol are much less clear. Ethanol and
the products of its metabolism affect nearly every
cellular structure or function and are a significant
cause of morbidity and mortality.

See also: Alcohol: Disease Risk and Beneficial Effects;
Effects of Consumption on Diet and Nutritional Status.
Liver Disorders.
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Alcohol has for hundreds of years been part of the
diet for many people. When enjoyed in small
amounts and together with meals, alcohol may
have positive effects on health, especially on the
prevention of coronary heart disease. In larger
amounts, and especially drunk in binges, alcohol is
a toxic and dependence-inducing substance, with
many short- and long-term detrimental effects. The
latter, combined with the high alcohol intake in
subsets of the population, implies that alcohol has
a major impact on public health in most Western
countries. A higher alcohol intake results in higher
rates of certain cancer, cirrhosis, suicide, traffic acci-
dents, abuse, and a number of socioeconomic
conditions.

Alcohol and Mortality
Amount of Alcohol

Several large prospective population studies from many
countries have described the impact of alcohol intake on
mortality as J-shaped, indicating both the beneficial

effect of a light to moderate alcohol intake and a detri-
mental effect of a high alcohol intake (Figure 1).

Some have explained the ] shape as an artefact
due to misclassification or confounding. Prevailing
beliefs among these researchers is that abstainers
comprise a mix of former heavy drinkers, under-
reporting drinkers, ill people who have stopped drink-
ing, and people with an especially unhealthy lifestyle
apart from abstaining. However, most researchers
attribute the ‘J” to a combination of beneficial and
harmful effects of ethanol. This is based on findings
from population studies of alcohol-related morbidity
and cause-specific mortality that show a decreased
relative risk of coronary heart disease, and an
increased risk of certain cancers and cirrhosis, with
increased alcohol intake. Further evidence derives
from studies in which people who were ill at base-
line were excluded, and these confirmed the pre-
viously mentioned findings.

Benefits—Coronary Heart Disease

A large number of investigators have studied the
relation between alcohol intake and coronary heart
disease. Studies indicate that the descending leg of
the curve is mainly attributable to death from cor-
onary heart disease, as mentioned previously. The
lowest risk seems to be among subjects reporting an
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Figure 1 Relative risk of death from all causes according to

total alcohol intake. Relative risk is set at 1.00 among nondrinkers
(Odrinks/week). (Reproduced with permission from Boffetta P
and Garfinkel L (1990) Alcohol drinking and mortality among
men enrolled in an American Cancer Society prospective
study. Epidemiology 1: 342-348.)
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average intake of one to four drinks daily. Several
studies have found plausible mechanisms for the
apparent cardioprotective effect of a light to moder-
ate intake of alcohol. Subjects with a high alcohol
intake have a higher level of high-density lipopro-
tein, which has been found to be a mediator of the
effect of alcohol on coronary heart disease. Thus,
40-60% of the effect of alcohol on coronary heart
disease is likely to be attributable to the effect on
high-density lipoprotein. Furthermore, drinkers have
a lower low-density lipoprotein. Also, alcohol has a
beneficial effect on platelet aggregation, and throm-
bin level in blood is higher among drinkers than
among nondrinkers. Ultimately, a few small-scale
intervention studies have indicated that alcohol has
a beneficial effect on fibronolytic factors.

Risks—Large Number of Somatic Diseases

At the other end of the range of intake, the ascend-
ing leg has been explained by the increased risk of
cirrhosis and development of certain types of can-
cers with a high alcohol intake. The mechanisms by
which alcohol induces cirrhosis have been inten-
sively studied but sparsely enlightened. It is well
documented that women, most likely due to smaller
size and different distribution of body fat and water,
are at higher risk of developing cirrhosis than men,
but other risk factors for alcoholic cirrhosis are not
well established (Figure 2).
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Figure 2 Relative risk of alcohol-induced cirrhosis according to
sex and alcohol intake. Relative risk is set at 1.00 among
nondrinkers (<1 drink/week). (Reproduced with permission from
Becker U et al. (1996) Prediction of risk of liver disease in
relation to alcohol intake, sex and age: A prospective population
study. Hepatology 23: 1025-1029.)

The types of cancer related to a high alcohol
intake are those in direct contact with the alcohol;
those of the oropharynx and oesophagus and those
related to cirrhosis (liver cancer). There is a strong
dose-dependent increase in risk of upper digestive
tract cancer with increasing alcohol intake. Heavy
drinkers of alcohol (5-10 drinks per day) have a 10—
15 times higher risk of these relatively rare cancers.
Of larger public health relevance are the more fre-
quent cancers—breast and colorectal cancer, which
have both been suggested to be related to alcohol.
Hence, the risk of breast cancer is doubled for heavy
drinking women compared to that for nondrinking
women. It is controversial whether a small, frequent
daily intake implies an increased risk, although
meta-analyses have suggested a 7-9% increased
risk per drink per day. Also, the risk of colon cancer
is increased among heavy drinkers. The relative risk
is twice as high for heavy drinkers compared to
nondrinkers, but it is very likely that only colorectal
cancer risk is increased, and newer studies have
suggested that the risk is mainly increased among
beer drinkers. Although not directly related to
somatic diseases, other more frequent causes of
death among heavy alcohol drinkers, such as traffic
accidents, violence, and suicides, substantially add
to the ascending leg of the J-shaped curve.

Modifiers of the J Shape

During the past decade, a number of factors that
may influence the shape of the curve describing the
relation between alcohol and morbidity and mortal-
ity have been identified.

Age and Risk Factor Profile

A few studies have indicated that subjects already at
high risk of coronary disease experience a greater
beneficial effect of drinking alcohol moderately;
conversely, only in those with a high risk level is
coronary heart disease prevented. Hence, the large
Nurses Health Study found that the J-shaped rela-
tion was significant only in women older than
50 years of age, whereas younger women who had
a light alcohol intake did not differ from abstainers
with regard to mortality. Fuchs et al. found that
women at high risk for coronary heart disease (due
to risk factors such as older age, diabetes, family
history of coronary heart disease, high cholesterol,
and hypertension) who had a light alcohol intake
were at a lower risk of death than women who
were at the same risk level but did not drink alcohol.
In a study by the American Cancer Society, the
finding by Fuchs et al. was confirmed among men,
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and the different mortality risk functions for differ-
ent age groups were emphasized.

Drinking Pattern

It seems quite obvious that a small, frequent intake
(steady) of alcohol has different health implications
than a high, irregular (binge) one, and that many of
the results from studies measuring only average weekly
intake, for example, are imprecise. A few studies have
been able to distinguish between frequency and
amount of intake, and these studies have supported
the previous statement both with regard to all-cause
mortality and with regard to the apparent beneficial
effect of alcohol on coronary heart disease.

A very large study on all-cause mortality confirmed
the J-shaped relation but also clearly showed that
those who had an infrequent high alcohol intake
had a higher risk of death than those with a similar
average intake who had a frequent pattern (Figure 3).

One of the mechanisms by which alcohol is
assumed to exert its beneficial effect on coronary
heart disease is by lowering high-density lipoprotein.
Studies in rats have shown that a steady small intake
of alcohol implies an increase in high-density lipo-
protein level, whereas a peak intake of the same
average amount of alcohol does not. Australian
and US studies have shown that drinking pattern—
steady versus binge drinking—plays a role in the
apparent cardioprotective effect of alcohol.

Drinking with Meals

Drinking with meals has been shown to positively
affect fribronolysis and lipids. The issue has been
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sparsely studied in free-living populations, and the
results are not consistent. An Italian study showed
that drinkers of wine outside meals exhibited higher
death rates from all causes, noncardiovascular dis-
eases, and cancer compared to drinkers of wine with
meals. However, a larger US study could not con-
firm these results.

Type of Alcohol

Correlational studies suggest that there may be dif-
ferent effects of the different types of alcoholic
beverages. They have shown that mortality from cor-
onary heart disease is lower in countries where wine
is the predominant type of alcohol than in countries
where beer or spirits are the beverages mainly
ingested. These results have been supported from
population studies from many countries, suggesting
that wine drinkers are at lower risk of death from all
causes, including coronary heart disease and cancer,
than beer and spirits drinkers (Figures 4-6).

One way in which the different types of beverages
may exert their different effects on the development
of coronary heart disease is via abdominal obesity. It
has been suggested that beer drinkers are at a higher
risk of developing abdominal obesity than wine
drinkers (Figure 7). These beverage-specific differ-
ences may be explained by either the traits of the
drinker or the different substances in the different
beverages. Wine consumption in many populations
is related to higher socioeconomic status, higher
education, and more optimal health behaviour in
general compared with beer and spirits consump-
tion. Because these factors are negatively associated
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Figure 3 Hazard ratios for all-cause mortality according to quantity and frequency of alcohol intake in men and women (» = P<0.05
compared to reference, frequent = at least 2 drinking days per week; nonfrequent = less than 2 drinking days per week). Adjusted for
education, smoking, body mass index, physical activity, diet, and diseases before baseline. Reference category is drinkers of less than
one but more than zero drinks per week. (Reproduced with permission from Tolstrup J et al. (2004) Drinking pattern and mortality in

middle-aged men and women. Addiction 99: 323-330.)
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Figure 4 Relative risk of death from all causes according to
type of alcohol intake. Data pertain to non-wine drinkers
(crosses), wine drinkers (triangles), drinkers for whom wine
made up 1-30% of their total alcohol consumption (circles),
and drinkers for whom wine made up more than 30% of their
total alcohol intake (squares). Relative risk is set at 1.00 among
nondrinkers (<1 drink/week). Estimates were adjusted for age,
sex, educational level, smoking status, body mass index, and
physical activity. (Reproduced with permission from Gronbaek M
et al. (2000) Type of alcohol consumed and mortality from all
causes, coronary heart disease, and cancer. Annals of Internal
Medicine 133: 411-419.)

with mortality, it has been proposed that an unequal
distribution according to beverage type may explain
the beverage-specific differences in mortality
observed in some studies. Several of the components
in wine may have antioxidant properties. Hence,
flavonoids such as quercetin, rutin, catechin, and
epicatechin are present in red wine, responsible for
the color of the wine. These compounds have been
found to inhibit eicosanoid synthesis and platelet
aggregation in vitro. Frankel et al. found flavonoids
to be 10-20 times more potent than vitamin E, and
they found an inhibition of low-density lipoprotein
oxidation in humans by these phenolic substances.
Hertog et al. found a preventive effect of dietary
flavonoids on risk of developing ischemic heart dis-
ease. A high intake of fruits, vegetables, and fish and
a low intake of saturated fat have been suggested to
reduce the risk of cardiovascular disease. The Med-
iterranean diet, which includes fruits and vegetables,
has been found to have a weak protective effect on
cardiovascular disease in 6 of 10 cohort studies.
Therefore, diet may play a role in the complex
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Figure 5 Relative risk of death from coronary heart disease
(CHD) according to type of alcohol intake. Data pertain to non-
wine drinkers (crosses) and wine drinkers (triangles). Relative
risk is set at 1.00 among nondrinkers (<1 drink/week). Estimates
were adjusted for age, sex, educational level, smoking status,
body mass index, and physical activity. (Reproduced with per-
mission from Grgnbaek M et al. (2000) Type of alcohol con-
sumed and mortality from all causes, coronary heart disease,
and cancer. Annals of Internal Medicine 133: 411-419.)

relation between alcoholic beverage type and coro-
nary heart disease mortality. In the Danish Diet
Cancer and Health Study, preference of wine was
associated with a higher intake of fruit, fish, vege-
tables, and salad and a higher frequency of use of
olive oil for cooking compared with preference of
beer or spirits in both men and women. However,
sensitivity analysis of the effect of a potential con-
founder shows that such a confounder, or conglom-
erate of confounders, should be very strong to
explain the previous findings.

Abstainers

Abstainers may have stopped drinking due to ill
health. Empiric evidence for the argument is sparse,
but it does seem reasonable that some subjects may
stop drinking when they are seriously ill. Another
reason to quit drinking is alcoholic dependence;
some alcoholics can only keep away from drinking
by total abstinence. These people will be more ill
and thus more likely to die than others. Both situa-
tions will confound the relation between alcohol
intake and mortality; ill health is the confounder,
unequally distributed among intake groups and
associated with mortality. A large number of
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Figure 6 Relative risk of death from cancer according to type
of alcohol intake. Data pertain to non-wine drinkers (crosses)
and wine drinkers (triangles). Relative risk is set at 1.00 among
nondrinkers (<1 drink/week). Estimates were adjusted for age,
sex, educational level, smoking status, body mass index, and
physical activity. (Reproduced with permission from Grenbaek M
et al. (2000) Type of alcohol consumed and mortality from all
causes, coronary heart disease, and cancer. Annals of Internal
Medicine 133: 411-419.)

studies, however, have tried to exclude such subjects
from analyses, without notable differences; that is,
abstainers, or nondrinkers, still seem to be at a
higher risk of death than light to moderate drinkers.

Validity of Alcohol Intake

Reporting bias by high-intake or low-intake con-
sumers could, to some extent, explain the apparent
lower mortality among light to moderate drinkers.
In the type of studies included in this review,— with
an emphasis on prospective population studies, one
obvious source of bias is misclassification of subjects
according to their self-reported alcohol intake. Stu-
dies of the validity of self-reported total alcohol
intake have mainly concentrated on validating total
alcohol intake in suspected alcoholics, whereas
intake validity among low-intake consumers in the
general population is poorly studied. No reference
of alcohol intake (sales reports, collateral informa-
tion, biological markers, etc.) has been identified.
Some biochemical markers of alcohol intake have
been suggested, such as ~v-glutamyl transferase,
high-density lipoprotein, and carbohydrate-deficient
transferrin, the latter being one of the most promis-
ing. However, in a study from Copenhagen, it was
shown that carbohydrate-deficient transferrin was
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Figure 7 Odds ratio for developing abdominal obesity (waist
measure >102cm) among men. (Reproduced with permission
from Vadstrup E et al. (2003) Waist circumference in relation
to history of amount and type of alcohol: Results from the
Copenhagen City Heart Study. International Journal of Obesity
27: 238-246.)

an invalid marker of self-reported alcohol intake in
a general population. With regard to information on
alcohol intake from the general population, the need
for any such marker can further be questioned. First,
participants in prospective cohort studies sampled
from the general population have less reason to
underreport, or deny, their alcohol intake than alco-
holics or insurance populations. Second, in a study
on alcoholic cirrhosis, it was found that self-
reported alcohol intake in the questionnaire used in
most of the studies included in the overview was a
reliable measure of ‘true alcohol intake’ since self-
reported alcohol intake is a valid predictor of this
outcome (Figure 2).

Beverage-Specific Reporting Bias

Differential beverage-specific reporting bias by high-
intake or low-intake consumers using the frequency
questionnaire may, to some extent, explain the
apparent lower mortality among wine drinkers
than among beer and spirits drinkers. A few valida-
tion studies have shown the correlation between
total alcohol consumption reported by questionnaire
and interview to be 0.8. With regard to type of
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beverage, there was an overall agreement between
frequency questionnaire and dietary interview. Thus,
most subjects in one consumption category of any
type of beverage according to the frequency ques-
tionnaire also responded to this category in the
interview. Mean differences between intake of all
three types of beverages were very small or zero,
and there were no systematic differences at different
levels of average intakes of any of the types of
beverages. These are not true validation studies
because neither of the two methods can be consid-
ered as reference or ‘gold standard.” Thus, alcohol
intake may have been underreported, and subjects
may have reported intake of the three types of bev-
erages differentially. Nevertheless, the close agree-
ment for most individuals suggests that in the
range of a small to moderate intake of different
types of beverages, the more simple questionnaire
approach is not disadvantageous to the expensive
and time-consuming personal interview.

Conclusions

The risks and benefits of alcohol on health describe
a J-shaped relation. This relation between alcohol
intake and all-cause mortality is influenced by sev-
eral factors, including age, since the J shape seems to
persist among the elderly but not among young
subjects; sex, since the ascending leg of the curve
seems to be steeper for women than for men; drink-
ing pattern, since a small daily intake seems to imply
a decreased mortality from cardiovascular disease,
whereas binge drinking does not; and type of alco-
hol, since wine drinkers in some studies seem to be
at a lower risk than beer and spirits drinkers.

See also: Alcohol: Absorption, Metabolism and
Physiological Effects; Effects of Consumption on Diet
and Nutritional Status. Cancer: Epidemiology and
Associations Between Diet and Cancer; Effects on
Nutritional Status. Cholesterol: Sources, Absorption,
Function and Metabolism. Coronary Heart Disease:
Prevention. Diabetes Mellitus: Etiology and
Epidemiology; Classification and Chemical Pathology.
Hypertension: Dietary Factors. Obesity: Definition,
Etiology and Assessment; Complications. Older People:
Nutrition-Related Problems.
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Introduction

Alcohol is a component of the diet that provides
7.1kcal pergram and on average 5.6% of total
dietary energy in the US. When consumed in mod-
eration, alcoholic beverages protect against cardio-
vascular disease, but when alcohol is consumed in
excess it can become an addictive drug with poten-
tial for displacement of beneficial components of
the diet, damage to several organ systems including
the liver, brain, and heart, and increased risk of
several cancers. The consumption of excessive
amounts of alcohol contributes to generalized
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malnutrition, with particular effects on the avail-
ability and metabolism of both water- and fat-solu-
ble vitamins including folate, thiamine, pyridoxine,
and vitamins A and D. All of the effects of alcohol-
ism on nutritional status are magnified in the pre-
sence of alcoholic liver disease. This entry will
address the benefits and risks of alcohol consump-
tion and the effects of drinking alcohol on human
nutritional status.

Effects of Alcohol Consumption
on the Diet

Alcohol is consumed by about two-thirds of adult
Americans, and the estimated per capita annual con-
sumption of alcohol exceeds 2 gallons for each US
citizen over age 14 years. In the US, young adults
between 18 and 25 years of age consume more alco-
hol than any other age group, and the preferred
beverages are wine, beer, and spirits in that order.
Men and teenage boys consume about 3 times more
alcohol than teenage girls and adult women. Among
alcohol consumers, most are moderate drinkers,
while about 10% are heavy drinkers at risk of addic-
tion and organ damage. Moderate drinking can be
defined as no more than 2 drinks per day for men or
1 drink per day for women, where 1 drink is equiva-
lent to 12-15 g of alcohol. Heavy drinking is defined
as consuming more than 5 drinks on any given day
per week in men or 4 drinks on any given day per
week for women. Chronic alcoholics are addicts
who typically consume excessive amounts of alcohol
on a daily basis. Binge drinkers are chronic alco-
holics who escalate their alcohol intake over weeks
or months, typically to the exclusion of the essential
components of their regular diets. Alcoholic
beverages differ in their alcohol content, such that
spirits contain about 40g/100ml, wine about
12 g/100 ml, and beer about 4.5 g/100 ml. Thus, the
amount of alcohol in 12 oz of beer (16 g) is roughly
equivalent to the amount found in 5 oz wine or
1.5 oz spirits.

The effects of alcohol on the diet depend upon the
amount consumed each day and changes in overall
eating behavior. Although alcohol contains 7.1 kcal
per gram, it is rapidly metabolized to acetaldehyde in
the liver at rates up to 50gh™~"', and none is stored as
energy equivalents in the body. Furthermore, the
metabolism of alcohol influences the metabolism of
dietary fat and carbohydrate. There are three meta-
bolic routes for the disposal of alcohol by the body:
two in the liver and one in the stomach. Alcohol
dehydrogenase (ADH) is present in the cytosol of
hepatocytes and metabolizes the relatively low levels

of alcohol that would be expected after moderate
drinking. The metabolism of alcohol by ADH causes
a redox change that promotes lipid synthesis in the
liver as well as reduced gluconeogenesis and
increased lactate production. Thus, even moderate
drinking can cause fatty liver with elevated serum
triglyceride levels and, in the absence of dietary car-
bohydrate, may result in low blood glucose levels
that impair concentration and even consciousness.
The second liver enzyme, CYP2E1, is part of the
cytochrome P450 family, and metabolizes alcohol at
levels to be expected after heavy drinking. During
metabolism of high levels of alcohol, CYP2E1 utilizes
adenosine triphosphate (ATP) energy units and thus
‘wastes’ stored calories, with resultant potential for
weight loss. Another form of this enzyme, gastric
CYP2E1, exists in the stomach and, as the first of
the three alcohol-metabolizing enzymes to encounter
alcohol, accounts for about 30% of all alcohol meta-
bolism in men, but only 10% in women. This gender
difference may explain why women’s tolerance to
alcohol is much less than men’s, hence the recognized
lower ‘safe’ level for moderate drinking in women.

The Potential Benefits of Moderate
Alcohol Consumption

In 1992, French scientists published a report that
indicated that cardiovascular mortality was much
less among predominantly wine-drinking residents
of the Mediterranean southern provinces of France
than in northern provinces where wine is less fre-
quently preferred, in spite of similar overall dietary
components and rates of consumption of alcoholic
beverages (Table 1). This report on the ‘French
paradox’ was assumed to confer specific cardiopro-
tective benefit to wine, but was soon tempered by in
vitro studies, which showed that the protective effect
of wine on the oxidation of low-density lipoprotein
could be mimicked by constitutive antioxidant fla-
vonoids present not only in grapes but in many
other fruits and vegetables. Another epidemiological
study concluded that the lower mortality risk among
wine drinkers compared to non-wine drinkers could
be attributed in large part to a better life style,
including less smoking, more exercise, and better
diet. Subsequent population studies defined J-shaped
curves for alcohol-related mortality, where mortality
is increased in abstainers and progressively increased
in those who consume more than one (women) or
two (men) drinks per day. It can now be concluded
that the benefits of moderate drinking are confined
to reductions in incidences of coronary vessel occlu-
sions and ischemic strokes, but not to hemorrhagic
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Table 1 Benefits and risks of alcohol consumption

Minimal amount or duration
(drink units per day)

Mechanism

Benefits

Coronary disease protection

Cerebrovascular disease
(nonhemorrhagic) protection

1-2 (women),
2-4 (men)

Risks
Cancer
Oropharynx and esophagus >2 (women), >4 (men)
Breast (women) >2
Colon >2 (women), >4 (men)
Alcoholic liver disease
Fatty liver >2

Alcoholic hepatitis >3 (women) x 10 years
>6 (men) x 15 years
>3 (women) x 15 years

>6 (men) x 20 years

Alcoholic cirrhosis

Pancreas
Pancreatitis ~10 years
Pancreatic insufficiency ~10-15 years
Cardiomyopathy Binge drinking
Neurological

Acute trauma, e.g., motor
vehicle accidents

Coma and death
Withdrawal syndrome

1-2 in social setting

10-20 in rapid succession
Follows binge

Wernicke-Korsokoff 10-15 years
syndrome
Anemia 5-10 years

Flavonoid antioxidants
Elevated HDL lipoprotein
Reduced platelet adhesiveness

Unknown; higher risk in smoking alcoholics
Increases estrogen production
Risk increases with low folate

Increased liver fat synthesis
Toxicity of alcohol metabolism

Increased collagen synthesis

Acute inflammation of pancreas

Loss of exocrine and endocrine pancreatic cells
Mitochondrial damage of muscle cells or thiamine deficiency
Legal intoxication

Severe toxicity

Neuronal hyperexcitability

Thiamine deficiency

Combinations of iron, folate and pyridoxal deficiencies

strokes. Whereas red and white wine both contain
protective antioxidant flavonoids, moderate amounts
of alcohol also improve the circulating lipid profile by
increasing levels of high-density lipoprotein and tissue
plasminogen activator while reducing platelet
adhesiveness.

The risks of Excessive Alcohol
Consumption

Unlike other abused drugs, chronic alcohol in excess
affects many different organ systems, which include
the liver, pancreas, heart, and brain (Table 1).
Excessive chronic alcohol use also increases the
risk of certain cancers. While these risks are appar-
ent among the 7% of US citizens over aged 14 who
abuse alcohol, their prevalence is generally no less in
countries such as France, Italy, and Spain where
drinking wine with meals is considered part of the
culture. The organ damage from chronic alcoholism
may impact on processes of nutrient assimilation
and metabolism, as is the case with chronic liver
and pancreatic disease, or may be modulated in
large part by nutrient deficiencies, as with thiamine
and brain function. This section will consider speci-
fic effects of alcohol abuse on certain organs as a

background for consideration of specific effects on
nutritional status.

Alcoholic Liver Disease

Alcoholic liver disease is among the top ten causes
of mortality in the US with somewhat higher mor-
tality rates in western European countries where
wine is considered a dietary staple, and is a leading
cause of death in Russia. Among the three stages of
alcoholic liver disease, fatty liver is related to the
acute effects of alcohol on hepatic lipid metabolism
and is completely reversible. By contrast, alcoholic
hepatitis usually occurs after a decade or more of
chronic drinking, is associated with inflammation of
the liver and necrosis of liver cells, and carries about
a 40% mortality risk for each hospitalization. Alco-
holic cirrhosis represents irreversible scarring of the
liver with loss of liver cells, and may be associated
with alcoholic hepatitis. The scarring process greatly
alters the circulation of blood through the liver and
is associated with increased blood pressure in the
portal (visceral) circulation and shunting of blood
flow away from the liver and through other organs
such as the esophagus. The potentially lethal com-
plications of portal hypertension include rupture of
esophageal varices, ascites or accumulation of fluid
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in the abdominal cavity, and the syndrome of hepa-
tic encephalopathy, which is due to inadequate
hepatic detoxification of substances in the visceral
blood that is shunted around the liver. The risk of
developing alcoholic cirrhosis is dependent upon the
amount of alcohol exposure independent of the pre-
sence or absence of malnutrition. For example, a
study of well-nourished German male executives
found that the incidence of alcoholic cirrhosis was
directly related to the daily amount and duration of
alcohol consumption, such that daily ingestion of
160 g alcohol, equivalent to that found in a pint of
whisky, over a 15-year period predicted a 50% risk
of cirrhosis on liver biopsy. Other worldwide demo-
graphic data indicate that mortality rates from cir-
rhosis of the liver can be related to national per
capita alcohol intake. These studies have defined
the threshold risk for eventual development of alco-
holic cirrhosis as 6 drinks per day for men, and
about half that for women.

Pancreatitis and Pancreatic Insufficiency

Pancreatitis occurs less frequently than liver disease
in chronic alcoholics, and is characterized by severe
attacks of abdominal pain due to pancreatic inflam-
mation, while pancreatic insufficiency is due to the
eventual destruction of pancreatic cells that secrete
digestive enzymes and insulin. This destructive pro-
cess is associated with progressive scarring of the
pancreas together with distortion and partial block-
age of the pancreatic ducts, which promote recur-
rent episodes of acute inflammatory pancreatitis.
Since the pancreas is the site of production of pro-
teases and lipases for protein and lipid digestion,
destruction of more than 90% of the pancreas
results in significant malabsorption of these major
dietary constituents, as well as diabetes secondary
to reduced insulin secretion. Consequently, patients
with pancreatic insufficiency exhibit severe loss of
body fat and muscle protein. Since the absorption
of fat-soluble vitamins is dependent upon pancrea-
tic lipase for solubilization of dietary fat, these
patients are also at risk for deficiencies of vitamins
A, D, and E.

Cancers

Chronic alcoholics are at increased risk for cancer of
the oro-pharynx and esophagus, colon, and breast.
The risk of oro-pharyngeal cancer is greatest when
heavy smoking is combined with excessive daily
alcohol. Increased risk of squamous cell cancer of
the esophagus is also compounded by smoking and
may be associated with deficiencies of vitamin A and
zinc. Breast cancer in women may be mediated

through increased estrogen production during
heavy alcohol intake. Colon cancer risk is greatest
among alcoholics with marginal folate deficiency.

Heart

Although coronary disease risk is decreased by
alcohol consumption, excessive alcohol use also
impairs cardiac muscle function. Episodic heavy
drinking bouts can lead to arrhythmias in the
‘holiday heart’ syndrome. Chronic alcoholics are
prone to left-sided heart failure secondary to
decreased mitochondrial function of cardiac muscle
cells, possibly mediated by abnormal fatty acid
metabolism. A specific form of high output heart
failure, or ‘wet beriberi,” occurs in association with
thiamine deficiency.

Neurological Effects

The many neurological effects of acute and chronic
alcohol abuse can be categorized as those related
directly to alcohol, those secondary to chronic liver
disease, and those mediated by thiamine deficiency.
The stages of acute alcohol toxicity progress upward
from legal intoxication with reduced reaction time
and judgment, as occurs with blood levels greater
than 0.08gdl™" that usually define legal intoxica-
tion, to coma and death with levels greater than
0.4g dI~'. While mild intoxication is common with
social drinking, coma and death have been described
among college age males who consume excessive
amounts of alcohol in a very short period of time.
Automobile accidents, which account for a large
portion of alcohol-related deaths, are more common
in drunken pedestrians than drivers. Intoxication
also leads to frequent falls and head trauma, and
subdural hematoma can present with delayed but
progressive loss of cognition, headaches, and even-
tual death. Chronic alcoholics are prone to episodes
of alcohol withdrawal, which can be characterized
according to stages of tremulousness, seizures, and
delirium tremens with hyper-excitability and hallu-
cinations at any time up to Sdays after the last
drink. This state of altered consciousness is distinct
from hepatic encephalopathy, which results from
diversion of toxic nitrogenous substances around
the scarred cirrhotic liver and is associated with
progressive slowing of cerebral functions with stages
of confusion, loss of cognition, and eventual coma
and death. Progressive altered cognition and judg-
ment can also result from cerebral atrophy following
years of heavy drinking, and may also be mediated
by thiamine deficiency as described in greater detail
below.
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Anemia

Chronic alcoholics who substitute large amounts of
alcohol for other dietary constituents are at risk for
developing anemia. The causes of anemia in chronic
alcoholics are multifactorial, including iron defi-
ciency secondary to bleeding from episodic gastritis
or other gastrointestinal sites, folate deficiency from
inadequate diet or malabsorption, and deficiency of
pyridoxine (vitamin Bg) due to abnormal effects on
its metabolism. Consequently, the bone marrow
may demonstrate absent iron and mixtures of mega-
loblastosis from folate deficiency and sideroblastosis
from pyridoxine deficiency.

The Effects of Alcohol Consumption
on Nutritional Status

Body Weight and Energy Balance

The effects of alcohol on body weight are
dependent upon the timing and amount of alcohol
consumption in relation to meals and on the pre-
sence or absence of organ damage, in particular
alcoholic liver disease (Table 2). Whereas body
weight is usually unaffected by moderate alcohol
consumption, chronic alcoholics who drink daily
while substituting alcohol for other dietary consti-
tuents lose weight due to the energy neutral effect
of alcohol in the diet. Moderate drinkers on weight
loss regimens are less likely to lose weight while
consuming alcohol with their meals since one effect
of alcohol is to decrease restraint over food intake.
At the same time, those who consume alcohol with
high-fat meals are more likely to gain weight due to
an acute effect of alcohol on reducing the oxidation
of fat at the same time as it promotes its storage.
The presence of alcoholic liver disease results in
significant changes in body composition and energy
balance. Although fatty liver is fully reversible, pro-
gression to alcoholic hepatitis can have profound
effects on nutritional status. According to large

Table 2 Effects of alcohol on body weight

Drinking behavior Explanation

Moderate drinking
Reduce weight Substitution of carbohydrate by
alcohol; more likely in women

Increase weight Decreased dietary restraint

Heavy drinking

Reduce weight Substitution of nonalcohol calories by
alcohol calories, which are ‘wasted’
during metabolism

Alcohol metabolism decreases lipid

metabolism, promotes fat storage

Increase weight

multicenter studies, alcoholic hepatitis patients
demonstrate universal evidence for protein calorie
malnutrition, according to the physical findings of
muscle wasting and edema, low levels of serum
albumin and other visceral proteins, and decreased
cell-mediated immunity, whereas their 6-month
mortality is related in part to the severity of malnu-
trition. Anorexia is a major cause of weight loss in
alcoholic liver disease, and may be caused by
increased circulating levels of leptin. Furthermore,
active alcoholic hepatitis contributes to increased
resting energy expenditure as another cause of
weight loss. On the other hand, resting energy
expenditure is normal in stable alcoholic cirrhotics
who are also typically underweight or malnourished
in part due to preferential metabolism of endogen-
ous fat stores. At the same time, the digestion of
dietary fat is decreased in cirrhotic patients due to
diminished secretion of bile salts and pancreatic
enzymes.

Micronutrient Deficiencies

The chronic exposure to excessive amounts of etha-
nol is associated with deficiencies of multiple nutri-
ents, in particular thiamine, folate, pyridoxine,
vitamin A, vitamin D, and zinc (Table 3). The fre-
quency of these deficiencies is increased in the pre-
sence of alcoholic liver disease, which results in
decreased numbers of hepatocytes for vitamin sto-
rage and metabolism. Many of the clinical signs of
alcoholic liver disease are related to vitamin
deficiencies.

Thiamine

Low circulating levels of thiamine have been
described in 80% of patients with alcoholic cirrho-
sis. Thiamine pyrophosphate is a coenzyme in the
intermediary metabolism of carbohydrates, in parti-
cular for transketolases, which play a role in cardiac
and neurological functions. While alcoholic bev-
erages are essentially devoid of thiamine, acute
exposure to alcohol decreases the activity of intest-
inal transporters required for thiamine absorption.
The major neurological signs and symptoms of thia-
mine deficiency in alcoholics include peripheral
neuropathy, partial paresis of ocular muscles, wide-
based gait secondary to cerebellar lesions, cognitive
defects, and severe memory loss. The presence of
peripheral neuropathy is sometimes referred to as
‘dry beriberi,” while the other symptoms constitute
the Wernicke-Korsokoff syndrome. Whereas abnor-
mal eye movements can be treated acutely by thia-
mine injections, the other signs are often permanent
and contribute to the dementia that often afflicts
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Table 3 Micronutrient deficiencies in chronic alcoholic patients

Deficiency Cause Effect
Thiamine e Poor diet ® Peripheral neuropathy
Intestinal malabsorption e Wernicke-Korsokoff syndrome
e High output heart failure
Folate e Poor diet ® Megaloblastic anemia
® [ntestinal malabsorption e Hyperhomocysteinemia
® Decreased liver storage ® Neural tube defect
® Increase urine excretion ® Altered cognition
Pyridoxine (vitamin Bg) ® Poor diet ® Peripheral neuropathy
® Displacement from circulating albumin promotes ® Sideroblastic anemia
urine excretion
Vitamin A Malabsorption Night blindness
Increased biliary secretion May promote development of alcoholic
liver disease
Vitamin D e Malabsorption e Calcium deficiency
® Decteased sun exposure e Metabolic bone disease
Zinc e Poor diet e Night blindness
® Increaded urine excretion ® Decreased taste
® Decreased immune funtion
Iron e Gastrointestinal bleeding ® Anemia

alcoholics after years of drinking. “Wet beriberi’
refers to the high-output cardiac failure that can
also occur in thiamine-deficient alcoholics, and is
responsive to thiamine therapy in addition to conven-
tional treatment. Since endogenous thiamine is used
during carbohydrate metabolism, acute cardiac fail-
ure can be precipitated by the administration of intra-
venous glucose to malnourished and marginally
thiamine-deficient patients by depletion of remaining
thiamine stores. This process can be prevented by the
addition of soluble vitamins including thiamine to
malnourished chronic alcoholic patients who are
undergoing treatment for medical emergencies.

Folate

Folates are polyglutamylated in their dietary forms
and circulate in the methylated and reduced mono-
glutatate form. Folates function in DNA synthesis
and cell turnover, and play a central role in methio-
nine metabolism as substrate for the enzyme methio-
nine synthase in the conversion of homocysteine to
methionine. While originally recognized as a cause
of megaloblastic anemia, the expanding conse-
quences of folate deficiency are related to elevated
circulating homocysteine and include increased risk
for neural tube defects and other congenital abnorm-
alities in newborns and altered cognition in the
elderly. Prior to folate fortification in the US, the
incidence of low serum folate levels in chronic alco-
holics was at about 80%. Megaloblastic anemia, due
to the negative effects of folate deficiency on DNA
synthesis, has been described in about one-third of
patients with alcoholic liver disease. Excessive alcohol

use is associated with reversible hyperhomocysteine-
mia in chronic alcoholics because of the inhibitory
effect of alcohol or its metabolite acetaldehyde on
methionine synthase. Furthermore, folate deficiency
may play a role in the pathogenesis of alcoholic liver
disease by exacerbating abnormalities in the metabo-
lism of S-adenosylmethionine.

The causes of folate deficiency in chronic alcohol-
ism are multiple. With the exception of beer, all
alcoholic beverages are devoid of folate, and the
typical diet of the chronic alcoholic does not include
its fresh vegetable sources. Chronic alcoholism is
associated with intestinal folate malabsorption,
decreased liver folate uptake, and accelerated folate
excretion in the urine. In addition, alcoholic liver
disease results in decreased liver stores of folate, so
the duration of time for development of folate defi-
ciency with marginal diet is shortened.

Pyridoxine Deficiency

Pyridoxine (vitamin Bg) is required for transamina-
tion reactions, including the elimination of homo-
cysteine. Pyridoxine deficiency in chronic alcoholism
is caused by poor diet, whereas displacement of
pyridoxal phosphate from circulating albumin by
the alcohol metabolite acetaldehyde increases its
urinary excretion. Low serum levels of pyridoxal
phosphate are common in chronic alcoholics, and
pyridoxine deficiency is manifest by peripheral neu-
ropathy and sideroblastic anemia. In alcoholic hepa-
titis, the serum level of alanine transaminase (ALT)
is disproportionately low compared to aspartate
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transaminase (AST), due to the requirement of pyr-
idoxine for ALT activity.

Vitamin B4»

The incidence of vitamin By, deficiency in chronic
alcoholism is undefined, since serum levels are often
normal or increased due to the presence of By, ana-
logs in alcoholic liver disease. Nevertheless, the
intestinal absorption of vitamin By, is decreased in
chronic alcoholics due to defective uptake at the
ileum. Presumed low levels of vitamin B, in the
liver may contribute to abnormal hepatic methio-
nine metabolism with elevated serum homocysteine,
since this vitamin is a cofactor for methionine
synthase.

Vitamin A

Although serum levels of vitamin A are usually nor-
mal in chronic alcoholics, liver retinoids are progres-
sively lowered through the stages of alcoholic liver
disease.

Retinoids may play a central role in hepatic func-
tion, where vitamin A is stored as retinyl esters in
fat-storing transitional Ito cells. The process of
transformation of Ito cells to collagen-producing,
hepatic stellate cells is associated with depletion of
retinyl esters, which may be implicated in the devel-
opment of alcoholic liver disease. The causes of
vitamin A deficiency in alcoholic liver disease
include malabsorption, which is due to decreased
secretion of bile and pancreatic enzymes necessary
for the digestion of dietary retinyl esters and their
incorporation into water-soluble micelles prior to
intestinal transport. In addition, the transport of
retinol is impaired due to decreased hepatic produc-
tion of retinol-binding protein. Thirdly, the metabo-
lism of alcohol induces microsomal enzymes that
promote the production of polar retinol metabolites,
which are more easily excreted in the bile. The signs
of vitamin A deficiency include night blindness with
increased risk of automobile accidents and increased
risk of esophageal cancer due to abnormal squa-
mous cell cycling. Conversely, patients with alco-
holic liver disease are more susceptible to vitamin
A hepatotoxicity so that supplemental doses should
be used with caution.

Vitamin D and Calcium

Chronic alcoholic patients are at increased risk for
metabolic bone disease due to low vitamin D and
hence decreased absorption of calcium. Alcoholic
liver disease increases the likelihood of low circulat-
ing levels of 25-hydroxy vitamin D because of
decreased excretion of bile required for absorption

of this fat-soluble vitamin, poor diet, and often
decreased sun exposure. Calcium deficiency results
from low levels of vitamin D that are required to
regulate its absorption, and also because the fat
malabsorption that often accompanies alcoholic
liver disease results in increased binding of calcium
to unabsorbed intestinal fatty acids.

Zinc

Zinc is a cofactor for many enzymatic reactions
including retinol dehydrogenase, is stored in the pan-
creas, and circulates in the blood bound mainly to
albumin. Chronic alcoholic patients are frequently
zinc deficient because of poor diet, deficiency of pan-
creatic enzymes, and increased urine excretion due
to low zinc-binding albumin in the circulation. The
consequences of zinc deficiency include night blind-
ness from decreased production of retinal, decreased
taste, and hypogonadism, which may result in low-
ered testosterone levels and increased risk of osteo-
porosis in men. Since zinc is required for cellular
immunity, its deficiency may contribute to increased
infection risk in alcoholic patients.

Iron

Chronic alcoholic patients are often iron deficient
because of increased frequency of gastrointestinal
bleeding, typically due to alcoholic gastritis or eso-
phageal tears from frequent retching and vomiting,
or from rupture of esophageal varices in patients
with cirrhosis and portal hypertension. The major
consequence of iron deficiency is anemia, which may
be compounded by the concurrent effects of folate
and pyridoxine deficiencies. Conversely, increased
exposure to iron, e.g., from cooking in iron pots,
increases the likelihood and severity of alcoholic
liver disease, since the presence of iron in the liver
promotes oxidative liver damage during the metabo-
lism of alcohol.

See also: Ascorbic Acid: Deficiency States. Calcium.
Cancer: Epidemiology and Associations Between Diet
and Cancer. Folic Acid. Iron. Liver Disorders.
Thiamin: Physiology. Vitamin A: Biochemistry and
Physiological Role. Vitamin Bg. Vitamin E: Metabolism
and Requirements. Zinc: Physiology.
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Occurrence in Food and the Environment
Properties and Natural Occurrence

Aluminum was discovered in 1825 by the Danish
chemist Oersted. It is a soft, ductile, malleable,
silvery metal. Its atomic number is 13, and it has
one stable isotope, *’Al. Aluminum belongs to
group 3a of the periodic table, along with boron,
indium, gallium, and thallium. It most commonly
forms trivalent ionic (AI*") compounds, but it has
some covalent characteristics. Aluminum is the
most common metal in the earth’s crust and is the
third most common element. It is too reactive to
occur in nature as the free metal.

Aluminum occurs in natural systems as the triva-
lent ion and in these it has no oxidation-reduction
chemistry. In aqueous solution, the chemistry is
complicated by the formation of several pH-depen-
dent complex ions. These ions—Al(OH)>",
Al(OH)3, and Al(OH);—compete with AI*" and
Al(OH); within aquatic systems. Aluminum is mini-
mally soluble in water at approximately pH 6, when
the AI(OH)3 ion dominates, but solubility increases
at lower and higher pH values. At pH 7 and higher,
the most important ion is AI(OH)s, whereas at low
pH values AI** dominates.

In contrast to its abundance in the earth’s crust,
most natural waters contain very little dissolved
aluminum (often <10pgl™!), reflecting the low
solubility of minerals and the deposition of AI** in
sediments as the hydroxide. Seawater contains only
1pgl™" of aluminum, and much of this is thought to
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be bound within the skeletons of diatoms. Where
natural waters have either been acidified by acid
rain or treated with aluminum sulfate to produce
drinking water, the levels of the metal are higher.
Concentrations in acidified lakes and rivers (up to
700 ugl™') commonly exceed levels toxic to fish. In
acidic well water, concentrations >1mgl™' may
occur. Aluminum concentrations in tap water
should not exceed 200pgl 'a guideline specified
by the World Health Organization (WHO) on
esthetic grounds.

Air concentrations of aluminum range from less
than 1pgm™ in rural environments to as high as
10 pgm > in urban, industrialized areas. The higher
levels in the latter result from the dust-creating
activities of urban man.

Nonfood Uses

Aluminum compounds are widely utilized by indus-
try. They are used in the paper industry, for water
purification, in the dye industry, in missile fuels, in
paints and pigments, in the textile industry, as a
catalyst in oil refining, in the glass industry, and as
components of cosmetic and pharmaceutical pre-
parations. Of these, the uses within the cosmetic/
pharmaceutical industry are of particular signifi-
cance since they provide the most likely sources of
aluminum uptake by the body.

The following are major cosmetic/pharmaceutical
uses of aluminum compounds:

® Aluminum hydroxide as an antacid, particularly
for patients suffering from peptic and duodenal
ulcers

® Aluminum hydroxide as an effective, nonab-
sorbed phosfate binder for patients with long-
standing kidney failure
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® As a component of buffered aspirin

® Aluminum hydroxide and monostearates as com-
ponents of some vaccines/injection solutions

® Aluminum chloride, aluminum zirconium glycine
complex, and aluminum chlorohydrate as the
active ingredients of antiperspirants

Many of these applications are under review and
their use is discouraged where alternatives of equal
efficacy are available and where the potential for
high aluminum uptakes exists. For example, both
calcium carbonate and lanthanum sulfate are possi-
ble alternatives to the long-term use of aluminum
hydroxide as a phosfate binder.

Food Uses of Aluminum Compounds

Aluminum compounds that may be employed as
food additives are listed in Table 1. Although most
are present in foods as trace components, others
may be present in significant quantities. For exam-
ple, aluminum-based baking powders, employing
sodium aluminum phosfate (SALP), may contain
more than 10mgg ' of aluminum, and bread or
cake made with these may contain 5-15 mg of the
element per slice. American processed cheese may
contain as much as 50mg of aluminum per slice
due to the addition of Kasel, an emulsifying agent.
Pickled cucumbers may contain 10 mg of aluminum
per fruit when alum has been employed as a firming
agent. Aluminum anticaking agents may also be
present in significant quantities in common table
salt.

Table 1 Permitted aluminum-containing food additives and uses

Compound Use

Metallic color for surface
treatment

Acidic compound used as a
neutralizing agent and as a
buffer

Acidic compound used as a
neutralizing agent, a buffer, and
a firming agent

Buffer, neutralizing agent, and
firming agent

Firming agent in pickling

Anticaking agent for powders

Anticaking agent for powders

Anticaking agent for powders

Aluminum

Aluminum ammonium
sulfate (ammonium
alum)

Aluminum potassium
sulfate (potassium alum)

Aluminum sodium sulfate
(soda/sodium alum)
Aluminum sulfate (alum)
Aluminum calcium silicate
Aluminum sodium silicate
Sodium calcium

aluminosilicate

Kaolin (contains aluminum  Anticaking agent for powders

oxide)
Sodium aluminum Acid, raising (leavening) agent for
phosfate (acidic), SALP flour

Sodium aluminum
phosfate (basic), Kasel

Emulsifying salt

Natural Aluminum in Food

Even though concentrations of aluminum in soil are
high (3-10%), most food plants contain little alu-
minum. Reports describe diverse levels in different
foods and reported values vary for similar foods.
Much of this variation results from either the
inadequate removal of soil and/or contamination
of foods with soil prior to analysis or the use of
poor analytical techniques. A selection of results for
plant foods is given in Table 2. This shows that
most uncooked plant foods contain <Spugg .
However, reported concentrations in herbs and
spices are higher due to their dehydrated state and
their content of aluminum-containing grinding
materials.

The concentration of natural aluminum in animal-
derived foods is influenced by the low concentration
of aluminum in animal feeds, the poor biological
uptake of ‘food aluminum’ by food animals, and
the limited ability of body aluminum to transfer to
products such as eggs and milk. Consequently, most
animal-based foods contain <1pgg™"' of aluminum
(Table 3).

Of the remaining miscellaneous foods in common
usage, few contain significant aluminum. Beer
stored in aluminum cans for up to 1 year contains
<29pugem~? and the maximum level recorded in
beverages within aluminum cans is 1.5mg per
375-cm® can. Tea, which when dry contains large
quantities of aluminum (1.28 mgg™"), contains rela-

tively little when steeped (2.8 pgem 3). For
comparison, brewed coffee contains less than
0.4 pgem 3.

The aluminum concentration of acidic foods may
be increased by cooking in aluminum vessels. In one
study the increment to the aluminum content of an
average-sized serving of rhubarb was 25 mg. Onions
boiled in aluminum saucepans similarly accumulate
the metal. In contrast, the cooking of nonacidic food
products in aluminum utensils has little effect on
their aluminum content. Similarly, the use of alumi-
num foil for wrapping foods adds little to their
metal content.

Total Dietary Intake of Aluminum

Regarding measurements of the aluminum content
of individual foods, the measurement of total daily
diets is complicated by problems of analysis and
sample contamination. However, relatively reliable
data are available for some countries. In a Finnish
study, daily intake of aluminum from food was
calculated to be 6.7mg. Studies performed by the
US Food and Drug Administration suggest average
daily intake values of between 9 and 14mg
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Table 2 Concentrations of natural aluminum in plant foods

Table 3 Concentration of natural aluminum in animal foods

Food Concentration (ngg~") Food Concentration (ngg™")
Cereals Milk 0.1-0.7
Barley 5.0-7.0 Cottage cheese <2
Maize (corn) 0.4-3.1 Swiss cheese 19
Oats 5.1 Beef <1
Wheat 4.0-16 Steak 2.3-8.4
Rye 4.8 Bovine kidney 0.4-1.0
Whole wheat bread 5.4 Bovine liver <2
Cheerios 4.7 Lamb <1
Corn Flakes <2 Pork <1
Macaroni <2 Bacon <2
Rolled oats <2-5.0 Veal <1
Rice Krispies <2 Chicken <1
Spaghetti <2 Eggs 0.2-1.4
Vegetables Turkey <1
Asparagus 1.7-9.0 Carp 0.7-1.0
Green beans 8.0 Haddock <1
Cabbage, inner leaf 5.7 Salmon (canned) 8.2
Carrots 3.8 Sole <1
Cauliflower head 4.0
Leek 15
Onions 5.0-10
Potatoes <1-20 Table 4 Sources of dietary aluminum intake
Spinach 6.9
Tomatoes 0.2-1.1 Food component Al content (mg/standard
Fruit serving)
Apples 0.2-0.9
Bananas <04 US male and female mean Al 9-14/day
Grapes <0.5 intake
Honeydew melon 0.2 Cornbread (homemade) 18
Oranges <0.4 Processed cheese, yellow cake 10-11
Plums <0.3-0.5 (iced)
Rhubarb 0.8-4.8 Fish sticks, muffins, hamburger 4-6
Pineapples <03 Pancakes, spinach 2-3
Herbs and spices Lasagne 1
Allspice 51-101
Basil 167—-450
Cinnamon 48-115 Bioavailability and Metabolism
Marjoram >500-1000
Mustard 5-10 Given the ubiquitous nature of aluminum in the
Nutmeg 5-11 environment, it is surprising that the human body
Paprika 49-700 contains little and that it has no function as an
Black pepper 48-237 . . .
Sesame seed 5-<10 essential trace mineral. To a large extent, this level
Thyme ~500-<1000 reflects the integrity of the body’s barriers to metal
Nuts ion intake.
Peanuts <2
Walnuts <2
Oils Bioavailability of Ingested Aluminum
Olive 0.1-0.4
Sugars Metal ions enter the body by one of three main
White sugar <2 routes: via the gut wall, by inhalation, and through
Brown sugar <2 wounds. For most individuals, the important route
Cuban raw 5.3 . . ..
Molasses 110 of aluminum uptake is through the gut wall. This is

(Table 4). In general, it is likely that daily intakes of
aluminum in North America are higher than in
Europe due to a higher utilization of SALP and Kasel
in the preparation of processed foods.

true even though the bioavailability of aluminum
may be higher by other routes.

Like most polyvalent metal ions, most ingested
aluminum passes through the intestinal tract with-
out being absorbed. An estimate of the daily alumi-
num uptake by the body from all sources, based on
an estimate of average daily intake and the level of
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excreted aluminum, indicated an absorbed fraction
of 0.001.

More precise measurements of absorption have
been made using the isotope 2°Al. The first reported
study utilizing *°Al indicated that in the presence of
excess citrate, 1% of the metal was absorbed. This
result was considered consistent with the ability of
citrate to complex metal ions, holding them in solu-
tion at physiological pH values, but unrepresentative
because of the large amount of citrate employed.
Moreover, the study estimated aluminum uptake
from the results of single blood analyses, which
may not provide a true measure of uptake. Later
studies employing this method have indicated
lower uptake values, typically 0.0005. They have
also shown that some subpopulations, including
those suffering from Alzheimer’s disease and some
‘normal’ individuals, absorb more aluminum than
average members of the population and that the
coingestion of silicic acid inhibits aluminum absorp-
tion by a factor of approximately 3.

Complete balance studies using the 2°Al tracer
have been undertaken to determine bioavailability.
These showed that the fractional uptake of aluminum
following administration as a citrate solution was
0.005 and following its intake as hydroxide was
0.0001. The coadministration of citrate with alumi-
num hydroxide enhanced aluminum uptake by a fac-
tor of approximately 10. A later study measured the
bioavailability of aluminum in drinking water, and a
fractional uptake of 0.002 was determined. It follows
that at a maximum concentration of aluminum in
drinking water of 200ugl™!, this source will nor-
mally account for approximately 6% of total (non-
medical) aluminum uptake.

In addition to the concentration of citrate in
ingested food, other factors have been shown to
affect the bioavailability of aluminum: age—metal
uptake in milk-fed infants is higher than average and
uptake may also be greater in the elderly; gut con-
tents reduce metal bioavailability; silicic acid binds
strongly to aluminum, reducing its bioavailability;
and local gut conditions affect the ability of the
gut wall to sequester aluminum, changing the time
available for its uptake. Overall, results suggest that
aluminum bioavailability varies between approxi-
mately 0.01 and 0.0001.

Biokinetics of Aluminum in Blood

The biochemistry of aluminum is, to a large extent,
determined by its valency, ion size, and redox chem-
istry. The effective ionic radius of AI*" is 54 pm.
This is sufficiently similar to that of Fe** (65 pm)
for it to follow some of its metabolic pathways.

However, its progress through these is halted at
stages where iron is transformed to its divalent,
Fe?" state. Aluminum is also sufficiently similar to
calcium to codeposit in the skeleton. In addition,
aluminum binds particularly strongly to phosfates,
giving it the potential to bind with DNA, ATP, and
many other biomolecules.

Within the blood, transferrin, the iron-transport
protein, binds aluminum most avidly. However,
compared to Fe" ions, the strength of this affinity
is low. Consequently, aluminum will not displace
iron from transferrin. Aluminum also binds with
low-molecular-weight proteins and citrate. Alumi-
num complexes with low-molecular-weight species
may leak from blood vessels into surrounding tissue
fluids. The extent of binding to low-molecular-
weight molecules is uncertain, but studies indicate
that 50% or less of blood aluminum may be bound
to them. It has also been suggested that silicic acid in
blood may also bind aluminum to form aluminosili-
cate colloidal particles, which would then deposit
within reticuloendothelial organs.

Aluminum is initially rapidly lost from the blood
to other body fluids and to excretion, reflecting the
weakness/kinetics of the binding of the A’ ion to
proteins. Subsequently, the rate of loss slows. Volun-
teer studies showed that more than half of the ion
had left the blood by 15 minutes postadministration,
and that by 1h an average of 68% had been lost. At
1 day, approximately 2% remained in the blood and
by S5days only 0.4% remained. These variations
make the interpretation of isolated blood and
serum aluminum levels particularly difficult. At 1h
after uptake, little or no aluminum in the blood is
associated with red blood cells. However, at
880 days after intake 14% is associated with these
cells. Unlike those in plasma, aluminum deposits in
red blood cells are cleared with a long half-life and
they may provide a basis for an aluminum assay.

Aluminum Excretion and Body Retention

26Al studies have shown that most aluminum enter-
ing blood is excreted in the urine, with only approxi-
mately 1% lost in feces. In these studies, intersubject
variability was conspicuous, such that 1 and 5 days
after intake the range of fractional aluminum excre-
tions was 0.5-0.8 and 0.6-0.9, respectively. In
another study employing a single volunteer, the
long-term retention of aluminum was determined.
At early times this volunteer showed a retention
pattern consistent with the mean of that found in
the short-term study. However, approximately 4%
of injected aluminum was retained for years. This
finding indicates that wunder conditions of



ALUMINUM 73

continuous intake, aluminum is accumulated by the
body, even in subjects with normal kidney function.

From a retention equation, and assuming daily
systemic uptakes of 15pg of aluminum, terminal
body burdens of the metal were predicted. The cal-
culations suggested that 50years of continuous
uptake of aluminum should give rise to body bur-
dens of 2-7mg. This estimate is lower than others
based on the results of chemical analyses (35-60 mg).
It is suggested that the most likely reasons for this
discrepancy are errors in the extrapolation of body
burden from the results of the chemical analysis of
small pieces of tissue and errors due to the measure-
ment of samples that have become contaminated with
environmental aluminum (i.e., dust).

Aluminum Deposition in Tissues

Most metals are deposited to a much greater extent
than average in a few organs: liver, kidneys, and
skeleton. However, the proportion of the total
body burden deposited in these is variable and
depends on many factors, including the chemical
properties of the ion and the age, sex, and metabolic
status of the individual. The major site of deposition
of aluminum is the skeleton. Skeletal deposits of
aluminum have been demonstrated in normal bone
using chemical analysis and are easily detected in
bone from renal failure patients using histochemical
staining techniques.

The levels of aluminum deposited in the liver are
uncertain. Published measurements of total liver alu-
minum suggest values of 6-9 mg for normal adults,
indicating that a significant fraction of the aluminum
body burden is present in this organ. However, exter-
nal counting of 2°Al did not indicate large liver depos-
its. Moreover, a comparative failure of aluminum to
deposit in the normal liver would be consistent with
the low levels of fecal excretion seen and with the low
concentrations of aluminum found in the livers of
some dialyed renal patients. Also, at least in rats, the
relative depositions of trivalent metals in the skeleton
and liver have been shown to be a function of ion size,
with appreciable liver deposition occurring only
where the ion size is large. The ion size of aluminum
is very small. However, the observation that with
time aluminum levels build up in red blood cells
may indicate the presence of a delayed pathway of
aluminum accumulation by the liver since this organ
is involved in the breakdown of hemoglobin.

Within the skeleton, aluminum, in common with
most other polyvalent metal ions, initially deposits as
a very thin layer on bone surfaces. The mechanisms of
deposition have not been investigated, but one report
suggests that three may be involved: entrapment of

aluminum ions within the hydration shell of existing
bone mineral; incorporation of aluminum into new
bone mineral at sites of bone apposition; and binding
of the metal to acidic organic components of the bone
matrix, such as phosphoproteins.

Subsequently, aluminum remains on bone surfaces
until it back-exchanges into tissue fluids, the bone
surface is removed by osteoclasts, or the bone sur-
face is buried by the apposition of new bone. These
processes will result in the gradual loss of bone
aluminum and in a transfer of aluminum from
bone surfaces to the volume of the bone matrix.
Such volume deposits are clearly seen in stained
biopsy sections from dialysis patients.

The back-exchange of deposited aluminum, from
bone surfaces to blood, may occur relatively quickly
and its rate will be an important determinant of the
rate of early loss of aluminum from the body. At
longer times after deposition, more aluminum will
be removed by bone turnover. Given that in adult
man the rate of bone turnover is very low (3-20%
per year), most firmly deposited metal may be
expected to be retained in the body for tens of
years. This accounts for the reported body retention
of 2% of the injected 2°Al at 5years postinjection
and its low rate of loss at this time (equivalent
retention half-time greater than 5 years). In children,
who exhibit high rates of bone growth and turnover,
aluminum is lost more rapidly.

Toxicity of Systemic Aluminum

The toxicity of aluminum has been extensively
reviewed both by WHO and by the US Department
of Health and Human Services. Exposure to alumi-
num at environmental levels produces no known
adverse effects in man. There is little evidence to
suggest that aluminum may produce adverse effects
under conditions of chronic, excess, occupational
exposure. Under conditions of high medical expo-
sure, resulting in large aluminum body burdens, the
metal is toxic. Aluminum intoxication is character-
ized by aluminum-induced bone disease (AIBD),
microcytic anemia, and encephalopathy. Most
information concerning these has been obtained by
the study of dialyzed renal failure patients. These
patients had lost their ability to excrete aluminum
and accumulated large body burdens of aluminum
by transfer of the metal from contaminated dialy-
zates (most commonly tap water) during hemodia-
lysis. The amount of transfer, and resultant body
burdens, depended on the duration of treatment
and the concentration of aluminum in the dialyzate.

In addition, toxic effects of aluminum have been
demonstrated in four groups of patients with normal



74 ALUMINUM

kidney function: patients supported by total parent-
eral feeding, patients with hepatic insufficiency
receiving aluminum antacids, premature infants
receiving prolonged intravenous therapy, and other
patients receiving parenteral therapy. Aluminum-
induced toxicity has also been claimed in some occu-
pationally exposed groups, but evidence supporting
these claims is not conclusive.

Studies on developing mice and rats that had been
exposed to aluminum either during gestation or during
lactation indicate that this metal may have an adverse
effect on the development of some regions of the brain.
In such animals, adverse effects on reflexes and simple
motor behaviors, but not consistently on learning and
memory, have been demonstrated.

Aluminum-Induced Bone Disease

AIBD is characterized either by a low turnover
osteomalacia or by an aplastic disease. Chemical
analyses have shown these conditions to be present
when bone aluminum levels are between 12 and
500ugg'. High levels of the metal in diseased
bones have also been demonstrated using aluminum-
specific histochemical bone stains.

Aluminum-induced osteodystrophic osteomalacia
develops in the absence of hypophosphatemia. The
condition does not respond to vitamin D therapy,
but it may be prevented by hyperparathyroidism.
The disease is progressive and produces a variety
of symptoms, including severe bone pain, muscle
pains, and multiple nontraumatic fractures. It is
normal for AIBD patients to remain asymptomatic
for many years before physical signs of the disease,
including funnel chest deformity, sternal bowing,
and loss of height, become evident.

At the histological level, AIBD is characterized by a
low rate of bone formation. The disease is variable, but
bone removed from most patients show an increased
amount of unmineralized osteoid; an increase in bone
volume; a very low rate of bone apposition; a patchy,
irregular pattern of calcification; a reduction in the
number of active osteoblasts and osteoclasts; and irre-
gular, misshaped bone trabeculae.

Although the causation of AIBD is not firmly
established, it seems likely that it is produced
by impaired bone matrix mineralization and by
decreased osteoclastic activity. The progress of
AIBD may be halted, and even reversed, by
repeated administration of the chelating agent
desferrioximine.

Microcytic Anemia

Microcytic anemia, a disease characterized by the
presence of small red blood cells in blood, has been

described in renal patients. This disease occurs in the
absence of iron deficiency and is reversed following
the use of purified dialyzate. The mechanism by
which aluminum induces microcytic anemia is
uncertain, but it has been suggested that a distur-
bance in the hem biosynthetic pathway may be
involved. In this context, the red blood cells of
intoxicated dialysis patients may contain a consider-
able fraction of the total blood aluminum content.

Encephalopathy

Several neurological effects have been attributed to
aluminum intoxication. In weanling rats, dietary
aluminum fed at high levels to their dams has been
demonstrated to delay brain maturation. This effect
has not been described in man.

Aluminum-induced impairment of cognitive func-
tion following the occupational exposure of gold
miners to inhaled aluminum, the exposure of members
of the general public to ingested aluminum sulfate,
and, recently, exposure of workers and ex-workers in
the aluminum industry has been claimed but not pro-
ven. No convincing evidence has been produced to
either support or refute the existence of neurological
effects at low levels of aluminum uptake. However,
there is sufficient evidence that such effects may occur
in man at some levels of uptake. For example, dialysis
patients exposed to lower than average levels of alu-
minum sometimes demonstrate disturbed cerebral
function compared to controls.

In one study of dialysis patients, correlations were
sought between cognitive function and exposure to
aluminum in both dialysis source water and admi-
nistered oral gut phosfate binders. The results of the
study were confusing since it found negative correla-
tions between the cognitive measures and source
water aluminum but positive correlations with the
level of orally administered phosfate binder. Again,
in a gold miner study, some results indicated cogni-
tive impairment, whereas others were less conclu-
sive. It has been noted that most studies performed
to date are flawed, because they have failed to
include normal aging controls. Attempts to
improve cognitive scores by chelation therapy have
met with very limited success.

The most important neurological effects produced
by aluminum occur at large body burdens. These
include ataxia, dysarthria, dysphagia, myoclonia,
convulsions, and dementia. Epidemiological studies
have shown that aluminum-induced encephalopathy
(dialysis dementia) was absent at dialysis centers
using water with aluminum concentrations less than
50 pgl~'. In contrast, encephalopathy was common
in those that employed water with aluminum
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concentrations greater than 200 ugl~'. At these cen-
ters, the prevalence of the disease increased signifi-
cantly with increasing cumulative exposure to
aluminum and was often a direct cause of death. In
terminal cases, facial grimacing, myotonic spasms,
and dysphagia interfere with eating and lead to inha-
lation pneumonia and death. The recorded concen-
trations of aluminum in the brains of such patients
are highly variable, but values of 15-100 mgkg " are
typical. Experience has shown that chelation therapy
with desferrioximine is effective in reversing neurolo-
gical effects in renal patients.

The mechanisms of encephalopathy are not clear.
Most evidence suggests that aluminum likely crosses
the blood-brain barrier by a transferrin-mediated
mechanism. Imaging secondary ion mass spectrome-
try has shown aluminum to be deposited within the
brain cortex as focal deposits at sites known to be
rich in transferrin receptors. These sites, correspond-
ing to the distribution of pyramidal neurones, have a
high demand for iron in the synthesis of respiratory
chain enzymes. It is suggested that damage at these
sites results in the neuropathy.

Evidence for a Role in Alzheimer’s
Disease

Alzheimer’s disease (AD) is a progressive, often insi-
dious, dementing disease occurring in mid- to late
life. Its incidence increases with age, such that at age
85+ approximately 20% of people suffer from the
condition. AD causes neurone death and a reduction
in brain volume. The progression of the disease
(which in most cases means approximately 7 years
of intellectual and personal decline until death) can-
not be arrested and eventually patients become bed-
ridden. At this stage, concomitant bedsores, feeding
difficulties, and pneumonia result in death.

The diagnosis of AD in made on the basis of the
histological examination of brain tissues. These
show the presence of widespread accumulations of
B-amyloid senile plaques and neurofibrillary tangles
throughout the limbic system and in parts of the
cerebral isocortex and brain stem. 3-Amyloid plaque
formation occurs in the majority of nondemented
elderly individuals, but neurofibrillary tangles are
rare. Consequently, it has been suggested that in
AD plaque formation precedes and may predispose
to neurofibrillary tangle formation.

The etiology of the disease is complex and incom-
pletely understood. Two risk factors for the disease
have been identified and confirmed: old age and
family history. ‘Familial’ AD is genetically variable
but mutations in chromosome 21 are often involved.

These cases show a marked tendency toward early
onset and can be positively identified to represent
only a small proportion of the total AD population.

The etiology of nonfamilial, sporadic AD is
unknown. However, cases have been attributed to
head injury and environmental factors, including
aluminum. Involvement of aluminum in AD has
been suggested because (1) of the similar symp-
tomologies of AD and dialysis dementia; (2) the
administration of aluminum to animals produces
histological changes within the brain that are,
in some respects, similar to those seen in the brains
of AD patients; (3) of some reports indicating the
presence of aluminum within the cores of senile
plaques; (4) of the results of some epidemiological
studies that have linked AD incidence either with
aluminum levels in drinking water or with its con-
sumption as medicines; and (5) a disease similar to
AD is prevalent in some Pacific islands (Guam),
where the levels of aluminum in soils and water
are high.

However, (1) the pathologies of AD and dialysis
dementia are different; (2) the histomorphological
changes seen in experimental animals differ, in
important respects, from those seen in the brains of
AD patients; (3) not all studies have indicated the
presence of aluminum within the cores of senile
plaques, and attempts to demonstrate enhanced
levels of aluminum in the brain of AD patients
have mostly failed; (4) the results of the epidemio-
logical studies are conflicting and have been criti-
cised on methodological and logical grounds; and
(5) Guam disease and AD are clinically different.

It follows that it is now generally accepted that in
the absence of a clear association between exposure
to aluminum and the disease and/or an identified
mechanism for disease induction by the metal,
there is insufficient evidence to suggest that alumi-
num is causative with respect to AD.

See also: Aging. Bone. Food Safety: Heavy Metals.
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Amino acids are a series of small organic molecules
whose prime importance lies in the fact that they
are the monomers from which proteins are made.
The form and functions of proteins depend on the
sequence in which the amino acids are joined
together since each amino acid has specific chemi-
cal and physical properties. In this article, the struc-
tures and chemical properties of each amino acid
are outlined, with an indication of how this affects
the metabolic role of the free amino acid and how
it affects the behavior of the amino acid residue
within a protein. These chemical properties also
form the basis for methods of analysis of amino
acids. Some amino acids can be synthesized within
the body from other molecules, whereas others
cannot, so the final section explains the basis of
the classification into essential and nonessential
amino acids.
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Chemical Structures and Nomenclature

Amino acids are small organic molecules with the
general formula shown in Figure 1.

The central carbon atom in this structure is called
the a-carbon, and the amino and carboxyl groups
attached to it are known as the a-amino group and
the a-carboxyl group, respectively. The R groups of
the 20 amino acids that can be incorporated into
proteins are shown in Table 1; these R groups give
the different amino acids their specific chemical and
physical properties.

The a-amino group acts as a weak base and is
always protonated at physiological pH; similarly,
the a-carboxyl group acts as weak acid and at phys-
iological pH is always ionized. Thus, free amino
acids in biological material exist as zwitterions, as
shown in Figure 2.

!
R—lc—cogH
NH,

Figure 1 Amino acid structure.
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Table 1 Amino acid characteristics

Name (3 letter code; 1 letter code) Structure Molecular weight pK,
H
Small neutral amino acids L
Glycine (Gly; G) H=C—COH 75 2.35
NH, 9.78
i
Alanine (Ala; A) CH;—C—CO.H 89 2.35
|
NH, 9.87
o,
H-C— H
Branched-chain amino acids CH 9 c|: 0,
Valine (Val; V) 3 NH 117 2.29
9.74
e 1
Isoleucine (lle; 1) CH3—CH2—CH—(I3—CogH 131 2.32
NH, 9.76
O
Leucine (Leu; L) CH;—CH—CH,—C—CO.H 131 2.33
|
NH, 9.74
I
Aromatic amino acids CHQ_?_ COH
Tryptophan (Trp; W) | NH, 204 2.43
9.44
N
|
H
A
Tyrosine (Tyr; Y) HO@ CH2—(I3—002H 181 2.20
9.1
NH 10.13
T
Phenylalanine (Phe; F) @CHZ—CIZ—COZH 165 2.16
NH, 9.18
T
Hydroxyl-containing amino acids HO—CH,—C—CO,H
Serine (Ser; S) | 105 2.19
NHz 9.21
e
Threonine (Thr; T) HO—CH—C—CO.H 119 2.09
|
NH, 9.10
'?
Sulfur-containing amino acids HS —CH,—C—CO,H
Cysteine (Cys; C) 'I\lH 121 1.92
2 8.35
10.46
T
Methionine (Met; M) CH3;—S—CH,—CH,—C—CO.H 149 213
| 9.28
NH,

Continued
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Table 1 Continued

Name (3 letter code; 1 letter code) Structure Molecular weight PK,
Imino acid CTZ _?HZH
Proline (Pro; P) CH> c_ 115 1.95
N7 TCOeH 10.64
H
Acidic side chains ?OZH ||-|
Aspartic acid (Asp; D) CH,—C—COzH 133 1.99
' 3.90
NHz 9.90
ot
Glutamic acid (Glu; E) CH2—CH2—CI:—COQH 147 2.10
4.07
NH 9.47
Amides ?ONHQ 'ﬁ
Asparagine (Asn; N) CH,—C—CO.H 132 2.10
|
NH, 8.84
(|30NH2 T
Glutamine (GlIn; Q) CHZ—CHZ—CI:—COZH 146 217
NH, 9.13
N
N7 N
Basic side chains _ H
Histidine (His; H) | 155 1.80
CHz-IC—COzH 6.04
NH, 9.76
i
Lysine (Lys; K) NH2—CH2—CH2—CH2—CH2—C|:—002H 146 2.16
9.18
NH, 10.79
NH 'Tl
Arginine (Arg; R) //C—NH—CHQ—CHZ—CHZ—(|3—COZH 174 1.83
HN 8.99
NH, 12.48
i
Nonprotein amino acids NH,—CH; —CH; —CH, —C—COxH
Ornithine Il\lH 132 1.71
2 8.69
10.76
C|)ONH2 Iﬁ
Citrulline NH—CH; —CH;—CH;—C—CO.H 175 Not determined
|
NH
) L CH,—CO.H
~-Aminobutyric acid (GABA) | 103 4.03
CH>—CH,—NH, 10.56
i
Homocysteine HS —CH,—CH, —C—CO.H 117 2.22
' 8.87
NH»

10.86
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Figure 2 Zwitterionic structure of an amino acid.

The a-carbon atom is asymmetric so that amino
acids show stereoisomerism; the exception to this is
glycine, in which the R group is a second hydrogen
atom. Most of the amino acids found in nature are
in the L form, and only 1-amino acids can be used
for protein synthesis in higher organisms. However,
p-amino acids may be ingested from bacterial
sources, and if high concentrations accumulate they
may be toxic. The human body has a p-amino acid
oxidase enzyme, found in the liver and the kidney,
that disposes of these molecules by oxidative
deamination.

The most important common chemical property
of the amino acids is their ability to form peptide
bonds with one another. The a-amino group of one
amino acid reacts with the a-carboxyl group of
another to form a peptide bond with the elimination
of water (Figure 3). The results of this process are
conventionally known as peptides or oligopeptides if
they contain 2-20 amino acid residues or as poly-
peptides, which may contain 21 to several thousand
amino acid residues. The polypeptides may undergo
further processing, including chemical modification,
before taking up their final conformation as
proteins.

Each amino acid also has specific chemical prop-
erties that depend on the nature of the R group. This
affects the behavior of the free amino acids and the
corresponding amino acid residues in peptides and
polypeptides. For convenience, the amino acids may
be considered in groups according to some common
properties.

Small Neutral Amino Acids: Glycine and Alanine

The small side chains, a hydrogen atom and a
methyl group, respectively, have little effect on the
shape of a peptide chain. The free amino acids tend
to be heavily involved as metabolic intermediates.
Glycine is a precursor of purines, porphyrins, bile

acids, and creatine; it acts as a neurotransmitter and
as a conjugating substance that aids the excretion of
xenobiotics by making them more water-soluble.
Alanine is the transamination product of pyruvic
acid and is thus closely associated with the metabo-
lism of carbohydrates, acting as a major precursor
for gluconeogenesis.

Branched-Chain Amino Acids: Valine, Leucine, and
Isoleucine

These have bulky, nonpolar side chains, so they are
often found within the hydrophobic core of proteins.
Isoleucine has an extra chiral center, so four optical
isomers are theoretically possible, but only L-isoleu-
cine (and not L-allo-isoleucine) is found in proteins.
Branched-chain amino acids are metabolized initi-
ally in muscle and adipose tissue rather than liver,
where most of the other amino acids are
metabolized.

Aromatic Amino Acids: Tryptophan, Tyrosine, and
Phenylalanine

These are also bulky and nonpolar, and they may
interact with other hydrophobic molecules. The phe-
nolic hydrogen of tyrosine is weakly acidic and can
form hydrogen bonds to create cross-links or can be
donated during catalysis. Tyrosine residues on
certain membrane-bound receptors become phos-
phorylated by tyrosine kinase domains, thereby initi-
ating a signal transduction cascade. Tryptophan is
important as a precursor of the neurotransmitter
5-hydroxytryptamine (serotonin) and of the
nicotinamide-containing coenzymes NAD and
NADP. Phenylalanine can be converted to tyrosine
in the body, but not vice versa. Tyrosine is a
precursor of the catecholamines and the thyroid
hormones and also the pigment melanin.

Hydroxyl-Containing Amino Acids: Serine and
Threonine

These are polar, very weakly acidic molecules but
uncharged at neutral pH. They can form hydrogen
bonds and are thus quite soluble. Threonine has an
additional chiral centre, but again only 1-threonine is
found in proteins. Serine is found at the active centre
of some enzymes. It is also the usual site of

H H o H H o H H O H o

\ | // \ | // \ Il | //

N—C—C + N—C—C — N—C—C—N—C—C + H0
A A /o 1\
H R OH H R OH H R H R OH

Figure 3 Peptide bond formation.
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attachment for the carbohydrate residues in
glycoproteins and for the phosphoryl groups in
phosphoproteins.

Sulfur-Containing Amino Acids: Cysteine and
Methionine

Methionine is nonpolar, but cysteine is polar.
Cysteine can form weak hydrogen bonds with oxy-
gen and nitrogen; it is also weakly acidic and is
sometimes found at the active site of enzymes.
Cysteine also acts as a reducing agent within the
cell, both as the free amino acid and in the form of
the antioxidant tripeptide glutathione. The sulfydril
groups of two cysteine residues can be oxidized to
form the double amino acid cystine, and this is the
predominant form of the amino acid in extracellular
fluid. When the same reaction occurs between
cysteine residues in adjacent polypeptide chains, a
strong, covalent disulfide bond is formed that gives
the protein a rigid structure. This appears to be
particularly important in stabilizing extracellular or
secreted proteins. Methionine can be converted to S-
adenosyl-methionine, the donor of methyl groups in
transmethylation reactions. Methionine can be con-
verted to cysteine in the body, but not vice versa.
Selenium can replace sulfur in some cysteine and
methionine residues, particularly when selenium
intake is high. The antioxidant protein glutathione
peroxidase requires a selenocysteine residue at its
active site.

Imino Acid: Proline

Since its structure contains a secondary amine rather
than a primary amine, proline is actually an imino
acid rather than an amino acid, but it forms peptide
bonds and is incorporated into proteins just like an
amino acid. It causes an abrupt and rigid change of
direction in the polypeptide chain, and this has a
major effect on the final conformation of the pro-
tein. The carbon at the 4 position can be hydroxy-
lated to form hydroxyproline. Every third residue of
the structural protein collagen is a hydroxyproline
residue.

Acidic Side Chains: Aspartic Acid and Glutamic
Acid

These are dicarboxylic acids, although at physiolog-
ical pH they exist almost entirely in the anionic
form and so should be referred to as aspartate and
glutamate. They are mainly found on the surfaces of
proteins. The free amino acids play a central role in
transamination reactions, equilibrating rapidly with
their corresponding keto acids oxaloacatate and

2-oxoglutarate. Glutamate is a precursor for the
inhibitory neurotransmitter ~v-aminobutyric acid
(GABA). The monosodium salt of glutamate is
used in the food industry as a flavor enhancer.

Amides: Asparagine and Glutamine

Although they are uncharged, these molecules are
strongly polar. They are often found on the surface
of proteins, where they can form hydrogen bonds
with water or with other polar molecules. The con-
version of glutamate to glutamine is central to the
disposal of ammonia and to the maintenance of
acid-base balance. Glutamine is a precursor for the
synthesis of purines and pyrimidines. It is also a
precursor for gluconeogenesis, and it is the main
source of energy for enterocytes and leucocytes.
There is evidence that glutamine may play a role in
the control of protein metabolism and that it may be
beneficial in augmenting the immune response in
critically ill patients.

Basic Side Chains: Histidine, Lysine, and Arginine

These are hydrophilic amino acids that are positively
charged at neutral pH. The imidazole group of his-
tidine has a pK, just below 7, so it is weakly ionized
at physiological pH, giving it some buffering capa-
city and making it useful at the active site of many
enzymes. Histidine is also a precursor for the phys-
iologically active amine histamine. Arginine is an
intermediate in the urea cycle and a precursor for
polyamine synthesis. It is also the precursor for
nitric oxide, which appears to have many physiolo-
gically important properties, including that of an
endothelial-derived relaxing factor and a cell signal-
ing molecule in the coordination of the inflamma-
tory response. Although arginine, like glutamine, is
a nonessential amino acid, there is evidence that
increasing the dietary supply of arginine can
improve clinical outcome in critically ill patients.
Lysine is the limiting amino acid in cereals and
cereal-based diets.

Posttranslational Modification

Some amino acid residues may become chemically
modified after they have been incorporated into
polypeptide chains. They will thus be present when
the protein is degraded but cannot be reutilized for
protein synthesis.

Hydroxylation of proline to hydroxyproline is
mainly associated with collagen. Hydroxylysine is
also found in collagen.

The side chain nitrogen atoms of the dibasic
amino acids (histidine, arginine, and lysine) can all
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be methylated. For example, N"-methylhistidine (3-
methylhistidine) is found mainly in the contractile
proteins actin and myosin so that detection of N'-
methylhistidine in a food sample usually indicates
the presence of meat. It has also been suggested that
measurement of the urinary excretion of N™-methyl-
histidine could provide an index of the rate of break-
down of myofibrillar proteins in skeletal muscle,
although interpretation is complicated by the pre-
sence of N7-methylhistidine derived from other
tissues.

The hydroxyl groups of serine, threonine, and
tyrosine can all be phosphorylated. Phosphoserine
residues bind calcium and are found in proteins
such as casein. Another calcium-binding residue is
~v-carboxyglutamic acid, which is found in
prothrombin.

The hydroxyl groups of serine can also be glycosy-
lated to form glycoproteins and proteoglycans. The
amide group of asparagine can also be glycosylated.

|

The &-N of certain lysine residues can be
oxidized by the copper-containing enzyme lysyl
oxidase to form allysine. Four allysine residues in
adjacent polypeptide chains may then condense to
form desmosine (Figure 4). This covalent link gives
considerable strength and elasticity to the connec-
tive tissue protein elastin.

The &-N of lysine residues is also susceptible to
chemical reactions within food systems. It undergoes
the Maillard reaction with carbonyl groups of car-
bohydrates to form a series of brown and slightly
bitter products. This is an integral part of the bak-
ing process when producing bread, cakes, and
biscuits, although there is evidence that large
quantities of some Maillard products may be toxic
or carcinogenic. On the other hand, since the lysine
in Maillard products is not biologically available
when the food is ingested, this can seriously
reduce the protein quality of heat-treated animal

feedstuffs.

o o
H=C—(CHy—C—NH, + O, + H0—— H—=C—(CHp)5=C=O0 + NHy + H;
—H H N—H

|

Lysine residue

%

Allysine residue

Desmosine

Figure 4 Formation of allysine and structure of desmosine.
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Proteins within living systems can also be damaged
by covalent binding to other molecules (usually reac-
tive biochemicals) to form adducts, thereby rendering
the protein inoperative or immunogenic. Adducts can
be formed by the reaction of an aldehyde function
with a receptive nucleophilic centre in the protein,
particularly the e-amino groups on lysine residues
but also the a-amino terminus, the thiol groups on
cysteine residues, the imidazole groups on histidine
residues, and the phenolic groups on tyrosine resi-
dues. The aldehydes that may be involved in adduct
formation include malondialdehyde and 4-hydroxy-
2-nonenal, which are produced by free radical
damage to polyunsaturated fatty acids in cell mem-
branes, and acetaldehyde, which is produced when
alcohol is metabolized. Adduct formation may play a
role in the pathological processes leading to diseases
such as alcoholic cirrhosis and coronary heart
disease.

Nonprotein Amino Acids

There are several amino acids found in biological
systems that are not incorporated into proteins.
Ornithine and citrulline, for example, are intermedi-
ates of the urea cycle; GABA is a neurotransmitter.

Homocysteine is an intermediate in the transul-
phuration pathway for the conversion of methio-
nine to cysteine. Homocystinuria is an inborn
error of metabolism that is characterized by the
accumulation of high concentrations of homocys-
teine, and this leads to severe cardiovascular dis-
ease at an early age. However, there is a much
more common mutation in the enzyme 5,10-
methylenetetrahydrofolate reductase that causes a
moderate increase in plasma homocysteine concen-
tration in more than 10% of the population. A
high plasma homocysteine concentration appears
to be an independent risk factor for cardiovascular
disease in the population as a whole, although the
mechanism is not known. Supplementing the diet
with folic acid is often effective in reducing plasma
homocysteine concentration because methyltetra-
hydrofolate is a substrate for the remethylation of
homocysteine by the vitamin Bj,-dependent
enzyme methionine synthase. An inverse relation-
ship has been observed between plasma homocys-
teine concentration and folate status in many
studies, and this has led to the proposal that
plasma homocysteine concentration may be used
as a biomarker of folate intake.

Peptides

In addition to free amino acids and proteins, significant
amounts of amino acids are present in physiological

systems as small peptides. One of the most important is
the tripeptide glutathione (y-glutamylcysteinylglycine),
which acts as an intracellular antioxidant.

Dipeptides found within the cell include carnosine
(B-alanylhistidine) and its methylated derivatives
anserine and balenine. These may act as buffers; no
other physiological role has been identified.

Peptides are also used in food systems. For example,
cysteine-containing peptides, or cysteine itself, are used
as improvers in bread making to speed up the cross-
linking that is required to give the bread its texture.

Another peptide used in the food industry is
aspartame, which is composed of aspartic acid and
phenylalanine. It is a very powerful sweetener that
does not have the bitter aftertaste of some other
intense sweeteners.

Analysis

The analysis of amino acids is based on chromato-
graphic techniques. Traditional amino acid analy-
zers involved separation of the amino acid mixture
on a column of ion-exchange resin using a series of
sodium or lithium citrate buffers of increasing pH.
The column effluent was then reacted with ninhy-
drin and passed through a spectrophotometer that
would detect and quantify a series of peaks. This
method is still used, although high-performance
liquid chromatography (HPLC) hardware is usually
employed. Other postcolumn detection systems can
be used, replacing the ninhydrin reagent with
orthophthalaldehyde (OPA) or fluorescamine and
detecting the product fluorimetrically, thereby
increasing the sensitivity.

Amino acids can also be separated by HPLC on a
reversed-phase column. The mobile phase is usually
based on an aqueous buffer with a gradient of
increasing concentration of acetonitrile. In this
case, the amino acids are usually converted to a
fluorimetrically detectable (or ultraviolet-absorbing)
form before being injected onto the column. A wide
variety of derivatizing agents can be used for this,
including OPA, 1-fluoro-2,4-dinitrobenzene, dansyl
chloride, phenylisothiocyanate, and 9-fluorenyl-
methyl chloroformate.

It is also possible to measure amino acids using
gas—liquid chromatography, but this has never been
popular, perhaps because the sample cleanup and deri-
vatization steps are more laborious. The amino acids
have to be converted to volatile derivatives before
analysis, commonly either N-trifluoroacetyl-z-butyl
or N-heptafluorobutyl-isobutyl esters. Gas-liquid
chromatography is potentially a very sensitive
method. It can also be coupled with mass spectro-
metry for identification of unknown compounds or
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for measurement of tracer enrichment when carry-
ing out metabolic studies with stable isotopes.

These analytical methods can be applied equally to
the measurement of amino acids in proteins, after
hydrolysis, or free amino acids in physiological fluids
such as plasma, urine, or tissue extracts. For physio-
logical fluids, the protein must first be removed, and
this is usually accomplished by precipitating with an
acid such as sulfosalicylic acid or an organic molecule
such as acetonitrile. The chromatographic require-
ments for physiological fluids are more demanding
than for protein hydrolysates because there are many
more contaminating substances producing extra
peaks from which the amino acid peaks must be
resolved, so the run time is generally longer.

Proteins have to be hydrolyzed before their amino
acid composition can be measured. This is done by
heating to 110°C with an excess of 6 M HCI, either
under nitrogen or in a vacuum. Proteins are usually
hydrolyzed for 24h, but this actually represents a
compromise since some amino acids, including
valine and isoleucine, may take longer than 24 h to
liberate completely, whereas others, including tyro-
sine, threonine, and serine, are progressively
destroyed. Thus, for complete accuracy a protein
should be hydrolysed for different lengths of time
(usually between 16 and 72h) and appropriate
extrapolations made to the analytical values for
each amino acid.

Acid hydrolysis destroys tryptophan, so a separate
alkaline hydrolysis is needed to measure this amino
acid. The sulfur-containing amino acids are also
partially oxidized during acid hydrolysis, so the pro-
tein may be oxidized with performic acid before
hydrolysis and the oxidation products of cysteine
and methionine measured. Finally, acid hydrolysis
converts the amides glutamine and asparagine to
their parent dicarboxylic acids, so values are often
reported as total [glutamic acid plus glutamine] and
[aspartic acid plus asparagine]. If separate values are
required for the amides, the protein must be sub-
jected to enzymic hydrolysis.

Classification

From a nutritional standpoint, the most important
classification of amino acids is the division between
those that are essential (or indispensable) and those
that are nonessential (or dispensable). Essential
amino acids may be defined as those that the body
cannot synthesize in sufficient quantities.

This classification is based on work carried out by
W. C. Rose in the 1930s. Young, rapidly growing rats
were fed purified diets from which one amino acid
was removed. For some of the amino acids, this made

Table 2 Essential amino acids for the rat

Valine
Isoleucine
Leucine
Tryptophan
Phenylalanine
Threonine
Methionine
Histidine
Lysine
(Arginine)

no difference to the rats’ growth rate—these are the
nonessential amino acids shown in Table 2. For the
essential amino acids removal from the diet resulted
in immediate cessation of growth, followed by loss of
weight, decline in food intake, and eventual death of
the rats. The response to the removal of arginine was
less dramatic because the rats continued to grow, but
at a reduced rate. Thus, it appeared that the rat can
synthesize arginine, but not at a high enough rate to
support maximal growth.

It has subsequently been shown that the reason
why certain amino acids are essential is that their
carbon skeletons cannot be synthesized in mamma-
lian cells. As long as the carbon skeletons are pre-
sent, all amino acids except threonine and lysine can
be formed by transamination. It should be noted,
however, that tyrosine can only be synthesized
from phenylalanine, and cysteine can only be
synthesized from methionine.

Rose also determined which amino acids are
essential for man by carrying out nitrogen balance
experiments on healthy young adult volunteers.
He showed that nitrogen balance could be main-
tained on a diet in which the only source of nitrogen
was a mixture of the 10 amino acids that are essen-
tial for the rat. He then found that histidine and
arginine could also be removed without affecting
nitrogen balance. Thus, the 8 amino acids that are
essential for adult man are shown in Table 3.

More recent work has identified certain circum-
stances, usually associated with disease or recovery
from malnutrition, in which the addition of particu-
lar nonessential amino acids to an otherwise

Table 3 Essential amino acids for man

Valine
Isoleucine
Leucine
Phenylalanine
Tryptophan
Threonine
Methionine
Lysine
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adequate diet appears to cause an unexpected
improvement in either nitrogen balance or growth
rate. It is hypothesized that the rate at which the
body can synthesize these particular amino acids is
limited, and that in extreme circumstances the
requirement for them becomes greater than the rate
at which they can be synthesized. These amino acids
are thus sometimes called conditionally essential
amino acids, and these include glycine, arginine,
histidine, and glutamine.

See also: Amino Acids: Metabolism; Specific Functions.
Protein: Synthesis and Turnover; Requirements and
Role in Diet; Digestion and Bioavailability; Quality and
Sources; Deficiency.
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Amino acids are generated within the body from three
different sources. They enter the body from protein in
the diet, and nonessential (dispensable) amino acids
are synthesized from other metabolic intermediates,
but by far the largest quantities of free amino acids
arise from the breakdown of tissue proteins. Simi-
larly, there are three metabolic fates for amino
acids. Amino acid disposal is dominated by protein
synthesis, but amino acids are also oxidized to carbon
dioxide, water, and urea, or they may be metabolized
to other small molecules. The pathways involved in
each of these processes are considered, followed by a

Oxidation
to urea

T

Amino —» Tissue
acids = protein

Dietary

protein — Peptides —>

Conversion to
other compounds

Figure 1 Overview of amino acid metabolism.

discussion of the movement of amino acids between
different compartments within the body (Figure 1).

Amino Acid Supply
Dietary Intake

Protein is digested in the stomach by pepsins and in
the small intestine by proteolytic enzymes from the
pancreas. The products of digestion are mainly small
peptides, which are then taken up by the intestinal
epithelium and hydrolyzed to free amino acids. The
portal circulation transports these amino acids to the
liver, where approximately 75% of the amino acids
are metabolized. The remaining 25% then enter the
systemic circulation for transport to other tissues.

Amino Acid Biosynthesis

The essential (indispensable) amino acids must be
supplied in the diet because their carbon skeletons
cannot be synthesized in the human body, whereas
the nonessential amino acids can be synthesized
from common intermediates of the central metabolic
pathways within the cell (i.e., glycolysis, the pentose
phosphate pathway and the TCA cycle). As long as
the keto-analogs are present, almost all amino acids
can be generated by the process of transamination.
The exceptions are threonine and lysine. Threonine
is a poor substrate for mammalian transaminase
enzymes, whereas the keto-analog of lysine, a-oxo-
g-aminocaproate, is unstable and cyclizes sponta-
neously to pipecolic acid.

Glutamic acid, glutamine, proline, and arginine
Glutamic acid is synthesized by transamination of
2-oxoglutarate, a TCA cycle intermediate. This reac-
tion represents the first stage in the catabolism of
many other amino acids, particularly the branched-
chain amino acids. Vitamin B¢ is a cofactor for all
transamination (aminotransferase) reactions. Gluta-
mine is made from glutamic acid and ammonium in
an energy-requiring reaction catalyzed by glutamine
synthetase. The synthesis of glutamine plays an
important role in the removal of the ammonium
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~-glutamyl

glutamate — phosphate
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— glutamic-y-semialdehyde —= A'-pyrroline-5-carboxylate — proline

N-acetyl N-acetyl N-acetyl N-acetyl .
glutamate . ~-glutamyl phosphate glutamic--semialdehyde . ornithine O"Itrl'ne
argir-wine

Figure 2 Synthesis and catabolism of proline and arginine. Solid lines indicate biosynthetic pathways; broken lines indicate catabolic

pathways.

formed in peripheral tissues by deamination of
amino acids as it is transported to the liver and
used for urea synthesis.

Glutamic acid can be phosphorylated to -gluta-
myl phosphate by ATP, and this can then be
dephosphorylated to glutamic-y-semialdehyde. This
undergoes nonenzymic cyclization to A'-pyroline-
5-carboxylate, which can then be reduced to proline
(Figure 2).

Arginine is made from ornithine via the reactions
of the urea cycle. Ornithine can theoretically be made
by transamination of glutamic-vy-semialdehyde, but as
mentioned previously this cyclizes spontaneously to
pyroline-5-carboxylate. Thus, in practice glutamate is
first acetylated by acetyl CoA to N-acetyl glutamate
so that when this is converted to N-acetyl glutamic-
~-semialdehyde the amino group is blocked and cannot
cyclize. The N-acetyl glutamic-y-semialdehyde is then
transaminated to N-acetyl ornithine, and this is
deacetylated to ornithine (Figure 2).

Aspartic acid and asparagine Aspartic acid is
derived from transamination of oxaloacetic acid, a
TCA cycle intermediate. As with glutamic acid
synthesis, this represents a common mechanism for
removing amino groups from many other amino
acids. Asparagine is made from aspartic acid by
transfer of the amide group from glutamine.

Alanine Alanine is made by transamination of
pyruvic acid, which is generated by glycolysis.

Serine and glycine Serine and glycine are readily
interconvertible via methylene tetrahydrofolate,
which either condenses with a glycine molecule to
yield serine or is cleaved to yield glycine and
tetrahydrofolate (Figure 3). However, there are also
separate biosynthetic pathways for both molecules.
Glycine can be synthesized by transamination of
glyoxylate, which arises from the pentose phosphate
pathway. Serine can be made by dephosphorylation
of 3-phosphoserine, which is made by sequential

dehydrogenation and transamination of 3-phospho-
glycerate, a glycolytic intermediate (Figure 3).

Histidine Histidine is synthesized by a relatively
long pathway that has no branch points and does
not lead to the formation of any other important
intermediates. The main precursors are phosphori-
bosyl pyrophosphate and ATP, with the a-amino
group arising by transamination from glutamate
(Figure 4).

Cysteine In man and other animals, cysteine can
only be synthesized from the essential amino acid
methionine. Methionine reacts with ATP to form
S-adenosylmethionine, an important methylating
agent within the cell. Transfer of the methyl group
results in the formation of S-adenosylhomocysteine,
which is then converted to homocysteine. Homocys-
teine can condense with serine to form cystathio-
nine, which is then cleaved by cystathionase to
yield cysteine (Figure 5).

An alternative fate for homocysteine is remethyla-
tion to methionine. The methyl donor for this reac-
tion can be either methyltetrahydrofolate, in a

3-phosphoglycerate

glyoxylate 3-hydroxyphosphoglycerate
l THF glycine
glycine < methylene THF > serine
\ v
amino-acetone pyruvate
i AN
\ .
2-oxopropanol 2-amino-3-oxobutyrate
5 )
\ :
pyruvate threonine

Figure 3 Synthesis and catabolism of glycine, serine, and
threonine. Solid lines indicate biosynthetic pathways; broken
lines indicate catabolic pathways. THF, tetrahydrofolate.
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Figure 4 Synthesis and catabolism of histidine. Solid lines
indicate biosynthetic pathways; broken lines indicate catabolic
pathways.

methylation
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thio-a-oxobutyrate l
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\
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\
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Figure 5 Synthesis and catabolism of methionine and
cysteine. Solid lines indicate biosynthetic pathways; broken
lines indicate catabolic pathways. THF, tetrahydrofolate.

reaction for which vitamin By, is a cofactor, or
betaine. Remethylation seems to be quite sensitive
to folate status, and plasma homocysteine is becom-
ing accepted as a biomarker of nutritional status
with respect to folate.

Homocystinuria is an important inborn error of
metabolism that is caused by impaired activity of
cystathionine synthetase, the enzyme that catalyzes
the condensation of homocysteine with serine. One
of the consequences of homocystinuria is premature
cardiovascular disease. There is considerable evi-
dence that milder elevations of plasma homocys-
teine, caused by poorly active variants of the
methylenetetrahydrofolate reductase enzyme (which
is required to make the methyl donor methyltetrahy-
drofolate) or by low folic acid status, may be an
important risk factor for cadiovascular disease
throughout the population.

Tyrosine In mammals, including man, tyrosine can
only be formed by hydroxylation of the essential
amino acid phenylalanine. The inborn error of meta-
bolism phenylketonuria is caused by a failure of the
enzyme phenylalanine hydroxylase.

Protein Breakdown

Amino acids are continously released by the hydro-
lysis of proteins. This occurs by several different
mechanisms. Much intracellular proteolysis occurs
within lysosomes, which provide the acidic environ-
ment within which enzymes such as cathepsins oper-
ate. However, there are also cytosolic proteolytic
enzymes that operate at neutral or alkaline pH.
These include the enzymes that hydrolyze proteins
bound to ubiquitin. There are also extracellular pro-
teinases that degrade extracellular proteins such as
collagen.

Disposal of Amino Acids
Protein Synthesis

Protein synthesis represents the major route of dis-
posal of amino acids. Amino acids are activated by
binding to specific molecules of transfer RNA and
assembled by ribosomes into a sequence that has
been specified by messenger RNA, which in turn
has been transcribed from the DNA template.
Peptide bonds are then formed between adjacent
amino acids. Once the polypeptide chain has been
completed, the subsequent folding, posttranslational
amino acid modifications, and protein packaging
are all determined by the primary sequence of
amino acids. The rate of protein synthesis is con-
trolled by the rate of transcription of specific genes,
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the number and state of aggregation of ribosomes,
and modulation of the rate of initiation of peptide
synthesis.

Amino Acid Catabolism

Many amino acids can be converted to other useful
molecules within the cell, and the same pathways
may also lead to oxidation of the amino acid. It is
therefore convenient to consider these metabolic
fates together.

Glycine, serine, and threonine The interconversion
of glycine and serine has already been mentioned
(Figure 3), and this can act as a mechanism for
disposal of either amino acid. In quantitative
terms, however, the main tendency is for both to
be converted to the common intermediate methylene
tetrahydrofolate, which acts as a methyl donor in
many important biosynthetic reactions, including
the conversion of dUMP to dTMP for DNA
synthesis.

An alternative pathway for serine catabolism
is deamination to pyruvate. However, the K, of
this enzyme is relatively high, so the pathway
would only operate at high serine concentrations
(Figure 3).

Another pathway of glycine catabolism is by
condensation with acetyl CoA to form amino-
acetone. This is then transaminated and dehydr-
ogenated to yield carbon dioxide and pyruvate.
Amino-acetone is also formed by the NAD-linked
dehydrogenation of threonine, followed by the
spontaneous decarboxylation of the unstable inter-
mediate 2-amino-3-oxo-butyrate, and this appears
to be the main pathway of catabolism of threonine
in mammals (Figure 3).

Glycine is also an important precursor for several
larger molecules. Purines are synthesized by a path-
way that begins with the condensation of glycine
and phosphoribosylamine. Porphyrins, including
hem, are synthesized from glycine and succinyl
CoA via é-aminolaevulinic acid. Creatine synthesis
involves the addition of the guanidino nitrogen from
arginine to glycine. Glycine is also used to conjugate
many foreign compounds, allowing them to be
excreted in the urine. Glycine also conjugates with
cholic acid to form the major bile acid glycocholic
acid.

Glutamic acid, glutamine, proline, and arginine
Glutamic acid can be transaminated to 2-oxogluta-
rate, which can enter the TCA cycle. The amino
group would be tranferred to aspartate, which
would then enter the urea cycle. Alternatively,

glutamate can be deaminated by glutamate dehydro-
genase, with the resulting ammonium entering the
urea cycle as carbamoyl phosphate. Decarboxylation
of glutamate yields y-aminobutyric acid, an impor-
tant inhibitory neurotransmitter.

Glutamine is deaminated to glutamic acid in the
kidney; this process is central to the maintenance of
acid-base balance and the control of urine pH. Glu-
tamine also acts as a nitrogen donor in the synthesis
of purines and pyrimidines.

Proline is metabolized by oxidation to glutamic
acid, although the enzymes involved are not the
same as those that are responsible for the synthesis
of proline from glutamic acid (Figure 2).

Arginine is an intermediate of the urea cycle and
is metabolized by hydrolysis to ornithine. Ornithine
can transfer its §-amino group to 2-oxoglutarate,
forming glutamic-y-semialdehyde, which can then
be metabolized to glutamate (Figure 2). Ornithine
can also be decarboxylated to putrescine, which in
turn can be converted to other polyamines such as
spermidine and spermine.

Arginine can also be oxidized to nitric oxide and
citrulline. Nitric oxide appears to be an important
cellular signaling molecule that has been implicated
in numerous functions, including relaxation of the
vascular endothelium and cell killing by macro-
phages. In the vascular endothelium, nitric oxide is
made by two different nitric oxide synthase iso-
zymes, one of which is inducible and the other acts
constitutitively.

Aspartic acid and asparagine Aspartic acid can be
transaminated to oxaloacetic acid, a TCA cycle
intermediate. Alternatively, when aspartic acid
feeds its amino group directly into the urea cycle,
the resulting keto acid is fumarate, another TCA
cycle intermediate. Aspartic acid is also the starting
point for pyrimidine synthesis. Asparagine is metab-
olized by deamidation to aspartic acid.

Lysine In mammals, lysine is catabolized by con-
densing with 2-oxoglutarate to form saccharopine,
which is then converted to a-aminoadipic acid and
glutamate. The «-aminoadipic acid is ultimately
converted to acetyl CoA. In the brain, some lysine
is metabolized via a different pathway to pipecolic
acid (Figure 6). Lysine is also the precursor for the
synthesis of carnitine, which carries long-chain fatty
acids into the mitochondrion for oxidation. In mam-
mals this process starts with three successive methy-
lations of a lysine residue in a protein. The trimethyl
lysine is then released by proteolysis before under-
going further reactions to form carnitine.
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Figure 6 Metabolism of lysine.

Methionine and cysteine The conversion of
methionine to cysteine via the so-called transsulfura-
tion pathway has already been mentioned (Figure 5).
This pathway appears to act mainly as a biosyn-
thetic pathway for the synthesis of cysteine. There
is an alternative pathway for methionine catabolism
that involves transamination to methyl thio-a-oxo-
butyrate and then to methyl thiopropionate.

Cysteine can be transaminated to thiopyruvate,
which then undergoes desulfuration to pyruvate
and hydrogen sulfide (Figure 5). Cysteine can also
be oxidized to cysteine sulfinic acid, which can then
be decarboxylated to hypotaurine, and this is then
oxidized to taurine. High concentrations of taurine
are found within most cells of the body, although its
role is far from clear. In the liver the main fate of
taurine is the production of taurocholic acid, which
acts as an emulsifier in the bile. Another key role for
cysteine is in the synthesis of the tripeptide glu-
tathione, which is an important intracellular
antioxidant.

Leucine, isoleucine, and valine The branched-chain
amino acids are unusual in that the first step in their
metabolism occurs in muscle rather than liver. This
step is transamination, producing a-oxoisocaproic
acid, a-oxo-B-methyl valeric acid, and a-oxoisova-
leric acid. These ketoacids are then transported to
the liver for decarboxylation and dehydrogenation.
Subsequent catabolism vyields acetyl CoA and
acetoacetate in the case of leucine, acetyl CoA and
propionyl CoA from isoleucine, and succinyl CoA
from valine (Figure 7).

Histidine The first step in histidine metabolism is
deamination to urocanic acid. Subsequent metabo-
lism of this compound can follow several different
pathways, but the major pathway is the one that
involves formiminoglutamic acid (FIGLU), which is
demethylated by a terahydrofolic acid-dependent
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Figure 7 Metabolism of the branched-chain amino acids.
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reaction to glutamic acid (Figure 4). This forms the
basis of the FIGLU test for folate status. Another
physiologically important pathway of histidine
metabolism is decarboxylation to histamine, for
which vitamin Bg is a cofactor.

Phenylalanine and tyrosine Since mammalian
enzymes cannot break open the benzene ring of
phenylalanine, the only important pathway for cat-
abolism of this amino acid is through hydroxylation
to tyrosine. If the phenylalanine hydroxylase enzyme
is lacking, as in phenylketonuria, a high concentra-
tion of phenylalanine accumulates and it is con-
verted to phenylpyruvate, phenyllactate, and
phenylacetate, which are toxic.

Tyrosine is transaminated to p-hydroxyphenylpyr-
uvate, which is then decarboxylated to homogentisic
acid. This is subsequently metabolized to acetoacetic
acid and fumaric acid (Figure 8). Small amounts of
tyrosine are hydroxylated to 3,4-dihydroxyphenyla-
lanine (DOPA), which is then decarboxylated to the
catecholamines dopamine, noradrenaline, and adre-
naline. DOPA can also be converted to the pigment
melanin. In the thyroid gland, protein-bound
tyrosine is iodinated to the thyroid hormones
tri-iodothyronine and thyroxine.

Tryptophan Tryptophan is oxidized by the hor-
mone-sensitive enzyme tryptophan oxygenase to
N-formyl kynurenine, which then follows a series of
steps to yield amino-carboxymuconic semialdehyde.
Most of this undergoes enzymic decarboxylation,
leading ultimately to acetyl CoA. However, a small
proportion undergoes nonenzymic cyclization to
quinolic acid, which leads to the formation of
NAD. This is why excess dietary tryptophan can
meet the requirement for the vitamin niacin
(Figure 9).

One of the steps in the catabolism of tryptophan
is catalyzed by the vitamin Bg-dependent enzyme
kynureninase. If vitamin Bg status is inadequate

phenylalanine

tyrosine — DOPA

' '

p-hydroxyphenylpyruvic acid dopamine

!

homogentisic acid noradrenaline

!

maleyl acetoacetic acid
‘\» acetoacetic acid
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adrenaline

Figure 8 Metabolism of phenylalanine and tyrosine.
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Figure 9 Metabolism of tryptophan.

and a large dose of tryptophan is administered,
much of the tryptophan will be metabolized by an
alternative pathway to kynurenic and xanthurenic
acids, which will be excreted in the urine. This is
the basis of the tryptophan load test for vitamin Bg
status.

A small amount of tryptophan undergoes hydro-
xylation to 5-hydroxytryptophan, which is then
decarboxylated to the physiologically active amine
5-hydroxytryptamine (serotonin).

Alanine Alanine is metabolized by transamination
to pyruvate.

Urea Cycle

From the previous discussion, it can be seen that
the metabolism of most amino acids involves
removal of the amino groups by transamination.
2-oxoglutarate is the main acceptor of these
amino groups, being converted to glutamate,
which can then be deaminated to release ammo-
nium. However, ammonium is highly toxic and
cannot be allowed to accumulate, so it is converted
to urea, which is the form in which most of the
nitrogen derived from protein is excreted from the
body. Urea is formed in the liver by the cyclic series
of reactions shown in Figure 10. It can be seen that
only one of the nitrogen atoms in the urea molecule
is actually derived from ammonium, via carbamyl
phosphate. The other nitrogen atom comes from
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NH} <~ CO,
2xATP
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Pi
ornithine citrulline
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urea aspartate
H,O AMP + PP;
arginine argininosuccinate
fumarate

Figure 10 The urea cycle.

aspartic acid, which is formed by transamination of
oxaloacetic acid.

The rate of production of urea by the liver is
normally greater than the rate of urea excretion in
the urine. This is because some of the urea diffuses
into the colon, where it is hydrolyzed to ammonia
by bacteria. The ammonia can be absorbed and
taken up by the liver, where it can be reincorpo-
rated into amino acids, thereby augmenting the net
supply of nonessential amino acids. The colonic
bacteria can also use ammonia to synthesize essen-
tial amino acids, and there is evidence that some of
these essential amino acids can also be absorbed
and utilized by the human body. However, the
rate at which this happens is clearly not sufficient
to meet the body’s requirements for essential amino
acids.

Glucogenic and Ketogenic Amino Acids

The carbon skeletons that are left after amino acids
have been transaminated are converted to common
intermediates of the central metabolic pathways of
the cell and so are ultimately used to provide
energy. Clearly, for an adult in energy and nitrogen
balance, energy will be derived from amino acids in
the same proportion as protein is present in the
diet, and for most human diets this is 10-15% of
energy.

In certain circumstances, such as starvation, dia-
betes, or a high-fat diet, the body may need to
synthesize glucose from amino acids rather than
oxidize them directly. Experiments with diabetic
dogs fed on single amino acids have shown that

most of the amino acids can be converted to glucose
and are therefore classified as glucogenic. However,
leucine and lysine cannot be converted to glucose,
and in these circumstances they give rise to acetoa-
cetic acid, so they are classified as ketogenic. This
classification can be related to the catabolic path-
ways outlined previously. The ketogenic amino acids
are those that are metabolized only to acetyl CoA,
whereas those that are metabolized to pyruvate or
TCA cycle intermediates are glucogenic. Trypto-
phan, phenylalanine, tyrosine, isoleucine, methio-
nine, and cysteine are both glucogenic and
ketogenic.

Interorgan Exchange of Amino Acids
Amino Acid Pools

Free amino acids make up only approximately 2%
of the total amino acid content of the body, with the
rest being present as protein. The concentrations of
free amino acids are regulated largely by modulation
of their catabolic pathways, although in the case of
nonessential amino acids there is also some regula-
tion of the rate at which they are synthesized. There
is evidence that the rates of protein synthesis and
degradation are regulated by amino acid supply, and
that this is another homeostatic mechanism acting to
maintain free amino acid concentrations within safe
limits. Protein degradation is suppressed following a
meal containing protein, and the rate of protein
synthesis may be increased so that there is net stor-
age of amino acids as protein. Subsequently, in the
postabsorptive state the changes in the rates of pro-
tein synthesis and breakdown are reversed so that
there is net release of amino acids from protein. In
nongrowing adults these changes balance out over a
24-h period so that there is no net change in body
protein content. The amplitude of these diurnal
changes in the rates of protein synthesis and degra-
dation appears to vary in direct proportion to the
amount of protein that an individual habitually
consumes.

Free amino acids are found in all cells of the
body and in extracellular fluid. They are trans-
ported between tissues in the plasma and into
cells by a variety of transport mechanisms that are
relatively specific for particular groups of amino
acids. Amino acids are also present in red blood
cells, but their role in interorgan transport appears
to differ from that of plasma. For example, the
plasma amino acid concentration increases as
blood traverses the gastrointestinal tract after a
meal, whereas the amino acid content of blood
cells actually decreases.
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Figure 11 The glucose—alanine cycle.

Metabolism in Different Organs

The liver is responsible for most of the deamination
of amino acids, except for the branched-chain amino
acids, which are transaminated in muscle. Oxidation
of amino acids is one of the main sources of energy
for the liver. The liver is also the main site of gluco-
neogenesis, extracting large amounts of glutamine
and alanine from the plasma for this purpose. The
liver is the only site of urea synthesis.

Skeletal and cardiac muscle and adipose tissue are
the main sites for transamination of the branched-
chain amino acids, and the resulting ketoacids are
transported to the liver for oxidation. However, in
fasting and diabetes the capacity of muscle to oxi-
dize branched-chain ketoacids increases markedly.
In the postabsorptive state there is a net loss of
amino acids from muscle, whereas in the fed state
there is net uptake, reflecting the changes in net
protein deposition and loss. However, at all times
there is net output of alanine and glutamine from
muscle, representing the disposal of the amino
groups from the branched-chain amino acids. Mus-
cle also takes up glucose, which is metabolized
to supply the carbon skeletons for alanine and glu-
tamine. Thus, there is a well-recognized glucose—
alanine cycle between muscle and liver (Figure 11).

The kidney is a prime site of glutamine deamidation,
producing ammonium to maintain acid-base balance
and regulate the pH of the urine. Glutamine also serves
as a substrate for gluconeogenesis in the kidney.

Glutamine is the major energy source for the
small intestine, and at least part of the glutamine is

/—> glucose

glucose-6-P

\
'

pyruvate

K amino acids
. oxo-acids
alanine

alanine
Muscle

derived from the lumen of the gut. Much of the
glutamine is metabolized to pyruvate, which is then
transaminated and exported to the liver as alanine.
Some glutamine is also converted by the gut to
citrulline, which then circulates to the kidney to be
converted to arginine. Glutamine is also a major
energy source for lymphocytes and monocytes
when the immune system is activated.

See also: Amino Acids: Chemistry and Classification;
Specific Functions. Folic Acid. Inborn Errors of
Metabolism: Classification and Biochemical Aspects;
Nutritional Management of Phenylketonuria. Niacin.
Protein: Synthesis and Turnover; Digestion and
Bioavailability. Vitamin Be.
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Introduction

Apart from being the building blocks of proteins,
many amino acids are indispensable for certain
vital functions or have specific functions of their
own. They can function as neurotransmitters, as
precursors for neurotransmitters and other impor-
tant metabolites, including crucial oligo- and poly-
peptides, as a stimulus for hormonal release, and in
inter-organ nitrogen transport and nitrogen excre-
tion. Consequently, manipulation of free amino
acid levels by dietary or topical supplementation
may support and modulate these specific functions.

Amino Acid Flux, Concentration, and
Function

Many amino acids have specific functions or support
specific functions by serving as precursors or sub-
strates for reactions in which vital end products are
produced. The availability of amino acids to serve
these purposes is determined by the rate at which
they are released into the plasma and other pools in
which these reactions take place, as well as by the
rate of disappearance through excretion, protein
synthesis, or conversion to other amino acids. The
rate of this release, referred to as amino acid flux, is
determined by the breakdown of (dietary) proteins
or the conversion from other amino acids. Increased
demand for one or more amino acids generally leads
to an increased flux of the required amino acids
across specific organs. Since it is the flux of an
amino acid that determines its availability for meta-
bolic processes, the flux is far more important for
maintenance of specific functions than the plasma
concentration. In fact it is striking that fluxes of
some amino acids can double without significantly
affecting plasma levels despite the fact that the
plasma pool may be quantitatively negligible com-
pared to the flux per hour. Plasma amino acid con-
centrations must therefore be subject to strong
regulatory mechanisms. Increased demand and utili-
zation of a specific amino acid may lead to
decreased plasma and tissue concentrations, which
may act as a signal to increase flux. Thus, a low
plasma concentration in itself does not necessarily
imply that the supply of the amino acid in question

is inadequate, but it may indicate that there is
increased turnover of the amino acid and that defi-
ciencies may result when dietary or endogenous
supply is inadequate. Other factors determining
amino acid concentration are induction of enzymes
and stimulation or blocking of specific amino acid
transporters affecting the exchange and distribution
of amino acids between different compartments. The
regulation of plasma and tissue concentrations of
specific amino acids may also be executed by the
fact that release of the amino acid by an organ (e.g.,
muscle) and the uptake of that amino acid by
another organ (e.g., liver) are subject to a highly
integrated network including the action of cytokines
and other hormones.

By repeated conversion of one amino acid to
another, metabolic pathways arise by which (part
of) the carbon backbone of a single amino acid
can pass through a succession of different amino
acids. Because of this interconvertibility, groups of
amino acids rather than one specific amino acid
contribute to specific functions. Apart from the
rate at which these amino acids interconvert, the
rate at which they gain access to the tissue where
the specific end products exert their functions is
also an important determinant of deficiencies of
amino acids.

Amino acid Deficiencies and
Supplementation

In many diseases and during undernutrition dimin-
ished turnover of amino acids can occur. These
deficiencies may concern specific amino acids in
certain diseases or a more generalized amino acid
deficiency. The resulting functional deficits can
contribute to the symptoms, severity, and progress
of the disease. In some instances these deficits can
be counteracted by simple supplementation of the
deficient amino acids. Amino acid supplementation
is also applied to enhance turnover and improve
amino acid function in nondeficient patients.
However, amino acid supplementation in nondefi-
cient states does not necessarily lead to an
increased function since the organism utilizes
what is programed by regulating hormones and
cytokines. An additional factor to consider is that
metabolic processes can be subject to counter-
regulatory feedback mechanisms. Some important
metabolic processes served by a specific amino
acid require only a marginal part of the total
flux of that amino acid. The question may be
raised whether true shortages may arise in such
pathways, and supplemented amino acids may be
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Table 1

Specific functions of amino acids and their intermediate products

Amino acid Intermediate products Function Supplementation efficacy
Alanine Pyruvate Gluconeogenesis Data too limited
Nitrogen transport
Arginine Nitric oxide Vasodilation Positive effects of arginine-containing
Immunomodulation immunonutrition on morbidity in surgical
Neurotransmission and trauma patients suggested; further
research required
Urea Ammonia detoxification
Creatine Muscle constituent/fuel
Agmatine Cell signaling
Ornithine precursor
Citrulline Arginine production
Ornithine Polyamines Cell differentiation Improves healing of burns (ornithine
Proline precursor a-ketoglutarate)
Proline Hydroxyproline Hepatocyte DNA, protein synthesis
Collagen synthesis
Asparagine Aspartic acid precursor (Asparaginase-induced asparagine depletion
is therapeutic in leukemia)
Aspartic acid Oxaloacetate, fumarate  Gluconeogenesis
Methionine Cysteine precursor
Creatine (see arginine)
Cysteine Glutathione Antioxidant Improves antioxidant status in undernutrition,
(Cystine) inflammatory diseases
Taurine Bile acid conjugation, neuronal cell Reduces contrast-induced nephropathy in
development, regulation of renal failure
membrane potential, calcium Mucolysis, symptom reduction in COPD
transport, antioxidant Hepatoprotective in acetaminophen
intoxication
Glutamic acid Glutamine Ammonia disposal
a-ketoglutarate Gluconeogenesis
Gilutathione Antioxidant
~-aminobutyric acid Inhibition CNS
Excitation CNS (NMDA receptor)
Glutamine Ammonia Inter-organ nitrogen transport Reduces infectious morbidity in trauma
patients, burn patients, and surgical
Renal HCOj3 production patients
Purines, pyrimidines RNA synthesis, DNA synthesis
Glutamic acid precursor
Glycine Inhibition CNS (glycine receptor) Adjuvant to antipsychotics, probably reduces
Excitation CNS (NMDA receptor) negative symptoms of schizophrenia
Glutathione Antioxidant
Creatine (see arginine)
Serine precursor
Serine D-serine Excitation CNS (NMDA receptor) Adjuvant to antipsychotics, probably reduces
Glycine precursor negative symptoms of schizophrenia
Cysteine precursor
Threonine Glycine Brain development
Serine
Histidine Histamine Immunomodulation
Gastric acid secretion
Lysine Carnitine Mitochondrial oxidation of long-chain Reduces chronic stress-induced anxiety
fatty acids
Glutamate

Branched chain amino acids

Isoleucine

Leucine

Valine

a-keto-3-methylvaleric
acid
a-ketoisocaproic acid

a-ketoisovaleric acid

Important in regulation of energy and

protein metabolism
Substrate for glutamine synthesis

Upper gastrointestinal hemorrhage

Improve protein malnutrition and restore
amino acid and neurotransmitter balance in
hepatic failure and hepatic encephalopathy
(supplemented BCAA)

Continued
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Table 1 Continued

Amino acid Intermediate products Function

Supplementation efficacy

Aromatic amino acids

Phenylalanine Tyrosine precursor

Possible slight improvement of
cognitive functions after physical or
mental exhaustion. Metabolites
are powerful pharmacotherapeutic
drugs

Tyrosine L-dopa Dopamine synthesis
Dopamine Movement, affect on pleasure,
motivation
Noradrenaline, Activation of sympathetic
adrenaline nervous system (fight-or-
flight response)
Tri-iodothyronine, Regulation of basal metabolic rate
thyroxine
Tryptophan Kynureninic acid CNS inhibition

Quinolinic acid CNS excitation

Serotonin Mood regulation
Sleep regulation
Intestinal motility
Melatonin

No scientific evidence for beneficial
effects of supplementation

Regulation of circadian rhythms

Different fonts indicate: nonessential amino acids, essential amino acids, and conditionally essential amino acids.

disposed of in pathways other than those serving
to improve a specific function.

Assessment of Amino Acid Function

The effectiveness of amino acid supplementation,
particularly with respect to clinical effectiveness,
can be assessed at four levels. First, the intervention
should lead to an increased local or systemic con-
centration of the amino acid in question. The con-
version of amino acids in (interorgan) metabolic
pathways can lead to an increase in the levels of
amino acids other than the one supplemented,
increasing or mediating its functionality. Alterna-
tively, supplementation of one amino acid may
decrease the uptake of other amino acids because
they compete for a common transporter. Second,
the metabolic process for which the supplemented
amino acid forms the substrate should be stimu-
lated or upregulated by this increased amino acid
availability. Third, this enhanced metabolic activity
must lead to physiological changes. Fourth, these
changes must be clinically effective in a desirable
fashion.

Alanine

Alanine and glutamine are the principal amino acid
substrates for hepatic gluconeogenesis and ureagen-
esis. Alanine is produced in peripheral tissues in
transamination processes with glutamate, branched

chain amino acids, and other amino acids; follow-
ing its release in the systemic circulation, alanine is
predominantly taken up by the liver and to a lesser
extent by the kidney. Here, alanine can be deami-
nated to yield pyruvate and an amino group, which
can be used for transamination processes, ureagen-
esis, or can be excreted in urine. Thus, the alanine
released from peripheral tissues may be converted
to glucose in the liver or kidney and eventually
become a substrate for peripheral (mainly muscu-
lar) glycolysis. This so-called glucose-alanine cycle
may be especially relevant during metabolic stress
and critical illness when the endogenous alanine
release from peripheral tissues is increased. Simul-
taneously, alanine serves as a nitrogen carrier in
this manner. Alanine is often used as the second
amino acid in glutamine dipeptides that are applied
to increase solubility and stability of glutamine in
nutritional solutions.

Supplementation

No clinical benefits have been ascribed to supple-
mentation with alanine, although it has never been
considered whether the beneficial effects of the
dipeptide alanine-glutamine, which are generally
ascribed to glutamine, may also be due to alanine.
In this context, it should be realized, however, that
alanine itself constitutes the strongest drive for
hepatic ureagenesis (leading to breakdown of
alanine).
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Arginine, Citrulline, Ornithine, and
Proline (Figure 1)

Arginine is a nitrogen-rich amino acid because it
contains three nitrogen atoms and is the precursor
for nitric oxide (NO). The conversion to NO is
catalyzed by the enzyme nitric oxide synthase
(NOS), and results in coproduction of the amino
acid citrulline. Depending on its site of release, NO
exerts several functions including stimulation of the
pituitary gland, vasodilation, neurotransmission,
and immune modulation. Arginine is also a precur-
sor for urea synthesis in the urea cycle, which has
an important function in the detoxification of
ammonia and excretion of waste nitrogen from
the body. A full urea cycle is only present in the
liver, but the arginase enzyme that converts argi-
nine to urea and ornithine is to a limited extent
also found in other tissues and cells, such as brain,
kidney, small intestine, and red blood cells.
Ornithine is utilized for the formation of proline,
polyamines (putrescine, spermine, and spermidine),
glutamic acid, and glutamine. Arginine is involved
in collagen formation, tissue repair, and wound
healing via proline, which is hydroxylated to form
hydroxyproline. This role in wound healing may
additionally be mediated by stimulation of collagen
synthesis by NO, although this claim is still under
investigation. It is currently thought that arginine
availability is regulated by the balance between
NOS and arginase enzyme activity, which subse-
quently determines substrate availability for NO
and ornithine production. Proline also stimulates
hepatocyte DNA and protein synthesis. Polyamines
are potent inducers of cell differentiation.

In addition to synthesis of NO, urea, and
ornithine, arginine is used for synthesis of creatine,
which is an important constituent of skeletal muscle
and neurons and acts as an energy source for these
tissues. Furthermore, arginine may be catabolyzed to
agmatine, which acts as a cell-signaling molecule.
Arginine not only acts as an intermediate in the
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Figure 1 Specific functions of arginine metabolism.

synthesis of functional products, but also is a
potent stimulus for the release of several hormones,
such as insulin, glucagon, somatostatin, and
growth hormone, illustrating its pharmacological
characteristics.

Arginine can be synthesized by the body from
citrulline. However, since virtually all arginine pro-
duced in the liver is trapped within the urea cycle,
the kidney is the only arginine-synthesizing organ
that significantly contributes to the total body pool
of free arginine. Diminished renal arginine synthesis
has been found in patients with renal failure and in
highly catabolic conditions, like sepsis, burn injury,
or trauma (which may be related to concomitant
renal failure). In these situations arginine may be
considered a conditionally essential amino acid and
it has been suggested that arginine supplementation
can become useful in these situations.

Citrulline is formed from glutamine, glutamic
acid, and proline in the intestine. Plasma citrulline
concentration reflects intestinal metabolic function
and has recently been introduced as a potential
marker for (reduced) enterocyte mass.

Supplementation

Based on its pluripotent functions, arginine has been
widely used in supplemental nutrition for surgical
patients, patients with burns, and patients with sep-
sis and cancer in order to modify the inflammatory
response, to enhance organ perfusion, and to stimu-
late wound healing. However, the benefits of argi-
nine supplementation in these conditions are not
uniformly proven and accepted. Moreover, arginine
is never given alone but is always provided in a
mixture of amino acids and other nutrients. The
use of NO donors that have vasodilatory actions is
an established therapeutic modality in coronary
artery disease and for erectile dysfunction. Given
this fact it remains worthwhile to clarify the need
for arginine supplementation as the natural substrate
for NO synthesis in other conditions.

Using citrulline as an arginine-delivering substrate
has been suggested, but has not been applied clini-
cally. Ornithine is supplied as part of the ornithine-
a-ketoglutarate molecule (see glutamine). Creatine is
widely used by professional and recreational athletes
as a nutritional supplement, although the ascribed
performance-enhancing effects have not been
proven.

Asparagine and Aspartic Acid

Asparagine can be converted by asparaginase to
ammonia and aspartic acid, which is the precursor
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of the citrate cycle intermediates oxaloacetate and
fumarate; this reaction is reversible. In fasting
humans asparagine and aspartic acid are utilized as
precursors for de novo synthesis of glutamine and
alanine in muscle.

Supplementation

The claim that asparagine or aspartic acid supple-
mentation improves endurance has not been con-
firmed in human studies. Asparaginase, which
degrades asparagine, is widely used in the treatment
of pediatric leukemia since the resulting asparagine
depletion leads to apoptosis of leukemic cells.

Cysteine, Cystine, Methionine, and
Taurine (Figure 2)

Methionine is converted to cysteine and its dipeptide
cystine. In addition methionine is a precursor for
creatine (see arginine). The potential for formation
of disulfide bonds between its thiol (-SH) groups
makes protein-bound cysteine important in the fold-
ing and structural assembly of proteins. Reduced
cysteine thiol groups are found in protein (albumin),
free cysteine, and in the principal intracellular anti-
oxidant tripeptide glutathione (see glycine, glutamic
acid) for which free cysteine is the synthesis rate-
limiting constituent. Through the formation of
disulfides (e.g., cystine, cysteinyl-glutathione, glu-
tathione disulfide, mercaptalbumin) thiol-containing
molecules can scavenge oxygen-derived free radicals.
The ratio between oxidized and reduced thiol
groups reflects the cellular redox state. Owing to
its small pool size cysteine deficiencies rapidly
occur during malnutrition.

Cysteine is also the precursor for taurine, which is
abundant in all mammalian cells, particularly in
neuronal cells and lymphocytes, but is not a true
amino acid and is not incorporated in proteins.
Taurine is involved in the conjugation of bile acids
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Figure 2 Specific functions of sulfur-containing amino acids.

and may act as an antioxidant. Moreover, taurine is
an osmolyte by virtue of the fact that through its
transporter its intracellular concentrations are
between 50 and100-fold higher than in the extracel-
lular compartment. This gradient contributes to the
maintenance of the cellular hydration state. Simi-
larly, it has been proposed that taurine is involved
in stabilization of cell membrane potential and reg-
ulation of Ca®" transport through several calcium-
ion channels. Based upon these characteristics it has
been suggested that taurine is involved in the control
of cardiac muscle cell contraction, which has led to
the addition of taurine to commercially available
energy drinks. Its high level in lymphocytes suggests
an important role in immunological resistance to
infections. Taurine plays an important part in the
development and maintenance of neuronal and espe-
cially retinal cells.

Supplementation

Although methionine is the only sulfur-containing
essential amino acid, it has not been considered as
part of supplementation regimes. Since cysteine
easily oxidizes to cystine, which has a poor solubil-
ity, it is generally supplemented in the form of 7-
acetylcysteine (NAC). Both directly and indirectly,
as a precursor for glutathione, NAC has attracted
attention as a potentially protective agent against
oxidative injury in numerous conditions including
endurance exercise, ischemia reperfusion injury,
adult respiratory distress syndrome (ARDS), and
cystic fibrosis. In addition, NAC has mucolytic
properties in chronic obstructive pulmonary disease
(COPD) patients by reducing disulfide bonds of
polymers in mucus, blocking their reactivity. Cur-
rently, only robust evidence exists for the usefulness
of NAC supplementation in the protection against
nephropathy, induced by administration of iodine-
containing contrast agents for radiological imaging
in patients with chronic renal failure, in the reduc-
tion of the number of exacerbations and disability in
COPD patients, and in the treatment of liver injury
induced by acetaminophen intoxication. On the
other hand it has been suggested that glutathione
depletion by buthionine sulfoximine administration
potentiates the effect of radiotherapy by increasing
the susceptibility of tumor cells to radiation-induced
oxidative injury.

In a few studies it has been demonstrated that
taurine supplementation improves retinal develop-
ment in premature babies receiving parenteral nutri-
tion. Human data on the efficacy of taurine
supplementation in so-called energy drinks are very
limited. In the absence of taurine supplementation in
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children taurine concentrations drop, suggesting its
conditional indispensability also in the postneonatal
period. This has led to the addition of taurine to
standard feeding formulas for infants and growing
children.

Glutamine, Glutamic acid, and Ornithine
a-Ketoglutarate (Figure 3)

Glutamine is the most abundant amino acid in
plasma and in tissue. In glutamine-consuming cells
it is readily converted by the enzyme glutaminase to
form ammonia and glutamic acid, which is the pri-
mary intermediate in almost all routes of glutamine
degradation. In the presence of ammonia this pro-
cess can occur in reverse, catalyzed by the enzyme
glutamine synthetase. In contrast to glutamic acid,
glutamine can easily pass through the cellular mem-
brane, thus exporting waste nitrogen out of the cell
and serving as an inter-organ nitrogen carrier. In the
kidney glutamine donates NH3, which is the accep-
tor for protons released from carbonic acid, to form
NHj and thus facilitates the formation of HCO3,
which is essential in plasma pH regulation.

Following conversion to glutamic acid and subse-
quently a-ketoglutarate, glutamine may supplement
intermediates of the citrate cycle. In this manner
glutamine serves as the preferred fuel for rapidly
dividing cells of, for example, the immune system
cells and intestinal mucosa. In the brain glutamic
acid is the most abundant excitatory neurotransmit-
ter and the precursor for gamma-aminobutyric acid,
which is an important inhibitory neurotransmitter.
Glutamine is a direct precursor for purine and pyr-
imidine and therefore is involved in RNA and DNA
synthesis and cell proliferation. In addition it is a
constituent of the tripeptide glutathione, which is
the principal intracellular antioxidant in eukaryotes
(see also sections on cysteine and glycine).
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Figure 3 Specific functions of glutamine and glutamine degra-
dation products.

Supplementation

Of all the compounds discussed above glutamine is
the most extensively applied in clinical and experi-
mental amino acid supplementation, often in the
form of the more soluble and stable dipeptides ala-
nyl- and glycyl-glutamine. Glutamic acid and a-
ketoglutarate are less ideally suited for use in feeding
formulas because of poor inward transport of gluta-
mic acid and poor solubility and stability of a-keto-
glutarate. Moreover, glutamic acid has been related
to the ‘Chinese restaurant syndrome,” characterized
by light-headiness and nausea after consumption of
Chinese food containing glutamic acid for flavor
improvement. However, scientific evidence is weak.
Numerous experimental and clinical studies have
suggested that glutamine supplementation has posi-
tive effects on immune function, intestinal mucosal
integrity, nitrogen balance, and glutathione concen-
tration in a wide variety of conditions. Nevertheless,
the true benefit of glutamine supplementation is
difficult to quantify in clinical practice. Its benefit
has especially been claimed in the critically ill and
surgical patients in whom clinical outcome is multi-
factorial. Recent meta-analyses support the view
that glutamine supplementation is safe and may
reduce infectious morbidity and hospital stay in sur-
gical patients. A positive effect of glutamine supple-
mentation on morbidity and mortality in critical
illness, trauma patients, and burn patients has been
demonstrated in a few well-designed clinical trials.
However, due to the paucity of such trials reliable
meta-analyses are not possible in these latter patient
categories. It has been demonstrated in some small
clinical series that supplementation with ornithine
a-ketoglutarate may improve wound healing in
burn patients, benefiting from the combined actions
of both a-ketoglutarate and ornithine (see sections
on arginine and ornithine).

Glycine, Serine, and Threonine

Threonine is an essential amino acid, which can be
converted to glycine in the liver and subsequently to
serine. Glycine is a constituent of glutathione (see
also sections on cysteine and glutamic acid) and is a
versatile neurotransmitter in the central nervous sys-
tem. Through the glycine receptor it has a direct
inhibitory neurotransmitter function but it is also a
ligand for the glycine site at the N-methyl-p-aspar-
tate (NMDA) glutamic acid receptor. Activation of
this glycine site is needed for NMDA activation,
which makes glycine a mediator in the excitatory
neurotransmitter effects of glutamic acid. Besides a
role in the central nervous system, glycine is also
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thought to possess anti-inflammatory properties, but
to date these properties have only been demon-
strated in the test tube. Furthermore, glycine can
react with arginine and methionine to form creatine
(see section on arginine). Finally, glycine, like taur-
ine, is a conjugate for bile acids.

Glycine is convertible to serine in a reversible reac-
tion, which can be converted to its stereoisomeric
form D-serine; this is also a ligand for the glycine site
at the NMDA receptor. Furthermore, serine is an
intermediate in the pathway from methionine to
cysteine and a precursor for pyrimidines and purines
and as such is involved in cell proliferation. It is also a
precursor for gluconeogenesis, albeit of lesser impor-
tance than glutamine and alanine.

Supplementation

Based upon their excitatory effects on the central ner-
vous system both glycine and p-serine have been impli-
cated in the treatment of schizophrenia. As adjuvant
therapy to standard psychopharmacological treatment
they may reduce the negative symptoms of the disease.

High doses of threonine in adults have been used
as tentative therapy for spastic syndromes, a therapy
that probably acts through increased glycine forma-
tion. A negative effect of excessive threonine, which
is abundant in bovine infant formula nutrition, has
been considered in experimental studies on brain
development, and it has been suggested that this
happens through its conversion to glycine and ser-
ine, or through competition of amino acid transport
across the blood-brain barrier.

Histidine

Histidine is the precursor for histamine, which is
important for the immune system by mediating
growth and functionality of immune cells. Excessive
release of histamine from mast cells induces the clin-
ical signs of allergy (dilation of capillaries and larger
blood vessels, increased capillary permeability and
swelling, itching, and anaphylactic shock). These phe-
nomena are effected via the Hy receptor, which is
found in smooth muscle cells of the vascular wall
and bronchi, among others. Furthermore, histamine
acts as a neurotransmitter and mediates gastric acid
production. The latter occurs via the H, receptor
found in gastric mucosa. There is no literature avail-
able on the potential relationship between histidine
availability and histamine production and action.

Supplementation

H; receptor antagonists are applied in the treatment
of allergy and H, receptor antagonists have been

shown to be very effective in the inhibition of gastric
acid secretion and have greatly improved the treat-
ment of individuals with peptic ulcer disease and
acid reflux esophagitis. Histamine is present in
abundance in many dietary sources; no beneficial
effects of supplementation of either histidine or his-
tamine are known.

Branched Chain Amino Acids (Isoleucine,
Leucine, Valine)

Branched chain amino acids (BCAAs) are essential
amino acids, which together compose approximately
a third of the daily amino acid requirement in
humans. BCAAs, and especially leucine, play an
important role in the regulation of energy and pro-
tein metabolism. BCAAs are primarily oxidized in
skeletal muscle and not in the liver. BCAAs donate
their amino groups to furnish glutamic acid in mus-
cle in transamination reactions yielding the a-ketoa-
cids a-ketoisocaproic acid, a-keto-8-methylvaleric
acid, and o-ketoisovaleric acid. These transamina-
tion products of BCAAs can enter the citrate cycle
and contribute to ATP production by aerobic sub-
strate oxidation, which is important during the
change from rest to exercise. After consumption of
protein-containing meals, a large part of the BCAA
passes through the liver and is taken up by muscle
where it primarily contributes to protein synthesis
and the synthesis of glutamine, which accounts for
about 70% of the amino acid release from muscle.
The importance of the essential branched chain
amino acids for protein synthesis is strikingly exem-
plified by the negative nitrogen balance and catabo-
lism that follows upper gastrointestinal bleeding
caused by ingestion of large amounts of hemoglobin
(which lacks isoleucine). Leucine has been suggested
to regulate the turnover of protein in muscle cells by
inhibiting protein degradation and enhancing pro-
tein synthesis. This has led to a worldwide interest
in the possible use of BCAAs in general, and leucine
in particular, for metabolic support.

In liver failure the plasma concentrations of the
aromatic amino acids (AAAs) tyrosine, phenylala-
nine, and tryptophan increase, probably because
they are predominantly broken down in the liver,
whereas the plasma levels of BCAAs decrease
while they are degraded in excess in muscle as a
consequence of hepatic failure-induced catabolism.
As AAAs and BCAAs are all neutral amino acids
and share a common transporter across the blood-
brain barrier (system L carrier), changes in their
plasma ratio are reflected in the brain, subse-
quently disrupting the neurotransmitter profile of
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the catecholamines and indoleamines (see sections
on tyrosine and tryptophan). It has been hypothe-
sized that this disturbance contributes to the multi-
factorial pathogenesis of hepatic encephalopathy.
In line with this hypothesis it has been suggested
that normalization of the amino acid pattern by
supplementing extra BCAAs counteracts hepatic
encephalopathy.

Supplementation

Specialized formulas that are widely used for hepa-
tic failure and hepatic encephalopathy are based on
a high content of BCAAs to improve protein mal-
nutrition and restore the amino acid and neuro-
transmitter balance. Although BCAA-enriched
formulas have been proven to improve neurological
status in comatose liver patients it is not certain
that this is achieved by the addition of BCAAs
specifically, because of a lack of adequate control
groups.

Since BCAAs compete with tryptophan for uptake
by the brain, they have (in line with the ascribed
benefits in hepatic encephalopathy) been applied as
competitive antagonists for tryptophan transport,
reducing tryptophan-induced cognitive impairment
(see also section on tryptophan).

Isoleucine, which is absent in the hemoglobin
molecule, can be supplemented to patients with
upper gastrointestinal bleeding to restore the bal-
ance of amino acids that are taken up by the
splanchnic organs. This has been demonstrated
to improve mainly protein synthesis in liver and
muscle in small observational studies. Prospective
randomized clinical trials are, however, still
lacking.

Lysine

Lysine is an essential amino acid that is mainly
provided by meat products and is therefore limited
in diets where wheat is the primary protein source.
Lysine is also the first rate-limiting amino acid in
milk-fed newborns for growth and protein synthesis.
Lysine is catabolized to glutamate and acetyl-CoA
and is also the precursor for the synthesis of carni-
tine, which is needed for mitochondrial oxidation of
long-chain fatty acids.

Supplementation

Lysine supplementation in patients with renal failure
is contraindicated, as the amino acid shows some
degree of nephrotoxicity.

Phenylalanine and Tyrosine

Phenylalanine is hydroxylated to tyrosine by the
enzyme phenylalanine hydroxylase. The inborn dis-
ease phenylketonuria is characterized by a deficiency
of this enzyme.

Tyrosine is the precursor for dihydroxyphenylala-
nine (dopa), which can successively be converted to
the catecholamines dopamine, noradrenaline (nore-
pinephrine) and adrenaline (epinephrine). Although
only a small proportion of tyrosine is used in this
pathway, this metabolic route is extremely relevant.
Dopamine is an important neurotransmitter in dif-
ferent parts of the brain and is involved in move-
ment and affects pleasure and motivation.
Disruption of dopamine neurons in the basal ganglia
is the cause of Parkinson’s disease. Noradrenaline
and ardrenaline are the most important neurotrans-
mitters in the sympathetic nervous system. The sym-
pathetic nervous system becomes activated during
different forms of emotional and physical arousal,
and results in the induction of phenomena such as
increased blood pressure and heart rate, increased
alertness, and decreased intestinal motility (fight-or-
flight response). Besides acting as a precursor for
catecholamines, tyrosine can be iodinated and as
such is the precursor for the thyroid hormones triio-
dothyronine and thyroxine. These hormones are
important regulators of general whole body rate of
metabolic activity.

Supplementation

The processes described in the paragraph above
quantitatively contribute only marginally to total
tyrosine turnover and the limited data on tyrosine
supplementation in phenylketonuria suggest that
tyrosine deficiency is not causal in the development
of cognitive dysfunction in the disease. In two stu-
dies tyrosine supplementation has been found to
modestly increase mental status and cognitive per-
formance following exhausting efforts such as pro-
longed wakefulness and intensive military training.
In contrast, tyrosine derivatives (L-dopa, noradrena-
line, adrenaline) have strong pharmacological prop-
erties. L-dopa is the direct precursor of dopamine
synthesis and has been found to have strong bene-
ficial effects in Parkinson’s disease. The fact that
administration of tyrosine as the physiological pre-
cursor of catecholamines has no or minor effects on
catecholamine-induced sympathic activity, whereas
the effects of the catecholamines or more direct pre-
cursors is very strong, suggests that tyrosine hydro-
xylation to 1-dopa is not limited by substrate
availability.



100 AMINO ACIDS/Specific Functions

Tryptophan

Functional end products of the essential amino acid
tryptophan arise mainly through two distinctive
pathways. The major pathway is degradation of
tryptophan by oxidation, which fuels the kynurenine
pathway (See 00011). The second and quantitatively
minor pathway is hydroxylation of tryptophan and
its subsequent decarboxylation to the indoleamine
S-hydroxytryptamine (serotonin) and subsequently
melatonin. The metabolites of the kynurenine pathway,
indicated as kynurenines, include quinolic acid and
kynurenic acid. Quinolinic acid is an agonist of the
NMDA receptor (see also section on glutamic acid),
while kynurenic acid is a nonselective NMDA-
receptor antagonist with a high affinity for the
glycine site of the NMDA receptor (see also section
on glycine), and as such is a blocker of amino acid-
modulated excitation of the central nervous system.
Imbalance between kynurenic acid and quinolinic
acid can lead to excitotoxic neuronal cell death
and is believed to play a role in the development
of several neurological diseases such as Hunting-
ton’s chorea and epilepsy. In addition, an immuno-
modulatory role is suggested for several metabolites
of the kynurenine pathway.

Serotonin is synthesized in the central nervous sys-
tem and is involved in the regulation of mood and
sleep. In addition it is found in high quantities in
neurons in the gastrointestinal tract where it is
involved in regulation of gut motility. Tryptophan
competes with BCAAs for transport across the
blood-brain barrier and the ratio between trypto-
phan and BCAAs therefore determines the uptake of
both (groups of) amino acids by the brain (see section
on BCAAs). Since albumin has a strong tryptophan-
binding capacity, the plasma albumin concentration
is inversely related to the plasma concentration of free
tryptophan and as such influences the BCAA to tryp-
tophan ratio and hence the brain uptake of both
BCAAs and tryptophan. It has been suggested that
increased plasma AAAs (tyrosine, phenylalanine, and
tryptophan) levels in patients with liver failure are
caused by the inability of the liver to degrade these
amino acids. The resulting change in the ratio
between AAA and BCAA plasma levels has been
implied in the pathogenesis of hepatic encephalopa-
thy since this may cause marked disturbances in
transport of both AAAs and BCAAs across the
blood-brain barrier, leading to disturbed release of
indoleamines and catecholamines in the brain (see
also section on BCAAs). High tryptophan concentra-
tions have been associated with chronic fatigue dis-
orders and hepatic encephalopathy while low
tryptophan plasma concentrations have been

implicated in the etiology of mood disorders, cogni-
tive impairment, and functional bowel disorders.
Melatonin, which is produced in the degradation
pathway of serotonin during the dark period of the
light-dark cycle, is an important mediator of circa-
dian rhythms.

Supplementation

Inhibition of serotonin reuptake from the neuronal
synapse and the subsequent increase in its function-
ality is one of the mainstays of the pharmacological
treatment of depression. Like many amino acids,
tryptophan is commercially available as a nutritional
supplement or as a so-called smart drug, claiming to
reduce symptoms of depression, anxiety, obsessive-
compulsive  disorders, insomnia, fibromyalgia,
alcohol withdrawal, and migraine. However, no
convincing clinical data are available to support these
claims. In contrast tryptophan depletion induced by
ingestion of a tryptophan-deficient amino acid mix-
ture, is widely used in experimental psychiatry to
study the biological background of various psychia-
tric disorders.

See also: Amino Acids: Chemistry and Classification;
Metabolism. Brain and Nervous System.
Carbohydrates: Regulation of Metabolism. Cytokines.
Electrolytes: Acid-Base Balance; Water—Electrolyte
Balance. Glucose: Metabolism and Maintenance of
Blood Glucose Level. Inborn Errors of Metabolism:
Classification and Biochemical Aspects; Nutritional
Management of Phenylketonuria. Protein: Synthesis and
Turnover; Requirements and Role in Diet; Quality and
Sources. Stomach: Structure and Function.
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Anemia is defined by abnormally low circulating
hemoglobin concentrations. A variety of etiologies
exist for anemia, including dietary deficiencies of
folate or vitamin By, (pernicious or macrocytic ane-
mia), infections and inflammatory states (anemia of
chronic disease), and conditions that result in insuf-
ficient production of red blood cells (aplastic ane-
mia) or excessive destruction of red blood cells
(hemolytic anemia). However, worldwide, the most
prevalent form of anemia is that of iron deficiency,
which causes anemia characterized by hypochromic
and normo- or microcytic red blood cells. Iron defi-
ciency anemia remains a health problem in both the
developed and the developing world. This article
discusses the metabolism of iron; the assessment of
iron deficiency; iron requirements across the life
span; and the consequences, prevention, and treat-
ment of iron deficiency and iron deficiency anemia.

Iron Metabolism

The adult body contains 2.5-5g of iron, approxi-
mately two-thirds of which is present in hemoglo-
bin. Other essential iron-containing systems include
muscle myoglobin (3%) and a variety of iron-con-
taining enzymes (5-15%), including cytochromes. In
addition to the role of iron in oxygen transfer via
hemoglobin and myoglobin, iron is involved in
energy metabolism and also affects neural myelina-
tion and neurotransmitter metabolism. Iron stores
vary considerably but may represent up to 30% of
body iron, and iron that circulates with transferrin
represents less than 1% of body iron. Men have a
higher concentration of iron per kilogram body
weight than women because they have larger
erythrocyte mass and iron stores.

More than 90% of body iron is conserved
through the recycling of iron through the

reticuloendothelial system (Figure 1). Iron is trans-
ported through the body by the protein transferrin,
which carries up to two iron atoms. The distribution
of iron to body tissues is mediated by transferrin
receptors (TfRs), which are upregulated in the face
of increased tissue demand for iron. The transferrin/
TfR complex is internalized via cell invagination,
iron is released into the cell cytosol, and transferrin
is recycled back to the cell surface.

In hematopoietic cells, iron is used to produce
hemoglobin through its combination with zinc
protoporphyrin to form heme. Therefore, protopor-
phyrin accumulates relative to hemoglobin in red
blood cells during iron deficiency. Mature red blood
cells circulate in the body for approximately 120 days
before being destroyed. Macrophage cells of the liver
and spleen phagocytize senescent red blood cells and
the iron released in this process is recycled back to the
circulation or, when iron is readily available, incorpo-
rated with ferritin or hemosiderin for storage. A typi-
cal ferritin molecule may contain 2000 iron atoms.
Hemosiderin is a less soluble variant of ferritin that
may contain even greater amounts of iron.

The production of transferrin receptors and ferritin
is regulated by iron response proteins (IRPs) that
‘sense’ intracellular iron concentrations and interact
with iron response elements (IREs) of protein mRNA.
When cellular iron concentrations are low, the IRP-
IRE interaction works to prevent translation of mRNA
to ferritin or to stabilize mRNA to enhance the transla-
tion of transferrin receptors. Identifying other proteins
regulated through the IRP-IRE interaction is an area of
particular interest. Although body iron is highly con-
served, daily basal losses of iron of ~1 mg/day do occur
even in healthy individuals. These basal losses occur
primarily through the gastrointestinal tract (in bile,
sloughing of ferritin-containing enterocytes, and via
blood loss), and sweat and urine are additional minor
sources of iron loss (Figure 1). Iron losses are not
strictly regulated; rather, iron balance is achieved
through the regulation of dietary iron absorption.

Dietary Iron Absorption

The efficiency of iron absorption depends on both the
bioavailability of dietary iron and iron status.
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Typically, 5-20% of the iron present in a mixed diet is
absorbed. Dietary iron exists in two forms, heme and
non-heme. Heme iron is derived from animal source
food and is more bioavailable than non-heme iron,
with approximately 20-30% of heme iron absorbed
via endocytosis of the entire heme molecule. Iron is
then released into the enterocyte by a heme oxidase.

Non-heme iron exists in plant products and its
bioavailability is compromised by the concurrent
ingestion of tannins, phytates, soy, and other plant
constituents, that decrease its solubility in the intest-
inal lumen. Bioavailability of non-heme iron is
increased by concurrent ingestion of ascorbic acid
and meat products. Non-heme iron is reduced from
the ferric to the ferrous form in the intestinal lumen
and transported into enterocytes via the divalent
metal transporter (DMT-1). Once inside the entero-
cyte, iron from heme and non-heme sources is simi-
larly transported through the cell and across the
basolateral membrane by the ferroportin transporter
in conjunction with the ferroxidase hephaestin after
which it can be taken up by transferrin into the
circulation. The regulation of iron across the baso-
lateral membrane of the enterocyte is considered the
most important aspect of iron absorption.

The absorption efficiency of non-heme iron in par-
ticular is also inversely related to iron status. The
factor responsible for communicating body iron status
to the enterocyte to allow for the up- or downregula-
tion of iron absorption remained elusive until recently,

when the hormone hepcidin was identified. Hepcidin
declines during iron deficiency, and its decline is asso-
ciated with an increased production of the DMT-1 and
ferroportin transporters in a rat model, although its
exact mode of action is unknown. Hepcidin may also
regulate iron absorption and retention or release of
iron from body stores during conditions of enhanced
erythropoiesis and inflammation.

Iron Requirements

Iron requirements depend on iron losses and growth
demands for iron across life stages. To maintain iron
balance or achieve positive iron balance, therefore,
the amount of iron absorbed from the diet must
equal or exceed the basal losses plus any additional
demands for iron attributable to physiologic state
(e.g., growth, menstruation, and pregnancy) and/or
pathological iron losses (e.g., excess bleeding). When
iron balance is negative, iron deficiency will occur
following the depletion of the body’s iron reserves.
Thus, ensuring an adequate supply of dietary iron is
of paramount importance. The risk of iron defi-
ciency and iron deficiency anemia varies across the
life cycle as iron demand and/or the likelihood of
consuming adequate dietary iron changes.

Basal Iron Loss

Because basal iron losses are due to cell exfoliation,
these losses are relative to interior body surfaces,
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totaling an estimated 14 pug/kg body weight/day, and
are approximately 0.8 mg/day for nonmenstruating
women and 1.0 mg/day for men. Basal losses in infants
and children have not been directly determined and are
estimated from data available on adult men. Basal
losses are reduced in people with iron deficiency and
increased in people with iron overload. The absorbed
iron requirement for adult men and nonmenstruating
women is based on these obligate iron losses.

Infancy and Childhood

The iron content of a newborn infant is approxi-
mately 75 mg/kg body weight, and much of this iron
is found in hemoglobin. The body iron of the new-
born is derived from maternal-fetal iron transfer,
80% of which occurs during the third trimester of
pregnancy. Preterm infants, with less opportunity to
establish iron stores, have a substantially reduced
endowment of body iron at birth than term infants.

During the first 2 months of life, there is a phy-
siologic shift of body iron from hemoglobin to iron
stores. For the first 6 months of life, the iron require-
ment of a term infant is satisfied by storage iron and
breast milk iron, which is present in low concentra-
tions but is highly bioavailable (50-100%) to the
infant. However, by 6 months of age in term infants,
and even earlier in preterm infants, iron intake and
body stores become insufficient to meet the demands
for growth (expanding erythrocyte mass and growth
of body tissues), such that negative iron balance will
ensue at this time without the introduction of iron
supplements or iron-rich weaning foods.

A full-term infant almost doubles its body iron
content and triples its body weight in the first year
of life. Although growth continues through child-
hood, the rate of growth declines following the
first year of life. Similarly, the requirement for iron
expressed per kilogram body weight declines
through childhood from a high of 0.10 mg/kg in
the first 6 months to 0.03 mg/kg/d by 7-10 years of
age until increasing again during the adolescent
growth spurt. Throughout the period of growth,
the iron concentration of the diet of infants and
children must be greater than that of an adult man
in order to achieve iron balance.

Adolescence

Adolescents have very high iron requirements, and
the iron demand of individual children during
periods of rapid growth is highly variable and may
exceed mean estimated requirements. Boys going
through puberty experience a large increase in
erythrocyte mass and hemoglobin concentration.
The growth spurt in adolescent girls usually occurs

in early adolescence before menarche, but growth
continues postmenarche at a slower rate. The addi-
tion of menstrual iron loss to the iron demand for
growth leads to particularly high iron requirements
for postmenarchal adolescent girls.

Menstruation

Although the quantity of menstrual blood loss is
fairly constant across time for an individual, it varies
considerably from woman to woman. The mean
menstrual iron loss is 0.56 mg/day when averaged
over a monthly cycle. However, menstrual blood
losses are highly skewed so that a small proportion
of women have heavy losses. In 10% of women,
menstrual iron loss exceeds 1.47 mg/day and in 5%
it exceeds 2.04 mg/day. Therefore, the daily iron
requirement for menstruating women is set quite
high to cover the iron needs of most of the popula-
tion. Menstrual blood loss is decreased by oral con-
traceptives but increased by intrauterine devices.
However, recent progesterone-releasing versions of
the device lead to decreased menstrual blood loss or
amenorrhea.

Pregnancy and Lactation

The body’s iron needs during pregnancy are very
high despite the cessation of menstruation during
this period. Demand for iron comes primarily from
the expansion of the red blood cell mass (450 mg),
the fetus (270mg), the placenta and cord
(90mg), and blood loss at parturition (150 mg).
However, the requirement for iron is not spread
evenly over the course of pregnancy, as depicted in
Figure 2, with iron requirements actually reduced in
the first trimester because menstrual blood loss is

10 ~ .
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Figure 2 The discrepancy between iron requirements and
availability of iron from dietary absorption in pregnant women
beyond 20weeks of gestation. The resulting iron deficit is
maintained as pregnancy progresses into the second and
third trimesters. (Reproduced with permission from the Food
and Agriculture Organization of the United Nations (2001) Iron.
In Human Vitamin and Mineral Requirements: Report of a
Joint FAO/WHO Expert Consultation, Bangkok, Thailand,
pp. 195-221. Rome: FAO.)
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absent and fetal demand for iron is negligible. Iron
requirements increase dramatically through the sec-
ond and third trimesters to support expansion of
maternal red blood cell mass and fetal growth. The
maternal red cell mass expands approximately 35%
in the second and third trimesters to meet increased
maternal oxygen needs. When iron deficiency is pre-
sent, the expansion of the red cell mass is compro-
mised, resulting in anemia. Furthermore, an
expansion of the plasma fluid that is proportionately
greater than that of the red cell mass results in a
physiologic anemia attributable to hemodilution.

To attempt to meet iron requirements during
pregnancy, iron absorption becomes more efficient
in the second and third trimesters. Iron absorption
nearly doubles in the second trimester and can
increase up to four times in the third trimester.
Despite this dramatic increase in iron absorption, it
is virtually impossible for pregnant women to
acquire sufficient iron through diet alone because
of the concurrent increase in iron requirements dur-
ing the latter half of pregnancy (Figure 2).

There is also an iron cost of lactation to women of
approximately 0.3 mg/day as iron is lost in breast-
milk. However, this is compensated by the absence
of menstrual iron losses and the gain in iron stores
achieved when much of the iron previously invested

Pathological Losses

Conditions that cause excessive bleeding addition-
ally compromise iron status. Approximately 1 mg of
iron is lost in each 1ml of packed red blood cells.
Excessive losses of blood may occur from the gastro-
intestinal tract, urinary tract, and lung in a variety
of clinical pathologies, including ulcers, malignan-
cies, inflammatory bowel disease, hemorrhoids,
hemoglobinuria, and idiopathic pulmonary hemosi-
derosis. In developing countries, parasitic infestation
with hookworm and schistosomiasis can contribute
substantially to gastrointestinal blood loss and iron
deficiency.

Recommended Nutrient Intakes for Iron

Recommended intakes of dietary iron are based on
the requirement for absorbed iron and assumptions
about the bioavailability of iron in the diet. They are
meant to cover the iron needs of nearly the entire
population group. Thus, the amount of dietary iron
necessary to meet an iron requirement depends in
large part on the bioavailability of iron in the diet
(Figure 3). Americans consume approximately
15mg of iron daily from a diet that is considered
moderately to highly bioavailable (10-15%) due to

in expansion of the red cell mass is recovered  the meat and ascorbic acid content. Studies in
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Figure 3 The Recommended Nutrient Intake (RNI) for iron given different levels of bioavailability of iron in the diet: 5%, low; 10%,
moderate; and 15%, high. The RNI is based on the amount of iron necessary to meet requirements of 95% of the population for each
age/sex group. Because typical iron intakes range from 10 to 15mg/day, iron requirements are nearly impossible to meet on low-
bioavailability diets. (Data from the Food and Agriculture Organization of the United Nations (2001) Iron. In Human Vitamin and Mineral
Requirements: Report of a Joint FAO/WHO Expert Consultation, Bangkok, Thailand, pp. 195-221. Rome: FAO.)
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averages 10 mg/day, representing a decline in dietary
iron. Although estimates of total iron intake in
developing countries are not substantially lower
than that, iron is often consumed in plant-based
diets that inhibit its absorption and contain few
animal products to counterbalance that effect, such
that the bioavailability of iron is closer to 5%. Thus,
Figure 3 demonstrates the total amount of dietary
iron that would be necessary to meet the iron
requirements of various population groups based
on its bioavailability. Where intakes are sufficient
and bioavailability adequate, dietary iron can meet
the iron needs of adolescent boys and adult men and
also lactating and postmenopausal women. How-
ever, regardless of bioavailability, iron requirements
are not met by many adolescent girls and adult
menstruating women who have above average men-
strual blood loss. Few if any population groups can
achieve iron intakes sufficient to meet iron require-
ments when bioavailability of iron is poor.

Dietary recommendations for infants are based on
the iron content and bioavailability of human milk.
The iron in infant formula is much less bioavailable
(10%) than that of human milk and is thus present
in greater concentrations than that of human milk.
Infants who are not breast-fed should consume iron-
fortified formula. Complementary foods offered
after 6 months of age can potentially meet iron
needs if they have a high content of meat and ascor-
bic acid. This is rarely the case in developing or
developed countries, and fortified infant cereals
and iron drops are often introduced at this time in
developed countries. In developing countries where
diets are poor in bioavailable iron, iron-fortified
weaning foods are not commonly consumed, and
iron supplements are rarely given to infants and
children.

Pregnant women rarely have sufficient iron stores
and consume diets adequate to maintain positive
iron balance, particularly in the latter half of preg-
nancy, as previously discussed. They cannot meet
their iron requirements through diet alone even in
developed countries, where high iron content diets
with high bioavailability are common. Supplementa-
tion is universally recommended for pregnant
women, as discussed later.

Indicators of Iron Deficiency and Anemia

Indicators of iron deficiency can be used to distin-
guish the degree of iron deficiency that exists across
the spectrum from the depletion of body iron stores
to frank anemia (Table 1). Indicator cutoffs vary by age,
sex, race, and physiologic state (e.g., pregnancy),

Table 1 |Indicators for assessing the progression of iron
deficiency from depletion of iron stores to iron deficiency anemia

Stage of iron Consequence Indicator
deficiency
Depletion Decline in storage | Serum ferritin

l iron

Deficiency Decreased circulating | Serum iron
iron 1 Total iron binding
capacity
| Transferrin
saturation
Insufficient tissue iron 1 Transferrin
receptor
Impaired heme 1 Protoporphyrin/
synthesis heme
Depletion Impaired red blood | Hemoglobin

cell production | Hematocrit
| Red blood cell

indices

so using a proper reference is important when
interpreting indicators of iron deficiency.

Serum ferritin is directly related to liver iron stores—
a gold standard for iron deficiency that is infrequently
used due to the invasive nature of the test. Different
sources place the cutoff for serum ferritin concentra-
tions indicative of depleted stores at 12 or 15 pg/l. Once
iron stores are exhausted, serum ferritin is not useful
for determining the extent of iron deficiency. Serum
ferritin is also useful for diagnosing iron excess. A
major limitation of serum ferritin is the fact that it
acts as an acute phase reactant and therefore is
mildly to substantially elevated in the presence of
inflammation or infection, complicating its interpreta-
tion when such conditions exist.

Transferrin saturation is measured as the ratio
between total serum iron (which declines during
iron deficiency) and total iron binding capacity
(which increases during iron deficiency). Typically,
transferrin is approximately 30% saturated, and low
transferrin saturation (<16%) is indicative of iron
deficiency. Transferrin saturation concentrations
higher than 60% are indicative of iron overload
associated with hereditary hemochromatosis. The
use of transferrin saturation to distinguish iron defi-
ciency is limited because of marked diurnal variation
and its lack of sensitivity as an indicator.

Elevated circulating TfRs are a sensitive indicator
of the tissue demand for iron. Circulating TfR is not
affected by inflammation, a limitation of other indi-
cators of iron status. Furthermore, expressing TfR as
a ratio with ferritin appears to distinguish with a
great deal of sensitivity iron deficiency anemia from
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anemia of chronic disease, making this combined
measure potentially very useful in settings in which
these conditions coexist.

Elevated erythrocyte zinc protoporphyrin indi-
cates iron-deficient erythropoiesis. Protoporphyrin
concentrations may also be elevated by inflamma-
tion and lead exposure.

Finally, although hemoglobin concentrations or
percentage hematocrit are not specific for iron defi-
ciency, these measures are used most frequently as a
proxy for iron deficiency in field settings because of
their technical ease. Anemia is defined as a hemoglo-
bin concentration of less than 110g/l for those
6 months to Syears old and for pregnant women,
115 g/l for those 5-11 years old, 120 g/ for nonpreg-
nant females older than 11years and for males
12-15years old, or 130g/l for males older than
15years of age. Other measures of red blood cell
characteristics include total red blood cell counts,
mean corpuscular volume, and mean hemoglobin
volume.

The choice of indicators and the strategy for
assessment will depend on technical feasibility and
whether a screening or survey approach is war-
ranted. When more than 5% of a population is
anemic, iron deficiency is considered a public health
problem, and population-based surveys may be use-
ful for assessing and monitoring the prevalence of
iron deficiency. When anemia is less prevalent,
screening for iron deficiency in high-risk groups or
symptomatic individuals is a more efficient
approach. Hemoglobin alone would be insufficient
to diagnose iron deficiency in an individual, but
hemoglobin distributions can offer clues as to the
extent to which anemia is attributable to iron defi-
ciency in a population. Preferred indicators, such as
transferrin and/or ferritin, may not be feasible due to
blood collection requirements, cost, or technical dif-
ficulty in a population survey, but they may be
indispensable for characterizing iron status of a
population subgroup or individual.

Prevalence of Iron Deficiency and Iron
Deficiency Anemia

Although iron deficiency anemia is considered the
most prevalent nutritional deficiency globally, accu-
rate prevalence estimates are difficult to obtain.
Worldwide, prevalence estimates for iron deficiency
anemia have ranged from 500 million to approxi-
mately 2 billion people affected. However, most
global prevalence estimates are based on anemia
surveys, which will overestimate the amount of ane-
mia attributable to iron deficiency but underestimate

the prevalence of less severe iron deficiency. There is
clearly a disparity in anemia prevalence between the
developing and developed world, with ~50% of
children and nonpregnant women in the developing
world considered anemic compared with ~10% in
the developed world. The prevalence of anemia
increases during pregnancy, with ~20% of US
women anemic during pregnancy and estimates of
anemia prevalence in some developing countries
exceeding 60%.

Data from the US NHANES IIT (1988-1994) sur-
vey, which used a variety of indicators of iron status,
showed that 9% of US toddlers were iron deficient
and 3% had iron deficiency anemia. Eleven percent
of adolescent females and women of reproductive
age were iron deficient, and 3-5% of these women
had iron deficiency anemia. Iron deficiency in the
developed world is more common among low-
income minorities.

Consequences of Iron Deficiency and
Iron Deficiency Anemia

Iron deficiency anemia has been implicated in
adverse pregnancy outcomes, maternal and infant
mortality, cognitive dysfunction and developmental
delays in infants and children, and compromised
physical capacity in children and adults. However,
data to support causal relationships with some of
these outcomes is limited, and the extent to which
outcomes are associated with iron deficiency speci-
fically or more generally with anemia regardless of
the etiology is the subject of debate.

A variety of observational studies demonstrate an
association of maternal hemoglobin concentrations
during pregnancy with birth weight, the likelihood
of low birth weight and preterm birth, and perina-
tal mortality, such that adverse pregnancy outcomes
are associated in a ‘U-shaped’ manner with the
lowest and highest maternal hemoglobin concentra-
tions. Anemia during pregnancy may not be specific
to iron deficiency, and randomized trials utilizing a
strict placebo to firmly establish a causal link
between iron status per se and adverse pregnancy
outcomes are rare because of ethical concerns about
denying women iron supplements during preg-
nancy. However, two randomized trials, one con-
ducted in a developed country and the other in a
developing country, have shown a positive impact
of iron supplementation during pregnancy on birth
weight. In the developed country study, control
women with evidence of compromised iron stores
were offered iron supplements at 28 weeks of
gestation after 8weeks of randomized iron
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supplementation. In the developing country study,
the control group received supplemental vitamin A
and the intervention group received folic acid in
addition to iron.

Mortality among pregnant women and infants
and children also increases with severe anemia.
However, most data showing this relationship are
observational and clinic based. Anemia in such cir-
cumstances is unlikely to be attributable to iron
deficiency alone; furthermore, the degree to which
mild to moderate anemia influences mortality out-
comes is not well established.

Iron deficiency and iron deficiency anemia
have been associated with impaired cognitive devel-
opment and functioning. These effects of iron defi-
ciency may be mediated in part by the deprivation of
functional iron in brain tissue, and the impact of
iron deprivation may vary depending on its timing
in relation to critical stages of brain development.
Iron interventions in anemic school-age children
generally result in improved school performance.
The results of iron interventions in infants and pre-
school-age children are less clear, perhaps in part
because cognition is more difficult to measure in
this age group.

Studies have shown a negative impact of iron
deficiency anemia on work productivity among
adult male and female workers in settings requiring
both strenuous labor (rubber plantation) and less
intensive efforts (factory work). The impact of iron
deficiency anemia on performance may be mediated
by a reduction in the oxygen-carrying capacity of
blood associated with low hemoglobin concentra-
tion and by a reduction in muscle tissue oxidative
capacity related to reductions in myoglobin and
effects on iron-containing proteins involved in cellu-
lar respiration.

Interventions: Prevention and Treatment
of Iron Deficiency Anemia

Supplementation

Iron supplementation is the most common interven-
tion used to prevent and treat iron deficiency
anemia. Global guidelines established by the Inter-
national Nutritional Anemia Consultative Group,
the World Health Organization, and UNICEF iden-
tify pregnant women and children 6-24 months of
age as the priority target groups for iron supplemen-
tation because these populations are at the highest
risk of iron deficiency and most likely to benefit
from its control. However, recommendations are
given for other target groups, such as children, ado-
lescents, and women of reproductive age, who may
also benefit from iron supplementation for the
prevention of iron deficiency. The recommendations
are given in Table 2. Recommended dose and/or
duration of supplementation are increased for popu-
lations where the prevalence of anemia is 40% or
higher. The recommended treatment for severe
anemia (Hb <70g/l) is to double prophylactic doses
for 3months and then to continue the preventive
supplementation regimen.

Ferrous sulfate is the most common form of iron
used in iron tablets, but fumarate and gluconate are
also sometimes used. A liquid formulation is avail-
able for infants, but it is not used often in anemia
control programs in developing countries because of
the expense compared to tablets. Crushed tablets
can be given to infants and young children as an
alternative, but this has not been very successful
programmatically.

Efforts to improve the iron status of populations
worldwide through supplementation have met with
mixed success. Given the frequency with which iron

Table 2 Guidelines for iron supplementation to prevent iron deficiency anemia

Target group Dose

Duration

Pregnant women

Children 6—24 months (normal birth weight)
Children 6—24 months (low birth weight)
Children 2-5years

Children 6-11years

Adolescents and adults

60mg iron +400 ug folic acid daily
12.5mg iron°+ 50 g folic acid daily
12.5mg iron + 50 pug folic acid daily
20-30mg iron® daily

30-60mg iron daily

60mg iron daily®

6 months in pregnancya’b
6-12months of age®
2-24 months of age

4f 6-months’ duration cannot be achieved during pregnancy, continue to supplement during the postpartum period for 6 months or

increase the dose to 120 mg iron daily during pregnancy.

bContinue for 3 months postpartum where the prevalence of pregnancy anemia is >40%.

“Iron dosage based on 2mg iron/kg body weight/day.

9Continue until 24 months of age where the prevalence of anemia is >40%.

°For adolescent girls and women of reproductive age, 400 pg folic acid should be included with iron supplementation.

Adapted with permission from Stoltzfus RJ and Dreyfuss ML (1998) Guidelines for the Use of Iron Supplements to Prevent and Treat
Iron Deficiency Anemia. Washington, DC: International Nutritional Anemia Consultative Group.
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tablets must be taken to be effective, a lack of efficacy
of iron supplementation in research studies and pro-
grams has often been attributed to poor compliance
and the presence of side effects such as nausea and
constipation. Ensuring compliance in some settings
also requires extensive logistical support. Although
in developing countries the maximum coverage of
iron supplementation programs for pregnant women
is higher than 50%, other high-risk groups are less
frequently targeted for iron supplementation.

Comparative trials have demonstrated that both
weekly and daily iron supplementation regimens sig-
nificantly increase indicators of iron status and ane-
mia, but that daily supplements are more efficacious
at reducing the prevalence of iron deficiency and
anemia, particularly among pregnant women and
young children who have high iron demands. There-
fore, daily iron supplements continue to be the
recommended choice for pregnant women and
young children because there is often a high preva-
lence of iron deficiency anemia in these populations.
Weekly supplementation in school-age children and
adolescents holds promise for anemia prevention
programs because it reduces side effects, improves
compliance, and lowers costs. Further assessment of
the relative effectiveness of the two approaches is
needed to determine which is more effective in the
context of programs.

Fortification

Iron fortification of food is the addition of supple-
mental iron to a mass-produced food vehicle con-
sumed by target populations at risk of iron
deficiency anemia. Among anemia control strategies,
iron fortification has the greatest potential to
improve the iron status of populations. However,
its success has been limited by technical challenges
of the fortification process: (i) the identification of a
suitable iron compound that does not alter the taste
or appearance of the food vehicle but is adequately
absorbed and (ii) the inhibitory effect of phytic acid
and other dietary components that limit iron absorp-
tion. Water-soluble iron compounds, such as ferrous
sulfate, are readily absorbed but cause rancidity of
fats and color changes in some potential food vehi-
cles (e.g., cereal flours). In contrast, elemental iron
compounds do not cause these sensory changes but
are poorly absorbed and are unlikely to benefit iron
status. Research on iron compounds and iron absorp-
tion enhancers that addresses these problems has
yielded some promising alternatives. Encapsulated
iron compounds prevent some of the sensory changes
that occur in fortified food vehicles. The addition of
ascorbic acid enhances iron absorption from fortified

foods, and NaFe-EDTA provides highly absorbable
iron in the presence of phytic acid.

Many iron-fortified products have been tested
for the compatibility of the fortificant with the
food vehicle and for the bioavailability of the for-
tified iron, but few efficacy or effectiveness trials
have been done. Iron-fortified fish sauce, sugar,
infant formula, and infant cereal have been
shown to improve iron status. In contrast,
attempts to fortify cereal flours with iron have
met with little success because they contain high
levels of phytic acid and the characteristics of
these foods require the use of poorly bioavailable
iron compounds.

In the developed world, iron fortification has
resulted in decreased rates of iron deficiency and ane-
mia during the past few decades. Some debate remains,
however, about the potential for the acquisition of
excess iron, which has been associated with increased
chronic disease risk in some studies. In Europe, Fin-
land and Denmark have recently discontinued food
fortification programs because of concerns of iron
overload. Individuals with hereditary hemochromato-
sis, ~5/1000 individuals in populations of European
descent, are at particular risk of iron overload.

Control of Parasitic Infections

Because geohelminths such as hookworm also con-
tribute to iron deficiency, programs that increase
iron intakes but do not address this major source
of iron loss are unlikely to be effective at improving
iron status. Other infections and inflammation also
cause anemia, as does malaria, and the safety of iron
supplementation during infection or malaria has
been debated. Where malaria and iron deficiency
coexist, the current view is that iron supplementa-
tion is sufficiently beneficial to support its use. Ide-
ally, however, where multiple etiologies of anemia
coexist, these etiologies need to be recognized and
simultaneously addressed.

Other Micronutrients

Other nutrients and their deficiencies that can
impact iron status, utilization, or anemia include
vitamin A, folate, vitamin B, riboflavin, and ascor-
bic acid (vitamin C). Improving iron status can also
increase the utilization of iodine and vitamin A from
supplements. On the other hand, it is increasingly
recognized that simultaneous provision of iron and
zinc in supplements may decrease the benefit of one
or both of these nutrients. These complex micro-
nutrient interactions and their implications for nutri-
tional interventions are incompletely understood but
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have significant implications for population-based
supplementation strategies.

Summary

Iron deficiency anemia exists throughout the world,
and pregnant women and infants 6-24 months old
are at highest risk because of their high iron require-
ments. Women of reproductive age, school-age chil-
dren, and adolescents are also high-risk groups that
may require attention in anemia control programs.
Although numerous indicators exist to characterize
the progression of iron deficiency to anemia, diffi-
culties remain with their use and interpretation,
particularly in the face of other causes of anemia.
Despite the proven efficacy of iron supplementation
and fortification to improve iron status, there are
few examples of effective anemia prevention pro-
grams. More innovative programmatic approaches
that aim to improve iron status, such as geohelminth
control or prevention of other micronutrient defi-
ciencies, deserve more attention. Challenges remain
in preventing and controlling iron deficiency anemia
worldwide.

See also: Adolescents: Nutritional Requirements.
Breast Feeding. Children: Nutritional Requirements.
Folic Acid. Infants: Nutritional Requirements. Iron.
Lactation: Dietary Requirements. Pregnancy: Nutrient
Requirements.
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Introduction

A major distinction in diagnosis and classification
of anemias is whether the eventual red cells that
appear in the circulation are smaller (microcytic) or
larger (macrocytic) than the usual normal cell size
(normocytic). The most important example of the
former is iron deficiency anemia where it appears
that the red cell precursors, during their replication
in the bone marrow from an original pluripotent
stem cell undergo a higher than normal number of
divisions. Since each such division results in two
daughter cells that are slightly smaller, an increase
in the number of divisions in the marrow compart-
ment will result in smaller red cells in the circula-
tion. In iron deficiency this is thought to happen
because the usual progressive inactivation of the
nucleus after each division occurs at a slower than
normal rate.

The most characteristic example of a macrocytic
anemia occurs because there is an abnormally slow
rate of DNA biosynthesis in the developing red cell.
Such reduced synthesis delays the rate of development
of the nucleus and with it the rate of cell division
during replication in the bone marrow compartment.
Thus, by the time such cells have differentiated to the
point at which they receive a signal to leave the bone
marrow, they have undergone fewer than usual cell
divisions, resulting in cells that are larger than normal
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or macrocytic. The other unique characteristic of
such arrest in DNA biosynthesis is evidenced by the
cells that are present in the bone marrow itself. The
red cell precursors have a very different appearance
from that of the normally developing red cell series
(normoblasts). The nuclei are much larger than usual
and are far less differentiated. These characteristic
cells are called megaloblasts and only occur where
there has been a slow down or arrest of DNA bio-
synthesis. This occurs in only three circumstances:
folate deficiency, vitamin By, deficiency, or during
therapy with drugs that interfere directly or indirectly
with DNA biosynthesis (Figure 1).

Definition

As the name suggests and as discussed above the
unique feature that defines megaloblastic anemia is
the presence of abnormal red cell precursors called
megaloblasts in the bone marrow. Therefore, bone
marrow examination by a competent hematologist
remains the gold standard for diagnosis of megalo-
blastic anemia. As discussed below, such morpholog-
ical examinations are no longer routinely part of

the diagnosis. However, despite the availability of
other tests, the presence of megaloblasts in bone
marrow aspirate remains the only way to achieve
a definitive diagnosis and is still required if the
patient fails to respond to treatment.

Biochemical Aspects of the
Megaloblastic Anemias

The biochemical interrelationships between vitamin
By, and folate are described in Figure 1 and dis-
cussed elsewhere in the chapters on cobalamins and
folic acid. The folate cofactors are essential for the
provision of so-called carbon one units for the bio-
synthesis of purines and pyrimidines and thus for
DNA. Folate in the form of 5-methyltetrahydrofo-
late (5-methyl THF) is also needed to supply the
methylation cycle with methyl groups (Figure 1).
These are needed to regenerate methionine and
S-adenosylmethionine (SAM) in cells, the latter
being used to donate methyl groups to the three
dozen or so methyltransferases present in all cells.
In hepatocytes, part of the methylation cycle is used
to degrade the 60% or so excess of methionine



ANEMIA/Megaloblastic Anemia 111

present in the diet over and above daily require-
ments. When folate status is reduced there will
be a reduced capacity in cells to make DNA and
thus to replicate. This will be most easily seen in
rapidly dividing cells such as those of the bone
marrow, hence the emergence of the very character-
istic megaloblastic anemia with megaloblasts being
seen in bone marrow aspirates. Clearly one would
also expect to see a reduction in the methylation
cycle, which could in turn reduce the activity of
the numerous methyltransferases. The effects of
such a reduction are less obvious and contrast sharp-
ly with what happens when the methylation cycle is
interrupted by deficiency of vitamin By, (see below).
Vitamin By, is involved in two enzymatic reactions
in man, methylmalonyl CoA mutase and methionine
synthase. As discussed later deficiency of the former
leads to a raised level of methylmalonyl CoA in
cells, which is seen in the circulation and the urine
as methylmalonic acid (MMA). What is of very
great interest is the clinical sequence of events
during vitamin Bq, deficiency and how they arise.
There are two such sequences: the development of a
megaloblastic anemia identical to that seen in folate
deficiency and a neuropathy not usually associated
with folate deficiency.

At a biochemical level, the explanation for the
anemia is encapsulated in the methyl trap hypoth-
esis, first put forward by Victor Herbert as early as
1961. The biosynthesis of S5-methyl THF by the
enzyme 5,10-methylenetetrahydrofolate reductase
(MTHFR) (Figure 1) is irreversible in vivo. Thus,
once formed this folate cofactor can only be used
by the vitamin Bi,-dependent enzyme methionine
synthase. The activity of the enzyme is reduced or
absent in the bone marrow of patients with vitamin
By, deficiency. Progressively more and more of the
folate cofactors become metabolically trapped as
5-methyl THF reducing the intracellular levels of
10-formyl THF and 5,10-methylene THF needed
for the biosynthesis of purines and pyrimidines and
thus for DNA and cell division. Although such cells
contain folate, they are unable to use it and suffer
from a kind of pseudo folate deficiency, thus pro-
ducing an identical megaloblastic anemia to that
seen in folate deficiency. One might question why
cells do such an apparently destructive thing. The
answer is that cells perceive vitamin By, deficiency
through an ever-reducing level of SAM. This essen-
tial methyl donor normally downregulates the
amount of 5-methyl THF synthesized in cells by
reducing the level of the enzyme MTHEFR. Falling
levels of SAM in vitamin By, deficiency by contrast
are met with an ever-increasing activity of MTHFR
and diversion of the folate cofactors into the trapped

form, namely 5-methyl THF, which, of course, can-
not be regenerated into THF because of the absence
of methionine synthase.

A very characteristic neuropathy is also associated
with vitamin By, deficiency. This neuropathy is due
to a reduction or interruption of the methylation
cycle. This is clear from two independent lines
of evidence. Firstly, inactivation of methionine
synthase in experimental animals (monkeys and
pigs) leads to the classical so-called subacute com-
bined degeneration of the spinal cord (SCD) seen in
patients with severe vitamin Bi, deficiency. Sec-
ondly, patients with genetically very rare dramatic
reductions in the enzyme MTHFR have the classical
signs and symptoms of SCD. The most plausible
explanation is that as a result of reduced MTHFR
levels they are unable to supply the methyl groups
needed for the methylation cycle. It is of interest that
such patients do not get megaloblastic anemia, pre-
sumably because while their folate metabolism is
interfered with, there is no trapping of the folate
cofactors metabolically as 5-methyl THF. It seems
probable that a reduction in activity of one or more
of the methyltransferases, the activity of which is
compromised by an interruption of the methylation
cycle, causes the characteristic neuropathy. It is
unclear which specific methyltransferase is involved.

Diagnosis of Megaloblastic Anemia

As mentioned above the definitive diagnosis requires
identification of the presence of megaloblasts in
bone marrow aspirate. The taking of such an aspi-
rate (usually from the hip bone) involves some dis-
comfort for the patient and must be performed by
an appropriately trained practitioner. Frequently,
the routine diagnosis of unexplained macrocytic
anemia falls to general physicians or general practi-
tioners. In this situation, where there is clear evi-
dence that the macrocytic anemia is due to
deficiency of vitamin By, or folate, it is not neces-
sary to obtain a bone marrow aspirate to confirm
megaloblastic changes. However, when bone mar-
row is not examined initially and a patient is treated
for deficiency of vitamin By, or folic acid, it is
essential to verify that their response to treatment
includes correction of anemia and macrocytosis. If
there is any doubt, a bone marrow aspirate must be
performed to exclude other possible underlying
hematological disorders.

The first stage of diagnosis is based on the result
of a full blood count (FBC) (also called complete
blood count (CBC) in some countries) using an
automatic instrument such as a Coulter counter.
An FBC is done on virtually every patient admitted
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to hospital. Frequently, an FBC would also form
part of an outpatient work-up or might be ordered
by a GP through an associated hospital or labora-
tory. Where the hemoglobin level is below the refer-
ence value with respect to sex and age indicating
anemia, the mean corpuscular volume (MCV) is
assessed. This parameter essentially gives a mean of
the size of red blood cells in the circulation. Mega-
loblastic anemia usually results in larger than nor-
mal red cells in the circulation and thus a raised
MCV; however, sometimes quite advanced stages
of megaloblastic anemia can be accompanied by a
normal and, infrequently, even below normal MCV.
This can arise because of the concomitant presence
of iron deficiency. A raised MCV accompanying the
anemia seen in the FBC (macrocytic anemia) moves
the diagnosis to being one of megaloblastic anemia,
although other causes of macrocytosis such as
hypothyroidism or excess alcohol consumption
may need to be considered also. Conventionally,
the next step is to carry out a bone marrow aspirate
to verify if megaloblasts are present, but, as men-
tioned earlier, this step can be omitted if the diag-
nosis of vitamin By, or folate deficiency can be made
rapidly and accurately. After a positive bone mar-
row aspirate, or in its absence if this step is omitted,
the next analysis would be the determination of
circulatory levels of folate and vitamin By, If only
one of the vitamin levels is in the deficient range,
most clinicians would embark upon the regimen of
therapy discussed below. As mentioned above, anti-
folate or anti-DNA drugs, such as methotrexate,
5-fluorouracil, or cyclophosphamide, will also arrest
DNA biosynthesis and cause megaloblastic anemia;
however, it is usually known when patients are on
such anticancer chemotherapy.

The circulating levels of folate and vitamin By, can
be measured in serum or plasma samples by a num-
ber of methods. Most regard microbiological assays
using Lactobacillus casei for folate and Lactobacillus
leichmannii for vitamin By, as the ‘gold standard.’
However, these assays are difficult to perform and
most laboratories use methods based on enzyme
linked immunosorbent assays (ELISA) or competitive
binding assays using a natural binder such as intrinsic
factor for vitamin By, or S-lactoglobulin for folate.
While very low plasma or serum levels of <2.0pugl™"
(4.5nM) for folate and <120ngl™' (88pM) for
vitamin By, are considered as being diagnostic of
deficiency, there is a gray area for both assays
2.0-2.7pgl™' (4.5-6.1nM) for serum folate and
120-200ng1~" (88-148 pM) for vitamin B, indicat-
ing possible deficiency. Values above 2.7pgl™!
(6.1nM) for folate or 200ngl™! (148pM) for
vitamin By, usually indicate the absence of deficiency.

Some laboratories also offer red cell folate levels. The
red cell during its maturation in the bone marrow
incorporates a level of folate commensurate with
what is present in the circulation during that period.
When the red cell passes from the bone marrow into
the circulation it can neither take up nor lose folate
until the end of its life, usually 120 days later. Thus,
the circulatory red cells give an average of the folate
level over the previous 4 months. Unlike the plasma
or serum level the red cell folate level is not influ-
enced by recent fluctuation in dietary intake. Thus,
low red cell folate levels of <100 ugl™" (226 nM) are
a very good indication of folate deficiency with a
range of 100-150ugl™" (226-340nM) where there
is possible deficiency and values above 150pugl™!
(340nM) generally indicating the absence of folate
deficiency. While red cell folate levels have significant
advantages over serum folate levels they have one
very significant drawback. Red cell folate levels are
also significantly reduced in vitamin By, deficiency.
This is because the bone marrow cells take up the
predominant circulating form of folate, namely
5-methyl THF. However, this form, which has just
a single glutamate, is not retained by the cells unless
it is converted into a predominant cellular form of
folate with on average five glutamate residues. The
enzyme that adds these glutamates does not use
5-methyl THF as a substrate; therefore, 5-methyl
THF must be converted to THF before it can be
converted to a polyglutamate. The only enzyme in
the cell that converts 5-methyl THF to THF is the
vitamin Bj,-dependent methionine synthase. As men-
tioned above, its activity is reduced or absent in
vitamin By,-deficient bone marrow. Thus, such cells
have an inability to conjugate and retain the circulat-
ing form of folate and as a result have reduced red
cell folate levels. Thus, a low red cell folate level may
lead to the misdiagnosis of vitamin By, deficiency as
folate deficiency, a circumstance which for the rea-
sons discussed later must be avoided at all costs.
Consegently, it is always necessary to measure the
level of plasma or serum folate . If it is also low or
deficient and accompanied by a low red cell folate
this is indicative of folate rather than vitamin B,
deficiency. This is because the circulating folate levels
tends to back up in the serum resulting in higher
rather than lower serum folate levels in vitamin By,
deficiency.

Before therapy, further investigations could be
undertaken. These largely depend upon the availabil-
ity of such tests in any particular clinical context.
Elevated plasma homocysteine levels occur in both
vitamin By, and folate deficiency and raised homo-
cysteine does not establish which vitamin is deficient.
This is because such elevation is due to a reduction in
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the flux of homocysteine back to methionine as part
of the methylation cycle (Figure 1). The enzyme that
is compromised is methionine synthase, which uses
vitamin By, as a cofactor (Figure 2) and S5-methyl-
tetrahydrofolate (Figure 3) and homocysteine as its
substrates. This enzyme, and consequently the methyl-
ation cycle, thus requires both a normal folate and a
normal vitamin By, status for optimum activity. Thus
reduction in the status of either vitamin is always
accompanied by an elevation of plasma homocys-
teine. Homocysteine is also elevated in other circum-
stances, most notably in impaired renal function. This
can, to some extent, be corrected for the creatinine
level. Homocysteine is also elevated in vitamin Bg
deficiency and common C—T677 MTHFR poly-
morphism. Thus, while elevated plasma homocys-
teine confirms the presence of megaloblastic anemia,
establishing which vitamin is deficient still relies on
measurement of the circulating levels of the vitamins
involved.

The measurement of plasma, serum, or urine
MMA is very helpful in confirming a diagnosis of
vitamin By, deficiency. This analyte is elevated due

OH: hydroxycobalamin

X = CHj: methylcobalamin
Ado: 5’"deoxyadenosylcobalamin
CN: cyanocobalamin

Figure 2 The structure of naturally occurring vitamin B,
(hydroxycobalamin), its synthetic form cyanocobalamin, and its
two cofactor forms methylcobalamin and 5'deoxyadenosylcobal-
amin. Hydroxycobalamin, X = Co-hydroxide; cyanocobalamin,
X = Co-cyanide; methylcobalamin, X=Co-CHj; deoxyadenosyl-
cobalamin, X = Co5'deoxyadenosy!.

to a reduction in the activity of methylmalonyl CoA
mutase, the other vitamin By,-dependent enzyme in
man (Figure 4). It appears that it is not possible to
be functionally deficient in vitamin B, without a
concomitant elevation in MMA, and so a false
negative result is not really an issue. However,
MMA like plasma homocysteine is also elevated
during renal impairment, and while this can to
some extent be corrected for by a raised creatinine,
it cannot be assumed that elevation of MMA is due
to vitamin By, deficiency. While the estimation
of plasma homocysteine is widely available the esti-
mation of MMA requires gas chromatography
mass spectroscopy (GC-MS) and has very limited
availability in practice. Newer methods to measure
vitamin By, on its transport protein TC II are under
development.

For the reasons given above, it is essential that
vitamin By, deficiency is not confused with folate
deficiency. As mentioned previously, both conditions
present with a morphologically indistinguishable
megaloblastic anemia. The inappropriate treatment
of vitamin By, deficiency with folic acid is to be
avoided at all costs (see below). Apart from using
biochemical assays to measure circulatory levels of
the two vitamins and looking for an elevation of the
biomarkers plasma homocysteine and MMA, further
tests can also implicate vitamin B, malabsorption,
the most common type of severe vitamin Bq, defi-
ciency. These include the Schilling test and the detec-
tion of antibodies against either intrinsic factor or the
parietal cells that manufacture it.

In practice, if vitamin By, deficiency cannot be
ruled out, many clinicians will treat patients with
vitamin By, if uncertain about the diagnosis. If this
is followed by a reticulocyte response and complete
disappearance of the anemia, it confirms a diagnosis
of vitamin By, deficiency. The appropriate treatment
regimen can then be implemented (see later). If treat-
ment with vitamin By, does not result in improve-
ment of the anemia then the patient is treated for
folic acid deficiency, but only after vitamin By, defi-
ciency has been excluded by all means at the
clinician’s disposal.

Causes of Folate Deficiency
Dietary

The most common cause of folate deficiency is
undoubtedly due to inadequate dietary intake. The
naturally occurring folates, unlike the synthetic form
of the vitamin folic acid, are chemically unstable
(Figure 3). The folate in food after harvesting or
during processing is subject to deterioration.
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Furthermore, folate can be lost from food during
cooking. While the prevalence of overt folate defi-
ciency in those on adequate mixed diets is relatively
uncommon, it is now clear that many people have
elevations of the biochemical marker homocysteine,
which can be decreased by increased status of folic
acid or folate, certainly where such diets are not
fortified with folic acid. This has led many to con-
clude that more people than previously suspected are
at increased risk of impaired folate function, such as
might put them at increased risk of cardiovascular
disease and other chronic diseases.

Malabsorption

Normally, the folate cofactors seem to be relatively
bioavailable but in some circumstances malabsorp-
tion causing deficiency can occur, such as in celiac
disease or tropical sprue.

Alcohol Abuse

Chronic alcoholics often have evidence of less than
optimal folate status. It is unclear if this is due to
inadequate dietary intake, some direct toxic effect of
alcohol on folate metabolism in the bone marrow,
or increased renal loss.

Drugs

Antifolate drugs such as methotrexate inhibit the
enzyme dihydrofolate reductase, which is necessary
for maintaining pyrimidine biosynthesis. A known
side effect of methotrexate is megaloblastic anemia
if given inappropriately.

Pregnancy

It is well established that many women are at risk of
reduced folate status or even deficiency in their third
trimester of pregnancy. This is probably due to an
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increased breakdown or catabolism of the vitamins
associated with the rapid growth of the fetus/
placenta rather than the transfer of maternal folate
to the fetus, which is quantitatively small. Rapid cell
division would result in an increased flux through
tetrahydro and dihydrofolate forms of the vitamin,
which are known to be the two most chemically
unstable forms of the vitamin. In many countries
folic acid is given in the latter stages of pregnancy
to protect against this risk of megaloblastic anemia,
the emergence of which very much depends upon
the mother entering the pregnancy with poor stores.
These events in the third trimester should not to be
confused with the more recent incontrovertible evi-
dence that the maternal periconceptional ingestion
of folic acid prevents the majority of cases of spina
bifida and other neural tube defects, which take
place within the first 4 weeks postconception.

Causes of Vitamin B4, Deficiency
Dietary

No plant material can synthesize vitamin By,. Apart
from reports that some algae can synthesize vitamin
By, its origin in the food chain seems to be exclu-
sively due to its biosynthesis by microorganisims.
Thus, most vitamin B, enters the human food
chain from biosynthesis by microorganisms in herbi-
vorous animals. Meat and products such as milk,
cheese, or eggs introduce vitamin B, into the
human food chain. Chickens ingest food contami-
nated with microbes and introduce the vitamin via
their meat and eggs. Vegetarians who have milk or

eggs (lacto ovo vegetarians) as part of their diet
and thus a source of some, albeit reduced, dietary
vitamin By, still have reduced vitamin By, status.
Yet other communities who for religious or other
reasons are strict vegetarians (vegans) have no
source of vitamin By, and are at high risk of defi-
ciency. This risk can be reduced in some of these
communities where fermented food is eaten, in
which bacteria have introduced vitamin By,; also,
it has been suggested that in some circumstances
the food is contaminated by bacteria. However,
vegans and in particular babies born to and weaned
by strict vegan women are established to be at risk
of vitamin B, deficiency and such babies have been
reported on several occasions to show the signs and
symptoms of the neuropathy associated with such
deficiency.

Malabsorption

The majority of cases of vitamin Bj, deficiency,
particularly severe deficiency, are due to malabsorp-
tion. While vitamin By, is a water-soluble vitamin it
is extremely large and only between 1 and 3% of
any specific dose will cross the intestinal wall by
diffusion. Thus, the normal physiological absorption
of vitamin By, is dependent upon it forming a com-
plex with a glycoprotein that is secreted by the
parietal cells of the stomach called intrinsic factor
(IF). The most classical case where IF is deficient or
absent is in the autoimmune pernicious anemia (PA).
The most usual presentation of this condition is
where antibodies are produced against the parietal
cells rendering them incapable of secretion not only
of IF but also hydrochloric acid (HCI) leading to
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hypochlorhydria. Yet another form sees autoantibod-
ies produced against IF itself rendering it incapable
of binding vitamin B, with consequent malabsorp-
tion of the IF-B{, complex in the ileum, where
specific receptors are responsible for the active
absorption of vitamin By,. There is some evidence
that many elderly people, perhaps even the major-
ity, suffer to varying degrees from gastric atrophy.
In such circumstances while they may still have an
adequate supply of IF they lack a competent secre-
tion of HCL. It is suggested that this acid and the
accompanying action of pepsin is necessary to
release vitamin B, from the form in which it is
present in food. The consequences would be vary-
ing degrees of malabsorption of food-bound vita-
min By, but an ability to absorb the free form of
the vitamin present in foods fortified with vitamin
B, or from supplements. Other now infrequent
causes of vitamin By, malabsorption are resections
of the stomach or removal of the ileum, the site of
absorption.

Treatment of Folate Deficiency

If the deficiency is nutritional it is usually treated in
the first instance with dietary supplements. In the
past, daily supplements of 5.0mgday ' have been
used but more recent evidence suggests that such
high levels would only be appropriate for the
immediate treatment of an overt deficiency. More
long-term treatment would recommend dietary
changes to improve folate intake. In practice, to
achieve effective changes is very difficult so the
recommendation might be to improve intake
through foods fortified with the synthetic form of
the vitamin, namely folic acid, or the use of supple-
ments of folic acid. In both of these instances the
aim is to achieve a maximum increased intake via
folic acid of 400 pgday~'. Long-term ingestion of
larger amounts are not recommended because of
their ability to mask the diagnosis of vitamin Bi,
deficiencies (discussed above). Other causes of folate
deficiency are treated by removing the cause, e.g.,
alcohol abuse.

Treatment of Vitamin B, Deficiency

If the cause of the deficiency is nutritional, dietary
supplements containing vitamin By, (usually
2.0 pgday " should be taken.

If the deficiency is due to malabsorption, apart
from where the vitamin By, deficiency may be due
to gastric atrophy, a dietary remedy is not effective
because it will be malabsorbed. Such malabsorp-
tion conditions must be treated by regular monthly

or bimonthly injections of 1000 pg of vitamin By,
for life. If these injections are discontinued a return
to the vitamin By, deficiency state is inevitable.
This is not only due to malabsorption of dietary
vitamin By, but also the 1 or 2ug of vitamin By,
secreted daily in the bile will be malabsorbed
leading to negative balance. If the deficiency is
due to gastric atrophy, supplements providing
500-1000 pgday ' can replete stores and maintain
B, status.

Inappropriate Treatment of Vitamin B,
Deficiency with Folic Acid

As mentioned above, megaloblastic anemia caused
by folate deficiency should not be confused with
that caused by vitamin By, deficiency. The subse-

quent inappropriate treatment with folic acid
could have serious and frequently irreversible
consequences.

Historically, before there was a clearer under-
standing of folate metabolism, in vitamin Bq, defi-
ciency, synthetic folic acid (Figure 3) was used in
many instances to treat vitamin By, deficiency. This
at first appeared to be successful in that continued
treatment with folic acid largely reversed the ane-
mia. However, it became clear that at best this
masked the underlying concomitant development
of the neuropathy, and some data suggest that
folic acid exacerbated the neuropathy. In any
event, the inappropriate treatment of vitamin By,
with folic acid masks the emergence of the anemia.
Historically, it appears that about one-third of
patients with vitamin By, deficiency present with
anemia, one-third with the neuropathy, and one-
third with both. In addition, the s