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Foreword

The important role of nutrition in pro-
moting health and preventing disease is
well established. Although scientific
understanding of the roles of various
nutrients in human health has pro-
gressed rapidly over the past century,
nutritional deficiencies remain a threat
to the lives and health of millions of
people throughout the world, particu-
larly children. At the other end of the
nutritional spectrum, a global epidemic
of obesity is also threatening the lives
and health of millions. Despite appear-
ances, overweight and obesity are often
associated with  poor nutrition.
Although poor nutritional status has
long been associated with increased
risk of infectious disease, a large body of
evidence now supports the association
of poor nutrition with increased risk of
noninfectious chronic diseases.
Obesity is associated with an increased
risk of several cancers, including colon
cancer and postmenopausal breast can-
cer.It has been estimated that diet mod-
ification could potentially prevent as
many as one third of cancers world-
wide. Epidemiologists at Harvard have
estimated that as much as 70% of stroke
and colon cancer, 80% of coronary heart
disease and 90% of type 2 diabetes could
be prevented by a healthy diet, regular
physical activity, and avoidance of
smoking. After reviewing the large body
of evidence linking diet and chronic dis-
ease risk, a number of expert panels
have made surprisingly similar recom-
mendations for a healthy diet:
* Achieve and maintain a healthy body
weight
* Increase consumption of fruits, vege-
tables, legumes, and nuts
» Replace saturated and trans fats with
unsaturated fats

* Replace refined grains with whole
grains

 Limit sugar and salt intake

* Drink alcohol in moderation (if at all)

Although basic to health, the study of
nutrition is complex and integrates
knowledge from disciplines as varied as
physiology, molecular biology, chemis-
try, psychology, sociology, economics
and public policy. In this edition of the
Pocket Atlas of Nutrition, Professors
Biesalski and Grimm are providing
health and nutrition professionals, stu-
dents and motivated consumers with a
useful nutrition resource that is broad
in its scope yet concise in its delivery.
The first section of the book provides
the reader with an important founda-
tion in nutrition science, including
essential topics such as body composi-
tion, energy requirements, appetite reg-
ulation, and the physiology of nutrient
digestion and absorption. Subsequent
chapters on macronutrients (carbohy-
drates, proteins and fats) and micro-
nutrients (vitamins and minerals) dis-
cuss relevant clinical issues, as well
as current intake recommendations. A
section on nutrition in specific life
situations addresses important nutri-
tional issues specific to the elderly,
pregnant and lactating women, young
children, and athletes, while a section
on nutritional medicine provides ad-
ditional information on the role of
nutrition in chronic disease prevention
and treatment. Throughout the book
detailed figures clarify and expand on
information discussed in the text.

Unlike some nutrition texts, the Pocket
Atlas of Nutrition does not shy away from
controversy. In addition to presenting
the often-criticized U.S. Department of
Agriculture Food Guide pyramid, the
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Vi Foreword

authors also discuss the merits of the
Healthy-Eating Pyramid created by the
Harvard School of Public Health and a
pyramid based on the Mediterranean
diet. Discussions of food quality, food
additives and food safety that cover con-
troversial topics from the genetic modi-
fication of foods to bovine spongiform
encephalopathy (BSE) will be of interest
to consumers and clinicians alike.

Despite the fact that there is general
agreement among scientists regarding
the basic components of a healthy diet,
the proportion of the population that
actually follows these guidelines is rel-
atively small. Although consumers are
interested in the relationship between
diet and health, many are confused
about what they should eat and
whether they should take supplements.

Contributing to this confusion are
seemingly contradictory nutritional
sound bites supplied by the news media
and well-funded marketing campaigns
from food, dietary supplement, and
weight loss industries. Now, more than
ever, there is a need for nutrition and
health professionals who understand
and communicate consistent and accu-
rate information regarding healthy
diets and lifestyles. The Pocket Atlas of
Nutrition will be a useful study guide
and an excellent reference for those
who want to learn more about the sci-
ence of nutrition.

Jane Higdon, Ph.D.
Linus Pauling Institute
Oregon State University
Corvallis, Oregon
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Preface

After 30 years of advice to eat low fat,
the United States, followed closely by
many other, mostly but not exclusively,
industrialized nations, is witnessing an
unprecedented epidemic increase in
obesity and diabetes, to name just two.
The cost of these developments to the
individual and to society is enormous,
and the projected cost for the future
staggering. It is evident that the in-
crease in obesity and diabetes is
strongly related to faulty nutrition.
Proper nutrition is probably the most
effective and cost-effective prevention
for these and many other diseases,
including most cancers.

It should be clear to anyone by now that
proper nutrition involves much more
than having three meals a day. The writ-
ten media abound with nutritional
advice and information. Many books
promote often extremely controversial
guidelines for weight loss and better
health. Frequently, articles and books
are based on unproven assumptions,
anecdotal evidence, or single scientific
studies that seem to point in one or the
other direction. The reader who tries to
make sense of it all tends to be utterly
confused.

Yet, even though nutritional science is
relatively young, it is a hard science and
many aspects have been thoroughly
researched. Our knowledge of other
aspects, such as the functions and
effects of many secondary phyto-
chemicals, or the multiple interactions
between many body chemicals during
nutrition-related metabolism, is evolv-
ing continually. Nutritional science is an
interdisciplinary endeavor based on
chemistry, biology, physiology, and
anatomy, which are often hard to under-
stand and even harder to present in a
condensed, easy to assimilate fashion.

So where can the interested layperson
turn for information? Where do profes-
sionals dealing with nutritional ques-
tions, physicians, nurses, pharmacists,
teachers, etc.—who often have little or
no nutritional training—turn for easily
accessible, reliable, up-to-date, and
comprehensive information? Where
can dietitians and nutritionists quickly
look up scientifically sound and up-to-
date information about a particular
nutritional topic?

This is where the Pocket Atlas of Nutri-
tion comes in. It provides well-presented
basic knowledge and presents the state
of the art of nutritional science today. Of
course, it cannot provide the in-depth
approach of textbooks of nutrition,
nutritional medicine, and related fields.
We are hoping, though, that the compact
presentation of knowledge typical of
Thieme’s Pocket Atlas series will provide
the reader with quick insights and a rel-
atively easy to obtain overview. If the
book raises in the reader a skeptical atti-
tude toward quickly drawn conclusions,
that was our intent.

Recent advances in molecular biology
have allowed nutritional science to
advance rapidly, and the information
resulting from this research is increas-
ingly complex. Yet, even most recent
research findings have been included in
these chapters, sometimes still marked
as open questions.

Nutritional science remains a work in
progress. In tune with the latest con-
cerns about public health, this edition
includes several new chapters on pre-
ventive nutrition and more emphasis
has been placed on nutritional medicine.

Hans Konrad Biesalski
Peter Grimm
Sigrid Junkermann (Translator)
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As the translator and as a teacher of
biology and nutrition, I found it an
exciting endeavor to render this Ger-
man book in English and adapt it to the
American market. It made me research
a number of topics, compare European
with American conditions, deepen
aspects of my knowledge, confirm and
revise others, and overall gain a deeper
insight into the state of the art and the
present direction of nutritional science.
[ also wish to express my gratitude to
Angelika Findgott of Thieme Interna-
tional for having found me and given
me the opportunity to do this work, for
being a great editor, collegial, wonder-
ful, and fun to work with.

Sigrid Junkermann

The authors are glad to have secured the
collaboration of Ms. Sigrid Junkermann
for this English edition. She has not only
produced an accurate translation of fine
literary quality but has also, through her
familiarity with American conditions
and guidelines and her tireless commit-
ment and dedication to the quality of
the book, succeeded in adapting this
edition optimally to the standard prac-
tice and terminology of English-speak-
ing health care professionals.

We are grateful to the readers for sug-

gestions and criticism, as well as for
comments relating to the content.

H.K.B., P.G.
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Biesalski, Pocket Atlas of Nutrition © 2006 Thieme
All rights reserved. Usage subject to terms and conditions of license.



Abbreviations XV

His
HMB

HMG

HUS

=
ICW
IDDM

IDL

IF
IgG
IM
IP
IPP

IRS
U
IUPAC

K
kcal
LCAT

LDL

Li
LNAA

LPL
Lys
MAO
MCL

MCT
MEOS
Met

MGP
Mj

Histidine
Hydroxymethyl
butyrate
Hydroxymethylglu-
taryl

Hemolytic uremic
syndrome

lodine

lodide

Intracellular water
Insulin-dependent
diabetes mellitus
Intermediate-density
lipoproteins
Intrinsic factor
Immunoglobulin G
Intramuscular
Inositol phosphate
Isopentenyl diphos-
phate

Insulin receptor sub-
strate

International units
International
chemical nomen-
clature

Potassium
Kilocalories
Lecithin cholesterol
acyl-transferase
Low-density lipo-
proteins

Lithium

Long-chain neutral
amino acids
Lipoprotein lipase
Lysine

Monoamine oxidases
Maximum contami-
nant level
Medium-chain tri-
glycerides
Microsomal ethanol
oxidation system
Methionine

Matrix Gla-proteins
Mega joule

Mn
MnSOD
Mo
MOO4_
MSG

NA
NAD*

NADP

NADPH

NE
Neo-DHC
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PRPP 5-Phosphoribosyl-1- Si Silicon
diphosphate Sia Sialic acid
Pte Pteridine Si0y Silicon oxide
PTP Phospholipid transfer | SiO4~ Silicate
protein Sn Tin
PUFA Polyunsaturated fatty | SO Sulfur dioxide
acids SO3~ Sulfite
R Retinol Nevu Sulfate
RA Retinoic acid SOD Superoxide dismutase
RAR Retinoic acid recep- SR material Specified risk material
tors SRM Specified risk material
rBGH Recombinant human TBG Thyroxine-binding
growth hormone globulin
RBP Retinol-binding pro- TDP Thiamin diphosphate
tein TEF Thermic effect of food
RDA Recommended Die- TfR Transferrin receptors
tary Allowances (US.) | TG Triglycerides
RDA Recommended Daily TG Triacyl glycerole
Amounts (UK) THFA Tetrahydrofolate
RDI Reference Daily Thr Threonine
Intake (U.S.) TSE Transmissible spongi-
RDI Recommended Daily form encephalopathy
Intakes (Australia) TTP Thiamin triphosphate
RE Retinol Equivalents TTR Transthyretin
RE Esterified Retinol UCP1 Uncoupling protein 1
RE Retinyl ester UDP- Uridine phosphate
REM Remnants UL Tolerable Upper In-
RFBPs Riboflavin-binding take Level

proteins
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USP
UWL
vCJD

VLDL

vo2*
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United States Pharma-
copeia

Unstirred water layer
Vanadium

Variant Creutzfeldt-
Jakob disease

Very low density lipo-
proteins

Vanadyl

VO3~
X5P

YOPI

Zn
oTE

Vanadate
Xylulose-5-phosphate
Xanthine oxidase
Young, old, pregnant,
and immunocompro-
mised

Zinc

a-Tocopherol equiva-
lents
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2 Introduction

Introduction

Human foods are made up of essentially
six basic component types (five groups
of nutrients and water), each of which
has different functions in the body (A).
Carbohydrates and lipids represent our
main energy sources. Proteins, vita-
mins, minerals, and trace elements are
essential for growth and development
of tissues. Water, proteins, and vitamins
are needed for metabolism as well as
for its regulatory functions. While
energy nutrients (carbohydrates, lipids,
proteins) are partially interchange-
able in terms of their use, vitamins,
minerals, and trace elements always
play very specific roles. Consequently, a
lack of any of these components results
in nutrient-specific—albeit not always
symptomatic—deficiencies. The com-
monality of all nutrient deficiencies is
that they interfere primarily with
growth. Consequently, growth rates can
be used to demonstrate the value of bal-
anced nutrition. Here is an example: in
1880, only 5% of male college students
were over 1.80 m (6 ft) tall, by 1955 that
percentage had reached 30 %. Improved
availability of nutrients since the be-
ginning of the twentieth century has
greatly increased life expectancy. Even
though theoretical “availability” is more
than sufficient in industrialized coun-
tries today, major improvements may
still be possible through adjustments of
nutrient ratios. According to present
knowledge, a nutrition that prevents dis-
ease can be described in the following
simplified manner: lipids <35% (i.e.,
less than 35% of total calories con-
sumed), and predominantly from plant
sources; proteins ~15%, also predomi-
nantly from plant sources; and carbohy-
drates >55 %, with a high fiber content.
This means a reduction in foods from
animal sources and consumption of a

varied array of plant foods with a high
proportion of fruits and vegetables, all
minimally processed.

Such general recommendations are not
sufficient, though, since there is great
diversity among people (B). Nutrition
professionals (nutritional scientists,
home economists, dietitians, physi-
cians, etc.) need detailed information
about individual nutrients to do justice
to all the complexity. For this reason,
many countries have developed recom-
mendations intended to represent basic
guidelines for desirable nutrient in-
takes. In the US., these recommenda-
tions are issued by the Food and Nutri-
tion Board under the National Research
Council. The most recent ones, the Di-
etary Reference Intakes (DRI), were
established in conjunction with the
Canadian Health authorities.

As nutritional science evolves, these
recommendations are revised periodi-
cally, and new findings challenge old
ideas all the time. On the other hand,
external factors are changing as well.
Over the past decades, many occupa-
tions have progressively evolved to-
wards lower levels of physical activity,
and, in many cases, increasing income
levels. These factors have a major
impact on food choices and nutrient
requirements.
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— A. Basic Components of Foods
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4 Introduction

Preventive Nutrition:
A Science in Flux

Controversy is an integral part of nutri-
tional science. Like many other aspects,
preventive nutrition is a controversial
issue. During the past decades, reducing
fat intake while increasing carbohy-
drate intake was recommended across
the world. These recommendations
were based on the observation that, in
the Western industrial nations, high fat
intakes seemed to correlate with a high
incidence of coronary artery disease.
Even though many details about the
effects of various fatty acids had been
known since the sixties, the message
was simplified to state “Fats are bad.” It
was assumed that a general reduction
in fat intake would automatically lead
to a reduced load of saturated fatty
acids. Thus, low-fat diets became a
standard. The food industry gladly
picked up on this message, especially in
the U.S. where low-fat products have a
high market-share. Admonitions that
called this fat-free strategy arbitrary
were published repeatedly, but re-
mained largely unheard.

As early as three decades ago, some sci-
entists proposed that a high carbohy-
drate intake—or rather the intake of
high-glycemic index foods (see p. 68)—
might lie at the root of many degenera-
tive diseases. As early as 1972, the
American physician Dr. R.C. Atkins pro-
posed a nutritional revolution by re-
commending consumption of more fats
and fewer carbohydrates. The recent
publication of a new food pyramid by
Harvard scientists (A) gives new sup-
port to his thesis.

While whole grain products should be
part of every meal, all foods with a high
glycemic index, like white bread, baked

potatoes, polished rice, pasta, and
sweets have been banned into the pyra-
mid’s upper levels. Their approach dif-
ferentiates between refined and whole,
simple and complex carbohydrates, tak-
ing into account their glycemic index
and glycemic load. Additionally, strict
distinctions are drawn between various
types of fatty acids: vegetable oils are
placed at the base, milk products, but-
ter, and red meat moved up. Micro-
nutrient intakes appear to be sub-
optimal regardless of such “healthy”

nutrition; hence, multivitamin and
mineral supplements are recom-
mended.

Government authorities have not yet
subscribed to these opinions (B). Their
recommendations still consider a high
overall fat intake to be the main prob-
lem, while carbohydrate foods repre-
sent the basis of the pyramid. No dis-
tinction is made between foods with
high and low glycemic loads.

It remains to be seen whether the offi-
cial recommendations on preventive
nutrition will change based on these
recent developments.

To emphasize preventive and therapeu-
tic aspects of nutrition, they are high-
lighted with orange bars next to the
text. The orange bars mark those pas-
sages that pertain to prevention or ther-
apy, and clinical or nutritional medi-
cine.
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Preventive Nutrition |

— A. Harvard Food Pyramid

White rice, white bread,
potatoes, pasta, and sweets,
use sparingly

Red meat and butter,
use sparingly

Dairy products or

Alcohol in moderation N
calcium supplements

_ Multivitamin and mineral
supplemnents for most

_ Fish, poultry, and eggs

Nuts and lequmes

Vegetables Fruit

Whole grain Plant oils

products

— B. USDA Food Pyramid

A Added sugar @ Ft

Fats, oils, and sweets,
use sparingly

Meat, fish, poultry, eggs,

Mill, yogurt, nuts, dried beans

and cheese

Vegetables

Grain
products,
pasta

Biesalski, Pocket Atlas of Nutrition © 2006 Thieme
All rights reserved. Usage subject to terms and conditions of license.



6 Introduction

Preventive Nutrition:
The Mediterranean Diet

Nutrition in accordance with the official
guidelines could be considered as pre-
ventive, in spite of recent discussions
about antioxidant vitamins, for in-
stance. Nutrient data derived from sci-
entific research provide an important
foundation for institutional nutrition
plans (e.g., hospitals, nursing homes);
however, they are too abstract for the
general consumer, who needs easy-to-
apply nutritional recommendations.
Translated into practical recommenda-
tions and compared to present intakes,
a preventive nutrition should increase
the consumption of whole grains, fruits,
and vegetables, enhance the use of
plant over animal fats, and reduce the
intake of fried and refined foods, espe-
cially simple sugars.

The popularity of outsider diets teaches
that recommendations are more suc-
cessful and attractive if combined with
a “lifestyle” image, as may be provided,
for instance, by the “Mediterranean
Diet” (A).

Mediterranean food consumption pat-
terns with their high proportion of var-
ious vegetables, grains, plant oils (olive
oil, in particular), fish, small amounts of
animal fats and meat, largely coincide
with present-day ideas about a preven-
tive diet. As early as in the 1950s, the
“Seven Countries Study” found that,
compared to Northern Europe and the
U.S., Mediterranean countries had very
low levels of heart disease.

Persons whose data were collected in
the 1950s and 1960s are still followed
within the framework of this study.
They show that in the Mediterranean,
too, the amounts of saturated fatty acids
consumed increase with increasing

wealth, lessening the preventive prop-
erties of the diet. In principle, the tradi-
tional Mediterranean is largely trans-
ferable to Western industrialized na-
tions, since a great variety of foods is
available. The high level intake of
monounsaturated (olive oil) and n-3-
fatty acids (fish) can be achieved in part
by consuming rapeseed (canola) oil,
which contains both components.

The National “5 A Day for Better Health”
program is the National Cancer Insti-
tute’s attempt to convince people to
adopt a healthier nutrition. It propa-
gates the simple principle of eating fruit
or vegetables five times a day. Since
these are recommended to be eaten “in
addition,” restrictions—which people
tend to dislike or reject—are not neces-
sary. Also, the principle is easy to
remember; and since fruit and vegeta-
bles are rich in water, the resulting sati-
ety automatically leads to lower intakes
of other foods. Alternatively (max.
twice/day), fruit or vegetables juices
may be taken instead. Whether the “5 A
Day” campaign will achieve the desired
reduction in nutrition-related diseases
remains to be seen within the coming
years and decades.
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— A. The Mediterranean Diet

Several times
amonth

M Red meat

Sweets

Eggs
Fish
Poultry

Wine in moderate
amounts

/

Cheese and yogurt

Olive oil

Fruit, lequmes, nuts,
vegetables

Bread, pasta
Rice, corn,
millet dishes
Grains
Potatoes
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8 Introduction

The RDA and DRI

Early recommendations for nutrient
intakes date back to the mid-1800s
when, in the Lancashire district in Eng-
land, nutrient intake recommendations
were established because of a famine.
The purpose, however, was solely to
ensure adequate minimal nutrient
intakes for the population and the army.
In 1941, the U.S. National Research Coun-
cil first issued recommendations which
had the goal of achieving “perfect
health” in the population. These Recom-
mended Dietary Allowances (RDA)
were updated in five-year cycles.

In order to determine the RDA for a spe-
cific nutrient, its intake is determined in
a representative sample population
with no deficiency symptoms. The RDA
are derived from the resulting Esti-
mated Average Requirements (EAR).
Where no or insufficient scientific data
are available, an Adequate Intake (Al) is
approximated. No RDA and conse-
quently no Dietary Reference Intakes
(DRI) are set for these nutrients.

The Energy RDA (for energy nutrients)
are set at the mean intake of the refer-
ence groups. Actual energy require-
ments vary depending on activity lev-
els. As opposed to many nonenergy
nutrients, excessive caloric intake can-
not be excreted and leads to weight
gain. Since the DRI (2002), recommen-
dations for energy nutrients are ex-
pressed as a range, the Acceptable
Macronutrient Distribution Range
(AMDR). The AMDR is the range of an
energy-yielding macronutrient that is
associated with reduced chronic dis-
ease while providing adequate levels of
essential nutrients.

The Nutrient RDA (A) are set at two
standard deviations (SD) above the EAR.
The assumption is that this recommen-
dation provides adequate intakes for

97.5% of the population, so that they
develop normally and remain healthy.
Since for the majority of people, an
intake of 77 % of the RDA is adequate,
the RDA provide a safety margin. At lev-
els below the RDA, metabolic integrity
may be compromised. At levels above
the RDA, the likelihood of a deficiency
approaches zero.

For most nutrients, there is a large
safety margin above the RDA (B). With
the exception of selenium, adverse
effects appear only at several times the
RDA. These amounts are reflected in the
Tolerable Upper Intake Levels (UL),
above which toxicity becomes appar-
ent. Toxicity symptoms may be mild or
more severe (e. g., Bg), depending on the
nutrient. Even though excessive intake
of some energy nutrients causes nutri-
ent-specific degenerative symptoms,
no UL were established for energy
nutrients, since the relationship be-
tween intake and degree of disease is
linear, and no threshold could be estab-
lished.

The difficulty in establishing the RDA
lies in the fact that they are by necessity
based on estimates derived from repre-
sentative samples of the population. The
RDA represent adequate, but not neces-
sarily optimal intakes. Increasingly, pre-
vention of chronic disease rather than
just deficiencies is taken into considera-
tion when setting reference intakes. The
representative samples do not necessa-
rily account for individual needs based
on age, nutritional status, genetic varia-
bility, drug use and abuse, etc. Therefore,
the RDA are not a measure to determine
where the nutrient supply becomes
marginal for the individual.

There are presently a host of different
nutritional recommendations issued
by governmental and other agencies
throughout the world (C).
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The RDA and DRI 9

— A. Nutrient RDA

Nutrient RDA

-2sD  -1SD X 15D 25D EAR = Estimated Average Requirement
T T T T T
54 65.5 77 88.5 100 % of RDA
T T T T T T T
1.0 093 069 031 007 0 Probability of intake < Requirement
— B. DRI
EAR RDA UL NOAEL LOAEL
1.0 | | | | | 1.0
| | |
i i i
| | |
| | e mm b e e e o
| | |
| | |
| | |
i i i
T S |
| |
i i
‘ |
|
0.5 : 0.5
Nutrient-specific
safety area g
ey ]
)
—
=}
-~
il
_____________ =
0 0
Al=Adequate Intakte NOAEL = No Observed Adverse Effect Level UL=Tolerable Upper Intake Level
UF =Uncertainty factor LOAEL = Lowest Observed Adverse Effect Level

— C. Nutritional Recommendations

RDA Recommended Dietary Allowances us (1943)
RDA Recommended Daily Amounts UK (1979)
RNI Recommended Nutrient Intakes Canada (1983)
RDI Recommended Daily Intakes Australia (1986)
EAR Estimated Average Requirement UK (1991)
us (1994)
RNI Reference Nutrient Intake UK (1991)
Food Guide Pyramid us (1992)
HEI USDA Healthy Eating Index us (1994)
uL Tolerable Upper Intake Levels us (1994)
DRI Dietary Reference Intakes USand Canada (1997)
Al Adequate Intake us (1997)
AHEI Harvard School of Public Health
Alternative Healthy Eating Index us (2002)
AMDR Acceptable Macronutrient Distribution Range us (2002)
EER Estimated Energy Requirement us (2002)
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10 Introduction

Assessing Current Status

There are basically two types of nutri-
tional assessments (A), each with a dif-
ferent method:

1. Assessment of nutritional status
(effects of past nutritional intakes on
the body) and

2. Dietary intake assessment (present

nutritional intakes).

Nutritional status is often assessed
through biochemical analysis. This
works for specific nutrients for which
there is a measurable indicator. Conclu-
sions on the nutritional availability of
iron, e.g, can be drawn from the
amount of hemoglobin in the blood.
Anthropometrics, i.e., body measure-
ments (see p. 16), provide a more gen-
eral measure. Besides height and body
weight, determination of skin fold
thickness has been gaining increasing
importance. Anthropometric measure-
ments represent cumulative results of
many different factors and do not differ-
entiate among the various nutrients.
Clinical symptoms caused by nutri-
tional deficiencies tend to become
apparent very late. Along-term low iron
supply, e.g., will eventually result in
clinical symptoms like pallor and
reduced performance levels—symp-
toms that could have been averted
through early intervention.

Direct dietary intake assessment can
be ongoing (prospective) or retrospec-
tive. With the weighing method, all
foods consumed are actually weighed,
whereas the protocol method uses
amount estimates. The inventory
method assesses the food consumption
of an entire household by registering
use of food items, as well as leftovers
and waste. For example, a large amount
of food is made available to a family and
after a week the remainder subtracted

from the initial amount. This method
is not suitable for assessment of indi-
vidual consumption since it does not
permit any differentiation between
individuals. The accounting method is
used in some countries to assess house-
hold food consumption for statistical
purposes. Selected households keep a
record of all food items purchased.
Among the retrospective methods, the
determination of food frequency is
most simple to conduct. Subjects are
asked how frequently they consume
specific food groups. A diet history is
more informative since additional fac-
tors like nutrition-related behaviors are
also recorded. 24-hour recall presup-
poses good memory in the participants,
as all food items consumed within 24
hours have to be recalled—including
their amounts.

Food consumption can also be assessed
indirectly through official agricultural
statistics. This, however, does not per-
mit differentiation among different seg-
ments of the population and does not
account for waste.

The results of all methods presented
naturally contain errors. In a study con-
ducted with 140 participants (B), a 24-
hour recall was compared with the
“actual” observed food consumption.
During the recall, all types of foods were
regularly omitted or listed erroneously.
Cooked vegetables were omitted in
more than 50% of all cases, whereas
sugar was listed erroneously in nearly
30% of all cases.
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Nutritional Assessment 11

— A. Methods for Nutritional Assessment

Weighing,

\ Food frequency
inventory, Diet history
protocol, and Recall 24 hrecall
accounting record

methods

Combined

P .
rospective methods

Retrospective

N N

Direct assessment

[ Omitted
[ Listed erroneously

Fish
Potatoes
Bread
Coffee
Beef steak
Milk

Processed meats

Margarine

Sugar
Butter

Cheese

Juice

Raw vegetables
Desserts
Fruit
Cake
Eggs
Cooked vegetables

Frequencyin % 30 20 10 0 10 20 30 40 50
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12 Body Composition

Variable: Body Composition

The human body is made up of several
distinct components, which differ in
their chemical and structural character-
istics. The extracellular compartment
consists of support structures like bone
lamellae, tendons and ligaments, and
the extracellular fluid systems, blood
plasma, and lymph. The totality of cells
can be viewed as distinct from fatty tis-
sue, which serves either as energy
reserve (fat deposits), or as structural
support or building material, as in
cheeks or in the soles of the feet. The
latter will be broken down only in
extreme cases of nutritional deficiency
or during illnesses accompanied by
consumption. The fat deposits, how-
ever, may be subject to rather extreme
fluctuations.
The “elemental” composition of a 70 kg
(154 1b) male shows that ~60 % is water
and 16 % or more is fat. Besides carbon
(C), hydrogen (H), and oxygen (O), the
chemical elements nitrogen (N), calci-
m (Ca), and phosphorus (P) are the
most abundant in terms of mass (A).
Most other naturally occurring elements
can also be found in the human body;
however, their significance is often un-
known. Chemical composition changes
with age. These changes are most strik-
ing during the first year of life (B). While
the water content drops rapidly, fat con-
tent, protein in muscle mass, and min-
erals, mostly in bone, increase.
The reduction in water content with age
is accompanied by redistribution
between body compartments (C). In the
central nervous system, skin, and sub-
cutaneous tissue, the water content
drops while it increases significantly in
muscle and fatty tissue. Redistribution
also occurs within body compartments;
intracellular water increases in all or-
gans except skin and subcutaneous fat.

Within total body water, intra- and
extracellular compartments are to be
distinguished (D). Extracellular fluids
can be seen as a mediator between cells
and their external environment. Their
composition is subject to strict homeo-
static control and resembles that of a
primal ocean—the primal ocean which
constituted the environment of ancient,
single-celled living things from which
humankind ultimately evolved. Trans-
cellular fluids are found in the organ-
ism’s hollow spaces, like the digestive
tract, bladder, or cranial fluid spaces. A
simplified estimate of plasma volume
can be obtained using the equation:
body weight (kg) x 0.035 = plasma vol-
ume [l]. Interstitial fluid serves as a
supply system to the body’s tissues. It is
found between the cells and makes up
~20% of body mass. Its composition is
similar to a plasma ultra-filtrate with
very low protein content.

More than half of the total body water is
found inside the cells. The intracellular
space is the site of cellular metabolism.
As opposed to other fluid spaces, it is
not homogeneous and its composition
may differ greatly between different
types of cells.
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Body Composition 13

— A. Body Composition
Fetus (gest. Premature Neonate Child Adult male
week 20-25) birth (age4-5)

Body weight (kg) 0.30 1.50 3.50 14.00 70.00
Fat (g/kg) 5.00 35.00 160.00 160.00 160.00
Water (g/kg) 880.00 830.00 700.00 630.00 600.00
Composition of lean body mass:

Water (a/kg) 880.00 850.00 820.00 695.00 720.00
Total N (g/kg) 15.00 19.00 23.00 38.20 34.00
Na (g/kg) 2.30 2.30 1.88 1.84 1.84
K (g/kq) 1.68 1.95 2.07 2.54 2.70
c (g/ka) 2.69 = 1.94 1.77 1.56
Ca (g/kq) 420 7.00 9.60 21.10 22.40
Mg (g/kg) 0.18 0.24 0.26 0.36 0.50
P (a/ka) 3.00 3.80 5.60 10.50 12.00
Fe (mg/kg) 58.00 74.00 94.00 64.20 74.00
Cu (mg/kg) 3.00 4.00 5.00 3.30 2.00
Zn (mg/kg) 20.00 20.00 20.00 2230 30.00

— B. Age-Dependent Changes in Body Composition

Neonate Five-month-old child One-year-old child
3.5kg 7kg 10.5kg

5%
70% 60 % 59 %

13% 12% 14%

1% 24%

22%

[ water [T rFat [ Protein [ Minerals
— C. Age-Dependent Changes in Body Water—— — D. The Body’s Fluid Spaces
Content
Neonate Adult Transcellular water 0.015 |
100
90
- 80
70
Skinand
subcutaneous F60 g
fatty tissue g
50 >
<]
sl
F40 %5
Parenchymal Q
organs L 30 =
20 ICW
10
Intracellular
: 0 water 0.351
Valuesin % 0 50 100 0 100
0 Extracellular Intracellular (% of compartment)

water (ECW) water (ICW)
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14 Body Composition

Water in Body and Foods

Homeostasis of the water balance (A)
ensures stability of the water content.
This stable balance is achieved through
various hormonal feedback mecha-
nisms in conjunction with osmorecep-
tors. The total average daily water
intake results from a combination of
drinking, intake of water contained in
solid foods, and oxidation water. The
latter is an end-product of the oxidative
metabolism of energy nutrients. The
oxidation of 1g carbohydrate yields
0.6 ml of water; of 1 g protein, 0.42 ml;
and of 1 g fat 1.07 ml. Based on a mixed
nutrition, the average daily total
amounts to 300 ml of oxidation water.

According to the recently established
Dietary Reference Intake (DRI), to be
properly hydrated, women need to con-
sume 2.71, men 3.71 water/d. This
applies to sedentary people in temper-
ate climates. Higher temperatures or
activity levels increase these require-
ments. No Tolerable Upper Intake Level
(UL) has been established for water. In
the average person, ~80% of water
intake comes directly from fluids and
~20% from water contained in foods.
Approximately 1.5 1 is excreted through
the urine. The kidneys can influence
water balance by altering the rate of
reabsorption. To ensure proper excre-
tion of sodium, potassium, and urea, a
minimum fluid excretion of 300-
500 ml is needed. When no drinking
water is available, the water loss
through the kidneys can be minimized
with appropriate nutrition. This means
minimizing those foods that result in
the formation of wurinary excreted
metabolites. For instance, lowering
intake of protein and table salt results in
a reduction of urea and sodium in the
urine and, therefore, lowers the mini-
mum urine volume required. In particu-

lar situations, e.g., for a prematurely
born baby with kidney insufficiency,
this mechanism becomes important.
Water loss via skin and lungs amounts
to 0.91/d. Increased respiratory fre-
quency, as occurs in higher elevations,
dry and warm surroundings, as well as
during physical activity, can greatly
increase these losses; 0.51/h may be
lost via the skin alone in extreme situa-
tions. Concurrent loss of sodium takes
place, decreasing, however, with regu-
lar training. If water loss exceeds 3 1/d,
sodium loss needs to be replenished, as
does water.

Human fluid requirement is, therefore,
dependent on metabolic activity, as
well as the environment (B). Small chil-
dren have a significantly higher rate of
energy metabolism compared to adults,
causing a higher rate of respiration with
greater water loss.

In the digestive tract, actual water
intake is of lesser significance (C). Each
day, ~8 1 of fluids are released into the
tract in the form of various secretions.
Together with the fluids we drink, this
amounts to over 10 1/d, all of which is
reabsorbed except for 0.2 l. Diarrhea,
vomiting, or increased secretions of
saliva or bile acids can greatly increase
water loss through feces.

The water content of foods (D) deter-
mines their energy content. In general,
foods with lower water content have
lower energy content. Many vegetables
consist of >90% water, whereas isolated
components like oil or sugar contain
practically no water.
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— A. Water Balance

Intake ~2.7-3.71/d * Loss ~2.7-3.71/d *
Water balance i
Oxidation water 0.3 | With feces 0.11
From foods 0.5-0.71* Through exhalation
Increases uri- From drinks 1.7 -2.71* and skin1.7-2.71*

naryexcretion
*women and men, respectively

— C. Water Exchange in the Intestinal Tract —

— B. Fluid Requirements

Fluid requirement per kg body mass

Bile 500 ml Pancreatic

secretions
700 ml

Fluid intake
3200 ml

(ml/kg body mass)

Infants  Children Adults
(10yearsold) (at22and38°C
ambient temperature)

Loss through
feces 100 ml

— D. Water Content of Foods

0,5%

Oranges Potatoes Cottage  Veal  Chicken Beef  Cheese  Bread Butter  Sugar

cheese

0
Asparagus  Milk
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16 Body Composition

Anthropometrics

Anthropometrics uses body measure-
ments to estimate body composition.
Height and body weight are the easiest
to measure. Their relationship in adults
is close to linear. An early, simple for-
mula, according to Broca was height (in
cm) -100 = normal weight. Subtracting
10-15% from that normal weight
resulted in the so-called “ideal” weight.
These calculations are based on old,
partially incorrect research figures and
should no longer be used today. They
suggest a very low weight as “ideal =
healthy.” The “health value” of such a
lowest possible body weight is no
longer accepted today.

The Body Mass Index (BMI) provides a
more accurate anthropometric mea-
surement (A). It is calculated from body
weight (k§) divided by the square of
height (m<); hence the BMI unit is kg/
m2. The desirable BMI is also age-
dependent:

Age 19-24: 19-24
Age 25-34: 20-25
Age 35-44: 21-26
Age 45-54: 22-27
Age 55-64: 23-28
Above 64:  24-29

The BMlI is the current standard for eval-
uating body weight since it correlates
fairly well with total body fat and is
rather independent of height. However,
aman with a BMI of 27 kg/m? may have
a body fat content ranging from 10 to
31% of body weight. Not only fat, but
muscle mass, extracellular water, and/
or bone mass may contribute to high
body weight. For instance, athletes fre-
quently have a rather high BMI without
large fat deposits. To address this inac-
curacy, subcutaneous fat is measured.
Theoretically, this could be done with

an ultrasound device or through infra-
red spectroscopy. In everyday practice,
however, measurement of skin fold
thickness with precision calipers has
proven valid. Among the four most
commonly used skin folds, the fold
above the triceps muscle is the most
easily accessible and can be most relia-
bly determined. Skin fold thickness
measurement errors may result from
nonhomogeneous fat distribution.

An additional measurement, waist-to-
hip ratio (B), takes this into account.
Waist circumference is measured while
standing, between the lower edge of the
lowest rib and the upper edge of the
pelvis. The hip circumference is measu-
red at the level of the greater trochant-
ers. A ratio above 0.88 in women and
above 1.0 in men indicates an android or
abdominal fat distribution pattern,
which is particularly closely associated
with cardiovascular complications and
other illnesses. If the ratio is low, the
gynoid type prevails, with a lesser
health risk. The waist-to-hip ratio is a
particularly valuable tool for determin-
ing whether weight reduction is neces-
sary in case of moderate overweight.
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Anthropometrics 17
— A. Body Mass Index (BMI) for Age Group 19-34
Height in meters
148 152 156 160 1.64 1.68 172 176 180 1.84 188 192 196 2.00

Weight in kilograms
0o

[ Gynoid<0.80  Intermediate 0.80 - 0.88 Android >0.88

74 19
72 23 23 22 22 21 21 20 20 20 19 19 18 18
70 23 22 22 21 21 20 20 19 19 19 18 18 18
68 22 21 21 21 20 20 19 19 18 18 18 17 17
66 21 21 20 20 19 19 19 18 18 18 17 17 17
64 21 20 20 19 19 18 18 18 17 17 17 16 16
62 20 20 19 19 18 18 18 17 17 16 16 16 16
60 19 19 19 18 18 17 17 17 16 16 16 15 15
58 19 18 18 18 17 17 16 16 16 15 15 15 15
56 18 18 17 17 17 16 16 16 15 15 15 14 14
54 17 17 17 16 16 16 15 15 15 14 14 14 14
52 17 16 16 16 15 15 15 14 14 14 14 13 13
50 23 22 22 21 21 20 20 19 19 18 18 17 17 17 16 16 15 15 15 14 14 14 14 13 13 13 13
48 22 21 21 20 20 19 19 18 18 17 17 17 16 16 15 15 15 14 14 14 14 13 13 13 12 12 12

G OB OVeiEGht || Normalueight  Undervih

— B. Waist-To-Hip Ratios in Women
Waist circumference in centimeters

50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150
50 1.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 2.10 2.20 2.30 2.40 2.50 2.60 2.70 2.80 2.90 3.00
£ 55 0.91 1.00 1.09 1.18 1.27 1.36 1.45 1.55 1.64 1.73 1.82 1.91 2.00 2.09 2.18 2.27 2.36 2.45 2.55 2.64 2.73
2 60 0.83 0.92 1.00 1.08 1.17 1.25 1.33 1.42 1.50 1.58 1.67 1.75 1.83 1.92 2.00 2.08 2.17 2.25 2.33 2.42 2.50
E 65 100771 0.85 0.92 1.00 1.08 1.15 1.23 1.31 1.38 1.46 1.54 1.62 1.69 1.77 1.85 1.92 2.00 2.08 2.15 2.23 2.31
] 1.00 1.07 1.14 1.21 1.29 1.36 1.43 1.50 1.57 1.64 1.71 1.79 1.86 1.93 2.00 2.07 2.14
c 0.93 1.07 113 1.20 1.27 1.33 1.40 1.47 1.53 1.60 1.67 1.73 1.80 1.87 1.93 2.00
[ 1.00 1.06 1.13 1.19 1.25 1.31 1.38 1.44 1.50 1.56 1.63 1.69 1.75 1.81 1.88
£ 0.94 1.00 1.06 1.12 1.18 1.24 1.29 1.35 1.41 1.47 1.53 1.59 1.65 1.71 1.76
o 0.94 1.00 1.06 1.11 1.17 1.22 1.28 1.33 1.39 1.44 1.50 1.56 1.61 1.67
2 0.84 0.89 0.95 1.00 1.05 1.11 1.16 1.21 1.26 1.32 1.37 1.42 1.47 1.53 1.58
o 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35 1.40 1.45 1.50
K] 0.86 0.90 0.95 1.00 1.05 1.10 1.14 1.19 1.24 1.29 1.33 1.38 1.43
E 0.86 0.91 0.95 1.00 1.05 1.09 1.14 1.18 1.23 1.27 1.32 1.36
3 1.04 1.09 1.13 1.17 1.22 1.26 1.30
= 1.04 1.08 113 1.17 1.21 1.25
o 1.00 1.04 1.08 1.12 1.16 1.20
5 0.96 1.00 1.04 1.08 1.12 1.15
0.93 0.96 1.00 1.04 1.07 1.11
0.89 0.93 0.96 1.00 1.04 1.07
0.86 0.90 0.93 0.97 1.00 1.03
0.83 0.87 0.90 0.93 0.97 1.00
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18 Body Composition

Experimental Methods

Bioelectrical impedance (BIA) is based
on differences in conductivity between
bodily tissues (A). Water-containing tis-
sues have low impedance since they are
highly conductive because of the pres-
ence of electrolytes. Fatty tissues have
greater resistance, and cell membranes
function as electrical condensers. Since
electricity of different frequencies flows
preferentially in different compart-
ments, the measurement of impedance,
combined with phase displacement,
permits conclusions about the three
compartments: fatty tissues, lean body
mass, and water. BIA is considered to
produce reliable and well-reproducible
values for healthy people. The simplic-
ity of the method’s use is advantageous:
the four stick-on electrodes don’t
bother the patient. However, changes in
plasma electrolytes, use of diuretics, or
dextrose infusions can greatly disturb
the results.

Measurements of conductivity, like the
BIA, are based on the different conduc-
tivities of different tissues. Since the
person to be measured has to be placed
inside a magnetic coil, the method is not
practical as a routine.

Body composition can also be deter-
mined through various isotope dilution
methods (B). These are used to deter-
mine just one compartment—total body
water. The method is based on the
assumption that fatty tissue is water-
free and hence cannot take up any elec-
trolytes. By additionally defining that
lean body mass has a constant 73.2%
degree of hydration, all three compart-
ments can be determined through
appropriate calculations. The most
commonly used isotopes are deuterium
oxide (%H,0), tritium-labeled water
(3H,0), and the potassium isotopes 42K
and “3K. The respective isotope is

injected, losses are measured in urine,
blood levels are measured after an equi-
libration phase, and the resulting dilu-
tion factor is used to determine total
body water. Measurements of total
body potassium using the 4°K method
differ somewhat. The isotope occurs
naturally at a level of 0.0118 % of body
potassium and can be determined using
a whole body counter. An assumption is
made that potassium is found in lean
body mass at a fixed concentration of
8 mmol/kg. Just as with the injected iso-
topes, this makes it possible to calculate
all three compartments. I[sotope mea-
surements are also subject to errors.
The assumptions mentioned do not
apply to pathological conditions like
sepsis, stress, malnutrition, or obesity.

Underwater weighing (C) is considered
the standard for determining body fat.
The subject has to be submerged under
water. The displaced water in the vessel
corresponds to the body volume. If the
body weight is known, the density (D)
(in g/cm3) can be calculated. Since body
water has a constant density of 1.0 g/
cm?, and the density of lean body mass
and fat are also near constant, D can be
used to estimate the respective propor-
tions of the three compartments. Any
change in density is interpreted prima-
rily as a change in body fat content.
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Current source electrodes
1 kHz-100 kHz

Detection electrodes

Skin  Fattytissue

— A. Impedance Measurement of a Body Section with Tetrapolar Electrodes

— B. Isotope Dilution Methods

and constant hydration status

Fatty tissue —
Blood vessel

Muscle —

1. Isotope with known
concentration ~————— Dilutionfactor

Water content

Lean body mass (e.g., muscle):
known, constant concentration

Lean body mass

Fatty tissue:
no exchange

2.Isotope concentration
—inbloodplasma

— C. Underwater weighing

h

Displaced water volume = body volume

. Body mass
Body density (D)= W

- @

-

Dy =1.0g/cm?

Diean body mass =1-1 g/cm?
D= 0.9g/cm?
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20 Body Composition

Nutrient Compartmentalization:
Cellular Distribution

The distribution of carbohydrates, lip-
ids, proteins, vitamins, and other ele-
ments and molecules in animal cells
resembles that of human cells (A) while
plant cells differ considerably (B).

In animal cells, carbohydrate reserves
are stored as glycogen, and they can’t
store much of it. Their role as an energy
reserve is of lesser importance since
energy stored as fat uses space much
more efficiently. Plants, except in seeds,
don’t have such problems of space and
efficiency. They can, therefore, afford
the uneconomic luxury of storing
energy as large amounts of starch. Plant
cell walls usually consist of polysaccha-
rides, indigestible to humans, which are
also called fiber or roughage.

Lipids are always found in fat droplets
made of triglycerides or vitamin A
esters. They are also found in all biolog-
ical membranes, which consist mostly
of phospho- and sphingolipids. Human
and animal cell membranes also con-
tain cholesterol. Plant cell membranes
do not.

Proteins are found in all cells and
throughout all compartments, as well
as all extracellular fluids. This reflects
their importance in the structure and
function of all living things.

Most vitamins, minerals, and trace ele-
ments are associated with proteins and
hence also found in all cell compart-
ments. Plants contain intracellular
organelles known as chloroplasts, not
found in animal and human cells, which
are the sites of photosynthesis. The
structure of chlorophyll—the light ab-
sorbing molecule—resembles that of
hemoglobin; however, whereas hemo-
globin contains iron, chlorophyll has a
magnesium ion in its center.

Even though nearly all nutrient types
are present in all plant cells, their distri-
bution varies greatly, depending on cell
types. In a cereal grain, most vitamins
and minerals (C) are found in the aleu-
ron layer. This layer makes up just a few
percent of the grain’s weight. The larg-
est compartment of a grain, the endo-
sperm, consists nearly exclusively of
carbohydrate in the form of starch. The
germ, on the other hand, is rich in vita-
min By, vitamin E, and lipids. Usually,
the germ is removed during the milling
process to increase the shelf life of flour
since hydrolysis or oxidation of the lip-
ids contained in it would affect taste
over time.

The aleuron layer and the germ are the-
oretically the nutritionally most valu-
able components of a cereal grain. In
reality, though, most people prefer the
vitamin- and mineral-deficient white
flour.

Animal cells have similarly diverse dis-
tribution patterns. Muscle cells contain
a high percentage of protein, whereas
liver cells are rich in vitamins A, D, B1,
and folate. Fatty tissues consist mostly
of lipids, with which vitamin E and
carotenoids are associated.
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— A. Animal Cell

Cellmembranes
Triglycerides, phospholipids,
cholesterol, vitamin E

Cytoplasm
K*,HPOZ- Mg?*, Ca?",
amino acids, metabolites

Cell
Proteins, Fe?*, K*

Blood plasma

Na*, CI5, HCO?-, Ca?",
proteins, amino acids,
glucose

Fatdroplets

Golgibody

Glycogen

Endoplasmic
reticulum

Mitochon-
drion

— B. Plant Cell

Cellmembranes
Triglycerides, phospholipids,
protein, vitamin E, carotenes

Proteins

Soluble and insoluble
enzymes,

“transporters”
Chloroplast

Mg?*, Cu?*, Fe?*, protein,
triglycerides, phospholipids

Cytoplasm

HPOZ-, H,PO*-S0%",

K, Mgb, Ca 2+‘

glucose, fructose, sucrose,
amino acids, metabolites

Mitochon-
drion

Ve Fatdroplet

—— Golgibody
—— Starch

Chloroplast
—— Outer
membrane
= Inner
membrane
Stroma

Thylakoid

— C. Structure of a Grain
Bran
Polyglucose (c.-1.4),

polysaccharides, proteins,
trace elements

Pericarp ——
Seed coat —
Aleuron layer —

Endosperm
Starch

Germ
Proteins, vitamins,
essential fatty acids,
trace elements

Scutellum

Nutrient distribution
(% of total contentin grain)

Protein 73 4 15
Lipids 49 7 14
Minerals 20 7 61
Thiamin 3 1 32
Riboflavin 32537
Niacin 12 4 82
Pyridoxine 6 12 61
Pantothenicacid 43 9 41
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R
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22 Body Composition

Nutrient Compartmentalization:
Distribution to the Organs—
Homeostasis

Nutrient intake, loss, metabolism, and
requirements are subject to consider-
able changes over time and between
individuals. Even intake can never be
constant. This is in spite of the fact that
most foods are always available nowa-
days, due to extensive world trade.
Other factors like age, gender, or a per-
son’s state of health, lead to varying
nutrient needs, different metaboliza-
tion, and storage capacities.

The fact that none of the measurable
parameters have a “normal” value is a
result of the important impact of
genetic variability: Instead, there is just
a more or less narrow normal range.
One of the causes is a certain variability
of the amino acid sequence of proteins.
For instance, there are several forms of
hemoglobin, which differ in their oxy-
gen-binding capacity. Under normal
conditions this does not necessarily
affect their physiological function. But
in some cases (sickle-cell anemia,
thalassemia) it does. A similar situation
can be assumed to exist with regard
to enzymes and transport proteins
involved in nutrient metabolism. These
variables, based on mostly intracellular
conditions, need to be factored into the
evaluation of individual nutrient
requirements.

The amount of a particular nutrient in
the blood plasma is usually not a good
parameter for determining nutrient
availability. Nevertheless, the body fre-
quently uses plasma content of nutri-
ents as internal reference value (A).
Hormonal and nonhormonal mecha-
nisms regulate uptake, excretion, and/
or release from storage in such a way

that the registered value in the plasma
is equal to the internal reference value.
The function of this homeostasis is to
ensure adequate nutrient supply to
those tissues that need them most
urgently at a given time.

The example of vitamin A shows that
these homeostatic mechanisms often
preclude a simple assessment of nutri-
ent availability from easily accessible
compartments like blood (B). With a
sufficient vitamin A supply, the vitamin
A content of the liver—its main storage
organ—is 300-1000 pg vitamin A/g.
Serum content ranges between 50 and
90 pg/dl (with individual variations).
Even if no more vitamin A is consumed,
the blood level is maintained for 12-15
months during which the liver contents
continue to decrease. A marginal defi-
ciency in the serum is detectable only
during the last stage, just before com-
plete exhaustion of liver storage.

Additionally, the wide range of normal
values makes it hard to interpret serum
values. Consequently, a serum value
within normal range is of no diagnostic
value and cannot be used to infer the
vitamin A status of the entire organism.
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— A. Homeostasis: Comparing Internal Reference and Actual Values

Variable:
alternating supply
and loss

Variable:
genetic
variability

Variable: Variable:
changing varying storage
need capacity

— B. Retinol Homeostasis
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CH CH
H, H 3 3
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_ NIRRT
S [ Normal range
=
S 50
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E 404
2
v
a
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2
2 2 Marginal
& deficiency
10
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Retinol content in liver (ug/g)

s supply

12-15 3-6 21 8 1
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24 Energy Metabolism

The Biochemistry of Energy Transfer

The carbohydrates, fat, and proteins
consumed are oxidized, and the energy
that is released in the process is trans-
ferred to ATP (A).

The key substance for this energy trans-
fer is acetyl-coenzyme A (acetyl-CoA).
Carbohydrates are converted to pyru-
vate during glycolysis and then further
to acetyl-CoA. The fatty acids resulting
from hydrolysis of triglycerides are also
broken down into this two-carbon key
compound. Amino acids from proteins
are either metabolized indirectly
through a pyruvate stage or directly into
acetyl-CoA. The resulting acetyl-CoA
pool can either be used to build amino
and fatty acids or enter the citrate cycle
where it is oxidized for energy gain.
During this process, carbon dioxide
(CO,) forms when carbon atoms get oxi-
dized; the coenzyme nicotinamide ade-
nine dinucleotide (NAD") is reduced to
NADH and flavine adenine dinucleotide
(FAD) is reduced to FADH,. These are
subsequently reoxidized during oxida-
tive phosphorylation, and the energy
released in the process is stored as ATP
energy. Organisms need a sophisticated
respiratory apparatus for this purpose
alone: oxygen has to be made available
in order to oxidize NADH, and the CO,
resulting from oxidation of energy
nutrients’ carbon atoms needs to be
eliminated.

The energy metabolism’s major meta-
bolic pathways share mutually inter-
active control mechanisms without
which an efficient and self-regulated
interplay of the energy pathways of
carbohydrates, lipids, and proteins
would be impossible. Energy use func-
tions as an important control value,
overall. Many enzymatic pathways of
the energy metabolism are inhibited
when a cell receives more energy than

it needs. The second enzyme of the gly-
colytic pathway, phosphofructokinase-
1, represents such an important regula-
tory enzyme for an early metabolic step.
Its activity is inhibited by the energy-
rich end product ATP, as well as by an
intermediate, citrate.

A rapid energy transformation process
is, therefore, necessitates the removal of
the forming ATP through energy use, as
well as sufficient supply of substrate
and oxygen. Aerobic metabolism pre-
vails when the two latter requirements
are met. During physical activity it is
unavoidable for the oxygen supply to be
occasionally insufficient for the neces-
sary energy transformation. This leads
to incomplete performance of the last
step, oxidative phosphorylation. Its
substrate NADH builds up and in turn
inhibits the citrate cycle upstream,
leading in turn to a build-up of pyru-
vate, which inhibits glycolysis. Thus, the
entire energy transformation is halted.
The body has one alternative allowing it
to extract a small amount of energy—
even in this situation—converting pyru-
vate into lactate. While this is a dead-
end pathway, it removes pyruvate so
that glycolysis can again produce at
least a small amount of ATP. This anaer-
obic metabolism enables sudden, max-
imal muscle performance without any
required preparatory steps.
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— A. Transfer of Nutrient Energy to High-Energy Compounds
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26 Energy Metabolism

How Food Energy Is Used

The adult body makes and uses ~85 kg
(187 1b) of adenosine triphosphate
(ATP) per day. The energy in ATP (A) is
stored in the high-energy bonds
between the phosphates; the terminal
bond has the highest energy.
Hydrolysis of these bonds (B) yields
~8 kcal (33.47KkJ) per 1mol of ATP
under physiological conditions. Addi-
tional energy can be obtained by further
breakdown of ADP (adenosine diphos-
phate) to AMP (adenosine monophos-
phate)—this reaction is of lesser signifi-
cance, though. In a reversal of the above
hydrolysis, the energy released during
the metabolic breakdown of energy
nutrients is used to synthesize ATP by
attaching a phosphate group to ADP.
Even though in a healthy person about
95% of the energy nutrients consumed
are absorbed, only part of that energy is
converted into ATP energy (C).

Fifty percent of the metabolizable
energy (also called physiological calo-
rific content) of the metabolized energy
nutrients is immediately converted to
heat energy. A few percent are used for
digestion, modification, distribution,
and storage of energy nutrients. This
postprandial thermic effect of food
(TEF) used to be called “specific
dynamic action.” The TEF of proteins is
14-20%, of carbohydrates 4-10%, and
of fats 2-4%. The actual energy trans-
duced to ATP energy comes from the
remaining ~40 %. One, therefore, always
consumes considerably more energy
than will ultimately end up as ATP. Indi-
vidual differences in the efficiency of
transduction determine whether a per-
son “burns calories easily” or not and
thereby affect weight.

For more than 100 years, the energy
content of nutrients has been deter-
mined using bomb calorimetry. The

temperature changes in the medium
surrounding the bomb calorimeter are
measured. The measured heat differ-
ence is called the calorific value and
reflects the energy content.

For nutrients like lipids and carbohy-
drates, which are completely oxidized
to CO, and H,0 in metabolism, the
actual (physiological) calorific value
(D) is identical to the bomb calorimetric
calorific value, assuming complete
absorption. For carbohydrates, it is
400 kcal (1680Kk])/100g, for lipids
930 kcal (3890 kJ)/100 g.

Proteins do not have a uniform caloric
value since proteins differ in their com-
position of amino acids. On average,
though, it is similar to that of carbohy-
drates: for instance, the physiological
calorific value of casein is 4.25 kcal
(17.8 KJ)/g. Nitrogen (N) contained in
proteins cannot be fully oxidized by the
body. It is used to make urea, which is
excreted by the kidneys. Since the N in
urea is not oxidized, some of the energy
consumed with proteins is always lost
through the urine. Therefore, for pro-
teins, the actual, physiological calorific
value is always lower than the calorific
value determined by bomb calorimetry.
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B. ATP hydrolysis

A 4
e - vitd =09 @ . cnirgy

ATP Hy0 ADP P

8 keal
(33.47k))

— C. Food Energy

Indigestible energy
Loss through feces
orbacteria

Calorificvalue
(bomb calorimetry)

Actual
(physiological)
calorific content

Energy for digestion
(modification, transport,
storage)

Loss through
urine, sweat,
and dead cells

Used or stored energy
(netavailable energy)

Heat
Facultative and
obligate
thermogenesis

50%.

— D. Use of Nutrients for Making ATP

q ATP formed|
Rticnt 100 g nutrient
Carbohydrates (starch) 23.5mol
Fat (tristearate) 51.4mol
Protein (casein) 20.4mol

Physiological calorific
value[100 g nutrient

410 keal (1720 kj)
930 kcal (3890 kJ)
425 keal (1780 kJ)

17.4 keal (7
18.1 keal (7

Required nutrient
energy/1 mol ATP

3.2k)
5.7 k)

20.8 keal (87.3 kJ)
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28 Energy Metabolism

Energy Requirements

Human energy requirements can be
divided into three essential compo-
nents (A): basal metabolism, energy
required for physical activity, and
energy used for food-induced thermo-
genesis. There are a number of addi-
tional minor factors, often neglected
because of their lesser share in the basal
metabolism, like increase in metabolic
rate due to body, organ, or muscle
growth. Mental activity, though per-
ceived as work, does not impact energy
metabolism.

The basal metabolic rate (BMR) is by no
means constant, but varies between
individuals and over time. Sleeping
induces a 10% decrease compared to
being awake. Intense cold causes a 2-
5% increase. Temperatures above 30° C
(86° F) cause an increase of 0.5% per
additional °C. Women, having more
body fat, generally have a lower BMR
compared to men. Until ages 4-5, basal
metabolism increases significantly in
relation to body weight, then decreases
slowly until age 20-25. With increasing
age, a decrease in metabolically active
tissue (mainly muscle tissue) further
reduces BMR. Individual variations in
the significance of thermogenesis ver-
sus ATP synthesis account for people’s
different levels of metabolic efficiency.

Energy consumption does correlate
with body weight (B), but depends pre-
dominantly on lean body mass. Since
increasing body weight usually goes
along with an increase in metabolically
inactive fatty tissue, body mass in-
creases usually do not result in large
increases in energy consumption.

Most people greatly overestimate
energy use through physical activity
(C). Nowadays, high-energy-use activi-

ties are, for the most part, restricted to
professional or semi-professional ath-
letes.

Energy consumption is determined by
the number of muscle fibers used and
the intensity of their use. This type of
activity always requires increased oxy-
gen consumption resulting in an
increase in respiratory rate and heart
rate (D). The one-dimensional, sus-
tained training of individual muscle
groups as commonly practiced by body
builders does not represent extreme
activity and therefore increases energy
use only minimally.

The classic method for measuring
energy consumption is direct calorime-
try. A closed, insulated chamber with
controlled air supply represents a
closed system in which the law of
energy conservation applies: all energy
produced must ultimately be trans-
formed into heat. Since measuring this
heat energy is expensive and compli-
cated, today, indirect calorimetry is
used nearly exclusively. This method is
based on the fact that a defined amount
of oxygen is required to produce a spe-
cific amount of energy. One can, there-
fore, determine energy use by measur-
ing oxygen consumption.

Recently, a new doubly labeled water
technique (DLW) was developed that
allows for very precise BMR measure-
ment through detection of excreted
2H,'80 molecules. A drawback is the
high price of 180.
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— A. Energy Metabolism — — B. Energy Use and Body Weight
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— D. Metabolic Rate and Physical Activity
Physical activity Respiratory ~ Oxygen Heart Calories consumed
rate used rate (kcal[min)
(I/min) (Imin)  (beats/min) (kcal[kg/h)
Sedentary A <10 <0.5 <80 <25
Sleeplng lying down, S|tt|ng,‘ |\ 1.0-1.1

©10-20  05-10  80-100

ly active
Walking (5 km
ping-pong, golf

Moderately active - .0-1. 5.0-7.5 4.1-43

Very active
Hiking uphill with backpack,
digging, swimming (3 kmh=1.9
mph), playing basketball

7.5-10.0 8.0-8.4

ly and extremely active
Active to exhaustion
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Energy Requirements

Energy requirements should be stated
as MJ] (mega Joule); in reality, kcal (kilo-
calories) are used more commonly.
1 M]J =239 kcal, and 1 kcal = 4.184 K].

A variety of models are available for the
calculation of individual energy re-
quirements.

Here is a simple formula: 1 kcal/kg BW/h
is required to maintain basic meta-
bolism (BMR). Light physical activity
increases this amount by ~/3 and mod-
erate physical activity by ~%3. Intense
physical activity doubles it.

Here is an example: A 70 kg man would
have a BMR of 1 kcal x 24 h x 70 kg =
1680 kcal/d. Add 1/3 for light physical
activity, for example, no exercise, sed-
entary occupation. The resulting daily
requirement is 2230 kcal. This simple
formula disregards differences based on
gender, age, or other individual factors.

Using empirical data, the WHO estab-
lished tables (A) that are commonly
used to predict BMR. This calculated
BMR is then multiplied by a factor
called Physical Activity Level (PAL). To
obtain a precise result, the PAL should
be used in combination with the dura-
tion of the respective activity, e. g. seven
hours of sleep at PAL 0.95, three hours
housework at PAL 2.4, etc.

The recent introduction of the method
using labeled water permits long-
term BMR measurements, allowing the
establishment of PAL values for defined
categories of activity (B). The BMR of
various occupational groups was deter-
mined, also taking into account various
types of leisure activity. The resulting
several-day average is more “user-

friendly” than the calculation of indi-
vidual activities.

Simplification of the BMR calculations
according to WHO and their combina-
tion with PAL values yield a practical
table (C).

Let’s use our example: According to the
table, our middle-aged 70 kg man’s
BMR is 1740 kcal. Combined with a PAL
of 1.4, his daily energy requirement
would be 2400 kcal/d.

According to WHO, the same man
would have a BMR of 0.048 x 70 x 3.653
= 7.013 MJ or 1676 kcal/day (see Fig.
A). Combined with a PAL of 1.4, his
daily energy requirement would be
2346 kcal/d.

The simplest method results in a BMR of
1680 kcal/d (add 1/3 for light physical
activity) and a total energy requirement
of 2240 kcal/d.

The difference between the table, the
exact calculation, and the simple
method is no more than 160 kcal/d. Due
to the large inter-individual differences
in energy requirements, this difference
is usually irrelevant for practical pur-
poses.

All of these calculations of energy
requirements share one property,
though: they only apply to healthy indi-
viduals of normal weight, and even
then, they represent only a guideline.
What counts, in the end, is whether the
respective caloric intake achieves long-
term stable weight.
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— A. Estimating the BMR (according to WHO 1985)

Age group Formula for BMR estimate

Calculation result represents BMR in M]/d; multiply by 239 to obtain BMR in kcal/d

— B. PAL
Life style and level of activity PAL Examples
Chair-bound or bed-ridden 1.2 Elderly, frail

Seated work with no option of movingaroundand  1.4-1.5  Office workers, precision mechanics
little or no strenuous leisure activity

Seated work with discretion and requirement to 1.6-1.7 Labtechnicians, drivers, college
move around but little or no strenuous leisure activity students, assembly line workers
Standing work (e.g., housework, shop assistant) 1.8-1.9 Housewives, sales persons, waiters,

mechanics, craftsmen

Strenuous work or highly active leisure 2.0- 2.4 Construction workers, farmers, miners,
performance athletes

r C. Guideline Table
Age BMR Activity level (PAL)
Teens and 1.4 1.6 1.8 2.0
adults Mj/d  kcal/d M| kcal M kcal M]  kcal M] keal

Biesalski, Pocket Atlas of Nutrition © 2006 Thieme
All rights reserved. Usage subject to terms and conditions of license.



32 Energy Metabolism

Tissue-Specific Energy Metabolism

The brain depends almost exclusively
on glucose for energy. Since it cannot
store compounds for oxidation, it has to
receive a constant supply of glucose. To
make this possible, a minimum blood
glucose level has to be maintained at all
times (A). The brain uses about 120 g of
glucose per day; during phases of pro-
longed fasting or starvation it can use
ketone bodies instead, but only to a lim-
ited extent.

Muscle tissue, on the contrary, pos-
sesses large glycogen stores. When bro-
ken down, it is converted into glucose-
6-phosphate, which cannot be further
hydrolyzed. It is metabolized exclu-
sively via the glycolytic pathway and
cannot pass into the blood as blood glu-
cose. Particularly in cases of sudden
spurts of activity, glucose is the pre-
dominant energy supply molecule for
muscle cells. Under anaerobic condi-
tions, lactate forms, which is then re-
leased into the bloodstream.
Triglycerides stored in fatty tissue are
the most important form of stored
energy for humans. To esterify fatty
acids, the fatty tissues need activated
glycerol. The enzyme glycerokinase,
however, which ist required to make
activated glycerol, is not available in
fatty tissue. The glycerol released dur-
ing ongoing triglyceride hydrolysis can-
not be used to make new fat. Instead, to
make new fat, activated glycerol must
be provided by glycolysis. Fat synthesis
in cells is, therefore, possible only if
there is sufficient glucose available—a
fact used by many so-called “diets.”
The liver is the body’s metabolic control
center. It can take up large amounts of
glucose, store it as glycogen, and make
it available to stabilize blood glucose
levels. As long as there is a sufficient
supply of energy nutrients, the liver also

synthesizes fatty acids, esterifies them
into lipids, and sends them off to the
peripheral tissues as lipoproteins.
During starvation or prolonged fasting,
however, the liver increasingly converts
fatty acids into ketone bodies (B). The
liver starts to synthesize them as soon
as the supply of acetyl-CoA falls below
levels that can be processed in the citr-
ate cycle. These ketone bodies are used
as a source of energy in all tissues ex-
cept the liver itself. At the same time,
amino acids resulting from protein
breakdown are used for gluconeogene-
sis in order to maintain the necessary
minimum supply of glucose.
Theoretically, human fat stores would
supply enough energy for two months.
However, only about 3 kg of protein can
be mobilized, covering the nervous sys-
tem’s glucose needs for about 15 days.
Only due to the flexible nature of nerve
cells is fasting beyond that duration
possible (C). Nerve cells can drastically
reduce their glucose use during pro-
longed fasts, making up for the result-
ing energy deficit by using ketone bod-
ies. Thus, fewer amino acids are needed
for gluconeogenesis, protecting the pro-
tein in lean body tissue. This mecha-
nism enables humans to survive several
weeks of fasting or starvation .
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— A. Fuel Reserves of a 70 kg (154 Ib) man (kcal)

Blood Liver Brain Muscle Fatty tissues

Glucose or glycogen 60kcal 390kcal 8kcal 1200kcal 80kcal
Triglycerides 45kcal 450kcal Okcal 450kcal  135000kcal

Proteins available as fuel Okcal 390kcal Okcal 24000kcal 37keal

— B. Fuel Metabolism in the Liver During Prolonged Fasting or Starvation

Urea transported Blood carries Fatty acids from fatty
f ! to kidneys and glucose to tissues oxidized to
rom muscles excreted with brain acetyl-CoA as fuel
urine

Breakdown of proteins
yields glucogenic Acetyl-CoA

amino acids buildup favors
Glucose synthesis of
phosphate ketone bodies
Acetyl-CoA

citrate cycle and accumt

Citrate cycle inter-
mediate products
funneled into
gluconeogenesis

hoenol-
uvate
6)
(3)

Citrate

Oxalacetate
cycle

(1) Fatty acids Ketone bodies

t PhOSp Due to lack of oxaloace
pyr acetyl-CoA cannot enter

Blood carries
ketone bodies
to brain, used as
fuel by brain

tate,

ulates

— C. Fuel Metabolism During Fasting or Starvation

muscle protein duced in liver Days of fasting

7] pay3 [ pay40

Amount formed or used in 24 hours (g)

Fuel used by brain Glucose produced T
by gluconeogenesis i
Y g g 5 \ \ Ketone bodies|
z 4 Glucose ™|
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Control of Energy Metabolism

The production of energy-rich ATP is
always coupled with its breakdown to
ADP (A). This is necessary since the
body contains only a few grams of ATP,
ADP, and AMP. In order to cover the
daily caloric requirement of ~2000 kcal,
80 kg of free adenine nucleotides are
needed. To achieve this, each ADP mol-
ecule has to be phosphorylated and
dephosporylated several thousand
times per day—and all of that in a
strictly controlled fashion.

These processes are regulated via a
large number of interlocking mecha-
nisms. The energy charge of a cell can
be considered to function as a control
value:

[ATP] + %[ADP]

[ATP] + [ADP] + [AMP]

Energy charge =

Its value will range from zero (only
AMP) to one (only ATP). A high-energy
charge inhibits ATP producing meta-
bolic pathways and activates those
using ATP.

Similar to the pH of cells, their energy
charge is buffered and usually lies
between 0.80 and 0.95.

The activity of enzymes involved in
energy metabolism may be controlled
by a variety of mechanisms. The
amount of an enzyme may be regulated
via gene expression in the nucleus. For
some enzymes, the speed at which they
are broken down is regulated. Reversi-
ble modification is a particularly
important mechanism of enzyme con-
trol. The following is an example of
reversible modification: When glucose
is needed, glycogen phosphorylase is
activated by phosphorylation of a par-
ticular serine R-group in the enzyme.
The activated glycogen phosphorylase

then catalyzes the breakdown of glyco-
gen, making glucose available.

Although theoretically coupled, ATP-
using and ATP-producing processes can
be uncoupled at times (B). While the
cell uses ATP no ADP is available to the
mitochondria. This inhibits ATP synthe-
sis, leading to build-up of NADH. The
resulting NADH/NAD" ratio inhibits the
citrate cycle, bringing energy produc-
tion to a standstill. In reality, however,
oxidation and phosphorylation can be
uncoupled: electron transport in the
respiratory chain continues unim-
peded, albeit now producing heat
instead of ATP.

Phosphofructokinase (PFK) is subject to
allosteric inhibition by ATP (C). The cat-
alytic reaction uses up ATP. Fructose-
1,6-biphosphatase (FBPase) catalyzes
the reverse reaction without using ATP.
When both reactions occur simultane-
ously, a net “waste” of ATP results. Such
“useless” cycles are called futile cycles.
Individual differences in the activity of
such cycles (fat hydrolysis and reesteri-
fication) may account for up to 500 kcal
per day. They provide a biochemical
basis for differences in the efficiency of
energy nutrient use and thereby for dif-
ferences in body weight of people with
identical nutritional habits and envi-
ronments.

Biesalski, Pocket Atlas of Nutrition © 2006 Thieme
All rights reserved. Usage subject to terms and conditions of license.



Control 35

— A. Endergonic and Exergonic Processes
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Homeostasis: Hunger and Satiety

The homeostasis of food intake is a
complex process involving metabolic,
endocrine, and neuronal processes. Due
to their complexity this book can only
provide a cursory overview (A).

Afferent control. Beyond visual and
olfactory stimuli, taste plays a major
role in regulating food intake. For exam-
ple, metabolic effects of absorbed nutri-
ents are either mediated directly by
nutrient receptors or indirectly through
a secondary change in the energy
charge of liver cells. A multitude of
gastrointestinal hormones plays vari-
ous, highly significant roles in regulat-
ing food intake. The role of cholecysto-
kinin (CCK), which is considered to be
an important “satiety hormone,” has
been researched intensely. Release of
these hormones is triggered by recep-
tors in the stomach and duodenum, and
the signals passed on either through the
blood stream or through vagal afferent
nerve impulses. Signals from stretch
receptors, indicating stomach fullness,
are also transmitted by the vagus nerve.
Insulin functions as a satiety signal by
regulating central nervous insulin
receptors.

Central nervous conduction. We dis-
tinguish two centers of importance for
nutrient uptake in the hypothalamus:
the ventromedial nucleus, also called
the satiety center, and a ventrolateral
nucleus, which regulates appetite.
These centers are affected by a host of
neurochemicals, some of which have
been identified and their particular
functions described. Serotonin and CCK,
e.g., lessen the appetite for carbohy-
drates, whereas CRF (corticotropin
releasing factor) reduces hunger for fats
and carbohydrates.

In addition, the complex interplay of
CNS neurotransmitters is modulated
by higher-level centers. Psychological
influences have a major impact on food
intake regulation. For instance, long-
term, sustained stress may lead to last-
ing weight loss by activating neuro-
endocrine systems. Habit, on the other
hand, is a major factor leading to over-
weight when food is in constant, abun-
dant supply. Hereditary factors causing
weight gain have also been scientifically
confirmed (see p. 38).

Efferent control. Beyond controlling
the motor activities directly involved in
food intake, the brain can influence
peripheral organs via the autonomic
nervous system, as well as through hor-
mones released by the adenohypophy-
sis. Often, a high activity level of the
sympathetic nervous system correlates
with low body weight. In overweight
people, decreased secretion of prolactin
and growth hormone can be commonly
observed. Therefore, efferent control is
not limited to processes directly associ-
ated with food intake, but its affects also
reach deep into cellular metabolism.
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— A. Homeostasis of Nutrient Uptake
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Homeostasis: Leptin

A person’s body weight is determined
by the factors hunger/satiation and
energy intake/energy use. Ever since
hereditary forms of obesity were dis-
covered in mice in the 1950s, research-
ers have investigated the regulation of
these factors. About 20 years ago, it was
found that the so-called ob mouse (for
obese) is missing a satiety factor that
would normally circulate in its blood.
Finally, in 1994, the ob gene was cloned.
The expression product, leptin, consists
of 167 amino acids. Administering lep-
tin to ob mice normalized their body
weight by reducing energy intake and
increasing energy use, mainly by
increasing body temperature. Leptin
and its effects have since been con-
firmed in humans.

Leptin controls energy uptake and use
by regulating various satiety factors (A)
in the hypothalamus, such as neuropep-
tide Y (NPY) or glucagon-like peptide 1
(GLP-1). Since leptin is synthesized in
white adipocytes, fat mass functions as
a sort of central control sensor.

The expression of the ob gene is greatly
enhanced by glucocorticoids and insu-
lin. Consequently, high insulin levels
should result in low body weight, con-
trary to what actually happens. These
contradictory findings can only be
explained by assuming problems with
various receptors. The CNS receptors for
leptin, neuropeptide Y and other trans-
mitters are now known. However, until
recently, the connection between leptin
and cellular energy consumption
through thermogenesis had not been
established.

It has been known since 1994 that there
is a protein in brown fatty tissue called
UCP1 (uncoupling protein 1) which, at

the inner mitochondrial membrane, is
able to assume the function of the res-
piratory chain proteins (B). When it
does, the electrochemical gradient (H*
electron chain) is not used to produce
energy in the form of ATP. Rather, free
fatty acid anions (FFA) serve as proton
acceptors—a “nonsensical” cycle that
produces only heat and thereby
“wastes” energy. Finally, in 1997, UCP2
was discovered, which, unlike UCP1, is
found in many tissues. Neither its sig-
nificance nor its regulation is known in
detail yet. Based on its more wide-
spread occurrence, UCP2 may be
responsible for regulating basal meta-
bolic rate and have a role in the devel-
opment of obesity. Recently, an addi-
tional isoform, UCP3, was discovered in
skeletal muscle, and traces in all fatty
tissues.

These discoveries have raised great
expectations for a pharmacological
therapy of obesity and of type 2 diabe-
tes. It needs to be pointed out, though,
that in humans and animals, regulation
is usually polygenic. For instance, it has
been shown in humans that a polymor-
phism of the p3-adrenergic receptor is
more common in obese individuals. It is
likely that more such genes, each of
which contributes a small part to obes-
ity, will be discovered.
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— A. Homeostasis of Body Weight
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— B. Uncoupling of Energy Production
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Stomach Function

The stomach stores ingested foods,
breaks them down mechanically, alters
them chemically, disinfects them with
stomach acid, and passes on the result-
ing chyme to the duodenum for further
digestion in small portions.

The proximal stomach (A), also called
fundus, develops an active tonus which
can adjust to the intragastric pressure.
Its primary function is, therefore, stor-
age. Solid food is deposited layer upon
layer while liquids run down the stom-
ach wall. The distal stomach sections,
corpus, and antrum, contain within
their smooth muscle autonomous pace-
maker cells, which produce distally
advancing waves of potential (slow
waves). Their frequency is 3-4/min.
That is, however, below the activation
threshold. When needed, contractions
with the frequency of slow waves are
triggered by neuronal and humoral
influences. An important stimulus is
provided by the stretching of the intes-
tinal wall caused by a full stomach. The
peristaltic contractions triggered by the
stretching drive the stomach contents
towards the pylorus, which closes—
controlled by a complex interaction of
regulatory mechanisms—squeezing and
pushing the contents back into the
stomach. Due to this maceration, 90 % of
all particles leaving the stomach are less
than 0.25 mm in size. The close regula-
tory monitoring of the pylorus’ opening
and closing is necessary to prevent
overburdening of subsequent digestive
and absorptive processes.

The 2-3 1 of stomach juices are secreted
essentially by three types of cells. Pari-
etal cells (B) actively pump protons into
the lumen in exchange for potassium.
Potassium and chloride are also trans-
ported actively, increasing the H" con-
centration to a level more than a million

times higher than in blood. The protons
are produced in a carboanhydrase reac-
tion. The bicarbonate resulting from
this reaction is transported into the
blood in exchange for chloride. Pepsino-
gen, a mixture of protease precursors
secreted by the chief cells, is converted
into protein-digesting pepsin when
exposed to HCl. Pepsin is an autocata-
lytic enzyme acting to produce more of
itself and needs an acidic environment
for its activation. The surface mucous
cells produce an alkaline secretion
which creates an unstirred layer on the
surface of the mucous membrane. This
causes the pH at the cell surface to be
near neutral even with extremely acidic
pH in the lumen—an essential protec-
tion for the stomach wall to prevent
self-digestion.

Gastric secretion is divided into several
distinct phases (C). The cephalic phase
is triggered by expectation of food, by
seeing, smelling, etc. Pavlov discovered
that this secretion, mediated by vagal
impulses, can be up to 50 % of maximal
total secretory activity. The excitatory
phase is dominated by release of gastrin
from G cells of the antrum stimulated
by partially digested protein fragments.
During the inhibitory phase duodenal
signals predominate. Signals from
stretch-, protein-, fat-, osmo-, and pH-
receptors trigger the release of hor-
mones that inhibit the activity of the
secretory cells.
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— A. Peristaltic Contractions
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Absorption: Anatomy and Histology

The small intestine can be divided into
three sections: the duodenum, which
has important regulatory functions and
receptors, with bile and pancreatic
ducts leading into it; the jejunum (1.5-
2.5 m in length); and the ileum (2-3 m
in length). The intestinal tube is 4 cm in
diameter and ~5 m long, which would
normally give it a surface area of 0.5 m2.
Through the addition of folds, villi, and
microvilli the absorptive surface in-
creases to 200 m2.

Each villus makes up a functional unit,
together with its neighboring crypt (A).
Initially 16 stem cells per crypt divide
into about 150 proliferating cells, which
run through a few additional cell cycles.
During their migration to the villus tip,
they differentiate into various cell
types, with secretory or absorptive
functions. The tip cells are sloughed off
and replaced every 3-6 days. Hence, at
any given time, some of the “nutrients”
and enzymes found in the intestinal
lumen are actually sloughed-off cells of
the intestinal lining.

Each villus contains one central blood
vessel with subepithelial branching.
About 10-15% of the cardiac output is
allocated to the small intestine. This
blood flow can be increased postprandi-
ally to more than twice its original
volume, surrounding the chyme after
meals.

Like the stomach'’s, the small intestine’s
motility is determined by slow waves.
The frequency of the associated changes
in potential decreases from the oral to
the anal area, given the orally located
sections a trigger function. Also, peri-
staltic waves, and with them the move-
ment of intestinal contents, can only
travel in one direction, i.e., from oral
to anal. The intestinal tube is also able

to actively mix its contents by separat-
ing individual segments.

Analysis of the histology of enterocytes
(B) reveals a multitude of transport
pathways within and between the cells,
as well as to the outside. Consequently,
absorption is not a unified process, but
an overarching term encompassing
many interlacing processes.

Transcellular transport (C) can be
active or passive. Electrogenic Na*
transport plays a central role as the
driving force behind many absorptive
processes. Na* is pumped into the inter-
cellular space by a Na* pump located at
the basolateral cell membrane. This
process is ATP-dependent and creates
an extreme difference between the
Na* concentration inside the cells
(15 mmol/l) and the plasma (140 mmol/
1). Additionally, this creates a potential
difference of about -40 mV between
the two media.

On the lumen side, the enterocytes are
connected by tight junctions. Particu-
larly in the proximal regions of the
small intestine, though, the latter are
sufficiently permeable to allow para-
cellular diffusion along a concentration
gradient. This can occur in both direc-
tions so that water and electrolytes,
e.g., can also reach the lumen.

Even small particles are able to pass
through the apparently dense intestinal
mucosa by translocation (leaky gut).
These intact, undigested particles play
an important role, for instance, in trig-
gering allergic reactions.
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Absorption: Cellular Mechanisms

The digestive process in the small intes-
tine is induced by free —mostly pancre-
atic—enzymes, at least for most nutri-
ents. The final breakdown into the
smallest molecules, ready for absorp-
tion, is achieved by membrane-bound
enzymes at the microvilli (A). The active
sites of these enzymes are oriented
towards the lumen side, achieving the
final complete breakdown of nutrient
molecules as they migrate towards the
enterocytes.

Actual absorption can happen in 3 ways

(B):

1. Carrier-mediated transport is more
or less specific to individual atoms or
compounds, and may or may not
consume ATP.

2. H,O0-mediated transport involves
water movement through the
mucosa, carrying along soluble elec-
trolytes and nonelectrolytes. Perme-
ability to water-soluble substances
is relatively high in the upper sec-
tions of the small intestine, decreas-
ing gradually towards the distal seg-
ments. Therefore, discrepancies
between chyme osmolarity and
plasma osmotic pressure are rapidly
equalized, achieving isotonic condi-
tions between chyme and plasma as
early as in the jejunum. During this
water exchange, dissolved sub-
stances travel into mucosa cells
along a concentration gradient.

3. Lipophilic substances pass through
the enterocytes’ lipid bilayer mem-
brane directly. This applies to mi-
celle components, e. g., even though
the micelles proper are unable to
enter the intestinal cell (see p. 90).
Transport through the lipid mem-

brane is simple passive diffusion along
a concentration gradient.

Once inside the cell, nutrients are
transported either passively along a
concentration gradient or actively. They
undergo metabolic processes, which
either transform them into transport
forms or prepare them to be used by the
enterocytes directly.

After their passage into the blood cap-
illaries of the intestinal tube, they are
carried off through the mesenteric
veins which drain into the portal vein.
Through this so-called portal system,
the nutrients are brought directly to the
liver. There, they are further metabo-
lized, preventing unnecessary burden-
ing of the systemic circulatory system
into which many of the metabolites will
finally be released.

The mechanisms of lipid absorption dif-
fer from those used for carbohydrates
and proteins (see p. 90). Inside the ente-
rocytes, most of the lipids are integrated
into chylomicrons and pass into the
intestine’s lymphatic system and the
large veins in this form, entering the
systemic circulatory system and
bypassing the liver.

Active absorption mechanisms are not
evenly available throughout the intes-
tine. Individual nutrients have prefer-
ential absorption sites (C).

Since the intestine is very flexible with
regard to its absorptive capabilities, suf-
ficient nutrient uptake is possible even
after resection of large segments. The
intestine is able to adapt to long-term,
high-dosage administration of partic-
ular nutrients (e.g., lactose): enzyme
patterns, as well as absorptive capacity,
adjust to the altered nutrient intake.
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The Colon

The human large intestine (colon) is
about 5 ft long and its largest diameter
(2.4-3.6in) is in the cecum. Unlike the
small intestine, its mucosa does not
carry villi, but it does have crypts. It is
characterized by extensive lymphatic
tissue and plasma cells, especially in the
area surrounding the appendix.

Colonic contractions also differ from
those of the small intestine. Circular
musculature contracts in an irregular
fashion and in several places at once,
without any net movement of chyme.
True peristaltic waves that move the
contents along about 8 in at a time are
rare. Actual transport occurs through
so-called mass movements, powerful
contractile waves that occur once or
twice daily. Like the other types of con-
tractions, they are triggered by food
intake—the so-called gastrocolic reflex.
Chyme from low-fiber foods takes 2-
3 days to transit the colon (stool weight
100-150g), chyme from extremely
high-fiber food 1-2 days, with a stool
weight of up to 500 g. Larger particles
may appear in the stools much faster if
transported with the central stream of
materials.

The colon reabsorbs 1-1.5 I of water/d.
The structure of the pores and tight
junctions prevents reflux of Na* and
water into the intestinal lumen. This
allows the colon to absorb Na* even
from highly hypotonic solutions. The
basolateral Na*/K* pump is the driving
force here, producing low Na* concen-
trations in the mucosa cells, on the one
hand, and on the other, building an elec-
trical gradient (0 mV in lumen, -30 mV
inside cells, 20 mV in the interstitium
[A]). Cell membrane permeability is in-
creased by aldosterone on the lumen
side. K* travels back through the tight

junctions passively, driven by the elec-
trical gradient. As a net result, the colon
secretes K* but absorbs Na* almost
completely. Whereas the stomach and
small intestine are almost completely
sterile, the colon contains a dense pop-
ulation of ~1012 bacteria/ml chyme.
Stool dry matter is 30-75% bacteria,
predominantly anaerobic Bifidus and
Bacteroides. Aerobes like Escherichia
coli or enterococci make up less than
1%. Attempts are being made to achieve
immunomod-ulation by altering intes-
tinal flora through oral administration
of certain lactic acid bacteria (so-called
probiotics, see p. 288).

The anaerobes are able to use ~50% of
the nutrients that come down the pipe-
line (B). They produce useful metabo-
lites, which are absorbed by the colon
mucosa—the most well-known exam-
ple is vitamin K (see p. 160).

Resulting gases, like hydrogen, for
example, are also partially absorbed
and end up in the air we exhale. Short-
chain fatty acids, which bacteria pro-
duce during fiber breakdown (see
p. 80), are used as fuel by mucosa cells
and thereby have an impact on cell pro-
liferation. They activate colon motility
and improve blood flow inside the
mucosa.
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— A. Electrolyte Absorption in the Colon
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Enterohepatic Circulation

A number of substances that are
absorbed into blood or lymph do not
originate from foods but are released
into the intestinal lumen endogenously.
For instance, sloughed-off mucosa cells
are digested and their components
thereby “recycled.” The same applies to
most intestinal secretions. Enterohe-
patic circulation is a prominent exam-
ple of the body’s substance-sparing ten-
dency towards recycling.

Bile acids, which are essential for the
digestion of fat-soluble compounds,
reach the duodenum (A) as mixed
micelles (see pp. 88-90). After resorp-
tion of the micellar lipids, bile acids are
left behind in the small intestine. They
are absorbed actively and passively
later during the intestinal passage. Bac-
terial deconjugation and dehydroxyla-
tion increase their lipid solubility,
thereby facilitating passive diffusion.
More than 50% of them, however, are
reabsorbed actively in the terminal
ileum. This recycling is so effective that
only about 0.8 g out of the total 20-30 g
secreted per day is lost with fecal mat-
ter and has to be replaced by neosyn-
thesis in the liver. The body’s entire bile
acids pool is just about 3 g. Since a crit-
ical minimum concentration is required
for micelle formation, this pool is insuf-
ficient for a single high-fat meal. Diges-
tion of larger amounts of fat is possible
solely because of the long, controlled
retention of fatty foods in the stomach
and the effective recycling of bile acids.

Bilirubin from erythrocyte breakdown
also circulates enterohepatically, but is
not recycled (B). Per day, ~250-300 mg
bilirubin is excreted with bile. Bilirubin
is conjugated inside the hepatocytes’
endoplasmic reticulum (ER) and re-
leased as glucuronide into the intestine,

where it is only partially re-absorbed. In
the terminal ileum and colon, bacteria
convert bilirubin to urobilinogen and
other compounds. About 15-20% of
those are reabsorbed into the portal
vein, then reach the liver and are added
back to bile. A small portion of the uro-
bilinogen reaches the systemic circula-
tion, where it becomes subject to renal
excretion. The bilirubin excreted
through the stools in the form of uro-
bilinogen and other compounds is
responsible for the brown color of
feces.

If this enterohepatic circle is inter-
rupted, e.g., through damage to liver
cells, or obstruction of biliary ducts, dis-
coloration of stools ensues. Also,
bilirubin, which is yellow, accumulates
in the blood, causing “icterus,” the yel-
low coloration of jaundice. Unconju-
gated bilirubin is bound to albumin in
plasma and is unable to pass through
membranes in this form. At higher con-
centrations, however, or in case of albu-
min deficiency, unbound, unconjugated
bilirubin may occur. This may cross the
blood-brain barrier and have a toxic
effect on the brain.

The formation of glucuronides and
their being sluiced into enterohepatic
circulation may also have the purpose
of producing water-soluble, biologically
active metabolites (e. g., vitamin A-glu-
curonides).
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Digestion: Control

The gastrointestinal tract has its own
intrinsic nervous system. It can regu-
late secretory and motor functions of
digestive organs independently of the
extrinsic, autonomous nervous system
but is nevertheless strongly influenced
by the latter. The afferent neurons
receive their signals from mechano-
and chemoreceptors; these are most
common in the duodenum. Efferent
neurons may supply smooth muscula-
ture, as well as glands. Acetylcholine
functions as the neurotransmitter for
the preganglionic fibers of the vagus
nerve. A multitude of bioactive peptides
function as neurotransmitters for the
postganglionic nerve fibers.

Various cell types embedded in the
gastrointestinal mucosa secrete specific
gastrointestinal hormones and pep-
tides (A) upon contact with food com-
ponents. The classical hormones gas-
trin, secretin, and cholecystokinin (CCK)
are released into the blood in response
to their respective stimuli. Some of the
peptides diffuse into neighboring tis-
sues and act upon effector cells there.
Others are released at the nerve endings
and function as neurotransmitters.
These substances may have agonistic or
synergistic effects on various cell types
of different organs.

Hormonal regulation has a decisive
influence on all digestive functions and
setsin early, i. e., even before actual food
intake.

Secretion of saliva, for instance, begins
with the expectation of a meal and is
not controlled by conditioned (oral or
gastrointestinal) reflexes (Pavlov). The
function of this early secretion is to ena-
ble starch breakdown by salivary amy-
lase and to release antibacterials

(thiocyanate), as well as somatostatin
and growth factors (IGF, NGF).

In the stomach, vagal stimulation
(expectation of food and stress) and/or
actual ingestion of food triggers acid
secretion. The latter also causes local-
ized histamine and gastrin release,
which in turn causes parietal cells to
release H* ions. Pepsinogen is released
by the chief cells in the same fashion,
leading to digestion of proteins,
enhanced by their denaturation in an
acidic environment.

The arrival of fat and proteins in the
stomach and upper small intestine
stimulates CCK release into the blood.
CCKrelease is a preparatory and coordi-
nating step for the digestion of most
nutrients in the duodenum and jeju-
num and also influences nutrient distri-
bution after their absorption into the
bloodstream. CCK quickly reduces the
gastric emptying rate and stimulates
the secretion of bile and pancreatic flu-
ids into the duodenum. CCK appears to
effect gall bladder contractions by stim-
ulating acetylcholine release. CCK also
enhances insulin secretion into the
blood.
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Digestion: Principles

Beyond mechanical processing—mixing,
maceration, transport—the main func-
tion of the digestive tract is to split large
food components into small absorbable
units (A).

During this enzymatic hydrolysis, H,0
isreinserted in those places from where
it had previously been removed during
dehydration synthesis in the animal or
plant cells that built the compounds.
For all nutrients, this hydrolysis follows
the same pattern: first, they are split
into larger fragments, and subsequently
they are broken down into the smallest,
absorbable subunits.

Digestion of foods begins in the buccal
cavity. The enzyme amylase, produced
mostly by the parotid glands is able
to hydrolyze complex carbohydrates
(starch). In infants, lingual lipase plays
an extremely important role, initiating
fat digestion. Its role in adults is contro-
versial; in all likelihood, its role in lipid
digestion is negligible as long as there
is full pancreatic function. Since the
buccal cavity is relatively small, the
effectiveness of these enzymes depends
on how long food is kept in the mouth:
the longer it is chewed, the more time
for the enzymes to act upon the food.

The macerated food, mixed with saliva,
reaches the stomach after passing
through the esophagus. At the begin-
ning of a meal, the stomach lumen
tends to have a neutral pH. Then, HCl is
released and mixed with the mass. Once
a critical level of acidity is reached, this
inactivates the salivary enzymes. Only
proteins are actively digested in the
stomach, and an acidic pH is indispen-
sable for this process. By the time the
food leaves the stomach, it usually
consists mostly of larger nutrient

fragments. Since the same hydrolysis
can also be achieved through pancre-
atic enzymes, digestion without a stom-
ach is possible—within limits.

Small intestine. The most important
pancreatic juices are bicarbonate—to
neutralize stomach acids—and digestive
enzymes for all major nutrients.
Proteolytic enzymes and phospholipase
A are secreted as inactive precursors,
which are not activated until they reach
the duodenum, thus preventing auto-
digestion of protein-containing pancre-
atic membranes. Lipase, amylase, and
ribonucleases are secreted in their
active form.

These enzymes prevail in pancreatic
juice in constant ratios. Adaptation of
these concentrations to specific nutri-
ents occurs very slowly, as, for instance,
to prolonged high fat intake.

Pancreatic enzymes begin their hydro-
lytic work in the proximal jejunum, pro-
ducing either directly absorbable units
(lipids) or fragments, which are then
further hydrolyzed by specific mem-
brane-bound enzymes located in the
intestinal mucosa. The end products of
these specific enzymatic reactions are
absorbed directly into blood, or into
lymphatic fluid, as in the case of lipids.
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Structure and Properties

Carbohydrates are hydroxylized alde-
hydes or ketones and are the most
abundant of organic compounds. They
serve as fuel, energy storage, basic
building blocks in DNA and RNA, and as
structural elements of bacterial and
plant cell walls. Carbohydrates are
bonded to other macronutrients in
glycoproteins and glycolipids, which
play important roles in cell membranes,
as for instance in cell-cell recognition.
Food carbohydrates are built almost
exclusively from the monosaccharides,
glucose, fructose, and galactose.
Depending on the number of monosac-
charides bonded together, one can dis-
tinguish di-, oligo-, and polysaccharides
(A).

Among the disaccharides, sucrose (or
saccharose) plays a predominant role. It
is commonly called “sugar,” and can be
produced from sugar cane and sugar
beets. Lactose (milk sugar) is the pre-
dominant carbohydrate in milk. It rep-
resents a major energy source for
infants. Maltose (malt sugar) is of lesser
significance in foods, but is produced in
large amounts when carbohydrate poly-
mers are digested.

Most food carbohydrates consist of
starch, composed of amylose and amylo-
pectin. These macromolecules (poly-
saccharides) are made exclusively from
glucose building blocks—a single
amylopectin molecule may consist of
hundreds of thousands of glucose
molecules. Starch is the energy storage
polysaccharide of plants. Cereal grains
contain ~75 %, potatoes ~65 % starch (in
dry matter). The animal body can store
only limited amounts of carbohydrates
in the liver and muscle as glycogen.
Stored carbohydrates bind water, using
more space than lipids while containing
less energy. This is why the human body

uses primarily fats for energy storage.
Even though the structure of glycogen is
similar to that of starch, it has no role in
human nutrition since any stored glyco-
gen is almost completely broken down
in foods ready for consumption.

A multitude of other polysaccharides
occurs in many plant species. These and
others are nowadays added to foods in
large amounts during processing. Usu-
ally, these additives are derived from
starch: on hydrolysis, it is converted to
glucose. Through physical, chemical, or
enzymatic modification it becomes
more water-soluble, and thereby more
suitable for food processing.

All carbohydrate polymers are linked by
glycosidic bonds (B). Depending on the
OH groups involved in the bonds, differ-
ent linkage types exist, affecting the
digestibility of the various food polysac-
charides. The gastrointestinal tract con-
tains specific enzymes able to split
a-glycosidic bonds (e.g., maltose,
sucrose). The human body also makes
an enzyme to split the B-glycosidic
bonds in lactose but lacks enzymes
specific to any other B-glycosidic link-
ages (see p. 78).
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— A. Carbohydrate Classification

Carbohydrate Occurrence

Monosaccharides

D-Glucose Fruit, honey - traces in most
(dextrose) plants

D-Fructose Fruit, honey - traces in most
(fruit sugar) plants

D-Galactose Component of lactose -

released during digestion
Disaccharides

Sucrose or saccharose
(table or cane sugar)
Lactose

(milk sugar)

Maltose

(malt sugar)

Sugar beets, sugar cane,
fruit, maple syrup

Milk, milk products

Sprouts, forms during starch
digestion

Polysaccharides

Structure and Characteristics

Water-soluble hexose
Water-soluble hexose

Water-soluble hexose

Water-soluble disaccharide, consisting of
glucose and fructose linked by a-1,2 bonds

Water soluble disaccharide, consisting of
galactose and glucose linked by $-1,4 bonds
Water soluble disaccharide, consisting of
glucose and glucose linked by o-1,4 bonds

Amylose Starch, cereals, potatoes Linear glucose polymer with a-1,4 bonds,
water soluble
Amylopectin Starch, cereals, potatoes, Branched glucose polymer with a-1,4 and
thickeners a-1,6 bonds, non-water soluble
Glycogen Liver, muscle Branched glucose polymer with a-1,4 and
(animal starch) a-1,6 bonds, water soluble
Inulin Artichokes Fructose polymer, water soluble
Technical saccharides
Dextrin Food additive Short fragments of an a-1,4 glucose polymer
Invert sugar Food additive Hydrolyzed sucrose, equal parts glucose and
fructose
Glucose syrup Food additive Hydrolyzed starch (glucose)
High fructose corn Food additive Hydrolyzed starch, partially isomerized
syrup (HFCS)
— B. Glycosidic Bonds

HOCH, HOCH,

H OH H o
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Digestion and Absorption

Since only monosaccharides can be
absorbed, all carbohydrate polymers
must be hydrolyzed during digestion
(A).

This process is initiated in the mouth by
salivary amylase and continues in the
small intestine under the influence of
pancreatic amylase. End products of
this enzymatic reaction are partially
glucose, but also large amounts of
maltose and isomaltose. Just like
sucrose or lactose, these disaccharides
are split into monosaccharides by spe-
cificc, membrane-bound disacchari-
dases. Since mucosa cells are continu-
ously sloughed off, small amounts of
these hydrolases are also found in the
intestinal lumen.

Further absorption into mucosal cells
can occur in several ways (B). On the
luminal side of the mucosa, glucose and
galactose are transported actively
against a concentration gradient. The
carrier molecule binds Na* and glucose
in a 1:1 ratio and travels through the
membrane. Na* is subsequently re-
moved from the cell by Na*/K*-ATPase—
again against a concentration gradient.
Glucose leaves the mucosa cells actively
using the GLUT2 carrier protein. About
25 % of the glucose reaches the blood by
passive diffusion; ~15% is transported
back into the lumen by the carrier. Fruc-
tose is absorbed passively, with the
GLUTS transport system facilitating dif-
fusion on the luminal side.

Depending on the efficiency of these
transport systems, the various mono-
saccharides are absorbed at different
rates. Glucose and galactose are ab-
sorbed fastest and compete for the
same transport system. Fructose fol-
lows about 30 % more slowly, while the
absorption speed of all the other

monosaccharides, including the sugar
alcohols used as alternative sweeteners
(e.g., sorbit, xylit), is as low as 10-20%
of the speed of glucose.

If the individual capacity of one of
the digestive/absorptive systems is
exceeded, low molecular weight car-
bohydrates reach the colon. There, they
bind water and can be fermented by
intestinal bacteria, causing intestinal
gas and diarrhea.

One example is the lactose/lactase sys-
tem: large amounts of lactose always
overload the system and cause di-
arrhea; this is why lactose can be used
as a laxative. More important, however,
is the occurrence of lactase deficiency.
Overall, 30-50 million Americans are
lactose intolerant, 90 % of Asian-Ameri-
cans, and 75% of African- and Native
Americans. Worldwide, 75% of adults
have some degree of lactose intoler-
ance. It is least common among Europe-
ans and constitutes the most common
form of intolerance to a disaccharide.
Reduced lactase activity is a factor in
many diseases of the intestine. Those
afflicted ought to be aware that fer-
mented milk products like hard cheeses
contain only traces of lactose and rarely
cause symptoms. Sour milk products
tend to be well tolerated in spite of their
lactose content. The increasing use of
powdered milk in processed foods, as
well as lactose in medical drug prepara-
tions and diet products, is problematic
for those who suffer from lactose intol-
erance.
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— A. Carbohydrate Digestion and Absorption
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Metabolism: Distribution and
Regulation

Once absorbed, carbohydrates are car-
ried to the liver (A). There, fructose and
galactose are converted into glucose.
Some of the absorbed glucose reaches
the peripheral bloodstream, where it is
recognized by pancreatic receptors.
This triggers increased insulin secretion
by the p-cells and reduces glucagon
secretion.

These hormonal changes provide a sig-
nal which affects the entire metabo-
lism: absorption of glucose into the
liver, muscle cells, and fatty tissues is
increased, and its conversion into stor-
age forms enhanced. Once inside the
liver, glucose is phosphorylated into
glucose-6-phosphate (G6P) and trapped
since G6P is unable to pass through the
membrane. G6P is then metabolized
either into energy, into free fatty acids
(FFAs) and triglycerides (TG), or into
glycogen—as long as sufficient storage
capacity remains. Due to its hydrated
state, glycogen requires lots of space;
therefore, the liver can store only about
100 g glucose in this form. Up to 0.5 kg
glycogen can be stored in muscle.
Hydrolyzed glycogen cannot leave the
muscle cells to add to blood glucose and
is therefore no longer available to the
rest of the body.

Due to this limited storage capacity, all
carbohydrates consumed beyond en-
ergy need are converted to and stored as
fat. Fat storage is practically unlimited.
Yet, the idea that mostly carbohydrates
make people fat is wrong. Basically, all
energy nutrients, consumed in excess of
energy need, are converted to fat. Since
carbohydrates first have to be metabo-
lized for this purpose, their conversion
is actually most ineffective. Some of the

carbohydrate energy is lost in postpran-
dial thermogenesis. This does not apply
to fatty acids, which can be directly
integrated into fat cell triglycerides. If
any nutrient can be said to be fattening,
it tends to be the lipids.

Towards the end of the absorptive
phase or while fasting, when plasma
glucose levels drop due to lack of new
supplies and/or rapid use, hormonal
regulation is reversed (B). Plasma insu-
lin levels drop while glucagon secretion
increases. Glucagon stimulates liver
glycogen breakdown and increases the
enzymatic activity required for the
reversal of glycolysis (gluconeogenesis
from amino acids). The lower plasma
insulin causes breakdown of muscle
glycogen, making glucose available to
the muscles. Catecholamines released
during stress or physical activity can
have the same effect. Furthermore,
increased glucagon levels make fatty
acids available through triglyceride
hydrolysis. Alternatively, this can be
induced by the sympathetic nervous
system.
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— A. Distribution and Regulation (Post-absorptive)
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Metabolism: Glucose Storage

The glucose stored in the liver as glyco-
gen can be considered a reservoir for
buffering blood glucose levels (A).
Since glucose is the essential energy
source of the CNS, blood glucose levels
are regulated within a tight margin
through the interplay of glucagon and
insulin.

Muscle glycogen is not directly inte-
grated into the blood glucose regulation
system. Since muscles lack glucose-6-
phosphatase, their cells are unable to
convert glucose-6-phosphate formed
during glycogen breakdown into glu-
cose, so no glucose can be released into
the blood. Rather, muscle glycogen
serves as an energy reserve for the mus-
cles. Since stored ATP and other high-
energy phosphates last only seconds,
while external energy supply through
the blood takes some time, muscle gly-
cogen is the sole intermediate energy
source.

The storage and breakdown of muscle
glycogen are not only influenced hor-
monally, but also subject to allosteric
regulation (B). During muscular activ-
ity, membrane depolarization and sub-
sequent energy use create high levels of
Ca“* and AMP. Both substances activate
glycogen phosphorylase, which cata-
lyzes the first breakdown step towards
glucose-1-phosphate. Glucose, glucose-
6-phosphate, and ATP inhibit this
enzyme. Glucose-6-phosphate, on the
other hand, which is formed after glu-
cose absorption, activates glycogen syn-
thase.

In extreme situations, the muscle itself
may also be used to supply glucose (C).
In case of short-term, extreme muscular
activity, the oxygen supplied by the

blood is not sufficient to completely
oxidize the glucose used by the muscle.
Nevertheless, to ensure energy supply,
glucose is converted to lactate during
anaerobic glycolysis. Since the muscle
has no further use for lactate, it is
released into the bloodstream. In the
liver, the lactate is used for gluconeo-
genesis and the resulting glucose
released into the blood.

Continued activity, therefore, results in
a net transfer of muscle glycogen to the
liver. During the recuperation phase,
the liver releases more glucose into the
blood, which the muscles, in turn, use to
rebuild glycogen stores.

During starvation or prolonged fasting
when neither enough glycogen nor lac-
tate is available to maintain adequate
blood glucose levels, muscle protein is
used for this purpose. Through trans-
amination, specific, so-called gluco-
genic amino acids are converted to
alanine, which is released into the
bloodstream. Upon reaching the liver, it
is metabolized to glucose (gluconeo-
genesis). Only through this cycle, called
“Cori Cycle,” is extended survival with-
out food intake at all possible. In any
case, it is bound to result in an unavoid-
able loss of muscle and fatty tissue.
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— A. Muscle and Liver Glycogen —— ~ B. Glycogen Synthesis and Breakdown —
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Glucose Homeostasis: Insulin and
Glucagon

All cells except brain, active muscle, and
liver cells, require membrane transport-
ers for glucose to enter the cells. The
transporters are usually present inside
the cells and insulin makes them avail-
able by bringing them to the cell sur-
face; with dropping insulin levels, they
recede again.

Insulin has three major metabolic
effects:

1. It lowers blood glucose by:

* Increasing glucose uptake in vari-
ous tissues,

« Inhibiting glycogenolysis,

« Inhibiting gluconeogenesis.

2. It lowers blood fatty acids and
enhances fat storage by:

* Increasing glucose uptake by fat
cells,

» Activating enzymes that catalyze
conversion of glucose into fatty
acids,

« Enhancing fatty acid uptake into
fat cells from blood,

« Inhibiting lipolysis.

3. It lowers amino acid levels in blood
and increases protein synthesis by:

* Increasing amino acid uptake into
cells,

* Increasing amino acid use for pro-
tein synthesis,

* Inhibiting breakdown of proteins.

Insulin secretion by the p-cells of the
islets of Langerhans is subject to multi-
ple regulatory mechanisms (A). The
most important control value is the
blood glucose level, which fluctuates
throughout the day. After food intake
and before increased blood glucose lev-
els could even trigger this, insulin is
released through the function of the
autonomic nervous system, and subse-

quently through food-triggered, gas-
trointestinal hormones.

Glucagon, which is secreted by the o-
cells of the islets of Langerhans, is also
involved in blood glucose regulation
(B). With regards to glucose, glucagon
can be considered to be antagonistic to
insulin. Their effects on plasma amino
acid levels are similar, though. An
increase in plasma amino acid levels
triggers secretion of insulin as well as
glucagon.

The multiple cellular effects of insulin
and glucagon are mediated by cell
membrane receptors. Binding of gluca-
gon to the receptor (C) activates ade-
nylate cyclase (1), leading to formation
of the second messenger cAMP. cAMP
binds to the regulatory subunit of a pro-
tein kinase, causing it to release acti-
vated catalytic subunits (2). As a result,
target enzymes are phosphorylated (3),
altering their activity.

The insulin receptor (D) is a glycopro-
tein consisting of two o- and two B-
chains. The latter are membrane-bound
and reach into the cytosol. After insulin
binds to the a-chains, which are located
on the cell’s exterior, a part of the p-
chains is phosphorylated, forming an
active tyrosine kinase. Tyrosine kinase
phosphorylates tyrosine R-groups of a
peptide (insulin receptor substrate,
IRS), which in turn triggers a multiple
phosphorylation and dephosphoryla-
tion cascade. Dephosphorylation of the
receptor finally terminates these intra-
cellular effects of insulin.
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Glucose Homeostasis: Metabolic
Aspects

The blood glucose level of a healthy
adult fluctuates between ~70 mg/dl
(3.85 mmol/l and ~120 mg/dI (6.6 mmol/
1) postprandially. Beyond a certain blood
glucose concentration of between 140
mg/dl and 170 mg/dl (~7.7-9.35 mmol/
1) (depending on the individual), the
kidney tubules are no longer capable of
reabsorbing the glucose and glucosuria
results. Below ~50-70 mg/dl (~2.75-
3.85 mmol/l), the insufficient glucose
supply to the CNS causes symptoms of
weakness or fatigue. Further lowering
may cause seizures, symptoms of shock,
and ultimately death.

In the short term, the tightly controlled
blood glucose homeostasis is achieved
primarily through the effects of insulin
and glucagon on the hepatocytes (A).
The primary instrument of this homeo-
static function is the build-up and
breakdown of liver glycogen. Glucose
diffuses freely between blood and liver.
Postprandially increased glucose levels
activate glucokinase in hepatocytes:
glucose, now phosphorylated, can no
longer exit the cells. This causes a drop
in blood glucose—removing the most
important stimulant for insulin secre-
tion. In a healthy person, a certain level
of insulin, as well as glucagon, is always
present. Minor deviations from the
blood glucose level control value, how-
ever, cause important changes in insu-
lin/glucagon ratios. With normal nutri-
tion, about 60% of the glucose
consumed with foods is stored in the
liver and later released into the blood-
stream through the build-up and subse-
quent breakdown of glycogen.

In the long term, various adaptive
mechanisms are used for blood glucose
homeostasis, ensuring a minimum use

of 4-5 g glucose/h even with carbohy-
drate-free nutrition (B). Any glucose
ingested during the last meal (time
0 hours) is metabolized within a few
hours. During this relative high-
glucose-supply period, the tissues use
glucose exclusively. Subsequent glyco-
genolysis in the liver guarantees further
stability of glucose levels for the next
12 hours. During this period, however,
glucose use by liver, muscles, and fatty
tissues is increasingly curtailed. Simul-
taneously, gluconeogenesis begins in
the liver and takes over maintenance of
glucose supply after the glycogen stor-
age is exhausted. After 1-2 days with-
out carbohydrate intake, gluconeo-
genetic activity decreases.

This is a consequence of a metabolic
shift in all tissues: increasingly, free
fatty acids are used as energy supply,
minimizing glucose use. After a few
days, even the brain begins to at least
partially use ketone bodies for energy
(ketosis).

Prolonged survival without carbohy-
drate intake is, therefore, possible
through synthesis of glucose from pro-
teins (gluconeogenesis) and simultane-
ous reduction of glucose use in the tis-
sues. The proteins used for these
metabolic pathways may either come
from ingested foods or from body pro-
teins, predominantly muscle.

Modern high-protein weight loss diets
aim at reducing appetite through induc-
tion of ketosis through extreme restric-
tion of carbohydrate intake. Potential
side-effects of sustained ketosis are
non-specific symptoms like fatigue and
disturbances of the gastrointestinal sys-
tem. Kidney and bile stones as well as
loss of bone mass have also been
reported. Such extreme ketogenic diets
have been used for many years for the
treatment of childhood epilepsy, albeit
under strict medical supervision.

Biesalski, Pocket Atlas of Nutrition © 2006 Thieme
All rights reserved. Usage subject to terms and conditions of license.



Metabolic Aspects 67

— A. Glucose Homeostasis—Short-Term

Blood glucose level

Glucosuria —

=
©
Blood E o
] i lycogen
glucose 2 Insulin Blood glucose
level — % 00 -<= A = W N
control S
=,| Glucagon
value =
100 mg/dl 8
=

30 60 Time (min)

External distu rbance/:g(

o2
ARSSS

Positive . Negative

Seizures —»| L
Deviation setoff

— Exocrine glandular

tissue
B cells (insulin)

Blood vessel
(capillary)

D cells
(somatostatin)

40

Islet of Langerhans

Acells (glucagon)

30

20

Origins of
blood glucose:

Used glucose (g/h)

Exogenous

I
N Glycogen

Gluconeogenesis

12 16 20 24 28 2
Hours Days

Biesalski, Pocket Atlas of Nutrition © 2006 Thieme
All rights reserved. Usage subject to terms and conditions of license.



68 Carbohydrates

Glucose Tolerance

Glucose tolerance is the body’s reaction
to an increased carbohydrate supply. It
is measured by reactive changes in
blood glucose levels. During a glucose
loading test, 50-100 g of glucose are
administered on an empty stomach in
0.5 1 of water, and blood glucose levels
measured at time O (start), and 30, 60,
90, and 120 minutes thereafter. Since
glucose dissolved in water undergoes
no digestive processes and passes an
empty stomach without delay, the
blood glucose level peaks 30 minutes
after the meal (A). In healthy subjects,
glucose is taken up by the cells even
before peak levels are reached, due to
simultaneous onset of insulin secretion,
thereby preventing glucose levels from
exceeding 120-150 mg/dl (6.6-
8.25 mmol/l). The regulatory switch—
reversal of the hormonal regulation
with sinking glucose levels—occurs
with some delay. Rapid flooding with
glucose, causing rapidly rising insulin
levels and subsequent rapid decline of
glucose levels, frequently leads to blood
glucose values below initial levels.

However, these statements, derived
from experiments with watery glucose
solutions, are not applicable to nutritive
carbohydrate intakes. Postprandial glu-
cose concentrations vary considerably,
depending on food composition. For
instance, high fat content prolongs gas-
tric retention, whereas high fiber con-
tent leads to delayed intestinal absorp-
tion. Food preparation alone (raw,
boiled, fried) affects glucose availabil-
ity. Effectiveness of the processes
involved in carbohydrate digestion is
just as individually variable as is effec-
tiveness of the response to the influx of
glucose into the blood. A multitude of
vitamins and trace elements are

involved in carbohydrate metabolism. It
makes sense, therefore, that the availa-
bility of those substances would affect
glucose tolerance. Vitamin Bg and chro-
mium deficiencies have been discussed
in the context of reduced glucose tole-
rance for years.

The realization that identical amounts
of carbohydrates—consumed in the
form of different foods—may lead to dif-
ferent blood glucose profiles led to the
development of the glycemic index (GI)
(B). The GI describes the area under the
curve of the blood glucose after a carbo-
hydrate-rich meal, compared to the
curve resulting from consumption of
pure glucose (or white bread, respec-
tively). A disadvantage of the index is
that it compares equivalent amounts of
carbohydrates. A better measure is the
glycemic load (GL), which combines the
glycemic index of a given food with the
amount of carbohydrate contained in it
(C). Raw carrots, for instance, have a GI
of 71 compared to that of white bread
(100). However, since they contain only
4% carbohydrates, each serving has a GL
of 4, which is negligible.
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Fructose and Galactose

Fructose, which has no influence on the
release of insulin, is metabolized in the
liver (A). Which metabolic pathway is
used depends on the presence or
absence of other monosaccharides.

In case of simultaneous supply of glu-
cose and fructose, fructose is trans-
formed into intermediate products of
the glycolytic pathway. Since only one
phosphorylated product results from
the splitting of fructose-1-phosphate,
the remaining glyceraldehyde has to be
processed via a different pathway first.
Like insulin, fructose activates a
number of key enzymes required for
fatty acid synthesis, thereby ensuring
conversion of acetyl-CoA formed during
glycolysis into fatty acids—even in the
absence of insulin.

If fructose is the sole carbohydrate, or if
glucose supply is very low, an altered
fructose metabolism results; fructose is
still broken down into glyceraldehyde
and dihydroxyacetone phosphate in the
liver. Then, however, these metabolites
are used to synthesize glucose or glu-
cose-6-phosphate through reversal of
the first part of the glycolytic pathway.
This permits blood glucose levels to be
maintained and/or to replenish glyco-
gen storage. Since this reverse glycolytic
reaction is subject to “strict regulation,”
the amount of fructose that may be con-
verted to glucose is limited.

One problem with the uptake of large
amounts of fructose is the decrease of
hepatic ATP due to rapid fructose phos-
phorylation. This interferes with other
important liver biosyntheses, like pro-
tein biosynthesis. At the same time,
there may be increased AMP break-
down, which may result in an increase
of plasma uric acid. Lactate may also be

formed, due to the cells’ reduced ability
to regenerate NAD* from the NADH
formed during fructose glycolysis.

Depending on the type of nutrition—
and particularly during childhood—
large amounts of galactose from lac-
tose hydrolysis end up in the blood-
stream (B). Galactose has no influence
on insulin secretion either, and practi-
cally all of it ends up in the liver after
intestinal absorption. From there, it can
be shuttled into glucose metabolism
through conversion into uridine phos-
phate glucose (UDP-glucose), or used
for the synthesis of glycolipids and
other structural polysaccharides as
UDP-galactose.

In the mammary gland, this reaction
can be reversed, with lactose forming
from glucose via UDP-galactose.

Increased plasma galactose levels occur
in some neonates due to a congenital
metabolic defect (galactosemia). They
lack the transferase needed for further
processing of galactose-1-phosphate.
Subsequently, galactose is reduced to a
sugar alcohol, galactitol—a neurotoxin
that causes cataracts.
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Sugar Alcohols: Metabolism

Sugar alcohols form as a result of enzy-
matic reduction of the respective
mono- or disaccharides (A). The
reduced form of glucose, sorbitol (also
known as sorbit), plays a central role in
this enzymatic reduction. Its formation
is catalyzed by the same alcohol reduc-
tase thatreduces galactose to galactitol.

Sorbitol can be further metabolized to
fructose (B); if there is excess fructose,
this reaction may be reversed. Excess
fructose also inhibits the conversion of
sorbitol made from glucose to fructose,
resulting in an accumulation of sorbitol.
Aldol reductase and sorbitol dehydro-
genase are present in all tissues, cata-
lyzing the conversion from sorbitol to
fructose and the reverse (C). In the
Schwann cells of the peripheral nervous
system, in the papillae of the kidneys,
and in the epithelia of the eyes’ lenses,
there is intense aldol reductase activ-
ity. Aldol reductases are also common
in the pancreatic islets of Langerhans;
here, release of sorbitol is part of the
signaling mechanism for insulin secre-
tion.

Late complications of diabetes mellitus
affect primarily the nervous system,
pancreas, kidneys, and lenses. Due to
the high level of aldol reductase activity,
sorbitol can accumulate in these tissues
if there is a sustained abundant supply
of glucose (as from high fructose nutri-
tion).

High concentrations of endogenous
sugar alcohols in the tissues are linked
to characteristic pathological changes.
Especially with respect to diabetes mel-
litus, the accumulation of endogenous
sugar alcohols is being discussed as the
pathogenic cause of secondary diseases
of the nervous system, kidneys, and
cardiovascular system. The mechanism

at the root of these mostly degenerative
processes is not yet known.

An additional factor that might be
involved here is nonenzymatic glyco-
sylation of proteins, which can also be
observed at elevated sugar alcohol lev-
els. Nonenzymatic glycosylation of pro-
teins also occurs when monosaccharide
levels are permanently elevated. Since
monosaccharides are bonded to peptide
chains at random locations, this leads to
abnormal glycoproteins (see p. 76).

The formation of excessive amounts of
galactitol under high galactose condi-
tions takes place in the same tissues
where the sorbitol forms. It creates a
particular problem since galactitol is
not a suitable substrate for sorbitol de-
hydrogenase and is therefore hard to
remove.

Xylitol, supplied exogenously, is dehy-
drated to D-xylulose by cytoplasmic L-
iditol dehydrogenase; the xylulose is
phosphorylated to D-xylulose-5-phos-
phate and can then enter the pentose
phosphate cycle. The capacity for
metabolizing xylitol of exogenous ori-
gin is much greater that the endo-
genous synthesis, which is limited by
mitochondrial L-xylulose reductase.
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Sugar Alcohols: Occurrence

Sugar alcohols of exogenous origin—if
consumed in limited amounts—have no
disease-causing effects. Many occur in
plants and lower organisms (A); some
are produced technically, often by
hydrogenation of glucose syrup (B).

Naturally occurring sugar alcohols do

not play a major quantitative role in

nutrition. However, sugar alcohols

added to foods during processing may

become significant, depending on the

amounts consumed. The food industry

uses them for the following purposes:

 As alternative sweeteners

» To slow crystallization

+ Asa softener

* To decrease water availability to
microorganisms (preservative)

» To improve rehydration of dry prod-
ucts

All these applications arise from the
sugar alcohols’ common properties:
they are sweet and hygroscopic. The rel-
ative sweetening power of sugar alco-
hols is about 60 % compared to sucrose.
Therefore, they have to be used in larger
amounts to achieve the same percep-
tion of sweetness. Because of their
hygroscopic nature, this has unwanted
consequences for digestive system
function. Since many sugar alcohols are
poorly absorbed, they may—if con-
sumed in large amounts—reach distal
sections of the intestinal tract. There,
their hygroscopic nature makes them
the cause of diarrhea.

Nowadays, their use as alternative
sweeteners is most common in diet
foods for diabetics, based on their largely
insulin-independent metabolic  use.
However, in recent times, it has been rec-
ommended that diabetics avoid sugar

alcohols in favor of small amounts of
sucrose. This reversal of the strict inter-
diction on sugar consumption for diabe-
tes mellitus patients is a result of
improved therapeutic  possibilities,
which can be adapted to virtually any
nutritional situation. It should be
pointed out that these recommenda-
tions apply to very well-trained diabet-
ics. Sugar alcohols still play a role in the
nutrition of less well-trained patients.

Since the energy content of most sugar
alcohols (with the exception of maltitol)
is equivalent to that of the monosaccha-
rides they are derived from, they have
no relevant role in reduced-calorie
products.

They are also used in solutions for
parenteral nutrition, another important
application. Since many indications for
parenteral nutrition are accompanied
by metabolic problems with glucose
use, sugar alcohols represent an attrac-
tive source of carbohydrates.

Prevention of tooth decay is frequently
cited as a further indication for sugar
alcohol use. It should be mentioned
here, that the most common represent-
atives like sorbitol are actually rather
easily fermented by cariogenic bacteria.
Disaccharide alcohols are second gener-
ation alternative sweeteners. They are
not cariogenic and are hydrolyzed and
absorbed very slowly in the intestine;
hence, they have hardly any impact on
blood glucose levels.
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Polyalcohol
Erythritol

Arabitol

Ribitol

Xylitol

Sorbitol

D-Mannitol

Galactitol
Dulcitol

— A. Naturally Occurring Sugar Alcohols

Occurrence

Algae, grasses, fungi, various bac-
teria, human urine, fermented
syrup

Fungi, lichens, yeasts, higher plants,
human body fluids (liquor) and tis-
sue (brain)

Lichens, fungi, yeasts, higher
plants, human body fluids, nectar;
component of various liposaccha-
rides and of riboflavin

Various microorganisms, lower and
higher plants (much higher concen-
trations then sorbitol or D-manni-
tol), animal tissues

Algae, fungi, many higher plants,
animal tissues

Bacteria, algae, grasses etc., in-
cluding higher plants

Algae, fungi, higher plants

Characteristics

Its vasodilative effect has been investigated.
Cariogenicity and physiological significance not
sufficiently clear to date

Poorly metabolized by mammals (can be used as
low-calorie sweetener). Large amounts are excreted
with the urine. Cariogenicity studies lacking

Involved in pentose phosphate cycle. Less antiketo-
genic and metabolized more slowly than xylitol

Absorbed very slowly in human gastrointestinal
tract. Precursor of liver glycogen. Used in enteral
and parenteral feeding and as alternative sweetener
for diabetics and for noncariogenic nutrition

Absorbed more slowly than glucose and used as

alternative sweetener for diabetics. Precursor in of
liver glycogen. Used preferentially in food processing
and as sweetener. Fermented by cariogenic bacteria

Absorbed more slowly than sorbitol and xylitol;
precursor of liver glycogen. Stronger laxative effect
than sorbitol and xylitol. Most ingested mannitol
reaches the urine unchanged. Cariogenic effect
similar to that of sorbitol

Precursor of liver glycogen. Poorly absorbed.
Cariogenic effects not investigated

Polyalcohol
Lactitol

Maltitol

Isomaltitol

Palatinite

Maltotriitol
Maltotetraitol

— B. Synthetic Sugar Alcohols

Occurrence

Natural occurrence not proven

Natural occurrence not proven

Natural occurrence not proven

Natural occurrence not proven

Not found to occur naturally to
date

Characteristics

Hydrolyzed to galactose and sorbitol in gastrointes-
tinal tract by duodenal glucosidases. Its carbon
skeleton may be broken down completely in the
small intestine. Apparently noncariogenic; human
long-term studies lacking

Slowly hydrolyzed to glucose and sorbitol in small
intestine. Noncariogenic. Used as sweetener in
various foods (~ 2 kcal/g)

Lower-level caloric utilization observed in rats.
Cariogenicity studies lacking; behaves like lactitol
and maltitol

Caloric utilization ~ 50 %. Metabolism and cario-
genic effects like lactitol and maltitol

Intestinal breakdown. Inhibit amylase
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Glycoproteins

Glycoproteins are proteins with cova-
lently bonded oligosaccharides. The
carbohydrate content of these mole-
cules varies considerably. For instance,
more than 4% of the molecular mass of
immunoglobulin G (IgG) is carbo-
hydrate; more than 20 % of glycophorin,
found in erythrocyte membranes, and
more than 60% of the mucin of the
stomach mucosa are carbohydrate.

Membrane-bound glycoproteins are
involved in a multitude of cellular phe-
nomena (A). These include cell-surface
recognition by other cells, hormones, or
viruses, as well as antigenic characteris-
tics (e. g., blood groups).

Inside the extra-cellular matrix and in
the mucins of the gastrointestinal and
urogenital tracts, glycoproteins serve as
protective, biologically active lubri-
cants.

Nearly all of the globular plasma pro-
teins as well as the secreted enzymes,
are actually glycoproteins—albumin is
one of the few exceptions.

The carbohydrates are either bonded to
the O atom of the serine or threonine R-
groups with O-glycosidic bonds or to
the N atom in the asparagine R-group
with N-glycosidic bonds. The basic
structure of the sugars consists mainly
of N-acetyl-glucosamine (GIcNAc), fu-
cose, and mannose. At their ends they
have galactose (gal), mannose, and/or
sialic acid (sia) attached.

Since these carbohydrates can be linked
in different ways, the resulting multi-
tude of combinations can have different
information contents.

For instance, the life span of the entire
sialoglycoprotein (B) molecule de-
pends on the sialic acid residue at its
end. Many immunoglobulins and pep-

tide hormones that circulate in the
bloodstream are equipped with this
residue. The point at which the sialic
acid is enzymatically removed is en-
coded in these proteins. The asialoglyco-
protein receptor in the plasma mem-
brane of liver cells then recognizes the
galactose released during the removal
reaction and endocytoses the entire
protein. This mechanism allows pro-
teins to be so equipped that their life
span, depending on specific physiologi-
cal requirements, may range from a few
hours to several weeks.

When aldoses (e. g., glucose) bond with
the amino groups of proteins, instable
glycosylamines form. These can rear-
range themselves into stable products
in so-called Amadori reactions (C).
However, the alkaline nitrogen intro-
duced thereby now favors enolization
within the molecule. The resulting rad-
ical anion can react with oxygen and
other glycoproteins and lead to the for-
mation of hydroxyl radicals. These radi-
cals may cause polypeptide chain
breaks, ultimately resulting in the loss
of functional units. Such processes are
being discussed in the literature per-
taining to late consequences of diabetic
hyperglycemia.

Amadori products also form between
collagen polypeptide chains. They
cross-link the chains and may thereby
enhance the aging of connective tissue.
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r A. Glycoprotein Functions
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Fiber: Structure

The term “fiber” encompasses a multi-
tude of carbohydrates and lignin, which
by current definitions escape hydrolysis
by digestive enzymes completely or at
least partially. Hence, they are not
absorbed in the small intestine and
reach the colon. This physiological defi-
nition cannot be transferred to a uni-
form chemical standard. The attempted
classification is based on different
degrees of solubility under different
treatments (A).

Pectins can be dissolved out of plant
cells with neutral solvents, which is
why they are classified as soluble fiber.
Cell wall components are insoluble
under these conditions, and they make
up the largest share of fiber consumed
with foods. In an acidic environment,
hemicelluloses and cellulose dissolve.
Lignin, the “woody substance,” remains
resistant even here.

Characteristically, fiber is made from
the simple monosaccharides glucose,
fructose, arabinose, and ribose; addi-
tionally, it may contain certain deriva-
tives of various monosaccharides (B)
and, in lignin, some non-carbohydrate
structures.

Cellulose, the most abundant organic
compound in our biosphere, is made
only from glucose. It differs from starch
and glycogen in that the glucose sub-
units are linked with p-1,4 bonds. This
B-linkage causes long, straight chains to
form, making it suitable as a fibrous
material. Mammals do not have cellu-
lases and are therefore unable to digest
wood and plant fiber. Ruminants have
bacteria in their digestive tract, which
make B-1,4 linkage-breaking enzymes.
This is why these animals can digest
woody plant parts like straw, to some
degree.

By far most wheat and rye fibers are
hemicelluloses. They are also consid-
ered insoluble, but can become soluble
in acidic or alkaline environments due
to their short-chain, branched nature.
Pectins, the soluble fibers in fruit, are a
chemically heterogeneous mix. Galac-
turonic acid is their main component,
besides a number of other monomers.
They form characteristic gels when
mixed with water, a property that is
used in food processing. Technically
modified pectins are also in use.
Additional fibers are, for instance: gum
arabic, seed mucilage, sea weed
extracts, and technically modified cel-
lulose.

The above definition of fiber applies
increasingly to new products, most of
which are produced synthetically: poly-
oles, high-melting fats, or fat alterna-
tives. Starch, which was considered to
be completely digestible until recently,
also has a fiber component. This so-
called “resistant starch” either results
from the structure of the food—e.g.,
coarsely ground grains—or from altered
amylose. For instance, when potatoes
are cooked and subsequently left to
cool, indigestible, “retrograded” amy-
lose forms.
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— A. Fiber

Foods
(plant)

l— Neutral detergents —l

Cell contents, pectins Cell wall Soluble

l Insoluble

l— Acidic detergent —l

Hemicellulose,

i Lignocellulose
rubber, mucilaginous 9

compounds l
r Acidic digestion —l
Cellulose Lignin
CH,OH OH CH,UR H,OH OH
“H—0 “H—0 Ow—q—'lho
Ashification - 0
CH, OH HO CH,OH
Cellulose
CO,, H,0 etc. Minerals, residue
— B. Other Important Components of Fibrous Compounds
COOH CH,OH COOCH3
O OH
OH Monomers in pectins
ll
HN—C—CH,
Galacturonic acid N-Acetyl- Methylated H2C|0H
galactosamine galacturonic acid ax
| 2
CH,0H CH,0H CO(CH;)
H,COH OH HOO0,SO 0 (e
OH
" OCH,
HN—C—CH, OH
Ribose Galactose-4-sulfate N-Acetyl-glucosamine Phenylpropane
(Hemicellulose) (Carageenan) (Chitin) derivatives
(Lignin)
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Fiber: Effects

Opinions on the importance of fiber for
health and its effects on human metab-
olism vary widely. Increasingly, how-
ever, the facts indicate that Burkitt and
Trowell’s fiber hypothesis, according to
which the low fiber content in the
industrial nations’ nutrition is at the
root of many of our diseases, is valid in
a number of ways. Preventive as well as
curative approaches can be derived
from the various effects of fiber (A).

Some of these effects are based on
fiber’'s physicochemical properties,
including high water-binding capacity
(swelling action) and an indigestible
matrix with a high-level binding abi-
lity.

In the stomach, high fiber content leads
to delayed emptying. The water-bind-
ing enlarges the particles so that they
pass the pyloric sphincter later. Also,
fiber-rich foods tend to be chewed more
extensively. Both facts contribute to a
faster and prolonged feeling of satiety.
In the ileum and colon, in particular,
strong swelling action of fiber shortens
the transit time.

Changes in the speed of digestion and
absorption may result from the non-
specific binding capacity of fibers. Min-
erals and trace elements, as well as fat-
soluble substances, may be transported
into lower intestinal areas this way and
be withheld from absorption.

The binding of steroids leads to in-
creased excretion of bile acids and cho-
lesterol, which may be relevant for the
therapy of fat metabolism disorders.
Glucose absorption is also delayed by
high fiber intake, improving blood glu-
cose profiles in diabetics.

In the colon, several mechanisms con-
tribute to a desirable increase of stool
weight (B), stool volume, and the
related softer stool consistency:
swelling of non-water-soluble polysac-
charides;

their energetic use by intestinal bacte-
ria, which increases their mass;
formation of gases like methane and
CO,, resulting from microbial break-
down of these fibers.

The latter is—subjectively—undesirable,
but tends to decrease after an initial
adaptive period. The binding of ammo-
nia increases fecal nitrogen excretion,
thereby unburdening the liver and kid-
neys. Short-chain fatty acids (FA) like
acetate, butyrate, and propionate, pro-
duced during fermentation, positively
affect the composition of the intestinal
flora, as well as intestinal pH. They are
absorbed by the colon mucosa for sub-
sequent energetic use. Therefore, the
caloric content of fiber should be
assessed as being 2 kcal/g on average.

Fiber has become important for preven-
tion and therapy of many diseases:
obstipation, diverticulosis, colon can-
cer, diabetes mellitus, and disorders of
lipid metabolism. Disadvantages like
the binding of essential nutrients,
changes of the mucosa, and gas forma-
tion are mostly negligible relative to the
long-term advantages.
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— A. Fiber: Effects

@ Delayed
emptying

@ Binding of heavy metals
@ Binding of steroids
@ Binding of bile acids

@ Affect mucosa
@ Fat-soluble vitamins

@ Reduced absorption
@ Binding of minerals and trace elements

@ Increased gas

@ Binding of Fe formation

® Reduced transit time
@ Binding of NH,

@ Short-chain FA
@ Changes in pH
@ Changes in consistency
@ Reduced transit time

@ Increased volume

@ Desirable @ Neutral @ Undesirable

— B. Stool Weight

Legumes
Cabbage
Whole wheat bread + soybean
Fruit
Rye bread + grist
Whole rye buns + bran Stool weight increase
Whole rye bread through addition of
Wheat bread + bran the respective food to
Whole wheat bread the usual diet
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Occurrence and Requirements

Only plant foods provide carbohydrates.
Absolute carbohydrate in foods con-
tents vary widely (A). Contents in dry
goods like grains or grain products are
relatively high, whereas fruits contain
only 10% weight in carbohydrates.
Vegetables, with the exception of
legumes, tend to be rather low in carbo-
hydrates.

The average adult needs at least 200 g
glucose/d for use by glucose-dependent
organs. The brain alone needs 140 g/d.
At any age, at least 25 % of caloric intake
should come from carbohydrates to
avoid loss of protein (gluconeogenesis)
and increased lipolysis. Using the
example of a middle-aged man of nor-
mal weight, that means a minimum of
147 g/d. The AMDR, as which the most
recent intake recommendations for
energy nutrients are expressed, is 45-
65% of energy (265-380 g/carbohy-
drate for a 2345 kcal/d intake).

The decrease in carbohydrate con-
sumption during the past century
occurred at the expense of complex
carbohydrates. Grains, which used to
supply the bulk of carbohydrate calo-
ries, were the big losers (B). When
carbohydrate intakes started to rise
again, largely due to the fat-free craze,
the increase came mostly from simple
sugars, sucrose in particular, and later
high fructose corn syrup (C). The aver-
age consumption of caloric sweeteners
in America today is 72 kg/person/year.
This is not just an American issue. Since
1960, sugar consumption worldwide
has increased by a factor of >2.5. Most of
the U.S. sugar intake comes from “hid-
den sugars” in soft drinks, baked goods,
fruit drinks, etc. (D). Many people rou-
tinely replace the sugar in coffee with
noncaloric “diet” sweeteners, but dis-
regard “hidden” sugars. Tomato ketch-

up or mustard, for example, may con-
tain up to 30% sugar. Most caloric
sweeteners are not only cariogenic, but
may also upset the energy balance. Fur-
thermore, scientific evidence increas-
ingly points to insulin peaks due to con-
sumption of high-glycemic index foods
as a risk factor for vascular damage.
Some other commonly raised argu-
ments against sugar lack a scientific
basis. For instance, sugar is often said to
“rob you of vitamins.” This phrase sug-
gests that sugar consumption increases
the vitamin requirements to such a level
that they can no longer be met. This idea
is not supported by scientific evidence.
Fact is that sugars are “empty calories,”
meaning that their nutrient density is
low or zero.

If more than 20 % of the caloric intake, as
it is common in youngsters nowadays,
derives from sugar, they are—to state it
in a very simplified manner—just not
getting 20% of the vitamins, fiber, etc.
they should. Therefore, carbohydrate
intake recommendations should spec-
ify that consumers should focus on
unrefined plant sources (whole grains,
legumes, fruit, and vegetables). Addi-
tionally, foods rich in carbohydrates are
major sources of vitamins, minerals,
and fiber. Finally, high-carbohydrate
foods with high water content are rela-
tively low in calories.

Following the above guidelines would
also increase fiber intake. The Al for
total fiber in the US. is 25g/d for
women, 38 g/d for men (21 and 30g,
respectively for men and women over
50). The actual average intake is 15 g/d.
These figures include fiber from foods
as well as isolated functional fiber sup-
plements.
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— A. Carbohydrate Content of Foods (per 100 g)
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Classification

The term “lipids” refers to a group of
substances that are insoluble in water
and soluble in organic solvents. The eas-
iest way to classify lipids is to divide
them into classes according to struc-
tural characteristics (A). Chemically,
these classes differ considerably.

The polyprenyls class is based on the
isoprene building block. They include
steroids (e.g., cholesterol), fat soluble
vitamins (vitamins A, D, E, K), and other
terpenes (e. g., menthol).

The largest branch of lipids is derived
from fatty acids (see p. 86). Waxes have
the simplest structure, resulting from
esterification of one fatty acid with a
monovalent alcohol. Fatty acids from
foods are metabolized to eicosanoid
precursors by chain extension and
insertion of double bonds. Among them
are prostaglandins, leukotrienes, and
thromboxanes, which have regulatory
functions on the cellular level.
Quantitatively, triacylglycerols (or tri-
glycerides) are predominant. Since they
are used for energy storage in animals
they are also termed storage lipids (B).
They are formed by esterification of
three fatty acids with one glycerol (gly-
cerin). The resulting molecules are non-
polar, hence the name, neutral fats.

The phospholipids class contains an
additional phosphate group. If glycerin
is their base component, they are called
glycerophospholipids. The phosphate
group can be esterified with various
alcohols like phosphatidylethanola-
mine, -serine, and -choline (lecithin), to
name a few important representatives.

Sphingosine, an amino alcohol with a
long side chain, represents another

basic building block. When sphingosine
bonds to a fatty acid with an amide
bond, it forms ceramide. Sphingolipids
result from linkage with additional R-
groups. If that linkage occurs via a phos-
phate group, the resulting compounds
are called sphingophospholipids, of
which large amounts are found in the
brain and nervous system. Their most
important representative is sphingo-
myelin, in which choline is attached to
the phosphate group.

To build biological membranes (e.g.,
cell and organelle membranes), polar
lipids are needed. In biological mem-
branes, the polar group (alcohol,
choline, glucose, etc.) is always oriented
outwards, whereas the long, nonpolar
fatty acid chains make up the core of the
membrane bilayer. Membrane lipids are
classified by their base components
(glycerol or sphingosine), as well as
their polar groups.

In glycolipids, the phosphate group
linked to sphingosine is replaced by a
sugar molecule. Cerebrosides are sim-
ple representatives of glycolipids: their
sugars are either glucose or galactose.
Sulfatides have an additional sulfate
R-group attached to the sugar. Ganglio-
sides contain a complex oligosaccha-
ride, which in turn contains N-acetyl
neuraminic acid. Glycolipids are found
in all tissues on the outside of cell mem-
branes. Some have receptor functions.
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— A. Classification
Lipids
. . Fat-soluble Other
Fatty acids Steroids vitamins T
Eicosanoids Triacylglyce_rols Waxes Ceramides
(fats and oils)
Glycero- L
phospholipids Sphingolipids
Plasmalogens Phosphatidates Sphingomyelin

Other

Phosphatidyl-  Phosphatidyl-  Phosphatidyl-
ethanolamine serine choline

phospholipids

=]

— B. Storage and Membrane Lipids

Storage lipids Membrane
(neutral) lipids (polar)
Triacylglycerol Glycero- Sphingolipids
Yiay phospholipids phingotip
Fatty acid Fatty acid
Fatty acid Fatty acid Fatty acid Fatty acid
Fatty acid Phosphate . Phosphate ‘
Alcohol Choline Glucose or
galactose
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Fatty Acids

Fatty acids not only provide energy but
are also important structural compo-
nents of lipids. Chemically, they are
organic acids (carboxylic acids) with
long hydrocarbon chains (A). Usually,
the carboxyl group is esterified with
alcohols like glycerol, sphingosine, or
cholesterol. Free, nonesterified fatty
acids (free fatty acids, FFA) are dissoci-
ated at physiological pHs.

Fatty acids may contain double bonds
(i.e., unsaturated fatty acids) that occur
in cis-configuration under physiologi-
cal conditions. If they contain only one
double bond, they are called mono-
unsaturated fatty acids (MUFA). Double
bonds put a “kink” into the otherwise
straight molecular chain, making the
molecule more flexible. They also lower
the melting point of a molecule, render-
ing the lipid more liquid. Technologi-
cally, the opposite path is used: hydro-
genation of double bonds leads to
firmer products, which are contained in
many industrially produced foods as
“hydrogenated (or hardened) fats.”
Hydrogenation, as well as other inten-
sive heat treatments, can cause changes
in the configuration of double bonds,
leading to trans-configurations. Their
potential negative health effects are
under discussion—whatever the final
outcome, they are definitely undesira-
ble.

Fatty acid nomenclature (B). One
begins to count at the most oxidized
carbon atom; hence the C atom of the
carboxyl group is designated as “1.” An
accurate description of a fatty acid con-
tains at a minimum the number of
C atoms and the number as well as the
position of any double bonds. An w
(or n) indicates the position of the first
double bond, counting from the methyl

end. The correct spelling of linoleic acid,
an 18 C atom fatty acid with two double
bonds in C9 and C12 is: linoleic acid
(18:2; 9, 12, w-6).

Longer, naturally occurring fatty acids
always have an even number of carbon
atoms. This is due to their synthesis
from C2 units.

The following applies to fatty acids in
general: the longer the chain and the
fewer double bonds, the harder the fat.
The shortest fatty acid contained in lip-
ids is butyric acid (4:0). When released
from fats such as butter during aging,
due to its short-chain nature, it is not
just liquid but sometimes gaseous
(smell of butyric acid). The long-chain,
saturated fatty acids occur exclusively
in solid fats or as a result of the hydro-
genation of unsaturated fatty acids.
The animal body is able to synthesize its
own fatty acids but unable to introduce
double bonds beyond C9. Long-chain,
polyunsaturated fatty acids (PUFA)
are therefore essential and must be
obtained from foods. The most impor-
tant essential fatty acids are linoleic
acid (18:2; 9, 12, -6) and a-linolenic
acid (18:3; 9, 12, 15, w-3). The human
body can make longer, polyunsaturated
fatty acids from these two precursors by
chain extension and desaturation (e. g.,
arachidonic acid, (ARA) 20:4; 5, 8, 11,
14; »-6, eicosapentaenoic acid (EPA),
20:5; 5, 8, 11, 14, 17; »-3, docosahexae-
noic acid (DHA), 22:6; 4, 7, 10, 13, 16,
19; ®-3). Nutritional supply of these
higher-level homologues can partially
replace linoleic and a-linolenic acid.
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— A. Fatty Acid Structure

cis-Double bond

T

T

N -
ag

= ag

Carboxyl group

)
"
)
.
.
B
is}
\
-n

Methyl group

[ o
Ny

From carboxyl end

Nonpolar lipophilic Polar hydrophilic
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Lipid Digestion

Triglycerides with C16 and C18 fatty
acids are of utmost quantitative impor-
tance for human nutrition. Whether fat
is consumed in isolation or in emul-
sions, fat particles, regardless of their
size, always contain additional lipo-
philic substances: phospholipids, cho-
lesterol and cholesterol esters, fat-solu-
ble vitamins, and more. The subsequent
digestion process takes up to 24 hours,
due to limiting reactions.

After ingestion, lingual lipase is mixed
with the chyme (A). The enzyme is
active at low pH values and breaks
down short-chain fatty acids from milk
fat triglycerides preferentially. The liter-
ature also describes a gastric lipase
which may be specific to short- and
medium-chain fatty acids from milk fat.
Gastric motility ensures thorough mix-
ing with the enzymes and a breakdown
of fat into smaller particles. Even ini-
tially large proportions of fat are, there-
fore, emulsified by the end of their pas-
sage through the stomach. Short-chain
fatty acids freed up in the stomach by
hydrolysis at C1 or C3 can be directly
absorbed into venous blood through the
stomach wall. Opinions on the signifi-
cance of this gastric fat digestion vary.
In infants pancreatic function is not
fully developed, so that the activities of
lingual and gastric lipase may contrib-
ute to fat digestion in an important way.
In adults, these gastric processes are of
minor importance.

Controlled by the gastric pylorus, the
emulsified lipids are released into the
duodenum where pancreatic juices and
bile are added. Bile acids attach to the
fat particles, causing their surface to
become negatively charged, which
allows colipase to attach to the tri-

glycerides. Pancreatic lipase, which is
inhibited by bile acids, now binds to the
colipase, and hydrolysis of triglycerides
occurs in positions 1 and 3 at the oil/
water interface.

A multitude of additional pancreatic
enzymes operate according to the same
principle. A cholesterol esterase hydro-
lyzes cholesterol ester. The same can be
achieved by a carboxylesterase. Phos-
pholipases A; and A, hydrolyze phos-
pholipids in positions 1 and 2, respec-
tively. Phospholipase A, with its end
product lysophospholipid is of greater
significance of the two.

The size of the fat particles decreases
with advancing hydrolysis. Together
with bile acids, the resulting lypolysis
products assemble spontaneously into
negatively charged particles once they
exceed critical concentrations. Ca®* en-
hances this process. Since all lipophilic
particles are included in this sponta-
neous aggregation, the aggregates are
termed mixed micelles.

This digestive process produces, by
hydrolysis, absorbable molecules, on
the one hand; on the other hand, parti-
cle sizes are reduced by a factor of 100
from fat emulsion to micelle. The result-
ing maximized surface area is crucial
for the subsequent contact with the
intestinal mucosa.
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Absorption

The products of hydrolysis (A) reach the
brush border membrane as mixed
micelles where they are passively
absorbed into the mucosa cells. The
micelle uptake mechanism into the cell
is not fully understood to date. In partic-
ular, it is questionable whether the
micelles enter the cells whole or
whether they just deliver their contents
to them. The transition to the brush bor-
der membrane can be imagined as a
massage process across the UWL (see
below). Reduced intestinal motility may
severely impede fat absorption since
lipids are unable to passively cross the
UWL.

After secretion into the intestinal
lumen, the bile acids, which are essen-
tial for fat absorption, reach the lower
small intestine. There, they are re-
absorbed in part and transported back
to the liver through the portal vein.
From there, they return into the gall
bladder, completing the cycle of hepatic
circulation (see p. 42).

The subsequent intracellular metabo-
lism produces lipoproteins, which pass
into the lymphatic system as chylo-
microns.

The contents of the intestine are in con-
stant motion due to peristalsis. Only the
interface immediately adjacent to the
intestinal wall is completely still. It is,
therefore, called unstirred water layer
(UWL). Diffusion through the UWL and
subsequent permeation through the
membrane depend on a concentration
gradient (C2 > C3 > C4) (B). This gradient
is achieved through concentration in
the micelles (step A, C1 > C2) on the one
hand, and through quick intracellular
removal (step D) on the other hand. The
last step requires fatty acid binding
protein (FABP), which ensures fat

removal and thereby a low concentra-
tion (C4) of free fatty acids on the inside
of the brush border membrane. FABP
has greater affinity to unsaturated fatty
acids.

FABP also increases fatty acid activation
(Acyl-SCoA synthesis), which repre-
sents the first step towards intracellu-
lar resynthesis (C). The esterification of
monoglycerides and fatty acids, as well
as phospholipid and cholesterol ester
resynthesis, occurs in the endoplasmic
reticulum (ER). The latter is catalyzed
by an enzyme identical to the pancre-
atic cholesterol esterase that operates in
the intestinal lumen. At the pH range
(6.6-8) that prevails in the intestine,
the enzyme favors hydrolytic activity,
whereas it catalyzes esterification at
the pHrange (5-6.2) that prevails inside
cells.

Subsequently, lipids migrate through
the cisterns of the smooth ER to the
rough ER, where apoproteins are added,
forming prechylomicrons. The pre-
chylomicrons are transported to the
Golgi body for final assembly. Glyco-
sylation initiated inside the rough ER is
completed here, providing them with a
glycoprotein surface.

After fusion of the chylomicrons with
the lateral plasma membrane, they are
released into the intercellular space by
exocytosis and from there enter the
lymphatic vessels.
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Transport

Transport of lipophilic substances in
watery media like blood or lymphatic
fluid is dependent on the formation of
particles with hydrophilic surfaces. This
is achieved with the help of apopro-
teins (A, Byg, Bigg, C, and E). Their
amphipathic structure allows them to
mediate between the lipophilic particle
cores and the hydrophilic medium.
Depending on apoprotein composi-
tions, different transport particles
result. Apoproteins also function as
markers for specific receptors in the tis-
sues. Even enzymatic digestion of par-
ticles is determined by apoproteins.

The lipoproteins formed in this way can
be distinguished by their density, which
is a function of their different contents
in lipids and proteins. Chylomicrons
consist mostly of lipids and have a den-
sity of <0.95 g/cm?. The lipoprotein pro-
tein content and density begins at “very
low-" (VLDL), increases through “inter-
mediate-" (IDL) through “low-" (LDL),
to “high-density lipoproteins” (HDL). At
the same time, particle size decreases
from chylomicrons (max. 600 nm after
high level lipid absorption) to HDL
(~10 nm).

Individual lipoproteins are not static
entities. Rather, they represent a con-
tinuum and are converted into one
another (A). Inside the plasma, this
process ensures controlled distribution
and release of lipids to the tissues.

Chylomicrons (n-CM) released from
the enterocytes reach the vena cava
through the lymphatic vessels. During
this passage they already interact with
other lipoproteins, exchanging fatty
acids and taking up additional apopro-
teins.

The resulting mature chylomicrons
(CM) make contact with a lipoprotein
lipase (LPL), which is bound to the sur-
face of blood vessel endothelial cells via
heparan sulfate. The LPL hydrolyzes
triglycerides in positions1 and 3,
releasing fatty acids from the lipopro-
teins, most of which are absorbed into
the endothelial cell. LPL activity can be
regulated via insulin and catechol-
amines so that fatty acids can be made
available to muscles for energy, or to
fatty tissue for triglyceride synthesis, in
a targeted fashion.

During this lipolysis, the chylomicrons
also lose apoprotein Cj. The resulting
chylomicron remnants (REM) are rec-
ognized (ApoE receptor), endocytosed,
and metabolized by hepatocytes. The
liver also packages its newly synthe-
sized or recycled lipophilic products
into transport particles (n-VLDL); after
enrichment with ApoC, they are avai-
lable to the LPL as VLDL.

During hydrolysis by LPL, particles not
only lose triglycerides, but also ApoC,
among others, making the resulting IDL
a poor substrate for LPL. They are, there-
fore, taken up by hepatocytes (apo-
receptors) or further metabolized to
LDL under loss of ApoE. LDL particles,
the cores of which consist primarily
of cholesterol, are absorbed by most
peripheral tissues through LDL-recep-
tor-mediated endocytosis.
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LDL

Since LDL particles primarily represent
the transport form of cholesterol, their
controlled uptake by the cells is essen-
tial. This occurs through an ApoBqgg-
and ApoE-specific receptor (A). The
interaction between ligand and recep-
tor is based on their different charges:
on the ligand side, the apoproteins pro-
vide the alkaline amino acids lysine and
arginine (positive charge), while the
active center of the receptor contains
the acidic amino acids glutamic and
aspartic acid (negative charge). The car-
boxy terminal end of the receptor
reaches through the plasma membrane.
On the inside of the membrane, the pro-
tein clathrin causes the membrane to
cave in and form vesicles that cinch off.

After LDL binds to the receptor, the
entire LDL-receptor-complex is endo-
cytosed into the cell (B). Lysosomes
digest the LDL particles into fatty acids,
amino acids, and nonesterified choles-
terol. The receptor, as well as the clath-
rin involved, can be reused.

The uptake of LDL particles elevates
intracellular free cholesterol concen-
tration, triggering a cascade of further
events:

« The activity of the enzyme hydroxy-
methylglutaryl-(HMG)-CoA reduct-
ase, which determines the speed of
cholesterol biosynthesis, is inhibited.

* At the same time, acyl-CoA choles-
terol acyl-transferase (ACAT) is stim-
ulated; it converts cholesterol to cho-
lesterol esters and thereby makes it
storable.

 Also, synthesis of further LDL recep-
tors is inhibited, limiting further LDL
uptake into the cell.

These mechanisms control the concen-
tration of unesterified cholesterol in
cells. In the liver, endocrine glands,
lungs and kidneys, ~90 % of the LDL are
taken up via these receptor-mediated
activities.

However, in the small intestine and pos-
sibly the spleen, a receptor-independ-
ent pathway has been shown to exist.
Here, the LDL’s binding to the cell sur-
face triggers absorptive endocytosis.
Apparently, however, this uptake nei-
ther inhibits HMG-CoA-reductase nor
does it stimulate ACAT.

An additional possibility of LDL uptake
exists through the scavenger or acetyl-
LDL receptor. This receptor has been
shown to exist in macrophages, smooth
muscle cells, and endothelial cells. It
seems to be responsible primarily for
the uptake of lipoproteins modified by
oxidative processes (e.g., lipid peroxi-
dation).

This receptor ensures cholesterol sup-
ply to the cells even in case of heredi-
tary LDL receptor deficiency (familial
hypercholesterolemia). This receptor
cannot be down-regulated, so that cho-
lesterol-loaded LDL may accumulate in
the cells. This is considered to be a first
step towards atherosclerosis.
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HDL

HDL particles can be distinguished into
discoidal (disk-shaped) and spherical
ones. The discoidal ones are termed
nascent (n-HDL), the spherical ones
mature HDL particles. Plasma contains
mostly spherical particles with a
hydrophilic core, consisting of triglycer-
ides and cholesterol esters surrounded
by phospholipids and apoproteins. The
transition of the nascent to the spheri-
cal form is a result of cholesterol esteri-
fication and uptake of cholesterol esters
from the surroundings.

Inside the plasma, n-HDL (A), which is
secreted by the liver, encounters the
enzyme lecithin cholesterol acyl-trans-
ferase (LCAT), which -catalyzes the
esterification of cholesterol in the n-
HDL'’s core. The resulting HDL-3 contin-
ues to take up cholesterol and choles-
terol esters. Additionally, an intensive
exchange takes place between chylo-
microns (CM) and VLDL. The additional
ApoA required comes from a pool of free
ApoA that results from breakdown of
the CM surface. Peripheral cell recep-
tors recognize this ApoA on the surface
of HDL particles and trigger the release
of intracellular cholesterol to them.

This continuous process of cholesterol
uptake, cholesterol esterification
through LCAT, and modification of the
apoprotein surface particles results in
the formation of HDL-2 and HDL-1.
These may, on the one hand, be taken up
and metabolized by hepatocytes, either
through receptors, or through receptor-
independent mechanisms. On the other
hand, they may also yield just parts of
the lipophilic core and subsequently
parts of the surface, converting them
back into their respective precursor
stages. Through this continuous cycle,
HDL fulfills its essential function: the

transport of cholesterol and triglycer-
ides back from the peripheral tissues to
the liver, where they are converted pri-
marily into bile acids.

It is not yet fully understood how HDL
particles remove cholesterol from cells.
For monocytes (macrophages), trans-
cellular transport of the HDL-HDL
receptor vesicle has been proposed,
during which HDL gets enriched by cho-
lesterol from lipid droplets (B). Other
theories assume the binding of HDL-
ApoA to a receptor and subsequent
(unexplained) permeation of intracellu-
lar cholesterol into the HDL. Since vari-
ous apoproteins themselves can serve
as cholesterol acceptors, even an uptake
of ApoA, e.g., into cells and subsequent
intracellular formation of pre-HDL (n-
HDL) might be possible.

Transfer proteins (active in the plasma)
may play important roles in regulating
lipoprotein metabolism, for instance,
when controlling the efflux of choles-
terol from peripheral cells. Besides cho-
lesterol ester transfer protein (CETP),
which enables the exchange and net
transfer of cholesterol esters (CE), trig-
lycerides (TG) and phospholipids (PL),
there is a phospholipid transfer protein
(PTP), which is limited to transporting
PL and TG. This way, TG and CE may be
swapped between HDL and triglyceride-
rich particles such as chylomicrons or
VLDL.
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Postprandial Lipid Distribution

Lipids absorbed into the mucosa cells
(1) after intraluminal hydrolysis (A) are
re-esterified inside the cells and reach
the circulatory system (2) in the form of
chylomicrons via the lymphatic system.
Chylomicrons (CM) can be found in the
blood within 1-2 hours after a meal.
With a half-life of 4-5 minutes, they are
extremely short-lived; however, after a
high-fat meal, their influx continues for
hours.

After modification by lipoprotein lipase
(LPL, see p.100), the remnants are
absorbed into the liver by receptor-
mediated endocytosis and metabolized
(3). In this process, all esters are hydro-
lyzed while the remaining compounds
form an available pool, together with
substances synthesized endogenously
by the liver (e.g., fatty acids from glu-
cose). Lipids in this pool that the liver
does not need are immediately pack-
aged with apoproteins again and
released into the bloodstream as VLDL
(4). VLDL as well are subject to constant
hydrolysis by LPL. However, VLDL, with
a half-life of 1-3 hours, are much more
long-lived than CM. Most of the fatty
acids released from VLDL serve as stor-
age triglycerides in fatty tissues or as
energy sources for muscle. LCAT con-
verts the remaining IDL into LDL (5)
through esterification of cholesterol
with a polyunsaturated fatty acid at the
C2 position of lecithin. LDL are taken up
by most tissues via receptor-mediated
endocytosis and serve primarily as sup-
ply of cholesterol esters for cellular
cholesterol needs. The turnover rate of
LDL is much lower than that of VLDL:
only 45% of the LDL plasma pool is
eliminated in a given day. HDL picks up
excess cholesterol esters and phospho-
lipids (6), causing them to be returned
to the liver (7). Since HDL also interacts

with other lipoproteins, it can be con-
sidered a key substance in the complex
lipid transport system.

During the early absorption phase, lev-
els of enzymes involved in fat storage
rise. These are mainly acetyl-CoA car-
boxylase, fatty acid synthase, the
malate enzymes, and a series of pentose
phosphate cycle enzymes. Extracellular
lipoprotein lipase activity in fatty tis-
sues increases as well, which is neces-
sary for fatty acid uptake from VLDL
coming from the liver. At the same time,
the activity of hormone-sensitive
lipase, catalyzing the release of fatty
acids from adipocytes, is reduced. All
these events are subject to hormonal
control (insulin and thyroid hormones),
regulating necessary enzyme levels by
up- or down-regulating transcription
and translation.

The different absorption behavior of the
middle chain triglycerides (MCT =
short- and mostly medium-chain fatty
acids) is exploited for dietetic purposes.
Since MCT are not reesterified inside
the mucosa and are bound to and trans-
ported with albumin in the blood
directly, they often represent the only
option for fat absorption in patients
whose fatty acid absorption mecha-
nisms are defective. Furthermore, they
have the advantage of being absorbed
quantitatively in the intestinal lumen,
even with reduced lipase activity.
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Lipoprotein Lipase

The activity of endothelial lipoprotein
lipase (LPL) determines the various
uptake levels of fatty acids in different
tissues. LPL hydrolyzes triglycerides in
high-triglyceride lipoproteins like chy-
lomicrons and VLDL to 2-monoglycer-
ides and fatty acids. It also effects the
transfer of phospholipids and apopro-
teins to HDL. Recent research shows
that LPL is further responsible for spe-
cific binding of lipoproteins to cell sur-
faces and receptors. These functions
point to a central role of the regulation
of LPL activity for lipid metabolism.
There is presently intense research into
the role of LPL malfunctions and muta-
tions in the development of diseases
(e.g., atherosclerosis).

LPL can only attach to the cell wall if it
binds heparin first. The LPL-heparin
complex binds to glycosaminoglycans
on the endothelial cell surface. The
resulting heparan-sulfate proteogly-
cans are long chains that project into
the vessel lumen and enable contact
between the LPL attached to them and
lipoproteins (A). Apoprotein Cj and
shorter amino acid sequences at the
carboxy terminal end of LPL on the sur-
face of lipoprotein particles provide
binding sites. In this, ApoCj; plays the
role of a cofactor (colipase) required to
enable LPL activity. The subsequent
triglyceride hydrolysis frees fatty acids,
which are taken up locally by the vessel
endothelium. LPL is also generally
involved in cell surface-lipoprotein
interactions. During lipolysis at the ves-
sel endothelium, a small amount of LPL
may dissociate and attach to the lipo-
protein particles. This LPL—measurable
as plasma LPL—may mediate the attach-
ment to cells (e.g., to the LDL receptor)
via binding to surface proteoglycans.

The potentially active LPL is present in
dimer form, with its two amino acid
chains (twisted at a 180° angle) assum-
ing a shape that makes them cover the
active center like an eyelid (B). Contact
with lipoprotein particles results in a
conformational change, allowing the
hydrophobic active center to come in
contact with the particle surface and
exert its catalytic effect.

Overall, LPL activity regulation is still
an open question at this point. LPL is
produced in most tissues, being most
active in fatty tissue, heart muscle,
musculature, and lactating mammary
glands. Earlier studies showed that reg-
ulation must occur on the level of gene
expression with subsequent varying
LPL-mRNA tissue levels. Since these
variations come about more slowly
than the change in LPL activity, greater
significance has been attributed,
recently, to posttranslational regula-
tion. This might mean, for instance, cel-
lular uptake and subsequent intracellu-
lar degradation of LPL. It has been
established that LPL activity increases
postprandially under the influence of
insulin and that, on the other hand, its
activity is selectively reduced in specific
tissues during starvation or fasting.
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Fatty Acids: Metabolism

Triglyceride (= triacylglycerol) hydro-
lysis in adipocytes is subject to complex
hormonal regulation (A). Besides by glu-
cagon, growth hormones, and others,
hormone-sensitive lipase is activated,
in particular, by catecholamines re-
leased during times of heightened
energy need. Hormone-sensitive lipase
is activated via a B-receptor and subse-
quent formation of the second messen-
ger cAMP in the adenylate cyclase sys-
tem. Hormone-sensitive lipase releases
free fatty acids (FFA) from tri- and di-
glycerides; there is a separate lipase
specific to monoglyceride hydrolysis.
Glycerol reaches the liver through the
blood stream where it is used predomi-
nantly for gluconeogenesis. Short-chain
FFA are dissolved in plasma, longer-
chain FFA are bound to albumin. With
the exception of the brain and erythro-
cytes, all tissues are able to use these
FFA for energy. Gynoid adipocytes,
which are frequently found in the upper
thighs and buttocks of women ad-
ditionally contain o2-receptors that
inhibit cAMP synthesis. Consequently,
lipase activation through catechol-
amines occurs at a greatly reduced rate
in those adipocytes.

Fatty acid breakdown is intensified in
the liver while FFA plasma levels are ele-
vated (B). After being brought into the
cells, fatty acids are activated to form
acyl-CoA—a process that requires ATP—
and are transported to the mitochondria
with the help of carnitine. During
subsequent p-oxidation, sections are
cleaved off from the carboxyl end, two
carbon atoms at a time, to form acetyl-
CoA. There are separate pathways for
unsaturated and branched fatty acids, as
well as those with odd numbers of car-
bon atoms. A similar breakdown of long-

chain fatty acids takes place inside the
hepatocyte peroxisomes.

During times of high acetyl-CoA availa-
bility, for instance from increased lipo-
lysis during fasting or starvation, or in
patients with diabetes mellitus, two
acetyl-CoA molecules may condense
into acetoacetyl-CoA. Acetoacetyl-CoA
is used to form ketone bodies (e.g.,
acetacetate), an energy source for the
tissues that even the brain is able to use,
albeit after a short adaptation phase.
The biosynthesis of fatty acids, lipogen-
esis, occurs in many tissues, however,
postprandially primarily in liver and
fatty tissues. During glycolysis pyru-
vate is formed, taken to the mitochon-
dria, and decarboxylated to acetyl-CoA.
Acetyl-CoA is subsequently returned to
the cytosol via the citrate-malate shut-
tle. Inside the cytosol acetyl-CoA car-
boxylase, a rate-determining enzyme,
carboxylates it to malonyl-CoA. C2 units
are then assembled into palmitate
(16:0) by a fatty acid synthase complex.
Palmitate can be elongated in the endo-
plasmic reticulum.

The regulation of fatty acid metabo-
lism is determined primarily by the
ratio of available FFA compared to the
size of the mitochondrial acetyl-CoA
pool—besides being subject to a multi-
tude of hormonal influences. At ele-
vated FFA levels (e.g., during fasting or
starvation) carnitine palmitoyl-trans-
ferase is activated, enabling the trans-
port of activated fatty acids (acyl-CoA)
into the mitochondria with subsequent
elevated p-oxidation, more acetyl-CoA,
and increased ketogenesis. At the same
time, FFA inhibit lipogenesis while post-
prandial insulin secretion, on the other
hand, stimulates acetyl-CoA carboxy-
lase. The increase of malonyl-CoA in
turn inhibits the transport of acyl-CoA
into the mitochondria and therewith
fatty acid breakdown.
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— A. Lipolysis in Adipocytes
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Cholesterol: Biosynthesis

Cholesterol is an essential component
of cell membranes and a precursor of
bile acids and steroid hormones.
Regardless of its complicated chemical
structure, it is not essential for humans.
Primarily in the liver, but also in the
intestine and skin, the body makes its
own cholesterol in a controlled fashion
in amounts sufficient to cover its needs.

Isoprenoid synthesis (A) begins with
the condensation of three molecules
of acetyl-CoA to 3-hydroxy-3-methyl-
glutaryl-CoA (HMG-CoA). The enzyme
HMG-CoA-synthase (1) is also involved
in the formation of ketone bodies. How-
ever, isoprenoid synthesis does not
occur inside the mitochondria butin the
endoplasmic reticulum (ER).
Subsequent removal of CoA by HMG-
CoA-reductase (2) results in meval-
onate. This is the key enzyme of chol-
esterol biosynthesis and is subject to
several regulatory mechanisms. For
instance, insulin and thyroxin stimulate
its activity, whereas exogenous gluca-
gon and cholesterol have inhibitory
effects. Mevalonate is decarboxylated
to isopentenyl diphosphate (IPP) by
mevalonate kinase (3). IPP is also
termed active isoprene.

It is the basic building block of all iso-
prenoids (C5 building block). Further
condensation of these basic building
blocks is species-specific. A multitude
of isoprenoids (particularly long-chain)
can only be synthesized by plants (e.g.,
carotenoids, tocopherols), some only by
specific plant families (e.g., caout-
chouc). For animals, synthesis of the
cyclic isoprenoid cholesterol (6 IPP-
units) is of utmost importance.

IPP can be converted to farnesyl
diphosphate via several intermediates
(4). Since it is still a molecular chain,

molecules with long side-chains may
form at this point through further con-
densation with IPP. These molecules
often function as “anchors” inside the
lipophilic cell membrane. For instance,
dolichol, with its long side-chain
(~90 C-atoms), is the lipid anchor for
glycoproteins in the ER.

Finally, head-to-head reaction of two
farnesyl diphosphate molecules leads
to the formation of squalene, which is
cyclized via the epoxide structure and
turns into cholesterol after modifica-
tion by cytochrome Py4s5q enzymes.

Cholesterol may be released directly
into the gall bladder by hepatocytes or
enzymatically modified into bile acids.
Integrated in lipoproteins, it can be
transported to hormone-synthesizing
gland cells and used to synthesize ster-
oid hormones such as cortisol, proges-
terone, estradiol, testosterone, and
aldosterone.

Due to the significance of hypercholes-
terolemia for the pathogenesis of vari-
ous diseases, regulation of cholesterol
biosynthesis is the focus of intense
research. Transcriptional control of a
diversity of enzymes involved in this
biosynthesis is of particular interest.
Expression can be triggered by various
stimuli, e. g., cholesterol levels, expres-
sion of LDL receptors, or, more gener-
ally, by dietary composition. Addition-
ally, these different factors may interact
with one another.
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— A. Cholesterol Biosynthesis
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Cholesterol: Homeostasis

Intracellular transport and distribution
processes have a major influence on
cholesterol homeostasis (A). Animal
cells can obtain free cholesterol through
neosynthesis in the endoplasmic retic-
ulum (ER), in which the limiting
enzyme is HMG-CoA-reductase. Cellu-
lar cholesterol can also be supplied by
lysosomes, which hydrolyze exogenous
cholesterol esters. Intracellular choles-
terol esters (CE) also contribute to the
maintenance of a pool of free choles-
terol. Free cholesterol is stored in cell
membranes as well as in the mem-
branes of cell organelles. Different
membranes contain different amounts
of it; even within the same membrane
high- and low-cholesterol regions exist.
Cholesterol from exogenous sources is
added to the freely available pool only
when the latter is depleted below a crit-
ical limit or when membrane capacity is
exceeded.

Inside cells cholesterol is subject to
transportation, the regulation of which
might be responsible for cellular and
pathophysiological effects. Cholesterol
from neosynthesis is transported from
the ER to the Golgi apparatus to cell
membranes inside lipid-rich vesicles in
arapid, energy-consuming process. Lys-
osomal cholesterol from LDL particles is
probably transported by the same
route. Hence, it reaches the plasma
membrane quickly.

Since cholesterol is also supplied by
foods, interactions between exogenous
supply and endogenous synthesis are of
great significance. Plasma cholesterol
levels, which have been established as
an independent pathogenetic risk fac-
tor, are used as a parameter.

In the case of low cholesterol intake,
which can only be achieved by a strict
dietary regimen, the contribution of

food cholesterol to total cholesterol
metabolism is minor (B). Assuming 55 %
absorption, the cholesterol supplied by
foods makes up only 10-15 % of the cho-
lesterol used in a day. In this case,
plasma cholesterol levels and LDL
receptors (responsible for cellular
uptake) remain in a “steady-state.”

The body can react to the commonly
occurring increase in the supply from
foods in two ways: compensate for the
increased supply by reducing endo-
genous synthesis while maintaining a
constant number of LDL surface recep-
tors, or fail to compensate. In the latter
case, the result is an increased choles-
terol influx into the cells with sub-
sequent lowering of the number of LDL
receptors—leading to elevated plasma
cholesterol levels.

In fact, a subsection of the population
(~20-25%) reacts in this “pathological”
manner to such exogenous cholesterol
supply. A specific phenotype of apo-
protein E has been identified as a here-
ditary factor involved in this reaction.
Additional factors will probably be dis-
covered as the mechanisms of choles-
terol homeostasis are unraveled. To
date, we are not able to distinguish
compensators from noncompensators
through a clinical test.

At  “pharmacological” cholesterol
doses, as can be achieved by dietary
measures only under extreme condi-
tions (carbohydrate-free high-fat/high-
protein diets), any physiological com-
pensation is bound to fail.
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— A. Regulation of Cholesterol Homeostasis in Macrophages
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Regulatory Functions:
Membrane Structure

The basic structure of biological mem-
branes consists essentially of phospho-
lipids, glycolipids, and cholesterol.
Triglycerides are not found inside
membranes.

Partially dependent on nutrition (see
p. 112) and hormonal status, membrane
lipid fatty acids vary in chain-length
and number of double-bonds.

The lipid composition varies between
tissues, within each cell, and within
individual cell organelles. For instance,
the plasma membrane of nerve cells is
rich in glycolipids, which are rarely
found in erythro- and hepatocyte mem-
branes. Mitochondrial membranes con-
tain more phosphatidyl-ethanolamine
and -choline than the plasma mem-
brane. There are additional differences
between inner and outer mitochondrial
membranes. Apparently, the mem-
brane-specific lipid composition is
essential for differential membrane
function.

The fluid-mosaic model of the mem-
brane (A) best represents the functional
condition of cell membranes. In the
watery medium provided by cytoplasm
and the interstitium, amphipathic lipids
form a lipid bilayer ~5 nm thick. The
polar, hydrophilic component, consist-
ing of glycerol, phosphate group, R-
groups and/or sugars point to the
“water side,” while the nonpolar fatty
acids, the lipophilic components, cling
to each other. This way, a bilayer forms,
which may be called “fluid.” The lipid
molecules can “float” within their
respective layers, whereas their ability
to switch between the two layers is lim-
ited. This behavior, termed “membrane
fluidity,” is strongly influenced by the
fatty acid composition of the membrane

lipids. Due to the character of the bond
with glycerol, rotation is possible
between the hydrophilic “head” and the
lipophilic “tail.” At the same time, the
fatty acids are able to “dangle” from the
glycerol. This possible movement is lim-
ited in long fatty acids, whereas shorter
or unsaturated fatty acids with cis-
double-bonds increase fluidity. The
cholesterol and protein components of
the membrane further influence mem-
brane fluidity.

Embedded in the bilayer are specific
membrane proteins, each with a par-
ticular task. Integral proteins are the
globulins, each of which may traverse
the bilayer one or more times. They are
asymmetrically distributed throughout
the cell membrane. Peripheral proteins
“float” on the membrane and are
equipped with a lipid anchor or just
loosely associated with a membrane
component. Most receptor- and chan-
nel proteins are integral proteins. Glyco-
proteins involved in cell-cell recog-
nition tend to be peripheral proteins. It
is not fully understood at this time how
membrane lipids influence the function
of membrane proteins. It is imaginable
that a change in the fluidity of the phos-
pholipid bilayer might affect the con-
formation of the embedded proteins
and thereby alter their function.
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Regulatory Functions: Eicosanoids

Polyunsaturated fatty acids are precur-
sors and intermediates of endogenous
eicosanoid synthesis. The term eicosa-
noids refers to hormone-like sub-
stances that exhibit a multitude of fre-
quently antagonistic, mostly localized
effects.

The major classes of prostaglandins are
named PGA to PGI; an index indicates
the number of C-C double-bonds out-
side of the ring (A). Prostaglandins with
two double bonds, e.g., PGE;, are syn-
thesized from arachidonic acid (20:4; n-
6)—the other two double-bonds are lost
during cyclization. Thromboxanes are
related compounds with a six-mem-
bered ether ring. Arachidonic acid can
also be converted into leukotrienes by
lipoxygenase. Leukotrienes were first
discovered in leukocytes and have three
conjugated double bonds. Prostagland-
ins, thromboxanes, and leukotrienes are
called eicosanoids since they have 20
(Greek: eikosi = 20) C-atoms.

Eicosanoid biosynthesis requires exoge-
nous fatty acids of the n-6 and n-3
series from alimentary sources. The
human body is unable to introduce a
double bond between the 6th and 3rd
C-atom, counting from the methyl end
(the w-3 and w-6 positions). The body is
able to elongate incoming fatty acids of
these series at the carboxyl end and to
further desaturate them (B); however,
incoming higher level homologues
remain n-6 and n-3 fatty acids.

The most important precursor for the n-
6 pathway is linoleic acid, which is
present in most plant oils. It is desig-
nated as the essential fatty acid of this
series, even though it can be replaced by
the higher level homologues. Desatura-
tion of C6 (counting from the carboxyl
end) yields y-linolenic acid, which is

rare in foods, with the exception of a
few plant oils. Chain elongation by two
C-atoms yields dihomo-y-linolenic acid,
a direct precursor of several eicosa-
noids. Arachidonic acid, the main pre-
cursor substance for eicosanoid synthe-
sis, can also be obtained from animal
foods.

The n-3-pathway begins with a-lino-
lenic acid, which is ubiquitous in very
small amounts. Larger amounts are
found, for example, in flaxseed oil and
to a lesser extent in canola and soy oil.
Higher level homologues are abundant
in fish oils.

Desaturation and elongation of fatty
acids of both series are catalyzed by
identical enzymes. Due to this, two sub-
stances with varying degrees of affinity
compete for the enzyme at any step.
Hence, the equilibrium between the
various eicosanoids can be influenced
by dietary supply of specific, metaboliz-
able intermediates. Exogenous fatty
acids of this series from alimentary
sources cannot be used directly for
eicosanoid synthesis, however, regard-
less of their position in the synthesis
pathway. They may be stored long term
in fatty tissues or are inserted into
phospholipids (at C2), which are used
for cell membranes. From there they
can be released by phospholipase Aj, if
needed. Hence, the cell membrane con-
stitutes an available pool of fatty acids,
the composition of which also has an
impact on which eicosanoids are made.
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Regulatory Functions:
Influence of Nutrition

Many studies have shown that fatty acid
patterns can be affected by ingestion of
particular fatty acids (A). This opens the
possibility of influencing cell mem-
brane fluidity and associated mem-
brane protein functions as well as
eicosanoid synthesis through dietary
measures.

Many experiments are based on the
administration of higher level homo-
logues of the essential fatty acids, lino-
leic and a-linolenic acid. The underlying
assumption is that in certain diseases
the first enzyme of the enzyme path-
way, 8-6-desaturase, does not work
properly. Since activity of this enzyme
cannot be measured directly, indirect
proof—higher substrate concentrations
compared to lower product concentra-
tions—is used. Since 8-6-desaturase is
the rate-limiting enzyme, marginal
activity levels could have wide-ranging
consequences.

Based on this, the product of §-6-desat-
urase in the n-6 pathway, y-linolenic
acid, is supplemented in the form of
specific plant oils. When high levels of
y-linolenic acid are supplied, amounts
of mainly the next intermediary,
dihomo-y-linolenic acid, are elevated
predominantly in membranes. Di-
homo-y-linolenic acid can be converted
to arachidonic acid, but it is also the
direct precursor of series 1 eicosanoids.
Since eicosanoids have effects in nano-
and picogram ranges, and the different
series are often antagonistic, minor
changes in their balance are often suffi-
cient to achieve clinically relevant
effects.

Restriction of arachidonic acid intake
through purely vegetarian nutrition,
which has been practiced for a long

time, is founded on a similar basis. It
lowers arachidonic acid metabolite lev-
els, especially the series 4 eicosanoids.
Leucotriene By, one of the eicosanoids
of this series, has pronounced chemo-
tactic effects, stimulating the migration
of eosinophile leukocytes, and thereby
enhancing inflammation. Both thera-
peutic approaches, y-linolenic acid sup-
plementation for neurodermatitis, as
well as reduction of arachidonic acid
intake for rheumatic illnesses, are sub-
ject to controversial discussion.

Oral administration of higher-level
homologues of the n-3-fatty acid path-
way in the form of fish oils aims at sim-
ilar goals. The example of chemotactic
effects of leukotrienes can be used to
demonstrate their role in inflamma-
tion: eicosapentaenoic acid (n-3) com-
petes with arachidonic acid (n-6) for the
enzyme lipoxygenase. The chemotactic
effect of LTBs (which forms preferen-
tially at high n-3 levels) compared to
LTB, (which forms preferentially at
higher arachidonic acid levels) is much
lower and hence tends to inhibit
inflammation.

N-3 fatty acids have also become known
for another effect: inhibition of throm-
bocyte aggregation. It is assumed that
native Greenland Eskimos' propensity
to bleed, combined with their low inci-
dence of coronary artery disease (CAD)
is due to their high fish intake. Large
amounts of n-3 fatty acids are found in
wild ocean fish. Farm-raised ocean fish
and freshwater fish have a different
fatty acid spectrum than wild ocean
fish. Oral fish oil supplementation for
CAD prevention, however, is still con-
troversial.
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Occurrence and Requirements

Thirty years ago, fat in the average
American diet provided ~42% of total
calories. This rate had dropped to ~33%
by 1998. At that rate, and using the
example of a middle-aged man of nor-
mal weight (A), fat intake would be
~86 g/d, 36% of which is consumed as
saturated FA, 42 % as MUFA, and 7 % as
PUFA.

The current Acceptable Macronutrient
Distribution Range (AMDR) suggests a
fat intake range of 20-35% of total
energy. Recently, some authors have
discussed ranges up to 40 %. The recom-
mendations for individual fatty acid
types reflect Adequate Intakes (Al). The
latest recommendations suggest con-
suming mostly MUFA since high PUFA
intake tends to result in increased levels
of potentially harmful lipid oxidation
products. There is definitely general
agreement that modern-day nutrition
is too high in saturated fatty acids.
Because the harmful effects of excessive
intake of particular fatty acid types are
cumulative, and no threshold exists, no
Tolerable Upper Limits (UL) have been
set for any of them.

Daily n-3 FA requirements are set at
0.7% of total calories. In the above
example this would correspond to a
daily supply of ~1.1-1.6 g. Actual intakes
usually reach these levels; however,
recently many authors have considered
“optimal” n-3 fatty acid intakes to be
higher. The actual n-6 FA to n-3 FA
intake ratio is ~10:1. In order to attain
the target 5:1 ratio, it is recommended
to significantly increase wild ocean fish
intake and consume a lot more n-3-rich
(i.e., green) vegetables. High levels of
a-linolenic acid are also found in flax-
seed oil. For other foodstuffs, new

options for enrichment with n-3 FA
are targeted feeding (e.g., poultry) or
genetic engineering (e.g., oil seed
crops). However, possible consequences
of a one-sided increase in n-3 FA in-
takes and introduction of such enriched
products should be thoroughly investi-
gated.

Unlike n-3 FA deficiency, lack of n-6 FA
intake results in clinically apparent
deficiency symptoms. The classical, bio-
chemical method for diagnosis of
essential FA deficiency is to calculate
the ratio of eicosatrienoic acid (20:3; n-
9) to arachidonic acid (20:4; n-6). In
essential FA deficiency, oleic acid (18:1;
n-9) uses the enzymes of the enzyme
pathway—resulting in the formation of
higher level n-9 homologues that are
normally rare. However, since eicosa-
trienoic acid is not a suitable substitute
for arachidonic acid, eicosanoids cannot
be synthesized.

Supplementation of 1-2 % of total daily
calories as linoleic acid is considered
sufficient to relieve this deficiency. In
the above example, this would corre-
spond to an intake of 5 g of linoleic acid
per day, which can be achieved with
1tbsp of common, unhydrogenated
vegetable oil. According to the expert
commission of the FAO/WHO, the n-6
FA requirement during pregnancy and
lactation is 5-7 % of total calories.

Optimal intakes of n-3 and n-6 FA can-
not be determined at present. It should,
however, be emphasized that overall, an
increase in PUFA intake and a shift of n-
6:n-3 ratios in favor of n-3 FA through
increased fish and vegetable consump-
tion (B) are recommended.
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— A. Actual Supply vs. Recommendations
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Proteins as a Source of Nitrogen

The term “proteins” is derived from the
Greek “proteno,” which means “I take
first place.” Berzelius and Mulder, who
coined this term during the first half of
the nineteenth century, meant proteins
to be nitrogen-containing compounds
in foods, without which life is impossi-
ble. In fact, proteins are the sole source
of usable nitrogen (N) for humans.
Plants obtain N from nitrogenous
organic or inorganic soil compounds
(A). When plants are harvested, that N
is lost to the soil. It therefore needs to be
replenished regularly from exogenous
sources such as fertilizer, composted
plants, and animal waste. Bacteria asso-
ciated with legumes that are able to fix
atmospheric N and release it into the
soil (when they are decomposed)
import N into this otherwise closed cir-
cuit. Plants use N to synthesize amino
acids from which they make their
species-specific proteins.

All living things use the same mecha-
nism to bond amino acids together:
during protein biosynthesis, the carb-
oxyl group of one amino acid forms a
bond with the amino group of the next
one. Water is removed in this process
(dehydration synthesis). The resulting
peptide bond (B) can be rehydrolyzed,
during digestion, for example. During
hydrolysis, the water that was removed
during dehydration synthesis is re-
inserted between two molecules.
Unlike the synthesis of carbohydrates
and lipids, protein biosynthesis is not a
tightly regulated, enzymatically cata-
lyzed process. The bonding of amino
acids occurs exclusively with the help of
RNA (translation). The exact sequence
of the amino acids in each protein is
predetermined by DNA, with its spe-
cies- or cell-specific sequence. There-

fore, as opposed to carbohydrates and
lipids, the proteins of different species
may be similar but are rarely identical.

Endogenously synthesized proteins
(several thousand) can be divided into
several large groups according to func-
tion. The mechanical stability of organs
and tissues is due to structural pro-
teins. Most of them consist of the long
amino acid chains of so-called fibrous
(structural) proteins. Approximately a
third of the total human protein mass is
made up of a single structural protein,
collagen.

The transport of substances through
plasma, inside cells, and across cell
membranes is another function of pro-
teins. The transported substances may
be gases, reversibly bound to a protein
(O, to hemoglobin in erythrocytes),
substances with poor water-solubility
(e.g., fat-soluble vitamin A bound to
RBP), or polar molecules carried across
nonpolar barriers (e. g., ion channels in
lipid bilayers).

The body uses the immune system (e. g.,
immunoglobulins) and the blood-
clotting system (e.g., fibrinogen) as
defense and protective mechanisms.
Hormones and their cellular receptors
(e.g., insulin and insulin receptor) are
essential for control and regulation.
Other metabolic processes would be
unthinkable without DNA-encoded
enzymes. [t is the controlled catalysis of
chemical reactions that enables the
body to react to changing conditions in
a highly specific manner.
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— A. Nitrogen Cycle
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Classification:
From Chain to 3-D Structure

The DNA-determined sequence of
amino acids in proteins is called their
primary structure (1) (A). This
sequence contains all the information
about the further behavior of the
respective amino acid chain. The side
chains (R-groups) of the individual
amino acids predict the spatial arrange-
ment of the protein. Today, the primary
structure of even complex proteins is
known. The first amino acid sequence
discovered was that of insulin (1952).
Insulin is a comparatively simple pro-
tein, consisting of two chains, one 21 (A-
chain) and the other 30 (B-chain) amino
acids long. The pancreas first synthe-
sizes proinsulin, a single-chain protein
that contains an additional 33 amino
acids (C-peptide). Then, in a posttrans-
lational rearrangement, the above-
mentioned two chains are joined into
the finished protein, while the C-pep-
tide is removed.

The folding of the amino acid chain (2)
determines its secondary structure.
Folding is achieved through the forma-
tion of hydrogen bonds between the
-C=0 and the HN- groups involved in
the peptide bonds. Certain amino acids
(e.g., tyrosine, valine, isoleucine) favor
the formation of a pleated sheet struc-
ture, the result of several chains com-
bined in a parallel or counter-parallel
arrangement; its peptide grid folds like
a harmonica with side chains sticking
out below and above. Another energeti-
cally favorable secondary structure is
the helix. In a right-handed a-helix, the
peptide shape spirals clockwise in such
a way that each turn includes approxi-
mately 3.6 amino acid R-groups. The
collagen of the connective tissue matrix,
for instance, consists of left-handed

helices, three of which combine into a
stable triple helix. Switches in chain ori-
entation by 180° require a so-called p-
loop, consisting of four amino acids
with a hydrogen bond between amino
acids 1 and 4. Globular proteins usually
contain all of those secondary struc-
tures. Insulin, for example, is made of
57 % a-helices, 6% pleated sheets, and
10% p-loops, with the remaining 27 %
structured otherwise.

The tertiary structure results from the
arrangement of the folded chains in
space (3) that is due to interactions
between the amino acid side chains (R-
groups). For instance, in insulin, three
disulfide bridges between pairs of
cysteine R-groups essentially deter-
mine the molecule’s spatial arrange-
ment. Proteins have biological activity
only as long as their tertiary structure is
maintained. Denaturation by ethanol,
heat, or acids, for instance, causes loss
of function, which may or may not be
reversible.

Quarternary structures result from an
assembly of several tertiary structures.
Such oligomers, consisting of several
subunits or monomers, are common in
large, globular proteins. The monomers
may have independent biological activ-
ity, whereas some become functional
units only inside a quaternary structure
(e.g., enzyme complexes). Insulin, too,
forms quarternary structures: in blood,
some of it occurs as dimers. A pancre-
atic storage form consists of Zn%*-stabi-
lized hexamers. Those are used as slow-
release insulins in diabetes therapy.
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— A. From Chain to 3-D Structure
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Basic Building Blocks:
The Amino Acids

The 20 amino acids (AA) used for pro-
tein synthesis are the proteinogenic
amino acids (A). They are exclusively L-
amino acids; their D-enantiomers are
biologically inactive.

They can be divided into four catego-
ries, according to the chemical nature of
their R-groups (exception: glycine). AA
with nonpolar side chains consist of a
straight or branched hydrocarbon
chain, or—in methionine—of a thioether
group. They make up the hydrophobic
core of proteins or are found in those
protein sites that touch membrane lip-
ids. Polar AA can engage in hydrogen
bonding and other bonds and thus sta-
bilize or contribute to the tertiary struc-
ture. The acidic and basic AA are usually
dissociated at physiological pHs and
are, therefore, able to form ionic bonds.
Results of recent research challenge the
classic distinction between essential
and nonessential AA. Of the eight AA
termed “essential,” six can be synthe-
sized endogenously from the respective
keto acids—they are, therefore, not truly
essential. Only lysine (Lys) and threo-
nine (Thr) are truly essential since their
transamination is irreversible.

The other AA used to be considered sim-
ply as nonspecific N donors. However,
some of them may become temporarily,
or at least conditionally, essential under
specific pathological conditions.

Consensus exists that histidine (His) is
essential in children as well as in case of
chronic renal failure. In case of pro-
longed His deficiency, plasma His levels
drop even in healthy people and nor-
malize after His supplementation. His
must, therefore, be essential to a certain
degree even in healthy adults.

Tyrosine (Tyr) is synthesized endoge-
nously from the essential AA phenyl-
alanine (Phe). In neonates, especially in
preemies, endogenous Tyr synthesis is
insufficient. Tyr becomes essential in all
diseases affecting the liver enzyme phe-
nylalanine hydroxylase (PAH). The clas-
sic example is phenylketonuria (PKU)
but sepsis and cirrhotic diseases should
also be mentioned here.

The liver of adults can make cysteine
(Cys) from methionine (Met). Patients
with homocysteinuria or liver cirrhosis,
preemies, and neonates have insuffi-
cient or are completely lacking endo-
genous Cys synthesis.

Serine (Ser) is synthesized from glycine
(Gly) and formaldehyde. Renal dis-
orders impair sufficient endogenous Ser
synthesis.

Nitrogen monoxide (NO) with its
numerous effects on the vascular,
nervous, and immune systems is
derived from arginine (Arg, see p. 128).
This suggests that arginine supplemen-
tation may have positive effects on
certain severe pathologies.
Quantitatively, glutamine (GIn) is the
body’s most important nonessential N
source. There is substantial research
indicating that in case of trauma, intes-
tinal disorders etc., GIn requirements
exceed endogenous synthesis.
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Digestion and Absorption

Protein digestion begins in the stom-
ach, initiated by pepsins. Pepsins split
peptide bonds involving Phe or Tyr R-
groups. These endopeptidases (split
polypeptides inside the molecule) are
secreted by the gastric lining as inactive
precursors, pepsinogens, which are
activated at acidic pH. Acids further
facilitate the enzymes’ catalytic attack
by denaturing the proteins. The activity
of the gastric enzymes normally pro-
duces large fragments (poly-, oligopep-
tides). After stomach resections or in
case of pharmacological blockage of
gastric acid production, subsequent
breakdown by pancreatic enzymes can
compensate for that step.

In the duodenum, pepsins are deacti-
vated quickly by rising pH. Pancreatic
endo- and carboxypeptidases (the lat-
ter split polypeptides from the carboxyl
end) hydrolyze long-chain peptides into
shorter fragments or single AA (A). As in
the stomach, these pancreatic enzymes
are secreted as inactive precursors:
trypsinogen is activated to trypsin by
the brush border enzyme enteropepti-
dase. Trypsin increases its own concen-
tration autocatalytically and activates
chymotrypsinogen and carboxypepti-
dases in turn. Trypsin hydrolyzes pep-
tide bonds involving Arg and Lys, while
chymotrypsin attacks aromatic AA.
Finally, activated elastase attacks pref-
erentially neutral aliphatic AA.

As in the case of carbohydrates, the final
digestive step is achieved by enzymes of
the brush border membrane. Preferen-
tially, these are aminopeptidases (split
from the amino end) and dipeptidases
that produce absorbable free AA, di-,
and tripeptides.

Cellular uptake is mediated by various
carrier proteins that are specific to

particular AA groups (B). With regard to
the uptake of neutral di- and tripep-
tides, two mechanisms are being dis-
cussed: absorption into the mucosa cell
through nonspecific carriers with sub-
sequent intracellular hydrolysis and
transport-coupled hydrolysis at the cell
membrane. The carriers involved in this
uptake may be driven by a Na* gradient
or may be independent thereof. Ba-
solateral removal occurs passively
through AA accumulation inside mu-
cosa cells.

Approximately 25% of the AA released
into the portal vein leave the mucosa
cells as di- and tripeptides and approxi-
mately 5% as proteins endogenously
synthesized by the cells. Since a signifi-
cant share of the absorbed AA are used
for energy or as building materials by
the intestinal mucosa cells, only a frac-
tion of the absorbed AA actually end up
in the bloodstream.

Entire  proteins are sometimes
absorbed, too, albeit in very small
amounts. Since their sequences do not
correspond to any of the bodies’ own
proteins, they are recognized as foreign
by immune-competent cells. Physiolog-
ically, the purpose of this process may
be to stimulate intestinal IgA and IgG
secretion, thereby maintaining an
important defense mechanism. There is
also discussion, however, whether
increased intestinal permeability (e.g.,
“leaky gut syndrome” in neonates)
might be responsible for food allergies
and autoimmune diseases.
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— A. Digestion and Absorption
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Metabolism

Proteins are subject to constant break-
down and resynthesis. In the steady-
state, rates of synthesis and breakdown
are in balance (A). To any 100 g of exo-
genously supplied food protein in the
small intestine, about 70 g of protein is
added into the intestinal tract from
endogenous sources: secretions, enzy-
mes, and sloughed-off cells. Protein
digestion and absorption are highly effi-
cient. Approximately 95 % are absorbed,
only ~10 g/d are lost through fecal mat-
ter. After complete hydrolysis of all pep-
tides, and subtraction of those used
by the intestinal mucosa, ~150 g free
amino acids (AA) become available to
the body each day.

Incoming free AA are first compartmen-
talized into various AA pools. Only a
small amount is found in plasma, 70-
80% of the free AA are found in skeletal
muscle. Intracellular accumulation of
free AA in the respective tissue consti-
tutes a first controlled step in AA
metabolism. Assuming a 10 g loss to
feces, the daily exogenous protein sup-
ply is only ~90 g. Highly efficient AA
recycling provides so many additional
endogenous AA that the total protein
turnover rate is as high as 300 g/d. For
instance, of ~75¢g of skeletal muscle
protein that is synthesized and
degraded, only ~10% is exchanged
between skeletal muscle and plasma
pool as free AA. Constant replacement
of the intestinal mucosa, and synthesis
and breakdown of plasma proteins and
blood cells also contribute to the high
protein turnover rate.

An assessment of protein turnover
rates can be achieved by measuring the
turnover rates of short-lived proteins.
Plasma proteins with a high breakdown

rate like prealbumin or retinol-binding
protein (27% and 120% breakdown,
respectively/day) are useful for pur-
poses of detecting latent malnutrition.
Nitrogen balance is more commonly
used for this purpose. Nitrogen (N) is
easy to determine: after oxidation of the
organic matrix, the mass is converted to
protein, using a factor. N balance is in
homeostasis when the amount sup-
plied by foods corresponds to that lost
through urine, feces, and skin. Addi-
tional small amounts of N are lost
through sweat, hair, menstrual blood,
and semen.

Energy intake significantly influences N
balance. Under reduced energy supply
conditions, sufficient energy for protein
metabolism is lacking. On the other
hand, if protein supply is below a cer-
tain limit, nitrogen balance cannot be
improved by high energy supply. Even
with adequate energy supply, a multi-
tude of diseases, protein energy malnu-
trition (PEM), or poor protein quality
can nevertheless cause negative N bal-
ance. If adequate energy but no protein
is supplied, daily N losses decrease to
approximately 2-3 g/d within a few
days. This daily loss persists even after
prolonged protein-free diets. It can be
deduced from this that a daily protein
loss of 16-17 g is obligatory and has to
be compensated in the long term to
maintain body proteins and therewith
life function.
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— A. Protein Turnover in the Steady State
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Amino Acid Homeostasis

Amino acids (AA) are not only used for
protein synthesis, but are precursors of
a multitude of biologically active sub-
stances. Among them are, for instance,
hormones and neurotransmitters like
thyroxine, adrenaline, noradrenaline,
acetylcholine, glutamate, and y-amino
butyric acid. In order to maintain a con-
tinuous supply for synthesis of these
compounds, as well as proteins, control
mechanisms are crucial.

The central site of this control is the
liver. Postprandially, the liver degrades
a significant portion of the incoming
AA, converting the N into urea for excre-
tion (see below). Approximately a third
of the AA are used for synthesis of liver
and plasma proteins. Regulation of
these catabolic and anabolic pathways
is so tight that even a protein-rich meal
leads to only a slight increase in plasma
AA concentrations.

Approximately 70% of the increase in
plasma AA is due to branched-chain AA
(Val, Leu, Ile) since the liver is unable to
transaminate them. These AA can be
transaminated in muscle, brain, and
kidneys, though, making them highly
significant for the metabolism of those
organs. For instance, they inhibit a spe-
cific glutamine membrane transporter
in skeletal muscle. The resulting
increase in intracellular Gln may be a
signal that initiates muscle protein
synthesis.

During the post-absorptive phase (A)
muscles release mainly Gln and Ala. The
gastrointestinal tract, too, absorbs Gln,
releasing Ala and cirtulline in turn. All
AA are absorbed by the liver, the N
released as ammonia, and the carbon
skeleton processed for further use.

Acidosis causes inhibition of hepatic
Gln uptake. The kidneys then pick up
GIn and convert it to ammonia, which
combines with H* ions that need to be
excreted, forming NH#*. All H* ions that
need to be excreted due to acidosis are
removed in this form.

The AA Arg and Leu stimulate insulin
secretion, others (e. g., Asn, Gly) stimu-
late glucagon secretion. Insulin en-
hances muscle protein synthesis, while
glucagon enhances gluconeogenesis
from AA in the liver. Since both hor-
mones are, therefore, stimulated post-
prandially, their concerted effects con-
tribute significantly to the effective
reduction of plasma AA concentrations
after influx from the intestine.

The liver eliminates most of the N (B).
Under physiological conditions, only
small amounts of it are excreted by the
kidneys as NH%". Ammonia produced
during cellular AA breakdown is trans-
ported as Gln. In the liver, all the NH**
derived from AA degradation is con-
verted to urea at a high energy cost. The
body uses this somewhat wasteful urea
cycle since urea has several distinct
advantages over ammonia: it is rela-
tively nontoxic and highly water-solu-
ble, and can therefore easily be trans-
ported to the kidneys via the blood-
stream for excretion.
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— A. Postabsorptive Amino Acid Metabolism
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Regulatory Functions:
Endothelial Functions

During recent years, research has
focused on an amino acid product the
effects of which are known, but which
has not been unequivocally character-
ized to date: endothelium-derived
relaxing factor (EDRF). At this point, it
is assumed that EDRF is probably iden-
tical with nitrogen monoxide (NO) or
with a more stable NO-containing sub-
stance like S-nitrosocysteine (also
called NO-R).

The enzyme responsible for NO synthe-
sis in endothelial cells, NO synthase
(NOS), has since been cloned and the
encoding gene identified. In the brain,
there is one isoform (typeI); another
(type II) was found in macrophages.
The endothelial isoform (type III) is pre-
dominantly membrane-bound. Like all
NO synthases, it uses Arg as a substrate
(A). In addition, it needs molecular O,
Ca-calmodulin, as well as NADPH, BHy,
FAD, and FMN as cofactors. NOS activity
and hence NO release can be stimulated
by a series of agonists: acetylcholine,
histamine, serotonin, ADP, substance P,
bradykinin, and generally through an
increase in intracellular Ca%* concentra-
tions. Expression of this enzyme is,
among others, induced by shearing
forces along the endothelial surface.

The functional significance of EDRF for
various organ systems is a subject of
intense discussion. Until recently,
endothelial NO synthesis was discussed
only with regard to its relaxing effects
on vascular tone (B). Vascular tone is
based on the activation of guanylate
cyclase with subsequent cGMP increase
in muscle cells. Nitroglycerin treat-
ment, which has been used for angina
pectoris attacks for a long time, is based
on the same effective principle, which is

why EDRF (NO) has also been called an
endogenous nitro-vasodilator. Today,
the NO system is considered to play the
role of physiological antagonist to the
sympathetic nervous system and to the
renin-angiotensin system in vascular
tone regulation. Furthermore, NO is a
potent inhibitor of thrombocyte aggre-
gation and leukocyte adhesion to
endothelial surfaces. Should platelet
aggregation occur nevertheless, ADP
and serotonin released from thrombo-
cytes trigger NOS activation, causing
increased NO release. NO also inhibits

smooth muscle cell proliferation
through stimulation of guanylate
cyclase.

These three factors—leukocyte adhe-
sion, proliferation, and subsequent
platelet aggregation—are of great sig-
nificance in the initial phase of arterio-
sclerosis. The weakening of the Arg-NO
system seems a likely pathogenetic fac-
tor in vascular lesions. Several variables
are discussed as triggering factors for
defects in NOS activity (C): reduced
receptor coupling of the agonists, mar-
ginal substrate (Arg) or cofactor availa-
bility, or inactivation of EDRF (NO) on its
way to the site of its intended activity.
The latter is blamed mainly on oxidized
LDL and/or peroxide anions. In arterio-
sclerotic vessels, an abnormal vasocon-
strictor (endothelin 1) might also form,
compensating for the relaxing effect of
NO.
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Regulatory Functions: The Blood-
Brain Barrier

In the brain, so-called “tight junctions”
between the endothelial cells of blood
capillaries represent the blood-brain
barrier. Lipophilic substances can pass
this barrier, moving through the
endothelial lipid bilayer. Also, 0,-CO,
diffusion occurs along their partial
pressure gradient. Water can diffuse
through the tight junctions because of
its small molecular size. All other polar
substances need special transport sys-
tems to pass the blood-brain barrier
(A). For this, appropriate carriers have
to be present on the luminal as well as
on the brain side of the membrane. Such
carriers exist for glucose, ions (as active
pumps and channels), and for various
groups of amino acids (AA). The trans-
port mechanisms permit selective
enrichment of specific substances in-
side the brain, rendering it theoreti-
cally independent of plasma concentra-
tions.

However, this system has limits. On the
one hand, carrier capacity becomes
insufficient when concentrations of the
transported substance drop below cer-
tain plasma levels (e.g., with hypogly-
cemia). On the other hand, when
several substances use the same trans-
port system, they compete for the car-
rier. This makes the system indirectly
dependent on substrate supply in the
plasma. This situation applies, for
instance, to large, neutral AA.
Competition for the carrier is particu-
larly significant between tryptophan
(Trp) and long-chain neutral amino
acids (LNAA). Trp is converted to
5-hydroxytryptamine (5HT) better
known as serotonin in serotonergic
neurons. The latter is stored in
intraneuronal vesicles and released
after neuron depolarization. A classic

neurotransmitter, it binds to a specific
postsynaptic receptor (5HT receptor)
with subsequent active reuptake into
the neuron.

The following model was developed
based on animal experiments and it
might explain seasonal affective dis-
order (SAD), which causes increased
carbohydrate cravings during winter,
among others. Rising insulin levels (B)
after carbohydrate consumption trigger
increased AA absorption into muscles.
Trp levels are not affected by this since
it easily binds to albumin and thereby
escapes the effects of insulin. Conse-
quently, the Trp/LNAA ratio is increased,
causing Trp to be transported preferen-
tially across the blood-brain barrier.
The subsequent increase in neuronal
5HT synthesis has a negative feedback
effect on carbohydrate cravings.

When insulin production is insufficient,
particularly in the case of peripheral
insulin resistance (type 2 diabetes,
obesity), this satiety mechanism does
not work (C). 5HT effects remain below
normal even after pure protein meals
since, due to the lacking insulin release,
the Trp/LNAA ratio is not changed in
favor of Trp.

5HT neurons have significant carbo-
hydrate consumption-limiting effects.
For example, the effect of pharmaceuti-
cal drugs that increase 5HT concentra-
tions in the synaptic gap shows that
5HT plays a role in regulating feeding
behavior. Weight reduction—albeit
transitory—can be achieved mainly
through reduction of meal sizes.
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Protein Quality

Since the pattern of the essential AA
required by humans is not congruent
with that of food proteins, proteins sup-
plied exogenously are always of “lesser
quality” (<1.00). It is irrelevant whether
large amounts of several AA are found in
the respective protein; the determining
factor is that the body can only newly
synthesize as much protein as the avail-
able amount of the most deficient AA
permits. This synthesis-limiting AA is
called the limiting amino acid.

In the past, a number of approaches
were used for purposes of practical
evaluation of proteins. Net protein uti-
lization (NPU) is based on N balance,
usually determined in animal experi-
ments. For this purpose, animals have to
first be fed a protein-free diet in order to
determine endogenous N production
via mandatory N losses in feces and
urine. Subsequently, the protein to be
investigated is supplied at increasing
levels until homeostasis of N balance is
reached. With a protein of “high-value”
this is achieved more quickly than with
a protein of a lesser NPU.

Biological value (BV) represents a
refinement compared to NPU. The pro-
tein supplied is no longer assessed
solely via its N content, but its digesti-
bility is taken into account as well.
Protein efficiency ratio (PER) used to
be the prescribed standard procedure,
especially in the U.S. For its determina-
tion, weight gain in young rats is related
to their protein intake.

Each of these methods has its disadvan-
tages: the transferability of the animal
experiments’ results is not always
insured, N balances do not capture all
parameters, and they are costly and
work-intensive. Additionally, each of
these methods yields different results.
Sometimes in the literature only one of

these methods is mentioned, but values
listed are derived by either of them, at
times causing them to vary considera-
bly.

In 1990, the FAO/WHO issued a report in
order to introduce a method of world-
wide validity for protein evaluation,
specifying an exact method. The
method is based on the definition of an
ideal AA pattern (A), to which the AA
contents of a given protein can be com-
pared (all values in mg/g). The resulting
amino acid score (AAS) is then cor-
rected by the “true protein digestibility”
that continues to be derived from ani-
mal experiments and has to be looked-
up in the respective tables. Even this
method still has some drawbacks: ideal
AA patterns, as well as AA availability
after heat and other treatments, remain
points of contention. However, since
AA analysis has become routine by now,
it provides a fast and cost-effective
method, particularly for developing
countries.

Comparison of the resulting protein
digestibility-corrected amino acid
scores (PDCAAS) with commonly used
BV values (B) show that animal prod-
ucts and soy achieve better values with
PDCAAS, while other plant foods get
lower scores. In plants, Lys tends to be
the limiting AA. Requirements for Lys
are set relatively high and will probably
be adjusted downward for adults.
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— A.PDCAAS for Protein Evaluation

AAS score
1001 16 1.5 1.2 1.2 0.9 15 13 0.8 1.4
90
= 30 Limiting AA: tryptophan
£ Actual protein digestibility
S 70 for pinto bean in rats: 73 %
= Corrected AAS score:
B 60 PDCAAS = 0.8x 0.73 = 0.58
= 50
3
S 40
<
< 30
20
10
His lle Leu lys  Met+Cys Phe+Tyr  Thr Try Val
[7] Requirement (mg/g protein) [T Pinto bean (mg/g protein) ["] AAS score = Pinto bean

Requirement

— B. BV vs. PDCAAS
fggs | ]
Milk { 2o | 1.00 |
Beef { ozz ) 092 |
Wheat l 240 839
Siy { 084 | -
Corn { 051 | oz
Rice { 06 ] 05 ]
Potatoes { 062 | 095
Beans [| oa | ne |
0 0.5 1.0
[] Biological value (BV); mean ["] Protein Digestibility Corrected Amino Acid Score

PDCAAS, according to FAO/WHO report, 1990

Biesalski, Pocket Atlas of Nutrition © 2006 Thieme
All rights reserved. Usage subject to terms and conditions of license.



134 Proteins

Occurrence and Requirements

When a healthy man (A) eats a protein-
free diet for 7-10 days, his daily N loss
in all compartments (urine, feces, skin,
hair, etc.) stabilizes at an average of
54 mg/kg. This corresponds to a daily
loss of 0.34 g protein/kg (24 g/d for a
70 kg body). To include 97.5% of all
people of this age group two standard
deviations have to be added: the result-
ing 0.45 g/kg are called the minimum
protein requirement. This (approxi-
mately 31 g protein/d), however, is suf-
ficient only based on an assumed 100 %
absorption. Since, in practical terms,
this can be achieved only under stand-
ardized dietetic conditions, an addi-
tional safety margin for the overall pop-
ulation is needed.

In many countries, as in the U.S., the
presently recommended intake for
adults is 0.8 g/lkg body weight (see
also AMDR for proteins, on this page). In
the case of many diseases (e.g., burns,
nephrotic syndrome) actual protein
requirements may be much higher; in
the case of others (e.g., renal insuffi-
ciency, liver disease) restriction of pro-
tein intake to the minimum require-
ment may be indicated.

A growing third trimester fetus has the
highest protein need but also receives a
preselected, ideal AA mixture directly
into its blood. Preemies are deprived of
these optimal conditions; their protein
requirement may rise to 3.8 g/kg when
fed enterally (B). Since overall fluid vol-
ume of neonates is limited, such high
protein intakes can often be achieved
only by feeding protein-enriched
mother’s milk.

A nursing infant’s requirement of 2.2 g/
kg, on the contrary, can be met by feed-
ing mother’s milk alone.

Actual intakes are often far above rec-
ommended amounts in Western indus-
trialized nations. In the U.S., people
have been consuming 80-125g pro-
tein/d since the beginning of the twen-
tieth century and those intakes have not
changed. Protein sources, though, have
changed: whereas in the past most of
the protein was of vegetable origin,
today, animal proteins make up more
than 70 % of total protein intake.

There has never been proven toxicity of
elevated protein intakes. Accounting
for this fact, the recently established
Acceptable Macronutrient Distribu-
tion Range (AMDR), lists 10-35% of
total calories from proteins, with an
upper range that exceeds by far the
amount considered adequate according
to the existing RDA (~10% of total calo-
ries, depending on activity levels).

However, a high intake of animal pro-
tein is always associated with high
intakes of other substances (e.g., fat,
cholesterol, purines).

Positive effects of elevated protein
intakes could also not be proven. It has
been shown that increased intakes lead
to heightened turnover of muscle pro-
tein. Based on such findings, millions of
people eat protein concentrates and AA
mixtures in the hope of benefiting by an
increase in muscle growth. However,
heightened protein metabolism in mus-
cle is not automatically equivalent to
increased muscle growth. The question
should be whether or not increased
protein metabolism is better or worse
for the body.
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— A. Requirements and Intake

Healthy adult male, 70 kg

24 Loss with protein-free diet
3 FAO/WHO = minimum protein
requirement
20 Including safety margin for variable
intestinal use
56 Including safety margin for variable BV,
RDA etc.

Actual intake in the U.S.-women,
age-dependent

Actual intake in the U.S.-men,
age-dependent

55-62

71-101

Protein (g/d)

— B. Recommendations by Life Stage and Gender Groups (DRI, 2001)

Life Stage and Age Al EAR RDA RDA
Gender Group (glkg/d) (glkg]d) (gfkg/d) (g/d)
Infants 0- 6mo 1.52
7-12mo 1.52 1.1 1.5 17
Children 1- 3y 0.88 1.1 13
4- 8y 0.76 0.95 19
Boys 9-13y 0.76 0.95 34
14-18y 0.73 0.85 52
Girls 9-13y 0.76 0.95 34
14-18y 0.71 0.85 46
Men >19y 0.66 0.80 56
Women >19y 0.66 0.80 46
Pregnancy 14-50y 0.880r+21g 1.10r+25¢g
Lactation 14-50y 1.050r+21.2g
Physical activity No evidence of increased requirements

— C. Protein Content in Food

56 g protein is contained in: 3 kg vegetables

5 kg fruit

1.6 I milk

16004 french fries

4004 cold cuts
270g fish

200g meat

170g smoked ham
1504 hard cheese
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Vitamin A: Chemistry

As early as 1500 BC, the Chinese rec-
ommended using liver and honey to
treat night blindness. Before McCollum
and Davis described the fat-soluble
vitamin A and its significance in 1913,
many treatises described the effects of
consuming liver on various eye dis-
eases. For long time, vitamin A research
focused on the molecular mechanisms
of the visual cycle. Vitamin A’s effects
on cellular differentiation and growth
were not discovered until the early
1980s. These recent discoveries made
the vitamin a focus of interest in medi-
cal and molecular biological vitamin
research.

The term vitamin A applies to all com-
pounds with biological activity similar
to that of vitamin A. Chemically, these
substances are similar, while the func-
tions on which the vitamin A-like
effects are based are quite diverse.
Particularly the analytical distinction
between the various carotenoids, pre-
cursors of vitamin A, used to be very dif-
ficult. It is, therefore, not surprising that
the mutual conversion of these sub-
stances into one another remains con-
troversial. The international units (IU)
that were used in the past essentially
apply only to animal experiments under
standardized nutritional conditions. In
the IU system, 0.3 pg retinol (or 0.34 pg
retinyl acetate, or 0.6 ug p-carotene)
corresponds to 11U vitamin A. These
conversions of isolated substances
with vitamin A-like properties are
commonly used and permissible.

A mixed diet provides a multitude of
such substances, which interact with
one another and are subject to the
effects of exogenous factors such as heat
and light. To accommodate these facts,
vitamin A requirements and intakes are

listed in retinal activity equivalents
(RAE). For instance, 1mg retinol,
1.15 mg retinyl acetate, or 6 mg p-caro-
tene are 1mg RAE. One mg RAE
=~3000 IU vitamin A.

According to international chemical
nomenclature (IUPAC), vitamin A and
its derivatives (A) are jointly called
retinoids. The definition of this term
has caused substantial confusion since
it fails to differentiate between natural
and synthetic vitamin A derivatives. In
view of the biological/medical aspects
involved, the following distinction is
made: the term vitamin A applies to all
compounds that retain all effects of the
vitamin (retinol, retinyl ester). Distin-
guished from those are the retinoids,
which show only some of the effects of
the vitamin in the body (no influence on
spermatogenesis and visual cycle). This
definition applies to synthetic, exoge-
nously supplied retinoic acid and its
derivatives. Retinoic acid no longer has
the same effects as retinol since it is the
end product of an irreversible metabolic
pathway and can therefore not be re-
metabolized to retinol.
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— A. Chemistry
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Vitamin A: Uptake and Metabolism

Vitamin A can be obtained either as the
provitamin (mostly p-carotenes) from
plant sources or as its fatty acid ester
(RE = retinyl ester) from animal sources.
The lipophilic retinyl esters (RE) are
hydrolyzed by a pancreatic lipase (cho-
lesterol esterase) during lipid digestion
(A). Retinol (R) is absorbed into the
mucosa cells where it is reesterified in
one of two ways: retinol supplied at
physiological levels is first bound to
a specific cellular retinol-binding pro-
tein (CRBP II). If supplied in very large
amounts it can also be esterified
directly. The esters are integrated into
chylomicrons (CM) and carried to the
blood via lymphatic fluid. Receptor-
mediated hepatic uptake occurs after
the chylomicrons have been converted
to remnants (REM). After hydrolysis of
the retinyl esters, retinol can either be
bound to CRBP in the parenchymal cells,
or transported to the hepatic perisinu-
soidal cells. There, it is reesterified and
constitutes the body’s most important
vitamin A pool (50-80%).

Hepatic vitamin A release occurs
through bonding of retinol to retinol-
binding protein (RBP). Due to its low
molecular weight (21 000), the RBP-
retinol complex would be quickly lost to
renal excretion. Its coupling to trans-
thyretin (TTR) prevents such loss during
renal filtration (RBP-TTR-retinol com-
plex).

Cellular uptake (B) of vitamin A can
occur in two ways. After binding to a
receptor, retinol can be released from
the RBP-TTR-retinol complex formed in
the liver. The remaining RBP is degraded
renally. After absorption, there is either
intracellular binding to CRBP, oxidation
to retinoic acid, or reesterification
through either acyl-CoA-retinol acyl-

transferase (ARAT) or retinol acyltrans-
ferase (LRAT). The resulting retinyl
esters constitute an intracellular pool
that can be accessed through hydrolysis
(retinyl ester hydrolases — REH).
Retinyl esters can also be derived
directly from lipid metabolism: during
degradation of chylomicrons to rem-
nants, lipoprotein lipase (LPL) releases
not only free fatty acids but also retinyl
esters, all of which are absorbed by
cells, enabling vitamin A supply to tar-
get cells independently of the con-
trolled hepatic release of the RBP-TTR-
retinol complex.

An additional possibility is direct oral
supply of retinoic acid. In the blood, the
latter is bound to albumin and attaches
to a specific cellular retinoic acid-bind-
ing protein (CRABP) inside cells. Retin-
oic acid can pass the cell membrane and
bind to a specific nuclear receptor, more
than 30 variants of which have been
described to date. The nuclear retinoid
receptors act as transcription factors by
binding to specific DNA sequences.
They control the expression of many
factors, particularly factors regulating
growth and tissue and cell differentia-
tion. Among them are growth hormone
receptors, oncogenes, interleukins,
cytokines, and cell-cell interaction fac-
tors.
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Vitamin A: Functions

Vitamin A does not act in a uniform
manner. The various derivatives found
in the body exert their effects through
different functional mechanisms:

* Retinol is a transport form and meta-
bolic intermediate.

« Retinal is an essential component
required for vision.

 Retinoic acid, in its cis-trans form,
and its polar metabolites have pro-
nounced effects on proliferation and
differentiation of various tissues such
as respiratory epithelium, intestinal
mucosa, skin, and various tumor and
embryonic cells. Furthermore they
inhibit a range of tumor promoters.

» Retinyl esters are the storage forms of
this vitamin. They are predominantly
retinyl palmitate, but also stearate,
oleate and others. Main storage sites
are the liver and other organs that
depend on vitamin A’s functions
(e.g., retina, testes, and lungs).

e Glucuronidated compounds are the
form in which the vitamin is excreted,
but have also been found to have bio-
logical effects on growth and differ-
entiation in vitro.

Visual function (A) is mostly under-
stood by now, at least as far as the rods
are concerned, which are responsible
for black-and-white vision at low light
intensities. Retinol is absorbed from the
outer capillaries, bound to CRBP,
isomerized, oxidized to retinal, and
transferred to a cellular retinal-binding
protein (CRALBP). Retinol can be esteri-
fied inside the pigmented epithelial
cells to the all-trans- as well as the cis-
form, making it storable. 11-cis-retinal,
bound to CRALBP, enters the inter-
photoreceptor matrix where it is
transferred to  interphotoreceptor
retinoid-binding protein (IRBP). The

latter transports the 11-cis-retinal to
the segment disks where it is bound to
the apoprotein opsin. This protein-
retinal complex, rhodopsin, absorbs
light within the 400-600 nm range.
Incoming light isomerizes 11-cis-retinal
to all-trans-retinal, thereby separating
it from opsin. The separation causes
a conformational change in the rho-
dopsin, which triggers a cascade.

A phosphodiesterase binds to a G-
protein and is thereby activated, caus-
ing ¢cGMP hydrolysis. Declining cGMP
levels cause the closing of Na* channels;
the cell becomes hyperpolarized, in-
creasing the potential difference
between the inside and outside. As a
result the cell releases fewer transmit-
ters, reducing neuronal excitement and
that signals “incoming light” to the
brain.

The photolyzed rhodopsin is unstable,
and splits into opsin and all-trans-
retinal. In order to regenerate the
rhodopsin, the all-trans-retinal first has
to be isomerized to 11-cis-retinal. For
this purpose, the all-trans-retinal is re-
duced, and the retinal is then reintro-
duced into the pigment cells’ cycle.
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Vitamin A:
Regulation of Gene Expression

Vitamin A regulates growth and differ-
entiation of many types of cells and tis-
sues. It affects particularly the mucosa
of the respiratory tract (A): if the active
metabolite retinoic acid (RA) is missing,
patchy lack of cilia (A1-A3) results. At
the same time, mucus-secreting cells
increase in numbers. This disturbed dif-
ferentiation causes a reduction in the
lungs’ ability to expel particles, making
them more susceptible to infections.
Sustained vitamin A deficiency leads to
metaplasia of the respiratory epithe-
lium (B, C), a precancerous stage. This
may explain the relationship between
low vitamin A supply and lung cancer.
Since compounds in cigarette smoke
like benzopyrene deplete the lungs’
vitamin A storage, the resulting local-
ized vitamin A deficiency may enhance
the development of lung cancer.

RA apparently also controls the mor-
phogenesis of several tissues during
embryonic development. Vitamin A
deficiency as well as use of RA (as acne
medication) during early pregnancy
results in typical malformations: open
back (spina bifida), cleft lips or palate,
and malformations of arms and legs.

The biological effects of the active forms
of RA are based on their interactions
with two subfamilies of nuclear retinoic
acid receptors and retinoid X receptors
(RAR and RXR with their respective sub-
types). RAR bind all-trans-retinoic acid
with high affinity, altering gene expres-
sion through direct interaction with the
ligand (D). RXR, even though they are
also activated by all-trans-retinoic acid,
have low affinity to this ligand. Other
retinoids like 9-cis-retinoic acid bind
much better here. Hence, isomerization

of the all-trans- to the 9-cis form favors
RXR-mediated effects of RA.

To date, more than 30 different nuclear
receptors for retinoids have been iden-
tified. The actual RAR/RXR effect on
gene expression requires the binding of
RXR (including its ligand-cis-RA) to
another receptor (heterodimerization)
(E). This receptor can be an RA, thyroid,
vitamin D, estrogen, androgen, or pro-
gesterone receptor. Different types of
heterodimerization can result in differ-
ent forms of binding to DNA resulting
in different gene expression. The retin-
oid receptor works as a transcription
factor, increasing transcription in pro-
portion to the amount of RA present.
RA has an inhibitory effect on other
transcription factors like AP-1 (activa-
tion protein 1), which enhances gene
expression of various proteins. It is
thought that this occurs through
heterodimerization of RAR and/or RXR
with the subunits of AP-1, fos, and jun,
which are proto-oncogenes. Since re-
ceptors for growth hormone, onco-
genes, interleukins, cytokine, and cell-
cell interaction factors like laminine
and fibronectin interact with retinoid
receptors, RA is an important regulator
of growth as well as cell and tissue dif-
ferentiation.
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— A. Epithelial Changes Due to Vitamin A Deficiency
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Vitamin A:
Occurrence and Requirements

In a mixed diet most of the vitamin A
comes from retinyl esters contained in
animal products. The consumption of
5-10 g liver/d is enough to cover the re-
commended daily requirement (A). Eel,
tuna, and herring, which contain 0.2-
0.7 mg/100 g are also good vitamin A
sources. Other types of fish and muscle
meat contain less than 30ug/100 g,
making them insignificant as vitamin A
sources. Milk and milk products, partic-
ularly cheese and eggs contribute a large
share of the daily vitamin A supply. Milk
and breakfast cereals are often fortified
with vitamin A in the U.S. and many
other countries. Vegetable oils and
sugar can also be vitamin A fortified.

The recommended intakes are given in
retinal activity equivalents (RAE) and
range between 0.3 mg and 0.6 mg for
children and are 0.7 mg and 0.9 mg,
respectively, for females and males
(1000 pg RAE = 3000 IU) (see also p.
136). During pregnancy and lactation
the requirements are higher since
plasma values in neonates are always
lower than in the mother, and vitamin A
use increases significantly during preg-
nancy. For this reason, supplementation
of 0.7mg/d is recommended during
pregnancy and 0.6 mg during lactation.
Official recommendations state that
liver should not be eaten during preg-
nancy. Depending on the feed, liver may
contain up to 2500 IU vitamin A/g. With
average portions of 100 g and a 45%
absorption rate, such consumption
could result in an uptake of more than
100 000 IU in extreme cases.

However, no teratogenic effects of eat-
ing liver have been proven with cer-
tainty. The warnings are based mostly

on findings from pharmacological use
of retinoic acid for therapy of severe
acne. There are reports of miscarriages
and malformations. Since retinoic acid
cannot be metabolized to its reduced
forms (retinal, retinol), it is questiona-
ble whether these results apply to vita-
min A from foods. Nevertheless, to be
on the safe side, women wanting to get
pregnant, as well as during the first tri-
mester, should abstain from eating liver.
Outside of pregnancy, toxic effects of
high doses of vitamin A from foods are
not relevant. Reports of hypervitamino-
sis A are rare, and it occurs mostly in
children after intake of medications.
The UL is 3000 pg/d for adults.

Vitamin A deficiency is of much greater
significance. Even though in the indus-
trial nations, intakes tend to be above
the recommendations, depletion of the
liver pool may occur through disease or
insufficient intakes in case of predomi-
nantly plant-based nutrition. World-
wide, vitamin A deficiency has enor-
mous impact: the FAO assumes ap-
proximately 14 million children under
five to be vitamin A deficient, up to
500 000 a year go blind, and 60% of
those die within a few months thereaf-
ter. In the U.S., vitamin A deficiency is
the main cause of blindness in people
over 65.

Xerophthalmia (C) is a typical symp-
tom of advanced deficiency, causing the
cornea to become opaque and necrotic.
Without treatment this leads to blind-
ness. Early stages are characterized by
impaired dark adaptation, commonly
known as night blindness, caused by
vitamin A deficiency. There may also be
changes in skin and mucous mem-
branes, causing increased susceptibility
to infections, especially of the respira-
tory tract (see p. 142).
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— A. Occurrence and Daily Requirement

The daily requirement of 0.9 mg vitamin A
(retinol) is contained in:

3 lwhole milk

100 liver pate

5-10gliver
1504 caviar
1009 eel
200gtuna 1.51sheep’s milk
1509 butter
200 g margarine
2-3kg fish 3509 Dutch Gouda
300 g Swiss cheese
300 g mozzarella
2204 brie
8 eggs

1004 liquid egg yolk

— B. Recommended Intakes (DRIJAl*, 2000) and UL

Life Stage and Age Vitamin A uL

Gender Group (ug RAE[d) (v) (ng RAE[d)

Infants 0- 6mo 400" 1200 600

7-12mo 500* 1500 600

Children 1- 3y 300 900 600

4- 8y 400 1200 900

9-13y 600 1800 1700

Males 14-18y 900 2700 2800

>19y 900 2700 3000

Females 14-18y 700 2100 2800

=19y 700 2100 3000

Pregnancy 14-18y 750 2250 2800

19-50y 770 2310 3000

Lactation 14-18y 1200 3600 2800

19-50y 1300 3900 3000

— C. Deficiency Symptoms

Bitot
spots

Xerophthalmia
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B-Carotenes:
Chemistry and Metabolism

Carotenoids are always of plant origin.
Chemically, they are tetraterpenes, con-
sisting of eight symmetrically arranged
isoprene units (A). Their behavior is
determined by their long hydrocarbon
chains, which contain many conjugated
double bonds: they are lipophilic and
colored.

Several hundred different carotenoids
have been found in plants, but only 40
of them have provitamin A activity.
Quantitatively of the greatest impor-
tance to humans are the p-carotenes,
which are responsible for the red color
in carrots; lycopene, which, as opposed
to B-carotenes, has no aromatic compo-
nents, is the main pigment in tomatoes
and red bell peppers. Xanthophylls
form through insertion of hydroxy
groups into the carotenoid rings.
Among others, they cause the yellow
color of leaves during fall (mostly lutein,
also called leaf xanthophyll). Zeaxan-
thin gives corn its yellow color. Egg yolk
contains a mixture of several xantho-
phylls and p-carotenes; its color
depends on the feed composition.

Since p-carotenes are fat-soluble, they
are absorbed in the small intestine
together with the other lipids (B). The
absorption rate of B-carotenes from
plant sources ranges between 10 and
50%, with large individual differences.
Inside the mucosal cell, B-carotenes are
split into two molecules of retinal (vita-
min A) at the central double bond. The
splitting enzyme, 15,15-dideoxygenase,
is regulated: the better the vitamin A
supply, the lower the activity of the
enzyme. Asymmetrical splitting yields
intermediates with uneven side chains.
The longer fragments, f-apocarotinals,
can be converted into vitamin A. This

conversion seems to be dependent on
the respective cell’s vitamin A needs.
Finally, it appears that p-carotene may
interfere with oxidative processes as
soon as it enters the mucosa cells (see
p. 138).

For purposes of transportation, some of
the p-carotenes, as well as the esterified
retinol, are packaged in chylomicrons
and taken to the blood via lymphatic
fluid. When endothelial LPL degrades
the chylomicrons, f-carotenes are taken
up by the cells as well. The remnants are
taken to the liver, where B-carotene is
also converted to vitamin A. Excess
B-carotene is packaged in LDL and VLDL
and thus made available to extrahepatic
tissues. Polar vitamin A metabolites
such as retinoic acid can leave the
mucosal cells directly with portal blood.

B-carotene is stored predominantly in
fatty tissue and to a lesser extent in the
liver, with concentrations in both tis-
sues subject to large individual varia-
tions. The high storage capacity of fatty
tissue and liver and/or the concentra-
tion-dependent absorption and con-
centration processes are thought to be
responsible for the benign effects of
high dosages of p-carotene as opposed
to similar amounts of vitamin A: p-car-
otene is nontoxic and nonteratogenic.
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— A. Carotenoids
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B-carotenes: Functions, Occurrence,
and Requirements

Beyond its significance as provitamin A,
specific functions of g-carotenes proper
have been discovered during the past
decades. Therefore, B-carotenes can be
considered essential for humans. When
B-carotenes are absorbed they can
either be split into retinal or absorbed
as is. In the latter case they have “anti-
oxidant” functions in the cell.

In all human cells—particularly in skin—
oxygen radicals and other related free
radicals form continuously, under the
influence of light (A). These free radicals
are characterized by extremely high
reactivity: they have an extremely short
half-life (10" sec), after which they
react with other substances, forming
new radicals. This triggers chain reac-
tions, which may damage essential cell
components. The damage may cause
acutely reduced cell function due to
membrane damage, inactivation of
enzymes, destruction of receptors, or
lowered rates of protein biosynthe-
sis. DNA damage may reduce the
cell’s lifespan. The resulting defect may
also be passed on during cell division
and thereby potentially affect entire tis-
sues.

Physiological mechanisms interrupt-
ing such chain reactions are, therefore,
extremely important. Mainly in skin,
exposure to UV light causes the forma-
tion of active singlet oxygen (10,),
which returns to its normal state by
reacting with a B-carotene (1). The
resulting p-carotene radical regenerates
by releasing heat energy. This inactiva-
tion of radicals is called “quenching.”
UV light can also foster direct formation
of radicals, resulting in lipid peroxida-
tion of membrane fatty acids (RH) (2).
Thus, the chain reactions triggered
result in rapid, further peroxidation of

membrane lipids. It can be inhibited by
direct chemical reaction with B-caro-
tenes, which, however, are used up in
the process. Radical formation is
enhanced by many factors: besides UV
light, mainly by O,-dependent reac-
tions in mitochondria and microsomes,
arachidonic acid metabolism, leukocyte
and macrophage activity, many enzy-
matic reactions, certain sulfur com-
pounds, reduced iron complexes, and
exogenous toxins. This indicates that
certain risk groups, such as smokers,
might have an increased need for anti-
oxidants including B-carotenes. In spite
of this, heavy smokers should avoid
high doses (>10 mg) from supplements.

Most plants contain p-carotenes in
varying concentrations since they are
the most important carotenoids (B).
Depending on fruit and vegetable in-
take, p-carotenes play a more or less
important role as a source of vitamin A:
in the U.S., half of the required vitamin
A comes from B-carotenes, in England
just a third. To date, no official require-
ments have been set for f-carotenes.

For an optimal antioxidant effect as well
as for cancer prevention ~15-50 mg/d
of carotenoids are recommended. High
intakes of carotenoid-rich vegetables
have been shown to correlate with the
lowest cancer morbidity.
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— A. The Skin-Protective Effect of B-Carotenes
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— B. Occurrence and Daily Requirement
The daily requirement of 2 -4 mg g-carotene is contained in:
200-400g
apricots
800- 10009 broccoli 300_6009
grapefruit
400-800g
nectarines,
sour cherries

300-600 g tomatoes,
Brussels sprouts

50-100g
kale, spinach

50-100g carrots
50-100g red bell peppers
150-300 g escarole
100-200 g Boston lettuce

500-1000 g papayas
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Vitamin D:
Chemistry and Metabolism

The characteristic bone deformities
caused by vitamin D deficiency were
most common in the industrial cities of
the nineteenth century. In Boston,
around 1900, approximately 80% of
poor children suffered from bone
deformities. Symptomatic treatment
with cod liver oil and natural sunlight
was not discovered until 1919. Another
20 years were needed until in vitro syn-
thesis of this vitamin became possible,
permitting large-scale prophylaxis.

The vitamin D family includes a number
of compounds, all of which have vita-
min activity. The most important com-
pound in animals is vitamin D3 (chole-
calciferol) which forms from 7-
dehydrocholesterol (A) under the influ-
ence of light. Plants contain traces of the
provitamin ergosterol. Its metabolite,
vitamin D, differs from D3 only by one
double bond and one methyl group and
has the same vitamin activity. Amounts
are given in international units: 1 IU is
equivalent to 0.025 ng, 1 pg vitamin D3
or D, =40 IU.

Hydroxylation in the liver at C25 yields
the intermediate 25-hydroxy-chole-
calciferol. This is transformed into the
active form of the vitamin by further
hydroxylation at C1 to 1,25-dihydroxy-
cholecalciferol (1,25-(OH),-D3), a ster-
oid hormone. Additionally, a multitude
of synthetic vitamin D analogues exist
that are used for the treatment of dis-
turbances in Ca homeostasis.

Strictly speaking, vitamin D is not a vita-
min for humans since under favorable
conditions sufficient amounts of it can
be endogenously synthesized during
sun exposure. The 7-dehydro-choles-
terol made from cholesterol is con-
verted to provitamin D3 in the skin

under UV exposure, which turns into
active vitamin D3 under the influence of
heat (B).

Since vitamin D from foods is fat-
soluble, it is transported to the liver in
chylomicrons. All free vitamin D meta-
bolites are transported in the blood, as
well as in the liver, by a specific, vitamin
D-binding protein (DBP).

In the mitochondria of the renal proxi-
mal tubular cells, 1,25-(OH),-D is
hydroxylated a second time, this time at
C24, by another enzyme. In case of over-
supply of 1,25-(OH),-D this pathway is
favored, leading to inactivation of the
hormone. The active 1,25-(OH),-D
reaches its target organs through the
bloodstream where it circulates bound
to proteins.

The last metabolic step, hydroxylation
to 1,25-(0OH),-D, is strictly regulated:
the presence of 1,25-(OH),-D provides
inhibiting feedback control (an alterna-
tive pathway to inactive 1,24-[OH],-D is
used). Parathormone and low phos-
phate levels activate the hydroxylating
enzyme. A multitude of additional fac-
tors exert their influence mostly indi-
rectly via parathormone: Ca, estrogen,
glucocorticoids, and calcitonin among
others. This tight regulation permits
short-term adjustment depending on
calcium and phosphate needs.
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— A. Chemistry
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Vitamin D: Functions

The classic vitamin D function is to
maintain calcium (Ca) and phosphate
(P) homeostasis. Its cellular effects on
intestinal Ca transport are best under-
stood (A). In the cytosol, 1,25-(OH),-D is
probably bound to a cytosol receptor
before being transferred to a DNA-asso-
ciated nuclear receptor. This process
induces the synthesis of several pro-
teins, such as calcium-binding protein
(CaBP), an ATPase, alkaline phos-
phatase, phytase, etc. At the same time,
lipid synthesis is increased, altering
membrane lipids. The subsequent step,
Ca transport from the brush border
membrane to the basal membrane is
not yet understood. It cannot be CaBP
synthesis, which was once thought to
be responsible since it is too slow to
provide a sufficient explanation for a Ca
transport that can be triggered within a
few minutes.

Bones and kidneys are other classic tar-
get organs of vitamin D (B). In bones,
the activity of osteoclasts and osteo-
blasts maintains homeostasis between
demineralization, i. e., the release of Ca
and P, and mineralization. Because of its
significance for Ca homeostasis (mak-
ing Ca available to the organism), vita-
min D is responsible for demineraliza-
tion. Increased absorption of Ca out of
the bones under the influence of 1,25-
(OH),-D is due to two factors: increased
differentiation of macrophages into
osteoclasts, on the one hand; and a
much more rapidly occurring process,
on the other hand, in which 1,25-(0OH),-
D triggers osteoblasts to release an
osteoclast-stimulating factor.

Vitamin D’s renal effects are not fully
understood to date. They also serve Ca
homeostasis, enhancing Ca reabsorption

and P excretion in the distal renal
tubules.

During recent years, further tissues and
cells have been found to be responsive
to 1,25-(OH),-D (B). The present discus-
sion centers on cellular mechanisms
like the above-mentioned induction of
protein synthesis, or activation of vari-
ous phospholipases (C, Ay, D) with sub-
sequent second messenger formation.
A 1,25-(OH),-D-specific membrane re-
ceptor is also under consideration.
Many cells respond to 1,25-(OH),-D by
releasing Ca from the intracellular
pool. To what extent this constitutes a
contribution to Ca homeostasis is
unknown; it may simply be an intra-
cellular signal. It has been observed that
vitamin D deficiency and bone diseases
are often accompanied by weakness of
skeletal or cardiac muscle, leading to
the conclusion that vitamin D may have
a function in muscle cells. Today, it is
assumed that 1,25-(OH),-D activates
voltage-dependent Ca channels in mus-
cle cell membranes and is thus involved
in the regulation of cross-membrane Ca
transport. In the pancreas, insulin
secretion is influenced by 1,25-(OH),-
D; in skin, the hormone influences
growth and cell differentiation. There
are also receptors for it in immune sys-
tem cells, as well as various tumor cells,
where 1,25-(OH),-D usually inhibits
cell proliferation.
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— A. Induction of Ca Absorption
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Vitamin D:
Occurrence and Requirements

The natural occurrence (A) of vitamin D
is very limited. Fish liver contains abun-
dant vitamin D, which is why fish liver
oil has long been used successfully for
prevention and treatment of vitamin D
deficiencies. Fatty ocean fish like her-
ring contains up to 30 pg vitamin D per
100 g, cod liver oil up to 200 pg/100 g.
Vitamin D contents of other fish species
are much lower. The content in cow’s
milk is negligible but increases with fat
content: heavy cream (30%) contains
1ug/100 g, with similar amounts in
cheeses. Mother’s milk provides little
vitamin D; however, the vitamin D
metabolites in it are much more active,
so that the risk of rickets is generally
very low in infants who are breast-fed
exclusively.

The requirements (B) for exogenous
vitamin D depend largely on the dura-
tion and intensity of UV exposure and
the resulting endogenous vitamin D
synthesis and skin tone. To achieve the
same rate of vitamin D synthesis in skin,
a dark-skinned person may need sev-
eral times longer exposure compared to
a light-skinned person. Current recom-
mendations of 5 ug/d for children and
adults are based on an assumption of
insufficient skin synthesis. In the U.S.,
fortified foods are the major source of
dietary vitamin D. Milk is fortified with
10 pg/l vitamin D3. All industrially pro-
duced infant formulas are enriched
with 4001U (=10pg) vitamin Ds/L
Unless fortified milk products are used,
an additional daily supply of 400 IU in
tablet form is recommended during the
first year of life. Health Canada recom-
mends infant supplementation of 10 pg
(400 1U) during summer and 20pug
(800 IU) during winter.

Actual adult vitamin D intakes usually
lie within the recommendations; the
intakes of children, teenagers, and the
elderly, however, tend to be inadequate.
Looking at lifestyles of these groups,
seniors stand out as they are often
house-bound, and thereby predestined
for vitamin D deficiency. Immigrants,
particularly from Islamic countries
where women are often veiled, dark-
skinned persons, persons with im-
paired fat absorption, persons living in
northern latitudes or individuals work-
ing in occupations preventing exposure
to sunlight are considered risk groups.
In recent years, there have been
repeated reports of deficiencies in
infants and small children, mostly due
to rejection of the completely harmless
prophylactic vitamin D supplementa-
tion, for ideological reasons.

Vitamin D has to be massively over-
dosed to cause hypercalcemia, with its
unspecific acute symptoms of vomiting
and dizziness. In the long term, it leads
to calcifications—the literature de-
scribes mainly nephrocalcinosis. In
adults, toxic effects are expected at
intakes of 500-1000 g vitamin D/d, in
children they can sometimes be ex-
pected at >150 pg per day (10 times the
prophylactic dosage). These amounts
can be reached neither through massive
UV exposure nor through foods alone.
When taking vitamin D supplements,
however, one should not exceed the
recommended amounts.

Among the vitamin D deficiencies (C),
rickets in children is best known. It
results in bone deformities, particularly
of sternum, skull, and spine. Osteomala-
cia is the adult equivalent.

The UL is 50 pg/d for adults.
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— A. Occurrence and Daily Requirement

The daily requirement of 5ug vitamin D is contained in:

500 ml heavy cream

150 g mushrooms
2504 beef liver
500 g chicken, pork

20g baked herring
250-5004 fish
1.5 kg yogurt
from whole milk
5eggs
150 g margarine
500 g butter

150 g processed cheese
1 kg mozzarella 500 g cheese (50% fat)

— B. Recommended Intakes (Al, 1999)

Rickets

Life Stage and Age Vitamin D uL

Gender Group (ng/d) (1U)
Infants 0-12mo 5.0 200 25
Children 1- 8y 5.0 200 50
Males and females 9-50y 5.0 200 50
51-70y 10.0 400 50
>70y 15.0 600 50
Pregnancy 18-50y 5.0 200 50
Lactation 18-50y 5.0 200 50

— C. Deficiency Symptoms
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Vitamin E:
Chemistry and Metabolism

First reports about a nutritional factor
required to maintain pregnancy in rats
appeared in the early 1920s. This factor
was named vitamin E.

a-tocopherol is the naturally occurring
compound with the highest vitamin E
activity (A). It has three chiral centers
(at 27, 4%, 8" in the figure) at which the
methyl groups are in R-configuration.
According to IUPAC, the correct name
is therefore 2R,4R,8R-a-tocopherol or
short RRR-a-tocopherol. Naturally oc-
curring o-tocopherol is usually accom-
panied by small amounts of p-, y-, and
d-tocopherol, which differ by the
number and positions of the methyl
groups attached to the ring. Addition-
ally, there are naturally occurring toco-
trienoles with three additional double
bonds in the side chain. Lastly, various
synthetic or half-synthetic a-tocophe-
rols are always mixtures of various
stereoisomers. The most common form
of synthetic vitamin E consists of eight
stereoisomers, and has a 12.5% RRR-
a-tocopherol content. The mixture is
called all-rac-a-tocopherol. IUPAC rec-
ommends the use of the biochemical
nomenclature (in analogy to vitamin A):
vitamin E comprises all tocopherols and
tocotrienoles that have the same quali-
tative biological activity as RRR-a--toco-
pherol. However, quantitatively, their
biological effects vary greatly. All natu-
rally occurring tocopherols/tocotrie-
noles exhibit less than 50 % of the activ-
ity of RRR-a-tocopherol (= 100%), all-
rac-o-tocopherol 74%, and all-rac-a-
tocopherol acetate, which is frequently
used in medications and is esterified for
increased stability, 67%. In order to
account for these various degrees of
vitamin E activity, nutrient tables use
the term a-tocopherol equivalents (a-

TE), for purposes of which the effect of
RRR-a-tocopherol is equivalent to
100%. Vitamin E in medications and in
pure compounds is counted in interna-
tional units (IU) or USP (United States
Pharmacopeia).

Vitamin E is absorbed in the intestine
together with lipids after any toco-
pheryl esters have been hydrolyzed by
lipases or mucosal esterases (B). The
average absorption rate is 30 %, with o-
tocopherol and its esters being better
absorbed than the other forms. The
absorbed vitamin E is rapidly trans-
ported to the liver; only small amounts
are released from the chylomicrons by
LPL on the surface of endothelial cells.
Vitamin E incorporated in VLDL is
released back into the bloodstream.
There, a dynamic equilibrium exists
between all lipoprotein fractions due
to a rapid interchange. Uptake into
the target cells occurs either through
release by endothelium-based LPL or
via receptor-mediated LDL endocyto-
sis.

Vitamin E is stored in fatty tissue and
muscle, preferentially as RRR-a-toco-
pherol. Recently, an explanation for this
was found in a cloned human gene that
encodes for a hepatic a-tocopherol
transfer protein. It causes RRR-a-toco-
pherol to be preferentially incorporated
into VLDL, while other forms of vitamin
E are quickly excreted via bile fluid.
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— A. Chemistry and Biological Activity
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Vitamin E: Functions, Occurrence,
and Requirements

In animal cells, a-tocopherol is a com-
ponent of all biological membranes.
According to the current state of knowl-
edge, its most important function is to
protect membrane lipids and stored lip-
ids from being degraded by lipid perox-
idation. The food industry has long used
the common knowledge about this
antioxidant effect by enriching fats and
oils with vitamin E to prevent peroxida-
tion.

Due to exposure to light, heat, and/or
chemicals, as well as through many
metabolic processes, free radicals (A)
form in the body. If a polyunsaturated
fatty acid is attacked by a radical X, one
of the two H atoms is removed from the
methylene group between the two dou-
ble bonds, resulting in a highly reactive
lipid radical (missing electron). When
the latter bonds with O, a highly reac-
tive lipid peroxide radical is formed. The
latter will either react with another
fatty acid to form a stable, nonphysio-
logical but cytotoxic lipid peroxide or
“fuse with” another peroxide molecule.
During the transfer of the H atom, an
additional lipid radical is formed, trig-
gering an autocatalytic chain reaction.
Uninterrupted, this process can quickly
destroy the affected biological mem-
brane’s function. Vitamin E has a very
strong affinity for lipid peroxide radi-
cals: transfer of an H atom from vitamin
E to the lipid peroxide radical results in
a stable lipid hydroperoxide and a vita-
min E radical. Since the latter is
resonance-stabilized and therefore
extremely inert, this interrupts the
chain reaction. The tocopherol radical,
which is anchored in the cell mem-
brane, is probably reconverted to vita-
min E by ascorbic acid (vitamin C)
inside the watery cytosol (see p. 206).

Plant germs and seeds, as well as their
oils, and products derived from them
are the best sources of vitamin E (B). In
wheat germ, sunflower seeds, cotton-
seed, and olive oil, RRR-a-tocopherol
makes up most (50-100%) of the vita-
min E, while y-tocopherol, which has
only 10 % of the biological activity, dom-
inates in soy and corn oil. Most oils sold
as “vegetable oil” contain various
amounts of soy, corn and cottonseed oil,
margarines mostly soy, corn, and
sunflower oil. Their natural vitamin E
activity depends on their sunflower or
cottonseed components, otherwise,
synthetic vitamin E may be added as a
stabilizer. Cold-pressed wheat germ oil
has the highest natural vitamin E con-
tent.

Estimates of adequate vitamin E
intakes (C) depend on the intake of
polyunsaturated fatty acids: 0.5 mg
RRR-a-tocopherol should be supplied
for every gram of diene fatty acids; even
many plant oils do not contain these
amounts (e.g., soy oil, approximately
0.3 mg). An intake of 24 g of diene
equivalents (18 g linoleic acid, 3 g lino-
lenic acid) would, therefore, mean a cal-
culated requirement of 12 mg o-TE per
day. People in the U.S. generally achieve
these approximate intakes, but higher
intakes may well be desirable for opti-
mal protection from peroxidation. Peo-
ple on low fat diets may be at risk of
vitamin E deficiency due to low vegeta-
ble oil intakes.

In preemies, patients with fat mal-
absorption, various diseases like cystic
fibrosis or coronary artery disease, vita-
min E supplements have proven benefi-
cial. The UL is 1000 mg of supplemental
a-tocopherol (1500 IU vitamin E).
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— A. Protective Effects of Vitamin E

(Lipid—H (+) x-radical + ) —(Lipid radical * (+) x—H )

X .
e S

Vitamin E—OH

Lipid ide radical—O—O Vitamin E-O ¢ Lipid ide—O—O—H
&q (Lipid peroxide radica ) —> itamin £-0 )+ IEI peroxide— )

Chain
T break
(Lipid radical « ( +) Lipid peroxide—O—O—H)

Chain reaction

— B. Occurrence and Daily Requirement
The daily requirement of 12 mg vitamin E is contained in:

1.2 kg cheese
70g margarine
100-500g butter

(depending on season) pine nuts
30 eggs 120 g peanuts
20g enriched 500 g.aspar‘agu;,
margarine parsnips, spinach,

5 ml wheat germ oil *
20-30 ml safflower*,

grapeseed*, 2 kg vegetables
olive oil*
2-3kg fish
800-1000g
smoked Chinook 100g sprouts

salmon, tuna

1.2 kg fruit
200 g walnuts
50-380¢filberts,

dandelion leaves

500 g whole grain

S bt e on e 25-3kg meat
— C. Recommended Intakes (Al*, DRI, 2000)
Life Stage and Age Vitamin E uL
Gender Group (mg]/d) (umol) (mg/kg) (mg/d) (nmol/d)
Infants 0- 6mo 4* 9.3 ~0.6"
. . No supplements
7-12mo 5 11.6 ~0.6
Children 1- 3y 6 13.9 200 465
4- 8y 7 16.3 300 698
Adolescents 9-13y 1 25.6 600 1395
Adults 14-18y 15 34.9 800 1860
=19y 15 34.9 1000 2326
Pregnancy 14-18y 15 34.9 800 1860
19-50y 15 34.9 1000 2326
Lactation 14-18y 15 34.9 800 1860
19-50y 19 44.2 1000 2326
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160 Fat-Soluble Vitamins

Vitamin K: Chemistry, Metabolism,
and Functions

The antihemorrhagic properties of vita-
min K were first described in the 1930s;
the newly discovered factor was called
“coagulation vitamin.” Besides the nat-
urally occurring vitamins K; (phylloqui-
none) and K, (menaquinone), some
additional quinones have vitamin K-like
effects.

The basic structure of vitamin K (A) is
1,4-naphtoquinone. Its vitamin activity
depends on the methyl group in posi-
tion two, while its fat solubility and
other properties are due to the long side
chains. Vitamin Kj is a collective term
for menaquinones with side chains of
different lengths—always with an iso-
prene unit attached. From a pharmaco-
logical perspective, only the fat-soluble
vitamins Ky and K, are of practical sig-
nificance. The synthetic, water-soluble
K3 and its derivatives are no longer
used.

Vitamin K supplied with food is actively
absorbed in the proximal small intes-
tine during lipid digestion and trans-
ported to the liver in chylomicrons. It
also circulates in all other lipoprotein
fractions (particularly ~VLDL). Its
absorption rate is 20-70%. Vitamin K
is also synthesized by intestinal bacte-
ria in the distal small intestine and
colon. In that part of the digestive tract,
however, the concentration of bile acids
is so low that the absorption of fat-
soluble K, from intestinal bacteria is of
no great significance.

The first function of vitamin K to be dis-
covered was its role in blood coagula-
tion, and it has been used for therapeu-
tic purposes in this context for a long
time. Inactive precursors of the coagu-

lation factors are synthesized in the
liver and activated there by y-glutamyl
carboxylase (B). Vitamin K is a cofactor
required for this reaction, in which it is
converted to 2,3-epoxide. Active vita-
min Kis subsequently regenerated from
the latter in a two-step reaction. Coagu-
lation factors II, VII, IX, and X, as well as
the coagulation inhibitors, proteins C
and S, are released into the blood,
where they attach to phospholipid
membranes.

All components of the blood coagula-
tion system are present in the normal
neonate's body; however, the vitamin
K-dependent factors will not reach the
activity levels found in adults for several
weeks or months. Additionally, low
contents in mother’s and cow’s milk
tend to cause deficiencies in infants. For
these reasons, prophylactic vitamin K
supplementation has been common
practice for a long time. Vitamin K is
injected IM right after birth or adminis-
tered orally in an oily solution.

Antagonists that block vitamin K effects
also have a long history of therapeutic
use: coumarin derivatives are widely
used in thrombosis prevention.

In the past decades, additional vitamin
K effects have been discovered. It is
involved in the formation (carboxyla-
tion) of osteocalcin, a bone protein that
inhibits Ca?* mobilization from bone
during postmenopause. Matrix Gla-
proteins (MGP), which have been found
in bone, kidneys, lungs, and heart
among others, are also vitamin K
dependent.
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— A. Chemistry

o

Vitamin K1 (phylloquinone)
(2-methyl-3-phytyl-1,4-naphtoquinone)
e.g., in green plants, lettuce, cabbage

G %

Vitamin K2 (menaquinone) ’
(2-methyl-3-(prenyl)n-1,4- naphtoqul ane)
only in bacteria

Vitamin K3 (menadion)
(2-methyl-1,4-naphtoquinone)

— B. Effects of Vitamin K

Other
coagulation
factors

Prothrombin
(active)

prothrombin VL IX,

Proteins C, S

®

Plasma

©)

Fibrinogen Fibrin
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162 Fat-Soluble Vitamins

Vitamin K:
Occurrence and Requirements

Phylloquinone (vitamin K; ) is presentin
variable concentrations in the chloro-
plasts of green plants, where it is
needed for photosynthesis. Gram-posi-
tive bacteria, like certain strains of
Escherichia coli and Bacteroides fragilis
produce menaquinones (vitamin Kj),
which animals obtain from plant foods,
together with Kj. So vitamin K can be
obtained from both plant and animal
foods (A). Green vegetables like green
cabbages, green lettuces, broccoli, and
chives are excellent sources of vitamin
K. This is why older textbooks still sug-
gest that patients on coumarin drugs
avoid eating cabbage. When using anti-
coagulants as thrombosis prophylaxis,
a balance between the agonist vitamin
K and the coumarin antagonist has to be
maintained. With larger amounts of
vitamin K, the balance shifts in favor of
the agonist, resulting in an increased
tendency towards coagulation. How-
ever, more recent research shows that
such a shift is unlikely to occur due to
nutritional vitamin K. Hence, the more
recent recommendation is that patients
receiving coumarin drugs do not have to
pay attention to the vitamin K content
of their foods, as long as they maintain
their usual diet. If a major change is
made, such as a change from a mixed
to a strict vegetarian nutrition, pro-
thrombin time must be checked.

Estimates of Adequate Intakes (B) for
vitamin K are imprecise since they are
based on the uncertain synthesis by
intestinal bacteria. For adults, estimates
are 65-80ng/d; requirements are
slightly higher during pregnancy and
lactation. Actual vitamin K intakes are
unknown since, in the past, sufficiently
reliable analytical techniques to deter-
mine K contents of foods were not avail-

able. It can be assumed, however, that
more than sufficient amounts are sup-
plied with a mixed nutrition. There is no
known toxicity from vitamin K from
foods. No UL has been established.

Classic vitamin K deficiencies (C) are
usually found only in infants who are
exclusively breast-fed. It causes bleed-
ing, the most feared variant of which is
bleeding into the ventricles of the brain.
This can cause irreversible damage
including death; prophylaxis is, there-
fore justified, even if without it, there
would only be a few cases per year.
One mg intramuscular (IM) vitamin K
or 2 mg orally on the 1st and 5th day of
the neonate’s life, repeated during the
4th-6th week, can prevent most cases
of bleeding caused by vitamin K defi-
ciency.

Until 1991, IM administration of vitamin
K was practiced almost exclusively.
Then, a scandal hit the press: Scandina-
vian research showed a correlation
between IM prophylaxis and the fre-
quency of brain tumors. Other studies
were unable to confirm this; further,
influences of other factors like solvents
or other additives to the IM solution
cannot be excluded. No such correla-
tions have been found for oral vitamin K
prophylaxis.
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— A. Occurrence and Daily Requirement
The daily requirement of 65 ng
vitamin K is contained in:
75 g rosehips
1.5 lwhole milk
220g cream cheese -
(20% fat) 500 g strawberries
100 g butter
3eggs
400 g pork 400 g turnips
15 g chives
130 g asparagus (white)

300g pork liver
150 g beef liver
50g calf liver

60 g broccoli
120 g potatoes
20g wheat germ
150 g whole-grain

25 g Brussels sprouts

— B. Adequate Intakes (Al, 2002)

Life Stage and Age Vitamin K
Gender Group (ng/d)
Infants 0- 6mo 2.0
7-12mo 2.5
Children 1- 3y 30
4- 8y 55
Adolescents 9-13y 60
14-18y 75
Males >19y 120
Females >19y 90
Pregnancy and Lactation 14-18y 75
19-50y 90

Subcuta-
neous
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Ascorbic Acid: Chemistry,
Metabolism, and Functions

The term “vitamin C” encompasses L-
[+]-ascorbic acid and its derivatives
with identical levels of biological
effects. Chemically, ascorbic acid is the
enolic form of 3-oxo-L-gulofuranolac-
tone (A). Plants and many animals can
synthesize it from glucuronic acid.
Since humans, apes, and guinea pigs
lack the last enzyme in the enzyme
pathway, L-gulonolactone oxidase, the
vitamin is essential for them.

Vitamin C absorption begins at the buc-
cal mucosa, but most of it is absorbed in
the proximal small intestine. There are
probably several active transport mech-
anisms. Passive diffusion requires very
high concentrations in the intestinal
lumen. The absorption rate at physio-
logical doses is ~80%. With megadoses
it may drop to 15%. In plasma, about
three-fourths is found as free ascorbic
acid, the remaining one-fourth is
protein bound. Optimal plasma concen-
trations are estimated to be around
1 mg/l; classic deficiency symptoms
occur around 0.2 mg/L.

The kidneys are the main excretory
organ, whereas after megadose supple-
mentation (>3 g) increasingly large
amounts are excreted through feces.
Some of the biological effects of vita-
min C can be explained by L-ascorbic
acid’s reductant properties. When L-
ascorbic acid is oxidized to dehy-
droascorbic acid, the extremely reactive
intermediate semidehydro-L-ascorbate
is formed. These three forms of vitamin
C represent a reversible redox system.
The oxidized form can be reduced to
ascorbate by a reductase. Other redox
systems like glutathione or tocopherol
are involved in the latter enzyme’s
function. This allows ascorbic acid to

play a hydrogen donor role in hydroxy-
lation reactions, as, for instance, during
biosynthesis of the catecholamines,
noradrenaline, and adrenaline, where
ascorbic acid functions as a cofactor for
dopamine-f-mono oxygenase.

Other biological effects are based on
different mechanisms, some of which
are still unknown. For instance, ascorbic
acid is involved in collagen biosynthe-
sis. However, even though intracellular
protein modification of pre-collagen
occurs through hydroxylation of proline
and lysine, ascorbic acid is not involved
as a hydrogen donor here. Also, during
degradation of tyrosine, activation of
one of the enzymes occurs without
involvement of the ascorbic acid/
dehydroascorbate redox system. Ascor-
bic acid is involved in the synthesis of
bile acids from cholesterol and the syn-
thesis of carnitine from the amino acids
lysine and methionine.
Neuroendocrine hormones such as
gastrin, bombesin, CRH, and TRH are
activated by ascorbic acid-dependent
amidation. The synthesis of cytochrome
P45 in liver microsomes, required for
detoxification reactions, is stimulated
by ascorbic acid. Its iron absorption
enhancing function has been known for
a long time just like its role as inhibitor
of nitrosamine formation from nitrite
and amines in the stomach. The com-
petitive inhibition that vitamin C exerts
on protein glycosylation may be partic-
ularly important for long-term progno-
sis for diabetics. For its antioxidant
effects see p. 206.
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— A. Chemistry and Function
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166 Water-Soluble Vitamins

Ascorbic Acid:
Occurrence and Requirements

Ascorbic acid is ubiquitous in nature
since plants, as well as many of the ani-
mals eaten by humans, can synthesize it
(A). The most important sources in
Western nutrition are fruits, vegetables,
and potatoes.

Oxidation during storage renders ascor-
bic acid inactive, a process enhanced by
high temperatures, as well as by the
presence of catalysts like iron. In acidic
environments, as in certain fruits, vita-
min C is relatively stable. Here is a rule
of thumb: the more inactive, compact,
and acidic the food, and the colder and
more humid the environment, the
lower the losses. For instance, green
peas lose about 4 % vitamin C per day in
the fridge; at room temperature they
lose 12%. During modern storage at
controlled temperatures (CA storage),
losses are minimized: at 3° C, high CO,
and low O, content in the air, daily vita-
min Closses range between 0.1-0.3 %. In
sterilized, fully preserved, or deep-
frozen foods, losses can be enormous.
Immediate blanching can be used to
prevent losses in fruit and vegetables
since this inhibits vitamin C-destroying
enzymes in the outer layers. Up to an
additional 50% of vitamin C is lost in
further processing; in particular, cook-
ing not only renders vitamin C inactive
but leaches it into the cooking water.

Recommended intakes (B) for vitamin
Care the subject of considerable contro-
versy; 100-200 mg/d are needed to
maintain maximal concentrations in
plasma and tissues. Symptoms of vita-
min C deficiency—which are used to
establish the recommendations—can be
safely prevented with 100 mg/d. Pre-
emies and neonates have an increased
requirement of 6 mg/kg body weight.

During pregnancy and lactation, during
antibiotic therapy, and under hemodia-
lysis, requirements are also elevated. It
has been known for a long time that
smokers have lower plasma vitamin C
levels. This is likely to be caused by an
increased need due to free radical for-
mation. Therefore, the new recom-
mended intakes are higher for smokers.
On average, vitamin C intake is ade-
quate in children and teenagers, largely
due to consumption of fruit juices and
vitaminized fruit drinks. Insufficient
intake is common in the elderly. Vita-
min C hypervitaminosis is rare and
occurs only from megadosing. Symp-
toms are mainly diarrhea, but also pre-
cipitation of sickle-cell crises, and kid-
ney stones (long-term overuse). The UL
is 2000 mg/d for adults.

Scurvy is the classic vitamin C defi-
ciency symptom (C). Earliest stages are
characterized by bleeding of mucosal
membranes and pain in more intensely
used muscles, particularly calf muscles.
After a few months, the skin turns pale-
yellowish and follicular hyperkeratosis
develops. Bleeding into the muscula-
ture begins in the frequently used mus-
cles such as behind the knees—in the
bedridden, the back and bottom. Gingi-
vitis (inflammation of periodontal tis-
sues) practically always accompanies
vitamin C deficiency.
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— A. Occurrence and Daily Requirement

The daily requirement of 100 mg vitamin Cis contained in:
1.3 kg carrots
9 grosehips
60 g tangerines,
oranges, lemons,
limes, grapefruits

650 g potatoes

9004 apricots, 900 g Belgian endives

peaches

250 g radishes

2509 bok choy, mache

1.5kg pears
250 g Swiss chards,
leeks
4504 sauerkraut
800 les. cherri 200g spinach, kohlrabi
gappies, cherries 400 g tomatoes
70g bell peppers 100 g fennel, kale
80 g broccoli,
brussels sprouts 1304 cauliflower
— B. Recommended Intakes (DRIJAl*, 2000) and UL — — C. Deficiency Symptoms
Life Stage Age Vitamin C uL .
A 25 (mg/d)| (umol)| (mg[kg)|(mg]d)
Group
Infants 0- 6mo| 40% | 227 ~6* NOI _
7-12mo| 50% | 256 | ~6% | ePe
Children 1- 3y 15 85 400
3- 8y 25 142 650
Adolescents| 9-13y 45 256 1200
Adolescent |14-18y 75 | 426 1800
males
Adolescent |14-18y 65 370 1800
females
Men >19y 90 511 2000
Women >19y 75 426 2000
Pregnancy |14-18y 80 454 1800
19-50y 85 483 2000
Lactation |14-18y 115 568 1800 Typical extensive subcutaneous
19-50y 120 682 2000 hemorrhage caused by vitamin C
deficiency
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168 Water-Soluble Vitamins

Thiamin: Chemistry, Metabolism, and
Functions

Thiamin was the first of the water-
soluble B vitamins to be identified as an
essential nutrient. Chemically, it con-
sists of a substituted pyrimidine ring (A)
and a thiazole, connected by a methyl
group. The term vitamin B; encom-
passes several compounds with thi-
amin-like effects. Naturally occurring
B; consists mostly of thiamin phos-
phates. In pharmaceuticals, water-solu-
ble thiamin derivatives like thiamin
hydrochloride or nitrate as well as
lipophilic thiamin analogues like benfo-
tiamine or fursultiamine are used.

Absorption of thiamin occurs predomi-
nantly in the jejunum after its release in
the intestinal lumen during digestion.
The active transport mechanism for
water-soluble thiamin is saturable and
rate-limiting. At higher luminal concen-
trations, some minor passive diffusion
occurs. Overall, absorption at physio-
logical doses is near 100%, while it
drops to ~25 % at pharmacological dos-
ages. Lipophilic thiamin analogues pass
through cell membranes more easily
and are, therefore, absorbed in amounts
corresponding to intakes. In the intesti-
nal mucosa, free thiamin is converted to
active thiamin diphosphate (TDP)—a
process that consumes ATP—released
into the bloodstream, bound to albu-
min, and transported to the target cells.
The entire body contains ~30 mg thia-
min, 40 % of which is found in the mus-
culature. Since its storage is so limited
and because of its short half-life, daily
exogenous supply is required. Excretion
is mainly renal, either as thiamin, as its
sulfate ester, or as other, hitherto un-
identified, metabolites.

The biochemical functions of thiamin
are based mostly on its role as the TDP
coenzyme. Beyond that, specific ner-
vous system functions of thiamin tri-
phosphate (TTP) are under discussion
regarding involvement of TTP in the
Na*-permeability of membranes.
Transketolase is a thiamin-dependent
key enzyme, the activity of which is also
used to assess thiamin status (B). It cat-
alyzes the reversible transfer of a C2
fragment during the pentose phosphate
cycle, thereby converting various
aldoses into ketoses and vice versa.
Pyruvate, the end product of glycolysis
and of the breakdown of glucogenic
amino acids, is converted to acetyl by
the thiamin-dependent pyruvate dehy-
drogenase (C) after which it can enter
the citrate cycle as acetyl-CoA. The
formation of succinyl-CoA during the
citrate cycle requires the enzyme a-
ketoglutarate dehydrogenase, which
also depends on a thiamin cofactor.

Generally, thiamin is involved in reac-
tions (D) that lead either to decarboxy-
lation of a-keto acids (1), formation of
a-hydroxy ketones (2), or transfer of an
a-keto R-group (3,4). During an inter-
mediate stage (5), a negatively charged
Catom is formed, the charge of which is
stabilized by TDP, making it available
for further reactions at the enzyme
complex.
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— A. Chemistry — C. Thiamin in the Citrate Cycle
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170 Water-Soluble Vitamins

Thiamin:
Occurrence and Requirements

Thiamin is found in all animal foods (A).
Good sources are several species of fish
(e.g., farmed catfish, sole, Florida pom-
pano) as well as liver and muscle, espe-
cially porcine (e.g., ham), and egg yolk.
Good plant sources are whole grains,
potatoes, legumes, soy milk, and acorn
squash. Like most B vitamins, most of
the thiamin in grains is found in the
seed coat that is removed during the
refining process. This also applies to
rice, which loses most of its thiamin
during polishing.

Thiamin requirements vary with
energy expenditure. Vitamin balance
research shows that ~0.5 mg of thiamin
per 1000 kcal (4.2 M]) used is needed
daily to maintain erythrocyte trans-
ketolase activity as well as sufficient tis-
sue thiamin levels. Current recommen-
dations, according to which women
need up to 1.1 mg and men up to 1.2 mg
thiamin/d, are based on this research.
An additional 0.3 mg/d is recom-
mended during pregnancy and lacta-
tion. These amounts are based on aver-
age energy intakes; in case of increased
energy use due to hard physical labor or
very intensive workouts, requirements
increase accordingly. Chronic alcohol
abuse reduces thiamin absorption and
metabolism. Fortification of alcoholic
beverages with thiamin has been sug-
gested to prevent this effect. It should
be noted that thiamin is water soluble,
as well as sensitive to heat and oxida-
tion. An approximate 30% loss during
food preparation must, therefore, be
included in any calculation. In a nor-
mal, mixed diet, most of the thiamin
comes from animal products. If a shift
to more plant-based foods occurred,
which would be desirable, thiamin

intakes might become problematic
unless there were a parallel shift to
more whole-grain products. In the U.S.
this is less crucial with regard to thi-
amin, since adequate thiamin supply of
the general population has been
insured by mandatory enrichment of
refined flour. No UL has been estab-
lished.

The classic vitamin B deficiency syn-
drome (C) is beriberi. The wet form
causes generalized edema; in the dry
form, nerve lesions dominate; in breast-
fed children it may be associated with
carbohydrate intolerance (infantile ber-
iberi). Beriberi was common in the U.S.
before government-mandated enrich-
ment began in the 1940s. In 1932 alone,
there were nearly 50 000 cases of beri-
beri. Based on thiamin’s biochemical
functions, there are two main catego-
ries of symptoms: cardiovascular dis-
turbances, with insufficient blood sup-
ply, edema, cardiac insufficiency; and
neurological disturbances like impaired
sensibility, cramping, paralysis, and
anxiety. Whereas now, the occurrence
of classic beriberi is usually restricted to
developing countries, the latter symp-
toms are found in the U.S. mostly due to
alcohol abuse: nearly 40% of alcoholics
who require treatment suffer from
polyneuropathy and 3-10% develop
Wernicke-Korsakoff syndrome, charac-
terized by mental confusion, amnesia,
impaired short-term memory, and
sometimes psychosis.
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— A. Occurrence and Daily Requirement

The daily requirement of 1 mg
vitamin B1 is contained in:

2 kg fruit

1 kg trout, bass 300g peas

500g salmon
1kg vegetables
3004 sole, eel
1kg veal ?Igﬂ ? whole-grain
5009 beef 750 g instant oatmeal

(muscle meat)
300 g beef liver,
pork liver

100g pork

1kg polished rice,
refined wheat flour

200grice, rolled oats

— B.Recommended Intakes (DRIJAI*, 2000)

Life Stage and Gender Group Age Thiamin (mg/d) Thiamin (mg/kg)
Infants 0- 6mo 0.2* ~0.3%
7-12mo 0.3* ~03"
Children 1- 3y 0.5
3- 8y 0.6
Boys and girls 19-13y 0.9
Boys 14-18y 1.2
Girls 14-18y 1.0
Men >19y 1.2
Women >19y 1.1
Pregnancy and lactation 14-50y 1.4

— C. Deficiency Symptoms

Exudative (moist)
beriberi

Atrophic (dry) beriberi

Biesalski, Pocket Atlas of Nutrition © 2006 Thieme
All rights reserved. Usage subject to terms and conditions of license.



172 Water-Soluble Vitamins

Riboflavin: Chemistry, Metabolism,
and Functions

Riboflavin or vitamin B, was isolated
from yeast in 1932 and its structure
described soon thereafter (A): it is a tri-
cyclic nitrogenous ring system with a C5
side chain, in which the last hydroxy
group can be esterified with phosphoric
acid. Riboflavin is the short name sug-
gested by IUPAC; the old names “ovofla-
vin” and “lactoflavin” should no longer
be used.

Foods contain free riboflavin as well as
protein-bound flavin mononucleotide
(FMN) and flavin adenine dinucleotide
(FAD), all of which are called vitamin B5.
Free riboflavin is absorbed in the proxi-
mal small intestine after dephosphor-
ylation. Inside the mucosa cells, the
enzyme riboflavin kinase phosphor-
ylates it back to FMN. Absorption in the
intestine is active and subject to satura-
tion kinetics. At higher concentrations,
however, passive diffusion may occur.
In the blood, free riboflavin, FMN, and
FAD are bound to albumin or to ribo-
flavin-binding proteins (RFBPs). Storage
capacity for riboflavin depends largely
on the available amount of apoprotein.
Maximal reserves last 2-6 weeks, much
less in case of protein deficiency. Vita-
min B, is excreted through active secre-
tion into the renal tubules either as
riboflavin or as metabolites like 7-a-
hydroxy riboflavin. Its concentration in
urine can be used as an indicator of B,
status: <40ng riboflavin/g creatinine
indicates riboflavin deficiency.

Riboflavin’s biochemical functions are
based on the oxidoreductase effects of
FMN and FAD as coenzymes or pros-
thetic groups of enzymes (B). Because
of the yellow color of the coenzyme
they are called flavoproteins or flavin
enzymes. To date, more than 60 such

enzymes have been found, many of
which play key roles in various meta-
bolic processes. FMN and FAD are able
to attach hydrogen to riboflavin’s N
atoms in positions 1 and 5 and can thus
function as hydrogen donors. Hydrogen
acceptors can be ubiquinone in the res-
piratory chain, NAD*, or even oxygen
(formation of Hy0,). Most flavin
enzymes contain FAD, such as acyl-CoA
dehydrogenase, which catalyzes the
first step in the B-oxidation of fatty
acids. FMN can be found, for instance,
in NADH-dehydrogenase (respiratory
chain) and in amino acid oxidases.
Some flavin enzymes contain additional
metal cofactors like Fe, Cu, Mn, or Mo.

The flavin component may be cova-
lently attached to the apoprotein, as in
the mitochondrial enzymes of the res-
piratory chain, in succinate dehydro-
genase (SuccDH), or in the monoami-
ne oxidases (MAO). Lastly, prosthetic
groups may be loosely and reversibly
attached to the protein, as for instance
in xanthine oxidase or glutathione
reductase.

FMN and FAD (C) form predominantly
in the liver, kidneys, and heart under
hormonal control (e.g., T3). Their syn-
thesis requires ATP.

Biesalski, Pocket Atlas of Nutrition © 2006 Thieme
All rights reserved. Usage subject to terms and conditions of license.



Riboflavin 173

— A. Chemistry ————  ~ C. Biosynthesis of FMN and FAD
CH,0H CIHZOH
|
H—C—OH H—CI—OH
H—(IZ—OH H_CI_OH
|
— e H—C—OH
H (|: OH | Riboflavin
H—CI—H H_Cl_H
H,C N N
H,C N N N Z Ne=
’ 8/9 10 Y21 \2C=O | C| €
| 3] X AN NH
L 5 A4 NH H, <™ N7 ONT e
H,C N N C I
I 0
© ATP

Riboflavin - vitamin B,

AMP
— B. Cellular Metabolism cl)'
@ HZCI _O_ﬁ_ o
H—CI—OH (0}
Riboflavin H—CI—OH
@ A H—C—OH Flavin
Y | mononucleotide
: H—C—H (FMN)
Flavokinase @ ‘: |
; H,C N N

Enzyme ".
I PP
complexes :' I o
5
S (ol 0
H,C I I
FAD ,C—0—P—0—P—0—CH,
| [ N N\ﬁ
H—CI—OH (0} <\N N
H_(|:_OH
H—C—OH i
| Flavin adenine dinucleotide
H—C—H (FAD)
Covalently H;C N NS
bonded to some Z | ji/ C|=O
enzymes ~ = NH
(SuccDH, MAO) H,e N7 N 7
I
(0]

Biesalski, Pocket Atlas of Nutrition © 2006 Thieme
All rights reserved. Usage subject to terms and conditions of license.



174 Water-Soluble Vitamins
Riboflavin: maceuticals (antidepressants, some
Occurrence and Requirements oral contraceptives) may result in

In accordance with its metabolic role,
vitamin B, is ubiquitous in foods (A). It
is most abundant in yeast, but yeast
does not typically play a great role in
human nutrition. Milk contains ~0.2 mg
vitamin B,/100 g. Since riboflavin is
protein bound, milk concentrates like
cheese and ricotta have higher B, con-
tents. One serving of liver supplies sev-
eral times the daily requirement. How-
ever, liver is not of great nutritional
significance either. Fruits and vegeta-
bles contain very little riboflavin. With
regard to grains, what goes for B,
applies to all B vitamins: germ and bran
contain a relatively high amount of vita-
min B,, ~two-thirds of which are lost
during refining. Since vitamin B, is
heat-resistant, other forms of process-
ing usually do not engender additional
losses as long as any riboflavin leached
into the water that is used during prep-
aration ends up in the product. Vitamin
B, is extremely light-sensitive, though.
If milk in a clear glass bottle is exposed
to light for several hours, B, losses may
reach 80%. The average loss to storage
and processing amounts to 20 %.

Recommended intakes for vitamin B,
(B) are based on balance tests, in which
elevated urinary excretion is used as a
parameter indicating tissue saturation.
Male adults with average energy nutri-
ent intakes show a distinct increase in
urinary excretion at >1.1 mg/d, indicat-
ing saturation. The resulting recom-
mendations of 1.1 mg and 1.3 mg vita-
min B,/d for females and males,
respectively, include an additional
safety margin. During pregnancy and
lactation the requirement is increased
by 0.3 and 0.5mg/d, respectively.
Trauma, malabsorption, and/or alcohol
abuse, as well as the use of certain phar-

increased need. Actual intakes tend to
be below requirements, especially in
the elderly. Adolescents, particularly
girls, obtain only three-fourths of the
recommended amounts. In accordance
with riboflavin’s occurrence in foods,
animal products contribute less than
two-thirds of the total supply at
present; about a third comes from milk
and dairy products alone. A UL for ribo-
flavin has not been established.

Several possible test parameters are
available to determine B, deficiency (C).
A reliable method is the measurement
of glutathione reductase activity (in
erythrocytes) after stimulation with
FAD (a-EGR-method).

Clinical deficiency symptoms are
extremely rare in industrialized coun-
tries. At first, they are unspecific (D) and
affect mainly the mucous membranes
of the head (e.g., stomatitis, inflamed
buccal mucosa). B, deficiency also
affects Fe metabolism, causing hypo-
chromic anemia in advanced stages.
Sometimes there is also dermatitis,
occasionally generalized. FMN- and
FAD-dependent enzymes also play roles
in the metabolism of other vitamins.
This fact, and the fact that the vitamins
often occur in foods together, explains
why isolated B, deficiency is uncom-
mon. Instead it usually occurs in combi-
nation with other vitamin deficiencies.
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— A. Occurrence and Daily Requirement
The daily requirement of 1.5 mg vitamin B, is contained in:

2.5kg fruit
750 ml milk, cream
600 g Philadelphia 2kg vegetables
cheese
375ghard cheese
4 eggs

1kg whole-grain

1.5kg salmon, bass rye flour
150grye germ
750g mackerel, eel 1.5kg whole
wheat grain
600 g herring
7509 beef
1.5kg brown rice
600 g pork
504 liver

— B. Recommended Intakes ( DRIJAI*, 2000)

Life Stage and Gender Group Age Riboflavin (mg/d) Riboflavin (mg/kg)
Infants 0- 6mo 0.3* ~04*
7-12mo 0.4* ~0.4*
Children 1- 3y 0.5
4- 8y 0.6
Boys 9-13y 0.9
14-18y 13
Girls 9-13y 0.9
14-18y 1.0
Men >19y 1.3
Women >19y 1.1
Pregnancy 14-50y 1.4
Lactation 14-50y 1.6
r C. Deficiency

Marginal
Test parameters Normal deficiency, d“

Riboflavin in urine >80 27-79
(ng/g creatine)

Riboflavin in

erythrocytes (ng/g >0.45

hemoglobin)

Erythrocyte glutathion
reductase activation <l 1.2=NEEs
coefficient
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Niacin: Chemistry, Metabolism, and
Functions

Niacin used to be called vitamin B3 or
vitamin PP (pellagra preventive). Today,
the term “niacin” is used to denominate
nicotinic acid and nicotinamide (A). In
their biological activity they are quanti-
tative and qualitative equivalents since
the body can convert them into one
another (B).

Nicotinic acid (NA), nicotinamide (NE),
and the metabolically active coenzyme
form nicotinamide adenine dinucleo-
tide (NAD), and nicotinamide adenine
dinucleotide phosphate (NADP), occur
in foods.

In order to be absorbed, the coenzymes
have to be split and NE partially con-
verted to NA by bacteria of the small
intestine. Mucosa cells absorb NA and
some NE actively, at higher concentra-
tions also by passive diffusion (C). At
low dosages, nearly all niacin is imme-
diately converted to NAD in the liver
(first-pass effect, i.e., quantitative con-
version during the initial passage
through the liver).

There are three pathways for NAD syn-
thesis. The first one uses NA as a precur-
sor and requires 5-phospho ribosyl-1-
diphosphate (PRPP), glutamine, and
ATP. If NE is used as a precursor, only
PRPP and ATP are needed. The third
pathway is independent of niacin. In an
alternative pathway for the breakdown
of tryptophan, nicotinic acid mononu-
cleotide (NMN) is made via the inter-
mediates kynurenine and quinolinic
acid. NMN can be converted to NAD
with glutamate and ATP as above. This
pathway is important only in the liver
and kidneys, whereas peripheral organs
preferentially use NE for the synthesis.
On average, 60 mg L-tryptophan can be
converted to the same amount of NAD

as 1 mg NE. For this reason, the term
niacin equivalents was introduced.
Considering this equivalency, niacin
may not necessarily be considered a
vitamin. However, it becomes non-
essential only when there is a large
excess of tryptophan. If tryptophan is
the limiting amino acid or, as is com-
mon with adequate protein supply,
there is just enough of it, it is used
exclusively for protein synthesis.

In the liver, beyond the synthesis of NAD
from NA and tryptophan, there is also
constant breakdown to NE and resyn-
thesis of NMN. The liver regulates NAD
(and NADP) metabolism by breaking
them down to NE. And NE is secreted
into the bloodstream and thereby made
available to other tissues or inactivated
and excreted mainly renally as methyl-
NE. Humans can store a niacin supply
sufficient for up to 2-6 weeks.

The biochemical functions of niacin are
based on its role as a coenzyme of vari-
ous dehydrogenases. The active form is
NAD and/or NADP, into which NAD is
converted by phosphorylation, using
ATP. Both play a role in hydrogen trans-
fer. For this, one H out of H, attaches to
the niacinamide ring bringing with it its
pair of electrons (NADH, NADPH) and
leaving behind a proton (H*). NAD-
dependent dehydrogenases are found
mostly in the mitochondria while NADP
is predominantly involved in cytosolic
synthesis pathways (e. g., fatty acid syn-
thesis).
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— A. Chemistry
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— C. Niacin Metabolism
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Niacin: Occurrence and Requirements

In animal foods (A), niacinamide (NE)
occurs predominantly as NAD or NADP.
In the U.S., nearly half of the niacin is
supplied by beef, pork, turkey, or
chicken. Some NAD can be stored in
liver, making calf, beef, and pig liver
good sources of niacin that contain
~15mg/100g. Lean muscle meat—
particularly heart muscle—is rich in
niacin (5-7 mg/100 g). Whole grains
contain 5 mg niacin/100 g, but most of
it is removed during refining, together
with the aleuron layer. Hence, unen-
riched white bread contains less than
1mg niacin/100g. In some grains,
niacin is bound to a carbohydrate
complex (niacytin), which is difficult
for enzymes to break down. Roasting
or treatment with alkaline solutions
releases NA from these complexes. This
is particularly important in countries in
which corn and sorghum/millet are sta-
ple foods. In South and Central America,
tortillas are traditionally pretreated
with alkali, preventing niacin deficien-
cies, whereas in India that is not cus-
tomary, making deficiencies more com-
mon. Coffee beans contain large
amounts of methyl-nicotinic acid (tri-
gonelline), from which NA is released
during roasting so that a cup of coffee
contains 1-2 mg niacin.

Niacin requirements (B) are 14 mg/d
for women and 16 mg/d for men. Dur-
ing pregnancy and lactation an addi-
tional 3-4 mg/d is needed. The UL of
supplemental niacin for adults is
35 mg/d.

It is difficult to determine the actual
supply since it is not known what per-
centage of the intake is actually
absorbed. Since 60 mg tryptophan is
equivalent to 1 mg niacin, tryptophan
intake levels are highly significant. Tryp-

tophan in corn constitutes ~0.6%, in
cereals, vegetables, etc. ~1%, and in ani-
mal products >1.1% of protein content.
The 60 g recommended minimum pro-
tein intake of a 2000 calorie diet alone
provides nearly 10 mg niacin. With an
average protein intake >200 g per per-
son/d in the U.S., adequate niacin intake
is amply assured in most people. This
was not always so: in the 1900s, corn
became a staple in the southeastern U.S.
In 1915 alone, more than 10 000 Ameri-
cans died from pellagra, and ~200 000
more between 1918 and 1945. In the
1940s, fortification of grain products
with niacin was introduced in the U.S,,
making pellagra extremely rare (see
below). However, with 40% of the eld-
erly admitted to U.S. hospitals being
malnourished, niacin deficiencies do
occur, especially due to protein energy
malnutrition (PEM) and alcohol abuse.
Poor children are also at risk.

Initially, niacin deficiency manifests as
unspecific symptoms: sleeplessness,
lack of appetite and weight loss, none of
which permits a clear diagnosis. In
advanced stages, the classic niacin defi-
ciency symptom, pellagra (rough skin),
becomes apparent. In areas of the skin
exposed to sunlight, there are pig-
mented, burning, or itchy spots, which
later swell, harden, and sometimes
form blisters (C), concurrent with
diarrhea, vomiting, and neurological
symptoms like pain and feelings of
numbness (3 D: diarrhea, dermatitis,
dementia).

Classic pellagra occurs only when
niacin deficiency is combined with
tryptophan deficiency, mainly as a con-
sequence of the general PEM. Exclusive
consumption of corn (e.g., in parts of
Africa) exacerbates this, due to the
amino acid pattern of corn.
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— A. Occurrence and Daily Requirement
The daily requirement of 15 mg niacin is contained in:

3 kg fruit

7509 peas

970 g kohlrabi

5009 trout

3004 herring
2509 salmon
200 g halibut
200g beef
30049 pork
120g pork liver
100g veal liver

1.5kg rolled oats

1.25kg potatoes 900 g whole rye
250 g whole wheat
2.5kg cauliflower 100 g coffee beans
(roasted)
— B. Recommended Intakes (DRI|Al*, 2000) and UL
Life Stage and Age Niacin Equivalents uL
Gender Group (mg/d) (mg/kg) (mg|d)
Infants 0- 6mo 2* (preformed) ~0.2*
7-12mo 4* ~0.4* No supplements
Children 1- 3y 6 10
4- 8y 8 15
Boys 9-13y 12 20
14-18y 16 30
Girls 9-13y 12 20
14-18y 14 30
Men >19y 16 35
Women 219y 14 35
Pregnancy 14-18y 18 30
19-50y 18 35
Lactation 14-18y 17 30
19-50y 17 35

— C. Pellagra
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Pantothenic Acid: Chemistry,
Metabolism, and Functions

Pantothenic acid, also known as vitamin
Bs, was first discovered as an essential
growth factor for yeast cells. After it was
found to have a similar function in lactic
acid bacteria, chicks, and rats, the sub-
stance was called pantothenic acid
(Greek pantothen = everywhere) in ref-
erence to its ubiquitous occurrence.
Chemically, the pantothenic acid mole-
cule consists of pantoic acid and f-
alanine (A). The alcohol (R)-panthenol,
also known as D-panthenol, is also bio-
logically active. The pantothenic acid
molecule has a chiral center. Only the
D(+) form occurs naturally. Since this is
also its only active form, and synthetic
mixtures contain the S-enantiomer and
other inactive derivatives as well, the
term pantothenic acid activity is used.
Since the acid is relatively unstable,
synthetic forms usually contain Na* or
Ca?* salts of the acid or the alcohol
(panthenol).

Pantothenic acid in foods occurs mostly
in the form of its active coenzymes, CoA
and fatty acid synthase, of which it is a
constituent. In the stomach and intes-
tines, they are broken down into the
intermediate pantetheine and panto-
thenic acid, both of which are passively
absorbed in all segments of the small
intestine. Final conversion to panto-
thenic acid occurs inside the intestinal
mucosa. Panthenol, applied to the skin
or supplied orally, is also absorbed pas-
sively and converted to pantothenic
acid by enzymatic oxidation. In blood,
pantothenic acid is protein-bound and
thus transported directly to the target
cells. There are no specific storage
organs. Pantothenic acid is excreted as
such via the urine.

In tissues, pantothenic acid is used for
synthesis of coenzyme A (CoA) (B). For
this, it is first phosphorylated with ATP,
then amidated with cysteine, and
decarboxylated to pantetheine. This
introduces the HS-group, which is so
important for the function of CoA (in A
on the right side of the molecule).
Transfer of the nucleotide R-group
results in the finished CoA, which can
be used for metabolism or further con-
verted to fatty acid synthase.

The biological effects of pantothenic
acid are ubiquitous since CoA (and
CoASH) participate in numerous reac-
tions. This applies to many metabolic
pathways, such as the energy and lipid
metabolism (C), which will serve as an
example: CoA is involved in the release
and transfer of fatty acids for p-oxida-
tion in mitochondria (1) as well as in
triglyceride and phospholipid synthesis
(2). For the synthesis of fatty acids (3),
C2 building blocks in the form of acetyl-
CoA from the mitochondria are bonded
together inside the cytosol, using CoA-
intermediates. The fatty acid synthase
complex is also involved in this process.
Inits large carrier protein, the HS-group
of the pantetheine group serves as an
anchor for the fatty acid as it undergoes
elongation. In these reactions, CoA
functions as transfer agent for activated
(i.e., raised to a higher energy level) acyl
or acetyl groups.
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— A. Chemistry
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Pantothenic Acid:
Occurrence and Requirements

In accordance with its name, pan-
tothenic acid is ubiquitous in foods. In
plant and animal tissues 50-95% is
present as CoA and as pantetheine,
mostly from fatty acid synthase. Royal
jelly, a secretion of the pharyngeal
glands of the honeybee, and the ovaries
of dried cod fish are particularly high in
pantothenic acid. Among those foods
important for human nutrition, sun-
flower seeds, liver, eggs, and whole-
grain products stand out (A). More
important, though, is its ubiquitous
occurrence: practically all foods provide
pantothenic acid, so that even low con-
tents add up to considerable overall
amounts.

Exact human pantothenic acid require-
ments (B) cannot be established with
certainty since clear deficiency symp-
toms have been observed only under
experimental conditions. Pantothenic
acid levels in blood are subject to great
individual variation: 1-4 mg/l are con-
sidered normal for adults. Daily losses
through excretion are also only rough
estimates: healthy adults excrete 2-
7 mg, children 2-3 mg pantothenic acid
per day with urine. The 6 mg/d esti-
mate for adequate intakes is therefore
based on actual intakes. Older studies
mention a daily intake of 7-10 mg;
more recent research found 4-6 mg/d.
Even at intakes as low as 1 mg/d, there
are normally no deficiency symptoms.
Deficiencies are most likely in teenagers
consuming mostly “fast” and refined
foods.

There are several reasons why panto-
thenic acid has not received much
attention from researchers to date.
Studies on actual intakes and vitamin
content tables often lack data pertain-
ing to pantothenic acid. One causative

factor can certainly be found in the
poorly standardized analytical meth-
ods: for a quantitative analysis of panto-
thenic acid content, the acid has to be
released from its compounds. Results
vary greatly, depending on the methods
used. Losses through preparation and
storage have not been determined
exactly, but are estimated at ~30%. At
one point, it was assumed that there
was synthesis by intestinal bacteria,
which was difficult to calculate. Accord-
ing to more recent research, such syn-
thesis, if it occurs, does not produce
pantothenic acid available for human
metabolism. Based on these uncertain-
ties, many countries have not estab-
lished requirements for pantothenic
acid. In the U.S., adequate intakes (AI)
are set at 5 mg/d for adults.

Isolated pantothenic acid deficiency is
practically unknown. With extreme
malnutrition or in animal experiments,
nonspecific symptoms like headaches
and fatigue, as well as the loss of visual
fields, were observed (C). During World
War II, “burning feet syndrome” was
observed in prisoners of war in Burma,
Japan, and in the Philippines; only pan-
tothenic acid brought relief from that
syndrome.

The alcohol of pantothenic acid (dex-
panthenol) has long been used in
creams and lotions for burns, conjuncti-
vitis, and anal fissures. In patients
receiving total parenteral nutrition or
dialysis, supplementation with panto-
thenic acid is important. Hypervitami-
nosis is not a risk, since there were no
side effects even at dosages up to 5 g/d.
No UL has been established.
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— A. Occurrence and Daily Requirement

The daily requirement of 6 mg
pantothenic acid is contained in:

3 kg oranges,
tangerines
400 g watermelon

2.5 milk 1.5kg strawberries,
4eggs raspberries
1.2kg beans, celery
3kg halibut
3 kg vegetables
1 kg salmon
400g whol fl
600 g herring gwholerye tiour
500g whole
1.6kg beef wheat flour
8009 pork 3009 brown rice
1004 liver 800grye germ

600 g wheat germ

— B. Adequate Intakes (Al, 2000)

Life Stage and Age Pantothenic acid (mg/d) Pantothenic acid (mg/kg)
Gender Group
Infants 0- 6mo 1.7 ~0.2

7-12mo 1.8 =02
Children 1- 3y 2

4- 8y 3
Males and females 9-13y 4

>14y 5

Pregnancy 14-50y 6
Lactation 14-50y 7

— C. Deficiency Symptoms

Atrophy of the optical nerve:
preceded by reduced visual acuity
through loss of central vision
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Biotin: Chemistry, Metabolism, and
Functions

The structure of biotin (A) was discov-
ered as late as the 1940s, even though
the factor had been known from exper-
iments with yeast cells since the turn of
the century. The molecule consists of
two ring systems with a valerianic acid
side chain. Biotin contains three asym-
metrical C atoms, allowing for eight
stereoisomers. However, only D-biotin
is active and occurs naturally. The old
name vitamin H, which is obsolete,
should no longer be used.

Biotin in foods occurs partially in free-
form, and is also protein-bound, partic-
ularly in animal foods. The latter is
digested to biocytin in the digestive
tract. Before absorption, biocytin has to
be hydrolyzed by the enzyme biotini-
dase. Free biotin is actively absorbed in
the proximal small intestine. At high
concentrations, passive diffusion takes
place as well. Not much is known about
its further metabolism. In blood, biotin
occurs in variable concentrations (200-
1200 pg/L); mostly free-form, ~10% is
found in erythrocytes. Excretion of the
free-form or of unknown metabolites
occurs via urine. Since biotin amounts
found in fecal matter are higher than
ingested amounts, there must be micro-
bial synthesis. Estimates of the quanti-
tative contribution of this bacterial syn-
thesis differ. Children with congenital
biotinidase deficiency are unable to use
protein-bound biotin in foods. Without
supplementation, biotin levels in
plasma drop rapidly. It can be con-
cluded from this that the available con-
tribution from microbial synthesis in
the intestine—at least as free biotin—
cannot be significant.

The biochemical effects of biotin are
based on its function as a coenzyme of
carboxylases. For this, biotin’s side
chain is covalently bonded to a lysine R-
group of the enzyme (B). Biotin first
picks up CO, from bicarbonate, forming
1-N-carboxybiotin, which then carboxy-
lates the substrate.

In humans, four such carboxylases are
important (C): pyruvate carboxylase is
a key enzyme in gluconeogenesis. In the
mitochondria, particularly of hepatic
and renal cells, it catalyzes the conver-
sion of pyruvate to oxaloacetate, which
can be converted to glucose after pass-
ing into the cytosol. Pyruvate carboxy-
lase also plays an important role in fatty
tissue since it is needed to transfer
acetyl-CoA out of the mitochondria for
purposes of lipogenesis.

During breakdown of various amino
acids, odd-chain fatty acids, and choles-
terol, the 3C compound propionic acid
is synthesized. Propionic acid is con-
verted into citrate cycle intermediates.
This reaction requires the enzyme pro-
pionyl-CoA carboxylase, which cata-
lyzes conversion from an odd- to an
even-chain compound.

Breakdown of the amino acid leucine
requires, among others, 3-methyl crot-
onyl-CoA-carboxylase, whereas acetyl-
CoA-carboxylase catalyzes the first step
in fatty acid synthesis, the formation of
malonyl-CoA from acetyl-CoA.
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Biotin: Occurrence and Requirements

Biotin is present in most foods, though
often in low concentrations (A). Liver
and microorganisms like yeasts are very
biotin-rich, but do not play an impor-
tant role in everyday nutrition. The
most important sources are milk and
dairy products, eggs, whole-grain prod-
ucts, and legumes. Some vegetables,
like cauliflower or green beans, also
contain fair amounts of biotin. Biotin
availability from various sources differs
greatly, depending on whether it is pro-
tein-bound or free-form. Feeding ex-
periments showed that only 5% of the
total biotin contained in wheat was
available to the body, whereas biotin
from beet seed was 62 % available.

The determination of biotin require-
ments is subject to a host of difficulties:
there is no reliable analytical method;
enteral synthesis cannot be calculated;
variable biological availability and late
appearance of deficiency symptoms
make prevention of suboptimal intakes
difficult. Since it is impossible, under
these conditions, to even establish Esti-
mated Average Requirements (EAR),
Average Intakes (Al) for biotin in the
US. (30 pg/d for adults) were extra-
polated based on biotin intakes of in-
fants who were breast-fed exclusively.
According to some estimates, actual
average intakes from normal nutrition
range between 50 and 100 pg/d. There-
fore, nutrition-related deficiencies are
uncommon. Since mother’s milk con-
tains only about 6-10 pg/1 biotin, possi-
ble in-creased needs during pregnancy
and/or lactation may not be significant.
However, the recommendations sug-
gest an additional 5 pg/d during lacta-
tion.

Earliest observations of biotin defi-
ciency symptoms were made after

feeding raw egg whites to rats: the
characteristic skin changes and hair loss
were termed “egg white injury.” Egg
whites contain the glycoprotein avidin,
each molecule of which binds four
biotin molecules. This avidin-biotin
complex cannot be enzymatically sepa-
rated and, therefore, removes large
amounts of biotin from a mixed diet.
Cooking denatures the avidin, so that
biotin is released. In 1942, transferabil-
ity of the results from animal experi-
ments to people was tested on four vol-
unteers. After four weeks of being fed
raw egg whites, a fine, scaly skin rash
developed, followed by other forms of
dermatitis and cheilosis (C). After ten
weeks, neurological symptoms (e.g.,
depression), muscle pain, paresthesia,
etc., set in. These nonspecific symp-
toms, however, have rarely been
described—and only after excessive
consumption of raw egg whites. Some
children fed a biotin-free formula
parenterally had similar symptoms.
Hereditary biotinidase deficiency pre-
vents not only the absorption of
protein-bound biotin, but also endo-
genous recycling of biotin from
degraded enzymes, which appears to be
of even greater importance.

There are some reports of successful
biotin supplementation for various
forms of dermatitis in infants that
might indicate marginal biotin status of
their mothers. Breaking fingernails,
often used as a sales argument for biotin
supplements, are not a scientifically
proven deficiency symptom and the
argument is therefore dubious.

Symptoms of biotin hypervitaminosis
have never been observed in humans;
supplements commonly contain 300 pg
of biotin, multiples of which can be con-
sumed without side effects. No UL has
been established.
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— A. Occurrence and Daily Requirement
The daily requirement of ~50 pg biotin is contained in:

220galmonds

1.251 milk 150 g walnuts, peanuts

4 eggs

1kg mackerel 2.5kg oranges

1.5kg codfish
800 g bananas

500g apples

700 g green beans

2 kg halibut

1 kg beef, pork
1.25 kg tomatoes

200g pork liver
60g calf liver
50 g beef liver

2504 rolled oats
400 g brown rice 800 g whole-wheat flour

85 g soybeans

1kg whole rye flower

— B. Adequate Intakes (Al, 2000)

Life Stage and Gender Group Age Biotin (ng/d) Biotin (ng/kg)
Infants 0- 6mo 5 ~0.7
7-12mo 6 ~0.7
Children 1- 3y 8
4- 8y 12
Boys and girls 9-13y 20
14-18y 25
Men and women >19y 30
Pregnancy 14-50y 30
Lactation 14-50y 35

— C. Deficiency Symptoms

Cheilosis
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Pyridoxine: Chemistry, Metabolism,
and Functions

Vitamin Bg is a collective term for all 3-
hydroxy-2-methyl-pyridines with vita-
min effects (A): the alcohol form (pyri-
doxol), which is also called pyridoxine
(PN), the aldehyde pyridoxal (PL), and
the amine pyridoxamine (PM). To
denote phosphorylation of metabolites
in position 5, a P is simply attached to
the name (PNP, PLP, and PMP, respec-
tively). These six substances all have the
same vitamin Bg effects, whereas pyri-
doxic acid has no known function.

PN, PL, and PM ingested with foods are
absorbed throughout the entire small
intestine by passive diffusion (B). The
phosphates, particularly PNP, have to be
hydrolyzed by membrane-bound alka-
line phosphatase in order to be ab-
sorbed. Inside the mucosa cells, the
compound is rephosphorylated, only to
be again dephosphorylated on the sero-
sal side, after which it can pass into the
blood. PN, PL, and PM are transported
through the blood to hepatic and
peripheral tissues, where they are phos-
phorylated by PL-kinase. An oxidase
converts PNP to its active form PLP. PLP
and PNP are reversibly converted into
one another by a multitude of transam-
inases. PLP may again be dephosphor-
ylated to PL. Both (PLP and PL) are
released into the bloodstream. PLP cir-
culates in blood albumin-bound; in this
form, it has a very low turnover rate,
indicating that the PLP-albumin com-
plex may represent some sort of pool. To
be released from the complex, PLP has
to be hydrolyzed in plasma by alkaline
phosphatase. PL can cross the cell mem-
brane and is again phosphorylated
inside the cell. The intracellular vitamin
Bg pool, consisting of protein-bound
PLP or PNP, is very small (<100 mg).

Excretion occurs mostly as pyridoxic
acid; additionally, small amounts of PN
and other metabolites occur in urine.

PLP is a coenzyme for many enzymes,
mostly of the amino acid metabolism.
PMP also has coenzyme function, but
only for transaminases. As a coenzyme,
PLP is bonded to a lysine R-group of the
enzyme. PLP’s aldehyde group and the
amino group of the amino acids react to
form a Schiff base, causing a shift of the
amino acid’s charges. This activated
amino acid can now be decarboxylated
or the side chain eliminated. Glycogen
phosphorylase, which is needed to
metabolize muscle glycogen, contains
PLP, but it is unclear how it functions.
Via the above-mentioned Schiff base,
PLP can also react with other proteins,
sometimes causing conformational
changes. For instance, high PL concen-
trations in erythrocytes increase hemo-
globin’s affinity for 0. A modulator
effect on steroid hormone receptors is
also being discussed.

Since the bonding to proteins can have
relatively unspecific effects, therapeutic
use of vitamin Bg has been suggested for
a large number of diseases. However,
most indications for vitamin Bg lack
final scientific proof.
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— A. Chemistry

?H Pyridoxine (H) Pyridoxine-5-phosphate

Pyridoxal (H) Pyridoxal-5-phosphate

Pyridoxamine (H) Pyridoxamine-5-phosphate

— B. Metabolism
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Pyridoxine:
Occurrence and Requirements

Vitamin Bg is widespread in foods (A).
Meat and fish are good sources, so are
vegetables and whole-grain products.
Contents listed in various tables differ
considerably, partially due to the lack of
distinction between the active metabo-
lites and the inactive pyridoxic acid.
Plant foods contain predominantly
pyridoxine, which is relatively stable
and suffers few losses during food prep-
aration. Animal products contain pre-
dominantly the phosphate forms, all of
which are very sensitive to heat and
light. Milk stored in a clear glass bottle
loses 50% of its Bg under exposure to
sunshine within a few hours, and the
frying of meat causes an approximate
40% loss in Bg. On average, in Western
nutrition, a 20 % loss has to be assumed
from preparation.

Vitamin Bg requirements (B) depend
on protein intake, hence an estimated
need of 20 pg/g of protein. In the U.S.,
current recommendations are based on
the Estimated Average Requirements
(EAR) plus two standard deviations (SD)
in order to cover the needs of 97.5% of
the population. Since the actual SD for
the Bg EAR is unknown, it is estimated
at 10%. The recommendations for
adults are 1.3 mg/d until age 50, and
above 50 1.5 and 1.7 mg/d for men and
women, respectively. As marginal in-
takes have been shown to be common
during the last trimester of pregnancy,
the normal requirements are increased
by an additional 0.6 mg/d in pregnant
women. Bg concentrations in mother’s
milk decline with insufficient vitamin
Bg intakes; therefore, an additional
0.7 mg/d is required during lactation.
Intakes in 20-30% of adolescent
females in the US. are marginal,

13-20% are deficient. In general,
women of all age groups tend to not
take the recommended amounts. Even
though there are no studies providing
proof to date, a serious undersupply
during pregnancy and lactation may be
assumed.

At early stages, symptoms of vitamin Bg
deficiency resemble those of niacin and
riboflavin deficiency. Skin changes with
stomatitis and dermatitis resembling
pellagra dominate. Children who devel-
oped pyridoxine deficiency due to being
fed autoclaved children’s foods had
seizures and altered EEGs (C). The latter
is probably due to disturbed neuro-
transmitter metabolism in the brain
since PLP has an important coenzyme
function in amino acid decarboxylases.
In advanced stages, peripheral neuro-
pathy and demyelinization of nerve
cells occur. Because of its involvement
in heme synthesis, it also causes a
hypochromic anemia that does not
respond to iron supplementation.
Isolated Bg deficiencies are extremely
rare. Pyridoxine is used for treatment of
various metabolic defects like homo-
cysteinuria or sideroblastic anemia.
Besides that, there are a multitude of
pseudoscientific indications for some of
which supplements even containing
megadoses of pyridoxine are given (e. g.,
bodybuilding). Such uncontrolled use is
not without problems: as opposed to
other B vitamins, pyridoxine has a
rather high level of chronic toxicity.
After consumption of more than
150 mg/d for months, reversible peri-
pheral neuropathy with problems walk-
ing, loss of reflexes, and disturbed
sensation may be expected. The UL is
100 mg/d for adults.
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— A. Occurrence and Daily Requirement

The daily requirementof 1.5 mg

Bg is contained in: 1.5kg fruit
300g fish 130g soybeans
2204 lentils,
375glamb chick peas
7509 vegetables
350g veal gved
3009 beef, pork 45 g sprouts
150 g whole oats
150g beef liver 300 g whole wheat
375gwhole rye
1.5kg polished rice 190 g millet,
brown rice
— B. Recommended Intakes (DRI/Al*, 2000) and UL
Life Stage and Age Pyridoxine uL
Gender Group (mg/d) (mg/kg) (mg|/d)
Infants 0- 6mo 0.1* ~0.014*
7-12mo 03* ~0.033* No supplements
Children 1- 3y 0.5 30
4- 8y 0.6 40
Boys and girls 9-13y 1.0 60
Adolescent males 14-18y 1.3 80
Adolescent females 14-18y 1.2 80
Adults 19-50y 1.3 100
Men >50y 1.7 100
Women >50y 1.5 100
Pregnancy 14-18y 1.9 80
19-50y 1.9 100
Lactation 14-18y 2.0 80
19-50y 2.0 100
— C. Deficiency Symptoms

N WP N
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Normal EEG SEC. 2mm/50,V. EEG during By deficiency SEC. 7mm/50,V.
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Cobalamin: Chemistry, Metabolism,
and Functions

Cobalamin was not discovered until
1948; its structure became known in
1955. Chemically, cobalamin is a corrin
ring system consisting of pyrrole rings
that hold in their center a Co atom, to
which variable ligands (R) are attached.
Vitamin By is a general term used for a
series of corrinoids (cobalt containing
compounds) with a variable structure
attached. Cyano- and hydroxycobala-
min are used in supplements and phar-
maceutical preparations; the naturally
occurring active forms are 5”-adenosyl-
and methylcobalamin.

In foods, vitamin Bq, occurs protein-
bound, as well as in free form. As food is
ingested, the free By is bound to saliva
glycoproteins, so-called haptocorrins
or R-proteins (A). Protein-bound B is
released by pepsin in the stomach, and
some of it is again bound to haptocor-
rins in the proximal small intestine. The
activity of pancreatic trypsin releases
the By, again, and it finally bonds to
intrinsic factor (IF), which is produced
in the parietal cells of the gastric
mucosa. Once in the ileum, the coba-
lamin-IF-complex attaches to specific
mucosal receptors that facilitate its
active absorption. Passive diffusion is
limited to high concentrations.

In the intestinal mucosa, By; is bound to
transcobalamin II, a plasma-binding
protein that carries it through the
bloodstream. Cellular uptake occurs
through receptor-mediated endocyto-
sis. The liver converts it to the active
coenzyme forms adenosyl- and methyl-
cobalamin. The liver also stores 60 % of
all the body’s By (2-5 mg). Some of it is
continually excreted via bile but is recir-
culated quite effectively through the
enterohepatic circulation.

The absorptive capacity for vitamin B,
is limited by the IF/IF-receptor ratio (B).
If there is too little IF, Byy is not
absorbed. On the other hand, if IF is in
excess, receptors are occupied—and the
[F-cobalamin complex is unable to bind.
Maximum active cobalamin absorption
occurs with a single dose of ~10 pg.

As a coenzyme, vitamin By, is involved
in three metabolic reactions. In the
mitochondria, adenosylcobalamin is
the active form, in the cytosol it is me-
thylcobalamin. When propionate is bro-
ken down in mitochondria, methylmal-
onyl-CoA is converted to succinyl-CoA,
thus allowing the C3 body of the propi-
onate to enter the citrate cycle. Also in
the mitochondria, a-leucine is con-
verted to B-leucine, exchanging an
amino group for an H atom.

In the cytosol, enzyme-bound methyl-
cobalamin is involved in the transfer of
methyl groups for the synthesis of
methionine from homocysteine. This
reaction regenerates methyltetrahydro-
folic acid, so that “active” tetrahydro-
folic acid is formed. This is how B,
metabolism is related to folic acid
metabolism (see p. 200).
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— A. Metabolism
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Cobalamin:
Occurrence and Requirements

Only microorganisms can synthesize
vitamin Bj,. In many animal species, as
in ruminants, amounts produced by
gastroenteral synthesis are adequate.
Accordingly, vitamin By is found in all
animal foods (A) in relatively large
quantities. Fermented foods like sauer-
kraut or beer also contain trace
amounts of the vitamin.

The vitamin Bq, requirement (B) of
healthy adults is ~1-2 pg/d. Since in the
elderly, in particular, an ~50% loss due
to malabsorption must be expected, the
Dietary Reference Intake (DRI) is
2.4 g/d. By, losses during pregnancy
and lactation may become relevant if
storage is insufficient; therefore, an
additional 0.2 and 0.4 ng/d, respec-
tively, are recommended. Because of the
high malabsorption rates for protein-
bound B, in the elderly, it is recom-
mended to give these amounts through
supplementation or fortified foods. The
median intake in the U.S. is estimated at
3.5 pg/d for women and 5 pg/d for men
from a mixed nutrition. Hence, vitamin
B, deficiencies are not normally an
issue for healthy people. Even ovo-
lacto-vegetarian nutrition provides
adequate amounts; By, deficiency is
rare even in strict vegans (no animal
foods of any kind). The only exceptions
are children of mothers who have lived
avegan lifestyle for a long time. In these
cases, By, storage may be so depleted
that insufficient amounts are supplied
by the mother’s milk. No UL has been
established.

The classic vitamin By, deficiency syn-
drome is pernicious anemia (C). At
onset, there are nonspecific symptoms
like fatigue and heart palpitations.

Mucosal membranes and skin become
pale, often accompanied by jaundice
(icterus). Blood analysis reveals a macro-
cytic, hyperchromic anemia: enlarged
erythrocytes termed megalocytes.
Nowadays, the term pernicious anemia
is not only used for the clinical syn-
drome caused by By, deficiency, but
also for a separate, related disease:
destruction of parietal cells, probably
due to an autoimmune reaction, leading
to chronic atrophic gastritis.

A neurological disturbance resulting
from By, deficiency is funicular myelo-
sis. This distinguishes By, from folic
acid deficiency, which is marked by
similar megaloblasts. Since hematolog-
ical analysis is the primary diagnostic
tool, supplements must contain both
folic acid and Bq, to avoid erroneous
treatment of By, deficiency with folic
acid.

Malabsorption syndromes, particularly
regarding the terminal ileum, intestinal
parasites (e.g., fish tapeworms), and
various congenital deficiencies of co-
balamin metabolism are common caus-
es of By, deficiency. Gastrectomy is a
more recent addition to this list.
Removal of the stomach, which affects
IF production, leads to deficiency symp-
toms within 2-10 years unless supple-
ments are taken. Up to 18 % of patients
with partial gastrectomy develop
megaloblastic anemia over time.
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— A. Occurrence and Daily Requirement

The daily requirement of 3 pg

vitamin B12 is contained in: > g liver
60 g pork
100 g beef
500 ml whole milk
300 g veal
100 glamb
25 g herril
500 mi kefir gherring
30 g mackerel
90 g pollock,
redfish
100 g salmon
1509 cheese
300 g sole,
3eggs eel, codfish
— B. Recommended Intakes (DRIJAI*, 2000)
Life Stage and Gender Group Age Cobalamin (pg/d) Cobalamin (pg/kg)
Infants 0- 6mo 0.4* ~0.05*
7-12mo 0.5* ~0.05*
Children 1- 3y 0.9
4- 8y 1.2
Boys and girls 9-13y 1.8
14-18y 2.4
Men and women >19y 24
Pregnancy 14-50y 2.6
Lactation 14-50y 2.8
— C. Deficiency Symptoms

‘6 .9.. . Megaloblastic anemia with

hypersegmented granulocytes

a. @
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Folic Acid: Chemistry, Metabolism,
and Function

Folic acid, also known as folate (Latin.
folium = leaf), was isolated from several
tons of spinach leaves in 1941. The
names folacin, vitamin Bc, vitamin Bg,
and lactobacillus casei factor are obso-
lete and should no longer be used.

Chemically (A), it consists of pteridine,
para-aminobenzoic acid, and glutamate
(Pte-GLU). Additional glutamate groups
may be added via the y-carboxylate
group, resulting in polyglutamates
(PteGLU,). Folic acid can occur in the
reduced or the oxidized form, predomi-
nantly as tetrahydrofolate (THFA = Hy-
PteGLU). In its hydrated form, methyl
groups can be attached in positions 5
and/or 10 (both N atoms), as, for
instance in 5-methyltetrahydrofolate,
(H3C-PteGLU). The same applies to
methenyl-, formyl-, and formimine R-
groups (abbreviation: R-PteGLU).

In order for PteGLU,, to be absorbed (B),
y-glutamyl carboxypeptidases, mucosa-
bound and/or contained in intestinal
secretions, have to degrade the poly-
glutamates to monoglutamates, which
are then actively absorbed into the
mucosa cells almost completely. In
serum, 80% of folate occurs as methyl-
tetrahydrofolate (H3C-Pte-GLU). It is
transported mostly loosely-bound to
plasma proteins like albumin, transfer-
rin, etc. A specific folate-binding pro-
tein, the concentration of which is con-
trolled, transports oxidized folate to the
liver, which turns it into tetrahydro-
folate.

Enterohepatic circulation plays an
important role in short-term regulation
of folate homeostasis. Since folate con-
centrations are 10 times higher in bile
than in serum, the folate circulating
enterohepatically can be used to

balance fluctuating levels between
meals. Folic acid is stored in hepatic and
peripheral tissue as nonmethylated
polyglutamates. Their storage and re-
lease serves to maintain serum levels
long-term. Excretion is mostly renal
with very effective reabsorption in mar-
ginal supply situations. This way, loss of
folate can be mostly prevented.

The active forms are tetrahydrofolate
(THFA) and its derivatives. As a coen-
zyme, THFA transfers hydroxymethyl
and formyl groups during the break-
down of, for example, homocysteine,
histidine, tryptophan, and serine. The
C1 R-groups transferred to the THFA are
needed for purine and DNA synthesis.
This is a fact exploited for pharmacolog-
ical purposes: cytostatic drugs like
methotrexate inhibit dihydrofolate re-
ductase, which regenerates dihydrated
folate to THFA. Thus, nucleic acid syn-
thesis is interrupted, inhibiting cellular
growth and reproduction. After homo-
cysteine breakdown, THFA is also regen-
erated from methyl-PteGLU. Since vita-
min By, is involved in this reaction, Bq;
deficiency has direct consequences for
the folate metabolism: since the active
form (THFA) is missing, no further stor-
age is possible, and serum levels of the
inactive H3C-Pte-GLU rise.
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Folic Acid:
Occurrence and Requirements

Folic acid occurs in foods in all of the
above-mentioned forms (A). Certain
vegetables, like beans, spinach, or
tomatoes are particularly rich in folate.
For most people, liver, yeast, germs, and
sprouts are more theoretical folate
sources.

Folic acid requirements (B) were estab-
lished as early as the 1960s by deter-
mining the minimum amounts required
to maintain normal serum levels. With
an added safety margin, current recom-
mended intake is 400 ng dietary folate
equivalents (DFE) per day from fortified
foods, supplements, or both, in addition
to consuming food folate. DFE take into
account the lower bioavailability of
folate from food (1 pg of food folate is
equivalent to 0.5 ng of a folate supple-
ment taken on an empty stomach). Only
supplements contain the free folate,
which is 100% absorbed. The UL is
1000 ng/d of supplemental folic acid.

Since the 250ug/d average intake
before the introduction of enrichment
was marginal for many individuals,
enrichment of refined grains was made
mandatory in the US. in 1998 and in
1999 in Canada. Folate intake is particu-
larly important during pregnancy.
Because placental and mammary tis-
sues, as well as the fetus, have to be sup-
plied with blood, and fetal require-
ments add to the mother’s, an intake of
600 pg/d is recommended during preg-
nancy and 500 pg/d during lactation.
Since a large increase in energy nutrient
intake should be avoided, food choices
would have to focus strongly on higher
nutrient density to achieve such
increased intakes. That is not realistic;
therefore, many medical societies rec-
ommend supplementation of 400 ng of

folic acid per day for all women of child-
bearing age. Without supplementation,
women with low folate pools may
develop deficits quickly: particularly
pregnancies with multiple babies, rapid
succession of pregnancies, or pregnan-
cies in adolescents predispose these
women to folate deficiency.

Folate deficiency (C) during pregnancy
is associated with a number of compli-
cations, including miscarriages, con-
genital defects, developmental defects,
and neural tube defects. As far as the
latter are concerned, research shows
that folic acid supplementation, al-
though unable to prevent neural tube
defects completely, greatly reduces
their incidence. Outside of pregnancy,
folate deficiency, as it may develop due
to malabsorption or insufficient intakes
(nowadays mostly in developing coun-
tries) leads to megaloblastic anemia, as
described above (vitamin By, p. 194).
Since the clinical symptoms are identi-
cal, blood and erythrocyte levels have to
be determined to differentiate between
the two deficiencies, unless neurologi-
cal symptoms indicate By, deficiency.
Folic acid therapy can improve blood
status in either case and may cover up
existing B1, deficits.

In recent years, therapy with folic acid
combined with vitamin Bg and By, has
become increasingly important for pre-
vention of arteriosclerosis. The therapy
is based on the involvement of these
three vitamins in the breakdown of
homocysteine, which is considered to
play a role in the development of
arteriosclerotic changes in blood ves-
sels (see p. 200).

Biesalski, Pocket Atlas of Nutrition © 2006 Thieme
All rights reserved. Usage subject to terms and conditions of license.



Folic Acid

199

— A. Occurrence and Daily Requirement
The daily requirement of 400 pg total folate is contained in:

10g brewer’s yeast
40 g baker’s yeast
13 eggs

1 kg fruit

4509 nuts

150 g soybeans
200 g chick peas

1.2kg cheese 280 g Navy beans

4009 green
vegetables

75gsprouts
100 g chicken liver

2.7kg chicken

4.7 kg pork
250 liver
— B. Recommended Intakes (DRIJAl*, 2000) and UL
Life Stage and Age Dietary Folate Equivalent uL
Gender Group (ng/d) (ngfkg) (ng/d)
Infants 0- 6mo 65* ~9.4* Could not be
7-12mo 80* ~8.8* established
Children 1- 3y 150 300
4- 8y 200 400
Boys and girls 9-13y 300 600
14-18y 400 800
Men and women >19y 400 1000
Pregnancy 14-18y 600 800
19-50y 600 1000
Lactation 14-18y 500 800
19-50y 500 1000

— C. Deficiency Symptoms

Neural tube defect
(Spina bifida)
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B Vitamin Interactions

A current example for interactions
between water-soluble vitamins can be
found in homocysteine metabolism.
Homocysteine (A) forms when methio-
nine is demethylated (B). Methyl trans-
ferase, a Bj;-dependent enzyme, regen-
erates methionine by remethylating
homocysteine. The methyl groups are
donated by 5-methyl-tetrahydrofolic
acid (5-methyl-THF or H3C-PteGLU—
see p. 196). An additional pathway for
homocysteine removal is its conversion
to cysteine—using the enzyme cysta-
thionine synthase, which uses pyri-
doxal phosphate (PLP) as a coenzyme
(see p. 188).

Hence, the water-soluble B vitamins
folic acid, By, and Bg are all involved in
this metabolism. A lack of these vita-
mins, theoretically even a lack of one of
them, leads to elevated blood homo-
cysteine levels. Blood homocysteine
levels can, therefore, be used as a
marker for folic acid, B;,, and Bg status,
respectively. Elevated blood levels can
be corrected by supplementing these
vitamins. As expected from the theoret-
ical findings, supplementation with all
three in combination is most effective
for this purpose (C). Availability of folic
acid seems to be more important for
homocysteine metabolism than Biy
and/or Bg since folic acid yields the best
results among single vitamin supple-
ments.

Homocysteine is currently discussed as
one of the causes of atherosclerosis.
This was initially hypothesized based
on the observation that patients with
homocystinuria, a hereditary metabolic
defect that leads to very high blood
homocysteine levels, typically exhibit
marked  atherosclerotic  changes.

Patients usually die from the conse-
quences (embolisms, etc.) before age
30.

The connection between homo-
cysteinemia and atherosclerosis has
since been confirmed in many epidemi-
ological and case-control studies. It is
suspected that homocysteine leads to
the formation of reactive oxygen spe-
cies (ROS) through its terminal thiol
group. ROS enhance the secretion of
growth factors, and thereby cell prolif-
eration, in smooth vascular muscles.
Additionally, larger numbers of white
blood cells may migrate into the sub-
endothelial space where they differen-
tiate into macrophages. There, they
could ingest oxidized LDL, which would
turn them into fatty foam cells. The
typical vascular degeneration follows:
fibrous plaques form, consisting of foam
cells, lymphocytes, lipids, and muscle
cells, embedded in connective tissue.

The above is an example of another
problem that could be improved by
high fruit and vegetable nutrition that
would supply high levels of folic acid.
Vitamin Bg seems to play a minor role in
homocysteine metabolism, whereas
sufficient vitamin Bq, should generally
be available due to the body’s large stor-
age capacity. For hereditary homo-
cysteinemia, supplementation of phar-
macological doses of the respective
missing vitamin is indicated.
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— A. Chemistry

H H
[
H—S—C— C— C — COOH Homocysteine
|
H H

— B. B Vitamin Interactions in Homocysteine Metabolism

Serine
. Methionine — —,
Clycine S-Adenosyl-
THF methionine
5,10-Methylene-THF
Homocysteine - -
methyl Vitamin S-Adenosyl-
transferase B> homocysteine
5-Methyl-THF Homocysteine <=------- » Homocysteine
Folic acid Cystathionine o Serin l
synthase
Blood
Cystathionine V'taBm'“ l
6
Urine

PLP" g-Ketobutyrate

Cysteine

— C. Supplementation Effects

100% Initial, elevated
— value

VitaminBg  Vitamin B, Folate Combination

Reduction
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Free Radicals: Formation and Effects

Reactive oxygen species (ROS), like
singlet oxygen and the free radicals
superoxide and hydroxyl radical, are by-
products of many metabolic processes
(A). Approximately 3-10% of the O, is
not completely reduced to water inside
the mitochondria. This results in oxygen
radicals. Auto-oxidation of quinones or
reduced Fe-complexes can also cause
0, activation. In the EDRF metabolism
(see p. 128), arginine is converted to the
relaxing factor NO, with hydroxyl radi-
cals as by-products. Nowadays, the Fen-
ton reaction is considered a key reac-
tion in many toxic processes. The Fe3*/
Fe2* redox system is involved in it. In
summary, a superoxide and a hydrogen
peroxide are converted to form a
hydroxyl radical. Beyond that, there are
enzymatic reactions (oxidases—e.g.,
xanthinoxidase, oxidoreductases, and
peroxidases) that catalyze O, reduction.
Pigments activated by light, ionizing
radiation, or toxic chemicals can also
cause the formation of ROS (e. g., singlet
oxygen).

Free radicals are characterized by their
high level of reactivity, which, however,
differs greatly between the various rad-
ical species: while the tocopherol radi-
cal (e.g., vitamin E) is relatively stable,
the hydroxyl radical has a lifespan of
less than 1 ps, causing follow-up reac-
tions in the immediate surroundings of
its origin. ROS are most likely to damage
the polyunsaturated fatty acids (PUFA)
in lipids.

Since PUFA are often tightly packed
inside the membranes’ lipid bilayers,
each radical causes a chain reaction,
making changes in the membrane
structure likely.

Further targets of free radicals are pro-
teins and DNA. H,0, and protein-bound
Fe2* can lead to formation of ROS (Fen-
ton reaction), that can react with amino
acid esters (B). Oxidative deamination
of the side-chain and oxidative splitting
of the bond between the a-C-atom and
an N result in a protein carbonyl.

The Fenton reaction can cause hydroxyl
radicals to form in the immediate vicin-
ity of DNA (C). DNA damage caused
thereby may manifest as broken
strands, base modification, or fragmen-
tation of deoxyribose. Base modifi-
cation means that guanosine is con-
verted to 7,8-dihydro-8-hydroxy gua-
nosine. This compound can be detected
in blood and used as a marker for the
degree of oxidative damage.

Free radical formation in the body has
to be considered normal and controlla-
ble in a healthy body. Leukocytes and
macrophages purposely produce free
radicals and use their bactericidal prop-
erties to kill bacteria. During intense
immunological processes, larger num-
bers of such free radicals may, on occa-
sion, be released from leukocytes and
macrophages (or microorganisms),
causing damage to previously intact
structures.
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— A. Free Radical Formation

Light lonizing radiation Reductants
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102
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Reactive oxygen species (ROS)

FH
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Hydroperoxide Enzymatic
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Fe ~
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[ Free radicals |— Organic molecules, mainly unsaturated fatty acids
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Free Radicals:
Endogenous Systems

Suppression of blood supply is an exam-
ple of the interactions between reactive
oxygen species (ROS) and endogenous
defense. It leads to more or less rapid
onset of O, deficiency in the respective
tissue. Such ischemia with subsequent
reperfusion may occur, for instance,
during short-term muscle strain, in
capillary beds with poor blood supply,
or in case of localized inflammation.
The most common reason, however, is
surgical intervention with interruption
of blood flow.

As a consequence of such events, ATP
synthesis is suppressed since mito-
chondrial oxidative phosphorylation is
lacking the oxidant needed for ATP syn-
thesis. Depending on the tissue, irre-
versible loss of function occurs sooner
or later. Paradoxically, reperfusion
causes even more damage than the
actual ischemia. This is because on the
one hand there is increased ATP break-
down (no neosynthesis) with accumu-
lation of hypoxanthine (A), and on the
other, proteolytic transformation of
xanthine dehydrogenase to xanthine
oxidase (XO), due to increased Ca2*
influx into the cell (malfunction of ATP-
dependent ion pumps). With renewed
oxygen supply, XO metabolizes hypo-
xanthine to xanthine and uric acid, as
well as ROS. Subsequent lipid peroxida-
tion causes membrane damage, causing
increased Ca%* influx into the cells. This
in turn stimulates phospholipase A,,
causing formation of platelet activation
factor (PAF), which in turn activates leu-
kocytes, turning them into polymor-
phonuclear leukocytes (PMN).

The PMN bind to adhesion factors
(ICAM), the expression of which is also
induced by ROS. ROS formation, due

to activated PMN and proteases, further
contributes to endothelial cell damage.

In reperfusion situations, an overbur-
dened endogenous defense system (B)
is confronted with increased ROS pro-
duction. The endogenous defense sys-
tem consists essentially of enzyme sys-
tems (C). Superoxide can quickly be
dismutated to H,0, by superoxide dis-
mutase (SOD). There are two ways to
detoxify H,0,: through catalase to H,0
and O,, and through the Se-dependent
glutathion peroxidase to H,O. During
the latter reaction, the reduced gluta-
thione (GSH) is converted to its oxidized
form (GSSG). Glutathione reductase
quickly reconverts this to GSH to ensure
a sufficient supply of reduced gluta-
thione in the cell. The glutathione sys-
tem also protects sulfur-containing pro-
teins (prot-SH) like the thiol groups in
hemoglobin from oxidative damage.

Exogenous supply of these antioxidant
enzymes is not useful since they would
not reach their target cells inside a com-
plex organism. However, the effects of
improvements to those endogenous
systems have been experimentally
proven: it is common practice, when
conserving certain organs for trans-
plantation, to add an oxidant mixture
(containing SOD and allopurinol,
among others, to inhibit xanthine oxi-
dase). This greatly improves the organ’s
chance of survival after reperfusion
(i.e., after transplantation).
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— A. Ischemia and Reperfusion

ATP_, AD_P, AMP Xanthine dehydrogenase
Adenosine = Inosine Ischemia:
Protease | 4~ activation
. v
Ischemia Hypoxanthine via Ca?

Xanthine oxidase

/ \ Xanthine Uric acid

= Leukocyte 'ROS
0; 0°2 Proteases
Reperfusion /— ROS A,
2,
Direct Increa!sed ¥ indirect
damage to
damage to Ca**- @ \ endothgelium

endothelium inﬂux/v PMN /

I

2
™ Endothelial cell

— B. Balance Between Production and Defense
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Free Radicals:
Exogenous Systems

Exogenous antioxidants are substances
that are naturally supplied only through
foods and which subsequently develop
antioxidant effects. Such classic exoge-
nous substances are vitamins E and C,
and carotenoids. Elements like sele-
nium, manganese, or magnesium have
antioxidant effects but are not antioxi-
dants proper. They are components of
endogenous defense mechanisms, but
are not themselves altered through
their functions.

Since these oxidative processes occur in
various cell compartments, antioxi-
dants must have diverse chemical prop-
erties. The body has watery phases
(e.g., cytosol) and lipophilic phases
(e.g., all membranes). The most impor-
tant lipid-soluble antioxidant is vitamin
E. The long side-chains of the tocophe-
rols (see p.156) predestine them for
integration into biological membranes.
Since there are only 0.5-3 tocopherol
molecules for every 1000 unsaturated
fatty acids, regeneration of the tocophe-
rol radical is of extreme importance (see
below).

Tocopherols limit lipid peroxidation in
membranes by quenching singlet oxy-
gen and/or interrupting chain reactions
(A). Beyond that, they are necessary for
membrane integrity. Recent research
also points to effects on gene expression
and intracellular signal transduction.
For instance, transcription factor NFkB
(involved in viral reproduction, among
others) is activated by ROS and inhib-
ited by tocopherol. Protein kinase C
plays an important role in intracellular
signal transduction. The enzyme is
inhibited by tocopherols, which reduce
cell proliferation. Vitamin E’s anticancer
effect may be due to this activity.

The activities of carotenoids are much
less well-known. They are able to
quench singlet oxygen produced by UV
exposure, converting their energy to
heat. At low oxygen levels, carotenoids
also seem to inhibit lipid peroxidation.
It is unclear where carotenoids are
located inside the cell and how they are
reduced subsequent to their antioxi-
dant activities.

Ascorbic acid’s most important func-
tion is the regeneration of the vitamin E
radical. It represents the link between
the tocopherol radicals in the lipid
bilayer and a complex regeneration sys-
tem found in the watery cellular envi-
ronment (B). This includes substances
like o-lipoic acid and ubiquinone
(coenzyme Qqq), as well as the endo-
genous defense systems (see p. 204).

Among the exogenous antioxidants is a
multitude of phytochemicals, the pre-
cise significance of which is unknown to
date. Plant phenols, as from vegetables,
green tea, or red wine, have multiple,
biochemical and pharmacological
effects; at least some of them are prob-
ably based on defense against ROS.
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— A. Lipid Membrane Quenching Mechanisms
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Vitamin-Like Substances:
Choline and Inositol

Until about 40 years ago, choline was
considered a vitamin. It was already
known by then that choline can be syn-
thesized by the body in a similar man-
ner as niacin: just as niacin can be made
from the essential amino acid tryp-
tophan, choline can be endogenously
synthesized from the essential amino
acid methionine. Both synthetic proc-
esses require an excess of the precursor
compound beyond what is needed for
protein synthesis. Choline is needed in
the body mainly as phosphatidylcho-
line (lecithin) in all membranes, further
as acetylcholine, a neurotransmitter,
but also as a methyl group donor for
intermediate metabolism.

Although choline is abundant in foods
and lecithin is used as an additive in
many processed foods, recent research
has revealed that actual intake is much
lower than had been previously
assumed. This is partially due to the fact
that in precise chemical terminology,
the term lecithin applies only to phos-
phatidylcholine, whereas in lay usage, it
refers to a mixture of compounds. For
instance, the most frequently used soy
lecithin contains only 22 % phosphati-
dylcholine. The actual 300 mg/d intake,
determined using the newly available
methods, has reopened the old question
about the vitamin character of choline;
considering the wusual high protein
intakes in the U.S., in particular, endo-
genous choline synthesis is presently
considered generally adequate.

Inositol, a semi-essential B vitamin, is a
cyclic, hexavalent alcohol that carries
an OH-group at each carbon. There are
several isomers, including the most
important: free-form inositol and myo-
inositol. In foods, particularly in the

outer layers of cereals, it occurs mostly
as phytic acid, in which all OH-groups
are esterified with phosphoric acid.
Phytic acid is nearly completely indi-
gestible, and further, contributes to loss
of minerals, especially trace elements,
by its ion-binding capacity.

Free inositol is actively absorbed (A),
then converted to phosphatidylinositol
inside the mucosal cells, where it con-
stitutes an important fraction of all
lipoproteins. It is mostly as phosphati-
dylinositol that choline is made availa-
ble to muscle and brain cells. An addi-
tional, highly important source for the
tissues is inositol endogenously synthe-
sized from glucose, which is released
into the bloodstream mainly by the kid-
neys. The amounts produced in this
endogenous synthesis are considerably
higher than any potential intakes from
foods.

Inositol’s role in the body is twofold:
besides its significant function in mem-
branes, inositol phosphatides represent
an important signal transduction sys-
tem. In this system, phospholipase C
produces inositol-1,4,5-triphosphate
(IP3). The enzyme is controlled via a
receptor-regulated G-protein on the
inside of the membrane. IP5 attaches to
a specific ER-bound receptor, thereby
releasing Ca, which contributes to intra-
cellular second messenger Ca. In addi-
tion, according to present-day knowl-
edge, endogenous synthesis of inositol
is sufficient to meet demands.
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— A. Inositol and Inositol Phosphate
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Vitamin-Like Substances:
Nonvitamins

In the early stages of vitamin research,
before an exact meaning of the term
“vitamins” was defined, newly discov-
ered substances were frequently
assigned vitamin properties without
their actual effects being known. This is
why, even today, a number of “pseudo-
vitamins” still exist (B). Among them,
for instance, are the essential fatty
acids, which used to be called vitamin F.
While they continue to be essential,
they are not vitamins. This should be
clear from the quantitative aspect
alone—they are needed in gram as
opposed to milli- or microgram
amounts. For other substances, ade-
quate endogenous synthesis has been
shown, making them lose their “essen-
tial” designation. The third group had
been falsely classified as vitamins even
though they do not occur in the human
body.

Even if those substances (excluding the
essential fatty acids) are today called
nonvitamins or vitaminoids, this does
not necessarily mean that they have no
metabolic effects. Since they are now-
adays sold mostly as food supplements
with claimed pharmacological effects,
they ought to be measured by a
pharmacological yardstick. This means
in short: effects that cannot be proven
in a double-blind study are nonexistent.
Since nonvitamins do not satisfy these
strict criteria, most of the claimed
effects must be a mere product of wish-
ful thinking.

Prime examples for such vitaminoid
preparations can be found among so-
called “non-drug doping substances”
propagated in the fitness arena. L-car-
nitine (B) plays a role in transport of

long-chain fatty acids at the mitochon-
drial membrane. The sales pitch derived
from this fact sounds as logical as it is
simple: with increased energy metabo-
lism (exercise), fatty acids have to
undergo B-oxidation; therefore, opti-
mizing fatty acid transport mechanisms
make more energy available, resulting
in increased performance.

The sales pitch for many other sub-
stances sold today is based on similarly
simplistic arguments. Since they are not
registered as pharmaceuticals, exact
sales figures are unknown: in competi-
tive athletics and in the fitness arena—
from cyclist to bodybuilder—non-users
of such products are few and far
between. However, a substance’s meta-
bolic role cannot be used to extrapolate
the effects of that same substance when
supplied exogenously. Proof can only be
provided by controlled, double-blind
intervention studies (supplementation
of the substance): in the case of L-carni-
tine, the success in unblinded studies is
overwhelming—as expected—but nil in
double-blind studies. Recent studies
have shown that carnitine supplements
do increase carnitine plasma levels but
not muscle carnitine levels. Since it
does not reach its target tissue, it simply
cannot have the claimed effect.

The situation is similar for coenzyme
Qqq, orotic acid (“vitamin By3”), creati-
nine, taurine, and many others. A
healthy body usually does not benefit
from exogenous supply of such com-
pounds, whereas the situation may be
different in specific, defined disease
states. An exception are bioflavonoids,
which have protective effects already at
the levels found in bioflavonoid-rich
foods.
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— A. Nonvitamins
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Calcium: Metabolism and Functions

The average healthy male adult body
contains >1kg calcium (Ca)—rather
more in big-boned men—that of women
~800g, and of a newborn ~30g
(1 mmol = 40 mg). More than 99.5% of
the Ca is found in bones and teeth, the
remainder mostly in the intracellular
spaces. At 35 mmol, total extracellular
Ca makes up only ~0.1 % of body weight.
Normal plasma-Ca concentration is
2.5 mmol/L, 47 % of that protein-bound,
mainly to albumin. Of the remaining
“free” Ca, 6% is complexed with low-
molecular-weight organic compounds
like citrate; only 47 % is active, ionized,
Ca?*.

Ca is absorbed (A) in two ways: trans-
cellular, active, regulated transport
takes place in the duodenum and prox-
imal jejunum and while passive, uncon-
trolled, paracellular uptake has been
shown to occur throughout the entire
intestine. Twenty to sixty percent of
ingested Ca is absorbed. That rate is
subject to many factors: hormonal reg-
ulation (see p.214), solubility of
ingested Ca compounds, absorption-
enhancing factors like organic acids and
several amino acids, and inhibitors like
oxalic or phytic acid that prevent
absorption by forming insoluble com-
plexes. The absorption-enhancing
effects of lactose that are often cited in
the literature are actually effects of the
monosaccharides that lactose is broken
down into, glucose and galactose. Con-
sequently, in the case of lactase defi-
ciency, lactose has an inhibiting effect.
Lactase deficiency, which manifests as
lactose intolerance, is common in the
U.S. It is most prevalent in Asians, fol-
lowed by African Americans, and lowest
in Caucasians (~85/50/10% incidence,
respectively, 25 % overall).

After absorption into the blood, Ca is
rapidly distributed into intracellular
compartments so that plasma levels
barely change. This down-regulation is
controlled by hormones. The skeleton is
the main storage organ for Ca. Each day,
up to 1000 mg of skeletal Ca is replaced.
The replacement requires activation of
osteoblasts and osteoclasts, as well as a
supply of phosphate provided by alka-
line phosphatase. Hormonally regu-
lated excretion is exclusively renal.
Additionally, large amounts of Ca are
lost through pancreatic and biliary
excretion and sweat. The large Ca pool
of the newborn’s body, as well as its
two-fold increase during the first four
months, is taken from the mother’s pool
via placenta and mother’s milk, respec-
tively.

Besides its significance for bone and
teeth mineralization, calcium’s multi-
ple effects can be attributed to the role
it plays as a second messenger and in
electromechanical coupling. This
requires a complex system of chemi-
cally or electrically regulated calcium
channels, various Ca-transporting
exchangers and pumps, as well as intra-
cellular Ca-binding proteins (B). To trig-
ger a signal, intracellular free Ca%* has
to be elevated; this is achieved, on the
one hand, via concentration gradients
across cell membranes; and on the
other hand, via controlled Ca release
from intracellular buffers. An example
for both functions can be found in the
contraction of skeletal muscle cells: the
binding of Ca-troponin C triggers the
contraction, while, at the same time,
Ca-calmodulin binding makes energy
available via a cascade.
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— A. Calcium Metabolism
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Calcium Homeostasis

The control value for Ca homeostasis is
serum Ca, which is kept within a narrow
range (2.2-2.6 mmol/l). A slight de-
crease in serum Ca (free, ionized Ca
only) is registered by Ca-sensitive sur-
face receptors and triggers an increased
release of parathormone (PTH) in the
adrenal cortex (A). PTH stimulates a
renal hydroxylase, which converts cir-
culating 25-OH-D into its active form
1,25-(OH),-D (see p. 150). In the pres-
ence of PTH, this results in the forma-
tion and activation of osteoclasts, caus-
ing an overall release of Ca and
phosphate from the skeleton. At the
same time, PTH and 1,25-(OH),-D stim-
ulate Ca-reabsorption in the renal
tubules. Induction of intestinal Ca
transport by 1,25-(OH),-D additionally
increases serum Ca levels, provided that
Calevels in the intestinal lumen are suf-
ficient. The high levels of Ca transported
through the cell during this absorptive
process would cause a drastic increase
in cellular Ca* that would affect many
cellular processes due to calcium’s sec-
ond messenger function. To prevent
this, free Ca%* is immediately bound to
calcium binding protein (CaBP).

Several mechanisms limit the rise of
blood Calevels shortly after absorption.
A relatively slow-response reaction is
the decrease in PTH that is mediated by
Ca-sensitive receptors. A direct negative
feedback loop has a more rapid effect on
the respective organs. An increased
supply of Ca and phosphate inhibits
osteoclast activity. The rise of free Ca in
the blood has several renal effects: inhi-
bition of 1-hydroxylase, reduction of
glomerular filtration rates, diuretic
effects in the proximal tubules, and
inhibition of antidiuretic hormone
(ADH). This probably involves a Ca-sen-
sitive receptor on the renal cell surface.

The hormone calcitonin affects blood
Ca levels long-term. It forms at elevated
serum Ca levels mainly in the C-cells of
the thyroid gland. It inhibits osteoclast
activity and thereby induces Ca absorp-
tion into bone. At the same time, intes-
tinal Ca transport is inhibited, causing a
drop in serum Ca levels. In humans, reg-
ulation via calcitonin is of minor signif-
icance. PTH levels play a major role in Ca
homeostasis, and this requires suffi-
cient availability of vitamin D.

Since Ca storage in bone is virtually
unlimited, (with functioning homeosta-
sis) Ca deficiency can only be diagnosed
at a late stage, from its effects on the
skeleton. Under these conditions,
plasma levels remain within normal
range (ionized Ca: 1.12-1.23 mmol/l).
Consequently, hyper- or hypocalcemia
rarely has nutritional causes (except
excessive supplementation). Long-term
marginal supply results in insufficient
skeletal calcification. This is of major
importance, particularly in youngsters.
Since bone mass declines naturally as of
the fourth decade of life, peak bone
mass is an important predictor for total
bone Ca content (bone density) at a
later age.
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— A. Calcium Homeostasis

Foods Light (UV)
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Calcium:
Occurrence and Requirements

Ca is found mostly in milk and dairy
products, several vegetables, herbs, and
nuts (A). Muscle meats, fish, and fruit
are low in Ca. According to the USDA, in
1994, 73 % of food Ca intake in the U.S.
stemmed from dairy, 9% from vegeta-
bles and 5% from grain products. Even
though grains contain little calcium,
they constitute a major source of Ca in
ethnic diets rich in them (Mexican-
American, Puerto Rican).

Milk contains ~120 mg Ca/l. Milk prod-
ucts have higher contents, e.g., hard
cheeses like Swiss cheese (~900 mg/
100 g)—the most Ca-rich food is old,
dehydrated Parmesan with ~1200 mg/
100 g. Processed cheeses like American
cheese contain 500-550 mg/100 g.
Low-Ca exceptions are some dairy
products like cottage cheese (32-
68 mg/100 g) and ricotta (115-150 mg/
100 g). Except in cottage cheese, fat
content tends to be inversely correlated
to cheese Ca content: the higher the fat
content, the less Ca.

Some vegetables contain large amounts
of Ca. Green kitchen herbs like basil (up
to 1000 mg/100 g), parsley, chives, and
chervil contain even more Ca, but they
do not play a large quantitative role.
Pine nuts, almonds, and sesame seeds
are also good Ca sources (225-785 mg
Ca/100 g)—but high in fat—as well as
sardines, most forms of tofu, and
Ca-fortified orange juice.

Because of Ca homeostasis and the lack
of measurable parameters, Ca require-
ments (B) cannot be determined by bal-
ance studies. Therefore, current recom-
mendations are based on Al, not on EAR.
Even though humans are able to adjust
to very low calcium intakes (<200 mg)
for short periods, it has to be assumed
that the minimum intake for an adult

should not fall below 500 mg/d long-
term. A safety margin is necessary to
account for individual variability. The
present dietary recommendations take
into account that more Ca (1300 mg/d)
is needed for maximum skeletal calcifi-
cation during the growth phase;
1000 mg/d are recommended as a
maintenance dose until age 50, where-
upon a 200 mg increase appears neces-
sary to counteract bone loss. Many sci-
entists do not consider these
recommended amounts to be “opti-
mal”: the NIH, for instance, recom-
mends up to 1500 mg Ca/d for adoles-
cents and women after menopause. It is
assumed that an optimal Ca supply
during all phases of life, particularly
before age 35, contributes to a positive
Ca balance and thereby has a preventive
effect for osteoporosis.

Actual intakes deviate greatly from
these recommendations. Mean intakes
in males and females above nine years
of age were 865 and 625 mg/d (21.6 and
15.6 mmol), respectively, in 1994. Men’s
intakes tend to be closer to adequate,
with adolescents and elderly women
most likely to be deficient. Approxi-
mately 25% of women consume no
more than 300 mg/d.

The most important symptom of Ca
deficiency today is osteoporosis (C). It
results in vertebral fractures in women,
mostly after menopause, and at a higher
age in hip fractures, also in men. Out of
the 100 000 women with hip fractures
per year in the U.S., 50 000 never get
back on their feet. Anorectics and highly
competitive female athletes frequently
develop osteoporosis much earlier, due
mostly to cessation of estrogen produc-
tion.

The UL for adults is 2500mg
(62.5 mmol/d). Excessive intakes may
lead to hypercalcemia, kidney stones,
and renal insufficiency.
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— A. Occurrence and Daily Requirement
The daily requirement of 1000 mg Ca is contained in:

330 g mozzarella

7>0gyogurt 110 g hard cheese
850 g low-fat milk 220 g chervil
330 g soybeans
440 g kale,
watercress

1.1 kg cottage

cheese 880 g broccoli, Swiss
chards, fennel,
spinach
— B. Adequate Intakes (Al, 1999) and UL
Life Stage and Age Calcium uL
Gender Group (mg]/d) (mmol/d) (mg/d)
Infants 0- 6mo 210 5.3 Not possible
7-12mo 270 6.8 to establish
Children 1- 3y 500 12.5 2500
4- 8y 800 20 2500
Boys and girls 9-18y 1300 325 2500
Adults 19-50y 1000 25 2500
>50y 1200 30 2500
Pregnancy and 14-18y 1300 325 2500
lactation 19-50y 1000 25 2500

— C. Deficiency Symptoms

Normal vertebra Osteoporosis
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Phosphorus

Phosphorus (P, 1 mmol ~31 mg) occurs
in the body exclusively as phosphate
and is involved in the formation of
hydroxyl apatite (Ca phosphate) in
bone, as well as organic esters like ATP
and phospholipids, DNA, and RNA. Of
the ~700 g total body phosphorus (cal-
culated as P), 85% is found in bone and
only 1% in extracellular fluids.

Even though regulatory mechanisms of
phosphate metabolism are closely tied
in with Ca homeostasis, plasma phos-
phate levels fluctuate over a wider
range (0.7-1.5 mmol/l). Since increased
plasma phosphate levels (A) reduce the
levels of free, ionized Ca due to the sol-
ubility product, they cause increased
PTH secretion, which in turn leads to
increased renal phosphate excretion;
the expected resulting formation of
1,25-(0H),-D, however, is inhibited by
the high phosphate levels. Lowered
1,25-(OH),-D concentrations reduce
intestinal phosphate absorption and
decrease phosphate release from bones.
These interactions ensure that phos-
phate levels can be down-regulated
without a severe impact on Ca metabo-
lism. At persistently elevated levels, the
increase in PTH and decrease in a 1,25-
(OH),-D have consequences: bone loss,
which can, in extreme cases, even lead
to spontaneous fractures. This syn-
drome, termed “secondary hyperpara-
thyroidism” occurs mostly in cases of
renal insufficiency, when renal phos-
phate excretion is impaired.

P occurs in all foods (B) as phosphate.
Meat and fish contain ~200 mg/100 g
(figures given as P), milk products up to
1100 mg/100 g. Processed cheese is
very high-phosphate, since phosphates
are used for processing. Cereal flours
contain 100-400 mg/100 g, depending

on the degree of refinement; however,
the P contained in the outer layers is
bound to phytate and is, therefore,
poorly absorbed.

Recommended P intakes for adults are
700 mg/d (C). Older recommendations
for a Ca:Pratio of 1:1 are no longer con-
sidered valid. Mean P intakes in the U.S.
in 1994 were ~1500 mg (48.2 mmol)/d
for males and 1025 mg (33 mmol)/d for
females. The increasing use of phos-
phates as additives in food processing
over the past two decades and
increased consumption of processed
foods contributes to increasingly high
intakes. P intakes usually exceed Ca
intakes (Ca:P ratio 1:1.7 = 0.59). P is,
therefore, not considered a critical min-
eral. The UL is 4 g/d. Exclusive infant
nutrition from mother’s milk consti-
tutes a special case: for exclusively
breast-fed infants the limiting factor for
bone mineralization is P, not Ca. The
Ca:P ratio in mother’s milk is ~2:1, pre-
venting renal P overload in the infants’
immature kidneys.

Alimentary phosphate deficiencies are
unknown. Deficiency symptoms have
been reported only as a result of pa-
renteral nutrition and from daily use of
antacids containing aluminum. Early
symptoms are generalized physical
weakness; long-term effects on the
skeleton are likely.
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— A. Regulation of Plasma Phosphate Levels

3

Parathyroid

Skeleton

— B. Occurrence
750 mg P is contained in:

125 g hard cheese

150 g walnuts
75 g wheat germ
60 g wheat bran

500g yogurt 150 g lentils

140 g white beans
(dry)

125 g soybeans

— C. Recommended Intakes (DRIJAI*, 1999) and UL

Infants 0- 6mo 100* 22 . |
7-12mo 275* 8.9 o supplements

Adolescents 9-18y 1250 40.3

Pregnancy 14-18y 40.3
19-50y 22.6
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Magnesium

Total body magnesium (Mg) is
~1000 mmol (1 mmol = 24 mg), of

which only about 1% resides in extra-
cellular fluids (A). Approximately 65 % is
found in bone—some of that serves as a
pool, which can be mobilized. Mg is a
typical intracellular ion. Its normal
range in plasma (0.75-1.1 mmol/l) is,
therefore, of limited use as a marker for
Mg status.

Mg absorption (A) occurs throughout
the entire small intestine mostly
through facilitated diffusion, which is
saturable, and through passive diffu-
sion. At physiological concentrations,
the absorption rate is hardly affected by
Ca and phosphate, and 1,25-(OH),-D
does not seem to be very relevant for
Mg absorption. Since >60 % of the Mg in
blood prevails as free, ionized Mg2*, and
an additional 10% is complexed with
small organic molecules like citrate,
large amounts of Mg (~200 mmol/d) are
filtered by the kidneys. Reabsorption,
particularly in the loop of Henle, is very
effective and tightly controlled to
ensure that urinary excretion becomes
almost zero at times of Mg deficiency.
Through its function as a cofactor for
~300 enzymes, Mg is involved in nearly
all aspects of anabolic and catabolic
metabolism. In many reactions, Mg2*
occurs as an ATP-MgZ* complex that
forms during reactions between enzy-
mes and substrates and enables trans-
phosphorylation. Many other effects of
Mg are based on its resemblance to Ca.
Therefore, Mg is considered calcium’s
physiological antagonist. Mg modulates
the influx of extracellular Ca through
specific Ca channels, as well as calcium’s
intracellular effects. Intracellular Mg2*
also affects K* channels, particularly in
the heart muscle.

Few foods are Mg-rich (B). Wheat germ
and bran and sunflower seeds contain
up to 500 mg/100g but are usually
quantitatively insignificant. Common
staple foods like grain flours, meat, and
vegetables have rather low Mg con-
tents; whole-grain products tend to be
better sources. Spinach, acorn squash,
tofu, and various kinds of nuts contain
85-130 mg/serving. All green, leafy
vegetables contain Mg. A diet high in
fruits and vegetables increases Mg
intakes. The increased refining and pro-
cessing in recent history has lowered
Mg contents of many common foods.
Mg requirements (C) are determined at
3-4.5 mg/kg body weight based on EAR,
using balance studies, which translates
into a recommended intake of 400-
420 mg/d and 310-320 mg/d for men
and women, respectively. Additional
losses through profuse sweating, alco-
hol abuse (renal wasting), or regular use
of diuretics that lead to hypermagne-
suria can drastically increase require-
ments. An additional requirement of
40 mg/d is assumed during pregnancy.
Actual intakes tend to remain slightly
below the recommendations; some
reports found lower levels, particularly
among minorities. In general, Mg is not
considered a problem mineral; rather, a
marginal supply situation is assumed to
exist in all age groups.

Symptoms of classic magnesium defi-
ciency—neuromuscular disturbances,
including tetany—are not to be ex-
pected with Western nutrition. Preven-
tive and therapeutic effects of optimal
intakes or even elevated Mg pools, for
cardio-therapeutic purposes, preven-
tion of certain muscle cramps, or inhibi-
tion of uterine contractions have much
greater relevance. Toxicity occurs only
from nonfood sources. The UL for adults
is 350 mg of supplemental Mg.
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— A. Uptake and Distribution
Intake Intracellular
~300mg
~12 mmol 340 mmol
Bone
650 mmol
Stomach ~20% can be
mobilized
Absorbed /
~120mg
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— B. Occurrence and Daily Requirement

The daily requirement of 350 mg magnesium
is contained in:

200 g nuts
1 kg fish

|

1.2 kg meat

250 grolled oats
150 g cereal germs
60 g wheat bran

75 g sunflower seeds
200 g beans (dry)

1.2 kg vegetables

500 g spinach

— C. Recommended Intakes (DRIJAl*, 1999) and UL

Life Stage and Age Magnesium
Gender Group (mgd)
Infants 0- 6mo 30
7-12 mo 75
Children 1- 3y 80
4- 8y 130
Boys and girls 9-13y 240
Adolescent males 14-18y 410
Adolescent females 14-18y 360
Men 19-30y 400
>31y 420
Women 19-30y 310
>31y 320
Pregnancy 14-18y 400
19-30y 350
31-50y 360
Lactation 14-18y 360
19-30y 310
31-50y 320

(mmol/d)
1.1
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Sulfur

Even though sulfur (S, 1 mmol = 32 mg)
has many important functions in the
body, it is rarely mentioned in literature
discussing essential nutrients. Since the
body’s main sources of S are the sulfur-
ous amino acids methionine (Met) and
cysteine (Cys), the mechanism of S
absorption is that of the amino acids
(see p. 124). Excretion is mainly renal as
inorganic sulfate (A). Both amino acids
degrade to form sulfonyl pyruvate and
sulfur dioxide (SO,), which is converted
to highly reactive sulfite ( SO%‘ ). To pre-
vent sulfite from reacting with thiamin,
proteins, NAD, and other important cell
components, it has to be quickly elimi-
nated. Intracellular sulfite concentra-
tions are kept at very low levels by
sulfite oxidase: the product, sulfate
( soﬁ‘ ), is nontoxic and is filtered out by
the kidneys. Small amounts of sulfite
may be taken up with foods, since a
number of products are “sulfured”
(treated with SO,) to prevent oxidative
and microbial decomposition.

An alternative pathway of cysteine
degradation leads to taurine, which is
subsequently conjugated with bile
acids. Degradation of sulfurous glycos-
aminoglycans (GAGs) also yields sulfate
directly, with specialized sulfatases
splitting the sulfate off the ring. Before
certain compounds, like steroids, can be
excreted, they have to be esterified with
sulfuric acid. Therefore, ~10 % of the S in
urine occurs in ester sulfate form (e. g.,
estrone sulfate).

Besides providing S for the endogenous
synthesis of a multitude of sulfurous
substances (e. g., heparin, cerebrosides),
the sulfurous amino acids Met and Cys
are important for the structure of pro-
teins (e. g., disulfide bridges).

All protein foods (B) contain S. Concen-
trations usually correlate well with Met
and Cys contents. Nonprotein S may be
present in foods, particularly in vegeta-
bles (e.g., allicin in garlic). No require-
ments are set for sulfur. 1.0-1.3 g S/d is
excreted through urine during normal,
mixed nutrition, probably reflecting
daily amounts absorbed. Deficiency
symptoms are unknown.

There are, however, several S-related
disease conditions. They are rare, inher-
ited sulfatase or sulfite oxidase defi-
ciencies, which are linked to impaired
mental function. Using a low-S,
reduced-protein diet would be a sensi-
ble approach here.

Toxic reactions to sulfurous substances
are common. For instance, hydrogen
sulfide (H,S), but also excessive use of S
as a laxative, can cause sulfhemoglob-
inemia, irreversibly damaging hemo-
globin and making it unable to trans-
port O,. Another common reaction is
pseudoallergic: 1-5% of asthmatics
react to sulfite. In these cases, only rig-
orous avoidance of all foods produced
with sulfur additives provides relief.
Since nowadays, many semifinished
foods are preserved with sulfur com-
pounds, in extreme cases, patients may
have to avoid all industrially prepared
foods.
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— A. Metabolism
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— B. Occurrence
The amount of sulfur equivalent to daily
urinary sulfur excretion (1000 mg) is contained in:
5 kg spinach

2.4 kg potatoes

500 g soy flour
700 g wheat

300 g peanuts
500 g hard cheese
500 g meat

400 g fish

2 kg garlic

750 g broccoli
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Sodium Chloride

Quantitatively, the ions of sodium (Na,
1mmol = 23mg) and chlorine (Cl,
1 mmol = 35 mg) are the most impor-
tant ions of the extracellular compart-
ment, determining its total volume and
osmotic pressure. Other than that, Na*
and Cl~ have many cellular functions:
transporting other ions across the cell
membrane usually requires Na* and/or
Cl~-dependent cotransporters or anti-
porters. Since a primarily Na*-depen-
dent electrochemical gradient is
needed for transmembrane transport
and electrical membrane processes, it
is not surprising that concentrations of
Na* (135-145 mmol/l in plasma) are
particularly tightly regulated.

The renin-angiotensin-aldosterone
system (A) is of central importance for
maintenance of the extracellular com-
partment. Particularly in the venous lin-
ing, wall tension is measured constantly
and is tightly linked to osmotic pressure
and hence to Na* concentrations. Any
drop triggers the release of angiotensin,
which in turn triggers aldosterone
release from the adrenal cortex result-
ing in increased Na* reabsorption. Any
increase in wall tension in the cardiac
atria causes the release of atrial natriu-
retic factor (ANF)—increasing renal Na*
excretion.

Staple foods (B) contain relatively little
Na* and CI- (meat and vegetables
~100mg Na/100 g, only traces in
grains). Food processing drastically
increases Na content: wheat flour
<5mg Na/100g, bread >500 mg Na/
100 g. “Good” sources of Na are abun-
dant today: cheese or salami with
>2.0 g/100 g, salted codfish with >7.0 g/
100 g are just the tip of the iceberg.

Based on balance studies, the adult
Adequate Intake (AI) for Na (C) is esti-
mated at ~1500 mg. To obtain values for
chloride, all values for Na have to be
multiplied by a factor of 1.5 (~2250 mg
Cl/d for adults). Na amounts can be con-
verted to NaCl using a factor of 2.5; con-
sequently the daily requirement for
Na is equivalent to 3.75 g table salt per
day.

Due to the ions’ functions in the extra-
cellular compartment, Na and Cl defi-
ciencies result in the same symptoms.
The plasma becomes hypoosmolar.
Water moves into the tissues, especially
into the brain. As a result, CNS-related
symptoms like headaches, vomiting,
impaired consciousness, and general-
ized seizures predominate. The dehy-
dration caused by excessive diarrhea
(mostly Na loss) and vomiting (mostly
Cl loss) can lead to death.

Nowadays, especially in industrialized
countries, excessive Na intake (wors-
ened by excess Cl) rather than defi-
ciency, plays an important role as a
cause and for the treatment of hyper-
tension. In people with hereditary NaCl-
sensitivity, excess NaCl intake causes
hypertension. Since it is generally not
known who is “salt-sensitive,” an over-
all reduction of NaCl intake (<6 g NaCl/
d) is desirable as a preventive measure.
The UL for Na is 2.3 g and for C1 3.5¢g
(=5.8 g table salt). In 2003, >95% of
American men and 70% of American
women 31-50 years old (90 and 50% in
Canadians) consumed NaCl in excess of
the UL.
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— A. Regulation of Na Metabolism

Angiotensin| «———— Angiotensinogen (liver)
Converting enzyme
(lungs)
Angiotensin Il Pressure receptors
A in venous
Renin CNS blood vessels
= total Na™
(-
ANF
Glome- (atrial natriuretic  pregsyre receptors
rulus _ _factor) in venous °
Gluco- - blood vessels °
cortico- <+ = total Na* “Na*
steroids Blood ° o o ©
@ ) V Q . D
Aldosterone —— Filtration . InQ«’:leaf ed
o oo Nav e
Adrenal U I P ‘absorption
S0 s oly° °
cortex © 7 absorption ° °
‘%oo@ of ° i
@ g0 |
i ~
Kidneys - 1 I \_J
& To bladder Tubule
o y (urine) cells
— B. Occurrence and Daily Sodium Requirement
The estimated daily requirement of 550 mg sodium is contained in:
500 g fish
40 g Velveeta
50 g hard cheese 700 g meat
150 g cottage cheese
50 g boiled ham
1Iwhole
milk, yogurt 750 g carrots,
spinach
— C. Adequate Intakes for Sodium and Chloride (Al, 2004) and UL
Life Stage and Al uL
Gender Group Age Na CL Nacl Na CcL Nacl
(g/d) (g/d) | (mmol/d) | (g/d) (g/d) | (mmol/d)
Infants 0- 6mo 0.12 0.18 5
7-12 mo 0.37 0.57 16
Children 1- 3y 1.0 1.5 42 1.5 23 65
4- 8y 1.2 1.9 53 1.9 28 83
Adolescents 9-13y 1.5 2.3 65 2.2 34 95
14-18y 1.5 23 65 2.3 3.6 100
Adults 19-50y 1.5 23 65 23 3.6 100
50-70y 1.3 2.0 55 2.3 3.6 100
>70y 1.2 1.8 50 23 3.6 100
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Potassium

Average total body potassium (K,
1 mmol ~39 mg) content in women is
~100 g, and in men ~150 g. It depends
on the percentage of lean body mass,
the metabolic activity of which is
higher.

Potassium absorption is near quantita-
tive and occurs in the upper small intes-
tine. In plasma, concentrations range
between 3.5-5 mmol/l. K* is the most
abundant intracellular ion (140 mmol/
1), and maintains the osmotic pressure
of our cells, together with phosphate
and proteins. Furthermore, the resting
potential of a cell is determined by its
membrane’s K" permeability. Even
though only 2 % of the K* is found in the
extracellular compartment, the body
reacts acutely to a change in plasma K*.
For instance, eating a large portion of
French fries (~70 mmol K) would nearly
double the plasma K* level—a deadly
rise. Since only ~50 % of this K* shows up
in the urine postprandially, rapid trans-
port of incoming K* into the intracellu-
lar compartment is crucial. After a meal,
this is achieved primarily by insulin,
which activates Na*-K*-ATPase to pull
K* into the cells. Renal elimination
occurs primarily by active secretion into
the distal tubules—regulated primarily
by aldosterone. This elimination route
has the advantage that K* continues to
be at least partially excreted even at
reduced filtration rates, thus preventing
life-threatening blood K* levels for a
while even under such reduced filtra-
tion conditions.

K'is found in all foods (A). Good sources
are several vegetables like spinach,
Swiss chard, or winter squash, as well as
certain fruits. The most well-known is
the banana: while it is true that it con-
tains 250 mg K/100 g, it also has a high

caloric content. Therefore, other types
of fruit are equally good sources in
terms of nutrient density. The following
applies to all foods: washing and cook-
ing in water can cause great K losses.

It is impossible to determine exact K
requirements. Therefore, Adequate
Intakes (Al) have been estimated (B).
For adults, 4.7 g K are considered ade-
quate, if not necessarily optimal. A high-
level K intake has a blood pressure-low-
ering effect—justifying recommended
intakes above the minimum require-
ments. Most American women con-
sume just half the Al, men slightly more.
Low K consumption in African Ameri-
cans may contribute to the greater
prevalence of hypertension in this pop-
ulation.

The causes of K deficiency are rarely
purely nutritional. Massive K losses can
result from diarrhea, or from abuse of
laxatives and diuretics. Excessive lico-
rice consumption can also induce
hypokalemia: licorice has effects simi-
lar to those of aldosterone, enhancing
tubular K secretion in the kidneys. Clin-
ical symptoms manifest in skeletal
muscle (weakness, paresis in extreme
cases), the digestive tract (obstipation,
in extreme cases ileus), and the heart,
where typical changes of heart muscle
action potential can be observed (C).
Low plasma levels even if >6.5 mmol/l
may cause acute emergencies (arrhyth-
mias, even possible fibrillation). Acido-
sis (as in diabetic coma), digitalis poi-
soning, and kidney failure can lead to
life-threatening hyperkalemia. There is
currently no UL set for potassium.
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— A. Occurrence and Daily Requirement

The daily requirement of 2000 mg potassium is contained in:

400 g wheat, 150 g wheat bran
e 5009
600 g meat vegetables
400 g spinach
150 g beans
(dry)

fish
500 ¢ fis 400 g mushrooms

— B. Adequate Intakes (Al, 2004)

Life Stage and Age Potassium
Gender Group (mg/d) (mmol/d)
Infants 0- 6mo 0.4 10
7-12mo 0.7 18
Children 1- 3y 3.0 77
4- 8y 3.8 97
Adolescents 9-13y 4.5 115
14-18y 4.7 120
Adults =19y 4.7 120
Lactation 14-50y 5.1 120

— C. Deficiency Symptoms

Hyperkalemia
Widened QRS  Tent-shaped, high-peaked ~ Widened QRS

+20—

= Wide, flat P wave Loss of P wave

Light form Severe form
0 —
- Hyperkalemia ,
Prominent
Uwave Uwave
-20—
—40
Light form Severe form
Normokalemia
60 — “—R
_80 —
Time
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Iron: Metabolism

Iron (Fe, 1 pmol =56 pg) is an essential
nutrient for nearly all organisms. Total
body Fe is 2.5-4 g; Fe is stored mostly in
the liver, spleen, intestinal mucosa, and
bone marrow. At any time, more than
two-thirds of total body Fe is in use as a
cofactor of hemoglobin. Serum concen-
trations are 11-25 pmol/l in women
and 12-30 pmol/l in men.

Fe metabolism (A) represents a com-
plex interplay between intra- and extra-
cellular proteins through which the
needed amounts can be provided long-
term, even in situations of minimal sup-
ply and poor availability, regardless of
limited storage and large daily turnover
rates. The average nutritional Fe supply
is ~10-15 kg Fe/d, with a small amount
added from biliary secretions. Only
~0.5-2 mg/d are absorbed and circulate
in serum as Fe-transferrin. Fe-transfer-
rin is a serum glycoprotein, which com-
plexes with two Fe3* ions. This com-
plex serves as the body’s Fe storage and
is found mostly in the liver. Each day,
20-24 mg Fe is transported through the
serum. However, at any time, serum
transferrin is normally only one third
saturated with Fe%+ , so that it retains a
high Fe-binding capacity for any Fe
absorbed in excess or Fe from cells that
are  being degraded. Circulating
(Fe%+ )p-transferrin binds to the Fe-
transferrin receptors (TfR) of the cells,
and the entire complex is endocytosed.
Once the resulting vesicles are inside
the cells, a membrane-bound H*-
ATPase lowers the cell’s internal pH,
causing the Fe%+ to separate from the
proteins, thereby making it available to
the cell. The remaining apotransferrin is
carried back to the cell membrane
inside the vesicles, released into the

bloodstream and now available again to
transport Fe.

Because of its poor availability, absorp-
tion of Fe in the proximal small intes-
tine is extremely important (B). In ani-
mal products, most of the Fe occurs
bound to hemoglobin (heme Fe), which
binds to an unknown receptor and is
carried into the mucosa cells as heme
Fe. Inside cells, the complex is broken
down by hemoxygenase, the expression
of which is upregulated when Fe is
scarce. Nonheme Fe is reduced to Fe2*
by reductants like ascorbic acid, in the
intestinal lumen (requires stomach HCl)
and is absorbed through a special
receptor. Heme and nonheme Fe is oxi-
dized to Fe3*, carried through the baso-
lateral membrane and bound to apofer-
ritin. To prevent oxidation of cell lipids,
for example, free Fe must be bound
to ferritin in all cells with high Fe con-
tent.

Because of variations in nutritional sup-
ply, enterocytes are exposed to large
variations in free Fe. Those variations
are buffered by rapid ferritin induction
at high Fe levels. The Fe-ferritin com-
plex can be taken up by lysosomes,
where it represents part of the body’s Fe
pool. Long-term adaptation to varying
Fe supply levels occurs through varia-
tion in the number of receptors on the
luminal side.
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— A. Metabolism

Accidents?
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Iron: Functions

The biochemical functions of Fe can be
divided into three classes (A): oxygen
transport and storage, electron trans-
port, and enzymatic oxidation and
reduction reactions.

For purposes of oxygen (0,) transport
from the environment (lungs) until
delivery to the cellular oxidases, O, is
reversibly bound to the central Fe atom
of a porphyrin ring. The enzyme amino
levulinate synthase is the limiting
enzyme in the porphyrin synthesis
pathway (B). Since its half-life is very
short (80 minutes), it is regulated on
the transcriptional level: free heme
inhibits biosynthesis of this enzyme.
Ferrochelatase, needed to bind Fe to
heme, is also inhibited by heme. Free
heme, on the other hand, enhances the
protein synthesis of hemoglobin (2 a-,
2 B-) polypeptide chains. This regula-
tory feedback ensures substrate homeo-
stasis for hemoglobin synthesis. If the
availability of Fe from ferritin and/or
transferrin becomes the limiting factor,
erythropoiesis is reduced causing ane-
mia.

Myoglobin found in the cytoplasm of
muscle cells also contains heme but
only one polypeptide chain. It facilitates
0, transfer from the capillary erythro-
cytes to cytoplasm and mitochondria.
During conditions of Fe deficiency, myo-
globin is drastically reduced, becoming
a limiting factor for muscle contrac-
tions, which are highly O,-dependent.

The electron transport chain of the
inner mitochondrial membrane trans-
fers electrons to O,. It consists of three
firmly attached enzyme complexes, as
well as two mobile transfer molecules,
ubiquinone and cytochrome C. Alto-
gether, 40 different proteins are
involved in this process.

Many substrate-oxidizing and -reduc-
ing enzymes use Fe for electron transfer.
Oxidoreductases, for instance, catalyze
the oxidation of aldehydes or inorganic
sulfites. Amino acid monooxygenases—
one of many monooxygenase groups,
are needed for the synthesis of 5-OH-
tryptophan and L-dopa, precursors of
CNS neurotransmitters. Monooxygen-
ases also include the cytochrome P45
family, an enzyme family with low sub-
strate specificity, to which hundreds of
reactions are ascribed. Among the di-
oxygenases, amine, and amino acid, di-
oxygenases are involved in L-carnitine
synthesis and the degradation of sev-
eral amino acids. All peroxidases con-
tain Fe, except glutathione peroxidase.
NO-synthases, too, count among the
dioxygenases. As far as we know at this
point, at least two isoforms contain
heme-Fe; additional nonheme Fe-con-
taining catalytic centers may be
involved.

Not all Fe-dependent reactions are
equally affected by Fe deficiency. When
insufficient supply cannot be compen-
sated by increased absorption or
improved recycling, pools are emptied
first. Reduced erythropoiesis follows.
Only thereafter is the activity of Fe-
dependent enzymes affected.
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— A. Function

Oxidoreductases Monooxygenases Dioxygenases
[
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oxidation and
reduction
Hemoglobin Heme
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O e o Cl Fe-proteins Electron transport
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— B. Heme Iron Metabolism
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Iron: Occurrence and Requirements

Even though Fe is found in most foods
(A), most of them contain only small
amounts. Contents in fruit or milk prod-
ucts are negligible, whereas certain
vegetables and cereal products (e.g.,
rolled oats, 4.6 mg/100 g) can be rather
good sources. With cereals, the content
decreases with increasing refinement:
Fe content in white flour is only one-
third of the whole-grain content. Even
though Fe is contained in myoglobin,
meat products are not necessarily Fe-
rich. Muscle meats contain only ~2 mg/
100 g; pig liver is an exception (up to
15 mg/100 g).

When looking at food Fe content, avai-
lability is always a consideration. The
following applies in general: heme Fe
from animal products has better availa-
bility and absorption is largely inde-
pendent of other food components. The
absorption rate is estimated at 10-25 %.
Nonheme Fe is much less well absorbed
(3-8%), with availability largely de-
pendent on other food components: for
instance, simultaneous consumption of
75 mg ascorbic acid can increase the
absorption rate by a factor of four. All
complex-forming compounds decrease
availability; so does the presence of
much Ca salt or fiber.

The Dietary Reference Intake (DRI) (B)
for men is 10 mg, for premenopausal
women 18 mg Fe/d. Actual intakes for
men are far above the requirements
(16-18 mg/d) and far below the DRI for
women (12 mg/d).

During pregnancy, requirements rise
rapidly. Hence, the DRI for pregnant
women is 27 mg Fe/d. Considering the
actual median intake of 11 mg/d, it is
unrealistic to expect such intakes from
foods alone. This is why preventive Fe
supplementation has been prescribed

for pregnant women for decades. Many
findings contraindicate this practice:
for example, the incidence of preg-
nancy-related hypertension correlates
with hemoglobin (Hb) levels. Some
more recent evidence indicates that
high Fe intakes may induce free radical
formation in various tissues. The
cancer-preventive effects of fiber may
be based on fiber’s Fe-binding capacity,
which lowers the levels of free Fe atoms
in the colon. The fact that the absorp-
tion rate increases manifold during low
Fe intake casts doubt on the rationale
for Fe supplementation.

Nevertheless, it is undisputed that mil-
lions of people worldwide manifest
clinical symptoms of Fe deficiency (C).
Early symptoms are changes of the buc-
cal and esophagal mucosa. Symptoms
like headaches, dizziness, or fatigue are
often attributed to latent Fe deficiency.
When the characteristic hypochromic
anemia can be ascertained by low blood
Fe and Hb counts, thermoregulation
(sensation of coldness), sympathetic
nervous system, thyroid, and immune
system are affected. Especially in chil-
dren, anemia can manifest as impaired
mental development and behavioral
problems.

The UL is 45 mg/d for adults, at which
point gastrointestinal distress tends to
manifest.
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— A. Occurrence and Daily Requirement

The daily requirement of 50 mg iron is contained in:

400 g spinach

600 g fennel 1 kg white flour

) 300 g rolled millet
750 g Swiss chard 150 g sesame

300 g whole-grain
flour
200 g wheat germ

100 g pork liver

750 g muscle meat 350 g nuts

200 g legumes

— B. Recommended Intakes ( DRIJAI*, 2002) and UL

Life Stage and Age Iron uL
Gender Group (mg/d) (mg/d)
Infants 0- 6mo 0.27* 40
7-12mo 11 40
Children 1- 3y 7 40
4- 8y 10 40
Boys and girls 9-13y 8 40
Boys 14-18y 1 45
Girls 14-18y 15 45
Premenopausal 18 45
women
Men and post- >19y 8 45
menopausal women
Pregnancy 14-50y 27 45
Lactation 14-18y 10 45
19-50y 9 45
— C. Deficiency Symptoms

_—

ut

Normal Iron deficiency
blood anemia
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lodine: Metabolism

lodine (I, 1 pmol = 127 pg) occurs in soil,
plants, and sea water as iodide (I7). Due
to the effects of sunlight, about 400 000
metric tons of volatile [, are released
from the large marine surfaces by oxi-
dation daily. This I is returned to soils by
rain—closing the cycle. Nevertheless, in
many parts of the world, soils, and with
them crops have become I deficient,
putting ~1 billion people/year world-
wide at risk of I deficiency diseases. I
deficiency is the most common cause of
avoidable mental defects.

These epidemiological findings are sur-
prising, especially considering the
effective I recycling in human metab-
olism (A). Nearly 100% of the daily
intake of ~200 pg I (predominantly as
[7, intakes fluctuate greatly) is ab-
sorbed. Only a minimal percentage of
all total body I (10-20 mg) is found
in the extracellular compartment
(250 ng); ~50% is in the thyroid, the
remainder in the intracellular compart-
ment. Some (less significant) storage
occurs in salivary glands, gastric
mucosa, and the lactating breast. I is
actively and rapidly absorbed into the
thyroid—a process inhibited by thio-
cyanate (e.g., in cigarette smoke).
Excess I is excreted, mainly renally.

Inside the thyroid, several complex syn-
thesis pathways occur in separate com-
partments. The thyroid follicles (B) con-
sist of a single layer of thyrocytes that
surrounds a colloid-filled lumen. This
colloid functions as the site of synthesis
and storage for thyroid hormones. Thy-
roglobulin is synthesized in thyrocytes
and released into the colloid by exocy-
tosis. Also in the colloid, a peroxidase
oxidizes I~ to I°, which is shuttled out by
the exocytotic vesicles, together with
the protein. During subsequent iodina-

tion, I is integrated into tyrosyl residues
of thyroglobulin, resulting in mono-and
diiodinated tyrosyl. Through subse-
quent coupling, triiodo-L-thyronine T3
and tetraiodo-L-thyronine T, are
formed (C). Without incoming I, the
thyroid hormone pool in the colloid
lasts for up to two months.

When needed, thyrocytes pick up all of
the thyroglobulin via endocytosis, pro-
teolyze it inside their lysosomes, and
release T3 and Ty into the bloodstream.
The excess | from remaining mono- and
diiodinated tyrosine is recycled inside
the cells. To prevent renal filtration, in
plasma T3 and T4 (also referred to as
thyroxine) are bound to proteins,
mainly thyroxine-binding globulin
(TBG), which is synthesized in the liver.
Beyond that, the thyroid synthesizes
mostly the relatively inactive Ty; its
concentration is 20 times higher in
plasma compared to T3. Inside the tar-
get cells, T4 is converted to the active
form, T3, releasing one molecule of I,.
This iodine again leaves the cell as I~
and is recycled. Due to the controlled
conversion of T4 to T3, its effective bind-
ing to plasma proteins, and its long half-
life (seven days), T4 can be considered
an important thyroid hormone pool.
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lodine: Function and Deficiency

The only known function of iodine is its
role in thyroid hormones. Even though
their metabolic effects have been
known for a long time, the underlying
molecular mechanisms are largely
unclear. Due to the lipophilic character
of T3, the hormone, which forms mostly
inside cells (A), is able to enter the
nucleus, where it binds to a specific T3
receptor. In many cells, this T3-hor-
mone-receptor complex binds to DNA
and induces transcription.

The resulting protein synthesis has
multiple consequences. Basal metabo-
lism, and with it O, use, is increased in
most tissues. ATP hydrolysis and sym-
pathetic nervous system activation
increase body temperature. The entire
carbohydrate metabolism is stimu-
lated; additionally, lipolysis may be
enhanced. Normal maturation and
development of the nervous system,
and also of bones and other tissues, are
thyroid hormone-dependent—in some
cases through synergistic effects on
growth hormone. Some of the interac-
tions with catecholamines (e.g., adre-
naline) occur via altered numbers of
a-and B-receptors in various tissues. In
the heart, for instance, this results in a
positive chronotropic effect.

Because of their manifold effects on the
entire metabolism, the activity of thy-
roid hormones must be strictly regu-
lated (B). Basically, this regulation takes
place on three levels: THR (thyrotropin-
releasing hormone), formed in the
hypothalamus, induces the release of
TSH (thyroid stimulating hormone) by
the pineal gland. TSH in turn stimulates
all thyroidal synthesis and secretion
processes for T3/T4. This neuroendo-
crine axis in turn is influenced by a
multitude of factors: cold and stress, for

instance, increase TRH secretion, while
T,4 inhibits TSH release through a nega-
tive feedback loop via T3, which is syn-
thesized inside the cells of the pineal
gland. lodide availability represents the
second level: lower concentrations of I~
stimulate hormone synthesis inde-
pendently of TSH. Lastly, regulation
occurs in each individual cell: the two
different deiodases, individually regu-
lated by various factors, produce the
active T3, when needed, and the in-
active T3 when the active form is not
needed.

Regardless of this complex regulation,
hypo- and hyperthyroidism are not rare.
The most common consequence of |
deficiency (C) is goiter (struma), a com-
pensatory hypertrophy of the thyroid.
Goiter normalizes within 1-2 years of
treatment. Hypothyroidism due to I
deficiency has severe consequences,
especially in neonates. Early symptoms
are, among others, unwillingness to
drink and obstipation. Later, retarded
growth and CNS impairment become
apparent. The full-blown syndrome is
called cretinism. According to the
WHO, at least 30 million people world-
wide have varying degrees of preventa-
ble brain damage due to the effects of I
deficiency during fetal brain develop-
ment; beyond that, ~1.5 million people
are at risk of I deficiency. Cretinism was
common in certain areas of the US.
until table salt was fortified with I~
(76 ng/g salt). In many countries, in-
cluding the U.S., screening of neonates
for TSH is mandatory. One in 5000 chil-
dren in the U.S. is born with congenital
hypothyroidism. In most cases, the
development of cretinism can be largely
prevented by timely thyroid hormone
replacement therapy.
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— A. Function
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lodine: Occurrence and
Requirements

Traces of I occur in all foods (A), with
larger amounts found mostly in marine
products. Since seaweeds are not a com-
mon part of the Western diet, ocean fish
are practically the only good source of I
haddock, cod fish, and sole contain
>140 png/100 g. Freshwater fish like
trout contain only 2pg/100g. Milk
products and certain vegetables can
also contribute some I, while grains or
potatoes contain practically none.

The DRI for iodine for adults is 150 pg/d,
with large increases needed during
pregnancy (B). Fifty micrograms is con-
sidered sufficient to prevent the devel-
opment of goiter. In the U.S., the esti-
mated consumption (excluding iodized
table salt) is 190-300 pg/d. These rela-
tively high intakes are due to the com-
mon use of I in food processing (dairy,
baked goods, food coloring). The recent
wider use of bromides has reduced
these intakes somewhat, and pregnant
women especially need to ensure
adequate iodide intakes.

Goiter was epidemic in the mid- and
northwest U.S. into the 1920s until one
of the earliest successful U.S. fortifica-
tion programs, iodine fortification of
table salt, was begun in 1924. Common
vitamin/mineral supplements contain
150 pg I/d as a daily dose. lodine supply
may still be critical in some people,
among them those who consume noni-
odized table salt from health food
stores. A six-year government survey
concluded in 1994 found a decrease in
urinary iodine by more than half over
the previous 20 years (to 145 pug/L).
While this is still safely above defi-
ciency levels, it requires monitoring.
After all, 12% of subjects had levels of

<50 pg/L, including 16.5 % of women of
childbearing age.

Most criticism of iodine prophylaxis is
unfounded. I in food has no effects in
patients with manifest hyperthy-
roidism (Graves disease). Latent hyper-
thyroidism, however, may become clin-
ically relevant due to I supplemen-
tation, allowing for earlier diagnosis. I
allergies like I acne (lododerma tubero-
sum) only occur at much higher dos-
ages, as found in I-containing contrast
media, for instance. I has very low tox-
icity, which is why the WHO considers
intakes of <1 mg (=50 g iodized table
salt) as harmless. Suggesting higher
table salt intake—while improving I
intake—would be counterproductive in
that it would increase already high salt
intakes, thereby contributing to hyper-
tension.

The UL for iodine is set at 1.1 mg/d for
adults.

Worldwide, about 1 billion people are
affected by iodine deficiency, which
could be prevented by proper fortifica-
tion of salt, vegetable oils, water, or by
supplements.
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— A. Occurrence and Daily Requirement

The daily requirement of 200 pg iodine is contained in:

48 g haddock 2.1 kg rye bread
76 g pollock
104 g sole
154 g blue mussels
166 g cod
270 g redfish
340 g oysters
380 g herring, :
halibut 1 kg spinach
400 g tuna
— B. Recommended Intakes (DRI|Al*, 2002) and UL
Life Stage and Age DRIJAI* uL
Gender Group (ng/d) (ng/d)
Infants 0- 6mo 110" ND
7-12mo 130" ND
Children 1- 3y 90 200
4- 8y 90 300
Adolescents 9-13y 120 600
14-18y 150 900
Men and women >19y 150 1100
Pregnancy 14-18y 220 900
19-50y 220 1100
Lactation 14-18y 290 900
19-50y 290 1100
— C.lodine Deficient Regions ——— — D. lodine Deficiency Prevention
Approximately one billion people lodine deficiency
are affected by iodine deficiency prevention,
= S using all sources
= e of salt:

Salt used in households and restaurants

Industrially produced baked goods

Cheese and cured meats

Allfinished products and preserves

| 140

Plus natural food iodine content

200M  100M  100M  300M  60M Total | 200
Latin Africa India China Indonesia

America (ng)
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Fluorine

Fluorine (F, 1 mmol ~19 mg) is a highly
reactive chemical element.

F absorption (A) strongly depends on
the compounds in which it is supplied;
25 % of Fin watery solutions is absorbed
in the stomach, the remainder almost
completely in the small intestine. F lev-
els in saliva are similar to F concentra-
tions in blood; some of it participates in
enteral circulation. The kidneys are the
main excretory organ; losses through
fecal matter and sweat amount to less
than 10 %.

Due to low F availability from soils and
rock, F contents in foods tend to be very
low. Shrimp and other crustaceans, as
well as meat and dairy products, are
most likely to contribute to fluoride
intake. Black tea contains ~1 mg of
easily available F/l. Recommended F in-
takes (4 and 3 mg/d in men and women,
respectively) include all sources, foods,
supplements, and drinking water.
Without fluoridation of drinking water
and toothpaste, actual intakes would
be 0.1-0.5mg/d, far below recom-
mended values. No deficiency symp-
toms have been observed at those lev-
els. Since actual intakes are difficult to
determine, the Adequate Intakes (B)
are based on those intake levels that
provide maximum protection against
caries without causing unwanted a side
effects (including moderate fluorosis).
In 1986, 15 % of U.S. children under five
and 8% of those between five and 17
used fluoride supplements (available on
prescription only).

Oral fluoride supplementation is par-
ticularly important during pregnancy,
lactation, and during the first years of
life.

Due to the therapeutic range of fluo-
ride, multiple level prophylaxis is not
advisable. Since infants should not be
given table salt, the only alternative for
them, if tap water is not fluoridated or
not used, would be fluoride tablets
(0.25 mg/d). After the third year of life,
one can switch to the exclusive use of
fluoridated table salt. F content in
drinking water should also be taken
into account. In many parts of the U.S.,
drinking water is routinely fluoridated
(C) and contains between 0.4 mg/l
(unfluoridated) and 0.7-11 mg/lF
(fluoridated). If the drinking water
contains >0.3 mg/l, supplementation
should be reduced by one-half; if it
contains >0.75 mg/l, no supplements
should be taken. Replacement of water
intake by soft drink consumption has
increasingly reduced children’s F in-
takes lately. On the other hand, frequent
swallowing of fluoridated toothpaste by
small children is a hard-to-asses risk
factor for excessive intakes.

The most important side effect of
excessive F intake is dental fluorosis,
which may occur in children at dosages
as low as twice the Al. According to
Canadian government reports, 20-75%
of North Americans in fluoridated com-
munities and 12-45% in nonfluori-
dated communities have dental fluoro-
sis, albeit mostly very mild forms. The
most high-risk age group is children
between seven months and four years
of age. Skeletal fluorosis, which has
been observed after many years of fluo-
ride intakes of 10-25 mg/d is of a more
theoretical nature. It should be noted
that chronically toxic dosages can be
obtained easily through combination of
various prophylactic measures with
drinking water fluoridation.
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— A. Metabolism

Other
40-100% tissues

> Sweat

Infants 0- 6mo 0.01 0.7
7-12mo 0.5 0.9
Children 1- 3y 0.7 13
4- 8y 2 2.2
Adolescents 9-13y 2 10
14-18y 3 10
Males >18y 4 10
Females >18y 3 10
Pregnancy and lactation 14-50y 3 10

— C. Percentage of U.S. Population Receiving Fluoridated Water (2001)

[10-24% [[125-49%
[150-74% [ 75-100%
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Selenium: Metabolism and Functions

Selenium (Se, 1 pmol ~79 pg) was not
recognized as an essential trace ele-
ment until 1957. Like sulfur, Se occurs in
various oxidation states: in the organic
compounds selenomethionine and
selenocysteine as se’, in selenijte
(Seog_las Se4+, and in selenate (SeOi')
as Se” . The only form available to
plants is selenate, which is why selenate
is used in fertilizer.

It is absorbed (A) mainly in the upper
small intestine, partially through active
transport. Selenomethionine is 100%
absorbed. Absorption from a mixed diet
can be assumed to be 50-90%. It is not
subject to homeostatic control. In
blood, Se is found in plasma as well as in
the cellular compartment, where con-
centrations are higher. Most of the total
body Se (13-20 mg) occurs in muscle
tissue, but concentrations are highest in
tissues like liver, kidneys, and spleen.
Excretion is mainly renal; small
amounts are lost through bile (feces),
skin, and—especially at high intakes—
exhaled as dimethyl selenium.

Selenomethionine circulating in the
blood is mainly integrated into proteins
where it replaces methionine. While it
is not known to have a specific function
there, it may represent a certain Se pool.

The importance of Se is in the role it
plays in specific selenoproteins or pro-
tein subunits, >20 of which are known
to date. Some of those selenoproteins
are found only in specific tissues (e.g., a
34 kDa protein in testes); others are
found in all cells, but at different con-
centrations. The best-known is gluta-
thione peroxidase (GSH-Px), with one
selenocysteine in each of its four sub-
units. After this enzyme was discov-
ered, the question arose as to how this

“abnormal” amino acid is integrated
into the proper position of the amino
acid sequence. That mechanism (B) is
now known: a special tRNA (tRNAge()
recognizes the UGA codon, a base triplet
on the mRNA, which was once thought
to be a stop codon. Through coupling
with activated serine and introduction
of Se, tRNAg,. is loaded with seleno-
cysteine and introduces the seleno
amino acid in the right position.

To date, not all functions of Se have
been completely elucidated. Gluta-
thione peroxidases reduce peroxides
like H,0,, or lipid peroxides. So far, the
existence of four different variants has
been ascertained, each with a different
degree of specificity to particular perox-
ides. In the complex interplay between
catalase, superoxide dismutase, GSH-
transferase, and antioxidants like vita-
min C and E, glutathione peroxidases
play important roles in the body’s anti-
oxidant protection system. Probably,
glutathione peroxidases are also
involved in transcription control of
immune system cells. The deiodases
that activate the thyroid hormone T3
(see p.236) are also selenoproteins. In
plasma, selenoprotein P is needed for Se
transport, on the one hand and is prob-
ably itself involved in antioxidant func-
tions, on the other.
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— A. Metabolism
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Selenium: Occurrence and
Requirements

The Se content of plant foods (A)
depends largely on soil contents. Most
of North America’s soils are Se-rich,
especially those of northern Nebraska,
western South Dakota, and eastern
Wyoming. Certain areas of China and
Russia, and in Europe, Denmark, Fin-
land, and Germany, have low-Se soils.
American wheat contains up to 100 pg/
100 g Se, compared to German wheat,
which usually contains just 2 ng/100 g.
Se enrichment of animal fodder alters
the Se content of animal foods. Given
the intensity of food and animal feed
import and export activities, food Se
content tables (A) permit at most a
rough comparison, but not an absolute
calculation of intakes.

It is just as difficult to establish exact
requirements. The Adequate Intakes
(AI) (55 g [0.7 pmol] Se/d or 0.87 ng/kg
BW) are, therefore, based on actual
intakes and the absence of obvious defi-
ciency symptoms, as well as on the
amount necessary for maximum activa-
tion of plasma glutathione peroxidase.
Se intakes vary greatly around the
world. Average intakes in the U.S. and
Canada generally appear to exceed the
Al

Se deficiency symptoms have been
known for a long time from animal hus-
bandry (liver necrosis, cardiac effects,
teratogenicity). The only known form in
humans is “Keshan Disease,” which has
been reported only from China. Keshan
disease is a dilatative cardiomyopathy,
which caused a high number of fatali-
ties in a particular area in China where
Se intakes were <11 ng/d. Epidemiolog-
ical studies show that the incidence of
ischemic heart disease increases at

plasma levels <60 pg/l; beyond that,
there may be a relationship between
malignancies and suboptimal Se status.
Since these preventive effects—if con-
firmed—are probably based on the acti-
vation of peroxidases, diseases involv-
ing increased free radical production
appear to be suitable models. For
instance, Se supplementation is used
successfully in intensive care for severe
sepsis and burns.

Selenium’s therapeutic range (C) shows
that the safe range between marginal
deficiency and toxicity is very narrow.
Toxicity is rarely observed, however,
even in high-Se regions. The only
known cases involved an error in the
manufacturing of a Se containing sup-
plement. Early toxicity symptoms (sele-
nosis) are nonspecific and include
diarrhea, fingernail weakening, hair
loss, irritability, itchy skin, metallic
taste, nausea and vomiting, tiredness
and weakness, as well as a characteristic
garlicky odor of breath and sweat from
dimethyl selenide.

The UL for adults is set at 400 pug
(5.1 pmol)/d based on selenosis as the
adverse effect.
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— A. Occurrence and Daily Requirement

50ug selenium is contained in:

10kg potatoes
6kg vegetables

200g fish
2.8kg bread
2009 eggs
1.61 milk
1kg sausage
3509 meat

1.25kg fruit

>

— B. Adequate Intakes (Al, 2000) and UL

Infants 0- 6mo 15 0.19 2.1 45

7-12mo 20 0.25 2.2 60
Children 1- 3y 20 0.25 90

4- 8y 30 0.38 150
Adolescents 9-13y 40 0.50 280
Males and females >14y 55 0.70 400
Pregnancy 14-50y 60 0.76 400
Lactation 14-50y 70 0.89 400

— C. Deficiency and Excess

JII>I>II >>II

50 Supplementationin case of suboptimal Se states
40-100 Estimate of adequate intake
81-113 Intake range in North America

55  Alforadults

20  Lower limit: cardiomyopathy in Chinaat 11 mg
ng/d
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Zinc: Metabolism and Functions

Of total body zinc (Zn, 1 pmol =65 pg) of
1.5-2.5 g, only traces are found in blood.
Most of it is contained in bones, skin,
and hair (~70%), with the remainder
mainly in liver, kidneys, and muscle (A).

Zn homeostasis is regulated mainly via
absorption (B). When concentrations in
the lumen are low, active transport
occurs, stimulated by Zn deficiency.
Inside the mucosa cells, Zn probably
induces the transcription of mRNA for
several proteins. Due to its high cysteine
content, metallothionein has a high
metal-binding capacity. Since CRIP
(cysteine-rich intestinal protein) has a
higher affinity for Zn than metal-
lothionein CRIP is saturated preferen-
tially during periods of low-Zn supply.
Both proteins are involved in Zn trans-
port through the cytosol, on the one
hand; on the other hand, they represent
an intestinal Zn pool.

The absorption rate of zinc is depend-
ent on supply as well as on accompany-
ing food components. The inhibiting
effect of phytic acid and fiber, which
limits Zn bioavailability from grains, is
well known. High doses of copper (Cu),
iron (Fe), calcium, phosphate, and
heavy metals also inhibit Zn absorption.
Low-molecular, complex forming mo-
lecules like amino acids or citrate
enhance absorption. This mechanism
probably also accounts for the absorp-
tion enhancing effect of animal protein.
In plasma, one-third of the Zn is
tightly bound to o;-macroglobulin, the
remainder more loosely to albumin.

Excretion occurs mainly through feces
via intestinal secretions and sloughed-
off intestinal cells. Losses through skin,
hair, and sweat are difficult to evaluate.

As early as 1940, a specific function of
Zn in the activity of erythrocyte carbo-
anhydrase was discovered. By now, at
least 50 Zn-dependent enzymatic reac-
tions are known in humans. These
include enzymes like alcohol dehydro-
genase or alkaline phosphatase. The
latter is also used as a functional para-
meter for Zn status. Furthermore, Zn is
a component of transcription factors,
and has influence on the transcription
of DNA in its role as a structural compo-
nent of histones. Beyond that, Zn may
be involved in receptors, like those for
growth and thyroid hormone. Insulin is
stored inside cells as a Zn-complex, an
effect that is used for time-release insu-
lin (delayed release from the complex).

Zn’s functions in the immune system
are partially based on its role as a cofac-
tor of the thymus hormone “thymulin.”
Thymulin regulates the transformation
of thymocytes into active T-lym-
phocytes. Additionally, it influences the
proliferation rate of T-lymphocytes (via
DNA synthesis and/or interleukin-2),
which pathways explain the reduced
activity levels of T-helper and NK-cells
during Zn deficiency. In recent times,
antioxidant function has also been
attributed to Zn. For this purpose, the
term “site-specific” antioxidant was
coined, since Zn attaches to a specific
site on a molecule, preventing its oxida-
tion.
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— A. Metabolism
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248 Minerals and Trace Elements

Zinc: Occurrence and Requirements

Several foods that are usually not very
nutritionally relevant have very high Zn
contents (A). For instance, oysters con-
tain up to 85 mg/100 g. Twenty grams
of oysters would be enough to cover
daily requirements. Cereal germs, calf
liver, and nuts also provide a lot of Zn.
Meat is the most important source of Zn
among staple foods due to the high
availability of meat Zn. Predictably, Zn
content of grain products depends on
the degree of refinement: whole-grain
wheat flour contains 4 mg/100 g, white
flour just 1 mg/100 g. Milk has a low Zn
content (380 ug/100 ml), whereas, in
hard cheeses, it is more concentrated to
~4 mg/100 g. Fruit and vegetables play
negligible roles with ~200 ng/100 g.

The Dietary Reference Intakes (DRI) (B)
are based on recent findings related to
Zn absorption rates and obligatory Zn
losses. Accordingly, recommendations
for adults range from 8 to 11 mg/d for
women and men, respectively. Losses
due to lactation should be made up sup-
plementing an additional 6 mg/d. Overt
Zn deficiency is uncommon in the U.S,,
with a median intake slightly above the
RDA.

Zn has low toxicity. In regions with high
nutritional intake, as in areas with high
intakes of shellfish and crustaceans, no
side effects are to be expected. At high
doses, interactions with copper (Cu) set
in, a fact that is used for therapeutic
purposes in Wilson’s disease, which
manifests by excess Cu storage.

Pathological symptoms of zinc defi-
ciency (C) depend on age and gender, as
well as duration and intensity of the
deficiency. During childhood, retarded
growth predominates; later, loss of

taste and smell, hair loss, skin lesions,
psychological changes, increased sus-
ceptibility to infections and poor
wound healing set in. Zn has been used
externally for wound healing for many
years. Zn deficiencies have been
reported after parenteral nutrition and
due to intestinal diseases (celiac sprue,
and others). A marginal supply is likely
in strict vegetarians, unless Zn supple-
ments are taken. With an increasing
shift towards a more plant-based diet,
the risk of Zn deficiency increases, par-
ticularly among women and children.
Low iron intakes are associated with
low Zn intakes in the U.S. In developing
countries with a high proportion of
high-bran cereal products, availability
may be sufficiently impaired to cause
deficiencies.

Acrodermatitis enterohepatica, a rare,
recessive disease is due to hereditary Zn
malabsorption. It causes erythematous
skin lesions, mainly around the body's
orifices. Since it also affects the mucous
membranes, the result is infections,
e.g., with Candida albicans and severe
diarrhea.

The UL for Zn is set at 40 mg/d for
adults.
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— A. Occurrence and Daily Requirement

10 mg zinc is contained in:

115 g calf’s liver 285 g wheat
160 g corned beef (whole grain)
215 grolled oats
285 g meat
70 g wheat germ
15 g oyster 35 g ready-to-eat
fortified breakfast
185 g hard cheese cereal
185 g nuts
— B. Daily Reference Intakes (DRI, 2001) and UL
Life Stage and Age Zinc uL
Gender Group (mg/d) (mg/d)
Infants 0- 6mo 2 4
7-12mo 3 5
Children 1- 3y 3 7
4- 8y 5 12
Boys and girls 9-13y 8 23
Boys 14-18y 11 34
Girls 14-18y 9 34
Males >18y 11 40
Females >18y 8 40
Pregnancy 14-18y 13 34
>18y 11 34
Lactation 14-18y 14 40
>18y 12 40

— C. Skin Lesions Caused by Zn Deficiency
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Copper: Metabolism and Functions |

Total body copper (Cu, 1 pmol ~64 ng)
is ~100 mg, of which ~40% is found in
bone, ~24 % in muscles, ~9 % in the liver,
and ~6 % in the brain.

Considerable amounts from intestinal
secretions are regularly added to the Cu
supplied by foods (A). Approximatly 1-
1.5 mg Cu is absorbed each day, with
some of that passively absorbed inside
the stomach subsequent to gastric acid-
induced release from its compounds.
The bulk of it, however, is passively
absorbed in the small intestine. Ab-
sorption rates are largely dependent
on accompanying food components
(phytate inhibits, amino acids enhance).
Zn inhibits absorption, creating an
antagonism with Cu on the mucosal
side, and induces metallothionein,
which binds Cu inside the mucosa cell.
On the one hand, this prevents intracel-
lular Cu overload; on the other hand, it
interferes with transport to the serosal
side. Cu plasma levels are ~0.5-1.5 pg/
ml. They are largely independent of
nutritional intakes and fasting but
nearly double towards the end of preg-
nancy. The reason for this is unknown.
In blood, Cu is mostly bound to transcu-
prein or loosely to albumin; ~10% pre-
vail as low-molecular Cu complexes,
mainly Cu-amino acids.

After hepatic uptake, Cu is either inte-
grated into target proteins or released
back into the bloodstream as Cu-cerulo-
plasmin (Cp). Cu-Cp is the transport
form of Cu between the liver and its tar-
get tissues. Cellular uptake from the
transport proteins probably occurs via a
membrane-bound Cu receptor.

Biliary Cu excretion is adjusted to main-
tain Cu homeostasis. Most likely, Cu for
excretion is produced through hepatic
lysosomal degradation of Cu-metal-
lothionein and Cu-Cp.

In recent years, Cu has become known
to be a component of the endogenous
antioxidant system (B). The latter
includes CuZn-superoxide dismutase
(CuSOD) and cytochrome C oxidase
(CCO), which is involved in mitochon-
drial electron transfer. Reduced CCO
activity could lead to incomplete O,
reduction, resulting in increased super-
oxide buildup. Lack of CuSOD seems
to be at least partially compensated
by a mitochondrial manganese-SOD
(MnSOD). Cu status can impact the
activity of other enzymes even without
direct involvement of Cu. Cu deficiency
reduces glutathione peroxidase (GSH-
Px) mRNA concentrations, as well as
mRNA for catalase, a ferric enzyme.
Glutathione-S-transferase (GST) and
glucose-6-phosphate  dehydrogenase
(G6PDH) also appear to be affected. The
latter could be interpreted as an adap-
tive reaction to the increased oxidative
stress resulting from the Cu deficiency.
GG6PDH regenerates NADPH, which glu-
tathione reductase (GR) needs to in turn
regenerate reduced glutathione (GSH)
from its oxidized form (GSSG). Even
though the above processes have to
date only been identified in animal
models, they may, in the future, become
extremely important for the pathogen-
esis of a large variety of diseases.
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— A. Metabolism
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252 Minerals and Trace Elements

Copper: Functions Il, Occurrence, and
Requirements

The functions of Cu are not limited to
the antioxidant system and electron
transport (see p.250). Ceruloplasmin
(Cp), the most important transport pro-
tein for Cu in the blood, in its Cu-Cp
form, is also involved in the oxidation of
Fe2* to Fe3*. This oxidation is essential
for the binding of stored Fe to transfer-
rin (see p. 228); hence the close connec-
tion between Cu and Fe status. Lysyl oxi-
dase plays a central role in the cross-
linking of collagen and elastin (connec-
tive tissue). Dopamine-B-hydroxylase
uses ascorbate as an electron donor and
catalyzes the conversion of dopamine to
noradrenaline. Probably, additional, not
yet verified influences on the immune
system occur via interleukin-2.

The above-mentioned functions
explain many symptoms of Cu defi-
ciency. Initially, the numbers of neu-
trophil granulocytes, leukocytes, and
erythrocytes drop, followed by mor-
phological changes in skin and CNS dis-
orders and also impaired growth and
skeletal abnormalities in children. All
species also exhibit hypocholestero-
lemia, but the mechanism is unknown.
The effects of Cu deficiency on the vas-
cular system have been known for a
long time in animal husbandry: sudden
death through aortic rupture—caused
by abnormal collagen and elastin syn-
thesis—occurring in apparently healthy
animals. Latent Cu deficiency as a cause
of cardiovascular disease in humans has
been suspected.

Cu is widespread in foods (B). Organ
meats and crustaceans are excellent
sources. Effectively though, humans
derive most Cu from fruit, vegetables,
and meat. Whole grains are also a good

source but are not widely consumed.
Milk has a low Cu content. Neonates are
born with a rather large hepatic Cu pool,
ensuring their Cu supply while being
breast-fed.

Cu requirements (C) are difficult to
determine. Several indicators, including
plasma Cu and ceruloplasmin concen-
trations, erythrocyte superoxide dis-
mutase activity, and platelet Cu concen-
trations in controlled human depletion/
repletion studies are used to determine
the EAR. The DRI for adults is 0.9 mg/d.
An increase to 1.5-3 mg/d has been
suggested in recent discussions. Actual
intakes are 1.5 and 1.0 mg/d for men
and women, respectively. Balance stud-
ies show that a balance is reached at
~1.25 mg/d. Deficiency symptoms man-
ifest as gastrointestinal diseases, neph-
rotic syndrome, and possibly heart dis-
ease.

Cu toxicity is low, and toxic levels prob-
ably are not reached from foods alone.
Excessive on-the-job exposure results
in nonspecific acute symptoms and, in
advanced stages, liver damage and
hematological changes. Depending on
its corrosiveness, water stagnant in
copper pipes may dissolve excessive
amounts of Cu, which could be danger-
ous, especially for infants, individuals
with Wilson’s disease, Indian childhood
cirrhosis, or idiopathic copper toxicosis.
Usually, public water systems have suf-
ficiently high water pH to prevent such
excessive uptake.

The UL is set at 10 mg/d for adults.

Biesalski, Pocket Atlas of Nutrition © 2006 Thieme
All rights reserved. Usage subject to terms and conditions of license.



Copper 253

— A. Reactions Catalyzed by Copper Enzymes
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— B. Occurrence

100 g legumes

50 g wheat germ
60 g wheat bran
375¢g
pumpernickel

25 g brewer’s yeast

1 mg copper is contained in:

40 g blue mussels
50 g oysters
25-50 g liver

100-500 g cheese 75 g mushrooms
25 g nuts

25 g cocoa powder
50 g chocolate

— C. Recommended Intakes (DRI/Al*, 2002) and UL

Life Stage and Age DRIJAI* Al* uL
Gender Group (ng/d) (ng/kg/d) (mg/d)
Infants 0- 6mo 200* 30" No Cu
7-12mo 220* 30" supplements
Children 1- 3y 340 1
4- 8y 440 3
Adolescents 9-13y 700 5
14-18y 890 8
Adults >19y 900 10
Pregnancy 14-50y 1000 10
Lactation 14-50y 1300 10
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Manganese

Manganese (Mn, 1 pmol ~55pug) me-
tabolism (A) is not very well known at
this point. Only a few percent of the
daily supply of 3-4 mg Mn from foods
are absorbed; known complex-forming
molecules enhance absorption, Fe* has
a pronounced antagonistic effect. It is
suspected that Mn and Fe share the
same transport system. In blood, Mn is
transported to the liver bound to albu-
min; biliary excretion appears to main-
tain Mn homeostasis. When Mn is
released into the blood, it is bound to
transferrin and a2-macroglobulin and
thus transported to peripheral tissues.
Little is known about its uptake by the
target cells: in analogy to Fe transfer, it
may occur via a transferrin receptor.
Before binding to transferrin, Mn2* has
to be oxidized to Mn3* (analogous to
Fe2*); this might occur through cerulo-
plasmin. Most of the 10-20 mg total
body Mn is in the skeleton, in passive
storage.

The essential functions of Mn are its
involvement in a few enzymes and pos-
sibly in their activation. Three metallo-
enzymes are known to have Mn co-
factors: Mn-superoxide dismutase,
pyruvate carboxylase (gluconeogene-
sis), and arginase (urea cycle). There are
alarge number of enzymes in which Mn
can be more or less replaced by other
metal ions.

Mn is common, particularly in plant
foods (B). Excellent sources are whole
grains, cereal germs and bran, legumes
and brown rice. Meat, fish, and dairy
products have rather low Mn contents.

Since EAR could not be determined, the
Al of 2.3 and 1.8 mg/d for men and
women, respectively, (C) are based on
diet studies. Even though there is no
evidence of increased requirements

during pregnancy and lactation, ade-
quate intakes were increased to 2 mg/d,
commensurate with the average weight
gain for a healthy pregnancy, and to
2.6 mg/d, based on losses through
mammary gland secretions for lacta-
tion. The recommendations do not have
a very solid scientific basis since Mn is
often missing from nutritional tables,
and assessments are, therefore, notori-
ously unreliable—in part due to analyti-
cal problems.

Reports of Mn deficiency in humans are
rare, deriving only from a few cases of
parenteral nutrition. Since the symp-
toms probably occurred through a com-
bination of nutrient deficiencies, it is
impossible to define Mn deficiency
symptoms in humans. In juvenile ani-
mals, Mn deficiency causes skeletal
abnormalities, CNS disorders, and
altered carbohydrate and fat metabo-
lism. Based thereon, it has been hypo-
thesized that Mn is also involved in epi-
lepsy and insulin resistance. However,
there are no practical applications of
these hypothetical assumptions at this
point.

The UL is set at 11 mg/d. No adverse
effects have been observed from West-
ern diets.

Even if actual intakes exceed 10 mg/d
due to high levels of whole grain con-
sumption, toxic effects are not to be
expected. In animal experiments, high-
level supplementation with Mn led to
hematological changes and CNS dam-
age at higher dosages. Similar symp-
toms have been noted in manganese
miners in Chile and India. Daily skin
contact or particle inhalation causes
twitching resembling the symptoms of
Parkinson’s disease and/or hallucina-
tions.
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— A. Metabolism

- Cells
Transferrin-Mn
ap-Macroglobulin-Mn

> Pituitary

Plasma Pineal gland
Transferrin-Mn Bone
0.6-1.5 ug/ml Lactating mam-

mary gland

Pancreas

Urine
(Tug/day)

Wbuin W) +—— A

(60-160 ug)?

Mucosa

- &»4& Ca*', Fe?* Intestinal Intestine

— B. Occurrence

fluids
Not available ——————— Feces
J >99% excreted

®

500 g oysters
300 g pumpernickel
450 g whole-
wheat bread
300 grice

150 g millet

100 g cereals

80 g wheat bran
50 g rolled oats
30 gwheat germ
150 g lequmes
100 g soybeans

3 mg manganese is contained in:
1 kg fish

1 kg meat, organ
meats

1 kg cheese

— C. Adequate Intakes (Al, 2002) and UL

Life Stage and Age Manganese | UL Life Stage and Age Manganese uL
Gender Group (mg|d) | (mg|d) GenderGroup (mad) (mg/d)
Infants 0- 6mo 0.003 ND Men >19y 2.3 1
7-12mo 0.6 ND
Children 1- 3y 1.2 2 Women >19y 1.8 1
4- 8y 15 3
Boys 9-13y 1.9 6 Pregnancy 14-18y 2 9
14-18y 2.2 9 19-50y 2 1
Girls 9-13y 1.6 6 Lactation 14-18y 2.6 9
14-18y 16 9 19-50y 2.6 11
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Molybdenum

Total body molybdenum (Mo, 1 pmol
~96 pg) amounts to 8-10 mg. The high-
est concentrations are found in the liver,
kidneys, and bones.

It is absorbed passively in the small
intestine. Absorption rates are high but
not well quantified. In blood, Mo is
transported mostly  protein-bound
inside erythrocytes. Contents in whole
blood vary between 30 and 700 nmol/I,
depending on nutritional supply; serum
contains ~5nmol/l as molybdate
(Mooi’ ). Mo is excreted renally—the
excretion may function to maintain
homeostatic balance.

In humans, Mo is involved in three
enzymes (A). Xanthine oxidase cata-
lyzes the last two steps of purine nucle-
otide degradation (GMP and AMP).
Aldehyde oxidase accepts several
heterocyclic substrates and is involved
in the degradation of catecholamines.
The last step in the degradation of S-
containing amino acids is catalyzed by
sulfite oxidase. All three enzymes
transfer electrons to other cofactors
and lastly to electron acceptors like
cytochrome C, molecular oxygen, or
NAD* via their central MoS* ion. Mo is
not bound directly to the enzyme, but to
a sulfurous molecule (molybdopterin).
To date, the synthesis of this Mo-cofac-
tor (Mo-molybdopterin) has only been
researched in bacteria. It is hypothe-
sized that Mo induces a protein that
regulates molybdopterin synthesis.

Mo is ubiquitous in foods (B). Grain
germs, legumes, and organ meats are
good Mo sources. The RDA for adults is
45ng/d. An Al for infants has been
established at 0.3 pug/kg BW/d. Recent,
well-controlled balance studies found
no clinical deficiency symptoms in

adults with as little as 22 ng Mo/d;
however, an impact on Mo-dependent
enzymes could not be excluded. Due to
analytical problems, the figures in
nutrient tables are to be used with cau-
tion. Actual intakes were determined
as 360 pg/d in 1970, 180 pg/d in 1980,
and ~80pug/d in 1987 (U.S.). Poorly
researched, Mo is presently not consid-
ered a critical trace element.

There is only one reported case of Mo
deficiency symptoms in humans, in a
patient with Crohn’s disease, who was
fed parenterally for >18 months. He
developed tachycardia, headaches,
night blindness, vomiting, and finally
coma. His symptoms improved with
reduced amino acids intake. Metabolic
studies showed sulfite oxidase and xan-
thine oxidase abnormalities.

Other studies related Mo deficiency
with cancer, but in each case there was
a combination of several trace element
deficiencies.

Proof of the essential character of Mo
comes from hereditary Mo-enzyme
deficiencies. In 1967, postmortem
investigation found a sulfite oxidase
deficiency in a child which was accom-
panied by high levels of sulfite and
abnormal sulfurous amino acids. Since
then, ~20 additional cases have been
reported. More frequent is a Mo-cofac-
tor deficiency (~80 known cases), which
impacts all three enzymes described
above.

The UL for adults is 2 mg/d, at which
level animals show reproductive and
growth impairment.
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— A. Molybdenum Enzymes

Xanthlne oxidase (both reactions)
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Hypoxanthine Mo- cofa.- Xanthine Mo- cofa.- Uric acid
Aldehyde oxidase HO

(liver)
CH CHO W CH 00~

(from catecholamine FAD, 2Fe,S,, Dihydroxy-
degradation) Mo-cof mandelic acid
Sulfite oxidase (liver) 0 T OH

S03” S03” N\ C C—CH—CH,0P02"
T ]/ |

Cytochrome C J% 5. S H
Fe H,N N N Mo,
Mo-cofz.-. : | 0Z Do Molybdenum cofactor
H (assumed structure)
r— B. Occurrence
75 ng molybdenum is contained in:
100 g organ meats 25 g wheat germ
175 g potatoes,
250 gmeat pasta, rice
125 g vegetables,
grains
2 eggs
40 g legumes
— C. Recommended Intakes (DRIJAl*, 2002) and UL
Life Stage and Age Molybdenum uL
Gender Group (ng[d) (nglkg/d) (ng[d)
Infants 0- 6mo 2 0.3* No
7-12mo 3 0.3* supplements
Children 1- 3y 17 300
4- 8y 22 600
Adolescents 9-13y 34 1100
14-18y 43 1700
Adults =19y 45 2000
Pregnancy and 14-18y 50 1700
lactation 19-50y 50 1700
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Chromium

In living things, chromium (Cr, 1 nmol =
52 ng) occurs primarily in the valence
state Cr>*, bound to organic molecules.
Not much is known about Cr metabo-
lism (A). Absorption occurs passively
and possibly actively in the small intes-
tine. Since only 0.5-3% are absorbed,
accompanying food components are
highly significant: amino acids, ascor-
bate, and oxalate enhance absorption;
phytate and zinc are said to impair Cr
uptake. In the blood Cr is bound to
transferrin; when transferrin is satu-
rated with Fe, Cr can bind to other pro-
teins nonspecifically. Excretion is pre-
dominantly renal; controlled reab-
sorption may occur.

Cr’s sole known function to date is in a
(postulated) glucose tolerance factor
(GTF), which is said to consist of an
octahedral complex made from two
nicotinic acid molecules and glutamic
acid, glycine, and cysteine. The com-
pound was originally isolated from
brewer’s yeast, and was later found in
liver and plasma, but could never be
purified. Experiments with syntheti-
cally produced complexes did not yield
the expected results. GTF is supposed to
enhance the effects of insulin in the tar-
get cells and thereby enhance glucose
uptake. It was also hypothesized that Cr
has direct influence on the pancreas.
Final proof of the existence of GTF and
of the significance of Cr for its activities
is still pending, even though Cr appears
to improve glucose tolerance.

Cr occurs in foods (B) in both organic
and inorganic forms. Good sources are
liver and kidneys, but also muscle meat,
whole grains, and vegetables.

The Al (C) of 35 and 25 ug/d, respec-
tively, for men and women, are based on
estimated mean intakes with an added
safety margin. Cr, which is often availa-
ble in the nanogram range, is a prime
example for the advancement of ana-
lytical technologies: in 1962, 10 000
nmol/l was considered a normal serum
Crlevel.In 1968, it was ~450 nmol/l, and
since the early 1980s, normal levels are
considered to be <3 nmol/l. Recent
research that establishes actual intakes
at 15-50 pg Cr/d would indicate a mar-
ginal supply situation.

Nevertheless, to date it has been impos-
sible to prove any nutritional defi-
ciency. The literature describes three
cases in which patients were fed exclu-
sively parenterally. Hyperglycemia,
weight loss, and peripheral neuropathy
are the main symptoms that were
reversed by Cr supplementation. Cr
deficiency was subsequently discussed
as a positive factor in the etiology of
type 1 diabetes. Supplementation stud-
ies in diabetics gave mixed results leav-
ing the role of Cr in diabetes unresolved.

Since reports about toxic effects of Cr in
the valence states typically found in
foods are rare (result of excessive sup-
plementation), a UL has not been estab-
lished. Toxic effects are known only
from workplace exposure. The ex-
tremely reactive hexavalent Crb* forms
during stainless-steel production and
leather processing, where it may be
inhaled or ingested. Besides acute
symptoms like dermatitis, it may
contribute to an increased risk of lung
cancer.
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— A. Metabolism
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— B. Occurrence

100 pg chromium is contained in: 300 g wheat bran
. 80 g wheat germ
150-200 g spices 200 g whole-grain
300 g beef bread
200-500¢ 300 g corn germ oil
beefliver 500 g white beans
300-1000g 400 g vegetables,
cheese fruit
— C. Adequate Intakes (Al, 2002)
Life Stage and Age Chromium Life Stage and Age Chromium
Gender Group (ng/d) (ng|d) Gender Group (ng/d) (ng/d)
Infants 0- 6mo 0.2 = 28) Men 19-50y 35
7-12mo 5.5 ~611 >50y 30
Children 1- 3y 11 Women 19-50y 25
4- 8y 15 =50y 20
Boys 9-13y 25 Pregnancy 14-18y 29
14-18y 35 19-50y 30
Girls 9-13y 21 Lactation 14-18y 44
14-18y 24 19-50y 45
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Vanadium

Vanadium (V, 1nmol =51 ng) occurs
predominantly as VO2* (vanadyl) and
VO;"{ (vanadate). Vanadyl strongly
resembles ions like Ca%*, Mg?*, or FeZ*,
and competes with them for binding
sites. In recent times, the peroxo form
has been discussed as the actual active
molecule: vanadate reacts with free
radicals to form peroxovanadium or
vanadyl hydroperoxide.

Very little is known about vanadium
metabolism (A). Only a few percent of
ingested V is absorbed, then bound to
transferrin in the blood. Due to its simi-
larity to Fe, binding probably also
occurs to ferritin, as well as lactoferri-
tin, which is how V gets into breast milk.
Serum V levels seem to be subject to
only a static regulation, probably with a
pool stored in bone, and renal excretion.
Total body V is estimated to be ~100 pg.
The highest concentrations are found in
hair and lungs, with most of the latter
probably inhaled.

The effects that have been described for
V are mostly derived from depletion or
overdose studies in animals. There are
no known human enzymes that require
V as a cofactor. It can, therefore, not be
excluded that all observations pertain
to pharmacological effects rather than
to an essential function. As early as
1979, the literature reported about its
importance for the bone growth in
chickens. A possible explanation would
be nonspecific inhibition of phosphoty-
rosyl protein phosphatase (B): osteo-
blast activity is stimulated by growth
factors that cause phosphorylation of
tyrosine R-groups in specific proteins
through a membrane-bound tyrosyl
kinase. The antagonistic reaction is
catalyzed by the same phosphatase that
is inhibited by V and fluoride. V is also
supposed to mimic insulin effects in

adipocytes and inhibit endogenous
cholesterol synthesis.

V is found in many foods (C). Analytical
data vary greatly and are highly unreli-
able. On the one hand, this is due to
imperfect analytical methods, and on
the other hand, V content greatly
depends on the airborne uptake and on
contact with stainless-steel, e. g., during
processing. In the U.S., grains and grain
products, sweeteners, and infant cere-
als contribute most of the dietary V,
with some of that V probably originat-
ing from processing. Grains and grain
products contribute 13-30% of total V
to the adult U.S. diet and beverages 26-
57 % in adults and elderly men.

Since to date, it is uncertain whether V
is essential, a requirement cannot be
determined. Actual intakes are esti-
mated to be 6-18 pg/d with an addi-
tional mean 9 pg from supplements.

In animals, V deficiency leads to ele-
vated abortion rates, reduced milk pro-
duction, retarded growth, edema, thy-
roid malfunction, and disturbed lipid
metabolism. No deficiency symptoms
are known in humans.

Toxic effects are known to occur due
to workplace exposure. Respiratory
absorption rates far exceed digestive
system absorption rates, resulting in
much higher blood levels. Beyond acute
symptoms like inflammation of the res-
piratory tract and skin lesions, spasms
and gastrointestinal disturbances were
observed in humans in a long-term trial
with oral supplementation in mg
ranges. In vitro experiments showed
that V inhibits various ATPases and
other enzymes at high dosages.

The UL for Vis set at 1.8 mg of elemental
V/d. Data are insufficient to establish
any other recommendations.
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— A. Metabolism
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— C. Occurrence

30 ng vanadium is contained in:

3 kg muscle meat

300 g oysters

1 kg fish

31 milk

800 g grains
200 g nuts
80 g legumes

500 g vegetables,
fruit
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Tin and Nickel

Since tin (Sn, 1 pmol =119 pg) occurs as
Sn2* and Sn**, theoretically it can be
assumed that it participates in the
body’s redox systems and/or is signifi-
cant for the tertiary structure of pro-
teins.

Sn absorption (A) depends on the dos-
age as well as the form in which it is
ingested. Foods contribute 1-3 mg Sn/d
(excluding canned foods), mostly in
organic complexes. Those are said to be
absorbed relatively well, whereas in-
organic Sn is poorly used.

Even though Sn is widespread in foods,
excessive amounts may be ingested if it
is leached into foods from unlacquered
tin cans or tin dishes. This is particularly
common in case of sour fruit juices or
low pH preserves.

Sn was added to the list of essential
trace elements when its growth-
enhancing effect was discovered in rats.
It may be involved in gastrin, which reg-
ulates gastric HCl production. To date,
its essentiality has not been confirmed
in humans. Sn deficiency symptoms
have not been reported for any species.
Reports of toxic effects, however,
abound. In one documented case, 24-
hour storage of orange juice in a tin pot
caused reversible intestinal symptoms.
Organic Sn compounds used in metal
processing, the plastics industry, and
pest control are common causes of non-
nutritional toxicity.

No UL has been set for Sn.

Nickel (Ni, 1 pmol ~59 ng) occurs pre-
dominantly as Ni2* and in that resem-
bles Fe2*. Little is known about its
metabolism. It is absorbed in the small
intestine at arate of 1-10 %. A synergism
with Fe is suspected. In animal experi-

ments, Ni deficiency disturbs Fe metab-
olism and blood building. Ni has never
been shown to be part of the human
enzyme system. Since there are no
reports about Ni deficiency in humans,
its essentiality remains controversial.
Requirements can only be extrapolated
from animal experiments and are esti-
mated at ~50 pg/d. The actual intakes of
79-105 pg/d (including a mean of 5 ug
from supplements) far exceed hypo-
thetical needs.

Ni has gained a reputation for its toxic-
ity, which causes acute asthma-like
symptoms. While such toxicity is not
known to be caused by dietary intakes,
exposure may occur during production
and processing of dried batteries, metal
alloys, etc., through inhalation of vola-
tile Ni compounds.

More common is Ni allergy, which
usually manifests as contact eczema
(B). Because of early ear piercing,
women are more commonly affected
than men (~1 in 8 women to 1 in 20
men). In ~50% of sensitized persons,
oral provocation causes eczema, either
generalized or restricted to the hands.
In these cases, it is advisable to avoid Ni-
rich foods (C). These include cocoa,
chocolate, legumes (including soy), tea,
oats, and nuts. Ni can also be released
from stainless-steel cookware at acidic
pH; enamel or glass cookware should be
used instead.

The UL for Ni is 1 mg/d.
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— A.Tin in Foods — B. Nickel Allergy
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r C. Occurence of Nickel
50 ng nickel is contained in:
5 I milk
100 g kidneys
250 g muscle meat .
100 g oysters, 100 g grains
lobster 30gnuts
20 g legumes
1 kg fish 7 g tealeaves
300 g fruit,
vegetables
20 g chocolate
5gcocoa
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Cobalt, Boron, and Lithium

Cobalt (Co, 1 pmol =59 pg) has only one
known function: it is the central ion in
cobalamin (vitamin Bq5). Since humans
and animals are unable to synthesize
vitamin B;,, human Co metabolism is
irrelevant. Only certain algae, yeasts,
and bacteria (A) are able to synthesize
it. Intestinal bacteria use Co to synthe-
size vitamin Bqy, making it available to
animals but not humans. Hence, the
nutritional Co content in animal foods is
more relevant to human nutrition.
Reports about Co deficiency from ani-
mal husbandry (especially in sheep)
have been known for a long time. Co
deficiency affects many bacteria. Con-
sequently, it may interfere with the
breakdown of many other nutrients,
rendering the distinction between vita-
min By, deficiency and other nutrient
imbalances difficult.

Boron (B, 1 pmol =11 pg) prevails in the
body as boric acid (H3BO3). Absorption
is rapid and almost complete; excretion
is renal. Bone, nails, hair, and teeth
exhibit the highest concentrations.
Blood levels appear to be subject to
homeostatic control. To date, no bio-
chemical function has been ascertained
for boron. A recent hypothesis assumes
involvement of B in membrane trans-
port processes. Deficiency symptoms
are known only from two experimental
studies: increased activity of erythro-
cyte superoxide dismutase supports the
concept of B’s involvement in mem-
brane-bound redox processes.

The median adult intake of dietary and
supplemental B in the U.S. is ~1.0-
14mg B/d (supplements 0.14 mg).
Plant foods (B) like tomatoes, pears,
apples, and soy are particularly rich in B
(up to 12 mg/100 g).

The UL for B is set at 20 mg/d, based on
data from animal research.

Lithium (Li, 1 pmol =3 ng) has been
used in the treatment of psychiatric dis-
orders for several decades and has,
therefore, been more thoroughly
researched than other trace elements.
Its absorption occurs passively in the
upper small intestine, excretion is pri-
marily renal in adults. Nothing is known
about lithium'’s physiological functions.

In animal experiments, Li deficiency
causes low birth weight, increased
abortion rates, altered enzyme activity,
and behavioral disorders.

No deficiency symptoms have ever been
described in humans; hence the essen-
tiality of lithium is controversial. Ani-
mal foods tend to have higher Li con-
tents (C), making eggs, milk, and meat
possible important sources. Actual
intakes range between 0 and >3000
pg/d.

Epidemiological research indicates that
suicide rates are lower in areas with
higher Li intakes (mostly from drinking
water). Pharmacological Li dosages
(~200 mg Li/d) are far higher than any
potential nutritional intakes. At such
high dosages, blood Li levels have to be
monitored to avoid toxic effects like
vomiting, diarrhea, tremors and sei-
zures (in extreme cases).

No DRI or UL have been set for Li.
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— A. Cobalt
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 B. Occurrence of Boron

2 mg boron is contained in:

61 milk
70 g soy meal
125 g nuts
1 kg vegetables
15 g tomatoes
400 g oysters 30 gapples
20 g pears
r C. Occurrence of Lithium
500 pg lithium is contained in:
500g butter 7-8eggs
0.7 1 milk 500 g grains, rice
1.2 kg chocolate
500 g meat
1.2 kg fish 1.2 beer
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Arsenic Lead and Silicon

Arsenic (As, 1pmol =75 pug) is easily
oxidized to arsenic trioxide (As,03), a
tasteless powder that has been histori-
cally known as the “King of poisons.” In
unexposed people, the highest arsenic
contents are found in skin, nails, and
hair, which can be used to assess long-
term loads. In the 1970s, one research
team observed decreased reproduction
rates and growth impairment in ani-
mals under arsenic depletion. No phys-
iological functions are known for As; its
essentiality for humans is questionable.
As content in foods varies widely,
depending on soils, air As content, and
the use of As-containing biocides. Fish
and sea food are rich in As. Average
intakes in the U.S. are ~33 pg/d, Canada
~48.5ug/d, UK ~89pug/d, and Japan
~300 pg/d (reflecting higher seafood
consumption). Extrapolations from ani-
mal experiments (A) would result in a
12-25 pg/d “requirement.”

The threshold of As toxicity is difficult
to determine: careful estimates assume
safe, long-term intakes up to 1 pg/kg
BW/d; according to WHO, the highest
tolerable dose is ~3.5 mg/d. The U.S. EPA
oral Reference Dose (RfD), an estimate
of the daily exposure to humans that is
likely to be without appreciable risk of
deleterious effects during a lifetime, is
0.1-0.8 pg/kg/d, which translates into
7-56 pg/d for a typical 70 kg adult. The
current U.S. EPA limit, the Maximum
Contaminant Level (MCL), is 10 pg/l
(lowered from 50 pg/lin 2001), which is
exceeded in ground-water in substan-
tial parts of the U.S., particularly in the
Southwest.

Lead (Pb, 1 pmol ~207 pg) is an addi-
tional example of elements with ques-
tionable essentiality, whose toxicity is
commonly known (B). Due to its simi-

larity to Ca, Pb is deposited preferen-
tially in bone; there it forms a pool from
which it may be released.

Adult cumulative lead intakes of 50-
60 pg/d are safely below that threshold.
Exposure of children through drinking
water from Pb-containing pipes can be
more critical where cumulative expo-
sure from water (70 ng), food (100 pg)
and air (18 ng) can exceed 190 nug/d,
especially if combined with Ca and Fe
deficiency, leaded paint (common in
older urban housing—the top source of
lead poisoning in the U.S.) and Pb from
automobile emissions close to the
ground.

In 1970, a blood level of 40 ng Pb/dl was
considered evidence of poisoning. Since
then, the permissible threshold has
been continuously lowered to 10 pg/dl
in 2001. Yet, in some inner-city popula-
tions, 30-60% of 1-8-year-olds were
found to exceed the most recent new
threshold. A recent study estimates that
nationwide, 2.2 % of children 1-5 years
of age have blood levels >10 pg/dl. Chil-
dren’s blood Pb levels have decreased
continuously since monitoring first
began in the 1970s (13.4 million >10 pg/
dl in 1976-1980 to 434 000 in 1999-
2000).

Silicon (Si, 1pmol =28 pg) naturally
occurs as silicon oxide (SiO,) or silicate
(SiOi_), is important for connective tis-
sue and the skeleton. In foods, Si occurs
predominantly bound to organic com-
pounds (e.g., pectin) from where it is
hard to absorb; silicic acid monomers
have better availability.

The essentiality of Si for humans has not
been ascertained, nor have any defi-
ciency symptoms been described.
Actual intakes are estimated at 20-
50 mg/d. There are no reliable data
about Si contents in foods; plants tend
to have higher contents.
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— A. Arsenic

Essentiality

12-25pg/d Chronic: 3ol

) damage to mucous membranes
O damage to skin and nails

mutagen
teratogen
Acute:

Growth 7 gastrointestinal disorders
N cardiovascular disorders
Fertility 2) neurological symptoms
° altered hematology
10-70pg orally

® >70mg, depending on
compound

— B. Lead

Essentiality

(]
>0.5mg/d?
Chronic:
<0.3mg|/d neurovegetative disorders
altered hematology
? neurological disorders
carpoptosis
Acute:
lead encephalopathy
lead colic

lead paralysis

® >15¢g
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Secondary Phytochemicals:
An Overview

Secondary phytochemicals may have
numerous functions in the secondary
metabolism of plants such as defense,
pigments, scents and aromas, and
growth regulators. The amounts found
in plants are small, but their numbers
are estimated to include between
60000 and 100000 different com-
pounds.

Secondary phytochemicals are grouped
according to their basic structures (A).
One or more base units can be com-
bined with a large variety of R groups.
All polyphenols have the same basic
phenol structure. Among them are the
flavonoids and phenolic acids. Phyto-
estrogens, which include isoflavonoids
and lignans, also belong here. Fla-
vonoids are the largest polyphenol
group, comprising ~6500 compounds.
Anthocyans, a flavonoid subcategory,
are again subdivided into nonglyco-
sylated anthocyanidins (aglycones) and
glycosylated anthocyanins. Some antho-
cyanins are used as food colorants
under category E163.

Carotenoids consist of eight isoprenoid
subunits and are therefore tetrater-
penes. We distinguish between oxygen-
free carotenes (- and p-carotene, lyco-
pene) and oxygen-containing xantho-
phylls.

Myrosinase-mediated degradation of
glucosinolates may result in the active
forms: isothiocyanates, thiocyanates,
and/or indoles.

Monoterpenes contain two isoprene
subunits. They are the main constitu-
ents of etheric oils.

Isoflavonoids, lignans, and coumestans
are phytoestrogens.

The molecular structure of phytosterols
resembles the cholesterol found in ani-
mals.

The allyl sulfides are another category
of secondary phytochemicals. Among
them, alliin is water-soluble, whereas
the main active ingredients, allicin, dial-
lyl sulfide, and ajoene are fat-soluble.
Secondary phytochemicals also include

saponins, protease inhibitors, and
phytic acid.
Characteristically, secondary phyto-

chemicals occur in specific plant spe-
cies. Ellagic acid, for instance, a phenolic
acid, is found exclusively in pecan and
walnuts. Large amounts of the flavonol
quercetin are found in onion, whereas
the flavanol catechin, is found mainly in
red wine and apples. Plant contents of
secondary phytochemicals depend on
plant variety, season, degree of matu-
rity, harvest and storage conditions, as
well as of the plant part analyzed. For
instance, glucosinolate content in wild
broccoli exceeds that of cultivated broc-
coli by a factor of 1000. Processing also
has a major impact. Only carotenes and
soy saponins are heat-resistant. Phe-
nolic acids and flavonoids are found
only in the outer layers. Consequently,
juices, for example, have much lower
contents. Terpenes and phenolic acids
are susceptible to oxidation; glucosi-
nolates are degraded within two weeks
during fermentation. Refined soy oil
contains only a third of the phytosterols
of native oil.

Bioavailability varies, as well: antho-
cyans, lignans, esterified phenolic acids,
phytosterins, and saponins have low
bioavailability, whereas that of caro-
tenes (especially when heated), glucosi-
nolates, sulfides and terpenes is high.
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Group: typical representatives

Anthocyans:
Cyanidin
Delphinidin

Carotenoids:
a-and p-Carotene
Lycopene

Lutein

Zeaxanthin

Flavonoids:
Flavonoles: quercetin
Flavanoles: catechin
Flavanones: hesperidin
Flavones: luteolin

Glucosinolates

Monoterpenes

Phenolic acids:
Hydroxycinnamonic acid:
caffeic acid, ferulic acids,
Hydroxybenzoic acid: gallic acid

Phytoestrogens:
Isoflavones: genistein
Lignans: secoisolariciresinol
Coumestans

Phytosterins:
pB-Sitosterin
Stigmasterin
Sitosanol

Saponins:
Glycyrrhizin

Sulfides:
Alliin, allicin, diallyl sulfide
Diallyldisulfide: ajoene

— A. Secondary Phytochemicals

Basic structure

Anthocyanidin
HO,

OH
R
. A YA VA VA VA VA VA VA VA
R
Flavonoles OH

(0]

OH
[0}
Ho%&/s\/’il —0—so?
HO Ot R
D-Limonene : <

R,
H
. 4—CO0l
Hydroxycinnamonic
R, acids

Isoflavones

Occurrence in foods

Red, blue, and purple colored
fruit and vegetables, their juices
and wines

Red and black legumes

Carotene in orange, red, yellow
fruit and vegetables
Xanthophylls in green leafy
vegetables

Many kinds of fruit and vegetables,
mainly in the outer layer, e.g.,
onions, cabbage, apples, red wine

Cabbage, mustard, cress,
horseradish

Orange and grapefruit juice,
citrus peel, ginger

Many kinds of fruit and vegetables,
mainly in the outer layer

Coffee, whole grains, bran,
potatoes with skin

Isoflavones in soy, clover, lignans
in whole grain, oil seed, flax seed

In oily plant parts
Grains, nuts, seeds
Virgin plant oils

Licorice, legumes, spinach,
asparagus, oats

Garlic, onions, scallions, shallots,
leek
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Other Nutrients, Additives, and Contaminants

Secondary Phytochemicals: Effects
and Activities

The use of plants for healing has been
documented since antiquity. In recent
history, more emphasis was placed on
the negative effects of various phyto-
chemicals, like cyanide, protease inhib-
itors, or phytic acid. Based on intensive
research conducted in recent years,
secondary phytochemicals are gaining
popularity as health-enhancing phyto-
nutrients. As an example, phytic acid
used to be known only for its negative
effect as a complexing agent, prevent-
ing mineral absorption; recent reports
emphasize its blood glucose stabilizing
and possible anticancer effects.

Secondary phytochemicals can have a
broad range of effects (A). Many find-
ings, however, are based on in vitro and
animal studies. To date, human studies
remain the exception.

A major aspect of the discussion of all
secondary phytochemicals is their
interference with carcinogenesis (B),
with a wide range of proposed mecha-
nisms. In the initiation phase, the for-
mation of procarcinogens may be pre-
vented (B1). Some carcinogens are
present in the body, but require activa-
tion by phasel enzymes. Phasell
enzymes, in turn, can deactivate acti-
vated carcinogens. Secondary phyto-
chemicals may act by inhibiting phase I
and activating phase Il enzymes (B2).
They can also directly bind activated
carcinogens (B3). Free radical scaven-
gers can prevent damage to DNA (B4).
All secondary phytochemicals have
been reported to have anticarcinogenic
activities during the tumor promotion
phase (B5). These include: binding of
tumor promoters, increasing the rate of
apoptosis, inhibition of various phases

of the cell cycle, thereby preventing cell
proliferation, inhibition of growth fac-
tors, enhancing the activity of tumor-
killing immune cells, or regulating
effects on cell signaling via gap junc-
tions.

The antioxidant effects of secondary
phytochemicals are not limited to pro-
tecting DNA; they also prevent the oxi-
dation of lipids, like cell membranes
and LDL particles. Via the prostaglandin
metabolism, secondary phytochemicals
can have antithrombotic and anti-
inflammatory effects. The cholesterol-
lowering effect of phytosterols may be
based on their metabolic competition
with cholesterol. Saponins can form
insoluble complexes with cholesterol,
and have an inhibitory effect on pri-
mary bile acids.

Many results of in vitro studies could
not be reproduced in intervention stud-
ies. However, epidemiological studies
show a clear correlation between high
fruit and vegetable intakes and low inci-
dence of cardiovascular disease and
many forms of cancer. Some individual
substances may just represent indica-
tors of a high fruit/high vegetable nutri-
tion. Therefore, the “5 A Day” rule is still
the best recommendation for an opti-
mal intake of secondary phytochemi-
cals.

Estimated intakes of secondary phyto-
chemicals range between 1 and 1.5 g/d.
Vegetarian and traditional Asian nutri-
tion, for example, provide significantly
higher amounts.
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— A. Possible Effects of Secondary Phytochemicals

1 2 3 4 5 6 7 8 9
Anthocyans @ L L L
Carotenoids @ @ @
Flavonoids ———@®—@®—@®— @® — @
Glucosinolates @ @ @ @ @
Monoterpenes @
Phenolic acids @ o —©
Phytic acid L g @ @ L L]
Phytoestrogens @ )
Phytosterins L @
Protease inhibitors o @ @
Saponins L @ o —© @
Sulfides o o o o —0—0—0— 0 —
1 anticarcinogenic 4 antithrombotic 7 requlate blood pressure
2 antimicrobial 5immunomodulating 8 lower cholesterol
3 antioxidant 6 anti-inflammatory 9 stabilize blood glucose

— B. Possible Interference with Carcinogenesis

Initiation Tumor
promotion
Radicals
Carotenoids B4
Polyphenols
Monoterpenes
ol Tk guamnoiter N cain (@8
carcinogens, Sulfides L £ 3 DNA —— > Tumor
procarcinogens damage

Phenolic acids
Vitamins Cand E
Glucosinolates
Monoterpenes
Phenolic acids
Sulfides

B3

Carcinogens
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Alcohol: Metabolism

ethanol

Chemically, “alcohol” is
(CH50H). Traces are produce