Encyclopedia of
Dietary Supplements

Second Edition

informa

healthcare

Edited by

Paul M. Coates
Joseph M. Betz
Marc R. Blackman
Gordon M. Cragg
Mark Levine

Joel Moss

Jeffrey D. White




Encyclopedia of Dietary Supplements



Editorial Advisory Board

Stephen Barnes

Department of Pharmacology and Toxicology, University of
Alabama at Birmingham, Birmingham, Alabama,

U.s.A.

John H. Cardellina II
ReevesGroup Consultations, Walkersville, Maryland,
U.S.A.

Norman H. Farnsworth

UIC/NIH Center for Botanical Dietary Supplements Research
for Women'’s Health, Program for Collaborative Research in the
Pharmaceutical Sciences, College of Pharmacy, University of
Illinois at Chicago, Chicago, Illinois, U.S.A.

Donald B. McCormick

Department of Biochemistry, School of Medicine, and Program
in Nutrition and Health Sciences, Division of Biological
Sciences, Emory University, Atlanta, Georgia, U.S.A.

Robert M. Russell

Office of Dietary Supplements, National Institutes of Health,
Bethesda, Maryland, and Jean Mayer USDA Human
Nutrition Research Center on Aging, Tufts University,
Boston, Massachusetts, U.S.A.

Noel W. Solomons
Center for Studies of Sensory Impairment, Aging, and
Metabolism (CeSSIAM), Guatemala City, Guatemala

Roy Upton
American Herbal Pharmacopoeia®, Scotts Valley, California,
U.S.A.

Steven H. Zeisel

Director, Nutrition Research Institute, and Director, Nutrition
and Obesity Research Center, UNC Gillings School of Public
Health, University of North Carolina, Chapel Hill, North
Carolina, U.S.A.



Encyclopedia of Dietary Supplements

Second Edition

Edited by

Paul M. Coates

Director, Office of Dietary Supplements
National Institutes of Health, Bethesda, Maryland, U.S.A.

Joseph M. Betz

Office of Dietary Supplements
National Institutes of Health, Bethesda, Maryland, U.S.A.

Marc R. Blackman
Research Service, Veterans Affairs Medical Center
Washington, D.C., U.S.A.
Departments of Medicine, George Washington University
Johns Hopkins University and University of Maryland Schools of Medicine

Gordon M. Cragg
NIH Special Volunteer, Natural Products Branch
Developmental Therapeutics Program
Division of Cancer Treatment and Diagnosis
National Cancer Institute, National Institutes of Health, Bethesda, Maryland, U.S.A.

Mark Levine
Molecular and Clinical Nutrition Section
Digestive Diseases Branch
National Institute of Diabetes and Digestive and Kidney Diseases
National Institutes of Health, Bethesda, Maryland, U.S.A.

Joel Moss
Translational Medicine Branch
National Heart, Lung, and Blood Institute
National Institutes of Health, Bethesda, Maryland, U.S.A.

Jeffrey D. White

Director, Office of Cancer Complementary and Alternative Medicine
Division of Cancer Treatment and Diagnosis
National Cancer Institute, National Institutes of Health
Bethesda, Maryland, U.S.A.

informa

healthcare

New York London



First published in 2005 by Marcel Dekker, New York, NY.

This edition published in 2010 by Informa Healthcare, Telephone House, 69-77 Paul Street, London
EC2A 4LQ, UK.

Simultaneously published in the USA by Informa Healthcare, 52 Vanderbilt Avenue, 7th floor, New
York, NY 10017, USA.

(© 2010 Informa UK Ltd, except as otherwise indicated.
No claim to original U.S. Government works.

Reprinted material is quoted with permission. Although every effort has been made to ensure that
all owners of copyright material have been acknowledged in this publication, we would be glad to
acknowledge in subsequent reprints or editions any omissions brought to our attention.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or
transmitted, in any form or by any means, electronic, mechanical, photocopying, recording, or other-
wise, unless with the prior written permission of the publisher or in accordance with the provisions
of the Copyright, Designs and Patents Act 1988 or under the terms of any licence permitting lim-
ited copying issued by the Copyright Licensing Agency, 90 Tottenham Court Road, London W1P
OLP, UK, or the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, USA
(http:/ /www.copyright.com/ or telephone 978-750-8400).

Product or corporate names may be trademarks or registered trademarks, and are used only for iden-
tification and explanation without intent to infringe.

This book contains information from reputable sources and although reasonable efforts have been made
to publish accurate information, the publisher makes no warranties (either express or implied) as to the
accuracy or fitness for a particular purpose of the information or advice contained herein. The publisher
wishes to make it clear that any views or opinions expressed in this book by individual authors or
contributors are their personal views and opinions and do not necessarily reflect the views/opinions of
the publisher. Any information or guidance contained in this book is intended for use solely by medical
professionals strictly as a supplement to the medical professional’s own judgement, knowledge of
the patient’s medical history, relevant manufacturer’s instructions and the appropriate best practice
guidelines. Because of the rapid advances in medical science, any information or advice on dosages,
procedures, or diagnoses should be independently verified. This book does not indicate whether a
particular treatment is appropriate or suitable for a particular individual. Ultimately it is the sole
responsibility of the medical professional to make his or her own professional judgements, so as
appropriately to advise and treat patients. Save for death or personal injury caused by the publisher’s
negligence and to the fullest extent otherwise permitted by law, neither the publisher nor any person
engaged or employed by the publisher shall be responsible or liable for any loss, injury or damage
caused to any person or property arising in any way from the use of this book.

A CIP record for this book is available from the British Library.
ISBN-13: 9781439819289

Orders may be sent to: Informa Healthcare, Sheepen Place, Colchester, Essex CO3 3LP, UK
Telephone: +44 (0)20 7017 5540

Email: CSDhealthcarebooks@informa.com

Website: http:/ /informahealthcarebooks.com/

For corporate sales please contact: CorporateBooksIHC@informa.com
For foreign rights please contact: RightsIHC@informa.com
For reprint permissions please contact: PermissionsIHC@informa.com

Typeset by Aptara, Inc.
Printed and bound in the United Kingdom



Preface

Welcome to the second edition of Encyclopedia of Dietary
Supplements, reflecting the combined efforts of more than
100 authors from 13 countries on 97 topics. Response to
the first edition, published in 2005 and then supplemented
by a series of online chapters, prompted us to revise and
expand the Encyclopedia. There has been considerable
expansion in research on many dietary supplements and
their ingredients. We expect that this Encyclopedia will
continue to be a valuable reference for students and re-
searchers in physiology and chemistry, for health care
providers, and for consumers who are interested in un-
derstanding the kind of science that is—or is not—behind
the claims that are made for dietary supplements that are
sold throughout the world, where standards of govern-
ment regulation differ from country to country. In the
United States, sales of products in the dietary supple-
ment market approached $25 billion in 2009. Their form
and their labeling are regulated by the Food and Drug
Administration (FDA) as a result of legislation passed in
1994 called the Dietary Supplement Health and Educa-
tion Act (DSHEA). The dietary supplement category in
the United States includes vitamins, minerals, and other
ingredients that are found in foods, as well as ingredients
not ordinarily found in foods—such as extracts of herbs
and other natural products—that are used by consumers
for their potential health-promoting, disease-preventing,
or performance-enhancing properties. Many of these are
represented in the chapters of this book.

The Encyclopedia is not just for consumers in the
U.S. market, although we acknowledge that the term “di-
etary supplements” is an American expression. We are
not aware of any other single term that describes all of the
substances that we wish to include in this Encyclopedia,
although terms such as food supplements, nutritional sup-
plements, or natural health products have been applied as
well. Sometimes the claims for benefit of specific products
are borne out by well-documented scientific studies. In
other cases, they are not, or the science to support their
use is still at an early stage. Enthusiasm for their use may
be based on popular legend or on longstanding patterns
of use in traditional healing systems. In this book, we hope
that readers will be able to examine the types of evidence
thathave been used to support claims of benefit and safety.

The goal of this book is to provide readers with
comprehensive, yet accessible, information on the current
state of science for individual supplement ingredients or
extracts. To this end, each entry reviews basic informa-
tion available about the ingredient including, where ap-
plicable, its chemistry and functions, before detailing the
preclinical and clinical literature. Articles conclude with
references to the relevant literature.

Given the large number of dietary supplement prod-
ucts in commerce, this book covers only a small frac-
tion of them, with selection based primarily on the fre-
quency of their use and the availability of a sufficient sci-
ence base to discuss their efficacy and safety. It is clear
that the level of scientific information available differs
markedly among the various entries. For many ingredi-
ents, the chemistry and physiology, preclinical and clinical
information, and mechanism of action are well known. For
others, by contrast, some or many pieces of these data are
missing. The preparation of some commercial products
is of high quality and follows good agricultural, labo-
ratory, and manufacturing practices. Again, by contrast,
the preparations for others have not been reliable, mak-
ing them subject to high variability in content and pos-
sible contamination. As dietary supplement use becomes
more widespread, there are growing concerns about safety
of some ingredients, including possible harmful interac-
tions between supplements and prescribed drugs. When
known, this information is included in the chapters of
this book. These issues should form the basis for future
research.

The field of dietary supplements is a rich one, and
the science related to this large class of ingredients is ex-
panding all the time. All the chapters that appeared in
the first edition have been revised and updated for this
edition. In addition to providing these updated chapters,
we have included 12 additional chapters on topics not
previously covered, reflecting the emergence of dietary
supplements in the marketplace, as well as the science be-
hind them. There is also a new chapter on the challenges of
dietary supplement research. Additional changes involve
gathering several related chapters under “umbrella” top-
ics: Carotenoids and Polyphenols. Two of the chapters in this
edition of the Encyclopedia, on Ephedra and Androstene-
dione, were commissioned before their status as dietary
supplements in the U.S. market was changed. In 2004,
the FDA banned ephedra-containing products from the
dietary supplement market in the United States. Also in
2004, the FDA issued warning letters to companies then
marketing products containing androstenedione; the reg-
ulatory status of these products as dietary supplements
has therefore changed. Nevertheless, until recently, both
ephedra and androstenedione were widely consumed in
the United States. We felt, therefore, that discussion of the
science of these ingredients was important. The chapters
have been updated to reflect the new regulatory status of
these ingredients.

Where possible and applicable, chapter names for
botanical ingredients have been adapted to conform to
the standardized common names in the American Herbal
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Products Association’s Herbs of Commerce, Second Edi-
tion (2000). The accepted scientific names (with authority)
and additional synonyms may be found in the individual
chapters.

We express our thanks to the authors of the individ-
ual chapters. This is a challenging and somewhat contro-
versial field, but we believe that our authors have pro-
vided a balanced and current view of the literature. We
also acknowledge with gratitude the hard work and guid-
ance of Informa Healthcare’s editorial staff, particularly
the project editor, Timothy DeWerff.

Finally, we wish to emphasize that the inclusion of
chapters on particular dietary supplements in this Ency-
clopedia does not imply that we endorse them.

Paul M. Coates
Joseph M. Betz
Marc R. Blackman
Gordon M. Cragg
Mark Levine

Joel Moss

Jeffrey D. White
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The Challenges of Dietary Supplement Research and
Considerations for Future Studies

D. Craig Hopp and Catherine M. Meyers

INTRODUCTION

The American public and the popular press have con-
siderable interest in the use of dietary supplements (1,2).
In view of observed widespread use, there is a need for
further information regarding dietary supplement prod-
ucts and their potential clinical applications. This report
presents recently compiled data on dietary supplement
use in the United States and discusses primary consider-
ations for further research in this area. These considera-
tions focus largely on the need for a standard approach to
product characterization and the need to develop an ap-
propriate knowledge base for individual products, prior
to embarking on large multicenter trials assessing product
efficacy.

BACKGROUND ON DIETARY SUPPLEMENT USE IN THE
UNITED STATES

Findings from the 2007 National Health Interview Survey
(NHIS), conducted by the Centers for Disease Control and
Prevention’s National Center for Health Statistics, have
provided extensive information on dietary supplement
use by the American public (1). The NHIS is an annual
in-person survey of Americans regarding their health-
and illness-related experiences. The 2007 NHIS included a
complementary and alternative medicine (CAM) section
and collected information from nearly 24,000 adults, as
well as nearly 9500 children under the age of 18 years.

The 2007 NHIS data (Table 1) reveal that approxi-
mately 38% of adults, nearly 39 million Americans, use
some form of CAM therapy and further that nearly 18%
of adults use at least one nonvitamin, nonmineral dietary
supplement (1). Similarly, approximately 12% of children
less than 18 years of age use some form of CAM therapy,
with nearly 4% using at least one dietary supplement (1).
The most common reason provided for dietary supple-
ment use is for enhancing wellness (40%). Another 35% of
respondents indicate that dietary supplements are used
for both wellness and for treatment of a specific condi-
tion, whereas only 20% relate that dietary supplements
are used to treat a specific condition. The most common
health conditions related to CAM product use are those
associated with chronic pain, largely of musculoskeletal
origin (1).

The most commonly used dietary supplements re-
ported in the 2007 NHIS are listed in Table 2 (1). The 10

Table 1 The 10 Most Common CAM Therapies Used in
U.S. Adults-20072

Therapy Prevalence (%)
Dietary supplements 17.7
Deep breathing 12.7
Meditation 9.4
Chiropractic and osteopathic 8.6
Massage 8.3
Yoga 6.1
Diet-based therapies 3.6
Progressive relaxation 2.9
Guided imagery 2.2
Homeopathic treatment 1.8

aSource: Adapted from Ref. 1.

Table 2 The 10 Most Common Natural Products Used
in the United States-20072

Prevalence (%)

Adults
Fish oil/ -3 374
Glucosamine 19.9
Echinacea 19.8
Flaxseed oil/pills 15.9
Ginseng 14.1
Combination herb pills 13.0
Ginkgo biloba 11.3
Chondroitin 11.2
Garlic supplements 11.0
Coenzyme Q10 8.7

Children
Echinacea 37.2
Fish oil/ ®»-3 30.5
Combination herb pills 17.9
Flaxseed oil/pills 16.7

aSource: Adapted from Ref. 1.

most commonly used products in adult respondents are
fish oil or w-3 fatty acids, including docosahexaenoic acid,
glucosamine, echinacea, flaxseed oil or pills, ginseng com-
bination herb pills, ginkgo biloba, chondroitin, garlic sup-
plements, and coenzyme Q10. Most dietary supplement
use reported for children in the United States is focused on
four products: echinacea (37.2%), fish oil or -3 fatty acids
(30.5%), combination herb pills (17.9%), and flaxseed oil
or pills (16.7%) (1).

Use of CAM therapies, including dietary supple-
ments, is widespread across all demographic groups of
the U.S. population (1,2) and is more prevalent in women
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than in men, with regional variability, in that the use is
more prevalent in the West than in the Midwest, North-
east, or Southern regions of the United States. Greater use
of CAM therapies is observed between the ages of 30 and
69 years and is also associated with higher levels of ed-
ucation, former smokers, and reported regular levels of
physical activity. CAM therapy use is also higher in re-
spondents who report more health conditions or doctor
visits, although 20% of CAM users did not report under-
lying health conditions (1,2).

In view of this extensive use, there is a need for
further study of dietary supplements. Rigorous testing of
individual dietary supplements, however, is frequently
limited because of lack of critical information on sev-
eral product attributes. In particular, lack of information
on product characterization, purity, active ingredients,
pharmacokinetics, potential mechanisms of action, or
biomarkers for activity limits early phase testing of prod-
ucts. Lack of dosing information and definition of appro-
priate clinical outcome measures also limit planning of
clinical trials. A more standardized approach to product
characterization and development of a richer knowledge
base on individual supplements will be essential to ad-
vancing investigative efforts in this field.

PRODUCT INTEGRITY ISSUES FOR DIETARY
SUPPLEMENT RESEARCH

One of the unique challenges inherent to dietary supple-
ment research is that the product complexity is highly
variable. This issue poses a serious challenge to estab-
lishing a “standard” list of quality control procedures
for these products. Although single-component supple-
ments such as resveratrol or melatonin can be accurately
characterized and exactly reproduced, plant extracts are
much more complex. Furthermore, as has been widely
documented, there can be considerable inconsistency in
batch-to-batch, bottle-to-bottle, and brand-to-brand con-
tent of “off-the-shelf” dietary supplements (3). For botan-
ical products, there is a high level of complexity and nat-
ural variability, which prevent investigators from entirely
characterizing or exactly reproducing a particular extract.
It is estimated that individual plant species are capable
of producing thousands of metabolites at varying concen-
trations. Additional variables for these products include
the observation that the same species grown in different
places, or even different years in the same place, will not
generate the same metabolic profile. It is therefore appar-
ent that a certain amount of product variability, for some
supplements, is to be expected. Despite these obstacles,
researchers must still strive to conduct a thorough anal-
ysis of products used for research purposes. Extensive
characterization of research materials is a necessary initial
step so that subsequent study results can be appropriately
interpreted and reliably reproduced.

It is also apparent that comprehensive characteri-
zation, especially for botanical products, can require an
enormous amount of effort and expense. Products typi-
cally pass through several hands from the grower to the
processor and the distributor, prior to arrival at the ven-
dor, and possibly others before reaching consumers. It
can be very difficult and sometimes impossible to trace a

given productback toits origins. Furthermore, the identity
of every minor component in an extract is almost never
known. However, with some important exceptions, this
degree of detail in product characterization is neither nec-
essary nor practical. A pragmatic approach is to establish
quality control methods that are appropriate for the com-
plexity of the product, the proposed research plan, and
product’s intended use.

A clinical trial testing a herbal extract will require
a substantial dossier of information to document safety,
stability, and reproducibility of that product. This dossier
will include detailed knowledge about every step in the
chain of custody of that material from the time it was
grown to the time it was administered to patients. The U.S.
Food and Drug Administration (FDA) released a guidance
document for botanical drugs in 2004, which is an appro-
priate resource on quality control procedures to follow
for randomized controlled trials (RCTs) of herbal prod-
ucts (4). Investigators intending to conduct clinical stud-
ies are strongly encouraged to contact FDA and determine
whether an IND (investigational new drug) application is
needed for the study of a product in the United States.
If an IND is needed for a given study, FDA will provide
specific guidance regarding type of information required
and level of detail for product characterization.

The characterization requirements for complex
products used for in vitro studies are perhaps less clear.
Similarly, the requirements for early-stage clinical studies
on refined products that are botanically derived, but far
less complex than the parent extract from which they orig-
inated, are less well defined. In these examples, it might be
argued that the focus should be more on accurate prod-
uct characterization. High-pressure liquid chromatogra-
phy is the analytical technique most commonly employed
for generating a product “fingerprint,” but there are other
methods that could be appropriate depending on the sam-
ple. This fingerprint, regardless of the method used to gen-
erate it, establishes the identity of a given product without
having to know the identity of every product component.
Furthermore, it sets a reference point that can be used to
document batch-to-batch reproducibility and assess prod-
uct stability over time. Whichever analytical technique is
chosen, the fingerprint must be unique enough to distin-
guish it from related products and sensitive enough to
detect significant changes over time. As the particular di-
etary supplement research progresses into animals and
ultimately humans, progressively more information will
be needed regarding product origin and its manufactur-
ing process. A realistic balance should be sought between
the need for further studies of dietary supplements and
the need for extensive product characterization prior to
beginning research studies. Such a balance will ensure the
feasibility of future research efforts on these products.

Investigators need to be cognizant of the need for
product characterization even in early stages of dietary
supplement research. Part of this effort involves inde-
pendent product analysis, either by the investigator or
third party laboratory, to confirm specifications provided
by the supplier. This early-stage testing must be con-
ducted regardless of product complexity. Even “pure”
compounds from widely known manufacturers have been
noted to be mislabeled, in that the content analysis demon-
strated that the marketed product was not consistent
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with label specifications. For products that have not been
extensively studied, it may not be feasible to have an
independent analysis performed as validated methods
may not be available. Moreover, developing or imple-
menting new methods for such products can represent
an appropriate independent research endeavor. In such
cases, the information provided requires close scrutiny to
determine whether additional product concerns remain.
Finally, another important product consideration for
investigating dietary supplements focuses on familiarity
with the product supplier. Whenever possible, investiga-
tors should begin cultivating relationships with the prod-
uct supplier at early stages of their research and start ac-
quiring information that will be required for future stud-
ies.Itis important to determine early in the course of inves-
tigations whether the supplier has stringent quality con-
trol procedures in place and whether they will provide the
requisite product documentation. This is especially true if
the ultimate goal is to develop a knowledge base neces-
sary for performing clinical studies. It is therefore prudent
to select suppliers or vendors that have provided products
for other research studies and have a track record of sup-
plying test materials with the requisite documentation.

CONSIDERATIONS FOR CLINICAL STUDIES
OF DIETARY SUPPLEMENTS

Clinical studies are an essential tool for assessing safety
and efficacy of therapeutic interventions, whether they
are conventional drugs, medical devices, or dietary sup-
plements (5). Similar to standards for assessing efficacy of
pharmaceuticals, RCTs play a major role in determining
whether a compound or product is safe and effective for a
specific indication (5). Prior to initiating (phase III) RCTs,
however, there is substantial information that should be
collected on a given product. In the pharmaceutical indus-
try, extensive preliminary preclinical and clinical studies
(i.e., pharmacokinetics, dosing strategies) are typically un-
dertaken prior to performing large multicenter trials, due
to regulatory requirements enforced by FDA. There is a
similar need for extensive preliminary studies for dietary
supplement investigations, particularly when the research
question for the study includes treatment of a disease or
condition.

Itis important to develop a knowledge base for indi-
vidual dietary supplements, which will provide direction
for further clinical investigations. The optimum knowl-
edge base for a product includes information on mecha-
nismy(s) of action, clinical chemistry, biomarkers for in vivo
effect, appropriate clinical outcome measures, and the tar-
get patient population for the product. For many dietary
supplements, information is lacking on many aspects of
this knowledge base, which has hampered progress in
conducting definitive clinical studies.

As discussed in the previous section, it is essential to
have standardized data collection on product characteri-
zation, as well as pharmacokinetics, prior to embarking
on clinical trials of dietary supplements. In addition, col-
lecting adequate data regarding dosing, potential toxicity,
and development of an appropriate placebo for a given
product are also requisite early tasks prior to designing

clinical trials. For some dietary supplements, product taste
or odor may significantly limit the ability to generate an
acceptable placebo for clinical testing.

Understanding the putative mechanism of action of
a given product is also an important aspect of the knowl-
edge base, as it strengthens the plausibility of the inter-
vention, and, most importantly facilitates identification
of biomarkers to document in vivo effect of the dietary
supplement. Availability of a biomarker that can be used
to document activity of the agents is of great value. A
biomarker facilitates a rational approach to dosing, makes
it possible to determine which patients are responding to
the intervention, and can assist in identification of out-
come measures that are maximally sensitive. The absence
of this information can limit expansion of clinical studies
beyond early phase testing, particularly for products such
as dietary supplements that are generally anticipated to
have mild to modest clinical effects.

In planning informative large RCTs, it is essential to
have standardized outcome measures that are maximally
sensitive and can reliably be implemented in the context
of a clinical trial (5). It is also important to have adequate
preliminary data on the target patient population before
embarking on a large clinical trial (5). Although the pri-
mary standard for establishing safety and efficacy remains
the RCT, early-phase investigations can exploit other de-
sign strategies. For example, adaptive trial designs or n-
of-1 designs could be used for expanding the knowledge
base on individual products prior to planning subsequent
larger studies.

Recent trends in clinical trial design have attempted
to facilitate methods for improving trial strategies for
medical product development. In clinical studies of new
potential therapies, investigators and regulatory agencies
have considered adaptations in early-phase trials before
planning a large-scale confirmatory phase III RCT (6). To
facilitate optimizing final trial design, adaptations in inter-
ventional studies may include changes in sample size, en-
rollment criteria (target subject population), product dose,
study end points, and statistical methods for analysis of
clinical outcome data (6). As previously discussed, the
knowledge base for many products is lacking in several
critical aspects, including target subject population, dose,
and appropriate end points. Although adaptive design
methods provide a mechanism for informed changes to
study design after study initiation, appropriate analytic
methods must be implemented in the planning of studies
such that the scientific validity and integrity of the study
are maintained (6).

As dietary supplements are frequently used for
chronic conditions, individualized medication effective-
ness tests (n-of-1 trials) have been considered a potential
strategy for specific products (7,8). Unlike the RCT design,
n-of-1 trials are individualized within-patient, are ran-
domized and placebo-controlled, and include multiple
crossover comparisons of product versus placebo, or
versus another active treatment (7,8). Also unlike the
RCT, the n-of-1 trial provides a mechanism for assess-
ing intervention effects in individual patients who might
not otherwise be included in the targeted RCT subject
population (7,8). The use of such less commonly employed
designs can provide a means for adequate data collection,
markedly enhancing a product’s knowledge base, such
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that more definitive clinical trials can be optimally de-
signed and implemented.

CONCLUSION

In developing productive research programs for dietary
supplements, it is important to build a hierarchy of evi-
dence for individual supplements, including understand-
ing essentials of individual product characterization, ba-
sic product clinical chemistry, and subsequent rigorous
testing in the setting of clinical studies. Multiple lines of
investigation can then be coordinated for enhancing the
knowledge base on a product, with the goal of inform-
ing practitioners and the public on safety and efficacy of
dietary supplement use.
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ABBREVIATIONS

CSEF, cerebrospinal fluid; GNMT, glycine N-methyltrans-
ferase; GSH, glutathione; HCC, hepatocellular carcinoma;
Hcy, homocysteine; MAT, methionine adenosyltrans-
ferase; MTA, 5'-deoxy-5-methylthioadenosine; MTHEFR,
5,10-methylenetetrahydrofolate reductase; NASH, nonal-
coholic steatohepatitis; SAH, (S)-adenosylhomocysteine;
SAMe, (S)-adenosylmethionine.

INTRODUCTION

Common and Scientific Name

S-Adenosyl-L-methionine, also known as 5'-[(3-Amino-3-
carboxypropyl) methylsulfonio]-5'-deoxyadenosine; (S)-
(5'-desoxyadenosin-5-yl) methionine; [C15H23NgO5S] ™, is
abbreviated in the scientific literature as AdoMet, SAM,
or SAMe. In the early literature, before the identification
of its structure, SAMe was known as “active methionine.”

General Description

SAMe was discovered in 1953 and since then has been
shown to regulate key cellular functions such as differen-
tiation, growth, and apoptosis. Abnormal SAMe content
has been linked to the development of experimental and
human liver disease, and this led to the examination of the
effect of SAMe supplementation in various animal mod-
els of liver disease and in patients with liver disease. Both
serum and cerebrospinal fluid (CSF) levels of SAMe have
been reported to be low in depressed patients, which has
led to the examination of the effect of SAMe treatment
in this condition. The effect of SAMe in the treatment of
other diseases, such as osteoarthritis, has also been in-
vestigated. This chapter reviews (i) the biochemistry and
functions of SAMe; (ii) altered SAMe metabolism in liver
disease; (iii) SAMe deficiency in depression; and (iv) the
effect of SAMe treatment in liver disease, depression, and
osteoarthritis.

BIOCHEMISTRY AND FUNCTIONS

SAMe Discovery

Although SAMe was discovered by Giulio Cantoni in
1953, the story of this molecule begins in 1890 with
Whilhelm His when he fed pyridine to dogs and
isolated N-methylpyridine from the urine and empha-
sized the need to demonstrate both the origin of the
methyl group as well as the mechanism for its addition
to the pyridine (1). Both questions were addressed
by Vincent du Vigneaud who, during the late 1930s,
demonstrated that the sulfur atom of methionine was

converted to cysteine through the “transsulfuration”
pathway and discovered the “transmethylation” path-
way, that is, the exchange of methyl groups between
methionine, choline, betaine, and creatine. In 1951, Can-
toni demonstrated that a liver homogenate supplemented
with ATP and methionine converted nicotinamide to N-
methylnicotinamide. Two years later, he established that
methionine and ATP reacted to form a product, that he
originally called “Active Methionine,” capable of trans-
ferring its methyl group to nicotinamide, or guanidoacetic
acid, to form N-methylmethionine, or creatine in the
absence of ATP, which, after determination of its struc-
ture, he called “AdoMet” (Fig. 1). Subsequently, Cantoni
and his colleagues discovered the enzyme that synthe-
sizes SAMe, methionine adenosyltransferase (MAT);
(S)-adenosylhomocysteine (SAH), the product of trans-
methylation reactions; and SAH hydrolase, the enzyme
that converts SAH into adenosine and homocysteine
(Hcy). At about the same time, Bennett discovered that
folate and vitamin By, could replace choline as a source of
methyl groups in rats maintained on diets containing Hey
in place of methionine, a finding that led to the discovery
of methionine synthase (MS). In 1961, Tabor demon-
strated that the propylamino moiety of SAMe is
converted via a series of enzymatic steps to spermi-
dine and spermine. In the biosynthesis of polyamines,
5'-deoxy-5'-methylthioadenosine (MTA) was identified
as an end product. Thus, by the beginning of the 1960s,
Laster’s group could finally provide an integrated view,
similar to that depicted in Figure 2, combining the
transmethylation and transsulfuration pathways with
polyamine synthesis.

Since then, SAMe has been shown to donate (i) its
methyl group to a large variety of acceptor molecules
including DNA, RNA, phospholipids, and proteins;
(i7) its sulfur atom, via a series of reactions, to cysteine and
glutathione (GSH), a major cellular antioxidant; (7ii) its
propylamino group to polyamines, which are required
for cell growth; and (iv) its MTA moiety, via a complex
set of enzymatic reactions known as the “methionine sal-
vage pathway,” to the resynthesis of this amino acid. All
these reactions can affect a wide spectrum of biologi-
cal processes ranging from metal detoxication and cat-
echolamine metabolism to membrane fluidity, gene ex-
pression, cell growth, differentiation, and apoptosis (2), to
establish what Cantoni called the “AdoMet Empire.”

SAMe Synthesis and Metabolism

MAT is an enzyme extremely well conserved through evo-
lution with 59% sequence homology between the human
and Escherichia coli isoenzymes. In mammals, there are
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Figure 1 Structure of SAMe. (S)-adenosylmethionine (SAMe) has been
shown to donate: (i) its methyl group to a large variety of acceptor molecules
including DNA, RNA, phospholipids, and proteins; (ii) its sulfur atom, via a
series of reactions, to cysteine and glutathione, a major cellular antioxidant;
(iii) its propylamino group to polyamines, which are required for cell growth;
and (iv) its MTA moiety, via a complex set of enzymatic reactions known as
the “methionine salvation pathway,” to the resynthesis of this amino acid.
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Figure 2 Hepatic metabolism of SAMe. Methionine (Met) is converted
into homocysteine (Hcy) via (S)-adenosylmethionine (SAMe) and (S)-
adenosylhomocysteine (SAH). The conversion of Met into SAMe is catalyzed
by methionine adenosyltransferase (MAT). After decarboxylation, SAMe can
donate the remaining propylamino moiety attached to its sulfonium ion to
putrescine to form spermidine and methylthioadenosine (MTA) and to sper-
midine to form spermine and a second molecule of MTA. SAMe donates
its methyl group in a large variety of reactions catalyzed by dozens of
methyltransferases (MTs), the most abundant in the liver being glycine-N-
methyltransferase (GNMT). The SAH thus generated is hydrolyzed to form
Hcy and adenosine through a reversible reaction catalyzed by SAH hydrolase.
Hcy can be remethylated to form methionine by two enzymes: methionine
synthase (MS) and betaine homocysteine methyltransferase (BHMT). In the
liver, Hey can also undergo the transsulfuration pathway to form cysteine via
a two-step enzymatic process. In the presence of serine, Hey is converted
to cystathionine in a reaction catalyzed by cystathionine (3-synthase (CBS).
Cystathionine is then hydrolyzed by cystathionase to form cysteine, a pre-
cursor of the synthesis of glutathione (GSH). In tissues other than the liver,
kidney, and pancreas, cystathionine is not significantly converted to GSH due
to the lack of expression of one or more enzymes of the transsulfuration
pathway. The expression of BHMT is also limited to the liver. All mammalian
tissues convert Met into Hcy, via SAMe and SAH, and remethylate Hcy into
Met via the MS pathway. Abbreviations: THF, tetrahydrofolate; 5,10-MTHF,
methylenetetrahydrofolate; 5-MTHF, methyltetrahydrofolate; Ser, serine; Gly,
glycine; X, methyl acceptor molecule; X-CHg, methylated molecule.

three isoforms of MAT (MATI, MATII, and MATIII) that
are encoded by two genes (MAT1A and MAT2A). MATI
and MATIII are tetrameric and dimeric forms, respectively,
of the same subunit (o) encoded by MAT1A, whereas the
MATII isoform is a tetramer of a different subunit (ap) en-
coded by MAT2A. A third gene, MAT2p encodes for a §
subunit that regulates the activity of MATII (lowering the
K and K for methionine and SAMe, respectively) but not
of MATI or MATIII (2). Adult differentiated liver expresses
MAT1A, whereas extrahepatic tissues and fetal liver ex-
press MAT2A. MAT1A expression is silenced in HCC. It
is an intriguing question why there are three different
MAT isoforms in the liver. The predominant liver form,
MATIII, has lower affinity for its substrates, a hysteretic
response to methionine (a hysteretic behavior, defined as
a slow response to changes in substrate binding, has been
described for many important enzymes in metabolic reg-
ulation), and higher V,, contrasting with the other two
enzymes. On the basis of the differential properties of hep-
atic MAT isoformes, it has been postulated that MATIII is
the truly liver-specific isoform. Under normal conditions,
MATI would, as MATII outside the liver, synthesize most
of the SAMe required by the hepatic cells. However, af-
ter an increase in methionine concentration, that is, af-
ter a protein-rich meal, conversion to the high-activity
MATIII would occur and methionine excess will be elim-
inated (Fig. 2). This will lead to accumulation of SAMe
and activation of glycine N-methyltransferase (GNMT),
the main enzyme involved in hepatic SAMe catabolism.
Consequently, the excess of SAMe will be eliminated and
converted to homocysteine via SAH. Once formed, the
excess of homocysteine will be used for the synthesis of
cysteine and a-ketobutyrate as a result of its transsulfu-
ration. This pathway involves two enzymes: cystathio-
nine B-synthase (CBS), that is activated by SAMe, and
cystathionase. Cysteine is then utilized for the synthe-
sis of GSH as well as other sulfur-containing molecules
such as taurine, while a-ketobutyrate penetrates the mi-
tochondria where it is decarboxylated to carbon dioxide
and propionyl CoA. Because SAMe is an inhibitor of 5,10-
methylene-tetrahydrofolate-reductase (MTHFR), this will
prevent the regeneration of methionine after a load of this
amino acid. At the mRNA level, SAMe maintains MAT1A
and GNMT expression while inhibiting MAT2A expres-
sion. This modulation by SAMe of both the flux of methio-
nine into the transsulfuration pathway and the regenera-
tion of methionine maximizes the production of cysteine
and a-ketobutyrate, and consequently of ATD, after a me-
thionine load minimizing the regeneration of this amino
acid (oxidative methionine metabolism).

ALTERED SAMe METABOLISM AND DISEASE

Altered SAMe Metabolism in Liver Disease

Accumulating evidence supports the importance of main-
taining normal SAMe level in mammalian liver, as both
chronic deficiency and excess lead to liver injury, steato-
sis, and development of hepatocellular carcinoma (HCC)
(2,3). Majority of the patients with cirrhosis have impaired
SAMe biosynthesis because of lower MAT1IA mRNA lev-
els and inactivation of MATI/III (4,5). However, patients
with GNMT mutations have been identified and they also



have evidence of liver injury (6). In mice, loss of GNMT
results in supraphysiological levels of hepatic SAMe and
aberrant methylation (7). The molecular mechanisms re-
sponsible for injury and HCC formation are different in
MAT1A and GNMT knockout mice but these findings il-
lustrate the importance of keeping SAMe level within a
certain range within the cell.

In contrast to normal nonproliferating (differenti-
ated) hepatocytes, which rely primarily on MATI/III to
generate SAMe and maintain methionine homeostasis,
embryonic and proliferating adult hepatocytes as well
as liver cancer cells instead rely on MATII to synthe-
size SAMe (2). Liver cancer cells often have very low
levels of GNMT and CBS expression and increased ex-
pression of MAT2pB, which, as mentioned earlier, lowers
the K, for methionine and the K; for SAMe of MATIIL.
Consequently, proliferating hepatocytes and hepatoma
cells tend to utilize methionine into protein synthesis re-
gardless of whether methionine is present in high or low
amounts and to divert most homocysteine away from the
transsulfuration pathway by regenerating methionine and
tetrahydrofolate (THF) (aerobic methionine metabolism).
MAT2A/MAT2p-expressing hepatoma cells have lower
SAMe levels than cells expressing MAT1A, which also fa-
vors the regeneration of methionine and THE. From these
results, it becomes evident that proliferating hepatocytes
and hepatoma cells do not tolerate well high SAMe levels
for converting methionine via the transsulfuration path-
way to cysteine and a-ketobutyrate.

The finding that MAT1A, GNMT, MTHFR, and CBS
knockout mice spontaneously develop fatty liver (steato-
sis) and, in the case of MAT1A- and GNMT-deficient an-
imals, HCC also (3) demonstrates the synchronization of
methionine metabolism with lipid metabolism and hepa-
tocyte growth.

The medical implications of these observations are
obvious, since the majority of cirrhotic patients, inde-
pendent of the etiology of their disease, have impaired
metabolism of methionine and reduced hepatic SAMe
synthesis and are predisposed to develop HCC (4,5); and
individuals with GNMT mutations that lead to abnormal
SAMe catabolism develop liver injury (6). Moreover, the
observation that genetic polymorphisms that associate
with reduced MTHFR activity and increased thymidy-
late synthase activity, both of which are essential in min-
imizing uracyl misincorporation into DNA, may protect
against the development of HCC in humans (8) further
supports that this synchronization may be an adaptive
mechanism that is programmed to fit the specific needs of
hepatocytes, and that alterations in the appropriate bal-
ance between methionine metabolism and proliferation
may be at the origin of the association of cancer with fatty
liver disease.

An explanation for these observations connecting
methionine metabolism with the development of fatty
liver and HCC has remained elusive because the as-
sociation of SAMe with lipid metabolism and hepato-
cyte proliferation is, at first glance, not intuitive. During
the past years, a signaling pathway that senses cellular
SAMe content and that involves AMP-activated protein
kinase (AMPK) has been identified to operate in hepato-
cytes (9,10). AMPK is a serine/threonine protein kinase
that plays a crucial role in the regulation of energy home-
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ostasis and cell proliferation. AMPK is activated by stress
conditions leading to an increase in the AMP/ATP ratio,
such as during liver regeneration. Once activated, AMPK
shuts down anabolic pathways that mediate the synthesis
of proteins, fatty acids, lipids, cholesterol, and glycogen
and stimulates catabolic pathways such as lipid oxida-
tion and glucose uptake restoring ATP levels and keep-
ing the cellular energy balance. The finding that in the
liver AMPK activity is tightly regulated by SAMe (9,10)
has provided a first link between methionine metabolism,
lipid metabolism, and cell proliferation. Moreover, ex-
cess SAMe can induce aberrant methylation of DNA and
histones, resulting in epigenetic modulation of critical
carcinogenic pathways (7). Finally, there is evidence in-
dicating that SAMe regulates proteolysis, widening its
spectrum of action. In hepatocytes, the protein levels of
prohibitin 1 (PHB1) (11), the apurinic/apyrimidininc en-
donuclease (APEX1) (12), and the dual specificity MAPK
phosphatase (DUSP1) (13) are stabilized by SAMe through
a process that may involve proteasome inactivation. PHB1
is a chaperone-like protein involved in mitochondrial
function, APEX1 is a key protein involved in DNA repair
and genome stability, and DUSP1 is a member of a fam-
ily of mitogen-activated protein kinases (MAPKs) phos-
phatases, which simultaneously dephosphorylates both
serine/threonine and tyrosine residues.

SAMe Deficiency in Depression

Major depression has been associated with a deficiency
in methyl groups (folate, vitamin B1,, and SAMe) (14,15).
Thus, depressed patients often have low plasma folate and
vitamin By, and reduced SAMe content in the CSF. More-
over, patients with low plasma folate appear to respond
less well to antidepressants. The mechanism by which low
SAMe concentrations may contribute to the appearance
and evolution of depression is, however, not well known.
SAMe-dependent methylation reactions are involved in
the synthesis and inactivation of neurotransmitters, such
as noradrenaline, adrenaline, dopamine, serotonin, and
histamine; and the administration of drugs that stimulate
dopamine synthesis, such as L-dihydroxyphenylalanine,
cause a marked decrease in SAMe concentration in rat
brain and in plasma and CSF in humans. Moreover, vari-
ous drugs that interfere with monoaminergic neurotrans-
mission, such as imipramine and desipramine, reduce
brain SAMe content in mice (14,15). As in the liver, abnor-
mal SAMe levels may contribute to depression through
perturbation of multiple metabolic pathways in the brain.
Interestingly, alterations in methionine metabolism that
lead to a decrease in the brain SAMe/SAH ratio asso-
ciate with reduced leucine carboxyl methyltransferase-1
(LCMT-1) and phosphoprotein phosphatase 2Ag (PP2Ag)
subunit expression, and accumulation of unmethylated
PP2A (16). PP2A enzymes exist as heterotrimeric com-
plexes consisting of catalytic (PP2Ac), structural (PP2A4),
and regulatory (PP2Ag) subunits (17). Different PP2Ap
subunits have been described that determine the substrate
specificity of the enzyme. PP2Ac subunit is methylated
by SAMe-dependent LCMT-1 and demethylated by a spe-
cific phosphoprotein phosphatase methylesterase (PME1).
PP2Ac methylation has no effect on PP2A activity but has
a crucial role in the recruitment of specific PP2Ag subunits
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to the PP2AAp complex and therefore PP2A substrate
specificity. Downregulation of LCMT-1 and PP2Ag and
accumulation of unmethylated PP2A are associated with
enhanced Tau phosphorylation and neuronal cell death
(16).

INDICATIONS AND USAGE

SAMe Treatment in Animal Models of Liver Disease

The importance of the metabolism of methyl groups in
general, and SAMe in particular, to normal hepatic phys-
iology, coupled with the convincing body of evidence
linking abnormal SAMe content with the developmen-
tal of experimental and human liver disease, led to the
examination of the effect of SAMe supplementation in
various animal models of liver disease. SAMe adminis-
tration to alcohol-fed rats and baboons reduced GSH de-
pletion and liver damage (2,18). SAMe improved survival
in animal models of galactosamine-, acetaminophen- and
thioacetamide-induced hepatotoxicity, and in ischemia-
reperfusion-induced liver injury (18). SAMe treatment
also diminished liver fibrosis in rats treated with carbon
tetrachloride (18) and reduced neoplastic hepatic nodules
in animal models of HCC (19,20). Similar to the liver,
SAMe can block mitogen-induced growth and induce
apoptosis in human colon cancer cells (21,22).

SAMe Treatment in Human Diseases

SAMe has been used in humans for the past 20 years for the
treatment of osteoarthritis, depression, and liver disease.
In 2002, the Agency for Healthcare Research and Quality
(AHRQ) reviewed 102 individual clinical trials of SAMe
(23). Of these 102 studies, 47 focused on depression, 14
focused on osteoarthritis, and 41 focused on liver disease.
Of the 41 studies in liver disease, 9 were for cholestasis of
pregnancy, 12 were for other causes of cholestasis, 7 were
for cirrhosis, 8 were for chronic hepatitis, and 4 were for
various other chronic liver diseases.

Pharmacokinetics of SAMe
Orally administered SAMe has low bioavailability, pre-
sumably because of a significant first-pass effect (degra-
dation in the gastrointestinal tract) and rapid hepatic
metabolism. Peak plasma concentrations obtained with
an enteric-coated tablet formulation are dose related, with
peak plasma concentrations of 0.5 to 1 mg/L achieved
three to five hours after single doses ranging from 400 to
1000 mg (23). Peak levels decline to baseline within 24
hours. One study showed a significant gender difference
in bioavailability, with women showing three- to sixfold
greater peak plasma values than men (23). Plasma-protein
binding of SAMe is no more than 5%. SAMe crosses the
blood-brain barrier, with slow accumulation in the CSFE.
Unmetabolized SAMe is excreted in urine and feces.
Parenterally administered SAMe has much higher
bioavailability. However, this form is currently not ap-
proved for use in the United States.

SAMe Treatment in Liver Diseases

Out of the 41 studies in liver disease analyzed by AHRQ,
8 studies were included in a meta-analysis of the effi-
cacy of SAMe to relieve pruritus and decrease elevated

serum bilirubin levels associated with cholestasis of preg-
nancy (23). Compared with placebo, treatment with SAMe
was associated with a significant decrease in pruritus and
serum bilirubin levels. Similar results were obtained when
six studies were included in a meta-analysis of the efficacy
of SAMe to relieve pruritus and decrease bilirubin levels
associated with cholestasis caused by various liver dis-
eases other than pregnancy.

In 2001, the Cochrane Hepato-Biliary Group an-
alyzed eight clinical trials of SAMe treatment of alco-
holic liver disease including 330 patients (24). This meta-
analysis found SAMe decreased total mortality [odds
ratio (OR) 0.53, 95% confidence interval (CI): 0.22 to 1.29]
and liver-related mortality (OR 0.63, 95% CI: 0.25 to 1.58).
However, because many of the studies were small and
the quality of the studies varied greatly, the Cochrane
Group concluded, “SAMe should not be used for alcoholic
liver disease outside randomized clinical trials” (24). The
AHRQ reached a similar conclusion, “For liver conditions
other than cholestasis additional smaller trials should be
conducted to ascertain which patient populations would
benefit more from SAMe, and what interventions (dose
and route of administration) are most effective” (23). The
Cochrane Hepato-Biliary Group also concluded that only
one trial including 123 patients with alcoholic cirrhosis
used adequate methodology and reported clearly on mor-
tality and liver transplantation. In this study (25), mortal-
ity decreased from 30% in the placebo group to 16% in
the SAMe group (P = 0.077). When patients with more
advanced cirrhosis (Child score C) were excluded from
the analysis (eight patients), the mortality was signifi-
cantly less in the SAMe group (12%) as compared with the
placebo group (25%, P =0.025). In this study, 1200 mg/day
was administered orally. Unfortunately, new controlled
prospective double-blind multicenter studies on the ben-
efits of SAMe for liver diseases are lacking.

SAMe Treatment in Depression

Out of the 39 studies in depression analyzed by the AHRQ,
28 studies were included in a meta-analysis of the efficacy
of SAMe to decrease symptoms of depression (23). Com-
pared with placebo, treatment with SAMe was associated
with an improvement of approximately six points in the
score of the Hamilton Rating Scale for Depression mea-
sured at three weeks (95% CI: 2.2 to 9.0). This degree of
improvement was statistically as well as clinically signif-
icant. However, compared with the treatment with con-
ventional antidepressant pharmacology, treatment with
SAMe was not associated with a statistically significant
difference in outcomes. With respect to depression, the
AHRQ report concluded, “Good dose-escalation studies
have not been performed using the oral formulation of
SAMe for depression” (23). The AHRQ report also con-
cluded, that “Additional smaller clinical trials of an ex-
ploratory nature should be conducted to investigate uses
of SAMe to decrease the latency of effectiveness of con-
ventional antidepressants and to treat of postpartum de-
pression” (23). Unfortunately, these clinical studies are still
lacking.

SAMe Treatment in Osteoarthritis
Out of the 13 studies in osteoarthritis analyzed by the
AHRQ, 10 studies were included in a meta-analysis of



the efficacy of SAMe to decrease pain of osteoarthritis
(23). Compared with placebo, one large randomized clin-
ical trial showed a decrease in the pain of osteoarthri-
tis with SAMe treatment. Compared with the treatment
with nonsteroidal anti-inflammatory medications, treat-
ment with oral SAMe was associated with fewer adverse
effects while comparable in reducing pain and improving
functional limitation. In 2009, the Cochrane Osteoarthritis
Group analyzed 4 clinical trials including 656 patients, all
comparing SAMe with placebo (26). The Cochrane Group
concluded, “The effects of SAMe on both pain and func-
tion may be potentially clinically relevant and, although
effects are expected to be small, deserve further clini-
cal evaluation in adequately sized randomized, parallel-
group trials in patients with knee or hip osteoarthri-
tis. Meanwhile, routine use of SAMe should not be
advised” (26).

Adverse Effects

The risks of SAMe are minimal. SAMe has been used in
Europe for more than 20 years and is available under pre-
scription in Italy, Germany, United Kingdom, and Canada,
and over the counter as a dietary supplement in the United
States, China, Russia, and India. The most common side
effects of SAMe are nausea and gastrointestinal distur-
bance, which occurs in less than 15% of treated subjects.
Recently, SAMe administration to mice treated with cis-
platin has been found to increase renal dysfunction (27).
Whether SAMe increases cisplatin renal toxicity in hu-
mans is not known.

Interactions with Herbs, Supplements, and Drugs
Theoretically, SAMe might increase the effects and adverse
effects of products that increase serotonin levels, which
include herbs and supplements such as Hawaiian Baby
Woodrose, St. John’s wort, and L-tryptophan, as well as
drugs that have serotonergic effects. These drugs include
tramadol (Ultram), pentazocine (Talwin), clomipramine
(Anafranil), fluoxetine (Prozac), paroxetine (Paxil), sertra-
line (Zoloft), amitriptyline (Elavil), and many others. It is
also recommended that SAMe should be avoided in pa-
tients taking monoamine oxidase inhibitors or within two
weeks of discontinuing such a medication.

CONCLUSIONS

Although evidence linking abnormal SAMe content with
the development of experimental and human liver dis-
ease is very convincing, the results of clinical trials of
SAMe treatment of liver disease are not conclusive. Con-
sequently, SAMe should not be used outside clinical trials
for the treatment of liver conditions other than cholestasis.
A new clinical study enrolling a larger number of patients
should be carried out to confirm that SAMe decreases
mortality in alcoholic liver cirrhosis. This is important be-
cause if SAMe improves survival, SAMe will become the
only available treatment for patients with alcoholic liver
cirrhosis.

Although depression has been associated with a de-
ficiency in SAMe, it is not yet clear whether this is a con-
sequence or the cause of depression. To clarify this point,
more basic research and the development of new exper-
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imental models are needed. Clinical trials indicate that
SAMe treatment is associated with an improvement of
depression. Dose studies using oral SAMe should be per-
formed to determine the best dose to be used in depres-
sion. New studies should also be carried out where the
efficacy of SAMe is compared with that of conventional
antidepressants.

With respect to osteoarthritis, at present there is no
evidence associating a deficiency in SAMe with the ap-
pearance of the disease. Moreover, the efficacy of SAMe
in the treatment of osteoarthritis is also not convincing at
present.
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Aloe Vera

Santiago Rodriguez, Steven Dentali, and Devon Powell

INTRODUCTION

Aloe vera is one of the oldest known medicinal herbs with
a history of use that spans thousands of years. Today, aloe
verais cultivated and used in a large variety of commercial
preparations. It is an economic driver in the food, dietary
supplement, and personal care industries worldwide. The
two main commercial materials derived from aloe vera are
aloe vera juice and aloe latex. Aloe vera juice is used for
various dietary, cosmetic, and medical purposes such as
burn treatment, wound healing, and skincare. It is avail-
able in several forms including liquid juice, juice powder,
and concentrates. Aloe latex was formerly recognized as
an over-the-counter (OTC) laxative drug in the United
States. It has seen limited use in dietary supplements as
a laxative and in the personal care industry as a skin
lightener.

Confusion among consumers, researchers, and reg-
ulatory bodies has arisen from the fact that products from
aloe latex are often referred to as simply “aloe” or “aloe
juice” (including in pharmacopoeias and other official
documents around the world), which is physically, chem-
ically, and biologically distinct from products made from
the charcoal filtered whole leaf or inner leaf aloe vera juice.
These latex-free juice products represent the vast majority
of aloe products on the market. Regardless, the promi-
nence of, interest in, and use of aloe vera products for
centuries attests to the plant’s myriad value and benefits.

BACKGROUND

Aloe vera (L.) Burm. f. is one of more than 400 known Aloe
species in the Asphodelaceae family, though it is some-
times classified in Aloaceae. Because most aloe species
are indigenous to Africa, it is most likely that aloe vera
also originated from that continent. However, because of
its now worldwide cultivation, its origin is difficult to es-
tablish. Linnaeus classified aloe vera as the “true aloe”
hence the name “vera,” meaning true in Latin. Although
it has also been known as Aloe barbadensis, Aloe chinensis,
Aloe indica, Aloe vulgaris, and others, A. vera (L.) Burm.
f. has precedence (1). Its standardized common name is
“aloe vera” though it has also been called Barbados aloe,
Curacao aloe, true aloe, West Indian aloe, Ghrita kumari,
or simply aloe (2).

The plant is cactus-like in appearance with succu-
lent leaves that grow in a spiral form from a basal rosette
(Fig. 1). An inflorescence is produced annually (typically
December through March) with yellow flowers in a tri-
dent configuration from a single central stalk with many

flowers in each of the three branches. Aloe vera does not
normally reproduce from seeds but from offshoots often
called “pups” that grow out from the mother plant. When
the green outer rind of the leaves is cut or damaged, a
bitter yellow exudate from pericyclic tubules located be-
tween the outer rind and the inner leaf is released. This
sap is commonly referred to as “aloe latex” (3) and con-
tains several anthraquinone glycosides that have powerful
stimulant laxative properties.

When the rind is completely removed, a semitrans-
parent, semicrystalline gel-like layer composed of large
thin-walled parenchyma cells is revealed. This inner leaf
material is often called “aloe gel,” or “inner leaf fillet,”
because of its similarity in shape to a fish fillet. When
crushed, it produces a very viscous fluid usually con-
taining approximately 98.5% water. The solids are com-
posed mainly of polysaccharides and other carbohydrates,
pectin, and organic acids.

As mentioned earlier, aloe latex—derived products
are used as a laxative agent and the processed leaf or
inner leaf is often employed topically for the treatment
of burns and injury. More recent applications range from
skin-moisturizing agents to the management of cancers in
animals to impregnation in articles of clothing and mat-
tresses for its softening and moisturizing properties. Aloe
vera juice is also orally ingested to manage digestive ail-
ments and for its immune-modulating activities and is
sold worldwide in beverage form as a food-based drink
product available in various flavors. Aloe vera is also used
widely in Ayurvedic medicine (4).

CULTIVATION

Aloe vera is cultivated in subtropical regions around the
globe for commercial use and is widely grown by indoor
and outdoor plant enthusiasts as an ornamental plant be-
cause of its hardiness and beauty. The species is resis-
tant to most insect pests and needs very little mainte-
nance or care to flourish, given appropriate temperature
conditions (5).

Because of its very low inner leaf solid content of
0.5% to 1.5%, aloe vera plants are highly susceptible to
freezing, which causes extensive damage, even killing
them when the temperature falls below 32°F. For this rea-
son, commercial cultivations are typically carried out in
warm weather areas (USDA zones 8-11). Aloe vera is the
most cultivated species of the various Aloe species because
it produces the largest, thickest leaves and therefore yields
the greatest amount of juice. It is cultivated extensively in
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Figure 1 Aloe vera flowering. Source: Courtesy of Santiago Rodriguez,
Houston, Texas.

Mexico, the Dominican Republic and other Caribbean Is-
lands, Central America, Venezuela, the southern border
areas of Texas, New Mexico, Arizona, and California, as
well as Tanzania, Uganda, South Africa, Australia, South-
ern China, Thailand, and India. Some small acreage is also
present in the Canary Islands as well as Southern Spain
and Southern Italy and recently new commercial opera-
tions have been proposed in areas such as Greece, Iran,
Pakistan, and other countries in the Middle East.

Aloe vera prefers very well-drained soils, such as
sandy loam, but can grow in almost any type of soil. Al-
though aloe vera is naturally adapted to survive in very
dry climates, water must be supplied to the plant year-
round in order to keep the leaves succulent enough for a
good commercialjuice yield. Aloe vera is typically planted
at a density of 10,000 plants per acre yielding approx-
imately 40 metric tons of leaves per year. Commercial
growers should not make the mistake of planting these
large plants too densely. The suggested row spacing is a
standard, 42-inch-wide row with approximately 60 cm of
spacing between plants.

Harvesting usually begins two years after planting.
The plants are harvested year-round by carefully remov-

ing most of the outer, lower, older leaves. Typically one to
four leaves are removed at a time per plant per harvest.
This way it is possible to obtain three to six harvests in a
year depending on how many leaves are collected from
each plant at harvest.

Cultivation practices for the industrial production
of aloe extracts made from the yellow latex sap are radi-
cally different from those used to grow aloe vera for juice.
In the case of sap production, plants are not irrigated
and are grown in arid regions. The leaves turn brown
and thin under these conditions but when cut produce
the maximum amount of an anthraquinone glycoside—
rich latex, the principal constituents of which are the
compounds known as “aloins A and B.” The sap ex-
udates are collected and further processed to produce
two main products, aloe latex concentrate also known as
“aloin paste” and a product commercially known as “aloin
spray dried.”

DESCRIPTION

The leaf of aloe vera is normally described as consisting of
three major parts that are used in commercial products: the
outer mesophyll (rind or cuticle), the interior parenchyma
(inner leaf, gel or gel fillet, inner gel, inner leaf gel fillet),
and the aloe latex (sap, bitter element, yellow sap, yellow
latex). Researchers, raw material manufacturers, and fin-
ished goods manufacturers have utilized all three plant
parts separately or in combination for aloe vera research
and in the formulation of consumer products.

Outer Mesophyll (Rind)

Aloe vera rind or cuticle is the site of photosynthesis and
primarily consists of cellulose, monosaccharides, water
soluble and insoluble carbohydrates, chlorophyll, amino
acids, proteins, and lipids.

Interior Parenchyma (Inner Leaf)
Aloe vera inner leaf is the colorless, mucilaginous
parenchyma of the aloe vera plant leaf consisting of
water, monosaccharides, water-soluble carbohydrates,
water-soluble polysaccharides, and water-insoluble fi-
brous pulp. The compound B-(1-4)-acetylated mannan,
a polysaccharide also known as “acemannan” or “acety-
lated polymannose,” is widely considered to be the biolog-
ically most important component of the inner leaf. After
removal of fibrous pulp from the inner leaf, the resulting
juice contains about 0.5% to 1.5% solids.

Histological examination of aloe vera inner leaf pulp
has shown it to be composed of large cells made up of 16%
cell walls, about 1% microparticles, and 83% of a viscous
gel on a dried weight basis. The carbohydrate portion
of each of these components was distinct, with the cell
walls composed of 34% galacturonic acid (an unusually
high level), the microparticles composed of galactose-rich
polysaccharides, and the liquid gel contained mannan (6).
These findings showed that different pulp structures are
associated with different polysaccharides and may there-
fore confer different biological activities.
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Flowchart 1 Aloe vera whole leaf processing.

Aloe Latex (Aloe Sap, Aloe Bitters)

Aloe latex is a yellow-green bitter exudate that contains
the anthraquinone glycosides aloins A and B, formerly
known as “barbaloin” and “isobarbaloin,” respectively.
The aloin content of aloe latex changes with the season
and the age of the leaf but usually makes up 10% to 25%
of the dried latex by weight. Products made from aloe latex
have been used historically as a laxative. The source plant
is most commonly Aloe ferox from Africa or Argentina.

COMMERCIAL RAW MATERIAL PROCESSING

Aloe Vera Juice

Aloe vera juice can be manufactured from raw leaves in
two ways-—from the entire leaf or from only the inner leaf
material. In both cases, the leaves are first processed to
remove the side thorns and tips. For aloe vera juice made
from the entire leaf, the leaves are macerated in a grinder
into what is commonly called “guacamole” and then fur-
ther processed by enzymatic treatment (usually with cel-
lulase) to break up cell walls and then charcoal filtered to
remove anthraquinones and other phenolic constituents.
The resulting aloe vera juice is commonly referred to as
“filtered aloe vera juice” or “purified whole leaf aloe vera
juice.” See flowchart 1 for more detail.

When creating juice from only the inner leaf mate-
rial, the inner leaf is separated from the outer rind either
manually with a knife or by machine and then washed to
rinse away any aloe latex present. The remaining material
is crushed and further processed to produce the aloe vera
juice. See flowchart 2 for more detail.

At this stage, regardless of starting material, the
now-processed aloe vera juice is typically called “single-
strength.” The juice from the leaf or inner leaf can also be
further processed to produce concentrates and powders
and are often spray or freeze dried. Some heat is usually
applied in the industrial production of aloe vera juice to
deactivate enzymes that would break down the mannans
into oligosaccharides and simple sugars. Heating also
serves to control the normal microbial load present on the
plant. Enzymatic treatment can be used to further break
down cell walls, with filtration removing any remaining
insoluble fiber. The resulting filtered juice contains all the
major groups of components from the original aloe vera
inner leaf.

Aloin-Rich Materials

The commercial production of aloin-rich materials starts
with the specialized cultivation practices mentioned ear-
lier. In contrast to aloe juice production, the leaves are

~
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Flowchart 2 Aloe vera inner leaf processing.
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gathered and the whole plant is cut at the base, produc-
ing a transverse cut on all the leaves of the plant at the
same time. These leaves are placed in a V-shaped collec-
tion device and the aloin-rich sap is allowed to drain. The
resulting yellow sap is then concentrated by applying heat
until it becomes viscous and forms a solid upon cooling.
This aloin paste product contains approximately 25% of
the anthraquinone glycosides aloins A and B (Fig. 2). A
more sophisticated production method takes the yellow
sap, precipitates the resins by adding acid, and concen-
trates the soluble fraction under vacuum at reduced tem-
perature. The concentrate is then spray dried to produce
“spray-dried aloin,” which typically contains about 50%
aloins. Aloin-rich aloe extracts have been used worldwide
mostly in laxative preparations though it has other uses
including as a bitter flavoring agent, especially in the wine
industry.

Acemannan
Mannan is a generic name for polysaccharides that are
polymers of the sugar mannose. In aloe vera juice, the
mannose moieties are connected by p-(1-4) linkages,
which are partially substituted with acetate units and with
galactose-rich side chains on the mannose backbone. This
B-(1,4)-acetylated-polymannose material is also known by
other names such as “aloverose” and “acemannan”; the
latter is also a name given to a proprietary substance
covered by many patents (7) and has been assigned as a
generic name by the United States Adopted Names Coun-
cil (8). It is based on the chemical name as it refers to the
acetylated mannan found in all aloe vera inner leaf fillets
(Fig. 3).

Acemannan is not sold as a pure material; however,
many commercial products contain varying amounts of it
depending on the processing of the aloe vera leaf as men-

HO

OH

OH

Figure 2 Structures of Aloin A & B.

tioned earlier. The therapeutic properties of aloe vera juice
have been largely attributed to its polysaccharide compo-
nent and acemannan in particular. This high-molecular-
weight material is perhaps the most studied component
of the aloe vera plant aside from the anthraquinone gly-
cosides. Many industrial methods have been developed
to stabilize the aloe vera juice and prevent polysaccharide
degradation. Drying the juice at temperatures over 60°C
has been shown to cause deleterious changes in aceman-
nan and also pectin from the cell walls (9).

ANALYSIS OF COMMERCIAL PRODUCTS

Analysis of 32 commercial products showed wide varia-
tions in polysaccharide content when compared by molec-
ular weight (10), which was attributed to different manu-
facturing procedures. A second study of nine commercial
powders used a method that hydrolyzed the mannan into
mannose as a rapid way to measure the total polysaccha-
ride content in the powder. One sample was found to have
an abnormally high concentration of free glucose, four
showed signs of spoilage, and all but three were found to
have low levels of polymannose present (11). Both studies
found all samples to have a significantly lower amount
of aloins than the raw unwashed inner leaf fillet, with a
high of 16 ppm of aloin A found in one sample in one of
the studies. Because of the widespread use of aloe vera
juice in personal care products, a voluntary industry limit
of 50 ppm aloin content for use in cosmetics as a topical
agent has been established (12).

PRECLINICAL STUDIES

General
Many of the biological properties of aloe vera have been at-
tributed to acemannan. This compound has been studied

Q Q 2 Q Q Q ‘o Q
Q_P -0 30 P o\ qe”lo N ’\"1? oy R_P 0 ’\'O_PO’\ Q?‘/ ° ’\"2?0’\
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Figure 3 Partial molecular model of acemannan [[3-(1,4)-acetylated-polymannose]. Source: Courtesy of Santiago Rodriguez, Houston, Texas.



Figure 4 Aloe vera plant. Source: Courtesy of Devon Powell, Columbia,
Maryland.

for its ability to effect changes in a mouse macrophage cell
line and was found to stimulate cytokine production, ni-
tric oxide release, surface molecule expression, and cause
changes to cell morphology. This, coupled with the find-
ing that the effect on cytokine production was dose de-
pendent (13), suggests that acemannan may function in
part through macrophage activation.

The dermatological activities of aloe vera were in-
vestigated in a systematic review that extracted data from
40 studies in a predetermined standardized manner (14).
Orally administered to mice, it was found to be effective
in promoting wound healing and reducing the incidence
of tumors and leishmania parasites by greater than 90% in
selected tissues. Its antiviral and antimicrobial properties
as well as positive effects on inflammation, frostbite, and
burns were reported. Topical application was found not to
protect against sunburn in this review. Clinical effective-
ness for the use of aloe vera for dermatological conditions
was not thought to be sufficiently explored.

Another review examined purported biological
properties of aloe vera leaf juice, namely promotion
of wound healing, and antifungal, antidiabetic, anti-
inflammatory, anticancer, immunomodulatory, and gas-
troprotective properties and focused on more recently dis-
covered effects and applications such as the ability of aloe
vera juice to increase the bioavailability of coadministered
compounds and to enhance skin permeability (15).

Wound Healing

The wound healing activity of topical and oral aloe vera
was studied in rodent models of anti-inflammatory effects
and wound healing (16). Both supernatant and precipitate
fractions of a 50% ethanol extract of aloe vera decreased
inflammation but only the high-molecular-weight precip-
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itate fraction demonstrated wound healing activity (17),
suggesting that more than one aloe compound could be
useful in treating both inflammation and wounds.

Skin Moisturizing

Aloe vera applied topically has a moisturizing effect on
skin (18) and has been used for this purpose and as a
conditioning agent.

Antidiabetic Activity

Rodent studies have shown blood glucose regulating ac-
tivity of an aloe vera alcoholic extract (19) and processed
aloe vera inner leaf juice (20), suggesting its utility in treat-
ing non—insulin-dependent diabetes.

Antitumor Activity

Acemannan has shown significant antitumor activity via
immune system activation. In a mouse model, IP injection
of acemannan at the time of implantation of sarcoma cells
resulted in a 40% survival rate in the treated animals ver-
sus 0% of the controls, most likely because of the produc-
tion of monokines from macrophage peritoneal stimula-
tion. The data suggested that this acemannan-stimulated
synthesis “resulted in the initiation of immune attack,
necrosis, and regression of implanted sarcomas in mice”
(21). A study involving acemannan treatment as an ad-
junct to surgery and radiation in confirmed fibrosarcoma
in dogs and cats showed tumor shrinkage in one-third
of the animals after four to seven weeks of treatment ad-
ministered by intraperitoneal and intralesional injections
(22). An earlier study by the same group showed similar
results (23).

Studies on Aloin-Rich Materials

Aloin-rich extracts derived from aloe latex belong to the
stimulant laxatives drug class. Aloins are inactive until
deglycosylated by intestinal flora to form aloe-emodin, the
putative active compound (24). Their mechanism of action
is believed to involve increasing peristalsis and water ac-
cumulation in the colon (25). Aloe latex has been subjected
to a human clinical trial as a laxative in combination with
other ingredients (26).

The potential toxicities of aloin and its metabolites
are not well established though studies have shown it
does not promote colon cancer in a mouse model (27) and
induces cell changes that could be a sign of anticancer
activity (28). Selective activity against certain cancers has
also been demonstrated by aloe-emodin, a metabolite of
aloins A and B (29,30).

CLINICAL STUDIES

Wound Healing

Although one study showed a delay in healing wound
complications after cesarean delivery or gynecological
surgery following treatment with “aloe vera dermal
wound gel” (31), another recorded a 6-day statistically
significant reduction (from 18 to 12 days) in the healing
time of partial thickness burns. A systematic review of
the literature for the use of topical aloe vera in treating
burn wounds included four controlled clinical trials in-
volving 371 patients. A meta-analysis based on the time
for healing showed almost nine fewer days required for
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the aloe vera—treated group over the controls (32). No spe-
cific conclusions could be drawn because of the difference
in preparations and outcome measures. Further studies
with well-characterized materials were called for by the
authors as cumulative evidence tended to support the use
of aloe vera for the treatment of first- and second-degree
burns. A bioadhesive patch of an aloe vera preparation
was evaluated in an open uncontrolled trial for the man-
agement of mouth ulcers in children with apparent good
results (33).

Ulcerative Colitis and Irritable Bowel Syndrome (IBS)
Ulcerative colitis is caused by a dysfunction of the immune
system (34). A 2004 clinical trial involving 44 patients
with mild or moderately active ulcerative colitis com-
pared 100 mL twice-daily oral aloe vera juice treatment
with placebo for four weeks. The aloe vera—consuming
patients showed positive clinical responses more often
than placebo. Clinical remission was seen in 30% of the
active group, clinical improvement in 37%, and a clini-
cal response in 47% of patients compared with 7%, 7%,
and 14% in the placebo group, respectively. Histological
scores and the Simple Clinical Colitis Activity Index did
not change in the placebo group but decreased signifi-
cantly for those who consumed aloe vera. No significant
differences were seen between the two groups with regard
to laboratory values or sigmoidoscopic scores (35).

A human clinical study using aloe vera for treatment
of irritable bowel in refractory secondary care patients
failed to show a benefit, though the authors could not rule
out that diarrhea-predominant patients were helped (36).

Antidiabetic Activity

Aloe dried sap has demonstrated hypoglycemic activ-
ity in a study involving five patients with non-insulin-
dependent diabetes (37).

Antitumor Activity

A preliminary clinical trial on the use of orally adminis-
tered “aloe vera tincture” for untreatable metastatic solid
tumor patients with and without melatonin treatment
showed a significantly higher percentage of nonprogress-
ing patients in the group that received the aloe treatment
(50% vs. 27%, P < 0.05) (38). Another human trial on 240
patients treated with Aloe aborescens (used because of pur-
ported immunostimulating activity from this plant ow-
ing to its acemannan component) suggested that oral aloe
therapy may be a successful adjunct to chemotherapy in
patients with metastatic solid tumors. Tumor regression
rate and survival time were improved in this study (39).
No conclusions can be drawn from this study because
details on characterization of the test material were not
provided.

SAFETY

A four-week subacute oral toxicity study in mice admin-
istered a freeze-dried aloe juice product reported no re-
markable subacute toxic effects but did note a decrease
in male kidney weights. The report also provided a re-
view of several adverse reaction case studies associated

with aloe vera (40). They ranged from skin irritation from
topical use to one report of acute hepatitis in a 73-year-
old female taking oral aloe vera capsules for constipation.
A second case of acute hepatitis involving a 26-year-old
man who had been drinking “aloe vera tea” has also been
reported (41).

The National Toxicology Program of the U.S. gov-
ernment nominated “aloe vera gel” for study in 1998 (42).
No long-term carcinogenicity studies of aloe vera gel in
animals were identified at that time. NTP subsequently
chose to conduct a two-year carcinogenicity study on mice
and rats with a “whole leaf extract” (43) that includes a
considerable amount of latex aloins. The majority of aloe
vera juice products intended for long-term internal use
are either charcoal filtered whole leaf preparation or are
made from washed inner leaf juice with aloin concen-
trations typically under 10 parts per million. The NTP
report was still in progress at the time of publication of
this chapter.

REGULATORY STATUS

United States

Aloe and aloin are present in the first approved food addi-
tives list published by the U.S. Food and Drug Adminis-
tration in 1959. Although initially approved in the United
States in 1975 as an OTC drug to treat chronic constipa-
tion, aloe latex is no longer approved for such use in the
United States as of May 9, 2002 (44). Standard quality tests
for aloe latex have been described in detail in many official
pharmacopeias including the United States Pharmacopeia,
Japanese Pharmacopoeia, and the European Pharmacopoeia,
though, as mentioned in the introduction, these texts typ-
ically define aloe latex as simply “aloe” or incorrectly as
“aloe juice.”

Aloe vera juice products can be labeled and mar-
keted as dietary supplements. Aloe latex may also be used
in dietary supplements in the United States with laxative
or constipation claims as long as such claims are not for
the treatment of chronic constipation.

Australia

Aloe vera inner leaf (called “aloe barbadensis”) is eligible
for use as an active or excipient ingredient in Australia
in “Listed” medicines in the Australian Register of Ther-
apeutic Goods. Acemannan is approved as a component.
Components are not approved as substances for use in
their own right and can only be used in conjunction with
an approved source.

Some aloe vera juice and juice concentrate beverages
are viewed as “nontraditional foods” and not as “novel
foods” and there are some listed medicines described as
“aloe vera drinking gel” or as “aloe vera juice.”

Canada

Aloe vera inner leaf, when included as a Natural Health
Product (NHP) active ingredient, requires premarket au-
thorization and a product license number for OTC human
use. Such products must comply with the minimum spec-
ifications outlined in the current NHPD Compendium of
Monographs (45).



European Community

Aloe vera inner leaf was listed as “currently not on the
priority list” in the inventory of herbal substances for as-
sessment by the European Medicines Agency as of March
2009. There is an EU regulatory limit established for aloin
content of 0.1 ppm in orally ingested products based on
a flavoring regulation in which the aloin is defined as an
added ingredient as opposed to naturally occurring. The
International Aloe Science Council (IASC) (a trade associ-
ation) has taken a position that these regulations are not
applicable to aloe vera juice products.

Japan

Aloe vera juice is regulated as a food beverage product in
Japan and is not to contain more than 0.60 mg/kg of ben-
zoic acid. Various forms of aloe vera and extracts thereof
are used as components of functional food products or in
Foods for Specified Health Use such as in fortified waters
and fermented yogurt drinks.

South Korea

Aloe products, known as “edible aloe concentrate” and
“edible aloe gel,” are regulated as food products by the
Korean Food and Drug Administration. Juice or concen-
trate from the inner leaf or dried and powdered inner
leaf material containing not-less-than 30 mg/g of total
aloe polysaccharides is able to carry the health claim
of “smoothing the evacuation” on the basis of 20 to
30 mg delivered as aloe polysaccharides. Processed aloe
vera leaf or concentrates thereof, after removal of the
inedible parts, and containing 2.0 to 50 mg/g of an-
thraquinones (as anhydrous barbaloin), is permitted to
make the same health claim at the specified daily intake.
Aloe vera is also one of the four botanical ingredients al-
lowed to make immune system enhancement claims in
South Korea.

CONCLUSION

Of the 400 known species of aloe, Aloe vera is the most
commonly used in commerce and is cultivated in many
different areas of the world. The plant yields two raw
materials for use in various consumer products including
foods, dietary supplements, cosmetics, and drugs, namely
aloe vera juice and aloe latex. Aloe vera juice can be made
from processing either the entire leaf or only the inner leaf
material. Aloe vera juice is often further processed into a
powder or concentrate.

Preliminary scientific evidence suggests that aloe
vera has therapeutic benefits; however, more studies need
to be conducted to definitively demonstrate efficacy. Con-
sumers should be aware and informed when buying aloe
vera products; although there are many quality products
on the market, there are also many products that may
bring little or no benefit to the user. The IASC maintains a
certification program using validated analytical methods
to determine and ensure products displaying the IASC
program seal contain aloe vera of a particular quality. It
is recommended that consumers verify that products dis-
playing the IASC seal are current participants in the IASC
certification program.
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Androstenedione

Benjamin Z. Leder

INTRODUCTION

Androstenedione (chemical name: 4-androstene-3,17-
dione) is a steroid hormone produced primarily in the re-
productive system and adrenal glands in men and women.
It circulates in the bloodstream and is the immediate pre-
cursor to the potent anabolic/androgenic hormone testos-
terone in the steroid synthesis pathway. Despite this well-
known physiological classification, as well as a growing
body of evidence demonstrating that orally administered
androstenedione is converted to more potent steroid hor-
mones, the United States Food and Drug Administration
originally classified the hormone as a “dietary supple-
ment.” As such, it was available to the general public
without a prescription and for nearly a decade could be
easily purchased in health clubs, nutrition stores, and
over the Internet. This over-the-counter availability of
androstenedione came to an end when Food and Drug
Administration banned its sale in early 2004. The ban
was then codified with the passing of the 2004 Anabolic
Steroid Control Act. This law reclassified androstene-
dione as an anabolic steroid and hence a controlled
substance.

GENERAL DESCRIPTION

The original and seemingly contradictory classification of
androstenedione as a dietary supplement was based on
the definition set forth in the 1994 Dietary Supplement
Health and Education Act (DSHEA). According to the
DSHEA, a substance was defined as a dietary supple-
ment if it was a “product (other than tobacco) intended
to supplement the diet that bears or contains one or more
of the following dietary ingredients: a vitamin, mineral,
amino acid, herb or other botanical... or a concentrate,
metabolite, constituent, extract, or combination of any in-
gredient described above.” Hence, because androstene-
dione could be synthesized from plant products, it fell
under that umbrella. Furthermore, the DSHEA specified
that the Department of Justice could not bring action to
remove a product unless it was proven to pose “a sig-
nificant or unreasonable risk of illness or injury” when
used as directed. Not surprisingly, after the passing of the
DSHEA, the use of dietary supplements increased dra-
matically. In fact, by 1999, the dietary supplement indus-
try in the United States was generating annual sales of $12
billion (1).

Initially, androstenedione use was primarily con-
fined to athletes in strength and endurance-related sports,
an interest that seems to have sprung from reports of

its use in the official East German Olympic athlete dop-
ing program. The event that most dramatically sparked
widespread curiosity in androstenedione, however, was
the media report that the St. Louis Cardinals baseball
player Mark McGwire had used androstenedione in the
1999 season (during which he broke the record for most
home runs in a season). The publicity that surrounded
this supplement also prompted an increased interest in
related “prohormones,” such as norandrostenedione and
androstenediol. This then led to a proliferation of claims
concerning the potential benefits of androstenedione use.
Manufacturers credited these products not only with
promoting muscle growth and improving athletic per-
formance but also with increasing energy, libido, sexual
performance, and general quality of life. Additionally,
androstenedione was often packaged in combination
with other substances as part of an intensive nutri-
tional approach to performance enhancement. An ex-
ample of such a combination is shown in Figure 1.
Clearly, the use of androstenedione and related com-
pounds during that time went well beyond the accu-
mulation of data that could provide a rational basis for
their use.

PROHORMONE FACTORS
4-Androstenedione: 100 mg
19-Nor-5-Androstenedione: 50 mg
5-Androstenediol: 50 mg

DHEA: 50 mg

GH/1GF FACTORS
L-Arginine Pyroglutamate: 2500 mg

o L-Ornithine Alpha-Ketoglutarate: 1250 mg
‘} Taurine: 750 mg
Colostrum: 250 mg
I ‘ ' LH BOOSTER

I Tribulus: 250 mg
Acetyl-L-Carnitine: 250 mg

I L-Carnitine: 100 mg
| 71 DHT BLOCKERS
1 ' Saw Palmetto: 200 mg
Beta Sitosterol: 200 mg

Pygeum Africanum: 50 mg
ESTROGEN BLOCKERS

Kudzu: 100 mg
Chrysin: 250 mg

Figure 1 A typical combination dietary supplement product.
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BIOCHEMISTRY AND PHYSIOLOGY

Androstenedione is a steroid hormone that is produced
primarily in the adrenals, testes, and ovaries. It is classi-
fied as a “weak androgen” because it binds to the body’s
receptor for androgen hormones in a much less potent
fashion than classic anabolic/androgenic steroids such
as testosterone (2). It is synthesized from the precursor
hormone dehydroepiandrosterone (itself a dietary supple-
ment) and is the direct precursor to testosterone. In normal
physiological circumstances, androstenedione can also be
converted to potent feminizing hormones such as estrone
and estradiol (both members of the “estrogen” class of hor-
mones). The relationship between androstenedione, other
steroid hormones, and the enzymes involved in the con-
version of androstenedione to testosterone and estrogens
is shown in Figure 2.

Importantly, the enzymes that convert androstene-
dione to potent hormones such as testosterone and estra-
diol are active not only in endocrine glands but also in
many peripheral body tissues such as muscle, bone, liver,
and brain (3). Thus, if orally administered androstene-
dione has biological activity, it may act either directly or
by conversion to these more potent agents.

ANDROSTENEDIONE USE

There were no precise data concerning the prevalence of
androstenedione use in the general population during the
time that it was widely available. Our best estimates were
based on industry sales figures and extrapolations from
data on classic anabolic/androgenic steroid use in specific
populations. For example, in 1997, it was estimated that

4.9% of male and 2.4% of female adolescents in the United
States had used illegal anabolic steroids (4). Because these
substances were so readily available, there was concern
that androstenedione use in this particularly susceptible
population may have greatly exceeded these numbers.
In fact, in a survey administered in five health clubs in
Boston, Massachusetts, in 2001, 18% of men and 3% of
women respondents admitted to using androstenedione
or other adrenal hormone dietary supplements at least
once. These percentages suggested that as many as 1.5
million U.S. health club members alone may have used
these substances (5).

PHARMACOKINETICS AND HORMONAL EFFECTS OF
ANDROSTENEDIONE IN MEN

Because so many of the claims that surrounded an-
drostenedione were based on the premise that oral ad-
ministration increases serum testosterone levels, it may
be surprising to some that prior to 1999, there was only a
single published study investigating the ability of orally
administered androstenedione to be converted to more
potent steroid hormones (6). In this study, two women
were given a single dose of androstenedione, and the
levels were subsequently measured over the next sev-
eral hours. Since 1999, however, numerous small studies
(mostly in men) have investigated the effects of the sup-
plement (6-16). In general, these studies report that serum
androstenedione levels increase dramatically after oral ad-
ministration and thus confirm that a significant portion of
the supplement is absorbed through the gastrointestinal
tract after ingestion. However, the answer to the more im-
portant question, namely, whether it is then converted to
more potent steroid hormones such as testosterone and
estradiol, appears to be complex. In general, these studies
suggest that the ability of oral androstenedione to increase
estrogen and testosterone levels in men is dose dependent
and is possibly related to the age of the study population
as well. Specifically, the bulk of the research indicates that
when androstenedione is administered to men in individ-
ual doses between 50 and 200 mg, serum estrogen levels
increase dramatically. However, larger individual doses
(e.g., 300 mg) are required to increase serum testosterone
levels.

For example, King and colleagues studied the effects
of a single 100-mg oral dose of androstenedione in 10 men
between the ages of 19 and 29 and reported that although
serum androstenedione and estradiol levels increased sig-
nificantly, testosterone levels did not change (13). These
investigators then specifically measured the portion of cir-
culating testosterone that is not bound to protein and con-
sidered the “bioactive” portion (called “free testosterone”)
and similarly saw no effect of the supplement. In a sep-
arate study, Leder and colleagues gave 0, 100, or 300 mg
of androstenedione to normal healthy men between the
ages of 20 and 40 for seven days and took frequent blood
samples on days 1 and 7 (14). As in the study by King, they
also found that men receiving both the 100- and 300-mg
doses of androstenedione experienced dramatic increases
in serum estradiol that were often well above the nor-
mal male range. Another similarity was that 100-mg dose
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Figure 3 Percentage change in serum testosterone and estradiol in healthy
men after a single androstenedione dose (as measured by eight hours of
frequent blood sampling). Source: Adapted from Ref. 14.

did not affect serum testosterone levels. As shown in
Figure 3, however, the novel finding of this study was
that 300 mg of androstenedione increased serum testos-
terone levels significantly, even though by only a modest
amount (34%).

Leder and colleagues further observed that there
was a significant degree of variability among men with
regard to their serum testosterone response after an-
drostenedione ingestion. As shown in Figure 4, some sub-
jects, even in the 300-mg dose group, experienced rela-
tively little change in testosterone levels, whereas serum
testosterone levels doubled in other men. This finding
suggests that there may be individual differences in the
way androstenedione is metabolized that could impact
any one person’s physiological response to taking the
supplement.

Brown and colleagues investigated the hormonal re-
sponse in a group of men between the ages of 30 and

1800
1600
1400
1200
1000

500 B —
600

400
200

Serum testosterone (ng/dL)

Baseline Peak

Figure 4 Individual variability in the peak serum testosterone level
achieved after a single 300-mg dose of androstenedione in men. Each line
represents one study subject. Source: Adapted from Ref. 14.
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56 (10). In this study, subjects consuming 100 mg of an-
drostenedione three times daily experienced increases in
serum estrogens but not in serum testosterone. However,
unlike in the study by King and colleagues discussed in the
previous text, free testosterone did increase significantly
(even though again by only a small amount).

Finally, several studies have compared the hor-
monal effects of androstenedione with those of other
“prohormone” dietary supplements. Broeder and col-
leagues studied the results of a 100-mg twice-daily dose
of oral androstenedione, androstenediol (a closely re-
lated steroid hormone), or placebo in men between
the ages of 35 and 65 (7). They found that both com-
pounds increased estrogen levels but neither affected to-
tal serum testosterone levels. Similarly, Wallace and col-
leagues studied the effects of 50-mg twice-daily doses
of androstenedione and DHEA in normal men and re-
ported no increases in serum testosterone levels with
either (16).

EFFECTS ON MUSCLE SIZE AND STRENGTH IN MEN

The results of the studies discussed earlier suggest that
androstenedione use in men would be less likely to pro-
mote the muscle building and performance-enhancing
effects associated with testosterone use and more likely
to induce the undesirable feminizing effects associated
with estrogens. Several studies have assessed the abil-
ity of androstenedione (with or without exercise) to in-
crease muscle size and strength and have been uni-
formly disappointing (7,9,13,15,16). For example, Broeder
and colleagues, in the study described earlier, also
measured changes in body composition and strength
in subjects taking 100 mg androstenedione twice daily
in combination with a 12-week intensive weight-training
program (7). Despite using sensitive methods that can de-
tect small changes in body composition, they found no
differences in muscle mass, fat mass, or strength in the
subjects receiving androstenedione compared with those
receiving a placebo tablet. Importantly, however, in this
study as well as all of these studies referenced earlier,
the supplement was given in doses that were not suffi-
cient to increase testosterone levels. It thus remains un-
known whether doses of androstenedione sufficient to in-
crease testosterone levels enhance muscle mass or athletic
performance.

METABOLISM OF ANDROSTENEDIONE IN MEN

One of the consistent findings of the various androstene-
dione studies in men is the inefficiency of conversion of
the supplements to testosterone. Leder and colleagues ex-
plored this issue further by investigating the pattern of
androstenedione metabolism in healthy men (17). Specif-
ically, they measured the concentration of inactive testos-
terone metabolites (also called “conjugates”) in the urine
of subjects ingesting androstenedione and found an in-
crease of over 10-fold compared with their baseline lev-
els. This finding was in direct contrast to the much more
modest changes in serum testosterone they had observed.
It suggests that although much of the androstenedione
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Figure 5 Serum testosterone levels during 12 hours of frequent blood
sampling in postmenopausal women. Circles represent control subjects re-
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that is absorbed after oral administration is converted to
testosterone, it is then immediately further metabolized
to inactive compounds in the liver. The investigators con-
firmed this hypothesis by directly measuring the concen-
tration of one of these inactive metabolites (testosterone
glucuronide) in the serum of these subjects. As expected,
they found that testosterone glucuronide levels increased
by 500% to 1000% (as opposed to the 34% increase in bi-
ologically active serum testosterone after a single 300-mg
dose of oral androstenedione). Together, these findings
demonstrate the effectiveness of the liver in inactivating
steroid molecules when taken orally.

PHARMACOKINETICS AND HORMONAL EFFECTS OF
ANDROSTENEDIONE IN WOMEN

Since the initial report of androstenedione administration
in two women in 1962 (6), research into the effects of the
supplement has focused largely on the hormonal response
to oral administration in young men. Between 2002 and
2003, however, two studies on women were published.
The first of these studies examined the effects of a sin-
gle dose of 0, 50, or 100 mg of androstenedione in post-
menopausal women (18). The findings of this study were
surprising. In contrast to the effects observed in men, even
these low doses increased testosterone levels significantly
in women (Fig. 5).

Also, unlike the results seen in men, estradiol lev-
els were unaffected by androstenedione administration.
In the other study, 100 mg of androstenedione was ad-
ministered to young, premenopausal, healthy women.
Similar to postmenopausal women, these subjects expe-
rienced significant increases in serum testosterone lev-
els after androstenedione administration (estradiol was
not measured) (19). Importantly, in both of these studies,
the peak testosterone levels achieved by the older and
younger women taking androstenedione were often sig-
nificantly above the normal range. Together, these results
predict that the physiological effects of the supplement
may be different in men and women, as might their po-
tential toxicities. To date, however, there have been no

published reports investigating the long-term physiolog-
ical effects in women.

ADVERSE EFFECTS AND TOXICITY

Ever since the publicity surrounding androstenedione ex-
ploded in 1999, many reports in the lay press have fo-
cused on the potential dangerous side effects. Nonethe-
less, with the exception of a single case description of a
man who developed two episodes of priapism in the set-
ting of androstenedione ingestion (20), there have been no
published reports of androstenedione-associated serious
adverse events. This fact should be only partially reas-
suring, however, because androstenedione’s prior classi-
fication as a dietary supplement (as opposed to a drug)
allowed manufacturers to avoid responsibility for rigor-
ously monitoring any potential toxicity of their product.
It is well known that oral administration of certain
testosterone derivatives can cause severe liver diseases,
and anabolic steroid use in general is associated with
anecdotal reports of myocardial infarction, sudden car-
diac death, and psychiatric disturbances (“roid rage”).
Nonetheless, despite androstenedione’s close chemical
similarity to these substances, it is important to note that it
is not a potent anabolic steroid nor does it have a chemical
structure similar to those specific compounds that cause
liver problems. Thus, the potential of androstenedione to
cause these particular serious side effects appears to be
limited. Of more pressing concern to clinicians are the
possible long-term effects in specific populations. In clin-
ical trials, the supplement was generally well tolerated,
though several studies did report that it reduces high-
density lipoprotein (or “good cholesterol”) levels in men.
Importantly, however, even the longest of these studies
lasted only several months. It thus remains quite possi-
ble that androstenedione use, especially at high doses,
could cause subtle physiological changes over prolonged
periods that could directly lead to adverse health conse-
quences. In men, for example, the dramatic increase in
estradiol levels observed with androstenedione adminis-
tration could, over time, lead to gynecomastia (male breast
enlargement), infertility, and other signs of feminization.
In women, because the supplement increases testosterone
levels above the normal range, it could cause hirsutism
(excess body hair growth), menstrual irregularities, or
male-like changes in the external genitalia. In children,
increases in both testosterone and estrogen levels could
cause precocious puberty or premature closure of growth
plates in bone, thereby compromising final adult height.

PURITY OF COMMERCIALLY AVAILABLE
ANDROSTENEDIONE

During its period of over-the-counter availability, an-
drostenedione was available from multiple manufactur-
ers and could be purchased as a tablet, capsule, sublin-
gual tablet, or even a nasal spray. Often, it was combined
with other products that claimed to limit its potential side
effects (such as chrysin, for example, which is purported
to decrease androstenedione’s conversion to estrogens).
Because the manufacture of dietary supplements was not



Table 1 Analysis of Nine Common Brands of Androstenedione
Supplements

Amount of androstenedione listed Amount of androstenedione found

(mg) (mg)
100 93
100 83
100 103
100 90
100 88
100 85
50 35
50 0 (no steroid compounds
identified)
250 168 (10 mg of testosterone was

also present)

Source: From Ref. 21.

subject to the same regulations as pharmaceuticals, the pu-
rity and labeling of androstenedione-containing products
were often inaccurate. Catlin and colleagues, for exam-
ple, reported that urine samples from men treated with
androstenedione contained 19-norandrosterone, a sub-
stance not associated with androstenedione metabolism
but rather with the use of a specific banned anabolic
steroid (21). Further investigation revealed that the an-
drostenedione product used contained a tiny amount of
the unlabeled steroid “19-norandrostenedione.” Though
the amount of 19-norandrostenedione was not physiolog-
ically significant, it was enough to cause a “positive” urine
test for illegal anabolic steroid use when tested in the stan-
dard fashion. In fact, it is precisely this type of contami-
nation that may have explained increases in positive tests
for 19-norandrosterone among competitive athletes in the
past decade. Additionally, it is now common for athletes
who test positive for norandrosterone or other androgenic
metabolites to point to dietary supplement contamination
as the potential explanation.

Catlin and colleagues also analyzed nine common
brands of androstenedione and showed that there was
considerable variation and mislabeling among products
in terms of both purity and content (Table 1).

REGULATORY STATUS AND DETECTION

Androstenedione was available over-the-counter from
1994 (when the DSHEA was passed) until it was reclassi-
fied as an anabolic steroid by the Anabolic Steroid Control
Act in 2004. It is important to note that this reclassifica-
tion came without any evidence that androstenedione in-
creased muscle mass or strength, which was the previous
legal definition of an anabolic steroid. Virtually all sports
organizations, including the National Football League, the
National Collegiate Athletic Association, and the Inter-
national Olympic Committee, have banned androstene-
dione. Despite these prohibitions, detection of androstene-
dione has not been standardized. Specifically, the method
used most often to detect testosterone use, measurement of
the urinary testosterone-to-epitestosterone ratio, has not
proven to be reliable in establishing androstenedione use
(22). Further study is still needed to define novel testing
procedures that are able to detect androstenedione use
reliably.
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CONCLUSIONS

Androstenedione is a steroid hormone, which, until 2004,
was a popular over-the-counter dietary supplement. Since
then, however, it has been classified as an anabolic steroid,
and hence a controlled substance. It is purported to in-
crease strength, athletic performance, libido, sexual per-
formance, energy, and general quality of life. Studies in-
dicate that when taken orally by men, small doses are
converted to potent estrogens and larger doses to both
testosterone and estrogens. Comparatively, there appears
to be a much more physiologically important increase in
estrogens compared with testosterone in men. In women,
the effects are reversed. Studies have thus far failed to
confirm any effect on muscle size or strength, though the
dosing regimens were modest. Although documentation
of adverse side effects among users of androstenedione is
scarce, there is considerable concern over potential long-
term toxicity, especially in women and adolescents.
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INTRODUCTION

Arginine was first isolated in 1895 from animal horn. It is
considered a nonessential amino acid under physiological
conditions; however, it may be classified as semi-essential
(or conditioned) in newborns, young children, or other
circumstances characterized by accelerated tissue growth
(e.g., infection, sepsis, trauma) when its production may
be too slow and not sufficient to meet the requirements
(1). Arginine is physiologically active in the L-form (L-Arg)
and participates in protein synthesis in cells and tissues.
It is essential for the synthesis of urea, creatine, creatinine,
and pyrimidine bases. It also strongly influences hormonal
release and has an important role in vasculature dynamics,
participating in the synthesis of nitric oxide (NO).

BIOCHEMISTRY

Dietary arginine is particularly abundant in wheat
germ and flour, buckwheat, oatmeal, dairy products
(cottage cheese, ricotta cheese, nonfat dry milk, skimmed
yogurt), chocolate, beef (roasts, steaks), pork, nuts (co-
conut, pecans, walnuts, almonds, hazel nuts, peanuts),
seeds (pumpkin, sesame, sunflower), poultry (chicken,
turkey), wild game (pheasant, quail), seafood (halibut,
lobster, salmon, shrimp, snails, tuna), chick peas, and
soybeans (2).

L-Arg, delivered via the gastrointestinal tract, is ab-
sorbed in the jejunum and ileum of the small intestine. A
specific amino acid transport system facilitates this pro-
cess and participates also in the transport of the other
basic amino acids, L-lysine and L-histidine. About 60% of
the absorbed L-Arg is metabolized by the gastrointesti-
nal enterocytes, and only 40% remains intact reaching the
systemic circulation.

An insufficient arginine intake produces symptoms
of muscle weakness, similar to muscular dystrophy (3).
Arginine deficiency impairs insulin secretion, glucose pro-
duction, and liver lipid metabolism (4). Conditional defi-
ciencies of arginine or ornithine are associated with the
presence of excessive ammonia in the blood, excessive
lysine, rapid growth, pregnancy, trauma, or protein defi-
ciency and malnutrition. Arginine deficiency is also asso-
ciated with rash, hair loss and hair breakage, poor wound
healing, constipation, fatty liver, hepatic cirrhosis, and
hepatic coma (4).

Depending on nutritional status and developmental
stage, normal plasma arginine concentrations in humans
and animals range from 95 to 250 pmol/L. Toxicity and

symptoms of high intake are rare, but symptoms of mas-
sive dosages may include thickening and coarsening of
the skin, muscle weakness, diarrhea, and nausea.

The proximal renal tubule accounts for much of the
endogenous production of L-Arg from L-citrulline. In the
tubule, arginine reacts via the Krebs cycle with the toxic
ammonia formed from nitrogen metabolism, producing
the nontoxic and readily excretable urea (Fig. 1) (5). If this
mechanism does not efficiently handle metabolic byprod-
ucts and if L-Arg intake is insufficient, ammonia rapidly
accumulates, resulting in hyperammonemia.

L-Arg undergoes different metabolic fates. NO,
L-citrulline, L-ornithine, L-proline, L-glutamate, and
polyamine-like putrescine are formed from L-Arg. More-
over, the high-energy compound NO-creatinine phos-
phate, which is essential for sustained skeletal muscle con-
traction, is also formed from L-Arg (Fig. 2).

L-Arg, its precursors, and its metabolites are deeply
involved in the interaction of different metabolic path-
ways and interorgan signaling. The amino acid influ-
ences the internal environment in different ways: disposal
of protein metabolic waste; muscle metabolism; vascular
regulation; immune system function; healing and repair
of tissue; formation of collagen; and building of new bone
and tendons.

A leading role for arginine has been shown in the
endocrine system, vasculature, and immune response.
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Figure 1 L-Arginine and Krebs cycle in the renal tubule.
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Figure 2 L-Arginine metabolites. Abbreviations: ADC, arginine decarboxy-
lase; A:GAT, arginine:glycine amidinotransferase; DAO, diamine oxidase; Glu
synthase, glutamine synthase; GMT, guanidinoacetate-N-methyltransferase;
NOS, nitric oxide synthase; OAT, ornithine aminotransferase; P-5-C dehydro-
genase, pyrroline-5-carboxylate dehydrogenase; P-5-C reductase, pyrroline-
5-carboxylate reductase.

PHYSIOLOGY

Endocrine Actions

L-Arg functions as a secretagogue of a number of impor-
tant hormones at the pituitary, pancreas, and adrenal lev-
els. The effects on growth hormone (GH), prolactin (PRL),
adrenocorticotropic hormone (ACTH), and insulin secre-
tion will be discussed in detail.

GH Secretion

Among the various factors modulating somatotropin
function, arginine is well known to play a primary stim-
ulatory influence. Arginine has been shown to increase
basal GH levels and to enhance the GH responsiveness
to growth hormone releasing hormone (GHRH) both in
animals and in humans throughout their life span (6-9);
its GH-stimulating activity occurs after both IV and oral
administration and is dose dependent; 0.1 and 0.5 g/kg
are the minimal and the maximal IV effective doses, re-
spectively. Moreover, a low orally administered arginine
dose has been shown to be as effective as a high IV dose
in enhancing the GH response to GHRH both in children
and in elderly subjects (10,11).

Arginine, directly or indirectly via NO, is likely
to act by inhibiting hypothalamic somatostatin (SS) re-
lease. It has been shown that arginine—but not isosorbide-
dinitrate and molsidomine, two NO donors—stimulates
GH secretion (12,13), suggesting that it does not exert its
effects through the generation of NO. Moreover, arginine
does not modify either basal or GHRH-induced GH in-
crease from rat anterior pituitary (14). On the contrary;, it
potentiates the GH response to the maximal GHRH dose
in humans. Arginine can elicit a response even when the
response has been previously inhibited by a GHRH ad-

ministration, which induces an SS-mediated negative GH
autofeedback (7,8,15). Moreover, arginine counteracts the
GH-inhibiting effect of neuroactive substances that act by
stimulating SS release; it does not modify the GH-releasing
activity of stimuli acting via SS reduction (8). Again, in fa-
vor of an SS-mediated mechanism is also the evidence
that ornithine, the active form of arginine, is unable to
modify plasma GHRH levels in humans (16). Moreover,
arginine fails to potentiate the increased spontaneous noc-
turnal GH secretion, which is assumed to reflect circadian
SS hyposecretion and GHRH hypersecretion, respectively
(8). Arginine does not influence the strong GH-releasing
action of ghrelin, the natural ligand of GH secretagogue
receptors, which is supposed to act as a functional antago-
nist of SS at both the pituitary and the hypothalamic levels
(17,18).

The GH-releasing activity of arginine is sex depen-
dent but not age dependent, being higher in females than
in males but similar in children, young, and elderly sub-
jects (8,19-23). Moreover, it has been clearly demonstrated
that arginine totally restores the low somatotrope respon-
siveness to GHRH in aging, when a somatostatinergic hy-
peractivity is likely to occur (20-23). This evidence clearly
indicates that the maximal secretory capacity of soma-
totropic cells does not vary with age and that the age-
related decrease in GH secretion is due to a hypothalamic
impairment (20-23). This also points out the possible
clinical usefulness of this substance to rejuvenate the
GH/insulin-like growth factor-I (IGF-I) axis in aging. In
fact, the reduced function of the GH/IGF-I axis in aging
may account for the changes in body composition, struc-
ture, and function. In agreement with this assumption, it
has been reported by some, but not all, authors that el-
derly subjects could benefit from treatment with rhGH
to restore IGF-I levels within the young range (21,24). As
it has been demonstrated that the GH releasable pool in
the aged pituitary is basically preserved and that the age-
related decline in GH secretion mostly reflects hypotha-
lamic dysfunction (21,23), the most appropriate, that is,
“physiological,” approach to restore somatotroph func-
tion in aging would be a treatment with neuroactive sub-
stances endowed with GH-releasing action. Among these
GH secretagogues, arginine received considerable atten-
tion. In fact, the coadministration of arginine (even at
low oral doses) with GHRH (up to 15 days) enhanced
the GH responsiveness to the neurohormone in normal
aged subjects (11). However, the efficacy of long-term
treatment with oral arginine to restore the function of the
GH/IGEF-I axis in aging has never been shown in elderly
subjects.

Following the evidence that GHRH combined with
arginine becomes the most potent and reproducible stim-
ulus to diagnose GH deficiency throughout the life span
(25), GHRH + arginine is, at present, one of the two gold
standard tests for the diagnosis of GH deficiency (25,26).
In fact, the GH response to a GHRH + arginine test is
approximately threefold higher than the response to clas-
sical tests and does not vary significantly with age (25,26).
Because of its good tolerability and its preserved effect in
aging, the GHRH + arginine test is currently considered
to be the best alternative choice to the insulin-induced
tolerance test (ITT) for the diagnosis of GH deficiency
throughout the life span (25).



PRL Secretion

Among the endocrine actions of arginine, its PRL-
releasing effect has been shown both in animals and in
humans after IV but not after oral administration (10,27).
The PRL response to arginine is markedly lower than
the response to the classical PRL secretagogues, such
as dopaminergic antagonists or thyrotropin-releasing
hormone (TRH) (6) but higher than that observed after
secretion of GH and other modulators of lactotrope
function (17).

The mechanisms underlying the stimulatory effect
of arginine on PRL secretion are largely unknown, but
there is evidence that this effect is not mediated by galanin,
a neuropeptide with PRL-releasing effect. In fact, galanin
has been shown to potentiate PRL response to arginine,
suggesting different mechanisms of action for the two sub-
stances (28).

ACTH Secretion

Although some excitatory amino acids and their ago-
nists have been demonstrated to differently modulate
corticotropin-releasing hormone and arginine vasopressin
release in vitro and influence both sympathoadrenal and
hypothalamo-pituitary-adrenal (HPA) responses to hypo-
glycemia in animals (29,30), little is known about arginine
influences on HPA axis in humans. Many studies have
shown that mainly food ingestion influences spontaneous
and stimulated ACTH/ cortisol secretion in normal sub-
jects and that central aj-adrenergic-mediated mechanisms
are probably involved (31). In humans free fatty acids in-
hibit spontaneous ACTH and cortisol secretion, but no
data exist regarding the effect of each nutrient compo-
nent on HPA function. Previous studies demonstrated that
arginine is unable to exert an ACTH-stimulatory effect in
humans via generation of NO (12) and our unpublished
preliminary data failed to demonstrate a significant effect
of arginine (30 g IV) on either ACTH or cortisol secretion
in normal subjects.

Insulin Secretion

Arginine is one of the most effective known insulin sec-
retagogue and it may be used with glucose potentiation
to determine a patient’s capacity to secrete insulin (32).
Arginine acts synergistically with glucose, and to a much
lesser extent with serum fatty acids, in stimulating insulin
release. A synergistic effect of arginine and glucose on in-
sulin secretion has been shown in humans (33,34), and the
combined administration of these two stimuli has been
studied in an attempt to test B-cell secretory capacity in
diabetic patients (35).

A protein meal leads to a rapid increase in both
plasma insulin and glucagon levels (36). Administration
of arginine has a similar effect. An arginine transport sys-
tem is present in the B-cell plasma membrane (37). When
arginine enters the B cell, it causes ionic changes that de-
polarize the B cell and trigger Ca?* uptake and exocytosis
of insulin-containing granules.

Several mechanisms for arginine-induced {-cell
stimulation have been proposed. These include the
metabolism of L-Arg leading to the formation of ATP
(38,39), the generation of NO (40,41), and the direct de-
polarization of the plasma membrane potential due to the
accumulation of the cationic amino acid (42-44).
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A sustained Ca?t influx is directly related to in-
sulin secretion following arginine uptake by B cells. The
arginine-induced increase in Ca®* concentration is inhib-
ited by the activation of ATP-sensitive potassium (K-ATP)
channels with diazoxide and seems dependent on the nu-
tritional status. These observations suggest that the K-ATP
channels, when fully open, act to prevent membrane de-
polarization caused by arginine. The presence of a nutri-
ent, such as glucose, produces sufficient closure of K-ATP
channels to allow arginine-induced membrane depolar-
ization and activation of the voltage-activated Ca?* chan-
nels (37).

Nonendocrine Actions

Cardiovascular System
Increasing interest has been recently focused on NO. This
mediator, which is synthesized from L-Arg (45) by ni-
tric oxide synthases (NOS) (46), is a potent vasodilator
(47) and inhibitor of platelet adhesion and aggregation
(48). Three isoforms of NOS are described: neuronal NOS
(nNNOS—NOS-1), inducible NOS (iNOS—NOS-2), and en-
dothelial NOS (eNOS—NOS-3). NOS-1 and NOS-3 are
expressed constitutively and they produce NO at low
rates (49). NOS-3 is responsible for a consistent vasodila-
tor tone and, although constitutive, can be regulated by
endothelial shear stress (50) and substances such as acetyl-
choline, histamine, serotonin, thrombin, bradykinin, and
catecholamines. Calcium is required for NOS-3 activation
(51). NO production is mainly dependent on the availabil-
ity of arginine and NOS is responsible for the biochemical
conversion of L-Arg to NO and citrulline in the presence
of cofactors such as reduced nicotinamide adenine dinu-
cleotide phosphate (NADPH), tetrahydrobiopterin (BHy),
flavin mononucleotide, and flavin adenine nucleotide. Re-
duced NO production, leading to vasoconstriction and in-
creases in adhesion molecule expression, platelet adhesion
and aggregation, and smooth muscle cell proliferation has
been demonstrated in atherosclerosis, diabetes mellitus,
and hypertension (52-54)—conditions known to be asso-
ciated with an increased mortality because of cardiovascu-
lar disease. Taken together, these observations lead to the
concept that interventions designed to increase NO pro-
duction by supplemental L-Arg might have a therapeutic
value in the treatment and prevention of the endothelial
alterations of these diseases. Besides several actions ex-
erted mainly through NO production, arginine also has a
number of NO-independent properties, such as the abil-
ity to regulate blood and cellular pH, and the effect on the
depolarization of endothelial cell membranes.

The daily consumption of arginine is normally about
5 g/day. Arginine supplementation is able to increase NO
production, although the K, for L-Arg is 2.9 pmol and the
intracellular concentration of arginine is 0.8 to 2.0 mmol.
To explain this biochemical discrepancy, named “arginine
paradox,” there are theories that include low arginine lev-
els in some diseases (e.g., hypertension, diabetes mellitus,
and hypercholesterolemia), and/or the presence of enzy-
matic inhibitors (55), and/or the activity of the enzyme
arginase (which converts arginine to ornithine and urea,
leading to low levels of arginine).

Recently attention has been given to the methy-
lated forms of L-Arg, generated by the proteolysis of
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methylated proteins; they are represented by asymmetric
dimethylarginine (ADMA) and two symmetric dimethy-
lated derivatives: symmetric dimethylarginine (SDMA)
and monomethylarginine (MMA) (56). Only ADMA and
MMA, but not SDMA, exert inhibitory effects on NOS-3
activity (57). For this reason, ADMA is now recognized as
a new emerging cardiovascular risk marker and likely as
a causative factor for cardiovascular disease (58).

L-Arginine therapy in cardiovascular pathologies
showed contradictory results. However, itisnow clear that
individual response to L-Arg may be influenced by SDMA.
In fact, no effects of L-arg therapy are demonstrated in pa-
tients with low ADMA levels, whereas in patients with
high ADMA level, L-Arg normalizes the L-Arg to ADMA
ratio, thus normalizing the endothelial function (59).

Several studies demonstrated that L-Arg infusion
in normal subjects and patients with coronary heart dis-
ease (60), hypercholesterolemia (61), and hypertension
(62) is able to improve the endothelial function, but the
results, although encouraging, are not conclusive because
of the short-term effects of IV arginine. However, argi-
nine does not affect endothelial function in patients with
diabetes mellitus. On the other hand, oral L-Arg has a
longer half-life and longer-term effects than L-Arg given
intra-arterially or intravenously (63). Thus, in the setting
of long-term health maintenance or symptom manage-
ment, the oral route would be preferred. Studies in ani-
mals documented that oral L-Arg supplementation is able
to reduce the progression of atherosclerosis, preserving
endothelium function (64) and inhibiting circulating in-
flammatory cells (65) and platelets (66) in animals with
hypercholesterolemia, and to decrease blood pressure and
wall thickness in animals with experimental hypertension
(67). On the other hand, studies in humans in vivo are
not so widely positive as the animal experimental data.
Actually, although the majority of the data is in normal
subjects, individuals with a history of cigarette smoking
and patients with hypercholesterolemia and claudication
demonstrate beneficial effects of oral L-Arg administra-
tion on platelet adhesion and aggregation, monocyte ad-
hesion, and endothelium-dependent vasodilation (68,69).
Other studies do not show any benefit (70,71); therefore,
no definitive conclusions can be drawn. Taken together,
the studies show a major effect when L-Arg supplemen-
tation was given in subjects with hypercholesterolemia,
probably because of an increase in NO production via re-
duction of the ADMA intracellular concentration, which
is increased in the presence of LDL hypercholesterolemia.

In conclusion, despite several beneficial effects on
intermediate end points, particularly in hypercholes-
terolemic patients, there is no evidence for a clinical
benefit in the treatment or prevention of cardiovascular
disease. More data, derived from large-scale prospective
studies evaluating the effect of long-term treatment with
L-Arg, are needed. Future perspectives of pharmacological
intervention are represented by the regulation of the en-
zyme dimethylarginine dimethylaminohydrolase respon-
sible for the ADMA metabolism (57), the arginase (72),
and the endothelial cell L-Arg transporter (73).

Immune System
Many studies, in animals as well as in humans, have
shown that arginine is involved in immune modulation. In

fact, this amino acid is a component of most proteins and
the substrate for several nonprotein, nitrogen-containing
compounds acting as immune modulators.

There is clear evidence that arginine participates in
the cell-mediated immune responses of macrophages and
T lymphocytes in humans through the production of NO
by inducible nitric oxide synthase (iNOS-—NOS-2), which
occurs mostly in the macrophage (74,75), and through the
modulation of T-lymphocyte function and proliferation
(76,77). At intracellular levels, arginine is metabolized by
two different enzymatic pathways: the arginase pathway,
by which the guanidino nitrogen is converted into urea to
produce ornithine, and the NOS pathway, which results
in oxidation of the guanidino nitrogen to produce NO and
other substances (78,79).

It has been shown that macrophage superoxide pro-
duction, phagocytosis, protein synthesis, and tumoricidal
activity are inhibited by high levels of arginine in vitro and
that sites of inflammation with prominent macrophage
infiltration, such as wounds and certain tumors, are de-
ficient in free arginine (80). In particular, a decrease in
arginine availability due to the activity of macrophage-
derived arginase rather than the arginine/NO pathway
may contribute to the activation of macrophages migrat-
ing at inflammatory sites (80). Arginine metabolism in the
macrophages is activity dependent. At rest, macrophages
exhibit minimal utilization of arginine and lower NOS-2
expression or arginase activity, whereas in activated cells,
arginine is transported into the cell, and NOS-2 expression
and arginase are induced by cytokines and other stimuli
(81). The types of stimuli that induce NOS-2 and arginase
are quite different. In vitro and in vivo studies demon-
strated that NOS-2 is induced by T-helper I cytokines (IL-
1, TNF, and vy-interferon) produced during activation of
the cellular immune response, such as severe infections or
sepsis (74,75), whereas arginases are induced by T-helper
II cytokines (IL-4, IL-10, and IL-13) and other immune reg-
ulators aimed at inducing the humoral immune response
(82,83). Thus, in disease processes, where inflammatory
response predominates, NOS-2 expression and NO pro-
duction prevail. Under biological circumstances where T-
helper Il cytokine expression is prevalent, arginase activity
and the production of ornithine and related metabolites
would predominate.

In vitro studies in animals demonstrated depressed
lymphocyte proliferation in cultures containing low levels
of arginine and maximal proliferation when arginine is
added at physiological plasma concentration (77,84), but
the molecular details have not been completely defined.

It has also been shown that supplemental arginine
increased thymic weight in rodents because of increased
numbers of total thymic T lymphocytes. On the other
hand, in athymic mice, supplemental arginine increased
the number of T cells and augmented delayed-type hyper-
sensitivity responses, indicating that it can exert its effects
on peripheral lymphocytes and not just on those within
the thymus (76).

The immunostimulatory effects of arginine in ani-
mal studies have suggested that this amino acid could be
an effective therapy for many pathophysiological condi-
tions in humans, able to positively influence the immune
response under some circumstances by restoring cytokine
balance and reducing the incidence of infection.



In healthy humans, oral arginine supplementation
shows many effects on the immune system, including
increase in peripheral blood lymphocyte mitogenesis,
increase in the T-helper-T-cytotoxic cell ratio and, in
macrophages, activity against microorganisms and tumor
cells (85). Furthermore, the delayed-type hypersensitiv-
ity response as well as the number of circulating natu-
ral killer (NK) and lymphokine-activated killer cells are
increased (85-87). Therefore, it has been hypothesized
that arginine could be of benefit to patients undergo-
ing major surgery after trauma and sepsis and in car-
diovascular diseases, HIV infection, and cancer (88). In
fact, short-term arginine supplementation has been shown
to maintain the immune function during chemotherapy;
arginine supplementation (30 g/day for 3 days) reduced
chemotherapy-induced suppression of NK cell activity,
lymphokine-activated killer cell cytotoxicity, and lympho-
cyte mitogenic reactivity in patients with locally advanced
breast cancer (89). It must be noted that chronic adminis-
tration of arginine has also been shown to promote cancer
growth by stimulating polyamine synthesis in both ani-
mal and human studies (89). On the other hand, NO has
been shown to inhibit tumor growth. Thus, the real effect
on cancer processes depends on the relative activities of
NOS and arginase pathways that show variable expres-
sion, depending on the stage of carcinogenesis (91).

These data clearly indicate the involvement of argi-
nine in immune responses in both animals and humans.
Large clinical trials are needed to clarify the clinical ap-
plication and efficacy of this amino acid in immunity and
immunopathology.

SUPPLEMENTAL ARGININE

The available form of supplemental L-Arg is represented
by the free base, the Cl~ salt (L-Arg hydrochloride—L-Arg-
HCI) and the aspartate salt of the amino acid (92).

L-Arg is stable under sterilization condition and its
administration is safe for mammals in an appropriate dose
and chemical form (91).

Oral L-Arg (up to 9 g of Arg-HCl per day for adults)
has no adverse effects on humans but higher doses can
lead to gastrointestinal toxicity, theoretically increasing
local production of NO and impairing intestinal absorp-
tion of other basic amino acids (91). Moreover, the local
NO production may be particularly dangerous if intestinal
diseases are present (92).

Oral L-Arg supplement is commonly used to in-
crease GH release and consequentially physical perfor-
mance; moreover, it has been hypothesized that L-Arg
supplement could lead to improved muscular aerobic
metabolism and less lactate accumulation, enhancing NO-
mediated muscle perfusion.

However, in a clinical trial, arginine supplement in
endurance-trained athletes did not show any difference
from placebo in endurance performance (maximal oxy-
gen consumption, time to exhaustion), endocrine (GH,
glucacon, cortisol, and testosterone concentrations), and
metabolic parameters (93).

In another study, the association “arginine plus exer-
cise” produced a GH response approximately 50% lower
than that observed with exercise alone, suggesting that
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the acute use of oral L-Arg prior to exercise blunts the GH
response to subsequent exercise (94).

No effects on NO production, lactate and ammo-
nia metabolism, and physical performance in intermittent
anaerobic exercise were shown in well-trained male ath-
letes after short-term arginine supplementation (95). It has
been hypothesized that NO production is not modified by
arginine supplementation in athletes because they may
have higher basal concentrations of NO than general pop-
ulation; in fact, basal NO production can be increased by
regular exercise training, without any pharmacological in-
tervention (95).

There are many interesting clinical perspectives on
arginine supplementation therapy, especially in critical
care setting (96), treatment and prevention of pressure
ulcers (97), hypertension (59), and asthma and chronic ob-
structive pulmonary disease (98), but further studies are
required to clarify which categories of patients may bene-
fit from this treatment (99).

CONCLUSIONS

From an endocrinological point of view, the simple classi-
fication of arginine as an amino acid involved in peripheral
metabolism is no longer acceptable. In fact, besides other
nonendocrine actions, it has been clearly demonstrated
that arginine plays a major role in the neural control of
anterior pituitary function, particularly in the regulation
of somatotrophin secretion. One of the most important
concepts regarding arginine is the existence of an arginine
pathway at the CNS level, where this amino acid repre-
sents the precursor of NO, a gaseous neurotransmitter of
major importance. On the other hand, NO does not nec-
essarily mediate all the neuroendocrine or the peripheral
arginine actions.

In the past years, new discoveries have led to a rapid
increase in our knowledge of the arginine/NO system,
from a neuroendocrine and nonendocrine point of view.
Up to now, there is no evidence for the utility of L-Arg
supplement for muscle strength or exercise performance
in humans. However, several other aspects still remain to
be clarified; the potential clinical implications for arginine
have also never been appropriately addressed and could
provide unexpected results both in the endocrine and in
the cardiovascular fields.
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Astragalus

Roy Upton

INTRODUCTION

Astragalus root (Astragalus membranaceus and Astragalus
mongholicus) (Figs. 1 and 2; flowers are shown in Fig.
2) is one of the most important plant products used
in traditional Chinese medicine (TCM) for supporting
immune resistance (# %; wei qi) and energy production
(W ®; bu qi). Astragalus is also one of the most popular
ingredients in botanical dietary supplements for its
putative effect of supporting healthy immune function.
Despite the widespread use of this botanical among
TCM practitioners and its extensive use in botanical
supplements, there are few clinical trials supporting
its use, though those that are available are positive.
Numerous preclinical studies provide evidence for a
number of pharmacological effects that are consistent
with the traditional and modern use of astragalus.

BACKGROUND

Traditional and Modern Uses

In Asia, astragalus is commonly used according to both
its traditional Chinese medical indications as a general
tonifier and specifically for immune enhancement and for
modern biomedical indications such as immune, liver, and
cardiovascular support. It has been used for the preven-
tion of the common cold and upper respiratory tract infec-
tions and is widely prescribed to children for prevention
of infectious disease, though formal clinical English lan-
guage studies regarding this use are lacking. In the West,
astragalus is primarily used as an immune modulator.
Astragalus potentiates recombinant interleukin-2 (rIL-2)
and recombinant interferon-1 and -2 (rIFN-1 and -2) im-
munotherapy and by lowering the therapeutic thresholds,
may reduce the side effects normally associated with these
therapies. The data and opinion of those expert with the
use of the botanical suggest that astragalus is useful as a
complementary treatment during chemotherapy and radi-
ation therapy and in immune deficiency syndromes. There
is some modern evidence for its use in hepatitis and the
treatment of cardiovascular disease.

In TCM and Western clinical herbal medicine, astra-
galus is most commonly used in combination with other
botanicals and is very seldom used as a single agent. There
are numerous studies of some of the classic combinations
of astragalus (e.g., astragalus and Angelica sinensis). These
have not been reviewed, but use of formulas is more con-
sistent with the use of the astragalus than with the use of
the herb alone according to traditional Chinese medical
principles.
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CHEMISTRY AND PREPARATION OF PRODUCTS

The primary compounds of interest in astragalus are triter-
penes, polysaccharides, and flavonoids. The triterpene as-
tragaloside IV is a relatively unique marker for astragalus
species used in Chinese medicine. A variety of prepara-
tions are utilized in clinical practice and in herbal sup-
plements. A number of preparations, including crude ex-
tracts, isolated polysaccharides, and triterpene saponins,
have been subject to study and correlated with activity.
Clinically, in China and among some practitioners in the
United States, decoctions are frequently given. However,
due to the time required for cooking and the subsequent
smell and taste of Chinese herb preparations in general
(though astragalus is very agreeable), many consumers
and practitioners prefer crude powder or extract prepa-
rations (capsules, tablets), freeze-dried granules, or liquid
extracts. Astragalus is also used as a relatively common
ingredient in soups, especially during winter months.
Polysaccharides (12-36 kD) have been most of-
ten correlated with immune activity, while triterpene
saponins have been predominantly associated with car-
diovascular and hepatoprotective effects. Astragalus
polysaccharides are generally composed of a mixture of
D-glucose, D-galactose, and L-arabinose or D-glucose
alone. The glucose units appear to be primarily a-(1,4)-
linked with periodic a-(1,6)-linked branches (1,2). The
triterpene glycosides vary by position, number, and type
of sugar residues at positions 3, 6, and 25. Several of
these “astragalosides” (e.g., astragaloside 1V; Fig. 3) are
composed of a single xylopyranosyl substituent at the 3-
position, which may or may not be acetylated. Others pos-
sess either disaccharide or trisaccharide substituents (3—
5). Primary flavonoids of astragalus for which activity has
been reported include calycosin, formononetin (Fig. 3),
and daidzein (Fig. 3) and additionally include isorham-
netin, kaempferol, and quercetin, among others (6).

PRECLINICAL STUDIES

Pharmacokinetics

Pharmacokinetic data available in English language pub-
lications on astragalus, its crude extracts, or its con-
stituents are very limited. In the most detailed study to
date, the pharmacokinetics of a decoction of astragalus,
the preparation most used traditionally were investigated
in four models: four complement in silico, a cacao-2 in-
testinal cell model, an animal, and a human volunteer
(n = 1). Intestinal absorption was demonstrated for sev-
eral flavonoids including calycosin and formononetin,
along with their aglycone metabolites in all four
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Figure 1 Different forms and quality of astragalus on the American market. Source: Photo courtesy of Roy Upton, Soquel, CA.

models. Triterpene saponins, used as chemical markers
of astragalus (e.g., astragaloside I and IV) in the Phar-
macopoeia of the People’s Republic of China and the Amer-
ican Herbal Pharmacopoeia, were lacking, likely due to
their low concentrations in the preparation. In the hu-
man volunteer, nine flavonoids, including calycosin, for-
mononetin, and the isoflavone daidzein, were detected

Figure 2 Astragalus flowers. Source: Photo courtesy of Bill Brevoort, Amer-
ican Herbal Pharmacopoeia.

in urine (7). In animal models (rats and dogs), astragalo-
side IV, which has demonstrated cardioprotective activity,
showed moderate-to-fast elimination. The half-life in male
rats was from 67.2 to 98.1 minutes, in female rats 34.0 to
131.6 minutes, and was linear at the intravenous doses
given. The highest concentration of astragaloside IV was
found in the lungs and liver. Only 50% of the compound
was detected in urine and feces. Binding to plasma protein
was also linear at the concentration of 250-1000 ng/mL.
Slow systemic clearance of astragaloside IV occurred via
the liver at approximately 0.004 L/kg/min (8).

In another pharmacokinetic study, a two-
compartment, first-order pharmacokinetic model was
used to describe the pharmacokinetics of intravenous-
administered astragaloside IV. Systemic clearance of this
triterpene was reported as moderate and distribution into
peripheral tissues was limited (9).

Pharmacodynamics

A large percentage of research on astragalus has focused
on its immunostimulatory activity and its purported
ability to restore the activity of a suppressed immune
system. More recently, interest in its potential as a car-
dioprotective agent has been shown. Reviews of a limited
number of clinical trials and preclinical data provide some
evidence for its usefulness in the prevention of the com-
mon cold and as an adjunct to cancer therapies. There is
limited evidence to suggest a benefit to the cardiovascular
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Figure 3 Some major constituents of Astragalus.

system, with improvement in clinical parameters associ-
ated with angina, congestive heart failure, and acute my-
ocardial infarct. There is also some indication from animal
studies supporting its use in the treatment of hepatitis and
diabetes.

Immunomodulatory Effects

There are relatively strong preclinical data of pharmaco-
logical mechanisms that provide support for the putative
immunomodulatory effects of astragalus.

Cancer
In a rat study, animals were pretreated orally for 50 days
with a low or high dose of astragalus extract (3.3 or
10 g/kg/day) prior to IP injection of doxorubicin (cumula-
tive dose of 12 mg/kg over a 2-week period). After 5 weeks
of the final injection of doxorubicin, a significant inhibi-
tion of cardiac diastolic function was observed. This was
accompanied by ascites, catexia, decreased heart weight,
and increased mortality. Treatment with astragalus at both
doses significantly attenuated the negative effects of dox-
orubicin on cardiac functions and ascites, while the high
dose also improved survival. This protective effective
was at least partially associated with the ability of as-
tragalus to attenuate changes in cardiac SERCA2a mRNA
expression (10).

A broad array of immunomodulatory effects has
been demonstrated in numerous preclinical studies that
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suggest a substantial value of astragalus in conjunc-
tion with conventional cancer therapies. The most rele-
vant of these was a series of investigations conducted
by researchers at the MD Anderson Cancer Center
that found that astragalus extract restored to normal
the immune response of patients’ mononuclear cells
that were grafted into rats immunocompromised by cy-
clophosphamide. These researchers concluded that astra-
galus and its polysaccharide fraction reversed the im-
munosuppressive effect of cyclophosphamide (11-15). In
other studies, astragalus and its various fractions were
shown to stimulate macrophage phagocytosis (16) and
hematopoiesis (17).

One study reported on the gastroprotective effects
of astragalus extract (characterization not reported) in hu-
man peritoneal mesothelial cells (HPMCs) subjected to
gastric cancer cell lines. Upon incubation with cancer cell
lines, apoptosis of the HPMC cells was observed. The as-
tragalus preparation, via regulation of Bcl-2 and Bax, par-
tially inhibited apoptosis. The authors interpreted these
findings as a potential that astragalus may slow down the
metastasis of the primary cancer and is therefore a poten-
tial treatment for gastric cancer (18).

The ability of an astragalus fraction to potentiate the
effects of rIL-2 has been demonstrated in in vitro assays.
Lymphokine-activated killer (LAK) cells were treated with
a combination of the astragalus fraction and 100 units/mL
of IL-2. The combination therapy produced the same
amount of tumor-cell-killing activity as that generated
by 1000 units/mL of rIL-2 on its own, thus suggesting
that the astragalus fraction elicited a 10-fold potentiation
of rIL-2 in this in vitro model (19). These findings were
confirmed in a follow-up study by the MD Anderson re-
searchers using LAK cells from cancer and AIDS patients.
In this study, the cytotoxicity of a lower dose of 50 wg/mL
of rIL-2 given with the astragalus fraction was compara-
ble to that of a higher dose of 500 pwg/mL of rIL-2 alone
against the Hs294t melanoma cell line of LAK cells. With
the combination, the effector-target cell ratio could be re-
duced to one-half to obtain a level of cytotoxicity that was
equivalent to the use of rIL-2 alone. In addition, the astra-
galus fraction was shown to increase the responsiveness
of peripheral blood lymphocytes that were not affected by
rIL-2. In this study, and in another by the same researchers,
it was concluded that the fraction potentiated the activity
of LAK cells and allowed for the reduction in rIL-2, thus
minimizing the toxicity of rIL-2 therapy (20). Other groups
of researchers reported almost identical findings (a 10-fold
potentiation) and concluded that astragalus is effective in
potentiating IL-2-generated LAK cell cytotoxicity in vitro
(21,22). Astragalus was also found to enhance the secre-
tion of tumor necrosis factor (TNF) from human periph-
eral blood mononuclear cells (PBMCs). A polysaccharide
fraction (molecular weight 20,000-25,000) increased secre-
tion of TNF-a and TNF-( after isolation of adherent and
nonadherent mononuclear cells from PBMCs (23).

Other investigations support the role of astra-
galus polysaccharides as immunomodulating agents.
In an in vitro study, astragalus polysaccharides sig-
nificantly induced the proliferation of BALB/c mouse
splenocytes resulting in subsequent induction of inter-
leukin 18 and tumor necrosis factor-a and the activa-
tion of murine macrophages. The researchers concluded
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that astragalus had an intermediate-to-high affinity
for membrane immunoglobulin (Ig) of B lymphocytes
(24).

Cardiovascular Effects

In animal studies, astragalus or its compounds were re-
ported to elicit antioxidant (25), mild hypotensive (26),
and both positive (27) (50-200 pg/mL) and negative
(30 pg/mL) inotropic activity (28). The inotropic activ-
ity was reported to be due to the modulation of Na*-K*
ATPase in a manner similar to strophanthin K. Antioxi-
dant (29), calcium channel blocking (30), and fibrinolytic
activity (31) have been reported in in vitro studies. As-
tragaloside IV was studied for potential cardioactivity.
Various effects have been reported. Intravenous admin-
istration of astragaloside IV reduced the area of myocar-
dial infarct and reduced plasma creatine phosphokinase
release in dogs subjected to 3-hour ligation and increased
coronary blood flow in anesthetized dogs. In isolated rat
heart perfusion investigations, astragaloside IV signifi-
cantly improved (P < 0.01) postischemic heart function
and reduced creatine phosphokinase release from the my-
ocardium. In addition, coronary blood flow during base-
line perfusion and reperfusion in ischemic rat hearts was
increased, while reperfusion damage was decreased. This
activity was shown to be at least partially attributable to
coronary dilation via an increase in endothelium-derived
nitric oxide. Antioxidant activity via an increase in super-
oxide dismutase (SOD) activity has also been reported for
astragalus and is considered to contribute to its cardio-
protective effects (32). Astragaloside IV was also shown
to significantly attenuate blood-brain barrier permeability
in a rat ischemia/reperfusion model (33).

Hepatoprotective Effects

Hepatoprotective effects against numerous hepatotoxic
agents (e.g., acetaminophen, carbon tetrachloride, and Es-
cherichia coli endotoxin) have been reported in both ani-
mal and in vitro studies. In these experiments, improve-
ment in histological changes in hepatic tissue, including
fatty infiltration, vacuolar degeneration, and hepatocellu-
lar necrosis, was reported. These effects may be associ-
ated with saponin fractions (34). In one clinical study of
hepatitis B patients, concomitant use of astragalus with
lamivudine and a-2b interferon showed greater efficacy
than with lamivudine alone (35).

Systemic Lupus Erythematosus

Astragalus was also studied for its ability to affect natu-
ral killer (NK) cell activity, using an enzyme-release assay.
The NK cell activity of PBMCs from 28 patients with sys-
temic lupus erythematosus (SLE) was increased after in
vitro incubation with an undefined astragalus prepara-
tion. Low levels of NK cell activity were correlated with
disease activity. PBMCs from patients with SLE had sig-
nificantly decreased NK cell activity as compared with
those from healthy donors. The extent of stimulation by
the astragalus preparation was related to the dose and
length of the preincubation period (36). Despite its use as
an immune-enhancing agent, which would normally be
considered contraindicated in autoimmune disorders, in-
vestigation of astragalus may be warranted as evidence

suggests that it elicits significant anti-inflammatory activ-
ity and improves ratios and function of T lymphocytes in
SLE (37).

Viral Infections

Prophylaxis against flu and modulation of endogenously
produced interferon have been reported in several animal
studies utilizing astragalus alone (6).

Other Effects

In a new line of investigation for astragalus, two triter-
penes (astragaloside II and isoastragaloside I) were
shown to alleviate insulin resistance and glucose intol-
erance in mice. The two compounds selectively increased
adiponectin secretion on primary adipocytes and poten-
tiated the effects of the insulin-sensitizer rosiglitazone.
Chronic administration of the compounds (specific de-
tails lacking) to both dietary and genetically obese mice
resulted in a significant increase in serum adiponectin, re-
sulting in an alleviation of hyperglycemia, glucose intoler-
ance, and insulin resistance. These effects were diminished
in mice lacking adiponectin (38).

One study showed that a liquid extract of astragalus
(2 g/mL/intravenous) retarded the progression of renal
fibrosis in a manner similar to the angiotensin-II-receptor
antagonist losartan. The study reported that like losar-
tan, astragalus decreased deposition of fibronectin and
type-I collagen by significantly reducing the expression of
transforming growth factor- and a-smooth muscle actin
(P < 0.05) (39).

Astragalus was investigated for its potential effect
of reducing atopic dermatitis in mice. Using prednisolone
(3 mg/kg/day) as a comparator, an astragalus water ex-
tract was administered orally at 100 mg/kg. Astragalus
significantly reduced the severity of chemically induced
inflammation (2,4-dinitrofluorobenzene) to a degree sim-
ilar to the comparator but, unlike prednisolone, did not
inhibit interleukin-4 production (40).

CLINICAL STUDIES

There are both English and Chinese language studies on
astragalus. As with much of the literature regarding Chi-
nese herbs, there are few clinical data of high method-
ological quality. In addition, a positive publication bias
regarding Chinese literature has been reported (41), while
in primary American medical literature, a negative pub-
lication bias against dietary supplement studies has been
reported (42).

Immunomodulatory Effects

Cancer

Among modern herbal practitioners, astragalus is recom-
mended as an immune supportive botanical in conjunc-
tion with conventional chemo and radiation therapies for
cancer. There is a common belief and some clinical and
preclinical evidence that astragalus both reduces side ef-
fects associated with conventional cancer therapies and
can potentiate the effects of certain therapies. The available
evidence is not strong enough to recommend astragalus
as a standard part of conventional cancer care. However,



its demonstrated safety, lack of negative interaction with
conventional therapies, and its putative benefit in build-
ing, preserving, and restoring immunocompetency before
and after conventional therapies warrant specific study.
There is also potential for use of both oral and injectable
preparations, the latter of which are not approved in North
America but are widely used throughout Asia.

In one clinical study, an astragalus drip (20 mL in
250 mL saline solution daily for 84 days) was adminis-
tered to cancer patients (n = 60). Compared with the con-
trol group (no astragalus), those in the astragalus group
showed a slower rate of tumor progression, a lower rate
of reduction in peripheral leukocytes and platelets, re-
duction in suppressor CD8s, improved CD4/CD8 ratios,
increased IgG and IgM, and better Karnofsky scores (43).

In addition to its use alone, both as a primary treat-
ment and as an adjunct to conventional cancer therapies,
astragalus is most often combined with other similar act-
ing immune-enhancing plants. A number of randomized
prospective clinical studies of cancer patients were con-
ducted using a combination of astragalus and ligustrum
(Ligustrum lucidum) (undisclosed quantities) with positive
results, such as mortality reduction in breast and lung
cancer patients (44). These effects, of course, must be con-
sidered to be due to the cumulative effects of the two
botanicals and cannot be presumed to occur with astra-
galus alone but are more consistent with the manner in
which astragalus is used in TCM.

An early clinical trial reported that 53 cases of
chronic leukopenia responded favorably to an astragalus
extract (1:1; 2 mL daily intramuscularly for 1-2 weeks).
Improvements in symptoms and white blood cell counts
were observed, but specific data were lacking (34).

Cardiovascular Effects

Various cardioactive properties have been reported for as-
tragalus, and astragalus is widely used in the treatment of
both chronic and acute cardiovascular disease in China.
In one study, 92 patients with ischemic heart disease were
given an unidentified preparation of astragalus. Marked
relief from angina pectoris and other improvements as
measured by electrocardiogram (ECG) and impedance
cardiogram were reported. Improvement in the ECG in-
dex was reported as 82.6%. Overall improvement was sig-
nificant as compared with the control group (P < 0.05) (45).
A similar result in cardiac performance was reported by
other groups of researchers. In one study, 43 patients were
hospitalized within 36 hours of acute myocardial infarct.
After administration of an astragalus preparation (unde-
fined profile), the ratio of preejection period /left ventricu-
lar ejection time was decreased, the antioxidant activity of
SOD of red blood cells was increased, and the lipid perox-
idation content of plasma was reduced (46). In another ex-
periment, 20 patients with angina pectoris were given an
undefined astragalus preparation. Cardiac output, as mea-
sured by Doppler echocardiogram, increased from 5.09 +
0.21 to 5.95 £ 0.18 L/min 2 weeks after administration
of astragalus (P < 0.01). In this study, neither improve-
ment in left ventricular diastolic function nor inhibition of
adenosine triphosphate was observed (47). Intravenous
administration of astragalus (undefined preparation) was
reported to significantly shorten the duration of ventric-
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ular late potentials in cardiac patients (39.8 & 3.3 ms vs.
445+ 59 ms; P < 0.01) (48).

In another investigation, astragaloside IV (intra-
venous; unspecified amount) was given to patients with
congestive heart failure for 2 weeks. Improvement in
symptoms such as tightness in the chest, difficult breath-
ing, and reduced exercise capacity were reported. Ra-
dionuclide ventriculography showed that left ventricular
modeling improved and left ventricular end-diastolic and
left ventricular end-systolic volume diminished signifi-
cantly. The authors concluded that astragaloside IV is an
effective positive inotropic agent (49), an action supported
by others (27).

Hepatoprotective Effects

In China, astragalus is widely used in the treatment of
chronic hepatitis where reductions in elevated liver en-
zymes and improvements in symptoms in humans have
been reported. This activity is stated to be associated with
polysaccharides that increase interferon production (35).

Viral Infections

According to one English language review of the Chinese
literature, a prophylactic effect against the common cold
was reported in an epidemiological study in China involv-
ing 1000 subjects. Administration of astragalus, given ei-
ther orally or as a nasal spray, reportedly decreased the
incidence of disease and shortened cold duration. Studies
exploring this protective effect found that oral administra-
tion of the preparation to subjects for 2 weeks enhanced
the induction of interferon by peripheral white blood cells.
Levels of IgA and IgG antibodies in nasal secretions were
reported to be increased following 2 months of treatment
(34). The effect of astragalus on the induction of interferon
was studied in a placebo-controlled study involving 28
people. Fourteen volunteers were given an extract equiv-
alent to 8 g of dried root per day and the rest were given
placebos. Blood samples were drawn before treatment,
then 2 weeks and 2 months after treatment. Interferon
production by leukocytes was statistically increased after
both time periods (P < 0.01) in the astragalus group but
not the control group (50). In another study, astragalus
was shown to potentiate the effects of interferon (rIFN-1)
in patients with chronic cervicitis (51).

Dosages
¢ Crude root: 9-30 g daily as a decoction (52).
* Decoction: 0.5-1 L daily.

SAFETY PROFILE

Side Effects
None cited in the literature.

Contraindications
None cited in the literature.

Precautions

There is some evidence to suggest that astragalus and its
putative anti-inflammatory effects are beneficial in those
with autoimmune conditions such as lupus. However, as-
tragalus should be used cautiously for the treatment of
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autoimmune diseases or in conjunction with immunosup-
pressive therapies. Because immunostimulating polysac-
charides may stimulate histamine release, allergic symp-
toms may be aggravated by the use of astragalus. This,
however, has not been reported in the literature or from
clinical use. According to the principles of TCM, astra-
galus should not be used during acute infectious condi-
tions unless under the care of a qualified TCM practitioner.

Interactions

Both positive and negative interactions may occur. As-
tragalus potentiates the effects of acyclovir (53); IL-2, -20,
-21; and rIFN-1 and -2 therapies (50,51). Because of its im-
munopromoting effects, astragalus may be incompatible
with immunosuppressive agents in general.

Pregnancy, Mutagenicity, and Reproductive Toxicity
According to one review, astragalus is reported to have no
mutagenic effects (54).

Lactation

Based on an authoritative review of the available phar-
macologic and toxicologic literature, no limitation is to be
expected (6,34,54).

Carcinogenicity
Studies suggest an anticarcinogenic activity.

Influence on Driving
Based on the available pharmacologic and toxicologic lit-
erature, no limitation is to be expected (6,34,54).

Overdose and Treatment
Specific data are lacking.

Toxicology

Based on a review of the available data and the experi-
ence of modern practitioners, astragalus can be consid-
ered a very safe herb even when taken within its large
dosage range. Investigations of specific fractions includ-
ing flavonoids, polysaccharide, and triterpene similarly
show little toxicity (14,34,54).

Regulatory Status
In the United States, astragalus is regulated as a dietary
supplement.

CONCLUSIONS

Astragalus is one of the most frequently used herbal
medicines throughout Asia and is a very popular botan-
ical used in western herbal supplements. In China, as-
tragalus is used for a myriad of purposes relating to its
high regard as a strengthening tonifier, immune modula-
tor, anti-inflammatory, and anti-hepatotoxic. In the West,
astragalus figures prominently in immune supportive for-
mulas. Despite its popularity, there are few clinical tri-
als regarding its use. There is some evidence to support
the oral administration of astragalus for the prevention of
colds and upper respiratory infections, and as an adjunct
to conventional cancer therapies. These are very common

indications for which astragalus is applied by herbal prac-
titioners. For its use in cancer therapies, there are no defini-
tive guidelines. The modern experience of practitioners
together with the limited clinical and preclinical data
pointing to an immunomodulatory effect suggests that
there may be some value for these indications, including
the concomitant use of astragalus to reduce doxorubicin-
induced immune suppression. However, more specific in-
vestigation in this area is needed.

Regarding its putative immunomodulating effects,
the following mechanisms of action have been proposed:
restoration of immune function, increased stem cell gen-
eration of blood cells and platelets, lymphocyte prolifera-
tion, rise in numbers of antibody-producing spleen cells,
potentiation of rIL-2 and rIFN-1 and -2 immunotherapy,
enhancement of phagocytic activity by macrophages and
leukocytes, and increased cytotoxicity by NK cells.

Potential benefits to cardiovascular health, includ-
ing relief from angina and congestive heart failure and
improvement in clinical parameters following acute my-
ocardial infarct, have been reported. Limited animal stud-
ies suggest that astragalus enhances coronary blood flow,
may potentiate the release of nitric oxide, and potentiates
the effects of endogenous antioxidant systems (e.g., SOD).

In Asia, astragalus is also used in conjunction with
conventional medical treatments for hepatitis. Both ani-
mal and in vitro studies offer support for such treatment.
As in the use of astragalus in cancer therapies, further
clinical trials are required.

Though methodologically sound clinical trials for
astragalus are generally lacking, natural health practition-
ers have a generally high regard for its use as a prophy-
lactic against infectious disease and for its ability to build,
maintain, and restore immunocompetency when used as
a part of conventional cancer therapies. In addition to the
very limited number of formal clinical studies that are
available in English language sources, the published medi-
cal literature on astragalus has to be considered cautiously,
as a number of the supporting studies utilize injectable
preparations of isolated fractions that are not consistent
with the oral use of astragalus supplements. Still, the ex-
isting data do support many of the traditional uses for
which astragalus has been employed for centuries.
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Bilberry

Marilyn Barrett

INTRODUCTION

Bilberry, Vaccinium myrtillus L., is a shrub with edible
fruits that is native to Circumboreal regions from Europe
to Asia as well as the Rocky Mountains in North Amer-
ica. Bilberries are related to other edible berries includ-
ing blueberry, cranberry, huckleberry, and lingonberry.
Bilberry fruits contain anthocyanins, which are natural
pigments, responsible for the dark blue color of the fruits
and for many of the health benefits. In vitro studies have
shown that bilberry extracts have antioxidant activity, in-
hibit platelet aggregation, prevent degradation of collagen
in the extravascular matrix surrounding blood vessels and
joints, and have a relaxing effect on arterial smooth mus-
cle. Bilberry extracts have also demonstrated anticancer
and antibacterial actions, in vitro. Pharmacokinetic stud-
ies in animals and humans show that a small percentage
of the anthocyanins is absorbed into the body and widely
distributed. Human clinical studies have been conducted
evaluating the potential benefits of bilberry preparations
in treating venous insufficiency and visual disorders rang-
ing from night vision to diabetic retinopathy as well as
cancer prevention. No serious toxicities have been associ-
ated with preparations of the fruits in animal screens and
no serious side effects have been identified in humans.

BACKGROUND

Bilberries are edible fruits from V. myrtillus L. of the family
Ericaceae. Bilberry is the standardized common name for
the fruit in the United States, but the fruit is also known
as European blueberry, huckleberry, and whortleberry (1).
Related to bilberry, and in the same genus of Vaccinium, are
other edible berries including blueberry, cranberry, huck-
leberry, and lingonberry.

Bilberry is a shrub, 1-6 dm high, found in heaths,
meadows, and moist coniferous forests in Circumboreal
regions from Europe to Asia, with populations in the
American and Canadian Rocky Mountains (2).

The blue-black berries are harvested when ripe,
usually during the months of July through September.
The berries are oblate-globose, 5-9 mm diameter, with
4-5 locules containing many seeds. The seeds are ap-
proximately 1 mm long with a yellow/brown-dimpled
surface (2).

Both the leaves and fruits of bilberry have been used
medicinally since the Middle ages.

The leaves were used topically for inflammation, in-
fections, and burns, as well as internally as a treatment for
diabetes. According to the herbalist Grieve, the fruits were
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used to treat dysentery, diarrhea, gastrointestinal inflam-
mation, hemorrhoids, vaginal discharges, scurvy, urinary
complaints, and to dry up breast milk. More recently, it
was found that bilberry was used by World War II pilots
to improve their night vision (2,3).

Bilberry fruit preparations are still used to improve
vision as well as for their benefits to the circulatory sys-
tem: treating fragility and altered permeability of blood
vessels that is either primary or secondary to arterial hy-
pertension, arteriosclerosis, or diabetes (3).

CHEMISTRY AND PREPARATION

Bilberry fruits contain anthocyanins that are natural pig-
ments in the chemical class known as flavonoids. An-
thocyanins are glycosides or compounds with sugars
attached at the 3 position, while anthocyanidins are agly-
cones (the same basic structure without the sugars at-
tached) (see chapter 74, “Polyphenol Overview”). The ma-
jority (64%) of anthocyanins in the fruit are glycosides of
cyanidin and delphinidin (Fig. 1). The quantity of antho-
cyanin in the fruit ranges from 300 to 700 mg per 100 g.
Bilberry fruits also contain flavonols, tannins, phenolic
acids, organic acids, sugars, vitamins, and volatile com-
pounds (2).

The primary commercial source of bilberry fruits is
“wild harvest” from regions in Europe and Scandinavia.
The fruits are sold fresh, frozen, or dried. Besides the
whole fruit, commercial products include cold macerates,
decoctions, and dry extracts. The dry extracts are com-
monly prepared using alcohol, methanol or ethanol (2).

Until recently, a single-wavelength spectrophoto-
metric technique (UV) was commonly used to standard-
ize the anthocyanin content of bilberry products. How-
ever, this technique did not detect adulteration of bilberry
preparations with substances of similar color (4). A high-
performance liquid chromatographic technique that can
detect and quantitate both anthocyanins and anthocyani-
dins has recently been developed enabling a better assur-
ance of product identity and quality (5).

Most studies on bilberry have been conducted using
extracts characterized as containing 36% anthocyanins or
25% anthocyanidins.

PRECLINICAL STUDIES

In vitro studies have shown that bilberry extracts have
antioxidant activity, inhibit platelet aggregation, prevent
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Figure 1 Chemical structures of anthocyanins.

degradation of collagen in the extravascular matrix
surrounding blood vessels and joints, and have a relaxing
effect on arterial smooth muscle. These actions are vaso-
protective, increasing capillary resistance and reducing
capillary permeability (3). Bilberry extracts have also
demonstrated anticancer and antibacterial actions in
vitro. There is no evidence of toxicity in animals at the
effective doses.

Antioxidant Activity

Bilberry fruits have demonstrated antioxidant activity in
in vitro and in animal models. In the oxygen radical ab-
sorbance capacity (ORAC) assay, an in vitro test measuring
free radical quenching, bilberry fruits had potent activity
compared with other fresh fruits and vegetables (44.6 +
2.3 pmol Trolox equivalents (TE)/g) (6). In another assay,
a bilberry extract (25% anthocyanins) exhibited antioxi-
dant activity in protecting keratinocytes in culture from
damage due to UVA and UVB light (7,8). The bilberry
extract attenuated UVA-induced reactive oxygen species
formation, peroxidation of membrane lipids, and deple-
tion of intracellular glutathione in concentrations of 10-50
mg/L (7). In the same concentration range, the extract in-
hibited UVB-induced generation of reactive oxygen and
nitrogen species, DNA strand breaks, as well as caspase-
3 and capase-9 activity (mediators that execute apoptotic
cell death) (8).

In an animal study, a bilberry extract characterized
as containing 38% anthocyanins reduced oxidative stress
caused in mice by removal of the animal’s whiskers. The
extract administrated orally at a dose of 100 mg/kg for
7 days ameliorated the increase in oxygen radicals (thio-
barbituric acid reactive substances), protein carbonyl for-
mation, and lipid peroxidation in the brain, heart, kidney;,
and liver. The extract also suppressed the stress-induced
changes in dopamine levels (9).

A bilberry extract (42% anthocyanins) reduced ox-
idative stress to the liver in a restraint-stress mouse model.
The extract, administered at a dose of 200 mg/kg for
5days, ameliorated the increase in plasma levels of alanine
aminotransferase, aliver enzyme. The extract also reduced
plasma and liver ORAC levels and increased plasma glu-
tathione and vitamin C levels in the liver (10). A similar
study was conducted in mice with kidney damage in-

duced by potassium bromate. Oral administration of the
same extract ameliorated the increase in blood urea nitro-
gen levels and the decreases in kidney malondialdehyde,
nitric oxide, and xanthine oxidase levels. The bilberry ex-
tract also improved the kidney ORAC levels (11).

MyrtoSelect™, an extract containing approximately
40% anthocyanins, was tested for its effects on gene ex-
pression (DN A microarray) in a macrophage cell line stim-
ulated with lipopolysaccharide (LPS). The extract, at a
concentration of 75 wg/mL, appeared to mitigate the ef-
fect of LPS, targeting genes involved in inflammation and
immune defense. Pretreatment with the bilberry extract
affected 45% of the genes downregulated by LPS and 36%
of genes upregulated by LPS (12).

Circulation
Bilberry extracts have demonstrated beneficial effects on
the circulation, including inhibiting platelet aggregation,
reducing capillary permeability, facilitating vasodilation,
and inhibiting the development of atherosclerosis and an-
giogenesis.

Myrtocyan® (also known as MirtoSelect™, contain-
ing 36% anthocyanins) inhibited platelet aggregation in
vitro induced by adenosine diphosphate (ADP), collagen,
and sodium arachidonate in rabbit platelet-rich plasma
with ICsg values ranging from 0.36 to 0.81 mg/mL. Myr-
tocyan administered orally to rats (400 mg/kg) prolonged
the bleeding time in the animals, without affecting coagu-
lation pathways. The same dose administered to mice re-
duced the adhesiveness of platelets to glass (3). Myrtocyan
administered to healthy human subjects, 480 mg/day
(173 mg anthocyanins/day) for 30-60 days, reduced the
aggregation response ex vivo to ADP and collagen (13).

In a rabbit skin model, oral treatment with 400 mg
anthocyanins per kilogram body weight 30 minutes before
topical application of chloroform reduced the capillary
permeability caused by the irritant by 66%. In rats, ad-
ministration of bilberry anthocyanins, 200 mg/kg orally,
decreased bradykinin-induced capillary permeability by
39%. The same dose reduced carrageenin-induced rat paw
edema by 45% (14). In a rat model of experimentally in-
duced hypertension, 500 mg anthocyanins per kilogram
body weight given orally for 12 days completely amelio-
rated the increase in blood-brain barrier permeability and
reduced the increase in aortic vascular permeability by
40% (15). In a hamster cheek pouch model, 100 mg bil-
berry extract per kilogram daily for 4 weeks reduced the
circulatory damage due to ischemic reperfusion (16). A rat
model suggested thatbilberry anthocyanins (50 mg/kg IP)
inhibited the enzymatic degradation of collagen, decreas-
ing the permeability of the blood-brain barrier caused by
proteases (17).

Bilberry preparations are reported to relax arte-
rial tissues in vitro. Preliminary experiments pointed
to a mechanism involving prostaglandins. However, a
more recent study using porcine coronary arteries demon-
strated a mechanism involving nitric oxide (endothelial-
derived relaxing factor) (18).

A bilberry extract was reported to inhibit the devel-
opment of atherosclerosis in apolipoprotein E-deficient
mice. The mice received diets supplemented with 0.02%
of a bilberry extract (52% anthocyanins) for 16 weeks. The



extract reduced lipid deposits and the development of
lesions. It did not affect plasma antioxidant capacity or
plasma lipid levels (19).

A bilberry extract (25% anthocyanins) was tested
for its effect on angiogenesis both in vitro and in vivo.
The extract at concentrations of 0.3-30 wg/mL inhibited
tube formation and the migration of human umbilical
vein endothelial cells induced by vascular endothelial
growth factor A. The extract also inhibited the induc-
tion of retinopathy in newborn mice, which was induced
with oxygen. Intravitreal administration of 300 ng extract
per eye significantly inhibited the area of neovascular
tufts (20).

Anticancer

Anthocyanins have been reported to mediate several
physiological functions that ultimately may result in can-
cer suppression. Anthocyanins suppress the growth of
cancer cell lines in vitro, including HL60 human leukemia
calls and HCT116 human colon cancer cells. A bilberry ex-
tract induced apoptotic cell bodies and nucleosomal DNA
fragmentation in HL60 cells (21). A bilberry extract (Mir-
tocyan) has also been shown to suppress the activity of
receptor tyrosine kinases, which are thought to play a cru-
cial role in carcinogenesis and tumor progression. When
tested over a number of tyrosine kinases, the activity was
consistent but not specific (22).

Antibacterial

Phenolic compounds in bilberry have demonstrated in
vitro antimicrobial effects against strains of Salmonella and
Staphylococcus possibly through interfering with adhesion
of the bacteria. Treatment of bilberry preparations with
pectinase released phenolics from the cell wall matrix and
increased the antibacterial activity (23). In experiments
with Neisseria meningitidis, the bacteria that causes menin-
gitis and septicemia, a bilberry juice fraction was reported
to inhibit the binding of the bacteria to epithelial cells
in culture. Fractions of the juice also bound to the bacte-
rial pili. The authors concluded that anthocyanins were
partly responsible for the activity but that there appeared
to be other compounds in bilberry that may also interact
directly with the pili or act synergistically with the antho-
cyanins (24).

Safety Studies (Animal Toxicology)

Myrtocyan (25% anthocyanins) has been tested for acute
and chronic toxicity in animal studies. There were no
deaths with an acute dose in rats up to 20 g/kg orally
and in mice up to 25 g/kg. Six months treatment with
doses of 125-500 mg/kg in rats and 80-320 mg/kg in
dogs found no evidence of toxicity. The preparation was
tested in guinea pigs for 2 weeks and in rats for 6 weeks
with doses up to 43 mg/kg without incident (2,3).

PHARMACOKINETICS

Animal studies show that bilberry anthocyanins are ab-
sorbed intact, or after methylation. This is unlike other
flavonoid glycosides which are hydrolyzed to their agly-
cones and metabolized to glucuronidated or sulfated
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derivatives (25). Following administration of 400 mg/kg
orally to rats, peak blood levels of anthocyanins were de-
tected within 15 minutes and afterwards declined rapidly.
Only 1% of the anthocyanins was eliminated in the urine
and 4% in the bile. The absolute bioavailability of bilberry
anthocyanins was estimated to be 1.2-5% (26). A study in
mice reported that malvidin 3-glucoside and malvidin 3-
galactoside were the principal anthocyanins in the plasma
60 minutes after oral administration of 100 mg/kg. When
the mice were maintained on a diet containing 0.5% bil-
berry extract, plasma levels of anthocyanins reached 0.26
pM. Anthocyanidins were detected in the liver, kidney,
and lung. They were not detected in the spleen, thymus,
heart, muscle, brain, white fat, or eyes (25).

A pharmacokinetic study with six human subjects
detected anthocyanins in the plasma 1.5-6 hours follow-
ing intake of a bilberry-lingonberry puree. The study
examined the production of urinary phenolic acids and
found the greatest increase in methylated compounds.
The amount of urinary phenolic acids was low, and the au-
thors suggested that the fragmentation of anthocyaninins
to phenolic acids was not a major metabolic pathway
(27). Another pharmacokinetic study with 20 subjects
that consumed 100 g/day of berries, including black cur-
rant, lingonberries, and bilberries, for 8 weeks reported
an increase in serum quercetin (up to 51% higher) com-
pared with control subjects who did not consume berries
(28). A study with 25 subjects administered 1.4-5.6 g
Mirtocyan (25% anthocyanins) daily for 7 days reported
detection of anthocyanins as well as methyl and glu-
curonide metabolites in the plasma and urine but not in the
liver (29).

CLINICAL STUDIES

Human clinical studies have been conducted evaluating
the potential benefits of bilberry preparations in treating
venous insufficiency and visual disorders ranging from
night vision to diabetic retinopathy as well as cancer pre-
vention.

Vascular Health

Clinical studies have been conducted evaluating the po-
tential benefits of bilberry preparations in treating venous
insufficiency. A review of studies conducted between 1970
and 1985 included 568 patients with venous insufficiency
of the lower limbs who were treated with bilberry prepa-
rations (30). The studies reported an improvement in cir-
culation and in lymph drainage resulting in a reduction
in edema. A more recent placebo-controlled study which
included 60 participants with varicose veins reported im-
provement in edema in the legs and ankles, sensation of
pressure, cramps, and tingling or “pins and needles” sen-
sations with a dose of 160 mg Tegens®, three times daily
for 1 month (31). Tegens (Inverni della Beffa, Italy) con-
tains a bilberry extract named Myrtocyan or MirtoSelect
(25% anthocyanins), manufactured by Indena SpA, Italy.

Visual Health
A systematic review was conducted on placebo-controlled
studies on the effects of bilberry preparations on night
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vision. Literature searches identified 30 clinical studies,
and 12 of those met the inclusion criteria of being placebo
controlled. Of the 12 studies, 5 were randomized. Healthy
subjects with normal or above average eyesight were
tested in 11 out of the 12 studies. Many of the studies
were acute, using a single dose, and the longest treatment
period was 28 days. Full characterization of the prod-
ucts used in the studies was not available, but assum-
ing 25% anthocyanin content, the doses of anthocyanin
ranged from 12 to 2880 mg. The techniques used to mea-
sure the extent and rate of dark adaptation ranged from
visual acuity, contrast sensitivity, and critical flicker fusion
to electroretinographic monitoring of response to light
flashes. The four most recent randomized controlled stud-
ies with rigorous methodology reported negative results.
One randomized controlled study and all seven of the non-
randomized studies reported positive effects. The authors
concluded that the present studies do not support the use
of bilberry by those who are healthy with normal vision to
improve their night vision. However, uncontrolled stud-
ies report a benefit for those with eye disorders, includ-
ing retinal degeneration, myopia, simple glaucoma, and
pathological fundus. Furthermore, studies with synthetic
anthocyanins suggest a positive benefit for those with my-
opia, central retinal lesions, and night blindness (32).

Two studies on diabetic retinopathy, using a dose of
160 mg Tegens twice daily, demonstrated a trend toward
improvement in mild cases of the disease. The first study
was a 1-month, placebo-controlled study that included
36 subjects. At the end of the month, 10 of 13 patients in
the Tegens group with ophthalmoscopically detectable
retinal abnormalities (microaneurisms, hemorrhagic foci,
exudates) were improved, while all 15 patients with these
abnormalities in the placebo group remained unchanged.
A similar trend was observed among those patients with
fluoroangiographic abnormalities (33). The second study
lasted 1 year and included 40 subjects who were given
Tegens or placebo in addition to the usual therapy for
retinopathy. As a result, in 50% of patients given bilberry,
the retinal lesions and associated edema were improved
compared with 20% in the control group (34).

A mixture of vitamin E and bilberry (FAR-1, Ditta
Farmigea SpA, Italy) showed a trend toward preven-
tion of senile cataracts after 4 months of 180 mg bil-
berry anthocyanins (25% anthocyanidins) and 100 mg DL-
tocopheryl acetate twice daily. When the placebo group
was changed from placebo to the bilberry preparation,
and the trial continued for an additional 4 months, there
was no statistical difference between the two groups. The
rationale for this study was previous indications that
antioxidants might prevent the development of senile
cataracts (35).

A mechanistic study using Myrtocyan examined
changes in pupillary reflexes to light following a sin-
gle high dose of 240 mg anthocyanosides or placebo in
40 healthy volunteers. The study was conducted to ex-
plore the use of bilberry in work situations where expo-
sure to high light intensities dampens pupillary reflexes
and leads to vision fatigue. The authors of the study sug-
gested that the pigments in bilberry might increase sensi-
tivity to light and improve blood flow in the capillaries of
the eye. Improvement in pupillary reflexes was observed

in both groups, with the improvement in the treatment
group being only slightly better than that in the placebo
group (36).

Cancer Prevention

In an open label study, 25 colorectal cancer patients sched-
uled to undergo surgery were given 1.4, 3.8, or 5.6 g
bilberry extract (Mirtocyan) containing 0.2-2.0 g antho-
cyanins for 7 days before surgery. Availability of an-
thocyanins was determined by detection in the plasma,
colorectal tissue, and urine but not in the liver. Antho-
cyanins detected in the body were unaltered, or products
of metabolic glucuronidation and O-methylation. Prolif-
eration of cells in the tumor tissue was decreased by 7%
compared with before the bilberry intervention (29).

Side Effects and Adverse Effects

No side effects were reported in the clinical studies men-
tioned earlier. In a 1987 postmarketing surveillance study
with 2295 subjects, only 94 (4.1%) complained of minor
side effects, most of which involved the gastrointestinal
track. Most of the participants took 160 mg Tegens twice
daily for 1-2 months (3).

Observed Drug Interactions and Contraindications
No drug interactions or contraindications have been re-
ported in the literature for bilberry.

CONCLUSIONS

Bilberry fruit extracts and anthocyanins have been the
subject of pharmacological studies and human clinical tri-
als. In vitro and in vivo studies demonstrate good ev-
idence for the antioxidant activity of bilberry extracts
along with strong indications of benefit to the cardiovas-
cular system. Animal and human pharmacokinetic stud-
ies demonstrate bioavailability of anthocyanins, but ab-
sorption appears to be limited. Human clinical studies
on the effects of bilberry extracts on eyesight and vas-
cular diseases suffer from poor methodology, including
small sample sizes and short-term exposures. While it
appears doubtful that bilberry preparations benefit the
night vision of healthy subjects, the benefit for those with
diabetic retinopathy and other eye disorders merits ex-
ploration. Another area that appears promising is that of
benefits to the cardiovascular system, specifically vasculi-
tis or venous insufficiency. Bilberry products have been
safely consumed, without significant adverse events or
side effects.

REGULATORY STATUS

Bilberry is a food and preparations are also used medic-
inally. In the United States, preparations of bilberry are
sold as foods and dietary supplements. The U.S. Pharma-
copoeia has published a standard monograph for pow-
dered bilberry extract (37). The German Commission
E completed a monograph for bilberry fruits in which
preparations of the ripe fruit are indicated orally for



nonspecific, acute diarrhea and topically for mild inflam-
mation for the oral and pharyngeal mucosa (38). The Eu-
ropean Scientific Cooperative on Phytotherapy (ESCOP)
monograph lists the internal use of bilberry fruit prepa-
rations (enriched in anthocyanins) for symptomatic treat-
ment of problems related to varicose veins, such as painful
and heavy legs. The ESCOP monograph also lists the dried
fruitas supportive treatment of acute, nonspecific diarrhea
(39). In Canada, bilberry products are approved as natural
health products for traditional use orally as an astringent
and as a source of antioxidants as well as for use as a
gargle to relieve mild inflammation of the mouth and/or
throat (40).
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Biotin

Donald M. Mock

INTRODUCTION

Biotin is usually classified as a B-complex vitamin. “Bi-
otin” is by far the most widely used term for this vitamin.
However, discovery of biotin by different approaches has
also led to names such as Bios IIB, protective factor X, vi-
tamin H, coenzyme R, factor S, factor W, and vitamin By.
This entry reviews the biochemistry of biotin and sum-
marizes the clinical findings of deficiency. Readers are en-
couraged to use the references for further information.

SCIENTIFIC NAMES AND STRUCTURE

The molecular weight of biotin is 244.31 Da. The structure
of biotin was elucidated independently by Kogl and du
Vigneaud in the early 1940s and is shown in Figure 1 (1).
Biotin is a bicyclic compound. The imidazolidone contains
an ureido group (-N-CO-N-). The tetrahydrothiophene
ring contains sulfur and has a valeric acid side chain at-
tached to the C2 carbon of the sulfur-containing ring. This
chain has a cis configuration with respect to the ring that
contains the nitrogen atoms. The two rings are fused in
the cis configuration, producing a boat-like structure. With
three asymmetric carbons, eight stereoisomers exist; only
one [designated D-(+)-biotin or, simply, biotin] is found in
nature and is active when covalently joined via an amide
bond between the carboxyl group of the valeric acid side
chain of biotin and the e-amino group of a lysine residue of
an apocarboxylase. Biocytin (e-N-biotinyl-L-lysine) is the
product of digestion of protein-bound dietary biotin and
cellular turnover of biotin-containing carboxylases and hi-
stones; biocytin is as active as biotin on a molar basis in
mammalian growth studies.

Goldberg/Sternbach synthesis or a modification
thereof is the method by which biotin is synthesized com-
mercially (1). Additional stereospecific methods have been
published (2,3).

HISTORY

Biotin was discovered in nutritional experiments that
demonstrated a factor present in many foodstuffs that was
capable of curing the scaly dermatitis, hair loss, and neu-
rologic signs induced in rats fed dried egg white. Avidin, a
glycoprotein found in egg white, binds biotin very specifi-
cally and tightly. From an evolutionary standpoint, avidin
probably serves as a bacteriostat in egg white. Consistent
with this hypothesis is the observation that avidin is re-
sistant to a broad range of bacterial proteases in both free
and biotin-bound form. Because avidin is also resistant to
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pancreatic proteases, dietary avidin binds to dietary bi-
otin (and probably any biotin from intestinal microbes)
and prevents absorption, carrying the biotin on through
the gastrointestinal tract.

Biotin is definitely synthesized by intestinal mi-
crobes; however, the contribution of microbial biotin to
absorbed biotin, if any, remains unknown. Cooking dena-
tures avidin, rendering this protein susceptible to pancre-
atic proteases and unable to interfere with the absorption
of biotin.

BIOCHEMISTRY

Biotin acts as an essential cofactor for five mammalian
carboxylases. Each has the vitamin covalently bound to a
polypeptide. For monomeric carboxylases, this polypep-
tide is the apocarboxylase. For the dimeric carboxylases,
this monomer with a biotinylation site is designated the
chain. The covalent attachment of biotin to the apocar-
boxylase protein is a condensation reaction catalyzed by
holocarboxylase synthetase (EC 6.3.4.10). These apocar-
boxylase regions contain the biotin motif (methionine—
lysine-methionine), a specific sequence of amino acids
present in each of the individual carboxylases; this se-
quence tends to be highly conserved within and be-
tween species. One interpretation concerning conserva-
tion of this amino acid sequence is that these residues
allow the biotinylated peptide to swing the carboxyl (or
acetyl) group from the site of activation to the receiving
substrate.

All five of the mammalian carboxylases catalyze the
incorporation of bicarbonate as a carboxyl group into a
substrate and employ a similar catalytic mechanism. In
the carboxylase reaction, the carboxyl moiety is first at-
tached to biotin at the ureido nitrogen opposite the side
chain. Then the carboxyl group is transferred to the sub-
strate. The reaction is driven by the hydrolysis of ATP
to ADP and inorganic phosphate. Subsequent reactions
in the pathways of the five mammalian carboxylases re-
lease CO, from the product of the enzymatic reaction.
Thus, these reaction sequences rearrange the substrates
into more useful intermediates but do not violate the clas-
sic observation that mammalian metabolism does not re-
sult in the net fixation of carbon dioxide (4).

The five carboxylases are pyruvate carboxylase
(EC 6.4.1.1), methylcrotonyl-CoA carboxylase (EC 6.4.1.4),
propionyl-CoA carboxylase (EC 6.4.1.3), and two iso-
forms of acetyl-CoA carboxylase (EC 6.4.1.2), denoted I
and II, which are also known as ACC and B ACC. Each
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Figure 1 Protein-bound biotin with arrow showing the amide bond to the
€-amino acid.

carboxylase catalyzes an essential step in intermediary
metabolism (Fig. 2).

Pyruvate carboxylase mediates in the incorporation
of bicarbonate into pyruvate to form oxaloacetate, an inter-
mediate in the Krebs tricarboxylic acid cycle. Thus, pyru-
vate carboxylase catalyzes an anaplerotic reaction. In glu-
coneogenic tissues (i.e., liver and kidney), the oxaloacetate
canbe converted to glucose. Deficiency of this enzyme (de-
noted by a block in the metabolic pathway) is likely the
cause of the lactic acidosis and hypoglycemia observed in
biotin-deficient animals and humans.

Methylcrotonyl-CoA carboxylase catalyzes an es-
sential step in the degradation of the branch-chained
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amino acid leucine. Deficient activity of this enzyme
leads to metabolism of 3-methylcrotonyl CoA to 3-
hydroxyisovaleric acid and 3-methylcrotonylglycine by
an alternate pathway. Thus, increased urinary excretion
of these abnormal metabolites reflects deficient activity of
this carboxylase.

Propionyl-CoA carboxylase catalyzes the incorpo-
ration of bicarbonate into propionyl CoA to form methyl-
malonyl CoA, which undergoes isomerization to succinyl
CoA and enters the tricarboxylic acid cycle. In a fashion
analogous to methylcrotonyl-CoA carboxylase deficiency,
inadequacy of this enzyme leads to increased urinary ex-
cretion of 3-hydroxypropionic acid and 3-methylcitric acid
and enhanced accumulation of odd-chain fatty acids C15:0
and C17:0. The mechanism is likely the substitution of pro-
pionyl CoA for acetyl CoA during fatty acid elongation.
Although the proportional increase is large (e.g., 2- to 10-
fold), the absolute composition relative to other fatty acids
is quite small (<1%) and likely produces little or no func-
tional consequences.

Acetyl-CoA carboxylases, I and II both, catalyze the
incorporation of bicarbonate into acetyl CoA to form mal-
onyl CoA. Acetyl-CoA carboxylase I is located in the
cytosol and produces cytosolic malonyl CoA, which is
rate limiting in fatty acid synthesis (elongation). Acetyl-
CoA carboxylase II is present on the outer mitochondrial
membrane. As demonstrated by the pioneering work of
Wakil and colleagues, acetyl-CoA carboxylase I controls a
separate mitochondrial pool of malonyl CoA that, in turn,
controls fatty acid oxidation in mitochondria through the
inhibitory effect of malonyl CoA on fatty acid transport
into mitochondria.
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Figure 2 Pathways involving biotin-dependent carboxylases. Deficiencies (hatched bar) of pyruvate carboxylase, propionyl-CoA carboxylase, methylcrotonyl-CoA
carboxylase, and acetyl-CoA carboxylase lead to increased blood concentrations and urinary excretion of characteristic organic acids denoted by ovals.



In the normal turnover of cellular proteins, holo-
carboxylases are degraded to biocytin or biotin linked
to an oligopeptide containing at most a few amino acid
residues. Because the amide bond between biotin and
lysine (Fig. 1) is not hydrolyzed by cellular proteases,
the specific hydrolase biotinidase [biotin amide hydrolase
(EC 3.5.1.12)] is required to release biotin for recycling.

Biotin exists in free and bound pools within the cell
that are responsive to changes in its status (5). The pool
size is likely determined by a balance between cellular up-
take and cellular release, incorporation into apocarboxy-
lases and histones, release from these biotinylated proteins
during turnover, and catabolism to inactive metabolites.
Regulation of intracellular mammalian carboxylase activ-
ity by biotin remains to be elucidated.

Genetic deficiencies of holocarboxylase synthetase
and biotinidase cause the two distinct types of multiple
carboxylase deficiency that were previously designated
the neonatal and juvenile forms. The genes for holocar-
boxylase synthetase and human biotinidase have been
cloned, sequenced, and characterized (6). The gene coding
for holocarboxylase synthetase is located on chromosome
21q22.1 and consists of 14 exons and 13 entrons in a span of
240 kilobase (kb). Studies of human mutant holocarboxy-
lase synthetase indicate that all forms of holocarboxylase
synthetase are likely encoded by one gene. Biotinidase
deficiency is particularly relevant to understanding biotin
inadequacy because the clinical manifestations appear to
result largely from secondary biotin depletion.

PHYSIOLOGY

Digestion of Protein-Bound Biotin

The content of free and protein-bound forms of biotin in
foods is variable, but the majority in meats and cereals
appear to be protein bound via an amide bond between
biotin and lysine. Neither the mechanisms of intestinal hy-
drolysis of protein-bound biotin nor the determinants of
bioavailability have been clearly delineated. Wolf et al. (7)
have postulated that biotinidase plays a critical role in the
release of biotin from covalent binding to protein. Doses
of free biotin that do not greatly exceed the estimated
dietary intake (e.g., 50-150 png/day) appear adequate to
prevent the symptoms of biotinidase deficiency. This sug-
gests that biotinidase inadequacy in patients causes biotin
deficiency, at least in part, through impaired intestinal di-
gestion of protein-bound biotin.

Intestinal Absorption

At physiologic pH, the carboxylate group of biotin is nega-
tively charged. Thus, the vitamin is at least modestly water
soluble and requires a transporter to cross the membranes
of enterocytes for intestinal absorption, of somatic cells for
utilization, and of renal tubule cells for reclamation from
the glomerular filtrate.

An excellent in-depth review of intestinal uptake of
biotin has been published recently (8). Two biotin trans-
porters have been described: (i) a multivitamin transporter
present in many tissues including the intestine and (ii) a
biotin transporter identified in human lymphocytes.

The transporter responsible for absorption of free bi-
otin in the small and large intestine is saturable and Na*
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dependent. The transporter also transports pantothenic
acid and lipoate and is deemed the sodium-dependent
multivitamin transporter (SMVT). SMVT was discovered
in 1997 by Prasad et al. (9) in human placental chorio-
carcinoma cells. This transporter is widely expressed in
human tissues (10). SMVT system has been cloned and
demonstrated to be exclusively expressed at the apical
membrane of enterocytes. SVMT is the main biotin up-
take system that operates in human intestinal epithelial
cells. The 5'-regulatory region of the SMVT gene has also
been cloned and characterized both in vitro and in vivo
(8). Intestinal biotin uptake is adaptively upregulated in
biotin deficiency via a transcriptionally mediated mecha-
nism that involves KLF4 sites. The cytoplasmic C-terminal
domain of the polypeptide is essential for its targeting to
the apical membrane domain of epithelial cells (8).

In rats, biotin transport is upregulated during matu-
ration after weaning and by biotin deficiency (11). Carrier-
mediated transport of the vitamin is most active in the
proximal small bowel of the rat and humans (8). However,
absorption from the proximal colon is still significant, sup-
porting the potential nutritional significance of biotin syn-
thesized and released by enteric flora (11). Clinical studies
have provided some evidence that biotin is absorbed from
the human colon (12). In contrast, more rigorous studies
in swine indicate that biotin absorption from the hindgut
is much less efficient than that from the upper intestine;
furthermore, biotin synthesized by enteric flora may not
present at a location or in a form in which bacterial biotin
contributes importantly to absorbed biotin.

Exit of biotin from the enterocyte (i.e., transport
across the basolateral membrane) is also carrier medi-
ated (11). However, basolateral transport is independent
of Na't, is electrogenic, and does not accumulate biotin
against a concentration gradient.

Transport in Blood

Biotin dissolved in blood is carried from the site of ab-
sorption in the intestine to the peripheral tissues and
the liver (1). Wolf et al. (13) originally hypothesized that
biotinidase might serve as a biotin-binding protein in
plasma or perhaps even as a carrier protein for the move-
ment of biotin into the cell. Based on protein precipita-
tion and equilibrium dialysis using >H-biotin, Chauhan
and Dakshinamurti (14) concluded that biotinidase is the
only protein in human serum that specifically binds bi-
otin. However, using 3H-biotin, centrifugal ultrafiltration,
and dialysis to assess reversible binding in plasma from
the rabbit, pig, and human, Mock and Lankford (15)
found that less than 10% of the total pool of free plus re-
versibly bound biotin is reversibly bound to plasma pro-
tein; the biotin binding observed could be explained by
binding to human serum albumin. Using acid hydroly-
sis and *H-biotinyl-albumin, Mock and Malik (16) found
additional biotin covalently bound to plasma protein.
The percentages of free, reversibly bound, and covalently
bound biotin in human serum are approximately 81%,
7%, and 12%. A biotin-binding immunoglobulin has been
identified in human serum. An approximately fivefold
higher concentration of this biotin-binding immunoglob-
ulin was reported in patients with Graves disease than
in normal and healthy controls (17). The role of plasma
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proteins in the transport of biotin remains to be defini-
tively established.

Biotin concentrations in erythrocytes are equal to
those in plasma (D.M. Mock, unpublished observation).
However, transport into erythrocytes is very slow, consis-
tent with passive diffusion (18).

Uptake by the Liver

Studies in a variety of hepatic cell lines indicate that
uptake of free biotin by the liver is similar to intestinal
uptake and is mediated by SMVT (19-21). Transport is
mediated by a specialized carrier system that is Na*t de-
pendent, electroneutral, and structurally specific for a free
carboxyl group. Atlarge concentrations, movement is car-
ried out by diffusion. Metabolic trapping, for example,
biotin bound covalently to intracellular proteins, is also
important. After entering the hepatocyte, biotin diffuses
into the mitochondpria via a pH-dependent process.

The biotin transporter identified in lymphocytes
is also Na™ coupled, saturable, and structurally specific
(22). Recent studies by Daberkow and coworkers provide
evidence in favor of monocarboxylate transporter 1 as the
lymphocyte biotin transporter (23).

A child with biotin dependence due to a defect in
the lymphocyte biotin transporter has been reported (18).
The child became acutely encephalopathic at the age of
18 months. Urinary organic acids indicated deficiency
of several biotin-dependent carboxylases. Symptoms im-
proved rapidly following biotin supplementation. Serum
biotinidase activity and biotinidase gene sequence were
normal. Activities of biotin-dependent carboxylases in
lymphocytes and cultured skin fibroblasts were normal,
excluding biotin holocarboxylase synthetase deficiency
as the cause. Despite extracellular biotin sufficiency, bi-
otin withdrawal caused recurrence of abnormal organic
aciduria, indicating intracellular biotin deficiency. Biotin
uptake rates into fresh lymphocytes from the child and
into his or her lymphocytes transformed with Epstein—
Barr virus were about 10% of normal fresh and trans-
formed control cells, respectively. For fresh and trans-
formed lymphocytes from his or her parents, biotin uptake
rates were consistent with heterozygosity for an autoso-
mal recessive genetic defect. SMVT gene sequence was
normal; regulatory regions of the SMVT gene have not
been characterized. These investigators speculated that
lymphocyte biotin transporter is expressed in additional
tissues such as the kidney and may mediate some critical
aspect of biotin homeostasis, but the complete molecu-
lar etiology of this child’s biotin transporter deficiency
remains to be elucidated.

Ozand et al. (24) recently described several patients
in Saudi Arabia with biotin-responsive basal ganglia dis-
ease. Symptoms include confusion, lethargy, vomiting,
seizures, dystonia, dysarthria, dysphagia, seventh nerve
paralysis, quadriparesis, ataxia, hypertension, chorea, and
coma. A mutation in SLC19A3 was identified, and defect
in the biotin transporter system across the blood-brain
barrier was postulated (25). However, in an elegant set
of experiments, Said and coworkers demonstrated that
SLC19A3 is the apical thiamine transporter and renamed
SLC19A3 appropriately as THTR2 (26), in contrast to the
basolateral thiamine transporter THTR1. The explanation

for the documented biotin responsiveness of these patients
remains unknown.

Renal Handling

Specific systems for the reabsorption of water-soluble vi-
tamins from the glomerular filtrate contribute importantly
to conservation of these vitamins (27). Animal studies us-
ing brush border membrane vesicles from human kidney
cortex indicate that biotin is reclaimed from the glomeru-
lar filtrate against a concentration gradient by a saturable,
Nat-dependent, structurally specific system (28). Using
human-derived proximal tubular epithelial HK-2 cells as
amodel, Said and coworkers demonstrated that biotin up-
take by human renal epithelial cells occurs via the SMVT
system and that the process is regulated by intracellular
protein kinase C and Ca++-/calmodulin-mediated path-
ways (29). The uptake process is adaptively regulated by
extracellular biotin concentrations via transcriptional reg-
ulatory mechanisms (29) consistent with previous stud-
ies demonstrating reduced biotin excretion early in ex-
perimentally induced biotin deficiency in human subjects
(30,31).

Subsequent egress of biotin from the tubular cells
occurs via a basolateral membrane transport system that
is not dependent on Na*. Biocytin does not inhibit tubu-
lar reabsorption of biotin (28). Studies in patients with
biotinidase deficiency suggest that there may be a role for
biotinidase in the renal handling of biotin (32,33).

Transport into the Central Nervous System
A variety of animal and human studies suggest that bi-
otinis transported across the blood-brain barrier (1,34,35).
The transporter is saturable and structurally specific for
the free carboxylate group on the valeric acid side chain.
Transport into the neuron also appears to involve a spe-
cific transport system as well as subsequent trapping of
biotin by covalent binding to brain proteins, presumably
the biotin-dependent carboxylases and histones.
Recently, concentrations of biotin were determined
initially as total avidin-binding substances in cere-
brospinal fluid (CSF) from 55 children, and biotin, biotin
sulfoxide, and bisnorbiotin were quantitated by high-
performance liquid chromatography (HPLC) and avidin-
binding assay in CSF samples from a subset of 11 children
(36). Concentrations of total avidin-binding substances
averaged 1.6 nmol/L with substantial variability, SD =
1.3 nmol/L. CSF concentrations of biotin and biotin anal-
ogous varied widely, but substantial amounts of biotin
sulfoxide were detected in every sample. Of the total, bi-
otin accounted for 42% =+ 16%, biotin sulfoxide for 41% =+
12%, and bisnorbiotin for 8% =+ 14%. Surprisingly, the mo-
lar sum of biotin plus biotin sulfoxide and bisnorbiotin on
average exceeded the total avidin-binding substances con-
centrations from the same CSF sample by >200-fold. These
investigators found no masking of detection or degra-
dation of biotin or biotin sulfoxide. Gel electrophoresis
and streptavidin Western blot detected several biotiny-
lated proteins in CSF leading to the conclusion that biotin
is bound to protein covalently, reversibly, or both; they
speculated that biotin bound to protein likely accounts
for the increase in detectable biotin after HPLC and that



protein-bound biotin plays an important role in biotin nu-
triture of the brain.

Placental Transport

Biotin concentrations are 3- to 17-fold greater in plasma
from human fetuses compared with their mothers in the
second trimester, consistent with active placental trans-
port (37). Specific systems for transport of biotin from the
mother to the fetus have been reported recently (10,38
40). The microvillus membrane of the placenta contains a
saturable transport system for biotin that is Nat depen-
dent and actively accumulates biotin within the placenta,
consistent with SMVT (10,38-40).

Transport into Human Milk

More than 95% of the biotin is free in the skim fraction of
human milk (41). The concentration of biotin varies sub-
stantially in some women (42) and exceeds that in serum
by one to two orders of magnitude, suggesting that there
is a transport system into milk. The biotin metabolite bis-
norbiotin (see discussion of metabolism under pharma-
cology section) accounts for approximately 50%. In early
and transitional human milk, the biotin metabolite and
biotin sulfoxide accounts for about 10% of the total bi-
otin plus metabolites (43). With postpartum maturation,
the biotin concentration increases, but the bisnorbiotin
and biotin sulfoxide concentrations still account for 25%
and 8% at 5 weeks postpartum. The concentration of bi-
otin in human milk exceeds the plasma concentration by
10- to 100-fold, implying that a transport system exists.
Current studies provide no evidence for a soluble biotin-
binding protein or any other mechanism that traps bi-
otin in human milk. The location and the nature of the
biotin transport system for human milk have yet to be
elucidated.

PHARMACOLOGY

Studies in which pharmacologic amounts of biotin were
administered orally and intravenously to experimental
subjects and tracer amounts of radioactive biotin were
administered intravenously to animals show that biotin
in pure form is 100% bioavailable when administered
orally. The preponderance of dietary biotin detectable
by bioassays is bound to macromolecules. Likely biotin
is bound to carboxylases and perhaps to histones. The
bioavailability of biotin from foodstuffs is not known,
whereas that from animal feeds varies but can be well
below 50%. After intravenous administration, the vitamin
disappears rapidly from plasma; the fastest phase of the
three-phase disappearance curve has a half-life of less than
10 minutes.

An alternate fate to being covalently bound to
protein (e.g., carboxylases) or excretion unchanged in
urine is catabolism to an inactive metabolite before ex-
cretion in urine (4). About half of biotin undergoes
metabolism before excretion. Two principal pathways of
biotin catabolism have been identified in mammals. In
the first pathway, the valeric acid side chain of biotin
is degraded by B-oxidation. This leads to the formation
of bisnorbiotin, tetranorbiotin, and related intermediates
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Table 1 Normal Range of Urinary Excretion of Biotin and Major
Metabolites (nmol/24 hr; n = 31 Males and Females)
Biotin Bisnorbiotin Biotin sulfoxide

18-77 11-39 8-19

that are known to result from B-oxidation of fatty acids.
The cellular site of this B-oxidation of biotin is uncer-
tain. Nonenzymatic decarboxylation of the unstable B-
keto-biotin and B-keto-bisnorbiotin leads to formation of
bisnorbiotin methylketone and tetranorbiotin methylke-
tone, which appear in urine. In the second pathway, the
sulfur in the thiophene ring of biotin is oxidized, leading
to the formation of biotin L-sulfoxide, biotin D-sulfoxide,
and biotin sulfone. Combined oxidation of the ring sulfur
and B-oxidation of the side chain lead to metabolites such
as bisnorbiotin sulfone. In mammals, degradation of the
biotin ring to release carbon dioxide and urea is quantita-
tively minor.

On a molar basis, biotin accounts for approximately
half of the total avidin-binding substances in human
serum and urine (Table 1). Biocytin, bisnorbiotin, bisnor-
biotin methylketone, biotin sulfoxide, and biotin sulfone
form most of the balance. Biotin metabolism is acceler-
ated in some individuals by anticonvulsant therapy and
during pregnancy, thereby increasing the ratio of biotin
metabolites to biotin excreted in urine.

OCCURRENCE AND DIAGNOSIS OF BIOTIN DEFICIENCY

The fact that normal humans have a requirement for bi-
otin has been clearly documented in two situations: pro-
longed consumption of raw egg white and parenteral nu-
trition without biotin supplementation in patients with
short-gut syndrome and other causes of malabsorp-
tion (1). Deficiency of this member of the vitamin B
group also has been clearly demonstrated in biotinidase
deficiency (6).

The clinical findings and biochemical abnormalities
in cases of biotin deficiency include dermatitis around
body orifices, conjunctivitis, alopecia, ataxia, and devel-
opmental delay (1). The progression of clinical findings in
adults, older children, and infants is similar. Typically, the
symptoms appear gradually after weeks to several years
of egg white feeding or parenteral nutrition. Thinning of
hair progresses to loss of all hair, including eyebrows and
lashes. A scaly (seborrheic), red (eczematous) skin rash
was present in the majority of reports. In several reports,
the rash was distributed around the eyes, nose, mouth,
and perineal orifices. The appearance of the rash was sim-
ilar to that of cutaneous candidiasis; Candida albicans could
often be cultured from the lesions. These manifestations
on skin, in conjunction with an unusual distribution of
facial fat, have been dubbed “biotin deficiency facies.”
Depression, lethargy, hallucinations, and paresthesias of
the extremities were prominent neurologic symptoms in
the majority of adults, while infants showed hypotonia,
lethargy, and developmental delay.

In cases severe enough to produce the classic cu-
taneous and behavioral manifestations of biotin defi-
ciency, urinary excretion rates and plasma concentrations
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of biotin are frankly decreased. Urinary excretion of the
organic acids discussed in biochemistry section and
shown in Figure 2 is frankly increased. The increase is
typically 5- to 20-fold or more. However, such a severe
degree of biotin deficiency has never been documented to
occur spontaneously in a normal individual consuming a
mixed general diet.

Of greater current interest and debate are the health
consequences, if any, of marginal biotin deficiency. Con-
cerns about the teratogenic effects have led to studies
of biotin status during human gestation (44-48). These
studies provide evidence that a marginal degree of de-
ficiency develops in at least one-third of women during
normal pregnancy. Although the degree of biotin defi-
ciency is not severe enough to produce overt manifesta-
tions, the deficiency is severe enough to produce metabolic
derangements. A similar marginal degree of biotin defi-
ciency causes high rates of fetal malformations in some
mammals (30,49,50). Moreover, data from a multivita-
min supplementation study provide significant, albeit in-
direct, evidence that the marginal degree of deficiency
that occurs spontaneously in normal human gestation is
teratogenic (44).

Valid indicators of marginal biotin deficiency have
been reported. Asymptomatic biotin shortage was in-
duced in normal adults housed in a general clinical
research center by egg white feeding. Decreased uri-
nary excretion of biotin, increased urinary excretion
of 3-hydroxyisovaleric acid, and decreased activity of
propionyl-CoA carboxylase in lymphocytes from periph-
eral blood are early and sensitive indicators of biotin de-
ficiency (30,31,51). On the basis of a study of only five
subjects, 3-hydroxyisovaleric acid excretion in response to
a leucine challenge appears to be an even more sensitive
indicator of marginal biotin status (31). The plasma con-
centration of biotin and the urinary excretion of methyl-
glycine, 3-hydroxypropionic acid, and 3-methylcitric acid
do not appear to be good indicators of marginal biotin
deficiency (52). In a biotin repletion study, the resumption
of a mixed general diet produced a trend toward normal-
ization of biotin status within 7 days. This was achieved
when the supplement was started immediately at the time
of resuming a normal diet. However, supplementation
of biotin at 10 times the dietary reference intake (DRI)
(300 pg/day) for 14 days reduced 3-hydroxyisovaleric
acid excretion completely to normal in only about half
of pregnant women who were marginally biotin de-
ficient (47) suggesting a substantial depletion of total
body biotin, a substantially increased biotin requirement,
or both.

On the basis of decreased lymphocyte carboxylase
activities and plasma biotin levels, Velazquez et al. (53)
have reported that biotin deficiency occurs in children
with severe protein-energy malnutrition. These investiga-
tors have speculated that the effects of biotin inadequacy
may be responsible for part of the clinical syndrome of
protein-energy malnutrition.

Long-term treatment with a variety of anticon-
vulsants appears to be associated with marginal biotin
deficiency severe enough to interfere with amino acid
metabolism (54-56). The mechanism may involve both
accelerated biotin breakdown (56-58) and impairment of
biotin absorption caused by the anticonvulsants (59).

Biotin deficiency has also been reported or inferred
in several other circumstances including Leiner disease
(60-62), sudden infant death syndrome (63,64), hemodial-
ysis (65-69), gastrointestinal diseases and alcoholism (1),
and brittle nails (70). Additional studies are needed to con-
firm or refute an etiologic link of these conditions to the
vitamin’s deficiency.

The mechanisms by which biotin deficiency pro-
duces specific signs and symptoms remain to be com-
pletely delineated. However, several studies have given
new insights on this subject. The classic assumption for
most water-soluble vitamins is that the clinical findings of
deficiency result directly or indirectly from deficient ac-
tivities of the vitamin-dependent enzymes. On the basis
of human studies on deficiency of biotinidase and isolated
pyruvate carboxylase, as well as animal experiments re-
garding biotin deficiency, it is hypothesized that the cen-
tral nervous system effects of biotin deficiency (hypotonia,
seizures, ataxia, and delayed development) are likely me-
diated through deficiency of brain pyruvate carboxylase
and the attendant central nervous system lactic acidosis
rather than by disturbances in brain fatty acid composi-
tion (71-73). Abnormalities in metabolism of fatty acids
are likely important in the pathogenesis of the skin rash
and hair loss (74).

Exciting new work has provided evidence for a po-
tential role for biotin in gene expression. These findings
will likely provide new insights into the pathogenesis of
biotin deficiency (75,76). In 1995, Hymes and Wolf dis-
covered that biotinidase can act as a biotinyl transferase;
biocytin serves as the source of biotin, and histones are
specifically biotinylated (6). Approximately 25% of total
cellular biotinidase activity is located in the nucleus. Zem-
pleni and coworkers have demonstrated that the abun-
dance of biotinylated histones varies with the cell cycle,
that these histones are increased approximately twofold
compared with quiescent lymphocytes, and that these are
debiotinylated enzymatically in a process that is at least
partially catalyzed by biotinidase (77-79). These observa-
tions suggest that biotin plays a role in regulating DNA
transcription and regulation.

Biotinylation of histones is emerging as an impor-
tant histone modification. Recent studies from Hassan
and Zempleni provide evidence that biotinylation likely
interacts with other covalent modification of histones to
suppress gene expression and gene transposition (80). Al-
though the relative importance in biotinidase and holocar-
boxylase synthetase in the biotinylation and debiotiny-
lation of histones has yet to be fully elucidated, Gravel
and Narang have produced evidence that holocarboxylase
synthetase is present in the nucleus in greater quantities
than in the cytosol or the mitochondria and that holocar-
boxylase synthetase likely acts in the nucleus to catalyze
the biotinylation of histones (81). Moreover, fibroblasts
from patients with HCLS deficiency are severely deficient
in histone biotinylation (82). Zempleni and coworkers
have shown that biotinylation of lysine-12 in histone H4
(K12BioH4) causes gene repression and have proposed
a novel role for HCS in sensing and regulating levels
of biotin in eukaryotic cells (83). They have hypothe-
sized that holocarboxylase synthetase senses biotin and
that biotin regulates its own cellular uptake by participat-
ing in holocarboxylase synthetase-dependent chromatin



remodeling events at an SMVT promoter locus. Specifi-
cally, they hypothesize that nuclear translocation of HCS
increases in response to biotin supplementation and then
biotinylates histone H4 at SMVT promoters, silencing bi-
otin transporter genes. This group has shown that nuclear
translocation of HCS is a biotin-dependent process po-
tentially involving tyrosine kinases, histone deacetylases,
and histone methyltransferases. The nuclear translocation
of holocarboxylase synthetase correlates with biotin con-
centrations in cell culture media and is inversely linked to
SMVT expression. Moreover, biotin homeostasis by holo-
carboxylase synthetase-dependent chromatin remodeling
at an SMVT promoter locus is disrupted in holocarboxy-
lase synthetase knockdown cells.

Transposable elements such as retrotransposons
containing long-terminal repeats constitute about half of
the human genome, and the transposition events associ-
ated with these elements impair genome stability. Epige-
netic mechanisms are important for transcriptional repres-
sion of retrotransposons, preventing transposition events,
and abnormal regulation of genes. Zempleni and cowork-
ers have provided evidence that the covalent binding of
biotin to lysine-12 in histone H4 and lysine-9 in histone
H2A mediated by holocarboxylase synthetase is an epige-
netic mechanism to repress retrotransposon transcription
in human and mouse cell lines and in primary cells from a
human supplementation study. Abundance of biotinyla-
tion at those sites depended on biotin supply and on holo-
carboxylase synthetase activity and was inversely linked
with the abundance of long terminal repeat transcripts.
Knockdown of holocarboxylase synthetase in Drosophila
enhanced retrotransposition. Depletion of biotinylation
at those sites in biotin-deficient cells correlated with in-
creased production of transposition events and decreased
chromosomal stability.

Recently, controversy has arisen concerning the role
of biotin as an in vivo covalent modifier of histones. Bai-
ley and coworkers have reported that streptavidin binds
to histones independently of biotinylation (84). To further
investigate this phenomenon, 293T cells were grown in
4C-biotin; in contrast to the ready detectability of 4C-
biotin in carboxylases, 4C-biotin was undetectable in hi-
stones (i.e., represented no more than 0.03% of histones)
(84). In a subsequent study, Healy and coworkers demon-
strated that histone H2A is nonenzymatically biotinylated
by biotinyl-5-AMP and provided evidence that these en-
zymes promotes biotinylation of histone H2A by releasing
biotinyl-5'-AMP, which then biotinylates lysines in his-
tone H2A somewhat nonspecifically (85). Recently, this
group has proposed that biotin is not a natural histone
modifier at all. On the basis of studies that fail to find
in vivo biotin incorporation into histones using *H-biotin
uptake, Western blot analysis of histones, or mass spec-
trometry of affinity purified histone fragments, these in-
vestigators concluded that biotin is absent in native his-
tones to a sensitivity of 1 part per 100,000 and that the
regulatory impact on gene expression must occur through
a mechanism other than histone modification (86). These
conclusions are likely to generate a lively debate until
definitive evidence is provided using mass spectrometric
analysis of in vivo histones harvested at various phases
of the cell cycle and at specific locations within particular
histones.
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Table 2 Adequate Intake for Biotin Consumption

Age Amount (.g/day)
0-6 mo 5
7-12 mo 6
1-3yr 8
4-8 yr 12
9-13 yr 20
14-18 yr 25
19- >70yr 30
Pregnancy 30
Lactation 35

Note: Values for males and females in all age groups were combined because
they do not differ.
Source: From Ref. 88.

INDICATIONS AND USAGE

In 1998, the United States Food and Nutrition Board of the
National Academy of Sciences reviewed the recommenda-
tions for biotin intake (87). The committee concluded that
the data were inadequate to justify setting an estimated
average requirement. However, adequate intake (Al) was
formulated (Table 2). The Al for infants was based on
an empirical determination of the biotin content of hu-
man milk. Using the value for free biotin determined mi-
crobiologically (6 wg/L) and an average consumption of
0.78 L/day by infants of age 0-6 months, an Al of 5 pg/day
was calculated. The AI for lactating women has been in-
creased by 5 pg/day to allow for the amount of biotin
secreted in human milk. Using the Al for 0—6-month-old
infants, the reference body weight ratio method was used
to extrapolate Als for other age groups (see Table 2).

TREATMENT OF BIOTIN DEFICIENCY

If biotin deficiency is confirmed, biotin supplementation
should be undertaken and effectiveness should be doc-
umented. Doses between 100 ng and 1 mg are likely to
be both effective and safe on the basis of studies sup-
plementing biotin deficiency during pregnancy, chronic
anticonvulsant therapy, and biotinidase deficiency.

TOXICITY

Daily doses of up to 200 mg orally and up to 20 mg in-
travenously have been given to treat biotin-responsive in-
born errors of metabolism and acquired biotin deficiency.
Toxicity has not been reported.
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Bitter Orange

Steffany Haaz, K. Y. Williams, Kevin R. Fontaine, and David B. Allison

INTRODUCTION

Citrus aurantium (C. aurantium) is the Latin name for a
plant commonly referred to as bitter orange, sour or-
ange, Neroli, Chongcao, or Seville orange. It is a source
of synephrine and several other biogenic amines, as well
as other bioactive phytochemicals and has been used in di-
etary supplements for weight loss. In this entry, we discuss
the available evidence pertaining to safety and efficacy of
C. aurantium for weight loss, as examined in animal stud-
ies, clinical trials, and case reports.

GENERAL DESCRIPTION

Bitter orange is a member of the Rutaceae family, a hybrid
between Pummelo, Citrus grandis, and Mandarin, Citrus
reticulata. Native to Asia, various parts of the plant are
used throughout the world for a variety of indications.
Bitter orange and its components are commercially avail-
ablein herbal weight loss supplements, ostensibly for their
adrenergic agonistic properties (1), often in combination
with other ingredients hypothesized to promote weight
loss. Its constituent p-octopamine and synephrine alka-
loids (SAs) are usually cited as the active ingredients in
such products (2). With the banning of ephedra in the
United States in 2004, bitter orange has been increasingly
included in weight loss supplement formulations. Because
of similarities in their constituents and possible mecha-
nisms (both sources of natural alkaloids with sympath-
omimetic activity), concerns have been raised that bitter
orange may carry risks similar to those hypothesized to
exist for ephedra (3).

HISTORICAL USE

C. aurantium’s origin is in China and appears in writing
as far back as 300 BC. Its ancient use has also been doc-
umented in Japan and Rome (4). It is native to eastern
Africa, Arabia, and Syria and is cultivated in various Euro-
pean, North American, and South American regions. The
leaf was historically used as a tonic, laxative, or sedative
in Mexico and South America and for insomnia, palpi-
tations, or stomachaches by the European Basque people
(5,6). The fruit and peel are also used for stomachaches, as
well as high blood pressure (BP), spasm, and a variety of
gastrointestinal conditions by both the Basque and prac-
titioners of traditional Chinese medicine (7). While the
practice arose in Ancient Egypt, neroli oil is still currently
used for aromatherapy and bergamot, a subspecies of
C. aurantium, is used for flavoring and aroma in Earl Grey
teas (8). Modern uses for C. aurantium include digestive,
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cardiovascular, neuromuscular, and antiseptic indications
in countries such as China, Curacao, Haiti, India, Mex-
ico, Trinidad, Turkey, and the United States (9). The most
common current western use, however, is as a dietary
supplement for weight loss.

POTENTIAL CONSTITUENTS

Some authors (10) state that C. aurantium contains meta-
synephrine (m-synephrine, m-s), whereas others (11) state
that it contains only para-synephrine (p-synephrine, p-
s). However, research (I.A. Khan, oral communication,
2005) has shown that C. aurantium naturally contains
p-synephrine and does not contain m-synephrine. Alli-
son and colleagues reported that at least one over-the-
counter (OTC) product purportedly containing SAs from
C. aurantium contains both p-synephrine and m-synephrine
(12), raising concerns about possible adulteration and
mislabeling. There is also an ortho isomer of synephrine
(0-synephrine), whose content in C. aurantium is unknown.
p-, m-, and o-synephrine can each exist in D or L forms.

p-Synephrine, an undisputed component of C. au-
rantium, is typically referred to simply as synephrine (13).
It is an a-adrenergic agonist (14) that also has some B-
adrenergic properties (15). p-Synephrine occurs naturally
in the human body in small quantities and might act as
a neurotransmitter (16). Under the name oxedrine, it has
been used since 1927 (17) in eyedrops. p-Synephrine is
thought to be the ingredient in C. aurantium primarily
responsible for weight loss. However, neither this nor
whether C. aurantium actually produces weight loss in
humans is firmly established.

m-Synephrine, often referred to as phenylephrine,
is an isomer of p-synephrine. To the best of our knowl-
edge, m-synephrine is not contained naturally in C. auran-
tium. m-Synephrine is also an a-adrenergic agonist that has
some B-adrenergic agonist properties. It has been stud-
ied more extensively than p-synephrine and is one of the
two most widely used OTC decongestants today (Fig. 1)
(13). p-Synephrine and m-synephrine have similar struc-
ture to ephedrine, as well as other substances that have
some effects on reducing food intake and/or body weight
such as epinephrine and norepinephrine (Fig. 1), support-
ing the conjecture that, to the extent that function follows
structure, p-synephrine and m-synephrine, may also re-
duce food intake and or body weight.

The «-adrenergic sympathomimetic amine, p-
octopamine, is also present in C. aurantium, though pos-
sibly at inappreciable levels (2). Like both forms of
synephrine, it is an a-adrenergic agonist with some
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Figure 1 Chemical structures of (A) p-synephrine, (B) m-synephrine,
(C) ephedrine, (D) epinephrine, and (E) norepinephrine.

B-adrenergic properties. It is used to treat hypertension
and as a cardiotonic (13) and has also been examined for
its potential role in promoting weight loss (18).

Because of their similar properties and the overlap
of their inclusion in supplements, we will refer to these
substances collectively as synephrine alkaloids (SAs). SAs
are used clinically as decongestants (1), during surgical
procedures as a vasopressor (19), for acute treatment of
priapism (20), and in ophthalmological examinations for
pupil dilation (21). Products that contain C. aurantium or
its derivatives, including OTC weight loss supplements,
will be referred to as C. aurantium products (CAPs).

Regulatory oversight for dietary supplements is
much less rigorous than for pharmaceuticals, and exten-
sive evidence is not required prior to release of a product
on the public market. While a phase of requirements for
meeting good manufacturing practices is currently under-
way, this may help to explain why the quality and quantity
of the evidence we have available to evaluate the safety
and efficacy of C. aurantium is minimal.

POTENTIAL MECHANISMS

As sympathomimetic agents with both «- and pB-
adrenergic receptor agonist properties, SAs might increase
energy expenditure and/or decrease food intake (22). In
addition, there is some evidence that adrenergic agonists,
including SAs, decrease gastric motility (23). Similar to
compounds such as cholecystokinin and other gut pep-
tides which both decrease gastric motility and food intake
(24), one might conjecture that SAs may also decrease food
intake via reducing gut motility. Activation of lipolysis is
a known B-adrenergic activity (25) that may be fueled by
these components of C. aurantium.

ANIMAL STUDIES
Weight Loss

SAs reduce food intake in rodents (26), and some stud-
ies indicate that SAs can reduce rodent body weight
(13,26). SAs have also been shown to promote lipoly-
sis in adipocytes through B-adrenergic stimulation (27)
and to increase lipoprotein lipase activity in the parame-
trial fat pad of female hamsters (28). However, among
monosodium glutamate—treated obese mice, SAs reduced
weight gain but had no effect on body fat percent (29).
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Toxicity and Mortality

Data suggest that m-synephrine (not present in bitter or-
ange) may prolong life in rodents. A 2-year study by the
National Toxicology Program (13) evaluated the effects
of m-synephrine on spontaneous food intake of rats and
mice. At 2 years, there were no significant differences in
survival among mice or female rats. However, for male
rats, there was a significant reduction in mortality rate,
although there was increased mortality in the early phase
of the study at the highest dose. It should be noted that
too few deaths occurred during the 2-year trial to provide
the degree of precision and power desired for a rigorous
longevity study (30). Nonetheless, similar results have
been reported for ephedrine, another sympathomimetic
amine (31).

Arbo et al. (32) conducted a subchronic toxicity
study in mice and the effects of p-synephrine and C. au-
rantium L. extract on oxidative stress biomarkers that are
believed to be indicators of cell membrane injury (malon-
dialdehyde) and (glutathione and the enzyme glutathione
peroxidase) indicative of amphetamine-induced toxicity.
The study evaluated adult male CF1 mice treated with
400, 2000, or 4000 mg/kg C. aurantium dried extract and
p-synephrine 30 or 300 mg/kg over the course of 28 days.
Results showed a reduction in glutathione in mice treated
with C. aurantium 400 mg/kg and p-synephrine 30 and
300 mg/kg. Inhibition of glutathione peroxidase activity
occurred within mice treated with C. aurantium 400 and
2000 mg/kg and p-synephrine 30 and 300 mg/kg; how-
ever, no change occurred within malondialdehyde levels.
These two findings suggest the possibility of subchronic
toxicity. No significant change in weight occurred in any
of the groups, suggesting on the positive side a lack of
severe toxicity, and on the negative side a lack of efficacy
in producing weight loss.

With regard to adverse effects, a study (33) of male
Sprague-Dawley rats reported what was believed to be
evidence of cardiotoxicity when C. aurantium fruit extracts
standardized to 4% and 6% SAs were administered. In-
creased mortality has been observed among CAPs-treated
rats (33) as well as a strain of mice selected to be uniquely
susceptible to the effects of adrenergic stimulation (34).

CLINICAL TRIALS
Weight Loss

Few clinical trials have examined the effects of CAPs alone
or in combination with other ingredients on body weight
and/or body composition (Table 1). It should be kept in
mind that these trials are of short duration and the sam-
ple sizes are frequently quite small. Nonetheless, these
trials suggest that body weight and/or fat loss may be
enhanced by CAPs or SAs. The mechanisms involved are
unclear but may be partially due to a suppressing effect
of appetite and/or a moderate increase in resting energy
expenditure.

Armstrong et al. (37) evaluated exercise and herbal
preparation containing Ma Huang, bitter orange (5 mg
SAs), and guarana over 6 weeks in a randomized, con-
trolled trial. Compared with controls, the intervention
group obtained significant reductions in fat mass and a
nearly significant reduction in body mass index (kg/m?)
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Table 1 Summary of Clinical Weight Loss Trials

Reference Treatment Design Sample size Duration Results Comments
Colker et al. (10) 975 mg Citrus Blinded parallel Supplement n = 9; 6 wk Supplement group lost  Citrus aurantium may
aurantium, +528 groups RCT placebo, n =7; more fat (3.1 kg; P <  assist individuals in
caffeine and 900 mg control group (no 0.05) than other losing body fat, due to
St. John’s wort; pills),n =4 groups and increased increased energy and
placebo (with pill) and RMR (2-3%) reduced energy intake
control (no pill) expenditure. No
adverse events were
reported
Kalman et al. (36)  Ephedrine and Prospective, 30 overweight 8 wk 3.4 kg weight loss in No adverse events;
synephrine alkaloids randomized, subjects; BMI > 27 experimental group vs.  findings indicate
(SAs) (5 mg twice double blind 2.05 kg in placebo apparent short-term
daily) based product (P < 0.05) safety and efficacy of
vs. placebo with ephedrine and
exercise and diet synephrine-based
compound
Armstrong et al. Exercise program with Randomized Five overweight 44 days Supplement increased  Low statistical power,
(37) assignment to drug trial—unclear if males/14 females fat loss (2.5 kg; P = no marked side effects
(Ma Huang, bitter study is blinded 0.033) more than
orange, and guarana) placebo (0.5 kg))
or placebo. Bitter
orange standardized
for 5 mg synephrine
Greenway et al. Two capsules Prospective, Eight subjects (1:1 8 wk Supplement group CAP was not
(38): Pilot 1 containing randomized, ratio) between gained more weight efficacious for weight
pantothenic acid, double blind supplement group and (1.04 £ 0.27 kg; P <  loss
40 mg; green tea leaf placebo group 0.04) than placebo
extract, 200 mg; and increased RMR
guarana extract, (but not at 8 wk)
550 mg; bitter orange,
150 mg; white willow
bark extract, 50 mg;
ginger root, 10 mg;
proprietary charge
thermoblend
(L-tyrosine, L-carnitine,
naringin), 375 mg
Greenway et al. m-Synephrine 20 mg Prospective, Twenty subjects (1:1 8 wk Supplement group lost ~ m-Synephrine was not
(38): Pilot 2 randomized, ratio) between weight (0.8 + 3.4 kg;  efficacious for weight
double blind supplement group and not significant) in 8 loss

placebo group

wk, and increased
RMR in 8 wk. No
control group was
used (Greenway,
written
communication,
November 1, 2009)

Abbreviations: BMI, body mass index; CAP, Citrus aurantium product; RCT, randomized, controlled trial; RMR, resting metabolic rate.

and fat percentage. No significant changes were noted in
resting energy expenditure, blood chemistries, or dietary
intake between the placebo and experimental groups.

In a double-blind, placebo-controlled, randomized
trial, Colker et al. found that subjects receiving a
combination of C. aurantium, caffeine, and St. John’s wort,
along with diet and exercise protocols, lost a statistically
significant amount of body weight. Analysis comparing
changes in this group with those in placebo or control
groups on the same diet and exercise regimen did not
show significant differences, though loss of fat mass was
significantly greater in the experimental group (35). BP,
heart rate, electrocardiographic, blood, and urine analy-
ses were not significantly different between the groups.

Another randomized trial (36) of 30 overweight
adults investigated the effects of supplementation, along
with a cross-training exercise regimen and dietary ed-
ucation program compared with exercise and dietary
education alone on body composition. Supplementa-
tion included ephedrine, SAs, caffeine, and calicine.
Greater weight and fat loss occurred for the sup-
plement group compared with the exercise-diet only
group.

Overall, studies indicate a weight loss of 2.4-3.4 kg
among participants using SAs, while placebo groups lost
0.94-2.05 kg, suggesting the plausibility of some weight
loss benefit from SA supplementation, beyond diet and
exercise alone. However, these studies do not separate



the effects of C. aurantium or SAs from other ingredients,
particularly ephedrine and caffeine.

Metabolic Rate and Cardiovascular Effects

Several studies have evaluated the effects of acute admin-
istration of SAs on cardiovascular indicators. Kalman et al.
(39) tested a product containing 335 mg Ma Huang stan-
dardized for 20 mg ephedrine alkaloids, 910 mg guarana
standardized for 200 mg caffeine, and 85 mg bitter orange
standardized for 5 mg SAs per two capsules. Twenty-
seven overweight adults were randomized to treatment
or placebo for 14 days. BP, heart rate, electrocardiogram,
and Doppler echocardiograms were evaluated before and
after treatment. Ingestion of this commercial weight loss
supplement did not produce any detectable cardiovascu-
lar side effects.

Penzak etal. (10) examined cardiovascular outcomes
in 12 normotensive individuals who were administered
8 oz of Seville orange juice (containing 13-14 mg SAs)
and water in a crossover fashion, followed by a repeat
ingestion 8 hours later. No changes in cardiovascular in-
dices (BP, maximal arterial pressure, and heart rate) were
detected.

Thomas et al. (40) evaluated the cardiovascular ef-
fects of 10 mg oral SAs in healthy volunteers over a 4-hour
period on impedance cardiography and forearm plethys-
mography. Elevation in total peripheral resistance was ob-
served 30-60 minutes after dosing, although other hemo-
dynamic indexes were not affected.

Hemodynamic effects were observed in a crossover
design, placebo-controlled study (41) with the administra-
tion of Xenadrine, a CAP that contains a variety of other
potentially bioactive substances, including green tea ex-
tract, cocoa extract, yerba mate, ginger root, grape seed
extract, and others. However, these increases in heart rate,
and systolic and diastolic BP were not observed with ad-
ministration of Advantra Z, which contains C. aurantium
alone, even at an eightfold higher dose.

Haller et al. (42) evaluated a dietary supplement
[Ripped Fuel Extreme Cut, containing synephrine from
C. aurantium (presumably p-synephrine) and caffeine] in
10 healthy adults (three women) aged 20-31 years. Each
subject was given one dose of the dietary supplement
under three conditions: (i) resting conditions (without
placebo); (i7) moderately intense exercise; and (iii) placebo
plus moderately intense exercise in a three-arm, random-
ized, crossover study. Greater postexercise diastolic BP
was seen with the dietary supplement plus exercise than
with placebo plus exercise. There were no obvious sup-
plement effects on postexercise HR, systolic BP, or body
temperature.

Bui et al. (43) reported the effect on BP (systolic
and diastolic) and heart rate over 6 hours after one
dose of a CAP (Nature’s Way Bitter Orange) on 15
young, healthy adults in this prospective, randomized,
double-blind, placebo-controlled, crossover study. Sys-
tolic and diastolic BP increased significantly within the
1-5 hours time period in comparison with the placebo
group with the peak being 7.3 + 4.6 mm Hg, while the
4-5 hours time period increase was 2.6 & 3.8 mm Hg af-
ter consumption in comparison with the placebo group
with the peak being 4.2 + 4.5 beats/minute, while
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heart rate was significantly elevated 2-5 hours after
ingestion.

In one study of obese adults, increases in resting
metabolic rate (RMR) were observed with C. aurantium,
both alone and with food, beyond the thermic effect of
food (TEF) alone (44). (RMR is a measure of the energy
required to maintain basic physiological function while
the body is at rest.) However, another recent investigation
(45) found that the thermic response to CAPs increased in
women only, who had lower TEF than men at baseline.
After the intervention, TEF did not differ by gender. BP
and pulse rate were not affected, but epinephrine secretion
increased. In normal weight adults, an increase in RMR
was also found when the extract was taken with a meal
(46). No adverse changes in pulse rate or BP were reported.

Finally, the effects of two dietary supplement formu-
las on RMR and other metabolic indicators were evaluated
(47). When compared with placebo, Formula A (contain-
ing ephedra, guarana, green tea, yohimbe, and quercetin)
and Formula B (containing C. aurantium, jing jie, fang feng,
guarana, green tea, yohimbe, and quercetin) resulted in in-
creased total RMR, decreased respiratory exchange ratio
toward fat burning, and increased body core temperature.
Heart rate and RMR increased at each 15-minute interval
with Formula A only. BP increased with both, but to a
greater extent with Formula A.

CASE REPORTS OF ADVERSE EVENTS

Nykamp et al. (48) describe a case of acute lateral-wall
myocardial infarction co-occurring with consumption of
CAPs in a 55-year-old woman with undetected coronary
vascular disease. She reported taking a multicomponent
dietary weight loss supplement containing 300 mg of bit-
ter orange over the preceding year.

A Consumer Reports article (49) describes a 21-year-
old woman who took ephedra-free Xenadrine EFX (which
contains C. aurantium). After 3 weeks on the supplement,
she suffered a seizure. Her neurologist believes the bitter
orange in the supplement was the most likely the cause,
though the basis for this conclusion is unknown.

Nasir et al. (50) described exercise-induced syncope
in a healthy 22-year-old woman that occurred 1 hour after
a second dose of Xenadrine EFX, a weight loss supplement
that contains, among other compounds, ephedrine and
synephrine. The electrocardiography revealed prolonga-
tion of the QT interval, which resolved in 24 hours.

Bouchard et al. (51) report a case of a 38-year-old
male patient with ischemic stroke that occurred after tak-
ing a CAP for 1 week. The patient reportedly had no rel-
evant medical history or major atherosclerotic risk factors
and took no other medications.

Gray and Woolf (52) reported a case of CAPs use by
an adolescent with anorexia nervosa and raised concerns
that the SAs may have masked bradycardia and hypoten-
sion while exacerbating her weight loss. Firenzuoli et al.
(53) report a case of a 52-year-old woman that had an
allergic reaction after taking a CAPs product.

Sultan et al. (54) reported a case of a 52-year-old
woman with ischemic colitis that occurred 1 week af-
ter consumption of a CAP (Natural Max Skinny Fast,
containing bitter orange). She reported no known drug
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Table 2 Summaty of Effects, Safety, and Efficacy of Citrus aurantium

Physiological effects Effects on weight

Effects on body composition Safety

Variable changes in BP in animals;
generally stable BP, heart rate, pulse
rate, blood and urine measures in
humans; inconsistent changes to
resting metabolic rate

Weight loss documented in rodents;
weakly supported in humans, as

did not find significant difference
from controls

studies used multiple supplements or

Limited support for loss of fat mass in
human studies, noting a trend or
using multiple supplements; for
animals, some increased lipase
activity

Inconsistent mortality data in
rodents; some evidence of
elevated BP. Results not
consistent from study to study,
but this may be a function of
small sample sizes used in most
studies. Several case reports of
serious adverse events

allergies and took no other medications. Symptoms re-
solved over 24-48 hours with conservative management
after the supplement was discontinued.

Health Canada reported that from January 1, 1998, to
February 28, 2004, it received 16 reports in which products
containing bitter orange or synephrine were suspected
of being associated with cardiovascular events, including
tachycardia, cardiac arrest, ventricular fibrillation, tran-
sient collapse, and blackout. All cases were considered
serious (55).

Adverse events from CAPs are currently fairly rare
in scientific literature. As CAPs are used more widely in
place of ephedrine-containing products, any potentially
harmful effects may be clarified over time.

DISCUSSION

The Safety of CAPs

Some have hailed the potential therapeutic value of CAPs
(1), while others have warned about possible safety con-
cerns (33). The safety concerns pertain primarily to ad-
verse cardiovascular and cerebrovascular effects. Informa-
tion on the safety of CAPs comes from the three sources
described above: animal studies, clinical trials, and case
reports. To date, no large epidemiologic (case control or
cohort) studies have evaluated the safety of CAPs.

Of course, one cannot extrapolate the safety of CAPs
from short-term studies used for one indication (e.g., sev-
eral days for relief of nasal congestion among the gen-
eral population) to long-term studies use for another in-
dication (e.g., several months or years for weight loss
among obese individuals). Although substantial safety-
related data exist for CAPs (13,56), there is no published
human weight loss trial of CAPs with more than 20 par-
ticipants or for a duration of more than 7 weeks.

Table 3 Dosage Information on Citrus aurantium or Synephrine Alkaloids (SAs)

It is important to note that the majority of
studies evaluating the safety of CAPs are performed
with normotensive subjects. However, because hyper-
tension is a common comorbidity associated with over-
weight/obesity, studies that evaluate the effects of CAPs
on BP should also be conducted with obese hypertensive
adults.

While C. aurantium extracts have been used in a va-
riety of cultures for thousands of years, they have not been
traditionally utilized for long periods of time, or specifi-
cally for weight loss (1). As such, there is little, if any, basis
for making definitive statements about the intermediate
or long-term safety/risk of CAPs used for weight loss.
Table 2 summarizes the physiological effects, safety, and
weight loss efficacy of C. aurantium.

DOSE CONSIDERATIONS

Given the dearth of weight loss trials, the optimal dose
(if one exists) of C. aurantium or its SA constituents for
weight loss is unknown. Table 3 highlights some relevant
dosage information. Although generalizing across species
and compounds is difficult and can only provide a lim-
ited basis for conjecture, the following comparisons with
ephedrine can be made. We analyzed data (12) in which
ephedrine or SAs was given to mice. Regression of weight
and food intake on dose of ephedrine or SAs yielded
slopes (in absolute value) that were approximately four
to six times greater for ephedrine than for SAs. Based on
linear projections, it would take four to six times the dose
of SAs (in these mice) to achieve equivalent reduction in
intake and body weight as for ephedrine. In human stud-
ies of ephedrine, doses of about 50 mg per day begin to be
effective (57). Although an extrapolation, this might sug-
gest a useful clinical dose for SAs as high as 240-360 mg

Dose

5-14 mg/day Citrus aurantium extract with SAs has been used (34-36) and no serious adverse events were reported. These doses purportedly
showed efficacy, but products tested included substances beyond C. aurantium, notably ephedrine which we know to be effective for
weight loss. We believe that these doses of SAs are very unlikely to be effective when used without ephedrine

32 mg/day The nasal decongestant Endal (60) contains 20 mg of m-s per tablet and two tablets per dose twice per day are recommended

120 mg/day Via C. aurantium extract, SAs are marketed in over-the-counter (OTC) products for weight loss. In products, such as Nutres Lipo 6
(61), the directions suggest that for “extreme fat loss” a recommended dosage is two capsules three times per day. The SA content
per capsule is 20 mg; this provided a maximal recommended dose of 120 mg/day

300 mg/day According to Clarke’s Analysis of Drugs and Poisons (62), oxedrine (p-synephrine) is used clinically at ~300 mg/day

1000 mg/day Minimum adult lethal dose of m-s (63)




per day. From a safety point of view, SAs (per equal
weight) have lower potential to raise BP than ephedrine;
however, nearly all commercial preparations of SAs also
contain caffeine, which might compound any cardiovas-
cular effects. In the absence of caffeine, human studies
suggest that 15-30 times the dose of SAs are required to
elevate BP to the same degree as ephedrine (58,59). This
suggests that such high doses might be well tolerated,
but clearly more data are needed, particularly regarding
potential synergistic effects of CAPs components.

SAs appear to be readily absorbed after oral admin-
istration (63). About 80% of oral doses are excreted in
the urine within 24 hours. After single oral doses, peak
plasma concentrations are typically reached in 1-2 hours.
Plasma half-life is ~2-3 hours. Sympathomimetic drugs
for weight loss are typically given TID before meals (64)
reducing the evening dose if sleep problems arise.

CONTRAINDICATIONS

Topical application (as with aromatherapy or antifungal
uses) of CAPs may result in photosensitivity for fair-
skinned individuals (65) (possibly due to photosensi-
tizing furanocoumarins that occur in the rinds of cer-
tain citrus species, especially immature fruits). Although
rare, this has also occurred after oral ingestion. To re-
duce this risk, exposure to ultraviolet light can be min-
imized. Caution is recommended for use in children, as it
may conceivably produce toxic effects (66). Some sources
advise that CAPs should be avoided by women who are
pregnant or breast-feeding (7,67), while others claim that
CAPs can be used safely during pregnancy (66). While
effects on BP are unclear, those with hypertension, tach-
yarrhythmia, or narrow-angled glaucoma may consider
refraining from use of CAPs until further evidence con-
firms their safety (67). CAPs could also possibly exacerbate
symptoms for those with stomach or intestinal ulcers (68).

DRUG INTERACTIONS

Because CAPs may increase stomach acid, they could po-
tentially reduce the efficacy of acid-lowering drugs, such
as antacids and ulcer medications (69). Although a spec-
ulative precaution, those taking medications containing
SAs, including some cold medications and monoamine ox-
idase inhibitors (MAOQISs), should consider the combined
dose of these products with the SAs present in CAPs for-
mulations and possible multiplicative effects (68,69). It has
been suggested that CAPs could interfere with the activ-
ity of drugs that are metabolized by the liver enzyme cy-
tochrome P450-3A, CYP3A (70,71). A recent comment in
Experimental Biology and Medicine noted that some re-
search on drug effects have utilized parts of the plant or
methods of administration that may not be applicable to
oral consumption of currently marketed dietary supple-
ments (72).

FUTURE RESEARCH

The safety and efficacy of CAPs and SAs for weight
loss are not well established. While existing literature
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demonstrates plausibility for reducing weight, previous
trials were not designed to rigorously evaluate safety and
efficacy. Doing so will require better-designed random-
ized clinical trials with large sample sizes, reliable well-
established outcome measures, and active surveillance of
side effects and adverse events. To better understand the
effects of CAPs or SAs specifically, studies will need to test
these components without combining them with other in-
gredients postulated to have antiobesity effects. It would
also be worthwhile to examine differences between the
types of synephrine-containing compounds that are de-
rived from various sources and how this influences the
consistency and potency of supplements.
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Black Cohosh

Daniel S. Fabricant, Elizabeth C. Krause, and Norman R. Farnsworth

INTRODUCTION

Black cohosh is a native eastern North American plant that
was used as traditional medicine by Native Americans.
Extracts of the roots and rhizomes were used for analgesic,
sedative, and anti-inflammatory properties. More recently,
root and rhizome black cohosh preparations have had a
rich clinical history, spanning almost 60 years of study.
These studies have primarily focused on relieving climac-
teric symptoms associated with menopause as a possible
alternative to classical hormone or estrogen replacement

therapy.

BACKGROUND

The common name for black cohosh [Actaea racemosa L.
syn., Cimicifuga racemosa (L.) Nutt. (Ranunculaceae, But-
tercup Family)] originated with North American Indi-
ans. The term cohosh is thought to be an Algonquian
word meaning “rough,” with reference to the texture
of the thick, knotted roots and underground stems (rhi-
zomes). A New World plant used by Native Americans,
it was most abundant in the Ohio River Valley, but it
could also be found from Maine to Wisconsin, south
along the Allegheny Mountains to Georgia, and west to
Missouri.

Various common names have been used to refer to
black cohosh, including black snakeroot, bugbane, rattle-
root, squawroot, and macrotys. It is a member of the Ra-
nunculaceae or Buttercup family, which includes other
medicinal plants such as aconite, goldenseal, and pul-
satilla. It has been known by the scientific name C. race-
mosa and recently has been reassigned to A. racemosa. The
generic name Cimicifuga derives from the Latin cimex
(a kind of bug) and fugare (to put to flight), which is
perhaps indicative of the use of some strongly smelling
close relatives to repel insects. The specific epithet race-
mosa refers to the flowering stalk, termed a raceme. The
name rattleroot is indicative of the rattling sound made by
the dry seeds in their pods. This plant prefers the shade
of rich open hardwood forests, but it will tolerate some
sunny spots.

Black cohosh has been used clinically for relief of
climacteric symptoms for more than 60 years, and its pop-
ularity in the United States as a botanical dietary supple-
ment has increased due to the recently recognized poten-
tial risks associated with classical estrogen replacement
therapy or hormone replacement therapy (1,2). The part
of the black cohosh plant used in medicinal preparations
is the root and rhizome. It was officially recognized in the
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United States Pharmacopeia (USP) from the first edition in
1820 to 1936 and in the National Formulary from 1936 to
1950. The eclectic physicians used a preparation of black
cohosh called macrotys. It was considered one of the best-
known, specific medicines for heavy, tensive, and aching
pains as it was noted to have a direct influence on the
female reproductive organs.

While the mechanism of action has not been com-
pletely elucidated, recent literature suggests that allevia-
tion of climacteric symptoms is mediated through neuro-
transmitter regulation and not through classical estrogen
receptor (ER) endocrine pathways (3,4).

CHEMISTRY

More than 60 triterpene glycosides, most with a 9,19
cycloartane skeleton, and unique to Actaea spp., have
been reported from the roots and rhizomes of A. race-
mosa (5,6). The compound 23-epi-26-deoxyactein (formerly
27-deoxyactein) is the constituent usually selected for
standardization of commercial products based on its
abundance in the roots and rhizomes (7-12). The pharma-
cokinetics of 23-epi-26-deoxyactein in serum and urine has
recently been reported (13). While triterpenes are struc-
turally similar to steroids and possess a broad range of
biological activity (14-17), no significant ligand binding
affinity was found toward ER- in the evaluation of 23-
epi-26-deoxyactein, cimiracemoside F and cimicifugoside,
and their respective aglycones (18). This, coupled with
the lack of demonstrated estrogenic activity in A. racemosa
extracts, has called into question the notion that black co-
hosh acts through direct ER binding by the triterpenes, as
has been hypothesized (19-23).

In addition to the triterpene saponins, the roots and
rhizomes of black cohosh also contain a number of aro-
matic acids/polyphenols that possess a wide array of bi-
ological activities (5,24-26). Caffeic acid, which is found
widely across all species of flowering plants, has shown
pregnant mare antigonadotropin activity (27-29), rat uter-
ine antispasmodic activity (30), and smooth muscle re-
laxant/antispasmolytic activity in rats (31) and guinea
pig ileum (32). Ferulic acid, also more or less ubiquitous
among flowering plants, has demonstrated luteinizing
hormone (LH) release inhibition (33), follicle-stimulating
hormone (FSH) release stimulation (33), antiestrogenic ac-
tivity (34), prolactin stimulation in cows (35) and inhi-
bition in rats (33), and uterine relaxant/antispasmolytic
activity in rats (36). Fukinolic acid produced an estro-
genic effect on MCF-7 cells with reference to estradiol



(37). A more recent study refuted this effect and demon-
strated a lack of estrogenic effect for 10 other phenolic
esters, many of which are unique to Actaea spp. (caf-
feoylglycolic acid; 2-caffeoylpiscidic acid (cimicifugic acid
D); 3,4-dihydroxyphenacyl caffeate (petasiphenone); 3,4-
dihydroxyphenyl-2-oxopropyl isoferulate (cimiciphenol);
3,4-dihydroxyphenacyl isoferulate (cimiciphenone); cimi-
cifugic acids A, B, E, F, and fukiic acid) from black
cohosh (38).

Studies on the phenolic acid constituents of black
cohosh have shown antioxidant activity (24,39) that may
correlate with or prove useful in the determination of the
mechanism of action of black cohosh. In addition, a num-
ber of plant sterols and fatty acids, generally regarded as
ubiquitous in the plant kingdom, are contained in the roots
and rhizomes for which the biological activities probably
do not relate to the mechanism of action of black cohosh
(5). In the past 5 years, novel guanidine alkaloids have
been isolated from A. racemosa underground parts (40,41).
New phytochemical methodology called pH zone refine-
ment gradient centrifugal partitioning chromatography
coupled with a sensitive liquid chromatography-mass
spectral dereplication method led to the identification of
N-(omega)-methylserotonin as a potential active principle
with serotonergic properties (41). Alkaloids have also been
reported from other Actaea spp. roots and rhizomes (42,43).

There has been some debate over the occurrence
of the weakly estrogenic compound formononetin in the
plant (44-49). Although there has been at least one report
of its occurrence in A. racemosa (46), prior studies using
plant material collected from different sites in the Eastern
United States at different times of the year failed to find
formononetin (47,48). More recent studies on both com-
mercial black cohosh products and wild-crafted material,
incorporating both high-performance liquid chromatog-
raphy with mass spectral and photodiode array detec-
tion, confirmed the prior findings of no detectable for-
mononetin in black cohosh (8,49).

BOTANICAL DESCRIPTION

A. racemosa syn. C. racemosa is an erect, smooth-stemmed
perennial 1-2.5 m in height. Large compound leaves are
alternately arranged and triternate on short clasping peti-
oles. Basal leaf petioles are grooved in young specimens.
This shallow, narrow sulcus in A. racemosa disappears as
the petiole enlarges, whereas it remains present through-
out the life of the two related eastern North American
species, A. cordifolin DC syn. C. rubifolia Kearney and
A. podocarpa DC syn. C. americana Michx (50). Terminal
leaflets of A. racemosa are acute and glabrous with sharp
serrated margins, often trilobate, occasionally bilobed.
Fruits are ovoid follicles occurring sessile on the pedi-
cel. The flowering portion, the raceme, is a long wand-
like structure with showy white flowers. The flowers pos-
sess numerous characteristic stamen and slender filaments
with distinctive white anthers (51). The roots and rhizomes
are branched and knotted structures with a dark brown
exterior and are internally white and mealy or brown and
waxy. The upper rhizome surface has several buds and nu-
merous large stem bases terminated frequently by deep,
cup-shaped, radiating scars, each of which show a radiate
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structure or less frequently fibrous strands. Lower and lat-
eral surfaces exhibit numerous root scars and a few short
roots. The fracture is horny, the odor slight, and the taste
bitter and acrid (52).

EFFECTS ON CLIMACTERIC SYMPTOMS
RELATED TO MENOPAUSE

With a history of clinical study spanning almost 60 years,
mainly in Europe (53), black cohosh is one of the more pop-
ular alternatives to hormone replacement therapy. Most
of the clinical research over this span has been performed
on the product known as Remifemin®, whose formula
has changed over the years. However, a number of other
commercial formulations are also available. In 2007, black
cohosh was the 50th best-selling dietary supplement in
the United States with sales of approximately $52 million
(USD), according to the Nutrition Business Journal (54).

Black cohosh clinical study outcomes have been
evaluated using a variety of tools, including self- or physi-
cian assessments of symptom scores and physiological
parameters. Typical measurements include psychological,
neurovegetative, somatic, and physiological markers of
menopause or relief from the climacteric symptoms of
menopause. As in all clinical trials, study design is vi-
tal, so studies that are adequately powered, incorporate
proper controls, and are designed to address confounders
relevant to climacteric symptoms such as the placebo
effect and botanical product quality should be given
more weight than studies that are not as well designed
(565-59).

Placebo effects in menopausal trials are generally
large (60) and reflect underlying fluctuations of symp-
toms. Therefore, any well-designed study must adjust
the appropriate variables (i.e., study duration, number
of subjects (), and/or dosage) to account for such an ef-
fect. In the evidence-based medicine model, the gold stan-
dard in terms of efficacy involves randomized, controlled
trials (RCTs). Many RCTs on black cohosh exist. When
high-quality studies are combined, more than 3000 sub-
jects have been randomized, with the more recent stud-
ies adding layers of design sophistication. For example,
double-blind, multicenter, placebo-controlled trials that
provide details regarding clinical material specifications
are becoming more prevalent (55-60).

A recent phase III, double-blind, randomized,
placebo-controlled crossover trial of the effectiveness of
black cohosh for the management of hot flashes was con-
ducted over two 4-week periods (one capsule, 20 mg bid)
(61). The study used a daily hot flash diary and found
that subjects receiving the black cohosh material reported
a mean 20% decrease in hot flash score (comparing the
fourth treatment week to the baseline week) versus a 27%
decrease for patients on placebo (P = 0.53), mean hot flash
frequency was reduced 17% in the black cohosh group and
26% on placebo (P = 0.36). Thus, the authors concluded
that the study did not provide any evidence that black
cohosh reduced hot flashes more than the placebo. Critics
of the study point to the short duration and low dose as
potential confounders of the results.

The Herbal Alternatives for Menopause trial or
HALT trial compared the efficacy of 160 mg daily black
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cohosh against several other interventions (200 mg daily
multibotanical with black cohosh and nine other ingredi-
ents; 200 mg daily multibotanical plus dietary soy coun-
seling; 0.625 mg daily conjugated equine estrogen with or
without 2.5 mg medroxyprogesterone acetate daily; and
placebo) in 351 menopausal and postmenopausal women
of ages 45-55 years with two or more vasomotor symp-
toms per day. Results did not suggest efficacy for any of
the herbal interventions when compared with placebo at
any time point over the 1-year course of the study (62).

The Jacobson study (63), spanning only 60 days of
treatment, suggests that the short study duration may
have limited the findings (60). In addition, all the study
participants had a history of breast cancer. The authors
reported that the median number of hot flashes decreased
27% in both the placebo and black cohosh groups. No sig-
nificant differences were observed between groups. Thus,
black cohosh, on the basis of this study, was no more ef-
fective than placebo in the treatment of hot flashes. The
source and formulation of the extract used in this study
was not specified. A more recent open-label study that
treated breast cancer survivors with either Tamoxifen® or
a combination of BNO 1055, a proprietary black cohosh ex-
tract, with Tamoxifen suggested a reduction in the number
and severity of hot flashes in the combination treatment
group (64).

In another randomized, double-blind, placebo-
controlled study that lasted 12 weeks, black cohosh was
compared with standard conjugated estrogen (CE) ther-
apy (0.625 mg/daily). Patients” physical and psycholog-
ical symptoms were measured every 4 weeks. The end
result of the study was that the patients treated with
black cohosh had significantly lower index scores on
both the Kupperman menopausal (KM) and the Hamil-
ton menopausal (HAM-A) scales compared with placebo,
indicating a decrease in severity and frequency of hot
flashes. In addition, this study showed an increase in the
number of estrogenized cells in the vaginal epithelium in
the black cohosh treatment arm, which could indicate an
estrogenic action in this tissue (65).

In 2003, a similar study compared effects of two
different preparations of BNO 1055 extract and CE ther-
apy on climacteric symptoms and serum markers of
bone metabolism (66). The study outcomes were evalu-
ated using patient self-assessment (diary and menopause
rating scale), CrossLaps (to measure bone resorption),
bone specific alkaline phosphatase (marker of bone for-
mation), and endometrial thickness (measured by ultra-
sound). Both BNO 1055 extracts were equipotent to CE
therapy and significantly greater than placebo at reduc-
ing climacteric complaints. In addition, the study showed
that both BNO 1055 preparations had beneficial effects
on bone metabolism in serum. Specifically, an increase in
bone-specific alkaline phosphatase and no reduction in
bone resorption were noted indicating an increase in bone
turnover formation. No change in endometrial thickness
was observed in either BNO 1055 treatment groups, but it
was significantly increased with CE therapy. An increase
in superficial vaginal cells was observed in the CE and
both BNO 1055 treatment groups. The authors of the study
hypothesized that the activity of both BNO 1055 prepara-
tions was similar to the effects of selective estrogen recep-
tor modulating (SERM), that is, Raloxifene® therapy on

bone and neurovegetative climacteric symptoms, without
any uterotrophic effects (66).

A recent high-quality, double-blind, randomized
study evaluated the effects of two dosages (low, 39 mg;
high, 127 mg) of a Remifemin extract on menopausal
symptoms. Effectiveness was measured using the KM in-
dex, self-assessment depression scale (SDS), clinical global
impression scale (CGI), serum levels of LH and FSH,
sex hormone-binding globulin, prolactin, 17-B-estradiol,
and vaginal cytology. Reductions in the KM and SDS in-
dices were significant. Global efficacy (CGI) was scored
at good to very good in 80% (low dosage) and 90%
(high dosage) of the patients in the treatment groups (67).
No effect on serum hormone levels or vaginal cytology
was shown, prompting the authors of the study to sug-
gest that black cohosh does not have a direct estrogenic
effect on the serum hormone levels or vaginal epithe-
lium (68). Two recent open-label studies using unspeci-
fied types of extracts reported reduced KM index scores.
One study reported a significant reduction in 1 month
(69), while the other, which also used the HAM-A scale,
recorded a 90% improvement in climacteric symptoms
in menopausal women after 3 months of black cohosh
administration (70).

Chung and colleagues (71) examined a combination
of black cohosh and St. John’s wort (Gynoplus®) in a mul-
ticenter RCT in 89 peri- or postmenopausal women with
climacteric symptoms. Subjects were treated for 12 weeks
with either the Gynoplus extract or placebo. In addition
to climacteric complaints, investigators also examined ef-
fects on vaginal atrophy, serum hormone levels (FSH, LH),
and lipid profiles [total cholesterol, high-density lipopro-
tein (HDL) cholesterol, low-density lipoprotein choles-
terol, and triglyceride]. Significant improvements in cli-
macteric symptoms and hot flashes, as well as an increase
in HDL, were observed in the Gynoplus group by 4 weeks
and maintained after 12 weeks, but there was no signifi-
cant impact on vaginal atrophy.

In a 12-month, randomized, four-arm, double-blind
clinical trial of standardized black cohosh, red clover,
placebo, and 0.625 mg conjugated equine estrogens plus
2.5 mg medroxyprogesterone acetate (conjugated equine
estrogens (CEE) and medroxyprogesterone acetate (MPA);
n = 89), black cohosh did not significantly reduce the
frequency of vasomotor symptoms as compared with
placebo. The primary outcome measures were reduction
in vasomotor symptoms (hot flashes and night sweats) by
black cohosh and red clover compared with placebo; sec-
ondary outcomes included safety evaluation, reduction in
somatic symptoms, relief of sexual dysfunction, and over-
allimprovement in quality of life. Reductions in number of
vasomotor symptoms after a 12-month intervention were
as follows: black cohosh (34%), red clover (57%), placebo
(63%), and CEE/MPA (94%), with only CEE/MPA dif-
fering significantly from placebo. Secondary measures in-
dicated that both botanicals were safe as administered. In
general, there were no improvements in other menopausal
symptoms (72).

A 12-week trial investigating the effects of black co-
hosh on menopause-related anxiety disorder found no
statistically significant anxiolytic effect of black cohosh
versus placebo. However, small sample size, choice of
black cohosh preparation, and dosage used may have



contributed to the negative results according to the study’s
authors (73).

More details of the human studies discussed here,
as well as others, are presented in Table 1.

BIOCHEMISTRY AND FUNCTIONS

Despite the extensive clinical research, the mechanism of
action of black cohosh on menopausal and other symp-
toms remains unclear, which is consistent with the varied
results from clinical trials. A majority of the older literature
suggest a direct estrogenic effect. More recent hypotheses
have proposed an effect on the limbic system (hypotha-
lamus) or an effect on the neurotransmitters involved in
regulation of this system as being responsible for the activ-
ity of black cohosh. Data fall into the following categories.

Estrogen Receptor Competitive Binding

The first report of ER-binding activity of black cohosh
indicated this as a possible mechanism of action (74).
Additional studies were carried out to substantiate this
purported endocrine activity (75,76). However, a factor
frequently overlooked regarding black cohosh receptor
binding studies is the lipophilic nature of the extracts
tested. Chemically, lipophilic extracts and fractions that
display ER-binding activity are significantly different
from the typical hydroalcoholic extracts used to make
products for human consumption. A lipophilic extract of
the plant showed relatively weak (35 wg/mL) ER binding
on rat uteri (75). Another study also confirmed the ER-
binding activity of an unspecified lipophilic subfraction
on ovariectomized (ovx) rat uterine cells, with no binding
activity seen with a hydroalcoholic extract (76).

Recent reports have contradicted the ER-binding
affinity of black cohosh extracts (4,20,22,77,78). A root ex-
tract tested in an in vitro competitive cytosolic ER (from
livers of ovx rat) binding assay with diethylstilbesterol
(50), an inhibitor of estrogen binding, showed a significant
inhibition of estradiol binding in the presence of diethyl-
stilbesterol (77). However, no binding was demonstrated
for the black cohosh extract. A hydroalcoholic A. racemosa
rhizome extract (50% aqueous ethanol) was assayed for
ER binding in intact human breast cancer cell lines MCF-7
and T-47-D. Again no binding affinity was shown for the
black cohosh extract. However, binding activity was evi-
dent for other hydroalcoholic plant extracts, such as red
clover (78). In another study, a high concentration (200 pg/
mL) methanol extract of black cohosh displayed no bind-
ing affinity for recombinant diluted ER-a and ER- (20).
A study using BNO 1055 showed contrasting results
(79). The extract displayed dose-dependent competition
with radio-labeled estradiol in both a porcine and human
endometrial cytosolic ER ligand-binding assay system.
However, the extract did not displace human recombinant
ER-a and ER-B. These contradictory findings prompted
the authors to suggest that their product contains estro-
genic compounds that have binding affinity for a putative
ER-y. The absence of a direct estrogenic effect was again
confirmed ina human study (21). Postmenopausal women
took black cohosh extract for 12 weeks followed by a 12-
week washout. Black cohosh demonstrated no effect on
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estrogenic markers in serum and no effect on pS2 or cel-
lular morphology in nipple aspirate fluid (21).

Receptor Expression

As with the receptor-binding assays, the nature of the ex-
tract or fraction is a decisive factor in the expression of
ERs. A lipophilic and hydrophilic black cohosh extract
was studied for luciferase expression in a MCF-7 a- and
B-ER expressing subclone (80). The lipophilic extract at
35 pg/mL activated transcription of the estrogen-
regulated genes, while the hydrophilic extract showed no
activity. A recent study measuring an extract at a low con-
centration (4.75 pg/L) increased ER levels in human MCF-
7 cells as did estradiol (81). An unspecified black cohosh
extract tested in a transient gene expression assay using
HelLa cells co-transfected with an estrogen-dependent re-
porter plasmid in the presence of human ER-a or ER-B
cDNA failed to show transactivation of the gene (82).

Plasma Hormone Levels

The effect of black cohosh on serum concentrations of FSH
and LH has been studied extensively. Crude alcoholic ex-
tracts suppressed plasma LH with no effect on FSH in
ovx rats (75,77). Further fractionation of the crude ex-
tract resulted in activity of the lipophilic fraction while
the hydrophilic fractions were devoid of this activity (74).
A later study in rats using lipophilic and hydrophilic ex-
tracts at high doses (140 and 216 mg/rat, IP) resulted in
LH suppression with a single injection administration of
the lipophilic but not the hydrophilic extract (75). An-
other study reported LH suppression in ovx rats with
an unspecified dose of black cohosh extract (83). A re-
cent study compared the effect of BNO 1055 with that
of estradiol on LH levels (79). Extract administered sub-
cutaneously at a dosage of 60 mg/day for 7 days was
reported to reduce LH levels in the treated animals. How-
ever, another study reported no estrogen agonistic effects
on FSH, LH, or prolactin levels in ovx rats using the 7,12-
Dimethylbenz(a)anthracene model following 7 weeks of
daily administration of a 40% isopropanolic extract of the
plant (Remifemin) (84).

Hormonal Secretion

The effect of black cohosh on prolactin secretion in pi-
tuitary cell cultures was measured using an unspecified
extract (85). Basal and Thyrotropin-releasing hormone
(TRH)-stimulated prolactin levels were significantly re-
duced at doses of 10 and 100 pg/mL. This effect was
reversed by the addition of haloperidol (D;-antagonist) to
the cell cultures, suggesting dopaminergic regulation of
hormone secretion by black cohosh.

Osteopenia Inhibition

The black cohosh extract BNO 1055 (60 mg/rat, SC) has
been shown to increase the expression of collagen I and
osteocalcin in rats in a manner similar to that produced
by 8 pg of estradiol in ovx rats (79). An additional study
using BNO 1055 demonstrated an osteoprotective effect
as shown by a reduced loss of bone mineral density in
rat tibia after 3 months of administration (81). A study
using an unspecified isopropanol extract of black cohosh
showed reduced urinary markers of bone loss. The authors
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Table 1 Selected Black Cohosh Clinical Studies

Author (reference no.) Year  Extract/formulation/dosage  Study length N Outcome measure/result Study design
Kesselkaul (110) 1957 Remifemin® 60 drops 2 wk 63 Alleviation of climacteric complaints in 95%  Case series
of patients
Schotten (111) 1958 Remifemin 20 drops 3-4 wk 22 Alleviation of neurovegetative and psychic Case series
complaints associated with menopause and
premenopause
Foldes (53) 1959 Remifemin, 3 tablets/day Unknown 41 31 patients of the verum group responded Placebo,
to the treatment with a decrease in controlled, open,
menopausal complaints crossover, patient
self-assessment
Starfinger (112) 1960 Remifemin, 3-20 drops/day 1 yr 105 Decreased climacteric complaints without Case series
incidence of side effects or resulting in
nonphysiological bleeding
Brucker (113) 1960 Remifemin, tablets, variable  Variable 87 (517) Alleviation of menopausal complaints Case series
dose
Heizer (114) 1960 Remifemin, tablets 3-6/day 2-18 mo 66 Alleviation of menopausal (neurovegetative ~ Case series
and psychic) complaints in 47% of patients
with intact uteri and 35% with
hysterectomies
Gorlich (115) 1962 Remifemin, tablets, variable  Variable 41 (258) Alleviation of climacteric and vascular Case series
dose symptoms in 85% of patients
Schildge (116) 1964 Remifemin, fluid extract Variable 135 Euphoric and mild sedative-calming effects  Case series
60 drops/day in all pts
Stolze (117) 1982 Remifemin, fluid extract 6-8 wk 629 Alleviation of neurovegetative and Open, physician

80 drops/day psychological menopausal symptoms in and patient

80% of patients self-assessment
Daiber (118) 1983 Remifemin, fluid extract 12 wk 36 Alleviation of climacteric complaints (hot Open, KMI, CGI

80 drops/day flashes, insomnia, sweating, and
restlessness)

Vorberg (119) 1984  Remifemin, fluid extract 12 wk 50 Significant or highly significant alleviation of Randomized,

80 drops/day menopausal (neurovegetative and psychic) open, KMI, CGl,
complaints; study included subjects POMS
contraindicated to hormone therapy

Warnecke (120) 1985 Remifemin, fluid extract 12 wk 20 Significant alleviation of symptoms (psychic  Randomized,

80 drops/day and neurovegetative) in the black cohosh, open, KMI, HAM-A,
conjugated estrogen, and diazepam groups.  SDS, CGl,
Vaginal cytology of treatment group was karyopyknosis
comparable to estrogenic stimulation index, eosinophil

index
Stoll (121) 1987 Remifemin, tablets 12 wk 26 Significant alleviation of climacteric Double-blinded,
equivalent to 8 mg symptoms (vaginal atrophy, neurovegetative  randomized,
extract/day and psychic complaints) in comparison with  placebo-
estrogen and placebo groups controlled, KMI,
HAM-A, VMI
(vaginal
epithelium)
Petho (122) 1987 Remifemin, tablets, 6 mo 50 KMI decreased significantly from 17.6 to Open, KMI, patient
unspecified dose 9.2, correlates with a significant reduction self-assessment
in neurovegetative symptoms. Severity of
subjective self-assessments of subjects
physical and psychological symptoms
decreased
Lehman-Willenbrock 1988 Remifemin, tablets 6 mo 15 Significant alleviation of climacteric Randomized,
and Riedel (123) equivalent to 8 mg symptoms in black cohosh and drug open, KMI
extract/day treatment groups. No significant change in
gonadotropin (FSH, LH) levels
Duker et al. (75) 1991 Remifemin, tablets 2 mo 110 LH suppression In vitro study using

equivalent to 40 mg dried
herb/day

blood from
menopausal
women taking
black cohosh
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Author (reference no.) Year  Extract/formulation/dosage  Study length N Outcome measure/result Study design
Baier-Jagodinski 1995 Cimisan® T Tropfen, 4-8 wk 157 89% of patients showed symptom improvement Open, uncontrolled
(124) variable dose after 4 wk. At final visit, the efficacy was assessed
as very good, 40%; good, 41%; sufficient, 12%;
inadequate, 7%
Mielnik (69) 1997 Uncharacterized extract, 6 mo 34  Alleviation of climacteric (neurovegetative) Open, KMI
4 mg daily symptoms in 76% of patients after 1 mo
Georgiev and 1997 Uncharacterized extract, 3 mo 50  Alleviation of climacteric symptoms in 90% of Open, KMI,
lordanova (70) unspecified dose patients. Increase in vaginal cell proliferation HAM-A, VMI
(VMI) in 40% of treated women
Nesselhut and Liske 1999 Remifemin, tablets, 3 mo 28 Good to very good alleviation of 10 menopausal Open, postmarket
(125) equivalent to 136 mg dried symptoms in 80% of study participants surveillance
herb/day
Jacobson, et al. (63) 2001 Remifemin, tablets 60 days 422 No change in median number or intensity of hot Double blinded,
equivalent to 40 mg dried flashes randomized,
herb/day placebo
controlled, patient
self-assessment,
VAS, MSS
Liske et al. (67) 2002 Unique Cimicifuga 6 mo 152  No direct systemic estrogenic effect on serum Drug equivalence
racemosa preparation, levels of FSH, LH, SHBG, prolactin, and 17-f trial, KMI, SDS,
equivalent to 39 or estradiol. No change in vaginal cytology. Higher CGI
127.3 mg/day dose had a more significant reduction in KM
index after 6 mo. Significant reduction with both
doses in neurovegetative and psychic complaints
Hernandez Munoz and 2003 BNO 1055 12 mo 136 Combination therapy with tamoxifen (20 mg) Open, randomized,
Pluchino (66) reduced severity and incidence of hot flashes patient
self-assessment
Wuttke et al. (64) 2003 KIimadynon®/BNO 1055 3 mo 62 Equipotent to 0.6 CE for relief of climacteric Randomized,
complaints and for bone resorption. No effect on  double blinded,
endometrial thickness placebo
controlled,
multicenter, MRS
Verhoeven et al. 2005 125 mg soy extract daily 12 wk 124  Subjects were experiencing at least five Multicenter,
(126) (providing 50 mg vasomotor symptoms every 24 hr at study entry. randomized,
isoflavones including 24 mg At weeks 6 and 12, all scores in both groups had  placebo-
genistein and 21.5 mg improved compared with baseline, though the controlled,
daidzein), 1500 mg evening overall difference in scores between the groups double-blind
primrose oil extract was not statistically significant study, Kupperman
(providing 150 mg gamma index and Greene
linoleic acid), 100 mg Climacteric scale
Actaea racemosa L. extract
(providing 8 mg
deoxyacetein), 200 mg
calcium, 1.25 mg vitamin D,
and 10 IU vitamin E,
placebo group received
2000 mg olive oil daily
Nappi et al. (127) 2005 Aqueous isopropanolic 3 mo 64  Postmenopausal women were recruited. Both CR Randomized,

extract 40 mg/day

and low-dose TTSE2 significantly reduced the
number of hot flushes per day (P < 0.001) and
vasomotor symptoms (P < 0.001), starting at
the first month of treatment. Such a positive
effect was maintained throughout the 3 mo of
observation, without any significant difference
between the two treatments. An identical effect
was evident also for both anxiety (P < 0.001)
and depression (P < 0.001), which were
significantly reduced following 3 mo of both CR
and low-dose TTSE2. Total cholesterol was
unchanged by CR treatment but significantly

(P < 0.033) reduced by 3 mo of low-dose TTSE2.
A slight but significant increase of HDL cholesterol

controlled, clinical
study

(continued)
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Table 1 Selected Black Cohosh Clinical Studies (Continued)

Author (reference no.) Year  Extract/formulation/dosage  Study length N Outcome measure/result Study design
(P < 0.04) was found only in women treated with
CR, while LDL-cholesterol levels were significantly
lowered by 3 mo of both CR (P < 0.003) and
low-dose TTSE2 (P < 0.002). Triglyceride levels
were not affected by both treatments nor was liver
function. FSH, LH, and cortisol were not
significantly affected after the 3-mo treatment,
while PRL (P < 0.005) and 17-B-E2 (P <
0.001) were increased slightly only by low-dose
TTSE2. Endometrial thickness was not affected by
either CR or low-dose TTSE2
Frei-Kleiner et al. 2005 6.5 mgdry rhizome extract; 12 wk 122 Menopausal women were recruited. The primary Multicenter,
(128) 60% ethanol extraction efficacy analysis showed no superiority of the randomized,
solvent. Dose = 1 cap daily tested black cohosh extract compared with placebo-
placebo. However, in the subgroup of patients controlled,
with a Kupperman index > or = 20 a significant  double-blind,
superiority regarding this index could be parallel group
demonstrated (P < 0.018). A decrease of 47% study
and 21% was observed in the black cohosh and
placebo group, respectively. The weekly weighted
scores of hot flashes (P < 0.052) and the
Menopause Rating Scale (P < 0.009) showed
similar results. Prevalence and intensity of the
adverse events did not differ in the two treatment
groups
Pockaj et al. (61) 2006 20 mg C. racemosa and Two 4-wk 132  Toxicity was minimal and not different by Double-blind,
rhizome extract standardized  crossover treatment group. Patients receiving black cohosh  randomized,
to contain 1 mg of triterpene  treatment reported a mean decrease in hot flash score of crossover clinical
glycosides as calculated by  periods 20% (comparing the fourth treatment week with trial. Primary end
27-deoxyacetin, placebo the baseline week) compared with a 27% point was the
decrease for patients on placebo (P = 0.53). average
Mean hot flash frequency was reduced 17% on intrapatient hot
black cohosh and 26% on placebo (P = 0.36). flash score (a
Patient treatment preferences were measured construct of
after completion of both treatment periods by average daily hot
ascertaining which treatment period, if any, the flash severity and
patient preferred. Thirty-four percent of patients frequency)
preferred the black cohosh treatment, 38% difference between
preferred the placebo, and 28% did not prefer the baseline week
either treatment and the last study
week of the first
treatment period.
Green Climacteric
scale
Newton et al. (HALT) 2006 (i) Black cohosh, 160 mg 1yr 351 Women aged 45-55 yr with two or more Randomized,
(62) daily; (ii) multibotanical with vasomotor symptoms per day were recruited. double-blind,
black cohosh, 200 mg daily, Vasomotor symptoms per day, symptom intensity, placebo-controlled
and 9 other ingredients; Wiklund Vasomotor Symptom Subscale score did  trial. Wiklund
(iii) multibotanical plus not differ between the herbal interventions and Vasomotor

dietary soy counseling;
(iv) conjugated equine
estrogen, 0.625 mg daily,
with or without
medroxyprogesterone
acetate, 2.5 mg daily; or
(v) placebo

placebo at 3, 6, or 12 mo or for the average over
all the follow-up time points (P > 0.05 for all
comparisons) with 1 exception: At 12 mo,
symptom intensity was significantly worse with
the multibotanical plus soy intervention than with
placebo (P > 0.016). The difference in
vasomotor symptoms per day between placebo
and any of the herbal treatments at any time
point was less than one symptom per day; for the
average over all the follow-up time points, the
difference was less than 0.55 symptom per day.
The difference for hormone therapy versus
placebo was —4.06 vasomotor symptoms per day
for the average over all the follow-up time points
(95% ClI, —5.93 to —2.19 symptoms per day;

Symptom scale




Table 1 Selected Black Cohosh Clinical Studies (Continued)

Black Cohosh 67

Author (reference no.) Year  Extract/formulation/dosage  Study length N Outcome measure/result Study design
P > 0.001). Differences between treatment
groups smaller than 1.5 vasomotor
symptoms per day cannot be ruled out.
Black cohosh containing therapies had no
demonstrable effects on lipids, glucose,
insulin, or fibrinogen (124)

Raus et al. (129) 2006 Dried aqueous/ethanolic 1yr 400 Postmenopausal women with symptoms Prospective,

(58% vol/vol) extract CR related to estrogen deficiency were open-label,
BNO 1055 of the rhizome of recruited. The lack of endometrial multinational,
Actaea or CR (black cohosh) proliferation and improvement of climacteric multicenter study.
complaints as well as only a few gynecologic  Endovaginal
organ-related adverse events are reported ultrasonography
for the first time after a treatment period of
1yr

Sammartino et al. 2006 Group A (n = 40) was Three cycles 80 Healthy postmenopausal women were Double-blind,

(130) treated with 1 tablet/day of 28 days recruited. At baseline no significant randomized,
per os containing a difference was detected in KI between placebo-controlled
combination of isoflavones groups A and B; however, after three cycles  trial, Kupperman
[soy germ extracts, Glycine of treatment, KI was significantly (P > index
max, no OGM-SoyLife: 0.05) lower in group A compared with
150 mg, titrated in baseline and with group B
isoflavones (40%) =
60 mg], lignans [flaxseed
extracts, Linum
usitatissimum, no
OGM-LinumLife: 100 mg,
titrated in lignans (20%) =
20 mg] and C. racemosa
[50 mg, titrated in
triterpene (2.5%) =
1.25 mg] (Euclim™~; Alfa
Wassermann, Italy); group B
(n = 40) was treated with
calcium supplements
(Metocal, Rottapharm,

Monza, Italy)

Gurley et al. (131) 2006 Milk thistle (300 mg, three 14 days 16 Young adults (8 females) (age, mean £+ Randomized
times daily, standardized to SD = 26 £ 5 yr; weight, 75 £ 13 kg) controlled, clinical
contain 80% silymarin), compared with the effects of rifampin and pharmacokinetic
black cohosh extract clarithromycin, the botanical supplements trial
(20 mg, twice daily, milk thistle and black cohosh produced no
standardized to 2.5% significant changes in the disposition of
triterpene glycosides), digoxin, a clinically recognized P-gp
rifampin (300 mg, twice substrate with a narrow therapeutic index.
daily), and clarithromycin Accordingly, these two supplements appear
(500 mg, twice daily) to pose no clinically significant risk for

P-gp-mediated herb-drug interactions
Rebbeck et al. (132) 2007 Varied Case-control 949 HRS varied significantly by race, with African  Population-based
design breast American women being more likely than case-control study
cancer European American women to use any
cases; herbal preparation (19.2% vs. 14.7%, P =
1524 0.003) as well as specific preparations
controls including black cohosh (5.4% vs. 2.0%,

P > 0.003), ginseng (12.5% vs. 7.9%,

P < 0.001) and red clover (4.7% vs. 0.6%,
P < 0.001). Use of black cohosh had a
significant breast cancer protective effect
(adjusted odds ratio 0.39, 95% ClI:
0.22-0.70). This association was similar
among women who reported use of either
black cohosh or Remifemin (a herbal
preparation derived from black cohosh;
adjusted odds ratio 0.47, 95% Cl:
0.27-0.82)

(continued)
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Table 1 Selected Black Cohosh Clinical Studies (Continued)

Author (reference no.) Year  Extract/formulation/dosage  Study length N Outcome measure/result Study design
Hirschberg et al. 2007 Remifemin (batch no. 6 mo 74 None of the women showed any increase Prospective, open,
(133) 229690), one tablet twice in mammographic breast density. uncontrolled drug
daily. Each tablet contains Furthermore, there was no increase in safety study
0.018-0.026 mL liquid breast cell proliferation. The mean change
extract of black cohosh =+ SD in proportion of Ki-67-positive cells
rootstock (0.78-1.14:1) was 0.5% + 2.4% (median, 0.0; 95%
corresponding to 20 mg Cl = —1.32-0.34) for paired samples.
herbal drug [i.e., 2.5 mg dry The mean change in endometrial thickness
extract, extraction agent 4 SD was 0.0 £ 0.9 mm (median, 0.0). A
isopropanol 40% (vol/vol)], modest number of adverse events were
40 mg/day possibly related to treatment, but none of
these were serious. Laboratory findings
and vital signs were normal
Chung et al. (71) 2007 Gynoplus (264 mg tablet 12 wk 89 Kupperman index (KI) for climacteric Randomized,
with 0.0364 mL Cimicifuga complaints. Vaginal maturation indices, double-blind,
racemosa rhizome, serum estradiol, FSH, LH, total cholesterol, placebo-controlled
equivalent to 1 mg terpene HDL-cholesterol, LDL-cholesterol, and trial
glycosides; 84 mg dried triglyceride levels. Significant
Hypericum perforatum improvements in climacteric symptoms
extract, equivalent to 0.25 and hot flashes, as well as an increase in
mg hypericin, with 80% HDL (from 58.32 + 11.64 to 59.74 +
methanol) 10.54) were observed in the Gynoplus
group by 4 wk and maintained after 12 wk,
compared with the placebo group. There
was no significant impact on superficial
cell proportion
Ruhlen et al. (22) 2007 Remifemin R and CimiPure 12 wk 61 Subjects experienced relief of menopausal  Open study
(2.5% triterpenes; 40 mg followed by symptoms, with reversion to baseline after
capsule contains 1 mg 12 wk washout. No effect on serum estrogenic
23-epi-26-deoxyactein) washout markers. No effect on pS2 or cell
morphology in nipple aspirate
Gurley et al. (134) 2008 Milk thistle (300 mg, three 14 days 19 Young adults [9 women; age (mean 4= SD) Randomized
times daily, standardized to =28 + 6 yr; weight = 76.5 + 16.4 kg].  controlled, clinical
contain 80% silymarin), Milk thistle and black cohosh appear to pharmacokinetic
black cohosh extract have no clinically relevant effect on CYP3A trial
(40 mg, twice daily, activity in vivo. Neither spontaneous
standardized to 2.5% reports from study participants nor their
triterpene glycosides), responses to questions asked by study
rifampin (300 mg, twice nurses regarding supplement/medication
daily), and clarithromycin usage revealed any serious adverse events
(500 mg, twice daily)
Amsterdam et al. (73) 2009 12 wk 28 (15 The primary outcome measure was Randomized,
treatment/ changed over time in total HAM-A scores. double-blind,
13 Secondary outcomes included a change in  placebo-controlled
placebo) scores on the Beck Anxiety Inventory, trial

Green Climacteric Scale (GCS), and
Psychological General Well-Being Index
(PGWBI) and the proportion of patients
with a change of 50% or higher in baseline
HAM-A scores. There was neither a
significant group difference in change over
time in total HAM-A scores (P = 0.294)
nor a group difference in the proportion of
subjects with a reduction of 50% or higher
in baseline HAM-A scores at study end
point (P = 0.79). There was a significantly
greater reduction in the total GCS scores
during placebo (vs. black cohosh; P =
0.035) but no group difference in change
over time in the GCS subscale scores or in
the PGWBI (P = 0.140). One subject
(3.6%) taking black cohosh discontinued
treatment because of adverse events
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Author (reference no.) Year  Extract/formulation/dosage  Study length N Outcome measure/result Study design
Geller et al. (72) 2009 12 mo 89 Primary outcome measures were reduction Randomized,
in vasomotor symptoms (hot flashes and double-blind,
night sweats) by black cohosh and red placebo-controlled
clover compared with placebo; secondary trial

outcomes included safety evaluation,
reduction of somatic symptoms, relief of
sexual dysfunction, and overall improvement
in quality of life. Reductions in number of
vasomotor symptoms after a 12-mo
intervention were as follows: black cohosh
(34%), red clover (57%), placebo (63%),
and CEE/MPA (94%), with only CEE/MPA
differing significantly from placebo. Black
cohosh and red clover did not significantly
reduce the frequency of vasomotor
symptoms as compared with placebo.
Secondary measures indicated that both
botanicals were safe as administered. In
general, there were no improvements in
other menopausal symptoms

Studies listed by year of publication.
aAll with breast cancer history.

Abbreviations: CGl, Clinician’s Global Impression scale; HAM-A, Hamilton Anxiety scale; KMI, Kupperman Menopausal Index; MSS, unspecified menopausal index
using the Likert scale; Open, open-labeled; POMS, Profile of Mood States Scale; SDS, Self-Assessment Depression scale; VAS, Visual Analog Scale; VMI, Vaginal

Maturity Index.

of this study suggested the action was similar to that of the
SERM Raloxifene (86). A follow-up study using BNO 1055
versus CE therapy showed beneficial effects of the extract
on bone metabolism in humans, specifically an increase in
bone-specific alkaline phosphatase in serum (64). While no
direct correlation between species has been established, it
is of note that studies of Asian Cimicifuga species have
demonstrated similar activity and may be of importance
for further investigation of this biological activity (87,88).

Uterine Weight/Estrous Induction

Uterine and ovarian weight increase, cell cornification,
and an increased duration of estrous are generally con-
sidered evidence of endometrial estrogenic activity. How-
ever, it has recently been proposed that uterine weight
is a poor marker for endometrial effects (89). Three stud-
ies demonstrating that black cohosh extracts increased the
uterine weight of ovx rats have been reported (50,77,90)
with two of the studies using an undescribed root ex-
tract (77,90). One study on immature mice reported sim-
ilar findings (50). By contrast, two studies on ovx rats
(79,91), as well as four studies on immature mice, re-
ported the converse (79,81,83,92). One of these studies
found that although there was no increase in uterine or
ovarian weight, the duration of estrous was significantly
increased by black cohosh (92). A subsequent study by the
authors and collaborators demonstrated no attenuation
in uterine weight at variable doses (4, 40, and 400 mg/
kg/day) of a 40% isopropanol extract in ovx rats (4).

Cell Proliferation

An unspecified black cohosh extract failed to significantly
induce growth of MCF-7 cells when compared with un-
treated control cells (81). A study using isopropanolic and

ethanolic extracts also failed to induce growth of MCF-7
cells (93).

CNS Effects and Neurotransmitter Binding

A murine study using an unspecified extract (25-100
mg/kg, orally) measured effects on body temperature and
ketamine-induced sleep time using bromocriptine (D,-
agonist) as a positive control. Pretreatment with sulpiride
(D2 blocker) suggested a receptor-mediated dopaminer-
gic effect (84). An additional mouse study was carried
out to characterize neurotransmitter levels in the stria-
tum and hippocampus after pretreatment with the extract
for 21 days (94). Serotonin and dopamine metabolic lev-
els in the striatum were substantially lower in compar-
ison with the control group. These studies have led to
the hypothesis that dopaminergic, rather than estrogenic,
activity is responsible for the reported success of black co-
hosh in reducing climacteric symptoms (95,96). A study
by the authors and collaborators has pointed to the ef-
fects of black cohosh being mediated by serotonin (5-HT)
receptors (4). Three different extracts (100% methanol,
40% isopropanol, 75% ethanol) were found to bind to the
5-HT7-receptor subtype at ICs59 < 3.12 pg/mL. The 40%
isopropanol extract inhibited (*H)-lysergic acid diethy-
lamide binding to the 5-HT?7 receptor with greater potency
than (*H)-8-hydroxy-2(di-N-propylamino)tetralin to the
rat 5-HT1a. Analysis of ligand-binding data suggests that
the methanol extract functioned as a mixed competi-
tive ligand of the 5HT; receptor. Further testing of the
methanol extract in 293T-5-HT7 transfected HEK cells
raised cAMP levels; these raised levels were reversed in
the presence of the 5-HT antagonist methiothepin, indi-
cating a receptor-mediated process and possible agonist
activity local to the receptor (4).
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Antioxidant

A black cohosh methanol extract protected S30 breast can-
cer cells against menadione-induced DNA damage at vari-
able concentrations and scavenged DPPH free radicals at
a concentration of 99 pM (38).

USE IN PREGNANT/LACTATING WOMEN

Despite an absence of mutagenic effects reported to date,
the use of black cohosh during pregnancy is contraindi-
cated according to WHO suggestions (97). Data are incon-
clusive regarding the effects on lactation.

DOSAGE (97,98)

Recommended doses for black cohosh are as follows:

1. Dried rhizome and root: 1 g up to three times daily.

2. Tincture (1:10): 0.4 mL daily (40-60% alcohol vol/vol).

3. Fluid extract (1:1): 20 drops twice daily (60% ethanol
vol/vol, equivalent to 40 mg dried herb).

4. Tablet equivalence: two tablets a day (equivalent to
40 mg dried extract).

The Commission E monograph also recommends
that usage not be extended for more than 6 months due to
a lack of long-term safety data. Experimental data are not
available to suggest this 6-month limit.

ADVERSE EFFECTS/SAFETY

A majority of adverse event reports (AERs) for black
cohosh have been associated with Remifemin products,
probably due to its widespread use. Thus, the AER data
may speak more to the safety of this particular product
rather than black cohosh extracts in general. In clinical
trials, minor cases of nausea, vomiting, dizziness, and
headaches have been reported (61-73). An analysis of the
safety data from published clinical trials, case studies,
postmarketing surveillance studies, spontaneous report
programs, and phase I studies was carried out (99). The
data obtained from more than 20 studies, including more
than 2000 patients, suggest that adverse event occurrence
with black cohosh is rare, and that such events are mild
and reversible, the most common being gastrointestinal
upset and rashes. The same review investigated black co-
hosh preparation and AERs and concluded that adverse
events are rare, mild, and reversible (99).

That said, black cohosh has garnered a great deal of
attention with respect to its safety over the past 5 years,
with the emergence of a few case reports citing acute hep-
atitis, convulsions, cardiovascular, and circulatory insult
(100-104). It is important to note that in a number of
these reports, no effort was made to positively identify
the botanical associated with the event as black cohosh.
In one case, depositions taken during a legal proceeding
revealed that the lack of alcohol consumption and con-
comitant medications reported in a published case report
(101) was inaccurate (105). Underreporting of adverse ef-
fects may also be a common problem with botanical sup-
plement (100-104). However, these case reports have gen-

erated much interest within the research community, so
much so that two workshops have been convened by the
National Institutes of Health (NIH) on the specific issue
of the safety of black cohosh preparations: one workshop
sponsored by the National Center for Complementary and
Alternative Medicine (NCCAM) and the Office of Dietary
Supplements (ODS) in November 2004 and a more recent
workshop sponsored by the ODS held in June 2007. The
report from the 2004 workshop indicated that there is “no
plausible mechanism of liver toxicity.” The 2007 work-
shop offered no conclusions on safety to contradict those
of the 2004 meeting regarding hepatotoxicity of black co-
hosh preparations. The 2007 workshop did recommend
that active steps be taken to monitor liver health in hu-
man clinical trials of black cohosh (106).

It is also noteworthy that in the 2004 workshop, it
was agreed that “suspected hepatotoxicity should not be
broadcast when toxicity has not been demonstrated.” De-
spite concerns by some scientists, a warning statement on
commercial black cohosh product labels was mandated
in Australia by the Therapeutic Goods Administration
(TGA), and the European Medicines Agency (EMEA) re-
leased a press statement on July 18, 2006, urging patients
to stop taking black cohosh if they develop signs sugges-
tive of liver injury. It is noteworthy that it is not clear and
has never been fully disclosed as to how these agencies
reached their decision and what the scientific data were
that led to these warning statements.

While the notion of idiosyncratic hepatotoxicity was
raised in the June 2007 workshop by toxicologists from the
Food and Drug Administration (FDA), it was acknowl-
edged by these toxicologists that without data from a
mandatory adverse event reporting system, no real con-
clusion on causality regarding idiosyncratic hepatotoxic-
ity can be drawn from case reports.

In the September—October 2007 edition of USP’s
Pharmacopeial Forum (100), the USP proposed the ad-
dition of a cautionary statement for USP quality black
cohosh products with regard to liver toxicity. The Amer-
ican Botanical Council (ABC) responded that given the
long history of safe black cohosh use and the lack of clear
scientific evidence for toxicity, there is not enough infor-
mation for such a warning. The ABC noted that of the 42
case reports of toxicity cited by the USP, only 18 met cri-
teria for assessment based on a standard-rating scale, and
of these, 3 met criteria for “possible” toxicity, and 2 for
“probable” toxicity. Many case reports were also said to
lack adequate documentation regarding the actual iden-
tity of the black cohosh used and possible confounding
factors (107).

COMPENDIAL/REGULATORY STATUS

Black cohosh products are regulated and marketed in the
United States as dietary supplements under the provi-
sions of the Dietary Supplement Health and Education
Act (DSHEA) of 1994 (U.S.C. § 321). Dried black cohosh
rhizome and roots, powdered black cohosh, black cohosh
fluid extract, powdered black cohosh extract, and black
cohosh tablets now have official standing in dietary sup-
plement monographs in the United States Pharmacopoeia—
National Formulary (108). In the European Union nations,



black cohosh products are approved as nonprescription
phytomedicines when administered orally in compliance
with the German Commission E monographs (109).

CONCLUSIONS

With the elevated concern surrounding side effects
related to classical hormone/estrogen therapy for
menopause, modulation of certain climacteric symptoms
of menopause by both dopaminergic and serotonergic
drugs is becoming a more viable and frequent treatment
option. A review of the clinical trials associated with black
cohosh leads to the conclusion that women using hydroal-
coholic extracts of the rhizomes and roots of this plant may
gain relief from climacteric symptoms (i.e., hot flashes)
in comparison with placebo over the short term, whereas
longer studies have not shown the same degree of efficacy.
Further clouding the review of these clinical trials is the
wide variety and different types of extracts administered
in published studies. Early in vitro studies reported that
black cohosh extracts acted on ERs or had a sort direct
effect on ERs. Now it is becoming clear that the bene-
ficial effect of reducing hot flashes is related, at least in
part, to serotonergic or dopaminergic mechanisms that
regulate hypothalamic control and possibly mediate estro-
genic mechanisms. As mentioned earlier, the controversy
surrounding a purported direct estrogenic mechanism of
action may also be due to variance in the extracts assayed.
Overall, given variation in trial length, extract types, and
other potential confounders, the efficacy of black cohosh
as a treatment for menopausal symptoms is uncertain and
further rigorous trials seem warranted.
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Blue-Green Algae (Cyanobacteria)
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INTRODUCTION

In Asia, Africa, and parts of Central/South America,
naturally occurring green and blue-green algae have
been harvested and consumed for their nutritive proper-
ties for centuries. In western cultures, for approximately
30 years, certain fresh water blue-green algae (cyanobac-
teria) have been accepted as a source of food, in partic-
ular Spirulina (Arthrospira) platensis and Spirulina maxima.
Beginning in the early 1980s, another blue-green species,
Aphanizomenon flos-aquae (AFA), was adopted for similar
uses. Both are rich in proteins, vitamins, essential amino
acids, minerals, and essential fatty acids. Consumers of
blue-green algae report a wide variety of putative effects,
such as mental clarity, increased energy, blood and colon
cleansing, increased focus, particularly in children with
attention deficit disorder, improved digestion, increased
eye health, healthier joints, and tissues. In the past 10
years, owing largely to the strong anecdotal consumer tes-
timony about them, studies have been conducted to verify
not only their nutritional efficacy but also their potential
pharmaceutical benefits as well.

BACKGROUND

Worldwide, algae, for thousands of years, have been a
food source and treatment for various physical ailments.
In coastal regions of the Far East, recorded use of macroal-
gae (sea weed) as a food source began approximately
6000 BC, with evidence that many species were used for
food and medical treatment by around AD 900. The Span-
ish recorded the use of microalgae as a food source when
they reported that the natives of Lake Texcoco collected
cyanobacteria from the waters of the lake to make sun-
dried cakes. In present day Africa, local tribes harvest
cyanobacteria in the Lake Chad region, primarily Spir-
ulina, and also use it to make hard cakes, called dihe.
In some regions of Chad, people consume from 9 to
13 g/meal, constituting 10% to 60% of the meal. How-
ever, the longest recorded use of cyanobacteria as food
is the consumption of Nostoc flagelliforme in China, where
there are records of its use for some 2000 years and where
it is still harvested on a large scale. Use of microalgae
in the western culture began in the 1970s. Most com-
mercial producers of microalgae are located in the Asia-
Pacific rim, where approximately 110 commercial produc-
ers of microalgae have an annual production capacity
from 3 to 500 tons. These cultivated microalgae include
Chlorella, Spirulina, Dunaliella, Nannochloropsis, Nitzschia,
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Crypthecodinium, Tetraselmis, Skeletonema, Isochrysis, and
Chaetoceros.

Within the cyanobacteria, Spirulina (Arthrospira)
platensis and S. maxima have been commercially produced
as a human and animal food supplement and food col-
oring for approximately 30 years. Spirulina is cultured in
constructed outdoor ponds in Africa, California, Hawaii,
Thailand, China, Taiwan, and India. World production in
1995 was approximately 2 x 10° kg.

The newest cyanobacterium to be used as a food
supplement is AFA, the production of which differs sig-
nificantly from Spirulina, because it is harvested from a
natural lake rather than constructed ponds. Since the early
1980s, this alga has been harvested from Upper Klamath
Lake, Oregon, and sold as a food and health food sup-
plement. The popularity of both Spirulina and AFA blue-
green algae products over other seaweeds and green algae
may be attributable to the convenience of its packaging
and consumption, as well as to its highly directed market-
ing to the health-conscious consumer. In 1998, the market
for AFA as a health food supplement was approximately
US $100 million with an annual production greater than
1 x 10° kg (dry weight) (1-18).

Chemistry and Preparation

Edible blue-green algae are nutrient dense food. The fea-
tures common to all blue-green algae include a high con-
tent of bioavailable amino acids and minerals, such as zinc,
selenium, and magnesium. The nutrient profile is subject
to variation by habitat, harvest procedure, quality control
for contaminating species, proper processing to preserve
nutrients, and storage conditions, all of which influence
the vitamin content and antioxidant properties delivered
by the final product. However, the appeal of blue-green al-
gae is their raw, unprocessed nature and their abundance
of carotenoids, chlorophyll, phycocyanins, phytosterols,
glycolipids, vy-linolenic acid, and other bioactive compo-
nents (19-21).

Approximately, 40 cyanobacteria species and genera
produce potent toxins. Spirulina products have not been
associated with toxicity reports in humans, largely owing
to its being grown under cultured conditions (22). Natural
samples and cultured strains of AFA have been reported to
produce neurotoxins including paralytic shellfish poisons
(neosaxitoxin and saxitoxins) and anatoxin-a. Recent work
seems to indicate that a different Aphanizomenon species
is the toxin producer. A. flos-aquae has been reported to
be dominant or codominant in water blooms containing
Microcystis and Anabaena and is found in many eutrophic
water bodies. Species of Microcystis can produce a family
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of potent liver toxins called microcystins. Cylindrosper-
minis a hepatotoxic and nephrotoxic compound produced
by several freshwater cyanobacteria, including Cylindros-
permopsis raciborskii and Anabaena spp (23). Several species
of marine and freshwater cyanobacteria (including a num-
ber of Nostoc, Anabaena, and Microcystis species) produce
the neurotoxic amino acid BMAA (B-N-methylamino-
L-alanine) (24). Although these toxic substances are prob-
ably not naturally present in the target species discussed
below, the possibility that they might be present as con-
taminants in commercial products highlights the need for
rigorous quality-control measures.

Blue-green algae products most often come in a
tablet form as algal material directly compressed. The
tablets can contain fillers such as sugars or starches called
binders, which give shape and stability to the tablets.
Algae supplements also come in a capsule form to neu-
tralize the taste and make the product easier to swallow,
or can be bought by the pound in powder form or in lig-
uid extract forms. Some companies combine the algae in
“green supplements” that contain other health-enhancing
ingredients such as alfalfa sprouts. Supplements come in
kosher or vegetarian forms, and can be combined with di-
gestive aids. Recommended dosages of blue-green algae
products vary widely, but can be as much as 20 g/day.
On the average, companies that produce algal products
for consumption as nutritional supplements recommend
500 mg to 1 g/day to start, with a build up over time
to several grams a day, often without an upper limit on
consumption (25,26).

Efficacy

Two types of blue-green algae form the major nutritional
supplement groups, Spirulina and AFA. As the traits of
each vary slightly, they are addressed separately below.

Spirulina

The blue-green alga Spirulina was sonamed for its helically
coiled trichomes or rows of cells. Until recently, Spirulina
and Arthrospira were thought to belong to separate genera,
and the distinction was thought to be especially important
as only the strains of Arthrospira had been proven to be
safe for human consumption. These two are now referred
to as Arthrospira in scientific circles. Although the name
Spirulina has been persisted for commercial labeling, the
two are synonymous (27).

Spirulina is generally produced in large outdoor
ponds under controlled conditions. The safety of Spir-
ulina for human food has been established through long
use, and through various toxicological studies done under
the auspices of the United Nations Industrial Develop-
ment Organization (28). Spirulina is 60% to 70% protein
by weight and contains many vitamins, especially vita-
min By, and B-carotene, and minerals, especially iron and
v-linolenic acid (Table 1). Recent reports suggest that a
number of therapeutic effects and pharmaceutical uses
are potential benefits of Spirulina as well (18).

Most studies of the effects of Spirulina on enhanced
body function have been performed on animals, and ther-
apeutic effects have been demonstrated in some cases.
Conclusive human studies are rare, but those that carry
substantive results are cited below.

Table 1 Nutritional Profile of a Commercial Spirulina Product

Composition Spirulina powder
Per 100 g

Macronutrients?

Calories 382

Total fat 718
Total carbohydrate 1558
Dietary fiber 6.8¢8
Protein 55¢
Essential amino acids (mg)

Histidine 900
Isoleucine 3170
Leucine 5030
Lysine 2960
Methionine 1290
Phenylalanine 2510
Threonine 2770
Tryptophan 740
Valine 3500
Nonessential amino acids (mg)

Alanine 4110
Arginine 4130
Aspartic acid 5670
Cystine 580
Glutamic acid 9180
Glycine 2860
Proline 2170
Serine 2670
Tyrosine 2300
Vitamins?

Vitamin A (as 100% [3-carotene) >200,000 IU
Vitamin K 548 pg
Thiamine HCI (Vitamin B-1) 0.13 mg
Riboflavin (Vitamin B-2) 2.55 mg
Niacin (Vitamin, B-3) 14.3 mg
Vitamin B-6 (Pyridox.HCI) 0.77 mg
Vitamin B-12 93 pg
Minerals®

Calcium 446 mg
Iron 56 mg
Phosphorus 1010 mg
lodine 39.1 pg
Magnesium 305 mg
Zinc 1.27 mg
Selenium 19.6 pg
Copper 0.32 mg
Manganese 3.0mg
Chromium 91.7 pg
Potassium 1620 mg
Sodium 815 mg
Phytonutrients?

Phycocyanin 10g
Chlorophyll 09¢g
Superoxide dismutase (SOD) 531,000 IU
~-linolenic acid (GLA) 1180 mg
Total carotenoids >370 mg
3-Carotene >120 mg
Zeaxanthin >95 mg
Other carotenoids ~155 mg

This is a natural product and nutrient data may va
other. One example of a nutrient profile for Earthrise
commercial Spirulina product, is shown in the above table.

from one lot to an-
Spirulina Powder, a

aMacronutrient data are based on most recent proximate analysis.
PThe data indicate minimum values observed over a four-year period except

for sodium where the maximum observed value is used.



Nutritional Rehabilitation
A multicenter study of 182 malnourished children, aged
3 months to 3 years, reported that a 5 g/day dose of Spir-
ulina (Arthrospira) platensis had no added benefit over 90
days when compared to traditional renutrition (29).

Four groups of undernourished children under the
age of 5 (550 total) were provided with Misola (60% mil-
let flour, 20% soy, 10% peanut, 9% sugar, 1% salt), Misola
plus 5 g of S. platensis, traditional meals, or traditional
meals plus 5 g of Spirulina. All diets contained about the
same number of kilocalories/day. The authors concluded
that Misola, Spirulina plus Misola, and Spirulina plus tra-
ditional diet are all good food supplements for under-
nourished children, but that Misola plus Spirulina were
superior to the other combinations (30).

Cardiovascular

In ischemic heart disease patients, Spirulina supplementa-
tion was shown to significantly lower blood cholesterol,
triglycerides, and LDL and very-low density lipoprotein
cholesterol, and raise HDL (the so-called “good”) choles-
terol. A 4 g/day supplementation showed a higher effect
in reducing total serum cholesterol and LDL levels than
did 2 g/day (31). In a small two-month study of the ef-
fects of 1 g/day of Spirulina (species not specified) plus
medication versus medication alone on lipid parameters
in pediatric hyperlipidemic nephritic syndrome patients,
Samuels et al. (32) reported that supplementation of med-
ication with Spirulina helped reduce increased lipid levels
in these patients.

Several studies in healthy populations have shown
positive effects on cardiovascular endpoints. Consump-
tion of Spirulina was found to reduce total lipids, free fatty
acids, and triglyceride levels in a human study involving
diabetic patients. A reduction in LDL/HDL ratio was also
observed (33). A nonplacebo-controlled open label trial
of 36 healthy adults administered 4.5 g/day of S. maxima
for six weeks reported a hypolipidemic effect, especially
on triacylglycerols and LDL = cholesterol, systolic, and
diastolic blood pressure were also reduced (34). Effects
of 8 g/day Spirulina (species not given) versus placebo
on health-related endpoints in 78 healthy elderly Kore-
ans were determined in a 16-week double-blinded trial.
In the verum group, significant reductions in total plasma
cholesterol and interleukin (IL)-6 concentrations were ob-
served, along with increases in interleukin (IL)-2 concen-
trations and total antioxidant status (35). Juarez-Oropeza
et al. (36) reported results of investigations of the effects
of S. maxima on vascular reactivity in rats and lipid sta-
tus and blood pressure in healthy humans. The authors
suggest that the results of the rat portion of the study
indicate that Spirulina induces a tone-related increase in
endothelial synthesis/release of nitric oxide and of a va-
sodilating cyclooxygenase-dependent arachadonic acid
metabolite (or a decrease in synthesis/release of an en-
dothelial vasoconstricting eicosanoid). In the nonplacebo-
controlled study of the effects of 4.5 g/day Spirulina on
vascular and lipid parameters in 36 human volunteers, the
authors reported reductions in blood pressure and plasma
lipid concentrations (especially triacylglycerols and LDL-
cholesterol).
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Immune System Function

Spirulina was found to have a positive effect on the im-
mune system. In a paper presented at a meeting of the
Japanese Society for Immunology, volunteers consuming
a Spirulina drink for two weeks experienced enhanced
immune system function, which continued for up to six
months after the extract administration was discontinued
(37). A follow-up study reported that administration of
50 mL of a hot water extract of S. platensis augmented
interferon production and natural killer cell (NK) cyto-
toxicity in more than 50% of 12 healthy human volun-
teers (38). Results of a study on immunoglobulin-A in
human saliva showed a significant correlation between
the immunoglobulin-A level in saliva and the amount of
Spirulina consumed (39).

Much attention has been focused on the potential
mitigation of allergies through Spirulina intake. A group
of Russian researchers are pursuing a patent on their suc-
cess with the normalization of immunoglobulin-E in chil-
dren living in radioactive environments (40). In a more
recent study of allergic rhinitis patients, the production
of cytokines, critical in regulating immunoglobulin-E-
mediated allergy, was measured. In a randomized double-
blind crossover study versus placebo, allergic individuals
were fed daily with either placebo or Spirulina at 1000 or
2000 mg for 12 weeks. Although Spirulina seemed to be
ineffective at modulating the secretion of Th-1 cytokines
(one type of the so-called “killer” cells), the study reported
that at 2000 mg/day, Spirulina significantly reduced IL-4
levels by 32% (41). A six-month double-blind placebo-
controlled trial of the effects of 2 g/day of S. platensis on
allergic rhinitis in 150 otherwise healthy individuals aged
19 to 49 reported that the cyanobacterium treatment sig-
nificantly improved symptoms and physical findings in-
cluding nasal discharge, sneezing, nasal congestion, and
itching (42).

Cancer

The sole human cancer intervention study involving
Spirulina intake was done in India on a group of tobacco
chewers afflicted with oral leukoplakia. In a study in-
volving 44 subjects in the intervention group and 43 in
a placebo group, it was found that supplementation with
1 g of Spirulina per day for one year resulted in complete
regression of lesions in 45% of the intervention group
and in only 7% of the control group. As supplementa-
tion with Spirulina did not result in an increase in retinal
B-carotene, the authors concluded that other components
in Spirulina may be responsible for the regression of lesions
observed (43).

Other Endpoints

A series of four N-of-1 double-blind randomized trials
were performed on four individuals who complained of
idiopathic chronic fatigue. Each patient was his own con-
trol and received three pairs of treatments comprising four
weeks of S. platensis and four weeks of placebo in doses
of 3 g/day. Outcome measures were severity of fatigue
measured on a 10-point scale. The score of fatigue was
not significantly different between Spirulina and placebo
(44). A small study compared the effects of S. platensis
plus a normal diet against soy protein plus normal diet
in the prevention of skeletal muscle damage in untrained
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student volunteers. Sixteen subjects were divided into two
equal groups (7.5 g/day S. platensis or soy protein). They
were administered the Bruce incremental treadmill ex-
ercise prior to treatment, took the intervention for three
weeks, and were then readministered the treadmill exer-
cise. Results suggested that ingestion of Spirulina (but not
soy protein) protected against skeletal muscle damage and
may have led to postponement of the time to exhaustion
during all-out exercise (45).

Most of the research on Spirulina’s efficacy for human
nutrition and pharmaceutical use has been concerned with
the areas of vitamin and mineral enrichment, immune sys-
tem function, antioxidant effects, and anticancer and an-
tiviral effects. Although the number of studies referenced
by Ambha Belay for his Spirulina research review article in
1993 contained 41 references, 18 his review in 2002 con-
tained 98, 17 and this chapter has added additional infor-
mation, few of the human studies in almost any area can
be said to be conclusive. Studies are small or very small,
and most are open label nonplacebo-controlled studies. A
number of the publications do not provide adequate in-
formation (many fail to identify the test cyanobacteria to
the species level). Interesting results in both the human
studies and in vitro and animal studies show that further
research is merited.

Adverse Effects

As previously noted, Spirulina products have not been
associated with toxicity reports in humans, probably be-
cause commercial production is via large-scale culture
rather than wild harvest (22).

AFA (Aphanizomenon flos-aquae)

In western cultures, certain cyanobacteria have been an ac-
cepted source of microalgal biomass for food for approx-
imately 30 years, in particular, as discussed earlier, Spir-
ulina (Arthrospira) platensis and S. maxima. Beginning in the
early 1980s, another species, AFA, was adopted for similar
uses. Members of this genus are free floating (planktonic)
and occur either singly or form feathery or spindle-shaped
bundles, are cylindrical in shape, much longer than they
are wide, and contain abundant gas vesicles. They occur
in temperate climates and are most abundant in summer
and fall (46). The only known commercial harvesting of
AFA is from Upper Klamath Lake, the largest freshwater
lake system in Oregon. In 1998, the annual commercial
production of AFA was approximately 1 x 10° kg. As this
species is not cultured like Spirulina in outdoor ponds or
raceways, it requires very different procedures for harvest-
ing and processing. Other procedures, such as those for
removal of detritus and mineral materials, and those for
monitoring and reducing the amounts of certain contami-
nant cyanobacteria, which can produce cyanotoxins, have
also become important in quality control and marketing
(47). The nutrient profile for AFA is very similar to that
for Spirulina (Table 2). Consumers of AFA nutritional sup-
plements report a variety of benefits from enhanced en-
ergy to boosted immune system function. Cited below are
the peer-reviewed human studies extant in the literature
confirming certain of these nutritive and pharmaceutical
attributes.

Table 2 Nutritional Profile of a Commercial AFA Product

Nutrient Units Amount
General composition

Protein % 55.1
Carbohydrate % 29.1
Calories % 3.7
Minerals (ash) % 6.8
Fat calories cal/g 0.3
Cholesterol mg/g 0.3
Total dietary fiber % 5.7
Sugar profile

Dextrose (glucose) mg/g 19.4
Fructose mg/g 0.5
Maltose mg/g 5.6
Sucrose mg/g 0.8
Total sugars mg/g 26.2
Minerals and trace metals

Calcium mg/g 8.5
Chloride mg/g 2.0
Chromium neg/g 1.2
Copper ne/g 10.5
Iron mg/g 0.7
Magnesium mg/g 1.8
Manganese ne/g 31.2
Molybdenum ne/g 4.7
Phosphorus mg/g 4.7
Potassium mg/g 10.6
Selenium ne/g 0.4
Sodium mg/g 2.5
Zinc ne/g 12.1
Vitamins

Vitamin A ([3-carotene) IU/g 1523
Thiamin (B1) ne/g 19.0
Riboflavin (B2) ne/g 44.9
Pyridoxine (B6) ng/g 14.6
Cobalamin (B12) ne/g 3.7
Ascorbic acid (C) mg/g 0.4
Niacin mg/g 0.4
Folic acid ne/g 0.6
Choline mg/g 1.3
Pantothenic acid ne/g 3.1
Biotin ne/8 0.2
Vitamin D /g 0.4
Vitamin E U/g 0.1
Vitamin K ne/g 41.7
Amino acids

Arginine mg/g 29
Histidine mg/g 9
Isoleucine mg/g 25
Leucine mg/g 43
Lysine mg/g 29
Methionine mg/g 9
Phenylalanine mg/g 21
Threonine mg/g 29
Tryptophan mg/g 6
Valine mg/g 29
Asparagine mg/g 49
Alanine mg/g 39
Glutamine mg/g 78
Cystine mg/g 3
Glycine mg/g 23
Proline mg/g 20
Serine mg/g 25
Tyrosine mg/g 16
Aspartic acid mg/g 46
Glutamic acid mg/g 49
Total amino acids mg/g 579




Table 2 Nutritional Profile of a Commercial AFA Product (Continued)

Nutrient Units Amount
Lipid analysis

Total lipid (fat) content 4.4% 44 mg/g
Total saturated fat 43% 19 mg/g
Total unsaturated fat 57% 25 mg/g
Total essential fatty acids 45% 20 mg/g
Total Omega-3 essential fatty acids 38% 17 mg/g
a-Linolenic acid (ALA) 37% 16 mg/g
Eicosapentanoic acid (EPA) 0.4% 0.2 mg/g
Total Omega-6 essential fatty acids 8% 3mg/g
Linoleic acid (LA) 8% 3mg/g
Arachidonic acid (AA) 0.1% 0.04 mg/g

One example of a nutrient profile for Cell Tech Super Blue-Green Algae, a
commercial AFA product, as of 4-22-05, is shown in the above table.

Circulation and Immune Function

In a study examining the short-term effects of consump-
tion of moderate amounts (1.5 g/day) of AFA on the
immune system, it was discovered that AFA resulted
in increased blood cell counts when compared to sub-
jects taking a placebo. When the volunteers were grouped
into long-term AFA consumers and naive volunteers, the
naive volunteers exhibited a minor reduction in natural
killer cells, and the long-term consumers exhibited a pro-
nounced reduction. It was further determined that AFA
does not activate lymphocytes directly, but that it does in-
crease immune surveillance without directly stimulating
the immune system. The authors of this study conclude
that AFA has a mild but consistent effect on the immune
system and could function as a positive nutritional sup-
port for preventing viral infections. They also recommend
further researchinto AFA’s potential role in cancer preven-
tion (48). In a later report, an aqueous extract of AFA found
to contain a novel ligand for CD62L (L-selectin). Con-
sumption of the extract by 12 healthy subjects in a double-
blind randomized crossover study caused mobilization of
human CD347CD133" and CD347CD133™ stem cells (49).

Eye Disease—Blepharospasm and Meige Syndrome

A study to determine whether blue-green algae could be
helpful in improving the eyelid spasms associated with
essential blepharospasm and Meige syndrome was under-
taken by a group of physicians. Although a few patients
exhibited a positive effect, for most patients, neither the
severity nor the frequency of facial spasms was signifi-
cantly reduced (50).

Adverse Effects

No cases of human intoxication by AFA were found in
the literature. As noted, around 40 cyanobacterial species
have been reported to produce potent natural toxins. Cer-
tain A. flos-aquae strains were long thought to produce neu-
rotoxins including the paralytic shellfish poisons neosax-
itoxin and saxitoxin and anatoxin-a. A reevaluation of the
species using gene sequencing data led to the conclusion
that a different Aphanizomenon species was the actual toxin
producer (51). While it now seems clear that AFA is not
a toxin-producing species, the toxigenic Aphanizomenon
species seems to be distinguishable from AFA only by the
presence or absence of toxins and by genetic sequencing.
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No evidence exists to suggest that AFA is a toxin-
producing strain (51), but water blooms of AFA may also
contain Microcystis and Anabaena. Species of Microcystis
can produce a family of potent liver toxins called micro-
cystins, while Anabaena species can produce anatoxins and
BMAA. The microcystins, especially, are of concern, since
hepatic damage caused by this toxin is cumulative. This
has led the State of Oregon to set a safe level of micro-
cystin in AFA product from Klamath Lake. Currently this
level is set at 1 pg/g dry weight of product, and was set
to correspond to an average daily adult intake for AFA of
2 g. Recently, the cyanobacterial toxin anatoxin-a was re-
ported in 3 of 39 cyanobacterial dietary supplement prod-
uct samples at concentrations of 2.5 to 33 ng/g (52). Expo-
sure guidelines have been summarized by Burch (23). This
points to the need for rigorous quality-control measures in
production of products. These measures may range from
existing practices such as modifying the harvesting equip-
ment to exclude Microcystis, harvesting the water bloom
only at times when Microcystis is at a minimum, or devel-
oping and using toxin-detecting methods in an integrated
testing scheme (47,53,54).

CONCLUSIONS

As a natural source of many vitamins and minerals, pro-
teins, and chlorophyll, it is not surprising that blue-green
algae have attracted attention among those interested in
natural sources of nutrition. Thousands of people con-
sume blue-green algae in its most popular forms (Spirulina
and AFA), and as a result, a large body of anecdotal ma-
terial has existed for many years concerning the positive
health benefits of blue-green algae consumption. The vol-
ume of the testimony has contributed to a growing interest
in recent years in verifying these benefits through scien-
tific research. Beginning with animal and in vitro studies,
and moving toward human studies, scientists have only
recently begun to investigate some of the positive health
effects attested to by long-term consumers of blue-green
algae. These include cholesterol reduction, weight loss,
enhanced immune system function, regression of cancer-
related lesions, and enhancement of blood circulation, as
well as many vitamin and mineral benefits. It must be
stated, however, that there is an overall paucity of well-
designed, controlled human trials using blue-green algal
products as interventions.

As the industry relies on self-regulation, it is impor-
tant to be aware of the quality-control issues involved in
harvesting and packaging blue-green algae for consump-
tion, particularly in the case of AFA, which is harvested
from the wild. The World Health Organization has deter-
mined through current knowledge of microcystin toxins
and what it calls a tolerable daily intake (TDI), an estimate
of the intake over a lifetime that does not constitute an ap-
preciable health risk. This TDI is derived through existing
knowledge of toxin tolerance in mice combined with prin-
ciples used in defining the health risks of other chemicals.
It carries with it a degree of uncertainty owing to the lack
of long-term data for the effect of microcystin on humans
(55). To be sure that their risk has been minimized as much
as possible, consumers of blue-green algae supplements
would be wise to check to see that the product has been
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tested for toxins, and it has been found to be below the
WHO/Oregon Department of Health Regulatory Level of
1 pg/g of microcystin (56).
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Boron

Curtiss Hunt

INTRODUCTION

The element boron is essential for all higher plants in
phylogenetic kingdom Viridiplantae (1) and at least some
organisms in the phylogenetic kingdoms Eubacteria (2),
Stramenopila (3), and Animalia (4,5). Specific species in
the kingdom Fungi have a demonstrated physiological
response to boron, an important finding because Fungi
species are thought to share a common ancestor with ani-
mals exclusive of plants (6). Physiologic concentrations of
the element are needed to support metabolic processes in
several species in Animalia. For example, embryological
development in fish and frogs does not proceed normally
in the absence of boron. There is evidence that higher ver-
tebrates, that s, chicks, rats, and pigs require physiological
amounts of boron to assist normal biologic processes in-
cluding immune function, bone development, and insulin
regulation. In humans, boron is under apparent homeo-
static control and is beneficial for immune function and
calcium and steroid metabolism.

COMMON CHEMICAL FORMS

Boron is the fifth element in the periodic table with a
molecular weight of 10.81 and is the only nonmetal in
Group III. Organoboron compounds are those organic
compounds that contain B-O bonds, and they also in-
clude B-N compounds, because B-N is isoelectronic with
C—C (7). Organoboron compounds are apparently impor-
tant in biological systems and are the result of interaction
with OH or amine groups. Organoboron complexes oc-
cur in plants and are produced in vitro with biomolecules
isolated from animal tissues (8).

BORON SPECIATION

Environmental Forms

Boron does not naturally occur free nor bind directly to
any element other than oxygen except for trivial excep-
tions, for example, NaBF; (ferrucite) and (K,Cs)BF; (avo-
gadrite) (7). Its average concentration in the oceans is
4.6 mg/L and is the 10th most abundant element in oceanic
salts (9). Weathering of clay-rich sedimentary rock is the
major source of total boron mobilized into the aquatic en-
vironment (10). Undissociated boric acid (orthoboric acid)
is the predominant species of boron in most natural fresh-
water systems (10) where most concentrations are below
0.4 mg/L and not lowered by typical treatments for drink-
ing water. The most common commercial compounds
of boron are anhydrous, pentahydrate, and decahydrate
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(common name: tincal) forms of disodium tetraborate
(borax, NayB4Oy7), colemanite (2Ca0-3B,03-5H,0), ulex-
ite (NapO-2Ca0-5B,03-16H,0), boric acid (H3BO3), and
monohydrate and tetrahydrate forms of sodium perbo-
rate (NaBOs) (11).

Inorganic boron, within the concentration range
expected for human blood (2-61 uM B; 22-659 ng
B/g wet blood) (12), is essentially present only as the
monomeric species orthoboric acid (common name: boric
acid) B(OH); and borate, that is, B(OH)4~ (13). Boric acid
is an exclusively monobasic acid and is not a proton donor,
but rather accepts a hydroxylion (a Lewis acid) and leaves
an excess of protons to form the tetrahedral anion B(OH), ™~
(14):

B (OH), + 2H,0 < H;O" +B(OH); pK, = 9.25(25°C)

Within the normal pH range of the gut and kid-
ney, B(OH)3 would prevail as the dominant species (pH 1:
~100% B(OH)s; pH 9.3: 50%; pH 11: ~0%) (15).

Biochemical Forms

Many biomolecules contain one or more hydroxy groups
and those with suitable molecular structures can react with
boron oxo compounds to form boroesters, an important
class of biologically relevant boron species. Several types
of boron esters exist. Boric acid reacts with suitable dihy-
droxy compounds to form corresponding boric acid mo-
noesters (“partial” esterification) (Fig. 1) that retain the
trigonal-planar configuration and no charge.

In turn, a boric acid monoester can form a com-
plex with a ligand containing a suitable hydroxyl to create
a borate monoester (“partial” esterification; monocyclic)
(Fig. 2), but with a tetrahedral configuration and a neg-
ative charge. A compound of similar configuration and
charge is also formed when borate forms a complex
with a suitable dihydroxy compound. The two types
of boromonoesters can react with another suitable di-
hydroxy compound to give a corresponding spirocyclic
borodiester (“complete” esterification) that is a chelate

RN
(CH,),
="

Figure 1 Boric acid may complex with a suitable dihydroxy ligand to form
a boric acid monoester (“partial” esterification) that retains a trigonal-planar
configuration and no charge.

B--OH
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Figure 2 Borate may complex with a suitable dihydroxy ligand to form
a borate monoester (“partial” esterification; monocyclic) with a tetrahedral
configuration and a negative charge.

complex with a tetrahedral configuration and negative
charge (16) (Fig. 3).

Boric acid and boric acid-like structures, instead of
borate, are most likely the reactive species with biological
ligands, because it is probably easier for a diol to substitute
for a relatively loosely bound water molecule associated
with boric acid or a boric acid-like structure than it is for
the diol to substitute for a charged hydroxyl ion in borate
or a borate-like structure (16).

Procaryotes

Boron is an integral component of several biomolecules
in which it is thermodynamically stabilized in a covalent
bond (17-20) or by forming a boroester (21). Its presence in
these molecules is essential; in its absence, they no longer
perform their normal physiologic functions. Of great inter-
est is a boron-containing biomolecule produced by a bac-
terium that is not an antibiotic but rather a cell-to-cell com-
munication signal (20). Communication between bacteria
is accomplished through the exchange of extracellular sig-
naling molecules called autoinducers (Als). This process,
termed “quorum sensing,” allows bacterial populations
to coordinate gene expression for community cooperative
processes such as antibiotic production and virulence fac-
tor expression. Al-2 is produced by a large number of bac-
terial species and contains one boron atom per molecule.
Not surprisingly, it is derived from the ribose moiety of
biomolecule, (5)-adenosylmethionine (SAM). The gliding
bioluminescent marine bacterium, Vibrio harveyi (phylum
Proteobacteria), produces and also binds AI-2. In V. har-
veyi, the primary receptor and sensor for Al-2 is the protein
LuxP, which consists of two similar domains connected by
a three-stranded hinge. The AI-2 ligand binds in the deep
cleft between the two domains to form a furanosyl borate
diester complex (Fig. 4) (20).

Boron is a structural component of certain antibi-
otics produced by certain myxobacteria, a distinct and un-
usual group of bacteria. For example, tartrolon B (Fig. 5)
is characterized by a single boron atom in the center of the

Figure 3 Boric acid monoesters or borate monoesters can combine with a
suitable dihydroxy compound to form a corresponding spirocyclic borodiester
[“complete” (add the close parenthesis) esterification] that is a chelate
complex with a tetrahedral configuration and negative charge.
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Figure 4 The autoinducer, Al-2, with its integral boron atom is stabilized
by a hydrogen network in the binding site of the receptor. The 0-0 or O-N
distances for potential hydrogen bonds are shown in angstroms. Source: From
Ref. 20.

molecule (18). Another related antibiotic, boromycin, was
discovered to be potent against human immunonodefi-
ciency virus (HIV) (22). It strongly inhibits the replication
of the clinically isolated HIV-1 strain and apparently, by
unknown mechanisms, blocks release of infectious HIV
particles from cells chronically infected with HIV-1.

Animal and Human Tissues

Only meager information is available on the speciation of
boron in animal or human tissues. However, animal and
human biocompounds with vicinal cis-diol moieties bind

Figure 5 Tartrolon B, an example of certain antibiotics produced by cer-
tain myxobacteria that require the presence of a single atom of boron for
functionality.
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Figure 6 Experimental data indicate that biochemical species with vicinal cis-diols bind strongly to boron: (S)-adenosylmethionine (SAM) = diadenosine
hexophosphate (ApgA) = ApsA > ApgA > Ap3A = NAD+ > ApoA > NADH = 5’ATP > 5’ADP > 5’AMP > adenosine (ADS). Species without these moieties

do not bind boron well: 3'AMP = 2’AMP = cAMP = adenine (ADN).

boron; those without these moieties typically do not. Of
these animal or human biocompounds examined, SAM
has the highest known affinity for boron (8). It is the pre-
dominant methyl donor in biological methylations and is
therefore a versatile cofactor in various physiologic pro-
cesses. NADT, an essential cofactor for five sub-subclasses
of oxidoreductase enzymes, also has a strong affinity
for boron (23). The di-adenosine-phosphates (Ap,A) are
structurally similar to NAD™. Boron binding by ApsA,
ApsA, and ApgA is greatly enhanced compared with
NAD™ but is still less than that of SAM (8). The Ap,A
molecules are present in all cells with active protein syn-
thesis and reportedly regulate cell proliferation, stress re-
sponse, and DNA repair (24). At physiologic pH, the ade-
nine moieties of Ap, A are driven together by hydrophobic
forces and stack interfacially (25). Stacking of the termi-
nal adenine moieties brings their adjacent ribose moieties
into close proximity, a phenomenon that apparently po-
tentiates cooperative boron binding between the opposing
riboses (Fig. 6).

Plant-Based Foods

All higher plants require boron and contain organoboron
complexes. There may have been considerable evolution-
ary pressure exerted to select for carbohydrate energy
sources that do not interact with boron. Sugars often form
intramolecular hemiacetals: those with five-membered
rings are called furanoses and those with six-membered
rings are called pyranoses. In cases where either five- or
six-membered rings are possible, the six-membered ring
usually predominates for unknown reasons (26). In gen-
eral, compounds in a configuration in which there are
cis-diols on a furanoid ring (e.g., ribose, apiose, and ery-

thritan) form stronger complexes with boron than do those
configured to have cis-diols predominately on a pyranoid
ring (e.g., the pyranoid form of a-D-glucose). D-Glucose
reacts with boric acid (27) but the near absence (<0.5%)
of an a-furanose form of D-glucose in aqueous solutions
(26) suggests that glucose was selected as the aldose for
general energy metabolism because of its lower reactiv-
ity with boric acid. On the other hand, ribose may have
been selected as part of the chemistry of nucleic acid and
nucleotide function and apiose for, rather than against, its
extraordinary borate-complexing capability.

Recent evidence suggests that the predominant
place of boron function in plants is in the primary cell
walls where it cross-links rhamnogalacturonan II (RG-II)
(Fig.7), asmall, structurally complex polysaccharide of the
pectic fraction. RG-IIs have an atom of boron that cross-
links two RG-II dimers at the site of the apiose residues
to form a borodiester (28). However, this function is not
adequate to explain all boron deficiency signs in plants.
Twenty-six boron-binding membrane-associated proteins
were identified recently in the higher plant, Arabidopsis
thaliana (29), and boron oxo compounds also form stable
ionic complexes with the polyol ligands mannitol, sor-
bitol, and fructose in liquid samples of celery phloem sap
and vascular exudate and phloem-fed nectaries of peach
(30).

Dietary Supplements

Boron speciation in dietary supplements varies widely
(31) as does the relevant information provided by various
dietary supplement manufacturers. It is sometimes listed
only in a general manner (e.g., “borates” or “boron”),
and occasionally in a more specific manner (e.g., “sodium
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Figure 7 Schematic representation of two monomers of the pectic polysac-
charide rhamnogalacturonan-I cross-linked by an atom of boron at the site
of the apiose residues to form a borodiester. Multiple cross-links form a
supramolecular network. Source: From Ref. 75.

borate” or “sodium tetraborate decahydrate”). Several
commercially available forms (e.g., “boron amino acid
chelate,” “boron ascorbate,” “boron aspartate,” “boron
chelate,” “boron citrate,” “boron gluconate,” “boron glyc-
erborate,” “boron glycinate,” “boron picolinate,” “boron
proteinate,” “boron bonded with niacin,” and “calcium
fructoborate”) are not well characterized in the scientific
literature. Most often, dietary boron supplements are pro-
vided in conjunction with other nutrient supplements.

BIOAVAILABILITY, EXCRETION, AND HOMEOSTASIS

If plant and animal boron absorption mechanisms are
analogous, the organic forms of the element per se are
probably unavailable (32). However, the strong associa-
tion between boron and polyhydroxyl ligands (described
later) is easily and rapidly reversed by dialysis, change in
pH, heat, or the excess addition of another low-molecular
polyhydroxyl ligand (27). Thus, within the intestinal tract,
most ingested boron is probably converted to orthoboric
acid (common name: boric acid), B(OH)3, the normal end
product of hydrolysis of most boron compounds (7). Gas-
trointestinal absorption of inorganic boron and subse-
quent urinary excretion (33) is near 100%.

Several lines of evidence suggest regulation of boron
in humans. For example, lack of boron accumulation and
relatively small changes in blood boron values during a
substantial increase in dietary boron support the concept
of boron homeostasis (33). Boron contents in human milks
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Figure 8 Model and mean (£SE) concentrations of boron in breast milk
from mothers of full-term (FT) and premature (PRT) infants; n = 9 per group
over 12 weeks after birth. During the first 12 weeks of lactation, prematurity
affected the rate of change in concentrations (P = 0.01).

were similar and stable throughout lactation of full-term
infants in two cohorts of women living in either Houston,
TX (34), or St. John's, Newfoundland (Fig. 8) (35), have
been interpreted as suggestive of regulatory mechanisms
for the elements, which remain undefined. Evidence for
the homeostatic control of boron is enhanced further by a
report (36) of a specific borate transporter, NaBC1, in mam-
malian cell lines, a finding that has yet to be confirmed by
another laboratory.

DIETARY BORON SOURCES AND INTAKES

Dietary Recommendations

The tolerable upper intake level (UIL) for boron varies by
life stage (Table 1) (37). No estimated average requirement,
recommended dietary allowance, or adequate intake has
been established for boron for any age-sex group.

Dietary Supplements

For adults, the amount of boron commonly provided in
a single dietary boron supplement is 0.15 mg (31). How-
ever, the reported amount of boron available per serving
varies considerably among commercially available prod-
ucts as indicated in the relevant information provided by

Table 1 Upper Limits for Boron Set by the 2001 Food and Nutrition
Board of the National Academy of Sciences (37)

Life stage Age (yr) Upper limit (mg/day)
Children 1-3 3
4-8 6
9-13 11
Adolescents 14-18 17
Adults 19-70 20
70 20
Pregnancy <18 17
19-50 20
Lactation <18 17
19-50 20
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various dietary supplement manufacturers. Some manu-
facturers publish reported values of 6.0 mg boron per serv-
ing of dietary supplement (38). The mean of usual intake
of boron (mg/day) from dietary supplements for children
(1-8 years), adolescents (9-15 years), males (19+ years),
females (19+ years), and pregnant/lactating women is
0.269, 0.160, 0.174, 0.178, and 0.148, respectively. The me-
dian boron intake from supplements in the U.S. popula-
tion is approximately 0.135 mg/day (37).

Nonfood Personal Care Products

Boron is a notable contaminant or ingredient of many
nonfood personal care products. For example, an antacid
was reported to have a high concentration of boron
(34.7 pg/g) (39) such that the maximum recommended
daily dose would provide 2.0 mg B/day, two times the
estimated daily boron consumption for the overall adult
U.S. population.

Dietary Sources and Intakes

Ten representative foods with the highest boron concen-
trations are distributed among several food categories
(40): raw avocado (14.3 pg/g), creamy peanut butter,
(5.87 pg/g); salted dry roasted peanuts (5.83 pg/g),
dry roasted pecans (2.64 pg/g), bottled prune juice
(5.64 pg/g), canned grape juice (3.42 png/g), sweetened
chocolate powder (4.29 pg/g), table wine (12.2% alcohol)
(3.64 ng/g), prunes with tapioca (3.59 pg/g), and granola
with raisins (3.55 ng/g). Several fruit, bean, pea, and nut
products contained more than 2 ug B/g. Foods derived
from meat, poultry, or fish have relatively low concentra-
tions of boron.

Infant foods supply 47% of boron (B) intake to in-
fants. For toddlers, consumption from fruits and fruit
juices, combined, is twice that from milk/cheese (38% vs.
19%). For adolescents, milk/cheese foods are the single
largest source of boron (18-20%), and for adults and senior
citizens, it is beverages (mainly represented by instant reg-
ular coffee) (21-26%). For all groups (except infants), 7%
to 21% of boron intake is contributed by each of the veg-
etable, fruit, and fruit drink products. Infants, toddlers,
adolescent girls and boys, adult women and men, and
senior women and men are estimated to consume the fol-
lowing amounts of boron: 0.55, 0.54, 0.59, 0.85, 0.70, 0.91,
0.73, and 0.86 mg/day, respectively.

INDICATIONS AND USAGE

Boron and Calcium Metabolism and Bone Structure
There are several lines of evidence that dietary boron is
important for normal bone growth and function. Boron
deprivation induced abnormal limb development in frogs
(41) and retarded maturation of the growth plate in chicks
(42). Dietary boron deprivation decreases bone strength
in pigs (43) and rats (44). The trabecular microarchitecture
of vertebral bone was impaired in rats deprived of the
element (44). Similarly, in mice, modeling and remodeling
of alveolar bone (45), as well as alveolar bone healing
after experimental tooth extraction (46), was impaired by
dietary boron deprivation.

Findings from human studies suggest that boron
influences calcium metabolism. For example, in post-

menopausal women, boron supplementation (3 mg/day)
of a low-boron diet (0.36 mg B/day) resulted in a 5%
increase in urinary calcium excretion (33). A similar
phenomenon occurred in either free-living sedentary or
athletic premenopausal women consuming self-selected
typical Western diets: boron supplementation increased
urinary calcium loss (47). These findings may reflect an
increase in intestinal calcium absorption because increase
in dietary calcium often result in increased urinary cal-
cium excretion.

Dietary boron also alleviates the signs of marginal
vitamin D deficiency relevant to bone structure and func-
tion. Marginal vitamin D deficiency impairs bone struc-
ture, elevates plasma alkaline phosphatase concentra-
tions, and reduces body weight. In the growing rachitic
chick, dietary boron substantially alleviated the per-
turbed histomorphometric indices of bone growth car-
tilage (42,48), reduced elevated serum concentrations of
alkaline phosphatase (49,50), and improved body weight
(50,51).

Boron and Insulin and Energy Substrate Metabolism
Circulating insulin concentrations respond to dietary
boron in a manner that suggests the element may func-
tion to reduce the amount of insulin needed to main-
tain glucose levels. For example, in the rat model (with
overnight fasting), boron deprivation increased plasma
insulin with no concurrent change in glucose concen-
trations (52). In the chick model, boron deprivation in-
creased in situ peak pancreatic insulin release (52). In
older volunteers (men and women) fed a low-magnesium,
marginal copper diet, dietary boron deprivation induced
a modest but significant increase in fasting serum glucose
concentrations (53).

Findings from several studies indicate that dietary
boron may attenuate the deleterious effects of marginal
vitamin D deficiency on insulin and energy substrate
metabolism. In vitamin D-deprived rats, hyperinsuline-
mia was decreased by dietary boron (54). It has been
demonstrated repeatedly in the chick model that physi-
ological amounts of dietary boron can attenuate the rise
in plasma glucose concentration induced by vitamin D
deficiency (42,48,55). In addition, boron decreases the ab-
normally elevated plasma concentrations of pyruvate, 3-
hydroxybutyrate, and triglycerides that are typically asso-
ciated with this inadequacy (42). It is not understood how
boron deprivation perturbs energy substrate metabolism
in humans and animal models, particularly when other
nutrients are provided in suboptimal amounts.

Boron and Immune Function

Dietary boron may have a role in control of the normal
inflammatory response, especially as it relates to produc-
tion of various cytokines. Cytokines, including interferon-
gamma (IFN-y), tumor necrosis factor-a (TNF-a), and
interleukin-6 (IL-6), are produced and secreted by immune
cells that regulate immune responses. Production of IFN-y
and TNF-a was increased in peripheral blood monocytes
cultured in the presence of lipopolysaccharide (an inflam-
matory agent) after isolation from pigs fed supplemental
dietary boron. In the same animals, boron caused a reduc-
tion in localized inflammation following a challenge with



the antigen phytohemagglutinin (PHA) (56). In cell culture
studies with human fibroblasts (57) and chick embryo car-
tilage (58), the addition of boric acid also increased TNF-«
release by the respective cells. Certain boron-containing
RG-II's from Panax ginseng leaves enhanced the expression
of IL-6—producing activity of mouse macrophages (59).
Finally, perimenopausal women who excreted <1.0 mg
B/day during the placebo period exhibited an increased
percentage of polymorphonuclear leukocytes during the
boron (as sodium borate) supplementation period (60). Di-
etary boron may serve as a signal suppressor that down-
regulates specific enzymatic activities typically elevated
during inflammation at the inflammation site. Suppres-
sion, but not elimination, of these enzyme activities by
boron is hypothesized to reduce the incidence and sever-
ity of inflammatory disease.

Boron and Steroid Metabolism

There is a clear evidence that dietary boron affects steroid
metabolism. In particular, circulating concentrations of
vitamin D metabolites are sensitive to boron nutriture.
Findings from animal models indicate that dietary boron
enhances the efficacy of vitamin D but cannot substi-
tute for the vitamin. In volunteers (men, and women
on or not on estrogen therapy), boron supplementation
after consumption of a low-boron diet increased serum
25-hydroxycholecalciferol concentrations (62.4 & 7.5 vs.
449 + 2.5 mmol/L; mean + SEM) (61,62), an effect that
may be especially important during the winter months
when these concentrations normally range between
35 and 105 mmol/L (63).

The circulating concentrations of 17B-estradiol also
respond to boron nutriture. Perimenopausal women who
excreted <1.0 mg B/day during the placebo period ex-
hibited increased serum concentrations of estradiol after
boron supplementation (2.5 mg B/day) of self-selected di-
ets (60). In a separate study, postmenopausal women on
estrogen therapy, but neither men nor postmenopausal
women not ingesting estrogen, also exhibited increased
serum concentrations of estradiol after boron supplemen-
tation (3 mg B/day) of a low-boron diet (0.25 mg B/2000
kcal) (62). However, plasma estradiol, but not testosterone,
concentrations increased in young male volunteers when
their self-selected diets were supplemented with ample
amounts of boron (10 mg/day) (64).

Boron and Cancer

Indirect evidence from several epidemiological and cell
culture studies indicate that dietary boron intake may af-
fect cancer risk. For example, observations from epidemi-
ologic human studies suggest that increased intakes of
boron are associated with decreased risk of prostate (65)
and lung (66) cancers and abnormal cervical cytopathol-
ogy (67). In cultures of human prostatic epithelial cells
(not tested for proliferative activity), physiological levels
of boron reduced Ca?* release from ryanodine receptor-
sensitive stores in a dose-dependent manner, without af-
fecting cytoplasmic Ca?* concentrations (68). In immuno-
compromised mice fed physiological amounts of dietary
boron, the element reduced the growth of transplanted
human prostate adenocarcinoma tumors (69).
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OVERDOSAGE

As with all other elements, boron produces toxicity in
all tested biological organisms when excessive amounts
are absorbed. The toxicity signs associated with boric acid
when used as an antiseptic in lieu of antibiotics on abraded
epithelium (i.e., surgical wounds and diaper rash) were
overlooked for many years even though signs of poisoning
were reported soon after its introduction into clinical use.
Boron is more bacteriostatic than does bactericidal and,
thus, may suppress bacterial growth.

Deaths can occur at doses between 5 and 20 g of boric
acid for adults and below 5 g total for infants (70,71). Po-
tential lethal doses are usually cited as 3 to 6 g total for in-
fants and 15 to 20 g total for adults. However, an indepen-
dent examination of 784 cases of boric acid ingestion found
minimal or no toxicity at these intake levels or higher (72).
Signs of acute boron toxicity, regardless of route of admin-
istration, include nausea, vomiting, headache, diarrhea,
erythema, hypothermia, restlessness, weariness, desqua-
mation, renal injury, and death from circulatory collapse
and shock. Autopsy may reveal congestion and edema of
brain, myocardium, lungs, and other organs, with fatty
infiltration of the liver. Chronic heavy borax dust occupa-
tional exposure (average air concentration: 4.1 mg/m?3;
range: 1.2-8.5 mg/m>) may manifest as eye irritation,
nosebleeds, chest tightness, sore throat, dry mouth, and
productive cough (71). Chronic boron toxicity symptoms
include poor appetite; nausea; weight loss; decreased sex-
ual activity, seminal volume, sperm count, and motility
and increased seminal fructose. At present, death from
boron poisoning is exceptionally rare probably because of
the emphasis placed on maintaining electrolytic balance
and supporting kidney function during the worst part of
the illness. Depending upon boron blood levels, treatment
ranges from observation to gastric lavage to dialysis.

CONCLUSIONS

Boron is ubiquitous in the environment and daily dietary
boron intakes of adult American males, for example, are
slightly less than 1.0 mg. The evidence to date suggests
that higher animals (43,73) and humans (33,62,74) proba-
bly require boron to support normal biological functions.
Despite the progress made in studies of boron essentiality
for plants, animals, and man, the biochemical mechanisms
responsible for the beneficial physiologic effects of boron
across the phylogenetic spectrum are poorly understood.
However, the unique nature of boron biochemistry sug-
gests specific lines of investigation. In particular, further
characterization of the various cell signaling molecules
that form complexes with boron under physiological con-
ditions should provide insights into the specific biochem-
ical function(s) of boron in humans.
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INTRODUCTION

Caffeine is undoubtedly one of the most widely con-
sumed and studied dietary supplements because it is
found in many products, including numerous foods and
drugs. Approximately 50% of the U.S. adult population
regularly uses one or more dietary supplements, but
80% or more regularly consumes caffeine. Thousands
of studies have investigated this substance, and a com-
prehensive discussion of all aspects of the literature on
caffeine would require hundreds of pages of text. Sub-
stantial literature on caffeine can be found in multiple
scientific fields including pharmacology, exercise and car-
diovascular physiology, psychology, psychiatry, and epi-
demiology (1,2).

Caffeine occurs naturally in beverages and foods,
including coffee, tea, the South American drink maté,
and chocolate. Additional caffeine is added to bever-
ages, including colas, which naturally contain caffeine, be-
cause manufacturers of these products have determined
that optimal levels of caffeine should be greater than
their naturally occurring concentration. Caffeine is be-
haviorally active in the doses present in foods (3) and
is the most widely consumed psychoactive substance in
the world. Caffeine is recognized in scientific and regu-
latory domains as both a naturally occurring food and
a drug, a distinction that few, if any, other substances
hold.

HISTORY OF CAFFEINE USE

The first written mention of a caffeine-containing food or
beverage, tea, is in a Chinese dictionary from about AD 350
(4). However, it is likely that tea was in use long before
then. Coffee was cultivated in Ethiopia as early as the sixth
century AD, where it originated. Coffee beans were proba-
bly first eaten whole or mixed with food (4). Coffee came
into use as a hot beverage around AD 1000 in the Middle
East but did not spread to Europe until the 17th century.
Coffee is currently second only to water as the beverage
of choice around the world, with an estimated 400 bil-
lion cups of coffee consumed each year (5). The two most
common species of the coffee plant are Coffea arabica and
Coffea canephora Pierre ex. A. Froehner (commonly known
as robusta). Approximately two-thirds of the world’s cof-
fee comes from arabica plants, whereas one-third comes
from robusta (5). Arabica coffee has a smoother and supe-
rior taste but requires extensive care in growing. Arabica
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beans contain approximately 1.5% or less of caffeine by
dry weight (5). Robusta beans, grown in regions such as
Brazil, have a higher caffeine content, 2.4% to 2.8%, which
may explain their less-preferred flavor, because caffeine
itself is quite bitter (5). At least 60 species of plants con-
tain caffeine. The reason so many plants contain caffeine
is not known, but caffeine protects plants from certain
insects (6).

Tea [Camellia sinensis (L.) Kuntze] is the caffeinated
beverage of choice in a large part of the world, although it
contains less caffeine than coffee (Table 1). It appears that
caffeine-containing beverages originated independently
in at least four different locations throughout the world.
In both North and South America, caffeine-containing
beverages were made by the native inhabitants prior to
contact with Europe. The sources of caffeine in North
America were the cassina or Christmas berry tree (Ilex
vomitoria Ait.) and in South America guarana (Paullinia
cupana Kunth) and yoco (4). Caffeine is present in cocoa
beans (Theobroma cacao L.), native to Central and South
America. A compound chemically similar to caffeine,
theobromine, is also found in cocoa but in substantially
greater amounts than caffeine. Although the popularity of
caffeine is widely recognized, the rationale for its unique
status in the diets of humans is not known, but many have
speculated its mild stimulant properties account for its
popularity.

PHARMACOLOGY OF CAFFEINE

Caffeine is a methylated xanthine, 1,3,7-trimethylxan-
thine; theophylline and theobromine are two other methy-
lated xanthines found in foods and/or drugs (Fig. 1).
Theobromine, 3,7-dimethylxanthine, is not behaviorally
active in doses found in foods (7). Theophylline, 1,3-
dimethylxanthine, used to treat asthma, is not present in
coffee but found in small quantities in tea (C. sinensis).
The parent compound of these methylated compounds
is xanthine, a dioxypurine structurally similar to uric
acid (8).

When ingested, caffeine is rapidly absorbed into the
systemic circulation and reaches peak levels in 45 min-
utes or less (9). Caffeine is distributed to all tissues and
readily crosses the blood-brain barrier, which explains
its behavioral activity. Caffeine is initially absorbed by the
buccal membranes (in the mouth) and, when consumed in
chewing gum, enters the circulatory system more rapidly
than when ingested in pill form (10).



Table 1 Estimated Caffeine Content of Selected Beverages, Foods, and
Dietary Supplements (32) (Energyfiend.com; Evitamins.com)

Caffeine content

Iltem (mg/serving)
Coffee (5 0z)
Drip method 90-150
Instant 40-108
Decaffeinated 2-5
Tea, loose or bags
1-minute brew (5 o0z) 9-33
5-minute brew (5 oz) 20-50
Iced tea (12 oz) 22-36
Chocolate products
Hot cocoa (6 0z) 2-8
Chocolate milk (8 oz) 2-7
Milk chocolate (1 oz) 1-15
Baking chocolate (1 0z) 35
Cola beverages (12 oz)
Coca-CoIa® Classic 35
Diet Coke® 47
Pepsi® 38
Diet Pepsi® 36
Other Soft drinks (12 o0z)
Dr Pepper® 40
Mountain Dew® 55
Pibb Xtra® 41
Barq’s® Root Beer 23
Energy drinks and shots
AMP™ (16 0z) 142
Monster Energy™ (16 oz) 160
Monster Energy™ Lo-Carb (16 0z) 135
Red Bull® (8.3 oz) 80
Rockstar® (16 02) 160
5-Hour Energy® Shot (2 0z) 138
DynaPep™ Micro Shot (4 mL) 80
Extreme Energy™ 6-Hour Shot 220
Jot® Endurance Shot 200
Dietary supplements
Thermogenic Hydroxycut™ Advanced (2 pills) 2002
Zantrex® 3 (2 pills) 320
Stacker 2® Ephedra Free (1 pill) 200
Metabolift™ (2 pills) 176
Slenderite™ (2 pills) 75
skinny Fast® (3 pills) 0
Nature’s PIus® Fat Busters (2 pills) 0

aAs reported by Energyfiend.com.

CAFFEINE METABOLISM

The period of time caffeine remains in the circulatory sys-
tem, measured as half-life, varies dramatically. Half-life of
caffeine in a healthy adult is approximately four to five
hours, but in women taking oral contraceptives, it can in-
crease substantially. In cigarette smokers, caffeine is me-
tabolized more rapidly and has a half-life of about three
hours (11,12).

Caffeine is metabolized in the liver by a complex se-
ries of processes. The principal metabolic pathway, which
accounts for approximately 95% of initial breakdown of
caffeine, is catalyzed by the cytochrome P450 enzyme
CYP1A2 (13). The process begins with removal of a methyl
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Figure 1 Chemical structures of caffeine, its demethylated derivatives
(theobromine, theophylline, paraxanthine), its parent compound (xanthine),
and uric acid.

group to form paraxanthine and, to a lesser extent, theo-
bromine and theophylline (Fig. 2).

Various factors alter CYP1A2 activity. For exam-
ple, both pregnancy and severe liver disease result in
decreased caffeine clearance (13,14). Conversely, smok-
ing induces CYP1A2 activity, thereby decreasing half-life
of caffeine (14). Many pharmacologic substances also af-
fect this enzyme: oral contraceptives and cimetidine in-
hibit the enzyme and slow caffeine clearance (14), whereas
other drugs (e.g., phenytoin, carbamazepine) induce the
enzyme, accelerating caffeine metabolism.

Dietary practices influence CYP1A2 activity. Caf-
feine intake itself induces this enzyme, so heavy con-
sumers metabolize caffeine more rapidly (15), explaining,
in part, why they are less sensitive to its behavioral and
physiological effects. Cruciferous vegetables (e.g., broc-
coli, kale, turnip) increase CYP1A2 activity, whereas api-
aceous vegetables (e.g., cilantro, parsnip, celery) inhibit
it (16).

Genetic Differences in Caffeine Metabolism

Genetic variation is partly responsible for different pheno-
types of caffeine metabolism (17). Several CYP1A2 single
nucleotide polymorphisms (SNPs) have been character-
ized (18). One, CYP1A2%1F, is a substitution (A — C) at
position 734 on the CYPIA2 gene. Approximately 10%
to 16% of individuals have the CYP1A2 C/C (homozy-
gous) genotype, whereas about half possess two A alleles
(18). Individuals with the CYP1A2+«1F A — C polymor-
phism are slower to metabolize caffeine and less likely
to increase CYP1A2 activity following exposure to induc-
ers. There may be physiological consequences of genetic
differences in caffeine metabolism. For example, a recent
study linked the slow-metabolizing CYP1A2x1F C/C geno-
type, with increased risk of heart disease associated with
coffee consumption (19).
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Figure 2 Metabolic pathways of caffeine and its derivatives. Only pathways that begin with N-demethylation are shown, which account for almost 95% of
initial breakdown. Less than 3% of caffeine is excreted unchanged in the urine; the remainder is metabolized to 1,3,7-trimethyl uric acid (not shown). Source:

From Ref. 17.

MECHANISM OF ACTION

Caffeine’s behavioral, as well as ergogenic effects can be at-
tributed to central adenosine receptors (20,21). Adenosine
is an inhibitory neuromodulator in the central nervous
system that has sedative-like properties. Under normal
physiological conditions, caffeine is a nonselective com-
petitive antagonist at these receptors. Four subtypes, A,
Aj,, Ay, and Az, of G-protein-coupled adenosine recep-
tors have been identified, each with a unique tissue dis-
tribution, signaling pathway, and pharmacological profile
(22,23). Through the respective activation of G; and Gs
proteins, adenosine decreases adenylate cyclase activity,
and hence, cAMP levels, when bound to A; or Az recep-
tors, and increases activity when bound to Ay, or Ay,
receptors (22,23).

Prior to discovery of caffeine’s action on adenosine
receptors, effects of caffeine were attributed to inhibition
of phosphodiesterase (PDE) (24). However, the concentra-
tion of caffeine required to inhibit PDE substantially ex-
ceeds that achieved from consumption of caffeine in foods
or dietary supplements. While caffeine blocks A; and A,
receptors at concentrations in the low micromolar range
(5-30 pM), approximately 20 times as much caffeine is re-
quired to inhibit PDE, well above physiological levels as
illustrated in Figure 3, which also presents the approxi-
mate concentration of caffeine from consumption of a cup
of coffee (25,26).

All four adenosine receptor subtypes are expressed
to various extents in the brain and periphery (23). Adeno-
sine A; receptors are widely distributed in the periph-
ery, spinal cord, and brain, with high levels found in
hippocampus, cortex, cerebellum, and hypothalamic nu-
clei; lower levels of the A; subtype are found in the basal
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Figure 3 Concentration-effect curves for caffeine at various potential sites
of action. Caffeine markedly affects A; and Ay, receptors at low micromolar
concentrations. To inhibit phosphodiesterase (PDE), concentrations as large
as 20-times are required. Approximate caffeine concentration resulting from
a single cup of coffee and toxic doses of caffeine is indicated. Source: From
Ref. 26.



ganglia (23). The A,, Ay, and Aj receptors are mainly ex-
pressed in the periphery; however, there is marked expres-
sion of the Ay, receptors in regions heavily innervated by
dopamine-containing fibers, including the striatum, nu-
cleus accumbens, and olfactory tubercle, where they are
coexpressed with dopamine D, receptors (27).

Caffeine binds with highest affinity at Ay, receptor
and has slightly lower affinity at the A; and the Ay, re-
ceptors; the Az subtype has little to no affinity (24). At
standard physiological concentrations (i.e., low micromo-
lar), effects of caffeine are due to blockade at A; and Aj,
receptors, with binding at Ay}, and Ajz receptors having a
minor role, if any (22,27).

Both adenosine A; and Aj, receptors may be re-
sponsible for behavioral effects of caffeine, but the contri-
bution of each is uncertain. The A receptors are located
predominantly on presynaptic nerve terminals and me-
diate release of several neurotransmitters, including glu-
tamate, dopamine, and acetylcholine. Caffeine is thought
to enhance arousal, vigilance, and attention by blocking
inhibition by adenosine at these receptors, particularly
those in the striatum (22). Caffeine may stimulate arousal
via Ay receptors by preventing inhibition of mesopon-
tine cholinergic neurons that regulate cortical activity and
arousal (22).

Unlike dopaminergic stimulants, such as cocaine
and amphetamine, which facilitate dopamine D, recep-
tor transmission, caffeine does not alter dopamine release
in ventral striatum (22). This may explain why caffeine
does not have the abuse potential of these stimulants.

Genetic Differences in Adenosine Receptors

Recently, it was shown in humans that a particular poly-
morphism (a T—C substitution at position 1976; also
known as SNP rs5751876 or 1976T—C, and formerly
known as 1083T—C) of the A, receptor gene (ADORA2A)
is associated with effects of caffeine on sleep (28). It ap-
pears that 16% of individuals are homozygous for the T al-
lele and roughly 35% are homozygous for the C allele (29).
While inhibition of A; receptors may be partly responsi-
ble for wakefulness promoted by caffeine, most evidence
suggests caffeine-induced arousal is due to blockade at
Ay, receptors (23).

Individuals with the ADORA2A C/C genotype
are more likely to report disturbed sleep following
caffeine consumption compared with individuals with
the T/T genotype (28). Consistent with these genetic
differences, associations were observed between self-
reported caffeine-sensitivity, assessed by questionnaire,
and ADORA2A genotype. A higher proportion of sensitive
subjects had the C/C genotype, whereas the T/T geno-
type was more frequent in insensitive subjects (28). In a
sleep deprivation study conducted in a subset of the sur-
vey population, caffeine-sensitive men reported greater
stimulant-like effects of caffeine compared with those who
were caffeine-insensitive. In addition, ratings of caffeine
sensitivity were positively correlated with psychomotor
vigilance after sleep loss (28). Also, the C allele is asso-
ciated with caffeine-induced insomnia, and the T allele
appears to be related to caffeine-induced anxiety. Infre-
quent caffeine users consuming less than 300 mg/wk, who
possess the ADORA2A 1976T/T genotype, experienced
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greater anxiety following 150 mg caffeine compared with
those who possessed at least one C allele (29). Individ-
uals with the T/T genotype are significantly more likely
to limit caffeine intake (i.e., consume <100 mg/day) than
those who possess at least one C allele, with the proba-
bility of having the T/T genotype decreasing as caffeine
intake increases (30).

CAFFEINE CONTENT OF VARIOUS PRODUCTS

In the United States, most of caffeine (approximately
80%) is consumed in coffee (31). Caffeine is also found in
soft drinks, especially colas, energy drinks, tea, chocolate,
over-the-counter (OTC) drugs, and dietary supplements
(Table 1) (32). Some non-cola beverages also contain caf-
feine such as Mountain Dew®, Dr Pepper®, and Pibb
Xtra®. There is tremendous variation in the caffeine in a
cup of coffee. Instant coffee (5 0z) can have as little as 40
mg of caffeine, whereas drip-method brewed coffee can
have as much as 150 mg (Table 1). There is considerable
variation in coffee prepared using the same method, due
to differences in caffeine content of different types of coffee
beans, especially arabica versus robusta, and variations in
brewing technique.

CAFFEINE INTAKE

Recent information on caffeine consumption in the United
States is not available. The most current data are based on
information collected between 1994-1998 (33) and 1999
(34). Using data from the nationally representative U.S.
Department of Agriculture Continuing Survey of Food
Intakes by Individuals (1 = 18,081), Frary et al. reported,
in 1994-1998, that 87% of the population was caffeine con-
sumers, with an average caffeine intake of 193 mg/day
in users. Adult males consumed more caffeine than fe-
males (268 mg/day vs. 192 mg/day). Coffee was the major
source of caffeine for consumers of all ages (68 mg/day),
followed by 15 mg/day from soft drinks and 12 mg/day
from tea (33). However, Ahuja et al. (35) concluded that
Frary et al. overestimated caffeine intake and revised their
estimates downward by about 25%. According to Ahuja
et al., average daily intake of caffeine in the U.S. popula-
tion is 131 mg/day, with males and females (20+ years)
consuming 193 and 149 mg/day, respectively (35). Knight
et al. (34) estimated caffeine intake in caffeine consumers
(n = 10,712) from beverages on the basis of data from
the 1999 U.S. Share of Intake Panel as 141 mg/day for
adults. There are other reports of higher caffeine con-
sumption in the United States. Barone and Roberts (31)
reported that U.S. caffeine intake for all consumers is about
210 mg/day.

Since these data were collected, changes in avail-
ability of caffeine-containing products have occurred and
consumer preferences have changed (36). Energy drinks,
introduced in the United States in 1997, contain caffeine
(Table 1) and are a popular component of the diet, es-
pecially among young adults (36). Another new product
containing high levels of caffeine (Table 1) termed “energy
shots” is rapidly gaining in popularity.
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High levels of caffeine are present in many dietary
supplements (Table 1), particularly those intended to pro-
mote weight loss, for example, Zantrex 3® and new Hy-
droxycut Advanced™ (37-39). Unfortunately, manufac-
turers of such products are not required to disclose their
caffeine content, so this information can be difficult to
obtain. These products have not been shown to increase
weight loss, and recently some of the Hydroxycut™ fam-
ily of products was withdrawn from the market after the
FDA issued a warning (40).

REGULATORY STATUS OF CAFFEINE

In the United States, complex regulations govern use of
caffeine. Once caffeine is ingested and enters circulation,
its source is of little physiological or health significance,
but U.S. government agencies, in practice, regulate it on
the basis of the medium in which it is consumed. Caffeine
consumed in dietary supplements, occurring naturally in
foods, caffeine added to foods, and caffeine in OTC and
prescription drugs are all regulated differently. Multiple
sources of caffeine ingestion and regulation can lead to
peculiar consequences. For example, a large cup of coffee
purchased at a coffee shop can contain more caffeine than
the recommended dose of an OTC stimulant. The recent
popularity of energy drinks has lead to calls for additional
regulation of such products, because it has been argued
that these products are abused (36).

BEHAVIORAL EFFECTS OF CAFFEINE

It is likely that caffeine is the most widely studied behav-
iorally active compound not only in dietary supplements,
butalso in any exogenously administered compound. Caf-
feine’s behavioral effects have been examined in a large
number of laboratories and in well-controlled studies con-
ducted with males, females, young, and older volunteers
(41-43). Effects observed on specific aspects of cognitive
function and mood state are usually consistent with the lay

perception of caffeine as a mild stimulant when consumed
in moderate doses, just as Pietro della Valle recognized
400 years ago (44).

However, it can be difficult to detect effects of caf-
feine if insensitive behavioral tests that assess parameters
not affected by caffeine are employed or doses that are
too low or high administered. In addition, it is essential to
control intake of caffeine before testing and monitor and
control for habitual patterns of caffeine consumption, as
these factors can have substantial effects on study find-
ings. Controlling for tobacco use is also essential, because
smoking significantly decreases caffeine’s half-life. Fur-
thermore, well-designed studies typically employ a range
of doses, since caffeine’s behavioral effects are dose de-
pendent and nonmonotonic.

Effects on Cognitive Performance and Mood

in Rested Volunteers

In rested volunteers, caffeine consistently improves both
auditory and visual vigilance (3,41,45-48). When a dose
of 200 mg of caffeine is given, effects on vigilance are
seen for several hours and are so robust that they can be
detected on a minute-by-minute basis (45) (Fig. 4). Such
effects are present with doses equivalent to a single serv-
ing of a cola beverage, about 40 mg, up to multiple cups of
coffee (3,43,46). However, when higher doses are admin-
istered (approximately 400-500 mg or above), cognitive
performance begins to deteriorate, so optimal dose ap-
pears to be in the range found in foods (49,50). Caffeine
also improves simple and choice reaction time in rested
individuals (51). In general, it appears that sustained tests
of vigilance or tasks with substantial embedded vigilance
components are the most sensitive to behavioral effects of
caffeine in rested individuals.

Mood state is also altered by doses of caffeine equiv-
alent to those found in single and multiple servings of
dietary supplements, foods, and drugs. Aspects of mood
affected by caffeine are consistent with its effects on cog-
nitive functions such as vigilance and reaction time. For
example, the vigor and fatigue subscales of the Profile of
Mood States (POMS) (52), a widely used self-report mood
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Figure 4 Effect of a 200-mg caffeine dose administered at
time “0” on visual vigilance reaction time assessed continu-
I ously and plotted in 10 minute time blocks. Slower reaction
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12 time (higher number) indicates worse performance (p < 0.002;
caffeine vs. placebo). Caffeine consistently improved cognitive
performance for two hours. Source: From Ref. 45.
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questionnaire, are altered by caffeine in a dose-dependent
manner (Fig. 5). Caffeine typically increases vigor and re-
duces fatigue. Athigher doses, these beneficial effects may
be reduced or disappear. An analog scale mood question-
naire designed to assess effects of caffeine consistently de-
tects effects on moods such as tired /energetic, listless / full
of go, and efficient/inefficient (41).

Fine Motor Performance

Caffeine consumption has been associated, at least anec-
dotally, with impaired fine motor performance. When ad-
ministered in a dose of 160 mg, it disrupted hand steadi-
ness in nonusers but not in users (53). In a study with low
and moderate consumers, doses of 32 to 256 mg of caffeine
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had no effect on tests of complex motor function (54). A
recent study examined effect of caffeine on handwriting
in caffeine consumers (54). In this study, subjects were ad-
ministered caffeine in doses 0f 0, 1.5, 3.0, or 4.5 mg/kg and
performed a writing exercise on a digitized tablet. Com-
pared to placebo, high doses of caffeine improved aspects
of handwriting, such as fluidity of movement (54). Caf-
feine has also been reported to improve marksmanship, a
task that requires fine motor performance (55).

Caffeine and Anxiety

It appears that caffeine increases anxiety when adminis-
tered in single bolus doses of 300 mg or higher, a dose
not ordinarily found in single servings of beverages, al-
though there are some exceptions. Generally, large serv-
ings of beverages, such as 16 oz of coffee, that contain high
amounts of caffeine, are consumed slowly over time. Some
products, for example certain brands of energy drinks
or energy shots, do contain such high levels of caffeine
and may be consumed quickly, especially energy shots
(Table 1). The effects of caffeine on anxiety at lower doses
are unclear, with both positive and adverse effects re-
ported, perhaps due to differences in the testing environ-
ment (50,56).

Several papers suggest caffeine consumption can
adversely affect individuals suffering from anxiety dis-
orders. Also, consumption of more than 600 mg of caf-
feine per day may induce, in normal individuals, a syn-
drome known as “caffeinism,” characterized by anxiety,
disturbed sleep, and psychophysiological complaints (57).

Effects on Cognitive Performance and Mood During
Sleep-Deprivation and Stress

Caffeine has substantial beneficial effects on cognitive per-
formance and mood when individuals are sleep deprived
or exposed to multiple stressors (50,58,59). Under such
conditions, caffeine positively affects various behavioral
parameters, including vigilance and mood state. For ex-
ample, during a night of sleep deprivation, 200 mg of caf-
feine administered every two hours maintained vigilance
performance (60). Other behavioral parameters, such as
learning, memory, and reasoning, not altered when caf-
feine is administered to rested volunteers, are affected
when individuals are sleep-deprived (50). When individ-
uals were sleep-deprived for 30 hours but not exposed
to additional stressors, 300 mg of caffeine per 70 kg of
body mass improved working memory, logical reasoning,
mathematical processing, pursuit tracking, and visual vig-
ilance (61). In a study conducted with U.S. Navy SEAL
trainees exposed to multiple stressors including cold, in-
tense physical challenges, 72 hours of sleep deprivation,
and severe psychological stress, caffeine in doses of 200
and 300 mg improved visual vigilance, choice reaction
time, and self-reported alertness (50) (Fig. 6).

Simulator and Applied Behavioral Studies

Based, in part, on studies demonstrating caffeine has
beneficial effects in laboratory studies of cognitive per-
formance and mood, studies have been conducted to de-
termine whether caffeine will have beneficial effects in
simulated or real work environments. For example,
Regina et al. (6) tested rested males in a realistic simulation
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Figure 6 U.S. Navy SEAL trainees are exposed to multiple stressors during
a segment of training known colloquially as “Hell Week.” This provided a
unique opportunity to test the behavioral effects of caffeine during sustained
exposure to severe stress (50). Cold stress serves as a key physiological
stressor during most of Hell Week. As instructors look on, trainees are required
to walk into the cold ocean water. Source: Photo courtesy of H.R. Lieberman.

of highway driving. Caffeine (200 mg) improved several
aspects of driving performance including response time
to accelerations and decelerations of a lead car. Philip
et al. (63) examined effects of approximately 200 mg of
caffeine administered in coffee on rested, young male vol-
unteers driving a distance of 200 km late at night on a
highway. Caffeine improved ability to maintain control
of the vehicle as measured by deviation from the traf-
fic lane. In a study simulating sentry duty, Johnson and
Merullo (64) evaluated the effects of 200 mg of caffeine on
marksmanship for three hours following caffeine admin-
istration. Soldiers in the study responded to infrequent
appearance of a target by picking up a rifle, aiming, and
firing as rapidly, and accurately, as possible. Caffeine de-
creased detection time but did not increase the number of
targets hit.

Recently, a series of studies have been conducted
by Kamimori and colleagues using a caffeine-containing
gum to determine whether caffeine would enhance per-
formance under conditions simulating combat, including
intermittent or continuous sleep deprivation and exten-
sive physical activity. These studies uniformly demon-
strate that in a wide variety of circumstances, various as-
pects of cognitive, operational, and aerobic performance
are enhanced by caffeine (58,59).

In aggregate, these behavioral studies have impor-
tant practical implications. Use of caffeine in moderate
doses can improve the performance of individuals who
must drive automobiles or stand sentry duty for long pe-
riods of time during the day or night. These beneficial
effects increase in situations where vigilance is reduced
due to sleep loss, jet lag, or circadian variations in arousal.
Recently, at the request of the U.S. Defense Department,
an independent panel conducted a comprehensive review
of the scientific literature and concluded that caffeine, in
doses of 100 to 600 mg, could be used to maintain cogni-
tive performance of military personnel. As a consequence,
caffeine is currently available in certain field rations (2,65).

CAFFEINE AND MENTAL ENERGY

Considerable attention has focused on dietary supple-
ments and foods that may increase “mental energy,” and
most of these contain caffeine. As noted above, new prod-
uct categories of “energy drinks” and “energy shots” have
emerged as popular products among the population (36).
Scientific literature on mental energy is quite limited (66—
68), although related factors, such as fatigue and alertness,
have been extensively examined. Scientists have typically
used the term “energy” to describe the concept of physi-
cal energy measured in calories or joules. Mental energy,
however, cannot be easily defined or measured, but a dis-
tinction between physical and mental energy clearly exists
(32,68-70).

In the United States, surveys have observed a high
prevalence of feelings of low energy. For the lay pub-
lic, mental energy is perceived as critical for the conduct
of daily activities and quality of life. On health-related
Internet sites, “fatigue,” “tiredness,” or “absence of en-
ergy” are among the largest concerns for which reme-
dies are sought. To address consumer demand for such
products, dietary supplements and foods containing caf-
feine have been marketed asserting they enhance energy
(36,69). Some have been evaluated by use of cognitive
tests, and the results are usually consistent with the claims
made (68).

Caffeine is one of the few constituents found in di-
etary supplements or foods that clearly increase mental
energy (32,68). As noted above, low and moderate doses
improve aspects of cognitive performance and mood as-
sociated with the perception of mental energy such as
vigilance, reaction time, vigor, and fatigue (68,71). Ben-
eficial effects of caffeine that appear related to mental
energy are observed in simulations of real-world activi-
ties (58,59,62,64,72). Caffeine (100 mg) increases alertness
and self-reported attention in college students attending a
lecture (56). Epidemiological studies of large populations
indicate caffeine consumption has positive effects on fac-
tors related to mental energy in large populations (73). In
a sample of over 7000 British adults, a significant dose—
response relationship between increased overall caffeine
intake and improved cognitive performance was observed
(73). Inclusion of caffeine in products intended to increase
perception of mental energy therefore appears warranted.
Caffeine may be the only active ingredient in such prod-
ucts, if mental as opposed to physical energy is the implied
benefit (32,68).

EFFECTS OF CAFFEINE ON SLEEP

It is not surprising that caffeine may interfere with sleep,
because it improves ability to sustain vigilance and in-
creases alertness. Many individuals abstain from caffeine
consumption in the afternoon and evening because they
believe caffeine will disrupt nighttime sleep. Others re-
port they consume caffeine-containing beverages before
bedtime with no adverse impact on sleep (74). Genetic
differences in sensitivity to caffeine, as discussed above,
and acquired tolerance by individuals who consume caf-
feine, probably contribute to these differences. Consumers
of 3 to 6 cups of coffee per day are less likely to report sleep



disturbances than individuals who consume 0 to 1 cups
per day (74).

Anecdotal reports that caffeine interferes with sleep
are supported by the scientific literature. In both high and
low consumers, a high dose of caffeine (4.0 mg/kg) at bed-
time reduced sleep tendency, as measured by the Multiple
Sleep Latency test (75). A recent study examined effects
of moderate doses of caffeine before bedtime on various
sleep parameters assessed with polysomnography. Sub-
jects received 100 mg of caffeine (or placebo) three hours
and then one hour before sleeping in the laboratory. Caf-
feine lengthened sleep latency, increased stage 1 sleep
(light sleep) and reduced slow-wave and stage 2 sleep
(deeper sleep) (76).

BEHAVIORAL EFFECTS OF CAFFEINE: NONUSERS
AND WITHDRAWAL

One of the most controversial issues regarding the behav-
ioral effects of caffeine is whether it affects performance
and mood independent of withdrawal symptoms. It has
been suggested that behavioral effects of caffeine can only
be observed in habituated individuals experiencing effects
of caffeine withdrawal on performance and mood when
treated with placebo (77). If this hypothesis is correct then
caffeine should have no effects on individuals who are
not regular users. Several studies that fail to find behav-
ioral effects of caffeine in individuals who are not habitual
users support this hypothesis (77,78). However, there are
several problems with this hypothesis and the experimen-
tal evidence supporting it. No plausible mechanism has
been advanced to explain how a substance could have
no acute effects on cognitive function, yet have effects
when it is withdrawn. Many substances produce tolerance
when administered for sustained periods. However, these
substances have acute behavioral effects consistent with
behavioral consequences of their withdrawal. Examples
include drugs of abuse, such as heroin, and therapeutic
compounds such as the benzodiazepines. To test the hy-
pothesis advanced by Rogers and colleagues that caffeine
only has behavioral effects on habitual users, a number of
laboratories have conducted studies. These demonstrate
caffeine has behavioral effects on nonusers and affects
users who continue with their typical patterns of caffeine
consumption (47,48,51).

CAFFEINE AND PHYSICAL PERFORMANCE

Just as caffeine improves specific aspects of cognitive per-
formance and mood, it also has positive effects on some
aspects of physical performance; however, it not clear that
these effects occur in doses found in most dietary sup-
plements or foods. Evidence that caffeine enhances aero-
bic performance is convincing. A review of the literature
concluded that “caffeine effectively increases athletic per-
formances in endurance events” (79). For example, when
4mg/kg of caffeine was administered to eight male volun-
teers, time to run to exhaustion increased (80). In another
study, 3 and 6 mg/kg of caffeine enhanced endurance but
a higher dose, 9 mg/kg, did not (81). Beneficial effects of
caffeine assessed with a bicycle ergometer were observed
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at doses 5 and 9 mg/kg, a higher dose (13 mg/kg) was no
more effective than lower doses (82).

These dose-dependent findings are similar to behav-
ioral studies with caffeine, in which higher doses can have
adverse effects on mood and do not enhance performance
to the same extent as moderate doses (49,50). It appears
that ergogenic effects of caffeine, like caffeine’s behavioral
effects, are attributable to its effects on central adenosine
receptors (21).

CAFFEINE WITHDRAWAL

Sudden withdrawal of caffeine from the diet, if regu-
larly consumed in substantial doses, can have adverse
effects in approximately 50% of users. Most notable is
headache, which is relieved by consumption of caffeine.
Onset of symptoms typically occurs in 12 to 24 hours
and may last for several days. Other symptoms can in-
clude fatigue, lower energy, and difficulty concentrating.
Caffeine-withdrawal headaches are relieved by OTC anal-
gesics (83,84). Individuals who wish to reduce or eliminate
caffeine from their diet should probably do so gradually.

ABUSE POTENTIAL OF CAFFEINE

Although controversial, it has been suggested that caffeine
should be considered an addictive compound and is sim-
ilar to drugs that have substantial abuse potential, such
as nicotine and cocaine (85). Evidence for this association
includes adverse physical effects of caffeine withdrawal in
animals and human studies of caffeine self-administration
(84). Hirsh (83) has noted that addiction can best be de-
fined as compulsion to use a drug, and specifically, in-
volvement with the abused substances to the exclusion of
other interests. The use of methylxanthines in foods and
beverages would not appear to qualify as such behavior
(83). Most individuals who are regular users of caffeine
can readily halt its use and not feel compelled to continue
consuming caffeine-containing products. It is much more
difficult to stop using drugs of abuse despite the fact that
these substances are known to be extremely harmful. Caf-
feine clearly has low abuse potential compared to more
widely recognized drugs of abuse (86).

CONCLUSION

When caffeine is consumed in doses found in foods and
dietary supplements, it improves ability to perform tasks
requiring sustained vigilance, including real and simu-
lated automobile driving, and activities that require main-
tenance of vigilance (50,58,59). In addition, caffeine in-
creases self-reported alertness and decreases sleepiness.
Caffeine positively affects a wide range of cognitive func-
tions in sleep-deprived individuals, including learning,
memory, and reasoning. Caffeine can be found in many di-
etary supplements, which are marketed to increase weight
loss, but evidence to support this implied claim is lacking.

Adverse behavioral effects of caffeine occur when
it is consumed in excessive doses or by individuals who
are more sensitive to the substance. Genetic factors and an
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individual history of caffeine consumption may be the key
factors explaining individual differences. In high doses,
caffeine can increase anxiety but its effects on fine motor
performance vary with improvement and impairment re-
ported. Italso interferes with sleep when consumed by cer-
tain individuals at bedtime. Like many other drugs, regu-
lar caffeine consumption appears to produce tolerance to
its behavioral effects. Sudden withdrawal of caffeine from
the diet will lead to adverse symptoms, such as headache
and undesirable changes in mood state, in approximately
50% of individuals. Some scientists believe that caffeine
has properties that are similar to those exhibited by drugs
of abuse; others strongly disagree with this hypothesis.

An evidence-based determination of the risk-to-
benefit ratio of caffeine consumption is not possible. Pos-
itive behavioral consequences of caffeine are well doc-
umented. These beneficial effects generalize to highway
driving, various military duties, and presumably other
transportation and industrial operations. Use of caffeine
in such circumstances could potentially prevent accidents
attributable to lapses of vigilance such as “falling asleep at
the wheel.” Such accidents are a significant cause of motor
vehicle accidents. However, adverse effects of caffeine on
sleep quality have been observed, and some scientists be-
lieve that caffeine has characteristics of an addictive drug.

It must also be noted that a large and complex liter-
ature on possible beneficial and adverse effects of caffeine
on the incidence of various diseases exists. There are many
methodological concerns with both positive and negative
studies. The difficulty in accurately assessing caffeine in-
take is a critical issue in such studies as is the lack of
double-blind, placebo-controlled clinical trials. Therefore,
both positive and negative findings regarding possible
health risks and benefits of caffeine should be regarded
with skepticism.

DISCLAIMER
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Calcium

Robert P. Heaney

INTRODUCTION

Calcium is an alkaline earth, divalent, cationic element,
abundant in the biosphere, and widely distributed in na-
ture. It exhibits intermediate solubility. As a solid, calcium
forms crystalline minerals with various anions. These salts
make up the bulk of limestone, marble, gypsum, coral,
pearls, seashells, bones, and antlers. In solution, the cal-

cium ionic radius (0.99 A units) allows the ion to fit snugly
into the folds of protein molecules.

ACTIONS AND PHARMACOLOGY/PHYSIOLOGY

Calcium is unusual—perhaps unique—among the nutri-
ents in that its intake (whether from foods or supple-
ments) is not related to its primary intracellular, metabolic
function. Rather, calcium nutrition is centered almost
exclusively on the secondary functions of the nutrient.
Accordingly, the primary functions are described here for
completeness, but only briefly. More information can be
found in standard textbooks of cell physiology or in re-
views of calcium signaling (1).

Primary Metabolic Functions

Calcium acts as a second messenger within cells, link-
ing external stimuli acting on cells to the specific, internal
responses a cell is able to make (e.g., nerve signals and
muscle contraction). By forming up to 8 to 12 coordina-
tion bonds with oxygen atoms in amino acid side chains,
calcium stabilizes the tertiary structure of numerous cat-
alytic and structural proteins. Cytosolic calcium ion lev-
els are normally maintained at very low concentrations
[3—4 orders of magnitude below extracellular fluid (ECF)
levels]. The second messenger response occurs when cal-
cium ions flood into critical cytosolic compartments in
response to first message stimuli.

Additionally, dissolved calcium in the circulating
blood and ECF of all vertebrates supports such diverse
functions as blood clotting and neuromuscular signal
transmission. Calcium is not consumed in the exercise of
these metabolic functions.

ECF [Ca?*] is tightly maintained at approximately
4.4 to 5.2 mg/dL (1.1-1.3 mmol/L). The regulatory ap-
paratus behind this constancy consists of parathyroid
hormone (PTH), calcitonin, and 1,25-dihydroxyvitamin D
[1,25(OH), D], acting jointly through control of intestinal
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calcium absorption efficiency, bone resorption, and the re-
nal excretory threshold for calcium.

Secondary Functions

Effects on the Size and Strength of the Nutrient Reserve
(Bone Mass)

Calcium is lost continuously from the body through shed
skin, hair, nails, sweat, and excreta. For this reason, land-
living vertebrates, needing a continuous supply of cal-
cium, have evolved an internal reserve, in the form of
bone. Because bone also serves structural/mechanical
functions, the reserve has become far larger than would be
needed solely to protect calcium’s primary functions. It is
for this reason that the primary functions themselves are
not threatened by deficient calcium intake, or enhanced
by calcium repletion.

The bony reserves are accessed by a process termed
“bone remodeling.” Bony tissue is continuously renewed
by first resorbing preexisting volumes of bone and then
subsequently replacing them with new bone. Mineraliza-
tion of the new bone occurs at a rate that is the integral of
the prior several days of osteoblast activity, and for that
reason tends to be relatively constant over the short term.
By contrast, osteoclastic bone resorption is controllable
minute by minute. Thus, by modulating bone resorption,
the body can, in effect, withdraw calcium from, or cause
it to be taken up by, bone whenever ECF [Ca®*] departs
from optimal levels.

When daily absorbed calcium intake is less than that
needed to offset daily calcium losses, bone resorption ex-
ceeds bone formation and the bony reserves are depleted.
This occurs by net destruction of microscopic volumes
of bony tissue and scavenging of the calcium released in
the process. Such decrease in skeletal mass results in a
corresponding reduction in strength. Additionally, bone
remodeling itself directly contributes to bony structural
weakness (2), insofar as the remodeling locus is, for the
several months of its life cycle, depleted of its normal
complement of bony material, thereby greatly weakening
the involved microscopic bony elements.

The principal purpose of calcium intake during
growth is to support the accumulation of the skeletal
mass called for in the genetic program, that is, the build-
ing of a large calcium reserve. During the adult years,
intake serves to (i) offset daily losses, thus preventing
unbalanced withdrawals from the skeletal reserves, with
their inevitable, associated reduction in bony strength; and
(i) reduce the level of bone remodeling to the minimum
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needed for optimum structural maintenance (2). These
two effects are the basis for the protective effect of calcium
with respect to osteoporosis.

Intraluminal Effects of Unabsorbed Dietary Calcium

Net absorption efficiency for ingested calcium is of the or-
der of 10% to 15% (see later). Accordingly, up to 90% of di-
etary and supplemental calcium remains in the intestinal
lumen and is excreted as a component of the feces. Athigh
calcium intakes, unabsorbed calcium amounts to 1000 mg
(25 mmol) per day or more. This unabsorbed calcium com-
plexes with other constituents of the digestive residue,
blocking their absorption or neutralizing their luminal ac-
tions (3). This occurs, for example, with oxalic acid, which
may be either present in ingested plant foods or produced
by bacterial degradation of unabsorbed food fatty acids.
The formation of calcium oxalate in the gut lumen reduces
oxalate absorption and hence the renal oxalate load. It
thereby reduces the risk of kidney stones. Similarly, the
calcium ion complexes directly with free fatty acids and
bile acids in the digestate substances, which, in their free
form, act as mucosal irritants. In colon cancer—prone in-
dividuals, these irritants would otherwise serve as cancer
promoters. These intraluminal actions are the basis for the
protective effects of high calcium intakes on risk of renal
stone disease and colon cancer.

Additionally, calcium complexes with dietary phos-
phorus, blocking its absorption to some extent. This is the
basis for the use of calcium salts as a part of the control of
hyperphosphatemia in patients with end-stage renal dis-
ease (ESRD). Every 500 mg of ingested calcium (whether
from foods or supplements) binds ~166 mg of coingested
phosphorus, preventing its absorption (4).

“Off-Loop” Effects of Alterations in Calcium Homeostasis
When calcium intake is low, PTH is secreted to improve
renal calcium conservation and intestinal absorption effi-
ciency, the latter through 1-a-hydroxylation of 25(OH)D
to 1,25(OH),D in the kidney. The calcium-conserving ef-
fects of these hormones are part of a classical negative
feedback loop, in the sense that 1,25(OH),;D, by increas-
ing calcium absorptive extraction from food, counteracts
to some extent the original stimulus to PTH secretion and
1,25(0OH),D synthesis.

In addition to these functions within the feedback
control loop, 1,25(0OH),D binds to membrane receptors
in many tissues not directly involved in calcium regula-
tion (3). These include vascular smooth muscle cells and
adipocytes. These effects are termed “off-loop,” because
they occur as a result of reduced ECF [Ca®*] but do not
act to change that level. Hence, they do not influence the
signals that caused them in the first place, that is, they
are not a part of the regulatory feedback loop. The cell
membrane receptors are linked to calcium channels that
open and let calcium ions into the cytosol, where they
may trigger their usual second messenger function (but
without the normal first messenger). The presence of high
cytosolic calcium levels, when dietary calcium is low, has
given rise to the term “calcium paradox disease.” In indi-
viduals with limited control of cytosolic [CaZt], this rise
in cytosolic calcium triggers inappropriate, tissue-specific

cell activity, for example, smooth muscle contraction in
arterioles and adipogenesis in fat cells. These relationships
are the basis for the protective effects of high calcium in-
take against hypertension and obesity, and probably for
premenstrual syndrome and polycystic ovary syndrome
as well (3).

The Internal Calcium Economy

The adult human body contains approximately 1000 to
1300 g (25,000-32,500 mmol) of calcium, with more than
99% being locked up in bones and teeth. Low hydration
of bone, together with the insolubility of hydroxyapatite
(the principal form of calcium phosphate in mineralized
tissues), means that most body calcium is effectively exte-
rior to the ECF and accessible only by cellular action (e.g.,
osteoclastic bone resorption).

The ECE which is the locus of all body calcium traf-
fic, contains about 1 g (25 mmol) calcium (i.e., #0.1% of
total body calcium). Soft tissues contain another 7 to 8 g
(175-200 mmol) of calcium, mostly locked up in intracel-
lular vesicles, which store calcium for its critical, second
messenger function. The calcium homeostatic regulatory
apparatus functions solely to maintain the constancy of
the concentration of the ~1 g of calcium in the ECF. In
healthy midlife adults, ECF calcium turns over at a rate
of approximately 650 mg/day (~10 mg/kg/day), with
bone mineralization and resorption accounting for half to
two-thirds of that traffic.

Figure 1 displays the principal organs involved in
the transfers that comprise the traffic of the calcium econ-
omy, together with the sizes of those transfers in and
out of the system. The values shown are typical of the
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Figure 1 Principal routes of calcium entry into and exit from the extracel-
lular fluid of an adult human. The values for bone and ECF are total masses
(mmol); transfer rates are given in mmol/day and represent typical values.
(To convert to milligrams, multiply values shown by 40.) Total body balance
in this illustration is —0.5 mmol/day. Source: Copyright Robert P. Heaney,
1996, 2004; used with permission.



calcium economy of a middle-aged woman. In consider-
ing the magnitudes of these transfers, it is important to
recognize that they do not vary independent of one an-
other. An increase in absorption, for example, produces
an immediate decrease in bone resorption. This linkage
is mediated by the PTH—calcitonin-vitamin D regulatory
apparatus.

Absorption

Calcium is absorbed mainly from the small intestine by a
combination of active, transcellular transport and passive,
paracellular diffusion. The active transport component
is mediated by a vitamin D-dependent calcium-binding
protein (“calbindin”) that shuttles calcium ions from
the luminal brush border to basolateral portions of the
cell membrane, where calcium is released into the ECFE.
Calbindin activity is highest in the duodenum and drops
along the length of the remaining bowel (including the
colon). Accordingly active transport capacity is greatest
in the duodenum. However, the residence time of the
digestate in the duodenum is short, and most of the actual
mass transport occurs in the jejunum and ileum, where
residence time is longer.

The partition of absorption between the active and
the passive mechanisms is not well studied, but data
from various sources suggest that, at nutritionally rele-
vant intake loads (i.e., 7.5+ mmol/meal), passive absorp-
tion amounts to approximately 15% of intake. Fractional
absorption above that value thus reflects the vitamin D-
mediated active transport component. The latter is highly
variable, both because it is physiologically regulated in
response to body need for calcium, and, in part, because it
is often limited by vitamin D availability. The interactions
between intake load of calcium and its active absorption
are complex and are summarized in Figure 2. As mea-
sured fractional absorption is typically on the order of
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0.30 to 0.32; it follows that the active transport compo-
nent amounts to approximately 0.16 (16%). As is shown
in Figure 2, the 16% isogram intersects the dashed line for
5 mmol (200 mg) net absorption at an intake of approxi-
mately 1200 mg (30 mmol), and thus designates the oral
intake needed to maintain total body equilibrium. When
vitamin D status is less than optimal, the body is gener-
ally unable to maintain active absorption at a 16% level
and absorption occurs along lower and lower isograms
until, at severe vitamin D deficiency, active absorption is
zero. As is shown in Figure 2, intake at such absorption
values would need to be in the range of 3000 mg/day to
ensure absorption of sufficient calcium to offset obligatory
losses.

Figure 3 shows the calcemic rise above baseline in
healthy adults for a 500-mg calcium supplement source
ingested as part of a low-calcium breakfast. It illustrates
a number of features of calcium absorption: (i) a delay of
approximately 30 minutes before serum calcium begins to
rise, reflecting gastric residence time; (ii) peak calcemia at
3 to 5 hours after ingestion, indicating continuing absorp-
tive input throughout that period of time; (iii) a degree of
calcemia approximating a 1% rise for every 100 mg cal-
cium ingested, that is, a perturbation that is within the
usual normal range for serum calcium and hence effec-
tively undetectable outside of a research context; and (iv)
gradual return to baseline by 9 to 10 hours. Tracer studies
show that calcium absorption is effectively completed by
five hours after ingestion (5), and the slow fall to baseline
after the peak reflects offsetting declines in other inputs
into the ECE.

It is commonly considered that calcium salts must
be dissociated to be absorbed, and hence that solubility
predicts absorbability. However, this is probably incor-
rect. The pH of the digestate in the small intestine is close
to neutral, and it is likely that most of the digestate cal-
cium is complexed with prevailing anions in the digestate.

Active absorption (%)

Figure 2 Relationship of vitamin D-mediated, active calcium
absorption, calcium intake, and net calcium gain across the gut.
Each of the contours represents a different level of active absorp-
tion above a baseline passive absorption of 12.5%. (The values
along each contour represent the sum total of passive and vari-
able active absorption.) The horizontal dashed lines indicate 0
and 5 mmol/day net absorption, respectively. The former is the
value at which the gut switches from a net excretory to a net ab-
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sorptive mode, and the latter is the value needed to offset typical
urinary and cutaneous losses in mature adults. Source: Copyright
Robert P. Heaney, 1999. Reproduced with permission.
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Figure 3 Time course of the rise in serum calcium following a single oral
dose of a commercial calcium carbonate preparation (containing 500 mg
calcium) taken as part of a light, low-calcium breakfast. Error bars are 1 SEM.
Source: Copyright Robert P. Heaney, 2001, 2004; used with permission.

Aqueous solubility of calcium salts spanning 4 to 5 orders
of magnitude has been shown to have little or no effect on
absorbability if the calcium source is coingested with food
(6). Double-tracer studies have demonstrated absorption
of insoluble calcium complexes without prior dissociation
(7). Thorough dispersion of calcium salts among food par-
ticulates is probably more important than actual solubi-
lization. Additionally, continuous slow release of calcium
from the stomach, exposing the duodenal mucosa to only
small amounts of calcium at a time, substantially improves
absorption (Figure 4) (8).
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Figure 4 Time course of serum calcium tracer concentration following oral
dosing of 1000 mg tracer-labeled calcium, either as a single bolus dose
(“single”) or as 17 divided doses of 59 mg each (“multiple”) given over an
8-hour period. “Specific activity” is a measure of tracer concentration in the
calcium contained in a serum sample. Source: Copyright Robert P. Heaney,
2002; used with permission.

Excretion

Calcium leaves the body through unabsorbed digestive
secretions, through sweat and shed skin, hair, and nails,
and through urine (Fig. 1). In nonexercising adult humans
with typical calcium intakes, digestive calcium losses
amount to approximately 120 mg/day, cutaneous losses
amount to approximately 60 mg/day, and urinary
losses amount to approximately 120 mg/day, with
great individual variability around these figures. Only
the urinary loss is physiologically regulated by the
system controlling calcium homeostasis, and much of
even the urinary calcium represents obligatory loss,
that is, excretion determined by forces outside of the
calcium regulatory system (9), such as salt intake and
net endogenous acid production (as, for example, from
metabolism of S-containing amino acids). On average,
urine calcium rises by approximately 45 mg (1.1 mmol)
for every 1000 mg (25 mmol) increase in calcium intake.
This increase is a reflection of the small absorptive
calcemia (Fig. 3), which produces a corresponding rise in
the filtered load of calcium.

In adults, the primary purpose served by ingested
calcium is the offsetting of obligatory excretory losses,
thus protecting the skeletal reserves and thereby preserv-
ing their structural integrity. Ingested calcium, thus, does
not so much “go” to bone as prevents net removal of cal-
cium from bone.

INDICATIONS AND USAGE

Calcium is a nutrient and would normally be ingested as
a component of food. However, except for dairy foods,
modern diets, especially seed-based plant foods (which
are the basis of most contemporary diets), are calcium-
poor diets. Hence, for many individuals, achieving an ad-
equate calcium intake may be difficult without recourse
to supplements or calcium-fortified foods. (The latter are
effectively equivalent to taking a supplement along with
the otherwise unfortified food.)

Supplementation to Achieve Recommended

Intake Levels

Diets free of dairy foods typically contain no more than
200 to 300 mg calcium, far below currently recommended
intakes (Table 1). Supplementation (or fortification) will
often be required to meet optimal intake objectives.

Table 1 Estimated Average Requirements (EARs) for Calcium and the
Corresponding RDAs (mg/day)

Age range EAR RDA?
Infants, 7-12 mo 270 350
Children
1-3yr 500 600
4-8 yr 800 1000
Boys and girls, 9-18 yr 1300 1550
Men and women
19-50 yr 1000 1200
>50 yr 1200 1450

aUsing an estimated 10% coefficient of variation of individual requirements
around the population mean.
Source: From Ref. 10.



Since absorption efficiency is inversely proportional
to the logarithm of the ingested load (11), absorption is
maximized by a divided dose regimen (e.g., 3x per day;
Fig. 4). Also, because delivery of calcium to the absorptive
sites in the upper small intestine is optimized under meal
conditions, it is best to take calcium supplements with
meals. (N.B.: Fortified foods tend, automatically, to meet
both objectives.)

Preparations

The nutritional preparations of calcium include mainly
salts with such anions as carbonate, citrate, phosphate,
lactate, acetate, fumarate, and citrate-malate (CCM). In
addition, salts with gluconic acid may occasionally be
found, and calcium chelates with amino acids are also
marketed. The calcium content (i.e., “elemental” calcium)
varies from 40% for the carbonate salt to ~13% for CCM.
For phosphate binding in ESRD, the acetate salt is more
commonly used. In the United States, most preparations
come in the form of swallowable or chewable tablets, with
calcium contents ranging from 200 to 600 mg per tablet.

Bioavailability is approximately the same for all the
leading salts, although CCM and the chelates tend toward
the high end of the range and the gluconic acid salts to-
ward the low end. Absorbability of the salt is only very
weakly related to solubility, and gastric acid is not nec-
essary for calcium absorption if the supplement is taken
(as recommended) with meals. The most extensive, side-
by-side comparisons have involved the carbonate and cit-
rate salts, and the bulk of the evidence for such compar-
isons indicates approximately equal absorbability for the
two sources, with perhaps a slight edge for the carbonate
salt (12). Poor pharmaceutical formulation will impede
disintegration and hence impair absorption, a problem
encountered with many generic calcium supplement
products sold in the 1980s and early 1990s (13). For this
reason, preference should be given to supplements that
meet United States Pharmacopeia (USP) disintegration
standards, and, even better, to those that have demon-
strated bioavailability.

A growing variety of fortified foods has been avail-
able since 1999. As noted, fortification tends to improve
the nutritional value of low-calcium foods and, to some
extent, it can be thought of as equivalent to taking supple-
ments with meals. However, interactions between added
calcium and various food constituents during food pro-
cessing and storage may alter the absorbability character-
istics of the former. For example, it was noted during the
early days of juice supplementation that CCM was well
absorbed from orange and grapefruit juices, and even bet-
ter from apple juice, but poorly from lemon juice. These
differences could not have been predicted from what was
known of food chemistry. Hence, with fortified foods as
with supplements, actual bioavailability of the product
reaching the consumer should be demonstrated.

When calcium is added to beverages (such as orange
juice or soy beverage), an additional problem arises. Sol-
ubility of the principal calcium salts is relatively low, and
serving size portions of such beverages would not sus-
tain in solution more than a small fraction of the calcium
content of, say, a comparable serving of milk. Hence, such
fortification almost always requires physical suspension
of a particulate. In some beverages, this suspension is so
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poor that the calcium settles as a dense sludge at the bot-
tom of the beverage container and may, accordingly, not
be ingested at all (14).

Supportive Therapy as a Part of Antiosteoporosis
Pharmacotherapy

Current antiosteoporosis pharmacotherapy includes bis-
phosphonates, selective estrogen receptor modulators
(SERMs), estrogen, and anabolic agents such as the flu-
oride salts, PTH derivatives such as teriparatide, and
RANK-ligand antibodies and cathepsin-K inhibitors. All
have at least stabilization of bone mass as their goals.
Some of them, such as the bisphosphonates, can lead
to slow, steady-state bone gain (0.5-1.0% per year), and
the anabolic agents can produce as much as 8% to 10%
bone gain per year. To support this increase, especially for
the anabolic agents, calcium intake from diet must usually
be augmented by supplements. Optimal doses for calcium
during pharmacotherapy have not been established. How-
ever, all the bisphosphonates and SERMs have been tested
only with 500 to 1000 mg supplemental calcium, whereas
fluoride has been shown to produce bone hunger calling
for as much as 2500 mg of calcium per day. Only estrogen
has been studied with and without supplemental calcium,
and here the evidence is very clear: bony effects of estro-
gen are augmented two- to threefold, and estrogen dose
can be reduced by half if calcium intake is above 1000
mg/day (15,16). With the more potent anabolic agents, a
calcium phosphate preparation may be preferable, so as
to ensure an adequate intake of both of the components of
bone mineral and to compensate for the intestinal binding
of diet phosphorus by high-dose calcium supplementa-
tion. The high phosphorus loads of the phosphate salts
produce no adverse metabolic consequences, and calcium
phosphate supports bone anabolism fully as well as the
carbonate salts.

Ancillary Therapy for Prevention or Treatment of
Miscellaneous Disorders

Hypertension, pre-eclampsia, colon cancer, renolithia-
sis, premenstrual syndrome, polycystic ovary syndrome,
and obesity—all multifactorial disorders—have each been
shown to have a calcium-related component (3), and
for several of them, calcium supplementation has been
shown in randomized-controlled trials to reduce incidence
and/or severity. Optimal calcium intake for this protec-
tion has not been established for any of the disorders
concerned, but several threads of evidence indicate that
total intakes of 1200 to 1800 mg of calcium per day may
be sufficient. The role of calcium in these disorders has
been described earlier (see sections “intraluminal effects of
unabsorbed dietary calcium” and “off-loop effects of alter-
ations in calcium homeostasis”). Specific pharmacother-
apy of any of the disorders concerned should always be
accompanied by an adequate calcium intake, using sup-
plements if necessary.

CONTRAINDICATIONS

There are few, if any, true contraindications to calcium
supplementation. In general, supplementation moves
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contemporary intakes into the range that would have been
the Paleolithic standard, and hence helps to normalize
modern diets. However, patients receiving calcitriol ther-
apy or suffering from disorders such as sarcoidosis, in
which calcium absorption may be high, should not take
supplements except under medical supervision.

PRECAUTIONS AND ADVERSE REACTIONS

Calcium supplements may bind with tetracycline antibi-
otics and hence reduce their absorbability. The element has
also been reported to interfere slightly with thyroxin ab-
sorption. Hence, a person requiring both calcium and thy-
roid replacements should take them at different times of
the day or have plasma thyroxin and thyroid-stimulating
hormone (TSH) levels checked to ensure that the thyroid
dose produces the desired therapeutic effect. Both calcium
salts and high-calcium foods reduce absorption of non-
heme iron ingested at the same meal in unprepared sub-
jects. However, chronic supplementation studies show no
long-term deterioration in iron status in adults and no
interference with augmenting iron status during growth
(17). The single-meal tests that are used to demonstrate
this interference could not have detected physiological
upregulation of iron absorption.

Adverse reactions tend to be extremely rare and
mostly idiosyncratic. Although constipation is often said
to be a consequence of taking calcium carbonate, the evi-
dence is scant (18), and in several randomized-controlled
trials, the difference in degree of constipation between the
calcium- and placebo-treated groups has generally been
small and usually not statistically significant.

OVERDOSAGE

The Food and Nutrition Board of the Institute of Medicine,
in its 1997 recommendations, set a tolerable upper intake
level for calcium to be 2500 mg/day (9). However, it is im-
portant to note that there has never been a reported case of
overdosage of calcium from food sources, even at continu-
ing intakes over 6000 mg/day. Supplement intakes above
2500 mg/day are occasionally associated with a syndrome
similar to the milk alkali syndrome. The pathogenesis of
the hypercalcemia seen in this condition is complex, but
there is usually hypoperfusion of both the kidneys and the
skeleton, the two most important internal regulatory or-
gans for calcium. The condition can usually be managed
by giving attention to adequate hydration and mainte-
nance of blood flow to these critical organs. Except as sup-
port for the most potent osteoporosis pharmacotherapy, or
in management of the hyperphosphatemia of ESRD, there
is no known reason to use supplements at a dose above
2500 mg of calcium per day.

REGULATORY STATUS

Calcium supplements are regulated as foods in the United
States. Bioavailability is not a regulated characteristic of

marketed supplement products. Nevertheless, because of
pharmaceutical formulation and food matrix effects on
absorbability, bioavailability of different preparations of
the same salt (e.g., calcium carbonate) may vary over a
twofold range.
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Charles J. Rebouche

INTRODUCTION

L-Carnitine [known chemically as R(—)-B-hydroxy-v-
(N,N,N-trimethylammonio)butyrate; molecular weight:
161.2 g/mol] is a water-soluble quaternary amine that fa-
cilitates lipid metabolism. Only the L isomer is biologically
active. Humans acquire varying amounts of L-carnitine
from dietary sources, but a dietary requirement has not
been established. The goal of this chapter is to survey the
literature on the clinical findings on L-carnitine and its es-
ters acetyl-L-carnitine and propionyl-L-carnitine. Due to
space constraints, this is not an exhaustive review. Read-
ers are directed to the references for more information.

BIOCHEMISTRY AND FUNCTIONS

The human body synthesizes L-carnitine from the essen-
tial amino acids lysine and methionine in amounts that are
limited but adequate for the maintenance of normal health
(1). L-Carnitine participates in reversible transesterifica-
tion reactions, in which an acyl group is transferred from
coenzyme A to the hydroxyl group of L-carnitine (Fig. 1).
Acetyl-L-carnitine, propionyl-L-carnitine, and other esters
are biosynthesized in this manner. Carnitine and acetyl-L-
carnitine (and lesser amounts of other esters of carnitine)
are also obtained from the diet (1).

Transfer of Long-Chain Fatty Acids from Cytoplasm

into Mitochondria

Long-chain fatty acids, as free acids or coenzyme A es-
ters, cannot cross the mitochondrial inner membrane.
In contrast, long-chain acylcarnitine esters rapidly cross
this membrane, facilitated by a carrier protein, carnitine-
acylcarnitine translocase (CACT) (2). In the cytoplasm,
transesterification of long-chain fatty acids from coen-
zyme A to L-carnitine is catalyzed by carnitine palmitoyl-
transferase I (CPT I), an integral protein of the mitochon-
drial outer membrane. This enzyme serves as the primary
regulator in partitioning fatty acids toward oxidation in
mitochondria or triglyceride synthesis, and its activity is
regulated principally through inhibition by malonyl-CoA
(3). On the matrix side of the mitochondrial inner mem-
brane, the acyl group of the carnitine ester is transferred to
intramitochondrial coenzyme A and carnitine is released
(2). This reaction is catalyzed by carnitine palmitoyltrans-
ferase II (CPT II), an enzyme bound to the surface of the
membrane (2). L-Carnitine, either nonesterified or as a
short-chain acyl ester, may then exit the mitochondrion
via CACT (Fig. 2).
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Figure 1 Transesterification reaction between L-carnitine and coenzyme A.

Transfer of Chain-Shortened Fatty Acids from
Peroxisomes to Mitochondria

Very long-chain fatty acids are not metabolized in the mi-
tochondria. Instead, they enter peroxisomes and undergo
one or more B-oxidation cycles, leading to the genera-
tion of medium-chain acyl-CoA. These acyl groups are
then transesterified by carnitine octanoyltransferase for
export from the mitochondria (2). Medium-chain acylcar-
nitine esters exported from peroxisomes are transported
into mitochondria by CACT, and the acyl moieties are
transesterified to coenzyme A and oxidized (Fig. 2) (2).

Modulation of the Acyl-CoA/CoA Ratio

in Cellular Compartments

Coenzyme A participates in many metabolic processes in
the cellular cytoplasm and organelles. However, neither
coenzyme A nor its thioesters can cross the membranes
separating these compartments. Thus, in each compart-
ment, sufficient nonesterified coenzyme A must be made
available to maintain metabolic activities in that part of
the cell. Because of its ability to be transported across
organelle membranes and undergo rapid transesterifica-
tion with coenzyme A, L-carnitine facilitates availability
of adequate amounts of the deacylated coenzyme. In mi-
tochondria, the amount of acetyl-CoA generated from
rapid B-oxidation of fatty acids or carbohydrate utilization
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may exceed the capacity of the citric acid cycle to re-
lease the coenzyme. Transesterification of acetyl units to
L-carnitine, catalyzed by carnitine acetyltransferase
(CAT), frees intramitochondrial coenzyme A for partici-
pation in subsequent cycles of substrate utilization (3,4).
Lowering of the acetyl-CoA/CoA ratio stimulates pyru-
vate oxidation, secondary to an increase in pyruvate de-
hydrogenase complex activity (4). Acetyl-L-carnitine can
be removed from the mitochondrion via CACT for use in
the cytoplasm, for export and use in other cells or tissues,
or for excretion (3,4). This function has long been viewed
primarily as a means to dispose of acetyl units from mito-
chondria. However, export of acetyl-L-carnitine from some
cells and tissues (e.g., liver and kidney) may be important
for supply of this metabolite to other tissues (e.g., brain),
where it may have specific functions in addition to its
use as a substrate for energy production. Moreover, by
modulating the intramitochondrial acetyl-CoA/CoA ra-
tio, L-carnitine plays a significant role in regulating glu-
cose metabolism in skeletal muscle and heart (4).

Membrane Phospholipid Remodeling

L-Carnitine and extramitochondrial CPT are impor-
tant modulators of long-chain fatty acid utilization for
membrane phospholipid biosynthesis and remodeling.
L-Carnitine acts as a reservoir of long-chain fatty acids
for incorporation into erythrocyte membrane phospho-
lipids during repair after oxidative insult (2) and for
use in the synthesis of dipalmitoylphosphatidylcholine,
the major component of surfactant, in lung alveolar
cells (2).

Other Reported Actions of L-Carnitine and/or Its Acetyl
and Proponyl Esters

L-Carnitine may mimic some of the actions of gluco-
corticoids in vivo. In HeLa cells, L-carnitine reduces
glucocorticoid receptor-a affinity for its steroid ligand and
triggers nuclear translocation of the receptor (5). It sup-
presses glucocorticoid receptor-mediated tumor necrosis
factor-a and interleukin-12 release by human primary



monocytes stimulated with lipopolysaccharide ex vivo
(5). All of these effects of L-carnitine are concentration
dependent. In rats and mice, L-carnitine is found to
markedly suppress liposaccharide-induced cytokine pro-
duction, improving their survival during cachexia and
septic shock (5). In humans, L-carnitine supplementation
of surgical and AIDS patients decreased serum tumor
necrosis factor-a concentration (5). Glucocorticoids also
increase the expression and activity of urea cycle enzymes.
Hyperammonemia associated with chronic valproic acid
therapy and with several inborn errors of metabolism,
including CACT deficiency and medium-chain acyl-CoA
dehydrogenase deficiency, is attenuated by L-carnitine
administration. It has been experimentally found that
L-carnitine supplementation protects against lethal am-
monia intoxication in mice (6). One suggested mechanism
for these effects of L-carnitine is increased synthesis and
activity of urea cycle enzymes, a process also responsive to
glucocorticoids.

L-Carnitine is a peripheral antagonist of thyroid hor-
mone action in some tissues (7). It inhibits thyroid hor-
mone entry into cell nuclei. In a controlled clinical trial,
L-carnitine was shown to reverse or prevent some symp-
toms of hyperthyroidism (7).

Acetyl-L-carnitine may directly or indirectly reverse
age-associated mitochondrial decay (8). It acts as a chap-
erone to protect macromolecules, including CAT, from
structural alteration and/or loss of function. Acetyl-L-
carnitine partially reverses age-associated loss of mito-
chondrial membrane potential and decline in membrane
cardiolipin concentration, and protects against oxidative
damage to mitochondrial DNA (8).

L-Carnitine inhibits arachidonic acid incorpora-
tion into platelet phospholipids, agonist-induced arachi-
donic acid release, and arachidonic acid-induced NADPH
(nicotinamide adenine dinucleotide phosphate)-oxidase
activation (9). It has been proposed and some evidence
has been obtained to support this notion that acetyl-
L-carnitine stimulates or upregulates expression of heat
shock proteins, redox-sensitive transcription factors, and
sirtuins that protect against oxidative cellular damage (10).
These actions may be particularly important in modulat-
ing the aging process and in slowing the progression of
neurodegenerative diseases.

PHYSIOLOGY

Dietary Intake and Biosynthesis

Meat, fish, chicken, and dairy products are rich sources of
dietary L-carnitine (1). Plant-derived foods contain very
small amounts of the substance. Most commercially avail-
able infant formulas contain L-carnitine, either provided
from the milk component or supplemented, as in the
case of soy-protein-based formulas. There is no recom-
mended dietary allowance or dietary reference intake for
L-carnitine.

In mammals, L-carnitine is synthesized from
e-N-trimethyllysine, which is derived from post-
translationally methylated lysine residues in proteins, and
protein turnover (1). In normal humans, the rate of syn-
thesis is estimated to be approximately 1.2 pmol/kg body
weight/day (1). The rate of L-carnitine biosynthesis is reg-
ulated by the availability of e-N-trimethyllysine. Thus,
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conditions that increase protein methylation and/or pro-
tein turnover may increase the rate of L-carnitine biosyn-
thesis (1).

Bioavailability

Dietary L-carnitine may be absorbed through active or
passive mechanisms. Evidence from several in vivo and
in vitro studies indicates that L-carnitine is actively trans-
ported from the small intestinal lumen into enterocytes
(11). However, the preponderance of data suggests that
intracellular L-carnitine in the intestinal mucosa does not
cross serosal membranes by an active transport mecha-
nism. Absorption of dietary L-carnitine and L-carnitine
supplements appears to occur primarily by passive dif-
fusion (11). In humans, approximately 54% to 87% of di-
etary L-carnitine is absorbed, depending on the amount
in the diet. The bioavailability of dietary supplements
(0.6-4 g/day) is 15% to 20% (11,12). Unabsorbed
L-carnitine is degraded by microorganisms in the large in-
testine. Major metabolites identified are trimethylamine
oxide in urine and vy-butyrobetaine in feces (11,12).
Bioavailability of oral acetyl-L-carnitine has not been stud-
ied in normal healthy humans.

Distribution in Tissues, Fluids, and Cells

L-Carnitine and acylcarnitine esters are present in all tis-
sues. In most tissues and cells, they are present in higher
concentration than in the circulation. For example, in hu-
man skeletal muscle and liver, respectively, nonesterified
L-carnitine is concentrated 76-fold and 50-fold from that
in serum (estimated from data in Ref. 13).

Tissue Accumulation

L-Carnitine and acetyl-L-carnitine are concentrated in
most tissues via high-affinity, Nat-dependent organic
cation transporter OCTN2 (14). K; for L-carnitine bind-
ing is 3 to 5 wM; OCTN2 binds acetyl-L-carnitine and
propionyl-L-carnitine with comparable affinity. This pro-
tein is highly expressed in heart, placenta, skeletal mus-
cle, kidney, pancreas, testis, and epididymis and weakly
expressed in brain, lung, and liver. L-Carnitine entry
into the liver occurs via a low-affinity (K = 5 mM)
transporter, probably distinct from OCTN2. Several other
L-carnitine transporters have been identified, including
OCTN1, OCTN3, and ATB%*, and Oat9S (2,15). Specific
roles for these transporters in carnitine metabolism in hu-
mans have not been determined.

Homeostasis, Renal Reabsorption, and Excretion

Circulating L-carnitine concentrations are maintained
at a fairly constant level of around 50 wM, predom-
inantly through efficient reabsorption by the kidney
(11). At a filtered load of 50 pmol/L, the efficiency of
L-carnitine and acylcarnitine ester reabsorption is 90% to
98%. However, as the filtered load of L-carnitine increases,
for example, after consumption of a dietary supplement
or after intravenous infusion, the efficiency of reabsorp-
tion declines rapidly. Physiologically, the efficiency of
L-carnitine reabsorption is sensitive to the amount in the
diet as well as the differences in the macronutrient con-
tent of the diet. Clearance of acylcarnitine esters is often
higher than that of nonesterified L-carnitine. Experimental
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studies have shown that in rats and humans, kidneys
are able to synthesize acetyl-L-carnitine from L-carnitine
and either acetoacetate or B-hydroxybutyrate, and that
L-carnitine, acetyl-L-carnitine, and y-butyrobetaine (also
synthesized in human kidneys) are secreted from mucosal
cells into the tubular lumen (11). Because the kinetics of
transport of these metabolites by the sodium-dependent
L-carnitine transporter are not different, the relative pro-
portions appearing in urine reflect not only those in the
glomerular filtrate but also those in the renal tubular ep-
ithelium that are secreted into the lumen. Thus, under
conditions of rapid intracellular synthesis of acylcarnitine
esters or direct accumulation from the circulation, secre-
tion of these species will lead to a higher proportion of
acylcarnitine esters in urine compared to that in the cir-
culation. By inference, kidneys may be substantially in-
volved in the regulation of circulating acylcarnitine ester
concentrations (11).

L-CARNITINE DEFICIENCIES

L-Carnitine deficiency is defined biochemically as ab-
normally low concentration (<20 pM) of nonesterified
L-carnitine in plasma (2). A concentration ratio of acyl-
carnitine esters/nonesterified L-carnitine of 0.4 or greater
in plasma is also considered abnormal. Nutritional
L-carnitine deficiency has not been shown to occur in the
absence of other mitigating factors (2).

Primary L-carnitine deficiency occurs as a result of
defects in the gene coding for the plasma membrane
L-carnitine transporter OCTN2 (16). Characteristic fea-
tures of this disease are cardiomyopathy, hypoketotic hy-
poglycemia, and muscle weakness. Secondary carnitine
deficiency occurs in association with genetic diseases of
organic acid metabolism and in genetic diseases involving
defects in fatty acid oxidation. Secondary carnitine defi-
ciency has been described in patients with end-stage renal
disease requiring maintenance hemodialysis. Secondary
carnitine deficiency has been observed during chronic use
of drugs, including valproic acid, cisplatin, ifosfamide, zi-
dovudine, and pivalic acid-containing prodrugs (17-20).

INDICATIONS AND USAGE

L-Carnitine, acetyl-L-carnitine, and/or propionyl-L-
carnitine may be used for replacement therapy to
restore normal carnitine concentrations and/or abnormal
nonesterified-to-esterified carnitine ratio. They may be
used as supplements to increase the carnitine load of
the body and/or increase the flux of carnitine among
compartments. In some conditions, both replacement
therapy and supplementation are appropriate. For pri-
mary and some secondary carnitine deficiencies (see
earlier), L-carnitine is used for replacement therapy.

L-Carnitine Supplementation in Neonatal Nutrition

L-Carnitine has been described as a conditionally essen-
tial nutrient for infants. For the last 25 years, commercial
enteral infant formula products have included L-carnitine,
where necessary, to achieve an L-carnitine concentration
similar to that in human milk (~60 wmol/L). Bovine milk-

based formulas typically contain a higher concentration
of L-carnitine than does human milk. On the other hand,
premature infant formulas, both enteral and parenteral,
typically do not include L-carnitine at the time of manu-
facture, but are sometimes supplemented at the time of
use. The rationale for supplementation is twofold: Infants
utilize lipids as a primary source for energy and growth af-
ter birth, requiring a high rate of mitochondrial oxidation,
and the concentration of L-carnitine in infant circulation
and tissues typically is lower without supplementation
than in infants fed human milk or formulas containing
carnitine. Studies in premature infants typically have fo-
cused on the effect of L-carnitine supplements on growth
rate and morbidity, with mixed results. In one double-
blind, placebo-controlled, randomized trial of L-carnitine
supplementation in premature infants 28 to 34 gesta-
tional weeks of age at birth, no differences in two-week
weight gain over 8 weeks were observed between supple-
mented and nonsupplemented infants (21). More recently,
in another prospective, randomized, placebo-controlled,
double-blinded study, 29 premature neonates received
carnitine supplementation (20 mg/kg body weight/day)
or placebo for up to eight weeks. Supplemented neonates
regained their birth weight more rapidly than placebo
group neonates, indicating that L-carnitine supplemen-
tation may promote more rapid catch-up growth (22). An
extensive review of these and many more relevant stud-
ies has been published (23). For infants expected to be on
parenteral nutrition for seven days or longer, supplemen-
tation with L-carnitine 10 to 20 mg/kg body weight/day,
given intravenously or orally, is recommended (23).

L-Carnitine Replacement Therapy and Supplementation
in End-Stage Renal Disease

Regular L-carnitine supplementation in hemodialysis pa-
tients can improve lipid metabolism, antioxidant status,
and anemia requiring erythropoietin and may reduce inci-
dence of intradialytic muscle cramps, hypotension, asthe-
nia, muscle weakness, and cardiomyopathy (24,25). The
recommended dosage is 50 mg/kg body weight/day, to a
maximum of 3 g/day.

L-Carnitine and Propionyl-L-Carnitine Supplementation
for Cardiac Ischemia, Congestive Heart Failure,
Cardiomyopathy, and Peripheral Arterial Disease
Experimental studies have shown L-carnitine to be an
effective antianginal agent that reduces ST-segment de-
pression and left ventricular end-diastolic pressure during
stress in patients with coronary artery disease (25). Car-
dioprotective effects of L-carnitine have been observed fol-
lowing aortocoronary bypass grafting and following acute
myocardial infarction. Carnitine administration initiated
early after acute myocardial infarction attenuated left ven-
tricular dilation and resulted in smaller left ventricular
volumes (25).

L-Carnitine deficiency syndromes sometimes
present with dilated cardiomyopathy and are often
effectively treated with L-carnitine (26). Thus, it was sug-
gested that cardiomyopathy progressing to congestive
heart failure but not associated with inherited L-carnitine
deficiency might respond to L-carnitine supplementation.
A large-scale clinical trial of L-carnitine supplementation



versus placebo in 574 patients with heart failure produced
promising results with regard to improvement in maxi-
mum duration of exercise, but other endpoints, including
death and hospital admissions during the follow-up
period, were not different between treatment groups
(26). Utility of L-carnitine supplements for congestive
heart failure not associated with inherited L-carnitine
deficiency remains debatable (26,27).

Peripheral arterial disease is a common manifesta-
tion of atherosclerosis and is associated with reduced arte-
rial circulation in the lower extremities. In five large, ran-
domized, double-blind, placebo-controlled studies, with
long duration of therapy, and three short-duration stud-
ies, propionyl-L-carnitine supplementation (1-3 g/day,
orally) for up to one year improved initial claudication
distance (distance walked before muscular symptoms ap-
peared) and absolute claudication distance (distance at
which patient stopped walking due to muscular cramps)
(28). Quality of life outcomes were also improved with
propionyl-L-carnitine treatment relative to placebo. Ex-
perimental and clinical studies suggest that the improve-
ments observed in clinical trials are due to protection
by propionyl-L-carnitine from the effects of oxidative
stress and inflammation in ischemic tissue endothelium
(28), as well as due to increased blood flow result-
ing from endothelium-dependent vasodilation elicited by
propionyl-L-carnitine (29).

L-Carnitine Supplementation for Exercise Performance
and Weight Reduction

L-Carnitine supplementation has been suggested to im-
prove exercise performance in healthy humans. Proposed
mechanisms include enhanced muscle fatty acid oxida-
tion, altered glucose homeostasis, enhanced acylcarnitine
production, modification of training responses, and al-
tered muscle fatigue resistance (30). A review of published
studies has led to the conclusion that L-carnitine supple-
ments do not improve exercise performance in healthy hu-
mans (30-33). On the other hand, in conditions where the
nonesterified L-carnitine concentration of skeletal muscle
may be significantly reduced, such as in peripheral arterial
disease and end-stage renal disease, L-carnitine supple-
mentation has afforded some benefit to muscle function
and exercise performance (33).

In a double-blind, placebo-controlled, crossover de-
sign clinical trial, oral administration of 4.5 g of propionyl-
L-carnitine (as glycine propionyl-L-carnitine) to trained
athletes significantly enhanced peak power production
in resistance-trained males with significantly lower lac-
tate accumulation (34). The incremental differences in
power production were modest and were observed only
after repeated short-duration Wingate cycle sprints. How-
ever, it is noted that, particularly for elite athletes, mod-
est enhancement in performance can be highly significant
in outcomes in competitive sports. Propionyl-L-carnitine
may be more effective in enhancement of exercise per-
formance than L-carnitine, because of its ability to in-
crease nitric oxide production and vasodilation. Moreover,
propionyl-L-carnitine may enhance citric acid cycle activ-
ity by providing propionyl units that can be converted to
succinate.
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Because of its role in facilitating fatty acid oxida-
tion, L-carnitine has been suggested to aid in weight loss
regimes. Two facts argue against this. First, there is no
evidence that it facilitates, directly or indirectly, mobiliza-
tion of fatty acids from adipose tissue. Second, in normal
humans, the intracellular concentration of L-carnitine is
not rate-limiting for transesterification of fatty acids by
CPT I. Adding an increment of L-carnitine will not in-
crease the rate at which this reaction occurs. There is no
scientific evidence that L-carnitine supplements facilitate
weight loss in humans.

L-Carnitine and Acetyl-L-Carnitine Replacement Therapy
and Supplementation for Chronic Fatigue

L-Carnitine may improve symptoms of fatigue in humans.
Use of the cancer chemotherapeutic agents cisplatin and
ifosfamide is associated with fatigue. In a prospective,
open-label study, improvement of symptoms of fatigue
was observed in 50 nonanemic patients following
L-carnitine supplementation to the chemotherapeutic
regimen of cisplatin or ifosfamide (35). However, in a sub-
sequent randomized, double-blind, placebo-controlled
trial, no improvement in measures of fatigue was ob-
served as a result of L-carnitine supplementation (36).
The study included an open-label phase, in which fatigue
symptoms did show some improvement with L-carnitine
supplementation.

Chronic fatigue syndrome (CFS) in humans was
found to be associated with low circulating acetyl-L-
carnitine concentration and decreased accumulation in
several brain regions (37). It has been suggested that
acetyl-L-carnitine helps maintain neuronal metabolic ac-
tivity by promoting glucose and lactate uptake and uti-
lization through its role as a precursor of glutamate in
neurons (38). In a randomized, open-label study of 30
patients with CFS, acetyl-L-carnitine and propionyl-L-
carnitine showed beneficial effects on fatigue and atten-
tion concentration (39).

Acetyl-L-Carnitine Supplementation for Depression and
Cognitive Function in the Elderly

Acetyl-L-carnitine appears to have specific and perhaps
unique roles in brain metabolism. Animal studies and
in vitro experiments suggest that this agent has promise
in slowing or reversing memory and cognition decline
as well as the decline in physical performance that nor-
mally occurs in the process of aging. In studies of the
elderly, patients with depressive syndrome scored signifi-
cantly lower on the Hamilton Rating Scale for Depression
(modified for the elderly) following supplementation with
acetyl-L-carnitine (40). Older subjects with mild mental
impairment had improved scores on cognitive perfor-
mance tests following such supplementation (41). A meta-
analysis of the efficacy of acetyl-L-carnitine in mild cog-
nitive impairment and mild Alzheimer disease included
all identified double-blind, placebo-controlled, prospec-
tive, parallel-group studies using treatment doses of 1.5
to 3.0 g/day of acetyl-L-carnitine that were conducted be-
tween 1983 and 2000 (42). This analysis showed a signifi-
cantadvantage for acetyl-L-carnitine compared to placebo,
with beneficial effects observed on both clinical scales and
psychometric tests. The benefit of supplement use was
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observed for three months, and it was found to increase
over time. The typical usage recommended by vendors is
1to 3 g/day.

L-Carnitine Supplementation in Liver Dysfunction with
Hyperammonemia

Hyperammonemia occurs in some inborn errors of
metabolism and as a result of drug- or toxicant-induced
hepatotoxicity. Mortality and metabolic consequences
of acute ammonium intoxication in mice are reduced
by pharmacologic administration of L-carnitine (6). The
mechanism for this effect may have two components.
L-Carnitine administration normalizes the redox state
of the brain (perhaps by increasing the availability of
B-hydroxybutyrate and /or acetyl-L-carnitine to the brain),
and it increases the rate of urea synthesis in the liver,
perhaps, in part, by activation of the glucocorticoid re-
ceptor. At least part of the protective effect is associ-
ated with flux through the carnitine acyltransferases, as
analogs of L-carnitine that are competitive inhibitors of
carnitine acyltransferases enhance the toxicity of acute
ammonium administration (6). Thus, it has been proposed
that L-carnitine increases urea synthesis in the liver by fa-
cilitating fatty acid entry into mitochondria, leading to in-
creased flux through the B-oxidation pathway, an increase
of intramitochondrial reducing equivalents, and enhance-
ment of ATP production (6). Carnitine supplementation
may benefit individuals with hepatic dysfunction due to
inborn errors of metabolism or chemical intoxication.

L-Carnitine and Acetyl-L-Carnitine Replacement Therapy
and Supplementation in Diabetes

L-Carnitine infusion improves insulin sensitivity in
insulin-resistant diabetic patients (43). Glucose oxidation
is increased during L-carnitine administration, concur-
rent with lower plasma concentration of lactate. These
observations suggest that L-carnitine activates normally
depressed pyruvate dehydrogenase activity in insulin-
resistant patients (43). Intravenous administration of
acetyl-L-carnitine increases glucose disposal in Type 2 di-
abetic patients (44). Such administration appears to pro-
mote storage of glucose as glycogen, rather than increase
in glucose oxidation (44).

L-Carnitine and Acetyl-L-Carnitine Replacement Therapy
and Supplementation in HIV Infection

L-Carnitine and acetyl-L-carnitine ester concentrations are
below normal in some human immunodeficiency virus
(HIV)-infected patients undergoing antiretroviral therapy
(45). L-Carnitine administration as part of antiretroviral
therapy with either zidovudine or didanosine reduced
lymphocyte apoptosis and oxidant stress compared to the
antiretroviral regimens without L-carnitine (46).

L-Carnitine and Acetyl-L-Carnitine Supplementation in
Male Reproductive Dysfunction

L-Carnitine and/or acetyl-L-carnitine supplementation
may be beneficial in men with oligoasthenospermia, a con-
dition in which low sperm count is associated with low
sperm motility. Epididymal fluid contains the highest con-
centration of L-carnitine in the human body. L-Carnitine is
secreted from the epithelium into epididymal plasma via

a testis-specific carnitine transporter (47). The very high
concentration of L-carnitine in epididymal fluid provides
for passive diffusion of L-carnitine into spermatozoa dur-
ing transit and maturation through the epididymis. Ma-
ture spermatozoa acetylate L-carnitine to generate a pool
of intracellular acetyl-L-carnitine (48). In semen obtained
from 101 men with normal or abnormal spermiograms,
concentrations of L-carnitine and acetyl-L-carnitine cor-
related positively with the number of spermatozoa, the
percentage of motile spermatozoa, and the percentage of
normal cells (49). A meta-analysis comparing L-carnitine
and/or acetyl-L-carnitine to placebo treatment and includ-
ing nine randomized, controlled clinical trials revealed
significant improvements in pregnancy rate, total sperm
motility, forward sperm motility, and presence of atypical
sperm cells (50). The benefits of L-carnitine and acetyl-L-
carnitine may be due to increased mitochondrial fatty acid
oxidation, resulting in improvement in motility epididy-
mal sperm, as well as due to the putative antiapoptotic
effect(s) of carnitine in the testes (51).

ADVERSE EFFECTS

Transient diarrhea, nausea, vomiting, abdominal cramps,
and/or “fish-odor syndrome” have been noted in rare
cases after consumption of 2 to 6 g of L-carnitine (52).

COMPENDIAL/REGULATORY STATUS

L-Carnitine is approved as a pharmaceutical by the U.S.
Food and Drug Administration for treatment of pri-
mary systemic carnitine deficiency, as well as for acute
and chronic treatment of patients with inborn errors
of metabolism that result in secondary carnitine defi-
ciency (e.g., medium-chain acyl-CoA dehydrogenase de-
ficiency, glutaric aciduria, Type 2 diabetes, methylmalonic
aciduria, and propionic acidemia) (52). L-Carnitine is also
approved, by the U.S. Food and Drug Administration, as
a pharmaceutical for the prevention and treatment of car-
nitine deficiency in patients with end-stage renal disease
who are undergoing dialysis (52).

CONCLUSION

L-Carnitine and esters of L-carnitine have a proven, es-
sential role in cellular fatty acid metabolism. Beyond that,
numerous other functions have been suggested by physi-
ological and pharmacological studies in experimental an-
imals and in humans. These include, but are not lim-
ited to, antioxidant and antiapoptotic properties, a role
in membrane lipid remodeling, and modulation of gene
expression. Identification of and evidence for these puta-
tive functions have led to hypotheses concerning a role for
L-carnitine and its esters in promotion of physiologi-
cal function (e.g., exercise performance), in prevention,
slowing, or attenuation of progressive alteration or loss
of physiological function (e.g., cognitive function in ag-
ing, cardiac or liver dysfunction, and male reproduc-
tive dysfunction). In some cases, establishment of a posi-
tive role for L-carnitine supplementation through blinded,



randomized clinical trials has been hampered by lack
of accessibility of definitive, quantitative endpoint(s),
and/or by the requirement for large sample sizes to de-
tect small but meaningful physiological or pathological
differences in a heterogeneous population. Nevertheless,
it seems likely that new data will emerge from well-
designed clinical trials to provide definitive answers re-
garding the efficacy of L-carnitine and/or its esters sup-
plementation to promote better health and function in the
human population.
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[3-Carotene

Elizabeth J. Johnson and Robert M. Russell

INTRODUCTION

B-Carotene (molecular formula: C4Hsg) is a fat-soluble
plant pigment found in red, orange, and yellow vegetables
and fruits. B-Carotene is converted to vitamin A (retinal,
retinol, and retinoic acid), when it is in short supply in
the body. It is an antioxidant—a compound that blocks
the action of activated oxygen molecules that can damage
cells. Dietary intake of foods containing (-carotene has
been associated with cancer prevention. However, there
is not enough evidence to support this. In fact, high-dose
B-carotene supplementation may increase the risk of lung
cancer among people already at high risk, such as smokers.

BIOCHEMISTRY AND FUNCTIONS

B-Carotene belongs to a large class of plant pigments re-
ferred to as carotenoids. It is made up of eight isoprene
units that are cyclized at each end of the molecule. B-
Carotene functions in plants and in photosynthetic bacte-
ria as an accessory pigment in photosynthesis and protects
against photosensitization in animals, plants, and bacte-
ria. In humans, the only known function of B-carotene is
its vitamin A activity. Other possible actions in humans
include antioxidant activity, immunoenhancement, inhi-
bition of mutagenesis and transformation, inhibition of
premalignant lesions, and decreased risk of some cancers
and some cardiovascular events. In the skin, B-carotene
has been found to have protective effects against solar ra-
diation damage. However, two human intervention stud-
ies that used high-dose B-carotene supplements reported
an increased risk for lung cancer among smokers (1,2).
In vitro and in vivo studies suggest the potential chemo-
preventive activity of B-carotene; that is, -carotene itself
may act as an anticarcinogen, but its oxidized products,
which appear when B-carotene is present in tissue at high
concentration, may facilitate carcinogenesis (3).

ABSORPTION AND METABOLISM

Because B-carotene is fat soluble, it follows the same
intestinal absorption pathway as dietary fat. Release of
B-carotene from the food matrix and its dissolution in
the lipid phase are the important initial steps in the ab-
sorption process. 3-Carotene is thought to be absorbed by
the small intestinal mucosa via a passive, diffusion pro-
cess. It is taken up by the mucosa of the small intestine
and packaged into triacylglycerol-rich chylomicrons and
is partly converted to vitamin A by a specific enzyme,
B-carotene 15,15"-oxygenase (also known as carotene
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mono-oxygenase or CMOI), in the intestinal mucosa. Both
B-carotene and vitamin A (primarily as retinyl esters) are
incorporated into chylomicrons and secreted into lymph
for transport to the liver. A second cleavage enzyme
(CMOII) cleaves B-carotene eccentrically at the 9'-10" po-
sition to yield B-apo-10'-carotenal and B-ionone. The sig-
nificance of this reaction is uncertain, but it is clear that
CMOII is a minor player with respect to the formation of
vitamin A. Additional random oxidative cleavage at sev-
eral double bonds in the polyene chain of B-carotene can
also occur when there is not an adequate supply of antiox-
idants, for example, vitamin E. However, enzymatic cen-
tral cleavage by CMOII plays the major role in 3-carotene
breakdown under normal conditions. In conditions of ox-
idative stress (e.g., smoking or diseases associated with ox-
idative stress) or when high concentrations of B-carotene
are present, both central and random cleavage may occur
(Fig. 1) (4).

The delivery of B-carotene to extrahepatic tissue
is accomplished through the interaction of lipoprotein
particles with receptors and the degradation of lipopro-
teins by extrahepatic enzymes such as lipoprotein lipase.
B-Carotene is present in a number of human tissues, in-
cluding adipose, liver, kidney, adrenal gland, and testes
and is one of the major carotenoids in human diet, serum,
and tissues.

In fasting serum, B-carotene is found primarily in
low-density lipoproteins (LDL), but appreciable amounts
are also found in high-density lipoproteins (HDL) (5-7).
B-Carotene, being lipophilic, is located in the core of
lipoproteins, which may explain why there is little transfer
among them.

The concentration of B-carotene in human serum
is highly variable and depends on a number of factors,
including B-carotene intake, efficiency of absorption, and
other components of the diet.

BIOAVAILABILITY

The bioavailability of a carotenoid is considered to be the
fraction of ingested carotenoid utilized for normal phys-
iological functions or storage. Information on carotenoid
bioavailability is based largely on serum levels after in-
gestion. The bioavailability of B-carotene from food, con-
centrated extracts, or synthetic products is quite vari-
able. Several human studies have reported on the serum
response to B-carotene supplements. Factors that affect
B-carotene bioavailability include vehicle type (supple-
ment vs. food: processed vs. unprocessed food) and di-
etary factors (amount of B-carotene, fat, and fiber) (8).
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Figure 1 3-Carotene conversion to vitamin A (retinal, retinol, and retinoic acid). Central cleavage by carotene monooxygenase or CMOI between bonds 15 and
15’ forms retinal directly. A second cleavage enzyme (CMOII) cleaves [3-carotene excentrically at the 9'-10" position. Cleavage at other bonds forms apocarotenals
(CHO). Apocarotenals may be oxidized to apocarotenoic acids (-COOH), which could form retinoic acid. Apocarotenals may be oxidized to apocarotenoic acids

(-COOH), which could form retinoic acid.

Compared with carrots (a source of B-carotene),
supplements suspended in oil or in water from gelatin-
stabilized beadlets (the form used in the major clinical
trials) raise the plasma concentration approximately six-
fold. This may be because a pure form of B-carotene does
not need to be released from a food matrix for intestinal
absorption. B-Carotene may have twice the bioavailability
from fruits compared with green leafy vegetables. The per-
centage absorption of a single dose of B-carotene (45 mg
to 39 mg) has been reported to range from 9% to 22%
(9-11), but the absorption efficiency decreases as the
amount of carotenoids in the diet increases (12-15). Ab-
sorption of B-carotene at dosages greater than 20 to 30 mg
is very limited because of the factors such as solubility (16).

Cooking and mechanical homogenization increase
the bioavailability of carotenoids from foods. The mech-
anism by which this occurs is most likely the disrup-
tion of the food matrix to release the carotenoid from
the matrix and from protein complexes. For example,
the plasma response of B-carotene has been reported to
be three times greater in spinach and carrots that were
pureed and thermally processed than it was when these
vegetables were consumed in raw, large pieces (17). Al-
though dietary fat facilitates the absorption of B-carotene,
the amount of dietary fat does not affect the postpran-
dial increases in plasma [B-carotene concentrations, as
long as there is some fat in the diet (18). However, when

B-carotene is given in the absence of fat, no detectable
change in serum level occurs (19). Studies involving daily
supplementation with high-dose B-carotene on plasma
concentrations of other carotenoids for several years find
no overall adverse effect on plasma concentrations of
other carotenoids (20). The B-carotene: vitamin A (retinol)
equivalency ratio of a low dose (<2 mg) of purified B-
carotene in oil is approximately 2:1. The water miscible
form of B-carotene is presumed to be better absorbed than
the carotenoid in oil and, therefore, may have a more
efficient (i.e., lower) conversion ratio. However, the ef-
ficiency of absorption of B-carotene in food is lower than
that of B-carotene in oil. The Institute of Medicine of the
National Academy of Sciences proposes that 12 mg of
B-carotene in food has the same vitamin A activity as
1 mg retinol (21).

INDICATIONS AND USAGE

Food Sources

B-Carotene is the most widely studied carotenoid and
is one of the major carotenoids in our diet and in hu-
man blood and tissues (22,23). Major sources of dietary
B-carotene include green leafy vegetables as well as or-
ange and yellow fruits and vegetables (Table 1) (24). How-
ever, the bioavailability of B-carotene from green leafy



Table 1 (3-Carotene Content of Foods (24)

Food Content (mg/100 g wet weight)?
Carrots, raw 7.9
Carrots, cooked 9.8
Apricots, raw 35
Apricots, dried 17.6
Cantaloupe, raw 3.0
Kale 4.7
Pepper, red 2.2
Pumpkin 3.1
Spinach, raw 4.1
Spinach, cooked 5.5
Sweet potato, cooked 8.8
Winter squash, cooked 2.4

aEdible portion.

vegetables such as spinach is thought to be low with a
conversion factor of carotene to retinol of 20:1, whereas
the conversion factor from fruit may be somewhat better
(on the order of 12:1) (25). As discussed above, factors
other than food vehicle are thought to be important in the
bioavailability of -carotene. These include cooking, chop-
ping, and the presence of dietary fat, all of which improve
the bioavailability (17,26). Of the 50 different carotenoids
that can be metabolized into vitamin A, B-carotene has
the highest provitamin A activity. Genetically engineered
“Golden Rice” contains up to 35 ug of B-carotene per
gram rice (27), with a the conversion factor of Golden Rice
B-carotene to retinol in adults of 3.8:1, with a range of 1.9
6.4:1 by weight. Typical dietary intakes of B-carotene in
the United States are 0.5 to 6.5 mg/day (28-30). However,
intakes much higher than this are possible through over-
the-counter supplements, which are commonly available
in health food stores in doses of 3 to 20 mg/capsule.

Recommended Intakes
Although at present no dietary reference intakes (DRIs)
are proposed for B-carotene, existing recommendations
for increased consumption of carotenoid-rich fruits and
vegetables are supported. Based on the evidence that -
carotene supplements have not been shown to provide
any benefit for the prevention of major chronic diseases
and may cause harm in certain subgroups (e.g., smok-
ers and asbestos workers), it is concluded that B-carotene
supplements are not advisable other than as a source of
provitamin A. If there is adequate retinol in the diet, there
are no known clinical effects of consuming diets low or
moderate in B-carotene. B-Carotene is widely used in vi-
tamin and mineral supplements at levels ranging from 0.4
to 20 mg/day. It is given medicinally in doses of up to
6 mg/day for dietary deficiency of vitamin A (although
preformed vitamin A is usually used for this purpose) and
up to 300 mg/day for the reduction of photosensitivity in
individuals with erythropoietic protoporphyria.
Althoughno safe upper level of intake for 3-carotene
has been established in the United States, the European
Expert Group on Vitamins and Minerals has established a
safe upper level of B-carotene intake of 7 mg/day (31). The
safe upper level applies only to the general population,
that is, nonsmokers and those not exposed to asbestos
and to B-carotene supplements only, given that there is no
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evidence to suggest that 3-carotene intake from foods are
harmful.

Excessive dietary intake of preformed vitamin A has
been associated with reduced bone mineral density and
increased risk of hip fractures. 3-Carotene may be a safe
source of vitamin A in osteoporotic subjects, given that it
is not associated with bone demineralization (32).

Cancer Prevention

Observational epidemiologic studies have been very con-
sistent in showing that people who consume higher di-
etary levels of fruits and vegetables have a lower risk of
certain types of cancer (33). The consistency of the results
is particularly strong for lung cancer, in which carotenoid
and/or fruitand vegetable intake has been associated with
reduced risk in all of 8 prospective studies and in 18 of 20
retrospective studies (34). However, in three large ran-
domized clinical trials using high-dose B-carotene sup-
plements (20 mg/day, 30 mg/day, or 50 mg given every
other day for 4-12 years), no protection was reported with
respect to lung cancer or any other cancer (1,2,35). In fact,
in two of these studies, there was an increased risk of
lung cancer in heavy smokers and asbestos workers with
B-carotene supplementation (1,2) (see “Contraindica-
tions”). More recently, it was reported that longer duration
of use of individual B-carotene supplements (but not total
10-year average dose) was associated with statistically sig-
nificantly elevated risk of total lung cancer (36). However,
there was little evidence for effect modification by gender
or smoking status.

Cardiovascular Disease

A body of evidence indicating that the oxidation of LDL
plays an important role in the development of atheroscle-
rosis has led investigators to consider a preventive role
for B-carotene. Early in vitro studies of LDL oxidation
showed that B-carotene carried in LDL is oxidized before
the onset of oxidation of LDL polyunsaturated fatty acids,
suggesting a possible role in delaying LDL oxidation.
Epidemiologic studies, including descriptive, cohort, and
case-control studies, suggest that 3-carotene-rich diets are
associated with a reduced risk of cardiovascular disease
(37-39). Furthermore, inverse association between serum
or adipose B-carotene levels and cardiovascular outcomes
has also been observed. However, in a meta-analysis of
eight B-carotene treatment trials involving 138,113 sub-
jects, a dose range of 15 to 50 mg/day and follow-up
range from 1.4 to 12.0 years, it was found that B-carotene
supplementation led to a small but significant increase in
all-cause mortality and a slight but significant increase in
cardiovascular death (40).

Erythropoietic Protoporphyria

Erythropoietic protoporphyria is an inborn defect of fer-
rochelatase resulting in an increase in the protoporphyrin
content of the erythrocytes, plasma, and feces. The dis-
ease is characterized clinically by photosensitivity, which
generally appears within the first few years of life. These
patients experience a burning sensation of the skin within
a few minutes or hours of exposure to sunlight, followed
by edema, erythema, and purpura. 3-Carotene has been
used therapeutically for the treatment of erythropoietic
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Table 2 (3-Carotene Supplementation Trials: Study Designs

Study (Ref.) Population Intervention Duration (yr)

ATBC (2) 29,133 Finnish male smokers (50-69 yr of age) 3-Carotene, 20 mg/day; vitamin E, 50 mg/day 5-8

CARET (1) 18,314 men and women and asbestos workers 3-Carotene, 30 mg/day; vitamin A, 25,000 IU <4
(45-74 yr of age)

PHS (35) 22,071 male physicians (40-84 yr of age) 3-Carotene, 50 mg on alternate days 12

Linxian (42) 29,584 men and women, vitamin and mineral 3-Carotene, 15 mg/day; selenium, 50 mg/day; a-tocopherol, 5
deficient (40-69 yr) 30 mg/day

protoporphyria (41). This is based on the observation that
carotenoids prevent photosensitivity in bacteria. On treat-
ment of the condition with extremely high doses (up to
300 mg/day) of B-carotene, a marked improvement in
skin photosensitivity has been reported in some, but not
all, patients. No toxic effects have been in the limited num-
ber of patients reported.

CONTRAINDICATIONS

The epidemiologic observations of possible protective ef-
fects of high dietary (not supplemental) B-carotene intakes
against cancer, along with what is known about carotenoid
biochemical functions, has led to further study of the effect
of B-carotene on cancer risk. Long-term large randomized
intervention trials were designed to test the efficacy of
high doses of B-carotene (20-30 mg/day) in the prevention
of cancer (Table 2). As stated above, the results from two
trials provided possible evidence of harm from B-carotene
supplements in relation to cancer among high-risk indi-
viduals, such as smokers and asbestos workers (1,2), but
no effect (either beneficial or detrimental) in a generally
well-nourished population (34). Moreover, in the Linx-
ian (Chinese) Cancer Prevention Study (42), it was found
that supplementation with B-carotene doses, vitamin E,
and selenium led to a significant reduction in total mor-
tality (9%), especially from cancer (13%) and particularly
stomach cancer (21%) (Table 3). The positive results of the
Chinese study probably reflect the correction of a vitamin
A deficiency in this study population. A number of mech-
anisms have been proposed to account for the association
between B-carotene supplementation and lung cancer in
smokers and asbestos workers, including an imbalance of
other carotenoids or antioxidants, a pro-oxidant activity
of B-carotene at the high oxygen tensions found in the
lungs, induction of P450 enzymes, and the production of
damaging B-carotene oxidation products by components
of cigarette smoke (3).

The epidemiologic studies that led to these interven-
tion studies reported an inverse relationship between diet

Table 3 [3-Carotene Supplementation Trial: Cancer Outcomes

Study (Ref.) Cancer outcome

ATBC (2) 18% increase in lung cancer; 8% increase in mortality
CARET (1) 28% increase in lung cancer; 17% increase in deaths
PHS (35) No effect of supplementation on incidence of cancer
Linxian (42) 13% decrease in total cancers; 9% decrease in overall

deaths

and/orblood B-carotene levels and cancer prevention. Itis
probable that 3-carotene serves as a marker of increased
fruit and vegetable intake and, therefore, of all compo-
nents that have cancer prevention potential, for example,
vitamin C, folic acid, other carotenoids, and polyphenols.
Alternatively, low-dose dietary levels could have a protec-
tive effect against cancer, whereas high-dose supplement
B-carotene could have a cancer stimulating effect.

TOXICITY/ADVERSE EFFECTS

B-Carotene obtained from eating fruits and vegetables is
considered safe. B-Carotene first became available as a
pharmaceutical product in the early 1970s. It can be pu-
rified from natural sources such as green plants or al-
gae, or it can be manufactured synthetically. Purity of
B-carotene may be a problem when derived from plant
or algal sources. Preparations of crystalline -carotene in
oil are widely available. Although not harmful, high doses
of B-carotene (from foods and supplements) can result in
a skin condition known as carotenodermia, in which the
skin turns to yellow—orange color due to an elevation of
plasma and tissue carotene concentrations. Carotenoder-
mia is reversible when B-carotene ingestion is discontin-
ued. This condition has been reported in adults taking
supplements containing 20 to 30 mg/day or more of B-
carotene for long periods of time or consuming high lev-
els of carotenoid-rich foods such as carrots (43) and is
the primary effect of excess carotenoid intake noted in in-
fants, toddlers, and young children (44). Carotenodermia
is distinguished from jaundice in that the ocular sclerae
are yellowed in jaundiced subjects but not in those with
carotenodermia.

In the treatment of erythropoietic protoporphyria
(180 mg/day), no toxic effects have been observed for very
high doses of B-carotene (41). However, the number of
patients studied has been small. There is no evidence that
B-carotene is teratogenic, mutagenic, or carcinogenic in
long-term bioassays in experimental animals (45). In hu-
mans, there have been no reports of reproductive toxicity
or teratogenicity associated with high B-carotene intake,
either before or during pregnancy. In addition, long-term
supplementation with B-carotene to persons with ade-
quate vitamin A status does not increase the concentration
of serum retinol, as the metabolic conversion is regulated
by vitamin A status, that is, the better the vitamin A status,
the lower the conversion to vitamin A (20).

Doses of 20 to 30 mg/day of B-carotene for 4 to 12
years have been associated with an increased risk of lung
cancer in high-risk groups (i.e., smokers and asbestos-
exposed workers). Similar to the results in human



intervention studies, 3-carotene supplementation for sev-
eral months (at doses equivalent to a 30-mg dose in man)
to ferrets exposed to cigarette smoke resulted in the devel-
opment of squamous cell metaplasia in the lungs of ferrets
(46). The development of squamous cell metaplasia was
also observed in animals supplemented with 3-carotene
(at the same dose as above) without exposure to smoke, al-
though the metaplasia was less prominent. Whether high,
chronic doses of B-carotene in low-risk groups, for exam-
ple, nonsmokers, would have toxic effects is not known at
this time.

COMPENDIAL/REGULATORY STATUS

B-Carotene is in the generally recognized as safe (GRAS)
list issued by the Food and Drug Administration.
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Carotenoids Overview

Elizabeth J. Johnson and Robert M. Russell

INTRODUCTION

Carotenoids are a family of compounds of over 600 fat-
soluble plant pigments, which provide much of the color
seen in nature. For example, carotenoids are responsible
for the red color of tomatoes and the orange color of
carrots. Apart from their aesthetic role, carotenoids are
considered to be beneficial in the prevention of various
diseases, including certain cancers and eye disease. The
beneficial effects of carotenoids are attributed to a small
portion of the hundreds of carotenoids found in nature,
given that only about two dozen are found in human
blood and tissue, and only two in the eye. The carotenoids
that have been most studied in this regard are a-carotene,
B-carotene, cryptoxanthin, lycopene, lutein, and zeax-
anthin. (See also separate chapters on “B-Carotene,”
“Lutein,” and “Lycopene.”) B-Carotene and lycopene
belong to a class of carotenoids called carotenes and are
highly fat soluble. Cryptoxanthin, lutein, and zeaxanthin
belong to a class of carotenoids called xanthophylls.
Because xanthophylls contain at least one hydroxyl
group, they are more polar than that of carotenes. Thus, a-
carotene, B-carotene, and lycopene tend to predominate in
low-density lipoproteins (LDL) in the circulation, whereas
high-density lipoproteins (HDL) are major transporters of
cryptoxanthin, lutein, and zeaxanthin (1). In part, the pro-
tection against chronic disease by carotenoids is thought
to be through their antioxidant activity. Lutein and
zeaxanthin are thought to have an additional protective
role of absorbing damaging blue light that enters the eye.

FOOD SOURCES

The most common carotenoids in the U.S. diet are
a-carotene, 3-carotene, B-cryptoxanthin, lycopene, lutein,
and zeaxanthin (2). Rich sources of a- and B-carotene
include carrots and winter squashes. Foods high in
B-cryptoxanthin are orange and red fruits and vegetables
such as pumpkin, papayas, and red peppers. Tomatoes ac-
count for approximately 80% of the dietary lycopene (3).
Dark green leafy vegetables such as spinach and kale are
rich sources of lutein and zeaxanthin. The relatively low
bioavailability of carotenoids from foods is, in part, due
to their association with proteins in the plant matrix (4).
Disruption of the plant matrix with chopping, blending,
or cooking can increase carotenoid bioavailability (5).

ABSORPTION AND METABOLISM

Carotenoids, being fat soluble, follow the same intestinal
absorption path as dietary fat. Carotenoids are released
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from food matrices and solubilized in the gut. This is done
in the presence of fat and conjugated bile acids. As little
as 3 to 5 g of fat in a meal is sufficient for carotenoid ab-
sorption (5,6). Absorption is affected by the same factors
that influence fat absorption. Thus, the absence of bile
or any generalized malfunction of the lipid absorption
system (e.g., small intestinal disease, pancreatic disease)
will interfere with the absorption of carotenoids. Chylomi-
crons are responsible for the transport of carotenoid from
the intestinal mucosa to the bloodstream via the lymphat-
ics for delivery to tissues. Carotenoids are transported in
the plasma exclusively by lipoproteins, being carried pre-
dominately by LDL (carotenes) and HDL (xanthophylls)
(7). The delivery of carotenoids to extrahepatic tissues is
accomplished through the interaction of lipoprotein par-
ticles with receptors and the degradation of lipoprotein
lipase.

Plant sterols reduce the absorption of cholesterol in
the gut, in part by competing with cholesterol when they
are incorporated into the mixed micelles (8). Stanol and
steryl esters reduce plasma concentrations of carotenoids
(9,10). It is thought that, during the absorption process in
the intestine, plant sterols could displace not only choles-
terol but also these lipophilic molecules and replace them
in incorporation into mixed micelles.

BIOLOGICAL ACTIVITIES

To date, the only known essential function of carotenoids
isas asource of vitamin A. The carotenoids in this category
are a-carotene, B-carotene, and B-cryptoxanthin (11). The
vitamin A activity of B-carotene in food is 1/12 that of vita-
min A (retinol), and vitamin A activity of both a-carotene
and B-cryptoxanthin is 1/24 that of vitamin A (11).

Most carotenoids have antioxidant activity. B-
Carotene and others carotenoids have antioxidant prop-
erties as shown in in vitro and animal models. Mixtures of
carotenoids or associations with others antioxidants (e.g.,
vitamin E) can increase their activity against free radicals
(12). The use of animal models for studying carotenoids is
limited because most of the animals do not absorb or me-
tabolize carotenoids similarly to humans. Epidemiologic
studies have shown an inverse relationship between
the presence of various cancers and dietary or blood
carotenoid levels (13). However, three out of four interven-
tion trials using high-dose B-carotene supplements did
not show protective effects against cancer or cardiovas-
cular disease. Rather, the high-risk populations (smokers
and asbestos workers) in these high-dose intervention tri-
als showed an increase in cancer and angina cases (14-17).
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Therefore, carotenoids may promote health when taken at
dietary levels but may have adverse effects when taken
in high dose by subjects who smoke or who have been
exposed to asbestos.

The long chain of alternating double and single
bonds is a characteristic of all carotenoids (Fig. 1). This
feature allows them to absorb light in the visible range
of the light spectrum (18). This may be of particular
importance in the macula of the retina, where lutein
and zeaxanthin are highly concentrated to the exclu-
sion of all other carotenoids (19). In the macula, lutein
and zeaxanthin absorb blue light to reduce the amount
of light that reaches critical visual structures, thereby
providing some protection from light-induced oxidative
damage (20).

CONCLUSIONS

Epidemiologic studies support a protective role of
carotenoids in the prevention of certain major diseases,
including certain cancer and eye disease. The hypothe-
sis that these antioxidant nutrients may protect against
certain diseases is plausible, given the putative role of
oxidative damage in the etiology or these diseases. How-
ever, clinical trials have suggested that supplementation
with high dose of B-carotene may have an adverse ef-
fect on the incidence of cancer in smokers and workers
exposed to asbestos. Current recommendations include
diets high in fruits and vegetables, which are rich sources
of carotenoids.

Figure 1  Structures of the major dietary carotenoids.
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Cascara Sagrada

Kapil K. Soni and Gail B. Mahady

INTRODUCTION

Rhamnus purshiana De Candolle is the largest species of
buckthorn, occasionally growing up to 15 m in height;
however, it is more commonly a large shrub or small
tree (5-10 m) (1-5). Rhamnus purshiana is native to the Pa-
cific Northwest United States and southwestern Canada
(1-5). Rhamnus is the generic name for buckthorn, and
the species name, purshiana, was given in honor of the
German botanist Friedrich Pursh (4). The crude drug con-
sists of the dried bark of the tree, which is officially known
as Cascara or cascara sagrada, Spanish for “sacred bark”
(1-4). The dried aged bark of the tree has been used by Na-
tive Americans for centuries as a laxative. It was accepted
into medical practice in the United States in 1877 as a com-
monly used laxative and was the principal ingredient in
many over-the-counter (OTC) laxative products. Cascara
was first listed in the U.S. Pharmacopeia (USP) in 1890 as
a laxative mild enough for use in treating the elderly and
children. Products that were official in the USP included
cascara sagrada extract, fluidextract, aromatic fluidextract,
and tablets. In 2002, the U.S. Food and Drug Administra-
tion issued a final rule concerning the status of cascara
sagrada (including casanthranol, cascara fluidextract aro-
matic, cascara sagrada bark, cascara sagrada extract, and
cascara sagrada fluidextract) in OTC drug products (5).
The final rule stated that cascara sagrada in OTC drug
products is not generally recognized as safe and effective
or is misbranded (6).

BACKGROUND

General Description

The shrub or small tree of R. purshiana De Candolle has
elliptical leaves, greenish flowers, and black berries. It
ranges in height from 4.5 to 15 m and has a reddish-brown
bark (4). Most of the commercial production comes from
Oregon, Washington, and southern British Columbia. The
bark is collected in spring (April/May) and early sum-
mer by stripping from wild trees scattered throughout the
native forests. It is removed by making longitudinal inci-
sions and peeling off sections, which tend to roll into large
quills. Trees are also felled and the bark is removed from
the larger branches. The bark is then air dried, with the
inner surface protected from the sun in order to preserve
its yellow color. The dried bark is allowed to mature for
1 or 2 years before use in commercial preparations (4). The
fresh bark contains chemical constituents that act as a gas-
trointestinal (GI) irritant and emetic; thus, the bark must
be aged for at least 1 year prior to human use. Cascara
bark and its preparations have been used for centuries by
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the Pacific Northwest Native Americans, as well as the
European settlers, and cascara preparations are now used
worldwide as a laxative (5).

Commercial preparations of cascara (Cortex Rhamni
Purshianae) consist of the dried, whole, or fragmented
bark of R. purshiana. The bark and its preparations are
official in the pharmacopeias of many countries (1,7-9).
Cascara was first listed in the USP in 1890 as a laxative.
The official listing of cascara in USP 25 (9) defined it as
the dried bark (at least 1-year old) of R. purshiana, yielding
not less than 7% of total hydroxyanthracene derivatives
calculated as cascaroside A on a dried basis. Not less than
60% of the total hydroxyanthracene derivatives consist of
cascarosides, calculated as cascaroside A (9).

CHEMISTRY AND PREPARATION OF PRODUCTS

The chemistry of cascara has been extensively investi-
gated and numerous quinoid constituents are reported
to be present in the bark (1). Much of the chemical and
pharmacological research on cascara was performed over
50 years ago, and anthraquinone glycosides were estab-
lished as the active constituents of the bark (5). Hydrox-
yanthracene glycosides make up 6% to 9% of the bark,
of which 70% to 90% is C-10 glycosides, with aloins A
and B and desoxyaloins A and B (= chrysaloins) account-
ing for 10% to 30% (1). The cascarosides A and B and
cascarosides C and D are diastereoisomeric pairs derived
from 8-B-O-glucosides of aloin A and B and 8-O-glucosyl-
11-desoxyaloin, respectively, and constitute 60% to 70%
of the total glycosides (1). Hydrolysis of the cascarosides
cleaves the O-glycosidic bonds to yield aloins (barbaloin
and chrysaloin). The cascarosides are not bitter, whereas
most of their hydrolysis products (the aloins) are very
bitter. Both the USP and the European Pharmacopoeia
recognize the cascarosides and aloins as the active con-
stituents of cascara and have chemical assay procedures
for determining these glycosides (7-9).

Other major hydroxyanthracene glycosides include
the hydroxyanthraquinones chrysophanol-8-O-glucoside
and aloe-emodin-8-O-glucoside at a concentration of 10%
to 20% (10). In the fresh bark, anthraquinones are present
in the reduced form and are converted by oxidation to their
corresponding parent anthraquinone glycosides during
drying and storage (3).

Dosage Forms and Dose
Cascara sagrada is available as extracts, fluidextracts, and
tablets (9). The average daily dose (taken at bedtime, or



one-half dose in the morning and at bedtime) of standard-
ized preparations is 20 to 30 mg of hydroxyanthracene
derivatives calculated as cascaroside A (dried aged bark,
0.25-1 g) (1). Do not exceed the recommended dose and do
not use this dose for more than 1 to 2 weeks continuously.

PRECLINICAL STUDIES

Toxicity

While there are no specific data describing the carcino-
genicity or mutagenicity for cascara sagrada, there are
data available for emodin, one of the naturally occur-
ring anthraquinones present in cascara (11-18). There are
several studies reporting genotoxic and mutagenic effects
both in vitro and in vivo for emodin and its derivatives,
causing them to be classified as potential carcinogens (12—
18). In vitro, the toxicity of 1,8-dihydroxyanthraquinones,
such as emodin, may involve redox cycling between the
quinone and the semiquinone radical generating reactive
oxygen species (ROS), resulting in lipid peroxidation, pro-
tein damage, and DNA oxidation (16,19,20). For example,
treatment of Reuber hepatoma and fibroblast Balb/3T3
cells with various anthraquinones resulted in the forma-
tion of 8-ox0-dG (16). In addition, concentrations of 50 uM
aloe—emodin increased DNA damage as measured by
the single-cell gel electrophoresis assay (COMET assay)
(21). Aloe-emodin and other anthraquinones also dose
dependently induced tk-mutations and micronuclei in
mouse lymphoma L5178Y cells and inhibited topoiso-
merase II-mediated decatenation in a DNA decatenation
assay 21,22). The authors suggested that anthraquinones
bind noncovalently to DNA and inhibit the catalytic func-
tion of topoisomerase II, which can lead to DNA breakage
by competing with the DNA binding site of the enzyme
23). It is also possible that anthraquinones can covalently
bind to DNA as observed with other quinones, such as p-
benzoquinone (24,25). Binding of anthraquinones to DNA
might also facilitate DNA oxidation due to their high po-
tency of generating ROS. Besides the above-mentioned
effects of redox cycling by anthraquinones, it is also re-
ported that production of ROS by emodin can cause an
immunosuppressive effect in human mononuclear cells
and might result in apoptosis in A549 cells in vitro 19).

In vivo toxicology was assessed by the National Tox-
icology Program and published in 2001 (11). Reports that
1,8-dihydroxyanthraquinone caused tumors in the GI tract
of rats led to the investigation of emodin in rodents, as
this compound is structurally similar and was reported
to be mutagenic in bacteria. The acute and chronic toxi-
cities of emodin were investigated in rodents exposed to
emodin in feed for 16 days, 14 weeks, or 2 years. In the
16-day study, rodents were fed diets containing average
daily doses equivalent to 50, 170, 480, 1400, or 3700 mg/ kg
body weight for males and 50, 160, 460, 1250, or 2000
mg/kg body weight for females. The results showed that
the mean body weights of males and females exposed
to 480 mg/kg or greater were significantly lower than
those of the controls. Macroscopic lesions were observed
in the gallbladder and kidney of rats exposed to the high-
est doses of 1400 or 3700 mg/kg. In the 14-week study,
rats were fed diets containing approximately 20, 40, 80,
170, or 300 mg/kg for males and females. Mean body
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weights of males exposed to 170 mg/kg or greater and
females exposed to 80 mg/kg or greater were significantly
lower than those of the controls. In rats exposed to 170 or
300 mg/kg of emodin, increases in platelet counts and
decreases in total serum protein and albumin concentra-
tions were observed. Relative kidney weights of rats ex-
posed to 80 mg/kg or greater and relative lung and liver
weights of rats exposed to 40 mg/kg or greater were signif-
icantly increased compared to the control groups. The in-
cidences and severities of nephropathy were increased in
males and females exposed to 40 mg/kg or greater. In the
chronic toxicity study (2 years), groups of 65 male and 65
female rats were fed diets containing emodin at an equiv-
alent to average daily doses of approximately 110, 320, or
1000 mg/kg to males and 120, 370, or 1100 mg/kg to
females for 105 weeks. Survival of exposed males and fe-
males was similar to that of the controls. There were nega-
tive trends in the incidences of mononuclear cell leukemia
in both male and female rats and incidence of leukemia in
the group fed 1000 mg/kg was significantly decreased.
At the 12-month interim evaluation, nephropathy was
slightly higher (11).

In terms of genetic toxicology, emodin was mu-
tagenic in Salmonella typhimurium strain TA100 in the
presence of S9 activation; however, no mutagenicity was
detected in strain TA98, with or without S9 (11). Chro-
mosomal aberrations were induced in cultured Chinese
hamster ovary cells treated with emodin, with or with-
out metabolic activation by S9. In the rat bone marrow
micronucleus test, administration of emodin by three in-
traperitoneal injections gave negative results. Results of
acute-exposure (intraperitoneal injection) micronucleus
tests in bone marrow and peripheral blood erythrocytes of
male and female mice were also negative. In a peripheral
blood micronucleus test on mice from the 14-week study,
negative results were seen in male mice, but a weak posi-
tive response was observed in similarly exposed females.

The results of these investigations show no evidence
of carcinogenic activity of emodin in male F344/N rats
in the two-year study. There was equivocal evidence of
carcinogenic activity of emodin in female F344 /N rats and
male B6C3F1 mice. There was no such evidence in female
B6C3F1 mice exposed to 312, 625, or 1250 ppm (11).

Other investigations of the carcinogenic potential of
cascara have been carried out in rodents. In one study,
the effects of the laxative bisacodyl (4.3 and 43 mg/kg)
and cascara (140 and 420 mg/kg) on the induction of
azoxymethane (AOM)-induced aberrant crypt foci (ACF)
and tumors in rats were investigated (26). Animals were
treated with AOM and laxatives (alone or in combination)
for 13 weeks. The results demonstrated that bisacodyl (4.3
and 43 mg/kg), given alone, did not induce the devel-
opment of colonic ACF and tumors. However, bisacodyl
(4.3 mg/kg) coupled with AOM increased the number of
crypts per focus but not the number of tumors. Bisacodyl
(43 mg/kg) significantly increased the number of crypts
per focus and tumors. Cascara (140 and 420 mg/kg)
did not induce the development of colonic ACF and tu-
mors and did not modify the number of AOM-induced
ACF and tumors (27). Results from another study were
similar. Dietary exposure to high doses of these glyco-
sides for 56 successive days did not induce the appear-
ance of ACF or increase in incidence of ACF induced by
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1,2-dimethylhydrazine (DMH). However, in rats treated
with both DMH and the highest dose of glycosides, the
average number of aberrant crypts per focus, considered
a consistent predictor of tumor outcome, was higher than
that in rats given DMH alone (26).

CLINICAL STUDIES

Laxative Effects

Cascara sagrada is an anthraquinone laxative and is
used for short-term treatment of occasional constipation
(1,28,29). The laxative effects of cascara are primarily due
to the anthraquinone glycosides, the cascarosides A-D
(1,5). Other anthranoid derivatives that may be active in-
clude emodin anthrone-6-O-rhamnoside (franguloside),
and physcion and chrysophanol in glycosidic and agly-
cone forms (30,31). Anthraquinone laxatives are prodrugs
in that after oral administration, the hydroxyanthracene
glycosides are poorly absorbed in the small intestine, but
are hydrolyzed in the colon by intestinal bacteria to form
pharmacologically active metabolites, which are partly ab-
sorbed there (28,30); this acts as a stimulant and irritant to
the GI tract (29).

The mechanism of action of cascara is similar to that
of senna in that the action is twofold: (i) stimulation of
colonic motility, resulting in augmented propulsion, and
accelerated colonic transit (which reduces fluid absorption
from the fecal mass); and (i7) an increase in the paracellular
permeability across the colonic mucosa, probably due to
an inhibition of Na™, K*-adenosine triphosphatase or an
inhibition of chloride channels (30,32), which results in an
increase in the water content in the large intestine (29,32).
The laxative effect of cascara is generally not observed
before 6 to 8 hours after oral administration. The hydrox-
yanthracene glycosides are excreted predominantly in the
feces but are excreted to some extent in urine as well,
producing an orange color; anthrones and anthranols also
pass into breast milk (30).

Anthraquinone laxatives may produce an excessive
laxative effect and abdominal pain. The major symptoms
of overdose are gripes and severe diarrhea, with con-
sequent losses of fluid and electrolytes (29). Treatment
should be supported with generous amounts of fluid.
Electrolytes should be monitored, particularly potassium.
This is especially important in children and the elderly.
Renal excretion of the compounds may cause abnormal
coloration of urine (yellow-brown to reddish depending
on the pH of the urine). Large doses may cause nephri-
tis. Melanotic pigmentation of the colonic mucosa (pseu-
domelanosis coli) has been observed in individuals who
abuse anthraquinone laxatives. Pigmentation is usually
benign and reverses within 4 to 12 months of discontinu-
ation of the products (29).

Contraindications and Precautions

Patients should be warned that certain constituents of cas-
cara sagrada are excreted by the kidney and may color
the urine (harmless). Rectal bleeding or failure to have a
bowel movement after the use of a laxative may indicate
a serious condition. Laxatives containing anthraquinone
glycosides should not be used for periods longer than 1 to
2 weeks (29). Decreased intestinal transit time may result

in reduced absorption of orally administered drugs (1).
Electrolyte imbalances such as increased loss of potassium
may potentiate the effects of cardiotonic glycosides (e.g.,
digitalis). Existing hypokalemia resulting from long-term
laxative abuse can also potentiate the effects of antiar-
rhythmic drugs that affect potassium channels to change
sinus rhythm, such as quinidine. The induction of hy-
pokalemia by drugs such as thiazide diuretics, adreno-
corticosteroids, or liquorice root may be enhanced, and
electrolyte imbalance may be aggravated (28).

Chronic use (>2 weeks) may cause dependence and
need for increased doses, and an atonic colon with im-
paired function (29). It may also lead to pseudomelanosis
coli (harmless) and to an aggravation of constipation with
dependence and possible need for increased dosages.
Chronic abuse with diarrhea and consequent fluid and
electrolyte losses (mainly hypokalemia) may cause albu-
minuria and hematuria, and may result in cardiac and
neuromuscular dysfunction (1).

Anthraquinone stimulant laxatives, such as cascara,
should not be administered to patients with intestinal ob-
struction and stenosis, atony, severe dehydration states
with water and electrolyte depletion, or chronic constipa-
tion (1,29). Cascara should not be administered to patients
with inflammatory intestinal diseases, such as appendici-
tis, Crohn disease, ulcerative colitis, and irritable bowel
syndrome, or in children younger than 12 years (1,29). As
with other stimulant laxatives, cascara is contraindicated
in patients with cramps, colic, hemorrhoids, nephritis, or
any undiagnosed abdominal symptoms such as pain, nau-
sea, or vomiting (29).

Because of the pronounced action on the large intes-
tine and insufficient toxicological investigations, products
containing cascara should not be administered to pregnant
women (33,34). Furthermore, anthranoid metabolites are
excreted into breast milk. Thus, cascara should not be used
during lactation, due to insufficient data available to assess
the potential for pharmacological effects in the breast-fed
infant (33).

Adverse Reactions

In single doses, cramp-like discomfort of the GI tract may
occur, which may require a reduction of dosage. Over-
dose can lead to colicky abdominal spasms and pain,
as well as the formation of thin, watery stools. Long-
term laxative abuse may lead to electrolyte disturbances
(hypokalemia, hypocalcemia), metabolic acidosis, malab-
sorption, weight loss, albuminuria, and hematuria (35,36).
Weakness and orthostatic hypotension may be exacer-
bated in elderly patients when stimulant laxatives are used
repeatedly. Secondary aldosteronism may occur due to re-
nal tubular damage after aggravated use. Steatorrhea and
protein-losing gastroenteropathy with hypoalbuminemia
have also been reported in laxative abuse (36). Melanotic
pigmentation of the colonic mucosa (pseudomelanosis
coli) has been observed in individuals taking an-
thraquinone laxatives for extended time periods (29,36-
39). The pigmentation is clinically harmless and usually
reversible within 4 to 12 months after the drug is discon-
tinued (36—40). Conflicting data exist on other toxic effects
such as intestinal-neuronal damage after long-term use
(36). Use of the fresh drug may cause severe vomiting,



with possible spasms (30). Cases of allergic respiratory
diseases after occupational exposure to cascara have been
reported (41). Cascara sagrada is an etiologic agent of IgE-
mediated occupational asthma and rhinitis. One case of
cholestatic hepatitis, complicated by portal hypertension,
has been attributed to the ingestion of cascara in one pa-
tient who was also known to abuse alcohol and take a
number of other prescription medications (42).

CURRENT REGULATORY STATUS

Prior to June 1998, cascara sagrada was recognized by the
Food and Drug Administration (FDA) as a category I (safe
and effective) OTC preparation (monograph). In 2002, the
U.S. FDA issued a final rule concerning stimulant laxa-
tives including cascara sagrada (including casanthranol,
cascara fluidextract aromatic, cascara sagrada bark, cas-
cara sagrada extract, and cascara sagrada fluidextract) in
OTC drug products, stating that they are not generally rec-
ognized as safe and effective or are misbranded (6). This
final rule was based on a decision made by the agency
after it had requested mutagenicity, genotoxicity, and car-
cinogenicity data on cascara in 1998. No comments or data
were provided to the FDA for cascara; thus on the basis
the lack of data and information and the failure of any
persons to submit new data from carcinogenicity studies,
the agency has determined that these laxative should be
deemed not generally recognized as safe and effective for
OTC use and has thus reclassified these ingredients to cat-
egory Il (nonmonograph) (6). According to the FDA, prod-
ucts containing aloe and cascara sagrada ingredients must
be reformulated or discontinued; the stimulant laxatives
must therefore be deleted or replaced. Reformulated prod-
ucts will also need to be relabeled. This final rule is part
of FDA’s ongoing OTC drug product review. However,
these products may still be sold as dietary supplements
under the Dietary Supplements Health and Education Act
of 1994.
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Chaste Tree

Gail B. Mahady, Joanna L. Michel, and Kapil K. Soni

INTRODUCTION

Vitex agnus castus L. (Verbenaceae), commonly referred to
as chaste tree or chasteberry, is a small shrubby tree, ap-
proximately 1 to 6 m in height and native to the Mediter-
ranean region and Asia (1,2). The tree is also widely culti-
vated in warm temperate regions of the world. The name
“chasteberry” may be derived from the traditional belief
that the plant promoted chastity (3). The fruits of V. agnus
castus (VAC) were used in ancient Greece and Rome, as
well as by the monks of the Middle Ages, to suppress
sexual desire (4,5). In the past, extracts of VAC have been
used for the treatment of gynecological disorders, such
as endometrial hyperplasia, hypermenorrhea, and sec-
ondary amenorrhea, as well as endocrine-dependent der-
matoses (dermatitis dysmenorrhea symmetrica, acne vul-
garis, eczema, and acne rosacea) (6-8).

Today, extracts of the dried ripe fruits of VAC are reg-
ulated in the United States as dietary supplements under
the 1994 Dietary Supplement Health and Education Act.
They are widely used as a botanical dietary supplement
for the management of gynecological disorders includ-
ing corpus luteum insufficiency (9,10), premenstrual syn-
drome (PMS) (11-13), menstrual problems (14,15), cyclic
mastalgia (16-18), as well as to treat hormonally induced
acne (19). In addition, VAC has been traditionally used
to treat fibroid cysts and infertility, stop miscarriages
caused by progesterone insufficiency (20), and treat in-
digestion (3).

CHEMISTRY AND PREPARATION OF PRODUCTS

Commercial products of VAC are prepared from the dried,
ripe fruit, containing not less than 0.4% (v/w) of volatile
oil and at least an 8% water-soluble extractive (1,21). To
date, although the active constituents of VAC remain un-
known, the European Pharmacopoeia recommends a min-
imum content of 0.08% casticin in the dried plant material
(22). Two compounds are currently used as marker com-
pounds for quality control: the iridoid glycoside agnuside
and the flavonol casticin (23). Most VAC preparations used
in European medicine are nonstandardized fluidextracts,
tinctures, and/or native dry extracts. The “native” or “to-
tal” extract is an approximate 10:1 (w/w) drug-to-extract
ratio containing 0.6% to 1.0% casticin (2).

The ripe, dried VAC fruit yields 0.4% to 0.7% (v/w)
essential oil, depending on distillation time and com-
minution size. The oil is mainly composed of bornyl
acetate, 1,8-cineole, limonene, o- and [-pinene, pB-
caryophyllene, and a-terpinyl acetate (24). Flavonoids,

129

iridoids, and diterpenes represent major groups of sec-
ondary constituents that are also found in the fruit
(2). Casticin (up to 0.2%) is considered to be the
major flavonoid, with chrysoplenetin, chrysosplenol
D, cynaroside, 5-hydroxy-3,4’,6,7-tetramethoxyflavone, 6-
hydroxykaempferol, isorhamnetin, luteolin, and luteolin
6-C-glycoside derivatives being other compounds of
this class (24-26). Major iridoids found include agnu-
side (p-hydroxybenzoylaucubin, 0.0014%) and aucubin
(0.0013%). Diterpene constituents include vitexilactone
(0.001-0.004%), 6pB,7B-diacetoxy-13-hydroxylabda-8,14-
diene, rotundifuran, vitexlabdines A-D, and vitexlactam
A (24,25). The structures of the above-mentioned compo-
nents are presented in Figure 1.

PRODUCTS AND DOSAGE

There is a wide range of VAC extracts and products avail-
able to consumers. The following examples are a general
list of products used in clinical trials and listed in refer-
ence texts. This list is not complete and is not intended as
a recommendation of one product over another. The dose
as listed is intended for adults, and the products are not
recommended for children.

e Drynative ethanolic extracts, 8.3-12.5: 1 (w/w), approx-
imately 1.0% casticin: one tablet, containing 2.6 to 4.2 mg
native extract. The tablets should be swallowed whole
with some liquid each morning.

* Dry native extract, 9.58-11.5:1 (w/w): one tablet con-
taining 3.5 to 4.2 mg native extract each morning with
some liquid (27).

* Dry native extract, 6.0-12.0:1 (w/w), approximately
0.6% casticin: PMS: one tablet containing 20 mg native
extract daily with water upon awaking or just before
bedtime, before meals.

Vitexlabdine A

Vitexlactam A

Vitexilactone

Figure 1 Compounds from Vitex agnus castus fruits.
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e Fluid extract: 1:1 (g/mL), 70% alcohol (v/v): 0.5 to
1.0 mL.

* Fluid extract: 1:2 (g/mL): 1.2 to 4.0 mL.

* Tinctures, alcohol 58 vol% (100 g of aqueous-alcoholic
solution contains 9 g of 1:5 tincture): 40 drops, one time
daily with some liquid each morning.

* Tinctures, ethanol 19% (v/v) (100 g of aqueous-alcoholic
solution contains 0.192-0.288 g extractive correspond-
ing to 2.4 g dried fruit): 40 drops, once daily.

e Hydroalcoholic extracts (50-70%; v/v): corresponding
to 30 to 40 mg dried fruit (2,28).

CLINICAL STUDIES

Extracts from VAC fruits are primarily used for the symp-
tomatic management of corpus luteum insufficiency, hy-
perprolactinemia (9,10), PMS (11-13,24,27,29), and cyclic
mastalgia (16-18). A few clinical studies have also indi-
cated that VAC may also be a potential treatment for in-
fertility due to hyperprolactinemia and luteal-phase defect
(30), insufficient lactation, as well as to prevent miscar-
riages due to progesterone insufficiency (20).

Since the 1950s, over 35 human or clinical studies
have assessed the safety and efficacy of various VAC ex-
tracts and tinctures (53-70% ethanol) for the treatment
of acne, corpus luteum insufficiency, cyclic breast pain,
hyperprolactinemia, menopausal symptoms, increasing
lactation, PMS, uterine bleeding disorders, and miscel-
laneous menstrual irregularities. Most of these investiga-
tions are open, uncontrolled studies assessing the effects
of VAC for the management of menstrual cycle irregu-
larities or PMS. The results from randomized, controlled
clinical trials are also published.

Premenstrual Syndrome
PMS refers to the regular occurrence of affective symp-
toms, such as depressive moods, irritability, anxiety, con-
fusion, and social withdrawal, as well as somatic symp-
toms including breast tenderness or heaviness and breast
pain (mastalgia), abdominal bloating, cravings, fatigue,
and headache (31). The syndrome affects approximately
30% to 40% of menstruating women and is one of the
most frequent complaints noted in gynecology practice
(27). Approximately 13 clinical trials have assessed the
safety and efficacy of VAC extracts for the symptomatic
treatment of PMS (11,12,14,27,29,32-39). Of these investi-
gations, only three were randomized, controlled trials and
two were double blinded (27,36-39).

The most recent clinical trial assessing the safety
and efficacy of VAC for the management of PMS was a
prospective, randomized, multicenter placebo-controlled
trial in Chinese women (39). After the screening and
preparation phase lasting three cycles, eligible patients
were randomly assigned into treatment or placebo groups
and were treated with a VAC extract daily or placebo for
up to three cycles. Efficacy was assessed using the Chi-
nese version of the PMS-diary (PMSD) and Premenstrual
Tension Syndrome (PMTS) scale. Two hundred and sev-
enteen women were eligible to enter the treatment phase
and were randomly assigned into the treatment group
(n =108) or the placebo group (1 = 109), of these 208 pro-
vided the efficacy data (treatment: n = 104, placebo: n =

104) and 202 completed the treatment phase (treatment:
n = 101, placebo: n = 101). The mean total PMSD scores
decreased from 29.23 at baseline (0 cycle) to 6.41 at the
termination (3rd cycle) for the treatment group and from
28.14 at baseline (0 cycle) to 12.64 at the termination (3rd
cycle) for the placebo group. The total PMSD score of the
3rd cycle was significantly lower than the baseline in both
groups (P < 0.0001). The difference in the mean scores
from the baseline to the 3rd cycle in the treatment group
(22.71 £10.33) was significantly lower than the difference
in the placebo group (15.50 £ 12.94; P < 0.0001). Results of
PMTS were similar in that the total scores for PMTS were
significantly lower between the two groups (P < 0.01) and
within each group (P < 0.01). The score was decreased
from 26.17 £ 4.79 to 9.92 + 9.01 for the treatment group
and from 27.10 £ 4.76 to 14.59 + 10.69 for the placebo
group. A placebo effect of 50% was found in the present
study. No serious adverse events were reported in either
group. The study concluded that VAC was well tolerated
and was efficacious for the treatment of severe PMS in
Chinese women (39).

In a randomized, placebo-controlled study pub-
lished by Schellenberg et al., women with PMS symptoms
were randomized for treatment to either a VAC extract
(n = 86; one tablet daily) or a placebo (1 = 84) for three con-
secutive menstrual cycles (37). A PMS diagnosis was made
according to the Diagnostic and Statistical Manual for Men-
tal Disorders (DSM-III). The main efficacy variable mea-
sured was the change from baseline to the endpoint (end of
cycle 3) in the patient’s self-assessment (PSA) of six PMS
symptoms (irritability, mood alteration, anger, headache,
breast fullness, and other indications including bloating).
The secondary efficacy variable measured was a change in
the Clinical Global Impressions (CGI) score for the sever-
ity of condition, global improvement, and risk/benefit ra-
tio. Mean improvement in PSA was significantly greater
in the treatment group compared with placebo group
(P < 0.001). CGI scores for each of the three factors also
revealed significant superiority of the treatment relative
to placebo (P < 0.001). The observed response rate (> 50%
reduction in symptoms) was 52% and 24% for the treat-
ment and placebo groups, respectively. Adverse events
reported included treatment (n = 4): acne, multiple ab-
scesses, intermenstrual bleeding, urticaria; placebo (1 = 3):
acne, early menstrual period, and gastric upset (37).

A randomized, double-blind, placebo-controlled
trial involving 217 women with self-diagnosed PMS as-
sessed the efficacy of the fruit in treating the syndrome.
The self-diagnosis was made according to a modified ver-
sion of the Menstrual Distress Questionnaire (MDQ), a rat-
ing scale covering most of the important PMS symptoms
(38). Subjects were treated with either a powder of VAC
(300 mg tablets; two tablets three times daily; n = 105) or a
soy-based placebo (n = 112) for a period of three months,
after which they all completed the modified MDQ again.
Other than a statistically significant difference in effect
between the VAC powder and the soy-based placebo for
the symptom of “feeling jittery and restless” (P = 0.05), no
other significant results were reported (38). Unfortunately,
soy was a poor choice for a placebo in this study, as it is
not considered to be biologically inert.

A multicenter, randomized, double-blind, con-
trolled clinical trial compared the activity of a dried



ethanol extract of VAC fruit with that of pyridoxine (vi-
tamin Bg) treatment of women with PMS (27). The intent-
to-treat population included 127 women: 61 subjects were
given one capsule of extract plus one placebo capsule daily
for three cycles, whereas 66 were given one capsule of
placebo twice daily on days 1-15 of their cycle, followed
by one capsule (100 mg) of pyridoxine twice daily on days
16-35. Therapeutic response was assessed by using the
PMTS scale, the CGI scale, and by recording six character-
istic symptoms of PMS (breast tenderness, edema, inner
tension, headache, constipation, and depression). Thera-
peutic efficacy was assessed by both patients and physi-
cians, at the end of the trial. Initial mean PMTS scores
were higher in the chaste tree group (15.2) compared with
the pyridoxine group (11.9). By the end of therapy, the
mean absolute change in PMTS score in each group was
5.1, representing a reduction of 10.1 and 6.8 for the chaste
tree and pyridoxine groups, respectively (P < 0.038, both
groups, 95% CIL: —6.4261 to —0.1670). Therefore, no differ-
ence could be found between the two treatment groups.
The CGI scale showed that 77.1% (chasteberry) and 60.6%
(pyridoxine) of patients showed improvement. Adverse
events were rare but included gastrointestinal complaints,
skin reactions, and transient headache (27).

Six postmarketing studies assessed the safety and
efficacy of various extracts of the fruit in 8391 female pa-
tients with menstrual abnormalities or PMS symptoms
(11,14,29,33,34,36). Three open (uncontrolled) studies also
assessed efficacy (12,32,35). The dose used ranged from 40
to 42 drops or one capsule daily, for 1 day to 9 years, and
the outcomes measured included the physician’s assess-
ment and PSA. Elimination of symptoms was observed in
29% to 42% of patients, improvement in 51% to 59%, and
no change in 1% to 10%. Adverse events were reported in
1% to 5% of patients but were generally not stated to be se-
rious. The difficulty with these studies includes the lack of
a control group, besides most of them not distinguishing
between PMS and other menstrual disorders (12,32,35).

An open (uncontrolled) clinical trial involving 50
women (43 completed) with late-luteal phase dysphoric
disorder (DSM-III) assessed the effect of an ethanol fruit
extract on the management of PMS (32). Thirteen of the
subjects were concurrently taking oral contraceptives. Af-
ter two months of baseline observation, one tablet of the
extract was administered daily for three cycles, followed
by a posttreatment phase that lasted three cycles. Treat-
ment effectiveness was evaluated using both the MDQ and
the visual analogue scale (VAS). The MDQ was filled out
by patients at the end of the first cycle and during cycles 3
and 6. The VAS was completed twice per cycle, once in the
late-luteal phase when symptoms peaked and the other af-
ter menstruation during the follicular phase. By the end
of the third cycle, the MDQ scores were reduced by 42.5%
(P < 0.001), with a 50% reduction in the score in 20/43 pa-
tients. By the end of the posttreatment period, the scores
remained approximately 20% below baseline (P < 0.001).
The main symptoms that improved following treatment
were breast tenderness, behavioral changes, negative feel-
ings, and edema. The average late-luteal phase VAS score
was reduced by 47.2% during the three-month treatment
phase (P < 0.01) and remained at 21.7% below baseline
(P < 0.001) during the posttreatment phase. By contrast,
the follicular phase score did not significantly change. The
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number of days with PMS symptoms was reduced from
7.5 to 6 days (P < 0.001), and the concomitant use of oral
contraceptives had no significant effect on any of the pa-
rameters investigated. Twenty patients (47%) reported 37
adverse events during the treatment and posttreatment
periods (32).

An open (uncontrolled) study involving 36 women
with PMS assessed the effect of a 58% ethanol extract of
the fruit for the management of PMS symptoms (12). The
subjects were treated with 40 drops of the extract daily
over three cycles and the outcomes measured were a re-
duction in physical symptoms such as headache, swollen
breasts, breast tenderness, bloating, fatigue, and psycho-
logical changes such as increased appetite, sugar craving,
nervousness and restlessness, anxiety, irritability, lack of
concentration, depression, crying spells, mood changes,
and aggressiveness. The duration of the luteal phase was
also determined. After three months of treatment, 69% of
women had a reduction in physical symptoms, where 80%
showed a decrease in psychological symptoms (P < 0.05).
The duration of the luteal phase lengthened from 5.4 to
11.4 days (12).

Mastalgia

Breast pain (mastalgia) is a common complaint and is usu-
ally classified as cyclical (associated with the menstrual
cycle) or noncyclical (not related to the menstrual cycle).
Mild premenstrual breast discomfort, lasting for one to
four days prior to menstruation that resolves upon ini-
tiation, is considered cyclic mastalgia and is a symptom
of PMS. In addition to the experiments reported above, a
number of open studies (40-45) and four randomized-
controlled clinical trials (16,17,39,46) have assessed the
safety and efficacy of VAC extracts for the treatment of
cyclic mastalgia.

A randomized, double-blind, placebo-controlled
clinical trial involving 104 women with cyclic breast pain
(for at least three cycles) assessed the efficacy of a VAC
tincture (10 g tincture containing 2 g of crude drug in 53%
ethanol VAC) for treatment of the pain (46). The patients
were treated with placebo, VAC tincture (30 drops twice
daily), or VAC tablets (one tablet twice daily) for three
cycles. The subjects assessed the intensity of breast pain
once per cycle using a VAS and recorded the presence of
menstrual bleeding and the intensity of pain in a diary.
Prolactin levels were measured during the premenstrual
week of cycles 1 and 3. At the end of the third treatment
cycle, a significant reduction in breast pain was observed
in the treated patients as compared with placebo (VAC
solution, P = 0.006; VAC tablets, P = 0.007). A significant
decrease in prolactin levels (P = 0.039) was also noted in
the treatment groups as compared with placebo (46).

A second randomized, placebo-controlled, double-
blind study with a similar design compared VAC solution
(30 drops twice daily for three cycles) with placebo in the
treatment of 100 women (50 per group) who had breast
pain at least five days prior to menses in the last cycle
before the study (16). The treatment phase lasted three
menstrual cycles (2 x 30 drops/day = 1.8 mL of VAC
or placebo). Mastalgia for at least five days of the cycle
before the treatment was the strict inclusion condition.
For assessment of the efficacy, VAS was used. Altogether
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97 patients were included in the statistical analysis (VAC:
n = 48, placebo: n = 49). Intensity of breast pain dimin-
ished quicker in the VAC group. This study design and
duration were similar to that of Wuttke et al. (46). The
results of this experiment showed a decrease in the VAS
scores in both the treatment and the placebo groups. How-
ever, as compared with the placebo, the treatment group
had significantly lower VAS values at the end of each
cycle (P = 0.018, 0.006, and 0.064 for cycles 1, 2, and 3,
respectively).

In a randomized, placebo-controlled trial, the effects
of VAC solution and placebo (double-blind) were com-
pared with that of gestagen (Lynestrenol®) in 160 women
with mastalgia (18). A complete remission or improve-
ment of symptoms was reported in 82.1%, 74.5%, and
36.8% of the patients in the Lynestrenol, VAC, and placebo
groups, respectively. The difference in effect between treat-
ment groups and placebo was significant (P < 0.01), but
no significant discrepancy was found between the two
treatment groups (18).

Open studies have been used to assess the effective-
ness of VAC solution for the treatment of over 1700 women
with mastalgia (40-45). All these investigations assessed
the efficacy of one VAC solution, at a dose of 45 to 75 drops
per day for 1 to 6 cycles. Two of these studies compared
VAC treatment with Lynestrenol (5 mg daily on days 12—
24 of each cycle). Elimination of symptoms was observed
in 46% to 81.5% of the treated women, improvement in
12% to 39.6%, and no effect in 6.5% to 29%. Collective
reported adverse events from these studies included cir-
culatory disturbances, acne, and weight gain (40-45).

Menstrual Cycle Irregularity and Infertility

Since 1954, at least 17 investigations have assessed the
efficacy of VAC extracts for the treatment of menstrual
cycle disorders including amenorrhea, oligomenorrhea,
polymenorrhea, corpus luteum insufficiency, and infertil-
ity (2). Two double-blind placebo-controlled clinical tri-
als and several observational studies have investigated
the effect of various fruit extracts on corpus luteal-phase
dysfunction and infertility (10,30,47). The products tested
were ethanol extracts (53-70% ethanol), and the dose
administered was 20 drops twice daily, 15 drops three
times daily, 30 drops twice daily, or one to two tablets or
capsules daily.

In the first randomized, double-blind, placebo-
controlled trial, the efficacy of a dried VAC fruit extract
was assessed in infertile women (10). The objective of this
study was to determine whether elevated pituitary pro-
lactin levels could be reduced by treatment with VAC, and
whether the deficits observed in the luteal-phase length
and luteal-phase progesterone synthesis could be normal-
ized. Blood was obtained for hormone analysis on days 5,
8, and 20 of the menstrual cycle, both before and after three
months of VAC therapy. Latent hyperprolactinemia was
analyzed by monitoring prolactin release 15 and 30 min-
utes after intravenous administration of 200 pg of thyroid
hormone. Thirty-seven cases (placebo: n = 20, treatment:
n = 17) were included in the statistical analysis. After
three months of treatment, prolactin release was reduced,
a significant increase in the length of the luteal phase (10.5
days; P < 0.05) was observed and deficits in luteal pro-

gesterone synthesis were decreased. These changes only
occurred in the treatment group and were not observed
in the placebo group. All other hormonal parameters did
not change with the exception of 17B-estradiol, which was
observed to increase during the luteal phase in the treat-
ment group. The overall length of the menstrual cycles
did not change, suggesting that there was a correspond-
ing shortening of the follicular phase. Two women in the
extract group became pregnant by the end of the study.
No adverse events were reported (10).

In a second randomized, double-blind, placebo-
controlled trial, the efficacy of a VAC fruit extract was
assessed in 96 infertile women (30). The outcome criteria
measured included pregnancy or menstrual bleeding in
women with secondary amenorrhea or improved luteal
hormone concentrations. The subjects were administered
30 drops of the extract twice daily for three months. Sixty-
six patients completed the study, and overall positive out-
comes were observed in 47% of women, with 61% in the
treatment group and 38% in the placebo group, although
the results did not reach statistical significance (P = 0.069).
In women with amenorrhea or luteal-phase dysfunction,
pregnancy resulted twice as often in the treatment group
(15%) versus the placebo group (7%); however, no statis-
tical analysis was reported (30).

In open (uncontrolled) trials involving 48 (45 com-
pleted) infertile women (due to luteal-phase dysfunc-
tion), the efficacy of a VAC fruit extract for the normal-
ization of progesterone concentrations was determined
(47). Inclusion criteria were normal prolactin levels (below
20 ng/mL), normal results in prolactin and thyroid stim-
ulating stimulation (TSH) tests, and an abnormally low
serum progesterone level below 12 ng/mL on the 20th
day of the cycle. Treatment consisted of a fruit extract,
40 drops daily, without any other medication for three
months. Forty-five patients completed the studies (three
were excluded because of concurrent hormone use). The
outcome of therapy was assessed by the normalization
of the mid-luteal progesterone concentration and correc-
tion (lengthening) of any preexisting shortening of the
phases of the cycle. Treatment was successful in 39 out
of the 45 women. Seven subjects became pregnant. In
25 patients, serum progesterone was restored to normal
(> 12 ng/mL), and in seven cases, there was a trend
toward normalization of progesterone levels. However,
no statistical analysis was performed on the resultant
data (47).

Two larger postmarketing trials, involving 479
women, assessed the safety and efficacy of a VAC fruit
extract for the treatment of oligomenorrhea or polymen-
orrhea (48). The subjects were treated with 30 drops of
the extract twice daily and the outcome measured was
the bleeding-free interval. A lengthening of the bleeding-
free interval was observed for 35 days in 187 /287 women
receiving treatment for oligomenorrhea and 26 days in
139/192 patients being treated for polymenorrhea (48).

MENOPAUSAL SYMPTOMS

The efficacy of a combination product containing Hyper-
cum perforatum (St. John’s wort) and VAC (300 mg and
500 mg, respectively) for the management of menopausal



symptoms was investigated in a double-blind, random-
ized, placebo-controlled, parallel study (49). The trial was
performed over 16-week period and involved 100 eligible
late-perimenopausal or postmenopausal women experi-
encing hot flushes and other menopausal symptoms. The
herbal combination therapy or placebo tablets were ad-
ministered twice daily. The primary endpoint was a reduc-
tion in hot flush episodes. Secondary endpoints included
Greene Climacteric Scale scores, Hamilton Depression In-
ventory scores, and Utian Quality of Life Scale scores. Of
the 100 women that started the trial, 93 women completed
the study. Data analysis on an intent-to-treat basis found
no significant differences between the two groups for any
of the endpoints. Analyses performed at interim data time
points revealed no significant differences at week 4, 8, or
12 for daily weighted flushes or scores on the Greene Cli-
macteric Scale scores or Hamilton Depression Inventory
scores. No significant change was found for either group
on quality of life. The herbal combination was well toler-
ated with no significant adverse events noted in the short
term (49).

Endocrine-Dependent Dermatoses

Two uncontrolled clinical studies and one observational
report have assessed the effects of a VAC fruit extract on
acne caused by a hormone imbalance (6-8). In one open
study, 118 cases of acne were treated with a VAC extract
(20 drops twice daily for 4-6 weeks, and then 15 drops
twice daily for 1-2 years) and compared with conventional
acne treatments (8). Patients treated with the fruit extract
reported a more rapid healing rate after six weeks and
after three months of therapy, whereas 70% of subjects
taking the VAC extract stated complete healing.

ADVERSE EFFECTS

In general, VAC products and extracts appear to be very
well tolerated and there have been few accounts of adverse
reactions (ARs). A review of 30 human studies, involving
11,506 subjects, reported a total of 246 adverse events,
thus representing an AR rate of approximately 2% (2).
The major ARs included acne, cycle changes, dizziness,
gastrointestinal distress, increased menstrual flow, nau-
sea, skin reactions, urticaria, and weight gain (2). Minor
side effects include fatigue, hair loss, increased intraocular
pressure, palpitations, polyurea, sweating, and vaginitis
(2,46). One case of multiple follicular development was
reported in a female patient after self-medication with a
VAC-containing product for infertility (50).

Although the potential estrogenic effects of VAC ex-
tracts are weak (51,52), its use during pregnancy or in
women with estrogen-dependent breast cancer should not
be recommended. In addition, patients with a feeling of
tension and swelling of the breasts or other menstrual dis-
turbances should consult a healthcare provider for med-
ical diagnosis (28). Although there are no drug interac-
tions reported, the potential dopaminergic effects of VAC
extracts may reduce the efficacy of dopamine-receptor an-
tagonists (23,53). Furthermore, because of possible hor-
monal effects, VAC may interfere with the effectiveness of
oral contraceptives and hormone therapy (2).
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MECHANISM OF ACTION

Several potential mechanisms of action have been pro-
posed to explain the activity of VAC extracts, including
inhibition of prolactin secretion (50-51) and dopaminer-
gic (53,54) and estrogenic effects (51,55-57). Extracts have
been shown to act as a dopamine agonist in vitro and in
vivo. The binding of an ethanol VAC extract and vari-
ous fractions of the extract to the dopamine D, and other
receptors were evaluated by both radioligand binding
studies and by superfusion experiments (54). The extract
bound to the dopamine D, and opioid (n and k subtype)
receptors with a median inhibitory concentration ranges
between 20 and 70 wg/mL. Binding was not observed
for the histamine H;, benzodiazepine and OFQ recep-
tors, or the serotonin transporter. Two diterpenes, isolated
from a hexane fraction of the extract, rotundifuran and
6B,7B-diacetoxy-13-hydroxy-labda-8,14-diene (Fig. 2), ex-
hibited inhibitory actions on dopamine D, receptor bind-
ing with a median inhibitory concentration of 45 and
79 ng/mL, respectively (26,54). While lipophilic fractions
of the extract bound to the p- and k-opioid receptors,
binding to delta opioid receptors was inhibited primarily
by an aqueous fraction of the extract. In superfusion ex-
periments, the aqueous fraction of a methanol extract
inhibited the release of acetylcholine in a concentration-
dependent manner. In addition, the D; receptor antagonist
spiperone antagonized the effect of the extract suggesting
a dopaminergic action mediated by D, receptor activation.
A labdane diterpene, a-acetoxy-13-hydroxylabdadiene
(Fig. 2), isolated from a fruit extract, was found to displace
125I-sulpiride from recombinant human D; receptor bind-
ing sites in a dose-dependent manner (58). This group
also demonstrated that rotundifuran, at a concentration
of 100 uM, significantly (P < 0.05) inhibited the secretion
of prolactin from cultured rat pituitary cells.

Several groups have demonstrated that extracts bind
to the estrogen receptor and have weak estrogenic ef-
fects, suggesting that chasteberry may also affect the
estrogen/progesterone balance (51,56-58). A methanol ex-
tract of the fruit bound to both ERa and ER induced the
expression of estrogen-dependent genes, progesterone re-
ceptor (PR), and presenelin-2 (pS2) in Ishikawa cells (51).
Significant binding affinity for both ERa and ERB was
observed, with a median inhibitory concentration of 46.3
and 64.0 pg/mL, respectively. However, the binding affin-
ity of the extract for ERa and ERB was not significantly

O\l//O
Rotundifuran  6,7-Diacetoxy-13-hydroxy-  6-o-Acetoxy-13-hydroxy

labda-8, 14-diene labda-8, 14-diene

Figure 2 2-o-Acetoxy-13-hydroxylabdadiene, rotundifuran, and 6f3,73-
diacetoxy-13-hydroxy-labda-8,14-diene.
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different (51). Based on bioassay-guided isolation, the “es-
trogenic” component from the fruit extract was identified
as linoleic acid (LA), which also bound to ERa and ERB
(52). Similar to the extract, LA also induced the expression
of the PR mRNA in Ishikawa cells, at a concentration of
1 pg/mL, indicating that binding produced a biological
estrogenic effect in vitro. In addition, low concentrations
of the extract or LA (10 pg/mL) upregulate the expres-
sion of ERB mRNA in the ER plus hormone-dependent
T47D:A18 cell line, a further indication of estrogenic ac-
tivity (52). Recently, it has been suggested that methanol
extracts of VAC may also activate the p-opiate receptor,
thereby exerting its effects on endogenous opiate peptides
such as B-endorphin (50). This peptide assists in regu-
lating the menstrual cycle through the inhibition of the
hypothalamus—pituitary—-adrenal axis through a complex
feedback loop involving estrogen and progesterone (50).
Levels of B-endorphin decrease along with estrogen in the
late-luteal phase of the menstrual cycle, which correlated
with the development of PMS symptoms (50). Thus, since
VAC activates the p-opiate receptor, it may increase the
levels of B-endorphin, thereby having beneficial effects
on PMS.

SAFETY

A recent review of the safety of VAC administration dur-
ing pregnancy and lactation used database searches of
published literature and case reports (59). The review con-
cluded that in pregnancy, there is little evidence support-
ing the use of VAC during pregnancy based on theoret-
ical and expert opinion and in vitro studies that chaste
tree may have estrogenic and progesteronic activity, uter-
ine stimulant activity, emmenagogue activity, and prevent
miscarriages. In lactation, the data are conflicted as to
whether chaste tree increases or decreases lactation. Thus,
recommendations of VAC use during pregnancy and lac-
tation are currently unsubstantiated and require further
investigations for both safety and efficacy.
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Choline

Steven H. Zeisel

INTRODUCTION

Name and General Description

Choline, an essential nutrient for humans, is consumed
in many foods. It is a constituent of all cell membranes
and is necessary for growth and development. Also, as
the major precursor of betaine, it is used by the kidney
to maintain water balance and by the liver as a source of
methyl groups for the removal of homocysteine in me-
thionine formation. Finally, choline is used to produce the
important neurotransmitter (nerve messenger chemical)
acetylcholine, which is involved in memory and other
nervous system functions (Fig. 1). Maternal diets defi-
cient in choline during the second half of pregnancy in
rodents caused decreased neurogenesis and increased
neuronal apoptosis in fetal hippocampus (the mem-
ory center), resulting in permanent behavioral (mem-
ory) modifications in the offspring. Dietary deficiency of
choline in rodents causes development of liver cancer in
the absence of any known carcinogen. In humans, dietary
deficiency of choline is associated with fatty liver and liver
damage. The dietary requirement for choline is influenced
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Figure 1 Chemical structures of choline and related compounds.
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by gender as well as by genetic polymorphisms. Using a
comprehensive database of the choline content of foods, a
number of epidemiological studies identified associations
between dietary choline intake and plasma homocysteine
levels (risk factor for cardiovascular disease), cancer, and
birth defects.

BIOCHEMISTRY AND RELATIONSHIPS
WITH OTHER NUTRIENTS

Choline is needed for synthesis of several major phospho-
lipids (phosphatidylcholine and sphingomyelin) in cell
membranes and is also involved in methyl metabolism,
cholinergic neurotransmission, transmembrane signal-
ing, and lipid—cholesterol transport and metabolism (1)
(Fig. 2). Choline can be acetylated, phosphorylated, ox-
idized, or hydrolyzed. There are several comprehensive
reviews of the metabolism and functions of choline (1).

Cells absolutely require choline and die by apopto-
sis when deprived of this nutrient (2,3). Humans derive
choline from foods, as well as from the de novo biosyn-
thesis of the choline moiety via the methylation of phos-
phatidylethanolamine using (S)-adenosylmethionine as
the methyl donor (most active in the liver). This abil-
ity to form choline means that some of the demand for
choline can, in part, be met by using methyl groups de-
rived from one carbon metabolism (via methyl-folate and
methionine). Several vitamins (folate, vitamin By, vitamin
B¢, and riboflavin) and the amino acid methionine inter-
act with choline in 1-carbon metabolism. There has been
renewed interest in these pathways during the past sev-
eral years, engendered by recent insights that indicate that
modest dietary inadequacies of the above-mentioned nu-
trients, of a degree insufficient to cause classical deficiency
syndromes, can still contribute to important diseases
such as neural tube defects, cardiovascular disease, and
cancer (4).

Perturbing the metabolism of one of these path-
ways results in compensatory changes in the others (1).
For example, methionine can be formed from homocys-
teine using methyl groups from methyl-tetrahydrofolate
(THEF), or using methyl groups from betaine that are
derived from choline. Similarly, methyl-THF can be
formed from one-carbon units derived from serine or from
the methyl groups of choline via dimethylglycine, and
choline can be synthesized de novo using methyl groups
derived from methionine [via (S)-adenosylmethionine].
When animals and humans are deprived of choline, they



Acetylcholine <€—— Choline — 3 Betaine ~~ w

Sphingomyelin WL
&

Phosphatidylcholine Methionine Methyl-

(S)-Adenosylmethionine

Phosphatidylethanolamine 4 J)

(S)-Adenosylhomocysteine

use more methyl-THF to remethylate homocysteine in the
liver and increase dietary folate requirements. Conversely,
when they are deprived of folate, they use more methyl
groups from choline, increasing the dietary requirement
for choline (5). The availability of transgenic and knockout
mice has made possible additional studies that demon-
strate the interrelationship of these methyl sources (6).
When considering dietary requirements it is important to
realize that methionine, methyl-THE, and choline can be
fungible sources of methyl groups.

Choline is found in foods as free choline and as
esterified forms such as phosphocholine, glycerophos-
phocholine, sphingomyelin, and phosphatidylcholine
(7). Lecithin is a term often used interchangeably
with phosphatidylcholine, whereas the compound is a
phosphatidylcholine-rich mixture added as an emulsify-
ing agent in the food industry. Pancreatic enzymes can lib-
erate choline from dietary phosphocholine, glycerophos-
phocholine, and phosphatidylcholine. Before choline can
be absorbed in the gut, some is metabolized by bacteria
to form betaine and methylamines (which are not methyl
donors).

There is no estimate for percentage absorption of the
various forms of choline in humans. The water-soluble
choline-derived compounds (choline, phosphocholine,
and glycerophosphocholine) are absorbed via the por-
tal circulation, whereas the lipid-soluble compounds
(phosphatidylcholine and sphingomyelin) are absorbed
as chylomicrons. Lecithin is the most abundant choline-
containing compound in the diet. About half of the lecithin
ingested enters the thoracic duct, and the remaining is me-
tabolized to glycerophosphocholine in the intestinal mu-
cosa and then to choline in the liver. The liver takes up
the majority of choline and stores it in the form of phos-
phatidylcholine and sphingomyelin. The kidney and the
brain also accumulate choline. Although some free choline
is excreted with urine, most is oxidized in the kidney to
form betaine, which is responsible for maintaining the os-
molarity in the kidney. A specific carrier is needed for the
transport of free choline across the blood-brain barrier;
the capacity is especially high in neonates.

Choline and Epigenetics
Choline and other methyl donors are important dietary
modulators of epigenetic marks on genes. The term “epi-
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tetrahydrofolate

Methylene-
tetrahydrofolate

Choline 137

Tetrahydrofolate

Figure 2 Pathways of choline metabolism

Choline can be a methyl-group donor and interacts with methion-
ine and folate metabolism. It can be acetylated to form the neu-
rotransmitter acetylcholine, and it can be phosphorylated to form
membrane phospholipids such as phosphatidylcholine (lecithin)
and sphingomyelin. Choline can be formed via the methylation of

Formyl- phosphatidylethanolamine (forming phosphatidylcholine, which
tetrahydrofolate

can be hydrolyzed to make choline).

genetics” defines heritable changes in gene expression
that are not coded in the DNA sequence itself. Epigenetic
mechanisms include DNA methylation and histone mod-
ification. DNA methylation occurs predominantly at the
cytosine bases followed by a guanosine (CpGs). When it
occurs in promoter regions that regulate DNA transcrip-
tion, the expression of the associated gene is altered (8,9).
Although there are exceptions, increased methylation is
usually associated with gene silencing, whereas decreased
methylation with induced gene expression. Another epi-
genetic mechanism is histone modification (10). Histones
are proteins around which DNA is tightly wound, forming
the dynamic structure called chromatin. Chromatin can be
either aninactive state or an active state at which transcrip-
tion factors can pass through. Histone acetylation pre-
dominantly promotes active chromatin, whereas histone
methylation can be associated with both transcriptionally
active and inactive chromatin. Furthermore, the degree of
methylation (mono-, di-, or tri-) results in distinct effects
on chromatin state (11). Methylation of DNA and histone
requires (S)-adenosylmethionine to methylate cytosines
in DNA and lysine and arginine residues in histones, re-
spectively. The availability of (S)-adenosylmethionine is
directly influenced by dietary choline and other methyl
donors.

Examples of epigenetic effects of choline and other
methyl donors include experiments in rodents in which
pregnant dams were fed diets that were choline deficient
versus normal, and DNA methylation in fetal brain was
modified, resulting in over expression of genes that inhibit
cell cycling in neural progenitor cells of developing brain
(12,13). Gestational choline availability also affects his-
tone methylation in the developing embryo, resulting in
changes in expression of genes that regulate methylation
and neuronal cell differentiation (14). Feeding pregnant
Pseudoagouti Avy/a mouse dams a choline and methyl-
supplemented diet altered epigenetic regulation of agouti
expression in their offspring, as indicated by increased
agouti/black mottling of their coats and by lean body
phenotype (15,16). In another example, choline and
methyl donor supplementation to dams increased DNA
methylation of the fetal gene Axin fused [Axin(Fu)] and
reduced incidence of tail kinking in Axin(Fu)/+ offspring
by 50% (17). Thus, dietary manipulation of choline and
methyl donors (either deficiency or supplementation) can
have a profound impact upon gene expression.
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HUMAN REQUIREMENT FOR CHOLINE

In one of the first clinical nutrigenomics studies, hu-
mans were phenotyped with respect to their suscepti-
bility to developing organ dysfunction when fed a low-
choline diet (18-21). Adult men and women (pre- and
postmenopausal) aged 18 to 70 years were fed a stan-
dard diet containing a known amount of choline (550 mg/
70 kg/day; baseline) for 10 days. On day 11 subjects were
placed on a diet containing less than 50 mg choline/day
for up to 42 days. Blood and urine were collected to mea-
sure various experimental parameters of dietary choline
status, and markers of organ dysfunction and liver fat
were assessed. If at some point during the depletion pe-
riod, functional markers indicated organ dysfunction as-
sociated with choline deficiency, subjects were switched
to a diet containing choline until replete.

Most men and postmenopausal women fed the low-
choline diets developed reversible fatty liver (measure by
mass resonance spectroscopy) as well as liver and mus-
cle damage, whereas 56% of premenopausal women were
resistant to developing choline deficiency (21). The fatty
liver occurred due to lack of phosphatidylcholine synthe-
sis in liver, which is required for very low density lipopro-
tein (VLDL) synthesis needed for export of excess triacyl-
glycerol from liver (22). Choline deficiency liver damage
was characterized by elevated serum aminotransferase
(23) and muscle damage was characterized by elevated
plasma serum creatine phosphokinase (19): both were due
to increased rates of apoptosis in these tissues (also oc-
curred in peripheral lymphocytes (24)). Choline-deficient
subjects also had impaired ability to handle a methionine
load, resulting in elevated plasma homocysteine concen-
trations (20,25).

Only 44% of premenopausal women develop
signs of choline deficiency when deprived of dietary
choline as compared with most adult men and post-
menopausal women, suggesting their higher resistance
to choline deficiency (19,20). Premenopausal women re-
quired less dietary choline because estrogen induces the
phosphatidylethanolamine-N-methyltransferase (PEMT)
gene to enhance the de novo biosynthesis of choline moi-
ety (26). Estrogen binds to its receptors, and this complex
interacts with estrogen response elements (EREs) in the
promoter of the PEMT gene, resulting in an upregulation
in PEMT mRNA expression and in hepatic enzyme activ-
ity (26). Estrogen as the mediator of increasing PEMT ac-
tivity in women is important, especially during pregnancy
when fetal development uses a great deal of choline. Estra-
diol concentration rises from 1 to 60 nM during pregnancy
(27,28), suggesting that the capacity for endogenous syn-
thesis of choline should be highest when choline is needed
most. Pregnancy and lactation are stages of life that de-
mand high dietary choline intake and leave mothers ex-
tremely vulnerable to choline deficiency (29). In utero,
the fetus is exposed to very high choline concentrations,
with a progressive decline in blood choline concentration
until adult levels of choline concentration are achieved
after the first weeks of life (30). Plasma or serum choline
concentrations are 6-7x higher in the fetus and newborn
than those in adults (31,32). High circulating choline in
the fetus and neonate ensures the availability of choline to
tissues.

Less than 15% of pregnant women consume the rec-
ommended adequate intake for choline (33), and in case-
control studies in California, women eating diets in the
lowest quartile for choline were at fourfold increased risk
for having a baby with a neural tube defect and at al-
most twofold increased risk for having a baby with a cleft
palate; these risks were calculated after controlling for fo-
late intake (34,35).

Genetics of Choline Requirements

Although premenopausal women are more resistant to
choline deficiency, a significant portion of them (44%) still
develops organ dysfunction when deprived of choline,
suggesting individual differences in susceptibility to
choline deficiency. In fact, some men and women require
more than 850 mg/70 kg/day choline in their diet,
whereas others require less than 550 mg/kg/day (21).
Genetic variation likely underlies the differences in these
dietary requirements. A single-nucleotide polymorphism
(SNP) is a genetic variation occurring when a single nu-
cleotide (A, T, C, or G) in the genome sequence is altered.
These variations may affect metabolism. Only a few
reports investigate whether SNPs in the genes involved
in one carbon metabolism have roles in choline require-
ments (36,37). Premenopausal women with a SNP in 5,10-
methylenetetrahydrofolate dehydrogenase (MTHFD1
1s2236225) were 15x more susceptible to choline defi-
ciency than did noncarriers. This variant increased the
use of choline perhaps by limiting the availability of
methyl-folate for Hcy remethylation and increasing the
demand for choline as a methyl-group donor. In addition,
individuals with a SNP in PEMT (rs12325817) were more
susceptible to choline deficiency, and women harboring
this SNP were more affected than did men. SNPs in
the PEMT gene alter endogenous synthesis of choline,
thereby increasing the dietary requirement for choline.

Dietary Recommendations

In 1998, the Institute of Medicine (IOM) made recommen-
dations for choline intake in the diet (4). At the time, there
were insufficient data with which to derive an estimated
average requirement for choline, thus only an adequate in-
take (Al) could be estimated. The IOM report cautioned,
“this amount will be influenced by the availability of me-
thionine and methyl-folate in the diet. It may be influenced
by gender, and it may be influenced by pregnancy, lacta-
tion, and stage of development. Although Als are set for
choline, it may be that the choline requirement can be met
by endogenous synthesis at some of these stages.” The
IOM recommendations are summarized in Table 1.

Food Sources

In foods, there are multiple choline compounds that con-
tribute to total choline content (choline, glycerophos-
phocholine, phosphocholine, phosphatidylcholine, and
sphingomyelin) (7). The U.S. Department of Agricul-
ture (USDA) maintains a database of choline content in
foods (38). Excellent sources of dietary choline are foods
that contain membranes, such as eggs and liver. Average
dietary choline intake on ad libitum diets for males and
females are 8.4 and 6.7 mg/kg choline per day, respec-
tively (39). Foods also contain the choline metabolite



Table 1 Recommended Adequate Intakes (Als) of Choline for Humans

Al for infants 0-6 mo 125 mg/day, 18 mg/kg
6-12 mo 150 mg/day
Al for children 1-3yr 200 mg/day
4-8 yr 250 mg/day
9-13 yr 375 mg/day
Al for males 14-18 yr 550 mg/day
19 yr and older 550 mg/day
Al for females 14-18 yr 400 mg/day
19 yr and older 425 mg/day
Al for pregnancy All ages 450 mg/day
Al for lactation All ages 550 mg/day

Source: From Ref. 4.

betaine, which spare choline requirements (40). Human
milk is rich in choline. Choline is routinely added to
commercially available infant formulas. Until recently
some infant formulas had inadequate choline content (es-
pecially soy-derived infant formulas), but in 2007-2008,
many infant formula companies increased the choline con-
tent of their formulas so that they matched mature breast
milk. These formulas still have different mixtures of the
esters of choline than are present in human milk, perhaps
resulting in different bioavailability as compared to hu-
man milk (41).

Adverse Effects

High doses of choline (>6 g) have been associated with ex-
cessive cholinergic stimulation, such as vomiting, saliva-
tion, sweating, and gastrointestinal effects (4). In addition,
fishy body odor results from the excretion of trimethy-
lamine, a choline metabolite from bacterial action (24). The
tolerable upper limit for choline hasbeen setat 3 g/day (4).

Assessing Choline Status

Measurement of choline and choline metabolites is useful
in estimating choline status, but the measure is not defini-
tive. Plasma choline concentration varies in response to
diet and can rise as much as twofold after a two-egg
meal. Fasting plasma choline concentrations vary from 7 to
15 pM, with most subjects having concentrations of
10 pM. Individuals that have starved for up to seven
days have diminished plasma choline, but levels never
drop below 50% of normal, probably because tissue phos-
pholipids are “cannibalized” to prevent concentrations
of choline from falling further (42). Note that children
during the first year of life have normal plasma choline
concentrations that are higher than 10 to 15 uM (43).
Plasma phosphatidylcholine concentration also decreases
in choline deficiency (44), but these values are also in-
fluenced by factors that change plasma lipoprotein lev-
els. Fasting plasma phosphatidylcholine concentrations
are approximately 1 to 1.5 mM. Thus, measurements of
choline or phosphatidylcholine in blood identify subjects
with low dietary choline intake, but provide little help in
differentiating the degree of deficiency.

CHOLINE AND CARDIOVASCULAR DISEASE

Choline and betaine may benefit heart health by lowering
blood pressure, altering blood lipid profiling, and reduc-
ing plasma Hcy, a risk factor for cardiovascular disease
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(CVD) (45). Dietary choline intake was found to have a sta-
tistically significant inverse relationship to circulating Hcy
concentrations in the Framingham Heart Study (46) and in
the Nurse’s Health Study (25), suggesting a protective ef-
fect of choline intake. However, when looking at the asso-
ciation between dietary choline intake and CVD incidence,
no association was found (14) in the European Prospec-
tive Investigation into Cancer and Nutrition (EPIC) study
(47), and a marginal positive association was found in the
Atherosclerosis Risk in Communities (ARIC) study (48).
It is important to note that in the ARIC study, most in-
dividuals in the cohort had choline intake below AI (49).
Hence, the effects of choline supplementation on CVD
risk remain unknown. Some human studies suggested
that high betaine supplementation increases plasma low-
density lipoprotein (LDL) cholesterol and triacylglycerol
concentrations (50-52), effects that might counterbalance
its Hey lowering effects. However, the changes in serum
lipid concentrations were not associated with higher risk
of CVD. Moreover, the rise in LDL concentration may
be an artifact of increasing VLDL and triacylglycerol
excretion from fatty liver to plasma, which is not an ad-
verse outcome (for critical review see Ref. 53). The rela-
tionship between choline and heart health warrants more
study.

The choline-containing phospholipid phosphatidyl-
choline has been used as a treatment to lower the
cholesterol concentrations because lecithin-cholesterol
acyltransferase has an important role in the removal of
cholesterol from tissue. Betaine, the oxidized product
of choline, has been used to normalize the plasma
homocysteine and methionine levels in patients with
homocystinuria, a genetic disease caused by 5,10-
methylenetetrahydrofolate reductase deficiency. There-
fore, dietary choline intake might be correlated with
cardiovascular disease risk. Many epidemiologic studies
have examined the relationship between dietary folic acid
and cancer or heart disease. It may be helpful to also con-
sider choline intake as a confounding factor because folate
and choline methyl donation can be interchangeable (7).

CHOLINE DEFICIENCY AND CANCER

An interesting effect of dietary choline deficiency in rats
and mice has never been studied in humans. Dietary
deficiency of choline in rodents causes development of
hepatocarcinomas in the absence of any known carcino-
gen (54). Choline is the only single nutrient for which
this is true. It is interesting that choline-deficient rats not
only have a higher incidence of spontaneous hepatocar-
cinoma but also are markedly sensitized to the effects of
administered carcinogens. Several mechanisms are sug-
gested for the cancer-promoting effect of a choline-free
diet. These include increased cell proliferation related to
regeneration after parenchymal cell death occurs in the
choline-deficient liver; hypomethylation of DNA (alters
expression of genes); reactive oxygen species leakage from
mitochondria with increased lipid peroxidation in liver;
activation of protein kinase C signaling due to accumu-
lation of diacylglycerol in liver; mutation of the fragile
histidine triad (FHIT) gene, which is a tumor suppressor
gene; and defective cell-suicide (apoptosis) mechanisms
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(54). Loss of PEMT function may also contribute to malig-
nant transformation of hepatocytes (55).

Only a handful of epidemiologic studies explore
how choline and betaine intakes alter cancer risk in popu-
lations. This was perhaps due to the absence of food com-
position data, which has not been developed until recently
(7). The Long Island Breast Cancer Study found that high
choline consumption was associated with reduced breast
cancer risk (56), and high choline and betaine consump-
tion was associated with reduced breast cancer mortality
(57). Moreover, individuals with PEMT rs12325817 and
CHDH rs12676 SNPs had lower risk of developing breast
cancer, whereas BHMT rs3733890 had lower breast cancer
mortality. These data suggest the importance of nutrients
and genetic interactions in the etiology of cancer. Alterna-
tively, the Nurse’s Health Study II found no association
between choline intake and breast cancer risk (58), but a
positive association between choline intake and colorectal
cancer risk (59), suggesting different etiologies between
breast and colorectal cancer. More research is warranted.

CHOLINE AND BRAIN

Choline and Brain Development

In rodents, maternal dietary choline intake during late
pregnancy modulated mitosis and apoptosis in progen-
itor (stem) cells of the fetal hippocampus and septum
and altered the differentiation of neurons in fetal hip-
pocampus (60). Variations in maternal dietary choline
intake (choline supplementation or choline deficiency)
during late pregnancy were also associated with signif-
icant and irreversible changes in hippocampal function in
the adult animal, including altered long-term potentiation
(LTP) and altered memory (61). More choline (about 4x
dietary levels) during days 11-17 of gestation in the ro-
dent increased hippocampal progenitor cell proliferation,
decreased apoptosis in these cells, enhanced LTP in the
offspring when they were adult animals, and enhanced
visuospatial and auditory memory by as much as 30%
in the adult animals throughout their lifetimes (61). The
enhanced maze performance appears to be due to choline-
induced improvements in memory capacity. Indeed, adult
rodents decrement in memory as they age, and off-
spring exposed to extra choline in utero do not show this
“senility” (62). In contrast, mothers fed choline-deficient
diets during late pregnancy have offspring with dimin-
ished progenitor cell proliferation and increased apopto-
sis in fetal hippocampus, insensitivity to LTP when they
were adult animals, and decremented visuospatial and
auditory memory (61).

Early postnatal choline supplementation signifi-
cantly attenuated the effects of prenatal alcohol on a learn-
ing task, suggesting that early dietary interventions may
also influence brain development (63). The mechanisms
for these developmental effects of choline are not yet clear.
Fetal alcohol syndrome (FAS) is an important concern of
pediatricians, with 1 in every 750 infants born with FAS
each year in the United States. Rats exposed to alcohol dur-
ing the perinatal period had poor performance on memory
tasks, which were improved by either prenatal or postna-
tal choline supplementation (64,65). Rett syndrome (RTT),
aneurodevelopmental disorder associated with mutations

in the methyl-CpG-binding protein 2 (MeCP2) gene, is the
second leading cause of mental retardation in girls. RTT
girls experience a variety of deficits in cognitive, motor,
and social functions. In mouse models of RTT, enhanc-
ing maternal or postnatal choline supplementation atten-
uates motor coordination deficits and improves neuronal
integrity, proliferation, and survival (66,67). Choline sup-
plementation also ameliorates the symptoms in rodent
models of traumatic brain injury (68), status epilepticus
(69-71), and schizophrenia (72).

Are these findings in animals likely to be true in hu-
mans? We do not know. Human and rat brains share many
elements of brain development but they mature at differ-
ent rates. In terms of hippocampal development, the em-
bryonic days 12-18 in the rat correspond to approximately
the last trimester in humans. Rat brain is comparatively
more mature at birth than is the human brain, but human
hippocampal development may continue for months or
years after birth.

Choline and Adult Brain

Acetylcholine is one of the most important neurotrans-
mitters used by neurons in the memory centers of brain
(hippocampus and septum). Choline accelerates the syn-
thesis and release of acetylcholine in nerve cells. Choline
used by brain neurons is largely derived from membrane
lecithin, or from dietary intake of choline and lecithin. Free
choline is transported across the blood-brain barrier at a
rate that is proportional to serum choline level; lecithin
may be carried into neurons as part of an ApoE lipopro-
tein. Choline derived from lecithin may be especially im-
portant when extracellular choline is in short supply, as
might be expected to occur in advanced age because of
decreased brain choline uptake (73).

Results from studies using choline or phosphatidyl-
choline to treat adults with brain disorders have been
very variable. Single doses of choline or lecithin in adult
humans may enhance memory performance in healthy
individuals, perhaps with greatest effect in individuals
with the poorest memory performance. Studies in stu-
dents showed that lecithin or choline treatment improved
memory transiently for hours after administration (74). In
humans with Alzheimer-type dementia, some studies re-
port enhanced memory performance after treatment with
lecithin (75), whereas other studies did not observe this.
Buchman et al. recently reported that humans on long-
term total parenteral nutrition may have verbal and vi-
sual memory impairment, which may be improved with
choline supplementation (76). If lecithin is effective, it is in
a special subpopulation in the early stages of the disease.
Choline and lecithin have also been effectively used to
treat tardive dyskinesia, presumably working by increas-
ing cholinergic neurotransmission (77).

CONCLUSION

Choline in the diet is important for many reasons. Humans
deprived of it develop liver and muscle dysfunction, and
parenterally nourished patients need a source of choline.
As our understanding of the importance of folate and ho-
mocysteine nutrition increases, there should be increased
interest in how choline interacts with these compounds.



Recent findings about choline in brain development in
animals should stimulate comparable studies in humans.
The availability of food composition data now makes it
possible to examine interactions between choline, folate,
and methionine when considering epidemiological data.
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Chondroitin Sulfate

Karla L. Miller and Daniel O. Clegg

INTRODUCTION

Osteoarthritis (OA) is the most common arthropathy
worldwide and a significant cause of morbidity and dis-
ability, especially in the elderly (1). Both biomechanical
forces and biochemical processes are important in its
pathogenesis, which is characterized by progressive de-
terioration of articular cartilage causing debilitating pain
and loss of normal joint motion. Standard therapies can
alleviate the symptoms of OA to some extent but have no
ability to prevent disease progression. A number of alter-
native substances, collectively referred to as nutraceuti-
cals, have been touted in the lay press as being beneficial
for OA, with particular interest focused on glucosamine
and chondroitin sulfate (2,3).

Chondroitin sulfate is a key component of normal
cartilage that is substantially reduced in the cartilage of
individuals with OA. This observation stimulated interest
in its potential role as a therapeutic agent, and continuing
investigations have now identified a number of apparent
biologic actions. No consensus exists, however, as to its
clinical efficacy or utility. While it has gained a measure
of acceptance in Europe, physicians in the United States
appear to be less convinced by the available clinical data.
Nonetheless, the interest of the general population has
been piqued, and owing to its universal availability as an
over-the-counter supplement, present use of chondroitin
sulfate, either with or without standard OA therapy, is not
uncommon (4).

STRUCTURE, BIOCHEMISTRY, AND PHYSIOLOGY

Chondroitin sulfate is classified as a glycosaminoglycan
(GAG) and is present abundantly in articular cartilage as
well as in many other tissues, including bone, tendon, in-
tervertebral disk, aorta, cornea, and skin. It is composed of
alternating N-acetylgalactosamine and D-glucuronic acid
residues, which form a long, unbranched chain. While the
length of the chain is variable, it seldom exceeds 200 to 250
disaccharide units. Sulfation occurs at the 4 or 6 position of
the N-acetylgalactosamine residue to produce chondroitin
4-sulfate (chondroitin sulfate A) and chondroitin 6-sulfate
(chondroitin sulfate C), respectively, whereas the substi-
tution of L-iduronic acid for D-glucuronic acid produces
dermatan sulfate, formerly known as chondroitin sulfate
B (Fig. 1).

The significance of the sulfation position is not fully
understood but appears to be associated with tissue age
and location. Sulfation at the 4 position is seen more fre-
quently in deeper, immature cartilage, while older, thinner
cartilage is primarily sulfated at the 6 position (5). Addi-
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tionally, abnormalities in sulfation appear to be present in
OA cartilage (6), although their physiologic significance is
uncertain.

The chondroitin sulfates comprise one of three pri-
mary divisions of GAGs, heparins and keratan sulfates be-
ing the other two. GAGs are synthesized intracellularly by
chondrocytes, synoviocytes, fibroblasts, and osteoblasts.
Following synthesis, multiple GAGs attach to a protein
core within the Golgi apparatus to form a proteoglycan,
which is subsequently secreted into the extracellular ma-
trix (7). The factors that promote and regulate proteogly-
can biosynthesis are complex, and it has been estimated
that more than 10,000 enzymatic steps may be required (8).

The predominant proteoglycan in human articular
cartilage is aggrecan, which contains both chondroitin sul-
fate and keratan sulfate side chains. Together, these side
chains account for 80% to 90% of the mass of aggrecan.
Chondroitin sulfate predominates over keratan sulfate,
with more than 100 chondroitin sulfate side chains being
present on a single aggrecan molecule. While there is some
variability in the core protein, the physical and chemical
properties of proteoglycans are largely attributable to the
chondroitin sulfate side chains. One important feature of
the proteoglycans is a marked negative electrical charge,
which is created by the ionized sulfate groups within the
GAG side chains.

Chondroitin sulfate A

HOCH,

Chondroitin sulfate C

I
HO—C,

HO("'"'-
HO OH !

Figure 1 Structure of chondroitin 4-sulfate (chondroitin sulfate A) and
chondroitin 6-sulfate (chondroitin sulfate C).



Articular cartilage consists of collagen fibers sur-
rounded by a matrix containing aggregates of aggrecan
and hyaluronate. Within the matrix, 100 to 200 aggrecan
molecules bind to a single hyaluronate strand to form a
supramolecular structure large enough to be seen by elec-
tron microscopy. The tensile strength of articular cartilage
is the result of a network of collagen fibers, while the
aggrecan-hyaluronate aggregates, which are rich in chon-
droitin sulfate chains, provide resiliency. Under normal
circumstances, water is electrically attracted to cartilage
by the negatively charged GAG residues and becomes en-
trapped within the aggregates. When a deforming force
(such as occurs with weight bearing) is applied to the car-
tilage surface, minimal deformity occurs under normal
conditions because the movement of water within car-
tilage is resisted by (i) its electrical affinity to the GAG
residues, and (ii) the physical obstruction created by the
bulky aggrecan-hyaluronate aggregates.

In OA, deterioration of articular cartilage is associ-
ated with a loss of proteoglycan, with a consequent change
in water content and decrease in resilience. The patho-
genetic events producing these changes remain uncertain
but may result from changes in proteoglycan catabolism
involving matrix metalloproteases, serine proteases,
glycosidases, and chondroitinases secreted from chondro-
cytes and other connective tissue cells (9). Experimental
models of OA suggest that synthesis of aggrecan increases
early in the degenerative process in an apparent attempt
at cartilage repair. The chondroitin sulfate side chains syn-
thesized in this setting, however, are longer and more
antigenic, suggesting that important GAG constitutional
and/or conformational changes may be involved in the
pathogenesis of OA (9). One such change appears to in-
volve the terminal sulfation of chondroitin (10). Further
study of the mechanisms that produce changes in the GAG
synthesis may yet yield a site for therapeutic intervention
that might have disease-modifying potential.

PHARMACOLOGY

The pharmacologic properties of exogenously adminis-
tered chondroitin sulfate have been examined in a number
of animal models and in humans with doses ranging from
60mg/kg to2 g/kg. Various routes of administration have
been utilized in these studies, including oral, intraperi-
toneal, subcutaneous, and intravenous (11). In general,
chondroitin sulfate appears to be well tolerated, and no
significant adverse events have been reported with any
route of administration. Determinations of oral bioavail-
ability have yielded estimates of 5% to 15%, with blood
levels reported to peak between 2 and 28 hours (12,13)
following administration. No significant difference was
observed between divided and single day dosing, while
sustained dosing yielded serum levels only slightly higher
than those seen following a single dose (12). The elimina-
tion half-life has been estimated at six hours. With a radi-
olabeled preparation of chondroitin sulfate administered
orally to rats, more than 70% of the radioactivity was ab-
sorbed and subsequently identified in either the tissues
or the urine. Radioactivity was found in every tissue ex-
amined at 24 hours, with levels variably diminished at
48 hours except in joint cartilage, the eye, the brain, and
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adipose tissue, where levels were increased (12). There
are very limited data for chondroitin sulfate pharma-
cokinetics when it is administered in conjunction with
glucosamine.

The variability in pharmacokinetic derivations re-
ported to date is considerable and appears to be princi-
pally due to methodological differences and limitations.
Early studies that utilized radioactive forms of chon-
droitin sulfate (tritiated) in animals were complicated by
the production of tritiated water, which introduced er-
ror into concentration determinations, while assays uti-
lizing high-performance liquid chromatography (HPLC)
methodology were unable to detect low concentrations of
chondroitin sulfate. More recent work in humans is simi-
larly problematic due to assay insensitivity, failure to ac-
count for endogenous chondroitin sulfate levels, and/or
the use of diluents for anticoagulation. Newer technolo-
gies now permit the reliable quantitation of GAG at lower
levels (14), and a pharmacokinetic study incorporating
these techniques is being contemplated in conjunction
with the Glucosamine /Chondroitin Arthritis Intervention
Trial (GAIT).

CHONDROITIN SULFATE PREPARATIONS

Chondroitin sulfate is produced by several manufactur-
ers and is readily available worldwide. It is derived by
extraction from bovine, porcine, or shark cartilage. Vari-
ous methods of extraction exist, but the specifics of each
process are the proprietary information of the manufac-
turer. Most processes start with some form of enzymatic
digestion followed by a variable number of washings, in-
cubations, and elutions. In contrast to the procedure with
prescription medications, the production process is not
strictly regulated, and variations in quality and potency
can occur from batch to batch and from manufacturer to
manufacturer.

In a study conducted to identify a high-quality
chondroitin sulfate dosage form for use in a clinical
trial, three different sources of purified chondroitin sul-
fate were evaluated in a blinded fashion. While each
sample exhibited similar disaccharide and GAG content
overall, chondroitin sulfate potency varied by 15% to
20% (15).

In the United States, chondroitin sulfate is classified
as a nutritional supplement and is widely available with-
out a prescription in pharmacies and health and natural
food stores. Not infrequently, it is manufactured in com-
bination with glucosamine.

PUTATIVE MECHANISMS OF ACTION

A number of possible mechanisms of action for chon-
droitin sulfate in the treatment of OA have been suggested
from pilot studies in animals and humans. Additional in-
vestigations are needed to confirm and extend these pre-
liminary observations.

a. Inhibition of matrix proteases and elastases. Articular
cartilage is catabolized by proteinases and elastases
that are elaborated from chondrocytes and leukocytes,
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respectively. In both in vitro and in vivo studies with
rodents, a modest decrease in elastase activity was seen
following chondroitin sulfate administration. A simi-
lar chondroitin sulfate effect on neutral proteases has
also been observed. The mechanism of this apparent
inhibitory effect of chondroitin sulfate may be ionic
disruption at the catalytic site of the enzyme. Chon-
droitin 6-sulfate may be more potent than chondroitin
4-sulfate (16).

b. Stimulation of proteoglycan production. Several studies
have shown that proteoglycan synthesis in vitro in-
creases when chondroitin sulfate is added to cultures
of chondrocytes and synoviocytes (17-19). The mech-
anism by which this occurs is unknown, but increased
RNA synthesis has been observed, as well as TNF-a
inhibition and IL-1B antagonism.

c. Viscosupplementation. An increase in synovial fluid vis-
cosity has been reported following the administration
of oral chondroitin sulfate to rabbits, rats, and horses
(17,20,21). A more viscous synovial fluid may inter-
fere physically with cartilage matrix catabolism, but
the mechanism by which chondroitin sulfate might in-
crease the viscosity of synovial fluid is uncertain.

d. Anti-inflammatory action. Chondroitin sulfate has been
reported to decrease leukocyte chemotaxis, phagocy-
tosis, and lysosomal enzyme release in vitro. When
administered orally to rodents, it appeared to decrease
granuloma formation in response to sponge implants
as well as attenuate the inflammatory response in adju-
vant arthritis and carrageenan-induced pleurisy (22).

CLINICAL STUDIES

Interest in chondroitin sulfate as a therapeutic agent is
longstanding and has primarily focused on the treat-
ment of OA. Much of the available clinical data come
from trials conducted in Europe, where it is now classi-
fied as a “symptomatic slow-acting drug in osteoarthri-
tis” (SYSADOA) (23). Some have suggested that it
may also have chondroprotective properties and thereby
have properties of a “disease-modifying antiosteoarthritic
drug” (DMOAD). Among physicians in the United States,
however, there is considerable skepticism, and its role in
the treatment of OA, if any, remains very controversial.

Most of the clinical experience with chondroitin sul-
fate has been in knee OA, which is an important patient
subset due toits prevalence and resulting disability. Radio-
graphic evidence of knee OA is present in approximately
one-third of people older than 65 years, although not all
have symptoms. Epidemiologic studies suggest that knee
OA increases in frequency with each decade of life and af-
fects women more often. Obesity, prior trauma, and repet-
itive occupational knee bending have also been identified
as risk factors. The functional consequences of knee OA
are considerable, as it produces disability as often as heart
and chronic obstructive pulmonary disease (24).

The initial management of OA includes patient ed-
ucation, weight reduction, aerobic exercise, and physical
therapy, and these should always be pursued before phar-
macologic intervention is considered. Weight reduction
and strengthening exercises may be of particular bene-
fit in knee OA. Acetaminophen and nonsteroidal anti-

inflammatory drugs (NSAIDs) are the agents most of-
ten prescribed when nonpharmacologic measures prove
insufficient. Local intervention with intra-articular corti-
costeroid injections and viscosupplementation may be of
benefit in some patients.

Most rheumatologists would agree that present ther-
apies for OA are suboptimal for the majority of patients.
This was readily apparent in a representative two-year
clinical trial comparing an NSAID and acetaminophen in
knee OA, in which a majority of participants in both treat-
ment groups withdrew prior to study completion because
of toxicity or lack of efficacy. Given the shortcomings of
standard therapy, it is not surprising that more than one-
third of patients report that they have experimented with
alternative and complementary treatments (25).

Nutraceuticals are produced and distributed in the
United States under the authority of the Dietary Supple-
ment Health and Education Act (DSHEA), which was en-
acted in 1994 as an amendment to the existing Federal
Food, Drug, and Cosmetic Act. The provisions of DSHEA
broaden the definition of dietary supplements and have
removed the more stringent premarket safety evaluations
that had been required previously. The act stipulates that
the labels of dietary supplements list ingredients and nu-
tritional information and permits manufacturers to de-
scribe the supplement’s effect on the “structure or func-
tion” of the body and the “well-being” that might be
achieved through its use. However, representations re-
garding the use of the supplement to diagnose, prevent,
treat, or cure a specific disease are expressly prohibited.

Legislation passed by the U.S. Congress in 1991
and 1993 (P.L. 102-170 and P.L. 103-43, respectively)
established an office within the National Institutes of
Health “to facilitate the study and evaluation of com-
plementary and alternative medical practices and to dis-
seminate the resulting information to the public.” This
Office of Alternative Medicine became the forerunner of
the present National Center for Complementary and Al-
ternative Medicine (NCCAM), which was formally insti-
tuted in February 1999. With a present budget of more
than $125.5 million, the stated mission of NCCAM is to
“explore complementary and alternative healing practices
in the context of rigorous science.” One of the first clinical
trials to be sponsored by NCCAM was GAIT, a Phase III
evaluation of the efficacy and safety of glucosamine and
chondroitin sulfate in knee OA.

Much of the clinical experience and study data with
chondroitin sulfate suffers from poor study design, pos-
sible sponsor bias, inadequate concealment, and lack of
intention-to-treat principles. More recent studies have
sought to address these issues with larger trials that
are more rigorously designed. Under the sponsorship of
NCCAM, GAIT was a multicenter, randomized, double-
blind, and placebo-controlled trial designed to evaluate
the tolerability and efficacy of glucosamine and chon-
droitin sulfate in the treatment of knee OA (26). The study
assigned 1583 patients to five treatment arms that con-
sisted of glucosamine alone, chondroitin sulfate alone, a
combination of glucosamine and chondroitin sulfate, cele-
coxib, and placebo. This trial was a two-part study de-
signed to compare the efficacy of glucosamine and chon-
droitin sulfate alone and in combination with that of an
active comparator (celecoxib) and placebo in alleviating



the pain of knee OA over 24 weeks. An ancillary study
on a subset of GAIT patients was developed to determine
whether radiographic benefit was evident after 24 months
of agent exposure.

Overall, GAIT results revealed no difference in re-
sponse to chondroitin sulfate alone or in combination with
glucosamine. However, in the subgroup of patients with
moderate-to-severe pain, there was a significantly higher
rate of response with combined therapy. In addition, a
statistically significant improvement in joint effusion was
noted in the chondroitin sulfate group among the sec-
ondary outcome measures. Hochberg et al. (27) conducted
a post hoc analysis of the GAIT data that specifically ad-
dressed the effects of chondroitin sulfate on joint swelling,
and concluded that the patients with earlier disease based
on symptoms and radiographic stage were most likely to
benefit.

Two meta-analyses published in 2007 evaluated the
recent data for the use of chondroitin sulfate for pain relief
in OA (28,29). The first meta-analysis assessed random-
ized controlled trial (RCT) data on several medications
used for short-term pain control in OA including NSAIDs,
opioid analgesics, paracetamol, intra-articular steroids,
glucosamine, and chondroitin sulfate (28). Data on chon-
droitin sulfate was limited to six RCTs (362 patients) and
demonstrated a small effect on pain relief at four weeks
that was statistically significant. Interestingly, a secondary
outcome measure of pain relief at three months after the
start of treatment showed a slight improvement in pain re-
lief between weeks 4 to 12. This outcome differed from all
other therapeutic interventions that showed no change or
a decrease in pain relief from week 4 to 12. However, five
of the six studies were sponsored by pharmaceutical com-
panies, and the remaining trial did not show improvement
in pain relief at 12 weeks. Overall, none of the available
medications evaluated in this meta-analysis met criteria
for a clinically relevant change in the primary outcome.

The second meta-analysis evaluated the use of chon-
droitin sulfate for pain in OA of the knee or hip as the
primary objective (29) Joint space narrowing effects were
analyzed as a secondary objective. Though a statistically
significant effect size for pain relief was reported using the
20 trials (3846 patients) included in the analysis, this ef-
fect size approached zero when only the three larger trials
with adequate concealment and intent-to-treat data were
included in the analysis (1553 patients). Five studies re-
ported data on joint space narrowing, and upon analysis
showed a significantly lower rate of joint space loss with
chondroitin sulfate over placebo. Though the effect size
was statistically significant, it was small and of unclear
clinical significance.

The first meta-analysis concluded that chondroitin
sulfate was likely beneficial in alleviating the symptoms of
knee OA to some degree but felt that the magnitude of the
clinical effect was most likely less than that reported (28).
The second meta-analysis determined that data from the
larger, more rigorous trials suggested that symptomatic
benefit from chondroitin sulfate was modest to nonexis-
tent (29). Few trials addressing the effect of chondroitin
sulfate on joint space narrowing were available for the lat-
ter analysis, and though a small effect was detected, the
authors concluded that it was of uncertain clinical rele-
vance and more study was necessary (29).
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The ancillary radiographic report from GAIT pub-
lished by Sawitzke et al. (30) assessed 572 patients with
knee OA followed for two years for radiographic pro-
gression . These patients had been randomized to receive
glucosamine 500 mg three times daily, chondroitin sulfate
400 mg three times daily, the combination of both supple-
ments, celecoxib 200 mg daily, or placebo as part of the
original GAIT study and were followed over 24 months
with the primary outcome measure of mean change in
joint space width (JSW) using metatarophalyngeal semi-
flexed radiography (31). No statistically significant differ-
ence in the loss of JSW in any of the treatment groups was
found compared to placebo, but the study was limited by
the smaller sample size and smaller than expected loss in
JSW. Interestingly, loss of JSW was greater in the combina-
tion group compared to those taking either glucosamine
or chondroitin sulfate alone, leading the authors to raise
the possibility of interference with combined use.

The recently published results of the Study on Os-
teoarthritis Progression Prevention assessed the effects of
chondroitins 4 and 6 sulfate on radiographic progression
as well as symptomatic relief in knee OA over a two-year
period (32). This study randomized 622 patients to re-
ceive 800 mg of chondroitin sulfate or placebo daily for
two years. Loss in minimum JSW was the primary out-
come, and symptomatic relief was a secondary outcome.
A significant reduction in JSW loss was observed in the
chondroitin sulfate group. This group also showed faster
improvement in pain over the first nine months, butno sig-
nificant difference was observed between the two groups
thereafter or at the end of the two years.

It is important to recognize that OA trials designed
to evaluate radiographic progression, may not be appro-
priate for detecting the symptomatic benefits of an inter-
vention. Additionally, interventions that result in slowing
of radiographic progression may not relieve symptoms,
or symptom relief may not correlate with improvements
in radiographic progression. Because OA is generally a
slowly progressive disease, modification of the disease by
an intervention such as chondroitin sulfate may not be ev-
ident for many years. Though some trials may report sta-
tistically significant changes in radiographic progression,
the clinical importance of these changes remains uncer-
tain and may become apparent with longer observational
periods.

SAFETY

Information regarding the safety of chondroitin sulfate
as a single agent, or in combination with other agents,
suggests that adverse effects associated with chondroitin
sulfate use are both minor and infrequent. In the random-
ized, controlled trials summarized above, the frequency of
adverse effects reported in the chondroitin sulfate treat-
ment arms was no greater than that with placebo arms.
The side effects reported most often with chondroitin sul-
fate were epigastric distress, diarrhea, and constipation.
Additionally, rashes, edema, alopecia, and extrasystoles
have been reported, though infrequently.

An additional safety concern is the potential for
transmission of bovine spongiform encephalopathy (BSE,
or mad cow disease) from infected beef products. Despite
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stringent safeguards put in place by the U.S. Department
of Agriculture that banned the import of beef products
from any at-risk country, a case was reported in an Amer-
ican herd. Those who elect to take chondroitin sulfate
should be familiar with the animal source from which it
has been extracted and, if bovine, assure themselves that
it has come from a disease-free herd.e

RECOMMENDATIONS

Considerable published medical literature is available
suggesting that chondroitin sulfate is well tolerated and
safe. Though it may be of benefit in alleviating the symp-
toms of OA in select patients, data demonstrating clini-
cally relevant improvements in OA symptoms with chon-
droitin sulfate are sparse. This should be considered in the
overall context that none of the currently available drugs
for treatment of OA have shown dramatic improvements
in pain relief. There are recent data suggesting that chon-
droitin sulfate may have effects on radiographic progres-
sion, but only studies of several year duration and suffi-
cient scientific rigor will be able to determine the clinical
significance of these findings. In light of the large num-
ber of studies documenting the favorable safety profile of
chondroitin sulfate, patients who report benefit and would
like to continue taking it can be assured that adverse
effects are unlikely.
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Chromium

Richard A. Anderson and William T. Cefalu

INTRODUCTION

Chromium (Cr) is the 13th most common element in the
earth’s crust and 26th most common element in seawa-
ter. It is present in the environment in oxidation states
ranging from —2 to +6 but principally as metallic (Cr?),
trivalent (+3), and hexavalent (4+6) Cr. The valence state
in which the Cr is present in the environment is of critical
importance. Trivalent Cr, the most common and naturally
occurring form of Cr, is an essential nutrient with very
low toxicity and is the subject of this entry. This review
will also focus on the role of Cr in humans. Hexavalent,
the form of Cr used for industrial purposes, is largely a
man-made product formed by the oxidation of the nat-
urally occurring trivalent Cr. It is highly toxic and does
not occur normally in biological tissues. Low amounts
of hexavalent Cr can be reduced in biological systems to
trivalent Cr.

BIOCHEMISTRY AND PHYSIOLOGIC FUNCTIONS
Essentiality

Chromium was shown to be an essential element in hu-
mans during the 1970s when a patient on total parenteral
nutrition (TPN) developed severe signs of diabetes in-
cluding weight loss, glucose intolerance, and peripheral
neuropathy that were refractory to insulin (1). Since con-
ventional treatments for diabetes, including 45 units of
insulin per day, were unsuccessful, the patient was given
supplemental Cr based on previous animal studies and
preliminary human studies. Following two weeks of sup-
plemental Cr, signs and symptoms of diabetes were re-
versed and exogenous insulin requirements dropped from
45 units per day to 0. Beneficial effects of Cr on patients on
TPN have been confirmed on numerous occasions and
documented in the scientific literature from three sep-
arate laboratories (2—4). Chromium presently added to
TPN solutions may not be adequate for some patients. Pe-
ripheral neuropathy and glucose intolerance of a patient
receiving recommended levels of Cr in these TPN solu-
tions (total parenteral intake approximately 15 pg daily)
were alleviated by an additional 250 pg daily dose of Cr
as Cr chloride. Peripheral neuropathy was improved sig-
nificantly within four days of additional Cr and normal-
ization of nerve conduction within three weeks. Glucose
intolerance was also normalized within three weeks of
supplemental Cr (5). Recently, a patient developed se-
vere insulin resistance following surgical repair of a tho-
racicaorta aneurysm. Postoperatively, the patient required
2110 units of insulin for more than 40 hours while receiv-
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ing pressors and glucocorticoids. After the administra-
tion of intravenous Cr at 3 pg/hr, the blood sugar nor-
malized and insulin therapy was discontinued (6). This
case represents a unique approach using intravenous Cr
to achieve glycemic control in a patient with extreme in-
sulin resistance and acute critical illness. Chromium is
routinely added to TPN solutions as a daily administra-
tion for adults of 10 to 15 pg and 0.14 to 0.20 ng/kg for
pediatric TPN patients (4).

Signs of Deficiency

Signs and symptoms of marginal Cr deficiency are not
limited to patients on TPN and may be widespread in
the general population. Insufficient dietary intake of Cr
leads to increases in risk factors associated with diabetes
and cardiovascular diseases including elevated circulat-
ing insulin, glucose, triglycerides, total cholesterol, re-
duced high-density lipoprotein cholesterol (HDL-C), and
impaired immune function (7,8).

Chromium was shown to be an essential nutrient
for animals almost five decades ago when it was shown
that rats that fed on a Torula yeast-based diet developed
impaired glucose tolerance that was reversed by an insulin
potentiating factor whose active component was shown
to be trivalent Cr (9). Chromium has subsequently been
shown to be an essential element for fish, mice, squirrel
monkeys, guinea pigs, pigs, cattle, and humans (Table 1).

Absorption and Excretion

Absorbed Cr is excreted primarily in the urine and only
small amounts are lost in the hair, perspiration, or bile.
Therefore, urinary Cr excretion can be used as an indica-
tor of Cr absorption. Chromium absorption is inversely
related to dietary intake. At daily dietary intakes of 10 g,
Cr absorption is approximately 2% and at intakes of
40 pg is 0.5% (11). This leads to absorption of approxi-
mately 0.2 pg/day, which appears to be a minimal basal
level. At dietary intakes above 50 wg Cr/day, Cr absorp-
tion is approximately 0.4%. The form of Cr also influences
the absorption, that is, absorption of Cr from Cr chloride
is usually in the region of 0.4% and Cr from Cr picoli-
nate (the most common Cr supplement) is approximately
1.2%. Chromium incorporation into rat tissues was shown
to vary widely depending upon its form. The highest con-
centrations of Cr were found in the kidney followed by
liver, spleen, heart, lungs, and gastrocnemius muscle (12).
The absorption of nutritional forms of Cr by human sub-
jects was shown to be the greatest for Cr as Cr histidinate
followed by Cr picolinate, Cr methionate, and Cr pidolate
(13). In addition to its form, oxidation state and route of
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Table 1  Signs and Symptoms of Chromium Deficiency

Function Species

Impaired glucose tolerance Human, rat, mouse, squirrel
monkey, guinea pig, cattle

Elevated circulating insulin Human, rat, pig, cattle

Glycosuria Human, rat

Fasting hyperglycemia Human, rat, mouse

Impaired growth Human, rat, mouse, turkey

Hypoglycemia Human

Elevated serum cholesterol and Human, rat, mouse, cattle, pig
triglycerides

Increased incidence of aortic Rabbit, rat, mouse
plaques

Increased aortic intimal plaque area Rabbit

Nerve disorders Human?

Brain disorders Human?

Corneal lesions Rat, squirrel monkey

Increased ocular eye pressure Human
Decreased fertility and sperm count Rat
Decreased longevity Rat, mouse
Decreased insulin binding Human
Decreased insulin receptor number Human

Decreased lean body mass Human, pig, rat

Elevated percentage of body fat Human, pig
Impaired humoral immune response Cattle
Increased morbidity Cattle

aThese effects have been observed only in patients on TPN.
Source: From Ref. 10.

administration, ascorbic acid, carbohydrates, phytate, ox-
alate, aspirin, antacids, and indomethacin also alter Cr
absorption. Ascorbic acid was shown to significantly in-
crease Cr absorption in humans with similar results in rats
(14). Using radioactively labeled Cr chloride, animals that
were fed starch were shown to have higher Cr absorp-
tion than those fed on sucrose, fructose, or glucose (15).
Phytate has been reported to have either no effect on Cr
absorption or an inhibitory effect. Oxalate also inhibits Cr
absorption. Prostaglandin inhibitors such as aspirin and
indomethacin enhance Cr absorption, and antacids such
as Maalox® (trade name of Vovartis, Fremont, MI) and
Tums® (Glaxo Smith Kline, Research Triangle Park, NC)
inhibit Cr absorption.

Glucose Intolerance and Diabetes

Chromium supplementation to the general public, and
in participants with diabetes in particular, is widespread
but the efficacy of supplemental Cr is controversial. The
controversy surrounding Cr supplementation stems from
many factors, but the lack of definitive randomized tri-
als is a major contributor. Specifically, many of the earlier
studies evaluating Cr were open label and therefore gen-
erated substantial bias. Additional concerns from these
earlier studies were the lack of “gold standard” tech-
niques to assess glucose metabolism (e.g., euglycemic-
hyperinsulinemic clamps), the use of differing doses and
formulations, and the study of heterogeneous study pop-
ulations. Based on these concerns, conflicting data have
been reported that have contributed greatly to the confu-
sion among health care providers regarding the routine
use of Cr as a dietary supplement. More recent evidence,
however, supports the concept that Cr supplementation
yields more consistent clinical effects on carbohydrate

metabolism particularly when consumed at higher doses,
for example, 200 g or greater daily consumption (7,8,16—
18). Subjects with varying levels of blood lipids have also
been shown to improve following Cr supplementation,
with the greatest improvements in total cholesterol, HDL
cholesterol, and triglycerides in subjects with the highest
initial levels. In the past decade, Cr has been shown to
improve the signs and/or symptoms of diabetes in peo-
ple with glucose intolerance and type 1, type 2, gesta-
tional and steroid-induced diabetes. The amounts of sup-
plemental Cr shown to have beneficial effects in these
studies ranged from 200 to 1000 p.g/day. In a double-blind
placebo-controlled study involving 180 subjects with type
2 diabetes mellitus, Cr effects were greater at 1000 ng/day
than at200 pg/day (19). The most dramaticimprovements
were shown in hemoglobin Ajc (HbA;c), which is a reli-
able indicator of long-term glucose control. HbAc in the
placebo group was 8.5 £ 0.2%, 7.5 & 0.2% in the 200 pg
group, and 6.6 + 0.1% in the group of subjects receiv-
ing 1000 pg of Cr as Cr picolinate per day for four months
(the upper level of reference range is approximately 6.5%).
Similar results were observed in a double-blind placebo-
controlled crossover study involving 50 subjects with type
2 diabetes supplemented with 200 ug of Cr twice daily as
Cr picolinate (20). Improvements in fasting insulin levels
and one-hour glucose and insulin levels following a 100
g glucose tolerance test in women with gestational dia-
betes were greater in the group receiving 8 wg/kg body
weight per day compared with those receiving 4 pg/kg
body weight (21). Steroid-induced diabetes that could not
be controlled by oral hypoglycemic medications and/or
insulin was also improved to acceptable levels in 47 of 50
people given 600 pg of Cr as Cr picolinate per day for two
weeks followed by a daily Cr maintenance dose of 200 p.g
(22,23). Insulin sensitivity of obese subjects with a family
history of diabetes also improved following 1000 wg of
supplemental Cr daily as Cr picolinate (17).

A combination of Cr and biotin (600 pg as Cr
picolinate and 2 mg of biotin) led to significant de-
creases in HbA;c and glucose compared with the placebo
group in a double-blind study involving 348 subjects
with type 2 diabetes mellitus (DM). In subjects with
high cholesterol and type 2 DM, there were also signif-
icant improvements in total cholesterol and low-density
lipoprotein cholesterol (LDL-C) levels and atherogenic
index in the group consuming the Cr biotin combina-
tion. Significant decreases in LDL-C, total cholesterol,
HbA1c, and very low-density cholesterol levels were
also observed in the Cr biotin group taking statins (24).
In a related study involving poorly controlled subjects
with type 2 DM, there was a significantly greater re-
duction in the total area under the curve for glucose
during a two-hour glucose tolerance test in the group
receiving the Cr biotin combination. There were also re-
ductions in fructosamine, triglycerides, and triglycerides/
HDL-C ratio (25).

Chromium was found to be the most often studied
nutritional supplement in type 2 diabetes (26). MEDLINE
and EMBASE databases were searched using a systematic
approach. Only double-masked randomized controlled
trials were selected. A majority of the trials found a pos-
itive effect of Cr on fasting plasma glucose. Studies have
involved individual case studies to studies with more than



800 subjects for more than one year (27). However, a meta-
analysis of published studies on the effects of Cr on glu-
cose and insulin (18) concluded, based upon the studies
analyzed, that there were no significant effects of Cr. How-
ever, several positive studies were not included in this
analysis owing to lack of specific data and inability to have
an access to the original data. Several studies not report-
ing beneficial effects of supplemental Cr involved healthy
normal subjects, with good glucose tolerance, who would
not be expected to respond to additional Cr (8). Response
to Cr is also dependent upon the amount and form of Cr
consumed, and studies involving 200 wg of Cr or less or
a form of Cr that is poorly absorbed would also not be
expected to demonstrate effects of supplemental Cr (8).

In an attempt to determine who responds to sup-
plemental Cr, 73 subjects with type 2 diabetes mellitus
were assessed in a double-blinded, randomized, placebo-
controlled study (28). Subjects were assessed at baseline
for glycemic control with glycated hemoglobin measures,
oral glucose tolerance tests, and body weight and body fat
measures (dual-energy X-ray absorptiometry). The only
subject variable significantly associated with the clini-
cal response to Cr was the baseline insulin sensitivity,
as assessed with the hyperinsulinemic-euglycemic clamp
[partial R(2) = 0.4038] (P = 0.0004). Subject phenotype
appears to be very important when assessing the clinical
response to Cr because baseline insulin sensitivity was
found to account for nearly 40% of the variance in the
clinical response to Cr (28).

A follow-up study with use of “state-of-the-art”
metabolic techniques and in a well-characterized cohort
of individuals with type 2 diabetes representing a wide
range of both phenotype and parameters assessing whole
body insulin action, suggested that a consistent effect of Cr
to improve insulin action and glycemia was not observed.
However, this study is the first to show that Cr levels af-
ter supplementation do not differ between “responders”
and “nonresponders,” and provides the first comprehen-
sive assessment of physiological and biochemical charac-
teristics of individuals who responded to Cr. Specifically,
“response” to Cr is more likely in insulin-resistant indi-
viduals who have more elevated fasting glucose and Aic
levels. Another novel finding was that tissue lipids are
decreased in subjects randomized to Cr. Thus, it may be
postulated that Cr alters insulin sensitivity through mod-
ulation of lipid metabolism in peripheral tissues and may
represent a unique mechanism of action for trace miner-
als. The mechanism for this effect is the focus of ongoing
studies (29).

Antioxidant Effects

Increased oxidative stress in relation to abnormal glucose
metabolism is well documented in people with diabetes
(30,31), and the antioxidative effects of Cr have also been
demonstrated in animal studies (32). Chromium has also
been shown to function as an antioxidant in people with
type 2 diabetes (33) and confirmed in subjects with type
2 diabetes with HbA1c values greater than 8.5% (34). Fol-
lowing six months of supplementation with Cr and Cr
in combination with the antioxidant vitamins, C and E,
there were significant reductions in both groups in thio-
barbituric reactive substances in a double-blind study in-
volving adult subjects with type 2 diabetes and HbAc >
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8.5%. Total antioxidative status and glutathione peroxi-
dase levels were also higher in the Cr group and the Cr
plus antioxidative vitamins group (35). In addition, fast-
ing glucose, HbAc, and insulin resistance also improved
in groups consuming Cr.

Weight and Lean Body Mass

While there are a number of animal and human studies
that suggest an effect of supplemental Cr on increasing
lean body mass and decreasing body weight, there are
also a number of studies showing no detectable effects of
supplemental Cr (36,37). It may take more than six months
to detect changes in lean body mass in humans and there
may not be an effect on total body weight, as increases in
lean body mass and decreases in fat may lead to small or
minimal changes in total weight. Future studies involving
body weight and lean body mass should be for 24 weeks or
longer and involve 400 pg of Cr or more daily. Additional
studies shorter than 24 weeks will be of minimal benefit
and will likely serve to cloud the issue of whether supple-
mental Cr has an effect on body composition and weight
loss in humans (36). Beneficial effects of Cr on lean body
mass in humans have been substantiated in studies with
pigs (38). The lack of the effect of Cr on lean body mass
has been presented (39). A meta-analysis reported a body
weight reduction of 1.1 to 1.2 kg during an intervention
period of 10 to 13 weeks of Cr supplementation, consid-
ered too small to be clinically significant (37). However,
long-term administration studies should be performed to
determine whether the reduction in body weight could be
maintained.

The controversial area of Cr, weight, and lean body
mass was clarified when it was shown that goats eating
a diet high in refined carbohydrates ate more than those
eating the diet supplemented with Cr (40,41). Increases in
weight were attributed to the antilipolytic effects of insulin
leading to accumulation of triglycerides in the adipose tis-
sue. Elevated insulin levels in the low Cr animals would
also lead to decreased glucagon. As glucagon stimulates
lipolysis, decreased glucagon may lead to decreased lipol-
ysis and subsequent accumulation of body fat and weight
gain and may explain the effects on lean body mass in
humans.

In the above-mentioned study involving goats, it
also took more than 28 weeks to detect significant changes
inbody weight in rapidly growing goats. This is consistent
with human studies, usually 12 weeks or less in duration,
which are unable to detect significant changes in weight
of people eating conventional diets with supplemental Cr.

Supplemental Cr, 1000 g of Cr as Cr picolinate, was
also shown to decrease food intake (P < 0.0001), hunger
levels (P < 0.05), and fat cravings (P < 0.0001), and tended
to decrease body weight (P = 0.08) in 42 overweight
women who reported craving carbohydrates. Study
design was double-blind placebo controlled (42). In a re-
lated study involving rats, intraperitoneal administration
of Cr resulted in a subtle decrease in food intake but when
administered centrally, Cr picolinate dose dependently
decreased food intake. The authors concluded that Cr has
a role in food intake regulation, which may be mediated
by a direct effect on the brain (42).
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Figure 1 Chromium decreases visceral fat, subcutaneous fat, and total
fat. Thirty-seven people with type 2 diabetes mellitus (DM) were placed on
sulfonylurea medication for three months followed by six months of either
1000 g of Cr as Cr picolinate per day or placebo. *Significantly different
at P < 0.05; **significantly different at P < 0.01. FFA, free fatty acids.
Source: Adapted from Ref. 43.

A well-controlled study by the same group demon-
strated that weight gain in people with type 2 diabetes
was clearly regulated by supplemental Cr (43). Thirty-
seven subjects with type 2 diabetes were placed on sul-
fonylurea drugs to control blood sugar for three months
and then randomized to receive either Cr or placebo. Sub-
jects receiving the supplemental Cr had smaller increases
in body weight, percent body fat, and total abdominal
fat compared with those in the placebo group. Subjects
receiving Cr also had increased insulin sensitivity, cor-
rected for fat-free-mass, and decreased free fatty acids
(Fig. 1) (43).

Depression

A small pilot study suggested that Cr might be effective in
the treatment of atypical depression. The study involved
15 patients with major depression, was double-blind, ran-
domized, and placebo controlled (44). Seventy percent
of the subjects responded to Cr with no negative side
effects. Traditionally, depression has been treated with
monoamine oxidase inhibitors; the toxicity and side ef-
fects of this class of drugs represent major limitations and
the response is usually 50% or less. Depression has been
associated with insulin resistance (45) and it is conceiv-
able thatincreased insulin sensitivity leads to an enhanced
central noradrenergic and serotonergic activity. Postsy-
naptic brain serotonin receptor downregulation by Cr in
humans has also been reported, which could relate to in-
sulin sensitivity and depression (46). However, larger and
more comprehensive studies are required to address this
problem.

In a double-blind, multicenter, eight-week replica-
tion study, 113 adult outpatients with atypical depression
were randomized 2:1 to receive 600 wg/day of elemental
Cr, as provided by Cr picolinate, or placebo (47). Primary
efficacy measures were the 29-item Hamilton Depression
Rating Scale (HAM-D-29) and the Clinical Global Impres-
sions Improvement Scale (CGI-I). The main effect of Cr
was on carbohydrate craving and appetite regulation in
depressed patients demonstrating that 600 pug of elemen-

tal Cr may be beneficial for patients with atypical depres-
sion who also have severe carbohydrate craving. Further
studies are needed to evaluate Cr in depressed patients
specifically selected for symptoms of increased appetite
and carbohydrate craving as well as to determine whether
a higher dose of Cr would have an effect on mood.

The involvement of glutamatergic and serotoner-
gic receptors in the antidepressant-like activity of Cr has
been demonstrated in mice (48). The study confirmed
the antidepressant-like activity of Cr in the mouse forced
swim test and indicates the major role of the a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor and participation of N-methyl-D-aspartate
(NMDA) glutamatergic and 5-HT (1) and 5-HT (2 A/C)
serotonin receptors in this activity.

Mechanism

How Cr serves as a cofactor for insulin action is not fully
understood, and Cr remains as one of the only trace-
able minerals where a specific mechanism of action has
not been identified. Several in vivo and in vitro stud-
ies have postulated a potential mechanism, but it must
be stated that this mechanism has not been studied as
to whether this is applicable to in vivo states. How-
ever, a low-molecular-weight chromium-binding sub-
stance (LMWCr) termed chromodulin (MW = 1500 Da)
has been described, which appears to be involved in me-
diating the intracellular effects of Cr. It is composed of
glycine, cysteine, glutamic acid, and aspartic acid (49).
The principal carrier protein for Cr in the blood is sug-
gested to be transferrin, which also is suggested to play a
critical role in movement of Cr from blood to LMWCr. It
has been postulated that an initial step in this process is the
migration of transferrin receptors (Tf-R) to plasma mem-
branes of insulin-insensitive cells after insulin stimulation.
Transferrin containing the bound Cr binds to the Tf-R and
is internalized by endocytosis. The pH of the internal-
ized vesicle is reduced by adenosine triphosphate-driven
proton pumps, Cr is released from transferrin, and the re-
sulting free Cr is postulated to be sequestered by LMWCr
(49,50). With this step, Cr is transferred from transferrin
to LMWCr, which normally exists in insulin-dependent
cells in the apo, or inactive, form. Binding with Cr ions
converts inactive LMWCr to its holo, or active, form. It
is proposed that LMWCr then participates as part of an
insulin signal amplification system as it binds to insulin-
activated insulin receptors and results in stimulating its
tyrosine kinase activity. The end result of this process is
postulated to be the activation of insulin receptor kinase
and potentiation of the actions of insulin. Importantly,
LMWCr without bound Cr or in the presence of other
metal ions has been shown to be ineffective in activating
insulin-dependent kinase activity and thus enhancing the
actions of insulin (51). Thus, although this is an attrac-
tive hypothesis, definitive data for this mechanism as to
whether it is operative in humans is lacking.

Chromium has also been reported to modulate phos-
photyrosine phosphatase (52), the enzyme that cleaves
phosphate from the insulin receptor leading to decreases
in insulin sensitivity. The balance between kinase and
phosphatase activity is suggested to facilitate insulin’s
role in rapidly moving glucose into cells. In addition, it



has been suggested that Cr enhances insulin binding, in-
sulin receptor number, insulin internalization, and B-cell
sensitivity (8). All of these effects contribute to improved
insulin sensitivity.

Chromium, like insulin, also stimulates mRNA and
protein levels for Ca>*-ATPase, a protein involved in cal-
cium transport. A combination of insulin and Cr as Cr pi-
colinate caused a greater stimulation of the Ca>*-ATPase
mRNA than either insulin or Cr alone (53). Fluorometric
analysis of the rate of ionized calcium recovery follow-
ing stimulation with arginine also showed an effect of Cr;
Cr picolinate alone increased recovery rate of 35% and Cr
plusinsulin 133%, compared to the increased recovery rate
of 83% caused by insulin alone. In skeletal muscle cells,
Cr was shown to stimulate tyrosine phosphorylation of
the insulin receptor and insulin receptor substrate 1 (54).
Wang et al. (55) also reported increased phosphorylation
of the insulin receptor and concluded that cellular Cr po-
tentiates insulin signaling by increasing insulin receptor
kinase activity, separate from inhibition of phosphotyro-
sine phosphatase. Elmendorf and colleagues conducted a
series of studies demonstrating that the cholesterol con-
tent of the plasma membrane regulates the response to
Cr (56-59). They reported that a loss of plasma membrane
phosphatidylinositol 4,5-bisphosphate-regulated filamen-
tous actin structure contributes to insulin-induced insulin
resistance. They also reported that Cr picolinate augments
insulin-regulated glucose transport in insulin-sensitive
3T3-L1 adipocytes by lowering plasma membrane choles-
terol. Insulin-induced insulin-resistant adipocytes display
elevated plasma membrane cholesterol with a reciprocal
decrease in plasma membrane phosphatidylinositol 4,5-
bisphosphate. This lipid imbalance and insulin resistance
was corrected by the cholesterol-lowering action of Cr pi-
colinate (57). The plasma membrane lipid imbalance did
not impair insulin signaling, nor did Cr picolinate amplify
insulin signal transduction demonstrating that plasma
membrane cholesterol is involved in the response to Cr
and may be important in subjects who respond to supple-
mental Cr. In summary, although the precise mechanism
of action of Cr is not known, the data that are available
suggest effects on the insulin signaling processes that may
be regulated by plasma membrane cholesterol content.

INDICATIONS AND USAGE

Food Sources

Not only is the total dietary intake of Cr important but also
the total diet consumed. For example, increased intakes of
simple sugars lead to increased losses of supplemental Cr
(60). This becomes a double-edged sword, as high sugar
foods are often also low in Cr. Diets high in simple sug-
ars lead to elevated levels of circulating insulin and once
insulin increases, Cr is mobilized. Chromium does not
appear to be reabsorbed by the kidney and is lost in the
urine. Other stresses such as acute exercise, pregnancy and
lactation, infection, and physical trauma also increase Cr
losses (61).

Foods high in Cr that are also low in simple sug-
ars include broccoli, green beans, apples, and high fiber
breakfast cereals (62). When nonprocessed fruits, vegeta-
bles, and high fiber foods are consumed, the requirement
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for Cr is postulated to be lower because the Cr losses are
lower. Chromium content of foods cannot be calculated
from food composition tables, as there are large variations
in individual foods owing likely to the contamination that
occurs during growing and processing.

REFERENCE INTAKES

The estimated safe and adequate daily dietary intake
(ESADDI) for Cr for children aged seven years to adult
of 50 to 200 pg/day was established by committees of the
US National Academy of Sciences in 1980 and affirmed
in 1989 (63). The Food and Drug Administration pro-
posed a Reference Dietary Intake for Cr effective in 1997 of
120 pg/day. The new committee of the National Academy
of Sciences has established that the normal intake of Cr
should serve as the adequate intake of 20 ng for women
and 30 pg for men older than 50 years and 25 pg for
women and 35 g for men aged 19 to 50 years (Table 2).
It is unclear why the adequate intake for Cr is lower for
people older than 50 years, other than total caloric intake.
It is recognized that Cr is a cofactor for insulin action, and
insulin action is known to be diminished with aging, but
unsure whether this is a major reason. Indices of Cr sta-
tus such as the Cr content of hair, sweat, and urine were
shown to decrease with age in a study involving more
than 40,000 people (64).

The proposed adequate intake appears to be the av-
erage intake as reported in 1985, which appears to be sub-
optimal. Average daily intake (mean 4+ SEM) of subjects
consuming normal diets was 25 & 1 pg for women and
33 £ 3 ug for men (11). There have been more than 30 stud-
ies reporting beneficial effects of supplemental Cr on peo-
ple with blood glucose values ranging from marginally
elevated to glucose intolerance and diabetes when con-
suming diets of similar Cr content.

Consumption of controlled normal diets in the low-
est quartile of normal Cr intake, but near the new ad-
equate intakes, led to detrimental effects on glucose
(Fig. 2) in subjects with marginally impaired glucose

Table 2 Proposed Adequate Intakes for Chromium

Group Proposed adequate daily intake (jg)
0-6 mo 0.2
7-12 mo 5.5
1-3yr 11
4-8 yr 15
Boys, 9-13 25
Boys, 14-18 35
Girls, 9-13 21
Girls, 14-18 24
Men, 19-30 35
Men, 31-50 35
Women, 19-30 25
Women, 31-50 25
Men, 51-70 30
Men, >70 30
Women, 51-70 20
Women, >70 20
Pregnancy 30
Lactation 45

Source: From Ref. 65.
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Figure 2 Effects of dietary Cr on people with good glucose tolerance and
those with marginally impaired glucose tolerance consuming 20 g or less
of Cr daily. Subjects with good glucose tolerance, controls, are subjects with
blood glucose levels less than 5.5 mmol/L (100 mg/dL), 90 minutes after
consuming an oral glucose load of 1 g/kg body weight. Subjects defined as
marginally hyperglycemic have 90-minute glucose levels between 5.5 and
11.1 mmol/L following an oral glucose load of 1 g/kg. Bars with different
superscripts are significantly different at P < 0.05. Subjects with good
glucose tolerance are able to maintain normal glucose levels at these low
intakes, but not subjects with varying degrees of glucose intolerance. Source:
From Ref. 66.

tolerance [90-minute glucose between 5.5 and 11.1
mmol/L (100-200 mg/dL) following an oral glucose load
of 1 g/kg body weight]. The average person older than
25 years has blood glucose in this range. Consumption of
these same diets by people with good glucose tolerance
(90-minute glucose less than 5.5 mmol/L) did not lead to
changes in glucose and insulin variables. This is consistent
with previous studies demonstrating that the requirement
for Cr is related to the degree of glucose intolerance and
demonstrates that an intake of 20 pg/day of Cr is not ad-
equate for people with marginally impaired glucose tol-
erance and certainly not for those with impaired glucose
tolerance or diabetes.

ADVERSE EFFECTS

Safety of Chromium

Trivalent Cr, the form of Cr found in foods and nutri-
ent supplements, is considered as one of the least toxic
nutrients. The reference dose established by the US Envi-
ronmental Protection Agency for Cr is 350 times the upper
limit of the ESADDI as established in 1980 and affirmed
in 1989, 3500 times the new adequate intake for women
and 2333 times for men. The ratio of the reference dose
to the required levels for most mineral and trace miner-
als is less than 10. The reference dose is defined as an
estimate (with uncertainty spanning perhaps an order of
magnitude) of a daily exposure to the human population,
including sensitive subgroups, that is likely to be without
an appreciable risk of deleterious effects during a lifetime.
With these large safety factors, it is highly unlikely that
there would be any reproducible signs of Cr toxicity at
daily supplementation ranges of 1000 pg or less. There has
been no evidence of toxicity in any of the nutritional stud-
ies involving Cr supplementation, but there have been

individual case studies reporting detrimental effects that
have not been confirmed (67). Since the absorption of Cr
is very low, it is likely that there would be indigestion and
vomiting before enough Cr was absorbed to cause toxic-
ity. However, Cr does bind to many biological substances
including DNA and, at high enough levels, could (like al-
most all nutrients) lead to signs of toxicity in sensitive in-
dividuals. The toxic effects of Cr under nonphysiological
conditions have been reviewed (39). The National Toxi-
cology Program (NTP) (68) has completed independent in
vitro and in vivo genotoxicity assays and evaluation of Cr
picolinate, the most popular form of Cr in nutrient supple-
ments, demonstrating that Cr picolinate did not produce
chromosome damage in in vivo mouse assays and had no
effect in two bacterial mutation assays (69). The absence of
negative effects of Cr picolinate as reviewed by the NTP
has led to the addition of Cr picolinate to generally rec-
ognized as safe list (68,69). Owing to the low toxicity of
trivalent Cr, there is no upper limit established for Cr in
the new National Academy of Sciences Guidelines (65).

CONCLUSIONS

The effects of Cr on glucose and insulin metabolism are
well documented. Normal dietary intake of Cr appears
to be suboptimal because several studies have reported
beneficial effects of Cr on people with elevated blood glu-
cose or type 2 diabetes eating conventional diets. Stresses
that alter blood glucose often lead to increased mobiliza-
tion of Cr that is subsequently lost from the body via the
urine. The mechanism of action of Cr is largely through
improvements in insulin sensitivity. Chromium makes in-
sulin more effective and in the presence of Cr in a useable
form, lower levels of insulin are required. There is no es-
tablished upper limit for the supplemental Cr as it has
very low toxicity and there have been no documented
negative side effects in any of the more than 35 clinical
studies. Number of subjects per study ranged from less
than 10 to more than 800.
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Coenzyme Q,,

Gustav Dallner and Roland Stocker

INTRODUCTION

Coenzyme Q is a lipid with broad distribution in nature,
present in plants, bacteria, fungi, and all animal tissues.
Coenzyme Q refers to a general structure composed of
a nucleus, that is, 2,3-dimethoxy-5-methylbenzoquinone,
and, substituted at position 6 of this quinone, a side chain
consisting of isoprene units (5 carbons), all in trans config-
uration and with one double bond. In human tissues, the
major part of coenzyme Q is coenzyme Q19, which has 10
isoprene units; only 2% to 7% is present as coenzyme Qg.

NAME AND GENERAL DESCRIPTION

Coenzyme Q1o (Cs9HgoO4) has a molecular weight of
863.3, melting point of 49°C, and redox potential of around
+100 mV. The lipid is soluble in most organic solvents but
not in water. The term coenzyme Q refers to both oxidized
and reduced forms.

The oxidized form of coenzyme Q, ubiquinone
(CoQ), has an absorption maximum at 275 nm, whereas
its reduced form, ubiquinol (CoQH>), has a small maxi-
mum at 290 nm. The absorption of CoQ at 210 nm is six
times higher than that at 275 nm, but absorption at 210 nm
is not specific for CoQ); this reflects the double bonds of
the polyisoprenoid moiety and is therefore unspecific. The
two major features of the lipid are the quinone moiety and
the side chain. The quinone moiety is the basis for the re-
dox function of this coenzyme, allowing continuous oxi-
dation reduction (Fig. 1) as a result of enzymatic actions.
The long polyisoprenoid side chain gives the molecule its
highly hydrophobic character and influences its physical
properties and arrangement in membranes.

EXTRACTION AND ANALYSIS

For analysis of the blood and tissue level of coenzyme
Q, extraction is usually performed with organic solvents
without previous acid or alkaline hydrolysis (1). The sim-
plest procedure is using petroleum ether, hexane, or iso-
propyl alcohol and methanol. In this system, phase sep-
aration occurs, and the methanol phase retains all the
phospholipids, which make up more than 90% of the total
lipid in most tissues. The separated neutral lipids, among
them coenzyme Q, are generally isolated and quantified
by reversed phase high-performance liquid chromatogra-
phy (HPLC) and UV detection. Both the sensitivity and
the specificity of the method can be improved greatly
by using electrochemical detection. In addition, this lat-
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ter procedure makes it possible to analyze—under certain
conditions—the ratio of oxidized/reduced coenzyme Q
amount, reflecting the in vivo situation.

BIOCHEMISTRY AND FUNCTIONS

Biosynthesis

The biosynthesis of coenzyme Q in animal and human
tissues is unique though the initial section, designated
the mevalonate pathway, is identical for the production
of coenzyme Q, cholesterol, dolichol, and isoprenylated
proteins (2). After the branch point, however, the termi-
nal portions of the biosynthetic pathways for each of the
products are specific (Fig. 2).

The mevalonate pathway consists of eight enzy-
matic reactions, which lead to the production of far-
nesyl pyrophosphate, the common initial substrate for
all terminal products mentioned earlier. The pathway
starts with two enzymatic steps using three molecules of
acetyl-CoA, resulting in 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA). The next reaction is a reduction to meval-
onate by HMG-CoA reductase. This reaction is considered
to be the main regulatory step in the pathway and also in
cholesterol synthesis. Statins, drugs very commonly used
in the treatment of hypercholesterolemia, are competitive
inhibitors of HMG-CoA reductase. Mevalonate is phos-
phorylated in two steps to mevalonate pyrophosphate,
which is then decarboxylated to isopentenyl pyrophos-
phate. Isopentenyl pyrophosphate is not only an interme-
diate but also the main building block for the synthesis of
dolichol and the side chain of coenzyme Q. It is isomerized
to dimethylallyl pyrophosphate, the substrate for farne-
syl synthase. This enzyme mediates a two-step reaction,
giving rise initially to the enzyme-bound, two-isoprenoid
intermediate geranyl pyrophosphate, followed by a new
condensation with isopentenyl pyrophosphate to the
three-isoprenoid farnesyl pyrophosphate.

Allbranch-point enzymes utilize farnesyl pyrophos-
phate as substrate and they initiate the terminal part of
the synthesis. These enzymes are considered for over-
all rate limiting and are consequently of utmost impor-
tance in the regulation of the biosynthesis of the lipid in
question. In cholesterol synthesis, squalene synthase me-
diates the head-to-head condensation of two molecules
of farnesyl pyrophosphate. cis-Prenyltransferase catalyzes
the 1’-4 condensation of cis-isopentenyl pyrophosphate to
all-trans farnesyl pyrophosphate, which, after additional
modifications, generates dolichols with chain length be-
tween 16 and 23 isoprene units. trans-Prenyltransferase
mediates a series of addition reactions of isopentenyl
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pyrophosphate to farnesyl pyrophosphate, resulting in all-
trans polyprenyl pyrophosphate, giving the side chain of
coenzyme Q. The chain length varies between different
species, and in humans, the chain is mostly decaprenyl
pyrophosphate, with some solanesyl pyrophosphate.

The next step in the biosynthesis requires the pre-
cursor of the benzoquinone moiety, 4-hydroxybenzoate,
which itself is produced from tyrosine and is present in
excess amounts. After prenylation of 4-hydroxybenzoate,
the ring is modified by C-hydroxylations, decarboxyla-
tion, O-methylations, and C-methylation. The final prod-
uct of the biosynthetic process is reduced coenzyme Q,
ready to serve as electron donor. The sequence of these re-
actions has been studied so far mainly in bacteria and
yeast. In mammalian tissues, several genes have been
identified through complementary recognition with yeast
and the function for some of them was also established.
Isolated enzymes are not available at present, although
these will be required for the establishment of the details
of coenzyme Q synthesis in animal tissues.

Acetyl-CoA
Acetoacetyl-CoA

HMG-CoA
HMG-CoA reductase
Mevalonate

Mevalonate-P
Mevalonate-PP
Isopentenyl-PP

Dimethylallyl-PP

Tyrosine Protein isoprenylation

Geranyl-PP
4-OH-Benzoate Decaprenyl-PP 4——Famesyl-PP ————» Geranylgeranyl-PP

trans-Prenyl-
transferase

cis-Prenyl-
transferase

Squalene
synthetase

Decaprenyl-4-OH-
benzoate transferase
Decaprenyl-4-OH-benzoate

Squalene Polyprenyl-PP

Coenzyme Q Cholesterol Dolichol  Dolichyl-P

Figure 2 The mevalonate pathway leading to the biosynthesis of coenzyme
Q, cholesterol, dolichol, and dolichyl phosphate.
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Figure 1 Coenzyme Qqq, shown in its reduced ubiquinol-10
(top) and oxidized ubiquinone-10 (bottom) forms, consists of
a long hydrophobic side chain and a substituted benzoquinone
ring.

Enzymatic Reduction of CoQ

A major function of coenzyme Q is to serve as a lipid-
soluble antioxidant. This requires CoQ to be present in its
reduced form, CoQHpy, raising the question of how CoQ is
maintained in its reduced form, CoQH,. Ascorbate readily
reduces benzoquinone in a catalytic process controlled by
molecular oxygen, although this reduction is not likely of
biological importance, as the benzoquinone moiety of the
lipid-soluble CoQ19, when localized in biological mem-
branes, is not accessible to the water-soluble vitamin C.
Similarly, cytosolic DT-diaphorase, an enzyme proposed
earlier for CoQgp reduction, is not efficient in reducing ben-
zoquinones containing long isoprene side chains. Based
on studies with the inhibitors rotenone and dicoumarol,
it is suggested that a cytosolic reduced nicotinamide ade-
nine dinucleotide phosphate (NADPH)-dependent CoQ
reductase, different from the mitochondrial reductase and
DT-diaphorase, is involved. More recently, the flavin ade-
nine dinucleotide (FAD)-containing enzymes, lipoamide
dehydrogenase and thioredoxin reductase, were found to
reduce CoQ in vitro with high efficiency. These enzymes
are homodimers, have a molecular weight of around
55 kDa, and belong to the family of pyridine nucleotide
disulfide oxidoreductases.

Enzymatic Functions

The most thoroughly studied function of coenzyme Q is
its participation in the mitochondrial electron transport
chain. The lipid is essential in respiration as it shuttles
electrons from nicotinamide nucleotide-linked (NADH)
dehydrogenase and succinate dehydrogenase (complexes
I'and II) to the cytochrome system (complex III). During
respiration, coenzyme Q is present in fully oxidized, fully
reduced, and semiquinone forms. In the protonmotive Q
cycle, there is a cyclic electron transfer pathway through
complex III involving semiquinone that accounts for the
energy conservation at coupling site 2 of the respiratory
chain.

An electron transport system is also present in
the plasma membranes of cells for transferring electrons
across the membrane (3). The system is composed of a
quinone reductase located on the cytosolic side and is
thought to reduce CoQ in the presence of NADH. The
resulting CoQH, then shuttles electrons to an NADH ox-
idase, located on the external surface of the plasma mem-
brane, that reduces extracellular electron acceptors such
as the ascorbyl radical, in this case to ascorbate. This oxi-
dase is not related to the NADPH oxidase of phagocytes,
which functions independent of coenzyme Q. The precise



function(s) of the NADH oxidase remain(s) to be eluci-
dated, although it has been suggested to be involved in
the control of cell growth and differentiation, the main-
tenance of extracellular ascorbic acid, the regulation of
cytosolic NAD' /NADH ratio, the induction of tyrosine
kinase, and early gene expression.

An electron transport system has also been pro-
posed to be present in lysosomal membranes, transferring
electrons from NADH to FAD, cytochrome b5, CoQ, and
molecular oxygen. This system could be involved in the
translocation of protons into the lysosomal lumen.

Nonenzymatic Functions

Modulation of Mitochondrial Pore Opening

Ions and solutes may penetrate the inner mitochondrial
membrane through specific transporters and ion channels.
It has been observed in vitro, during the accumulation of
Ca?*, that a permeability transition occurs and macro-
molecules up to the size of 1500 Da cross the membrane
as a result of opening of an inner mitochondrial complex,
the membrane transition pore. A large number of differ-
ent compounds can open or close the membrane transi-
tion pore. An opening in the inner mitochondrial mem-
brane is highly deleterious as it leads to loss of pyridine
nucleotides, hydrolysis of adenosine triphosphate (ATP),
disruption of ionic status, and elimination of the proton-
motive force. Opening of the membrane transition pore
is suggested to be an early event in apoptosis, causing
activation of the caspase cascade through release of cy-
tochrome c. On the other hand, the membrane transition
pore may also have a physiological function by acting as
a fast Ca®* release channel in mitochondria.

Various coenzyme Q analogs that contain the benzo-
quinone moiety with or without a short saturated or un-
saturated side chain are modulators of the membrane tran-
sition pore (4). They can inhibit, induce, or counteract the
effects of inhibitors and inducers. Endogenous CoQqg may
play animportant role in preventing the membrane transi-
tion pore from opening, as it counteracts several apoptotic
events, such as DNA fragmentation, cytochrome c release,
and membrane potential depolarization.

Uncoupling Protein Function

It is well established that the inner mitochondrial mem-
brane possesses uncoupling proteins that translocate pro-
tons from the outside to the inside of the mitochondria. As
aresult, the proton gradient established by the respiratory
chain is uncoupled from oxidative phosphorylation and
heat is produced instead of energy. In human tissues, five
uncoupling proteins have been identified, but only uncou-
pling protein 1 has been studied in detail. It is present in
brown adipose tissue and participates in thermogenesis.
The content of uncoupling proteins in other tissues is low,
since uncoupling is not a common event. Uncoupling pro-
tein 2 is found in most tissues, and uncoupling protein 3
is abundant in skeletal muscle.

By overexpressing uncoupling proteins 1, 2, and 3
from Escherichia coli in liposomes, it was demonstrated
that coenzyme Q is an obligatory cofactor for the func-
tioning of uncoupling proteins, with the highest activity
obtained with CoQjg (5). Uncoupling proteins were able
to transport protons only when CoQqg was added to the

Coenzyme Q19 159

membranes in the presence of fatty acids. Low concentra-
tion of ATP inhibited the activity. In this way, a proton is
delivered from a fatty acid to the uncoupling protein with
the assistance of CoQqg in the inner mitochondrial mem-
brane. This is followed by the translocation of a proton to
the mitochondrial matrix by the uncoupling protein.

Antioxidant Activity

Approximately 1% to 2% of the molecular oxygen con-
sumed by mitochondria is converted to superoxide anion
radical and hydrogen peroxide. In addition, reactive oxy-
gen species are produced by other processes, including
autoxidation reactions, and by the action of enzymes such
as NADPH oxidases of phagocytes and other cells, mito-
chondrial monoamine oxidase, flavin oxidases in peroxi-
somes, and cytochromes P-450. Furthermore, nitric oxide,
generated by nitric oxide synthases, can interact with su-
peroxide and give rise to a number of reactive nitrogen
species. These reactive species have the potential to dam-
age lipids, proteins, and DNA, a process generally referred
to as “oxidative damage.” Antioxidants are enzymes, pro-
teins, or nonproteinaceous agents that prevent the forma-
tion of reactive oxygen and nitrogen species, or remove
these species or biomolecules that have been oxidatively
damaged.

Coenzyme Q is the only lipid-soluble antioxidant
synthesized endogenously (6). Its reduced form, CoQHo,
inhibits protein and DNA oxidation, but it is its effect
on lipid peroxidation that has been studied in detail.
Ubiquinol inhibits the peroxidation of cell membrane
lipids and also that of lipoprotein lipids present in the
circulation and in the walls of blood vessels. It has been
suggested that CoQHo is a more efficient antioxidant than
vitamin E, for two reasons. First, its tissue (but not blood)
concentration exceeds several fold that of vitamin E. Sec-
ond, and similar to vitamin C, CoQHy effectively reduces
a-tocopheroxyl radical to a-tocopherol, and by doing so
eliminates the potential pro-oxidant activities of vitamin
E. In fact, CoQH; has been suggested to act as the first
line of nonenzymatic antioxidant defense against lipid-
derived radicals. In addition, CoQH, can inhibit the initi-
ation of lipid peroxidation by scavenging aqueous radical
oxidants.

As a result of its antioxidant action as a one-electron
reductant, CoQH)o is oxidized initially to its semiquinone
radical (CoQH?®), which itself may be oxidized further to
CoQ), with the potential to generate the superoxide anion
radical. Regeneration of CoQHy is therefore required for
coenzyme Q to maintain its antioxidant activity. The effec-
tiveness of cellular reducing systems is suggested by the
fact that in most human tissues, the bulk of coenzyme Q
is recovered as CoQHo.

Effects on Atherosclerosis

Coenzyme Qo can theoretically attenuate atherosclero-
sis by protecting low-density lipoprotein from oxidation.
Ubiquinol-10 is present in human low-density lipopro-
tein and, at physiological concentrations, prevents its ox-
idation in vitro more efficiently than vitamin E. The an-
tiatherogenic effects are demonstrated in apolipoprotein
E-deficient mice fed a high-fat diet (7). Supplementa-
tion with pharmacological doses of CoQig not only in-
creased aortic CoQq levels but also decreased the absolute
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concentration of lipoprotein-associated lipid hydroperox-
ides in atherosclerotic lesions. Most significantly, there
was a clear decrease in the size of atherosclerotic lesions in
the whole aorta. Whether these protective effects are solely
due to the antioxidant actions of coenzyme Q remains to
be established, as the tissue content of other markers of
oxidative stress, such as hydroxylated cholesteryl esters
and a-tocopherylquinone, did not decrease.

Oral administration of CoQ1g to healthy humans re-
sults inincreased concentrations of CoQjoH; in circulating
lipoproteins (8), with reduction most likely taking place
in the intestine. Administration of CoQ;( also results in
uptake of the lipid into monocytes and lymphocytes but
not into granulocytes, whereas this dietary treatment in-
creases the vitamin E content in both mononuclear and
polymorphonuclear cells (9). The phospholipid composi-
tion is modified selectively in mononuclear cells, which
display elevated amounts of arachidonic acid. Basal and
stimulated levels of B;-integrin CD11b and complement
receptor CD35, distributed on the surface of monocytes,
are also decreased by CoQ1g supplementation. This may
contribute to the antiatherogenic effect of dietary CoQjo,
since CD11b contributes to the recruitment of monocytes
to the vessel wall during atherogenesis.

Effects on Blood Flow and Pressure

It is uncertain whether or not CoQqo reduces blood pres-
sure in the long-term management of primary hyperten-
sion (10). It is possible that any blood pressure lowering
effect is indirect—perhaps via improved diastolic and en-
dothelial function. Endothelial dysfunction of the arteries
has potentially serious consequences and is commonly
seen in patients with established cardiovascular disease
or elevated risk factors. Ubiquinone supplementation im-
proves endothelial function measured as flow-mediated
dilatation of the brachial artery in patients with uncompli-
cated type 2 diabetes and dyslipidemia but not in hyper-
cholesterolemic subjects (11). In diabetic patients, CoQ1g
administration has also been found to decrease systolic
blood pressure and HbAc, but not Fr-isoprostanes, sug-
gesting that the protective effects may have been unrelated
in the decrease of vascular oxidative stress.

Potential Anti-inflammatory Effects

There is some evidence that pharmacological doses of
CoQ1p may have anti-inflammatory effects in vivo under
some conditions (12). This is an area worthy of further
investigations, as inflammation is part of the etiology in
many diseases, such as cardiovascular diseases, diabetes,
and Alzheimer disease. An anti-inflammatory effect could
help explain why positive health effects are reported in a
number of investigations when uptake of the lipid into a
specific organ was limited.

PHYSIOLOGY

Tissue Distribution

CoQqp is present in all human tissues in highly variable
amounts (Table 1). The amounts are dependent on sev-
eral factors, the most important under normal physiolog-
ical conditions is the age (see sect. “Aging”). The highest
amount is found in the heart (114 ng/g wet weight) (13).

Table 1 Concentration of Coenzyme Q19 in Different Adult Human Tissues

Tissue CoQ1p (pmg/g tissue)
Brain 13
Thyroid 25
Lung 8
Heart 114
Stomach 12
Small intestine 12
Colon 11
Liver 55
Pancreas 33
Spleen 25
Kidney 67
Testis 11
Muscle 40

In the kidney, liver, muscle, pancreas, spleen, and thy-
roid, the CoQjp content is between 25 and 67 pg/g, and
in the brain, lung, testis, intestine, colon, and ventricle,
it is between 8 and 13 wg/g. This variation is explained
by histological structure, and consequently there are great
variations within the same organ. For example, in dif-
ferent regions of the bovine brain, the amount of CoQjg
varies between 25 pg/g (striatum) and 3 png/g (white mat-
ter). Rapid extraction and direct measurement by HPLC
show that the major part of coenzyme Q1 in tissues, with
the exception of brain and lung, is the reduced form,
CoQoHo.

Intracellular Distribution

Inratliver, the highest amount of coenzyme Qo is found in
the outer and inner mitochondrial membranes, lysosomes,
and Golgi vesicles (1.9-2.6 g/mg protein); the concentra-
tion in plasma membranes is 0.7 pg/g, and it is 0.2 to
0.3 ng/g in the nuclear envelope, rough and smooth mi-
crosomes, and peroxisomes (Table 2) (13). The distribution
pattern is quite different from that of other neutral lipids.
For example, the major part of dolichol is localized in lyso-
somes, that of cholesterol in plasma membranes, and that
of vitamin E in Golgi vesicles.

Within membranes, coenzyme Qg has a specific ar-
rangement, with the decaprenoid side chain located in
the central hydrophobic region, between the bilayer of
phospholipid fatty acids. The functionally active group,
the benzoquinone ring, is located on the outer or inner

Table 2 Concentration of Coenzyme Qg in Different Subcellular
Organelles of Rat Liver

Organelle CoQg (jg/mg protein)
Nuclear envelope 0.2
Mitochondria 1.4
Outer membrane 2.2
Inner membrane 1.9
Microsomes 0.2
Rough microsomes 0.2
Smooth microsomes 0.3
Lysosomes 1.9
Lysosomal membrane 0.4
Golgi vesicles 2.6
Peroxisomes 0.3
Plasma membrane 0.7




surface of the membrane depending on the functional re-
quirement. Because of this central localization, coenzyme
Q1o destabilizes membranes, decreases the order of phos-
pholipid fatty acids, and increases permeability. These ef-
fects are in contrast to those of cholesterol, which is located
adjacent to fatty acids on one side of the bilayer and that
stabilizes the membrane, increases the order of its lipids,
and decreases membrane permeability.

Transport

While the mevalonate pathway from acetyl-CoA to far-
nesyl pyrophosphate is mainly cytoplasmic, the terminal
parts of coenzyme Q biosynthesis are localized in the mito-
chondria and endoplasmic reticulum (ER)-Golgi system.
The mitochondrial inner membrane probably receives its
lipid from the biosynthetic system associated with the
matrix-inner membrane space. Newly synthesized very-
low-density lipoproteins assembled in the ER-Golgi sys-
tem also contain de novo synthesized coenzyme Q, which
has to be synthesized at this location, like the other lipid
and protein components of the lipoproteins. It is most
probable that the various other cellular membranes also
receive their constitutive coenzyme Q from the ER-Golgi
system, as is the case with other lipids. Judging by stud-
ies in plants in vivo and with reconstituted cell-free sys-
tems, intracellular transport of coenzyme Q is a vesicle-
mediated, ATP-dependent process, and cytosolic carrier
proteins may also be involved.

Due to its hydrophobicity, the existence of a bind-
ing/transfer protein for coenzyme Q seems plausible,
and recently saposin B has been suggested to serve this
function (14). Aqueous saposin B was reported to ex-
tract and bind coenzyme Q dissolved in hexane to form
a saposin B-coenzyme Q complex, with the lipid-binding
affinity decreasing in the order: CoQ19>Co0Qg>CoQ7>a-
tocopherol»>cholesterol (no binding).

Under normal conditions, all organs and tissues syn-
thesize sufficient coenzyme Q, so that external supply is
not required. Coenzyme Q present in small amounts in all
circulating lipoproteins is derived from very-low-density
lipoprotein newly synthesized and discharged by the liver.
It likely functions as an antioxidant and protects lipopro-
teins, with restricted redistribution among them. In the
case of dietary coenzyme Q, lipoproteins are the carriers
in the circulation and interact with at least some types of
tissues for cargo delivery. Thus, the situation differs from
that of cholesterol, in which case several organs depend
on external supply from the diet or the liver.

Bioavailability

Plasma

The uptake of coenzyme Q from the intestine occurs at
a low rate, with only 2% to 4% of the dietary lipid ap-
pearing in the circulation. The uptake mechanism has not
been studied so far but is probably similar to that of vi-
tamin E and mediated by chylomicrons. In rats, dietary
CoQqp appears as CoQqoH, in mesenteric triacylglycerol-
rich lipoproteins, which enter the circulation and are con-
verted by lipoprotein lipase to chylomicron remnants,
which are then cleared rapidly by the liver. Some of this
diet-derived coenzyme Q reappears in the circulation, per-
haps as a result of hepatic synthesis and release of very-
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low-density lipoprotein. Depending on the diet, in healthy
human controls the amounts of coenzyme Q in very-low-
density, low-density, and high-density lipoproteinsare 1.2,
1.0, and 0.1 nmol/mg protein, respectively. After dietary
supplementation (3 x 100 mg CoQqo/day for 11 days),
the amounts are 3.2, 3.5, and 0.3 nmol/mg protein, re-
spectively. These data are consistent with the notion that
circulating coenzyme Q redistributes among lipoproteins
to protect them against oxidation.

For most tissues, the low bioavailability of CoQ lim-
its the ability of supplements to restore normal tissue lev-
els of CoQH; where deficiency exist. There are several
potential ways to approach this problem, including ad-
ministration of the lipid in reduced form, and increasing
bioavailability by either derivatization or administering
CoQ in association with cyclodextrins. “Mitoquinone,” a
cationic modified form of CoQ attained by coupling to
triphenylphosphonium and targeted to mitochondria to
improve mitochondrial function, has received much inter-
est recently (15). However, it is important to point out that
mitoquinone is not a form of CoQ naturally occurring in
human tissue, and the increase in superoxide production
observed after uptake of mitoquinone into mitochondria is
of potential concern (16). A potential alternative approach
to increase CoQ) in blood and tissues may be via drugs that
stimulate the endogenous synthesis. This would not only
elevate the amount of the lipid but possibly also direct
it to the appropriate location. Polyisoprenoid epoxides
in tissue culture and peroxisome proliferator-activated
receptor-a agonists in rodents increase CoQ synthesis and
amounts; however, no drug for this purpose is presently
available for humans.

Blood Cells

Red blood cells contain very small amounts of coenzyme
Q. In lymphocytes, the content of CoQ1g is doubled after
one week of dietary supplementation with this lipid, and
this enhances both the activity of DNA repair enzymes
and the resistance of DNA to hydrogen peroxide-induced
oxidation (17). Two months of CoQg supply to humans
increases the ratio of T4/T8 lymphocytes (18), and an in-
crease in the number of lymphocytes has been noted after
three months of dietary supply of this lipid. Ten weeks
of CoQqp administration to healthy subjects elevated the
lipid content by 50% in monocytes, but no increase was
observed in polymorphonuclear cells.

Tissues
There remains some controversy regarding the bioavail-
ability of dietary coenzyme Q in different tissues. In rats,
the liver, spleen, adrenals, ovaries, and arteries take up a
sizeable amount of dietary coenzyme Q (19). Under nor-
mal physiological conditions, very limited uptake may
also occur in the heart, pancreas, pituitary gland, testis,
and thymus. No uptake is apparent in the kidney, muscle,
brain, and thyroid gland. However, uptake into rat brain
has been reported—possibly the outcome of the specific
conditions employed. Similarly, in mice, some, but not all,
investigators have reported uptake into tissues. Deriva-
tization of coenzyme Q by succinylation and acetylation
increases its uptake into blood but not into various organs.
What is clear is that under normal conditions, the
bioavailability of dietary coenzyme Q in most tissues is
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limited. This may be explained by its distribution and
functional requirement. Under normal conditions, all cells
synthesize sufficient lipid, so that external supply is not
required. Exogenous coenzyme Q taken up by the liver
does not appear in mitochondria, which house the bulk of
this cellular lipid, but is found mainly in nonmembranous
compartments, such as the lysosomal lumen.

The situation is, however, different in states of se-
vere coenzyme Q deficiency. Genetic modifications caus-
ing low levels of coenzyme Q have serious consequences
for neuronal and muscular function (20). In children
with genetic coenzyme Q deficiency, dietary supplemen-
tation greatly alleviates pathological conditions and re-
establishes mitochondrial and other functions. Limited
studies with biopsy samples from patients with cardiomy-
opathy also indicate that the cardiac levels of coenzyme
Q are decreased and may be increased by dietary supple-
mentation with the lipid. Thus, it appears that uptake and
appropriate cellular distribution of coenzyme Q occur if
there is a requirement for the lipid.

Direct organ uptake of sizeable amounts is not nec-
essarily the only way of action of coenzyme Q, as other
redox-active substances can act by signaling, serving as
primary ligands or secondary transducers. Thus, the pres-
ence of coenzyme Q in the blood may impact on the vascu-
lar system, the production of cytokines, the expression of
adhesion molecules, and the production of prostaglandins
and leukotrienes. The possibility that metabolites of coen-
zyme Q influence metabolic processes has not yet been
investigated.

Catabolism

The short half-life of coenzyme Q, ranging between 49
and 125 hours in various tissues (Table 3), indicates that
the lipid is subject to rapid catabolism in all tissues. The
main urinary metabolites identified have an unchanged
and fully substituted aromatic ring with a short side chain
containing five to seven carbon atoms and a carboxyl
group at the w-end (21). Phosphorylated forms of these
metabolites are also recovered from nonhepatic tissues.
These water-soluble metabolites are transferred to the cir-
culation and are excreted by the kidney through urine. In
the liver, the coenzyme Q metabolites become conjugated
to glucuronic acid for fecal removal via bile.

Table 3 Half-life of CoQg in Rat Tissues

Tissue Half-life (hr)
Brain 90
Thyroid 49
Thymus 104
Heart 59
Stomach 72
Small intestine 54
Colon 54
Liver 79
Pancreas 94
Spleen 64
Kidney 125
Testis 50
Muscle 50

Regulation of Tissue Coenzyme Q Content

In contrast to cholesterol, coenzyme Q does not appear
to be subject to dietary or diurnal variations. However, a
number of treatments decrease the content of the lipid
in experimental systems. Administration of thiouracil,
which inhibits thyroid gland function, decreases liver
coenzyme Q. Oral administration of vitamin A also lowers
hepatic coenzyme Q. In selenium-deficient rats, the coen-
zyme Q content of the liver is decreased by 50%, and the
amount of the lipid is also lowered in the heart and kidney
(but not muscle). A protein-free diet for three weeks low-
ers coenzyme Q content in the liver and heart but not in
the kidney, spleen, and brain. As indicated earlier, HMG-
CoA reductase controls cholesterol synthesis because the
branch-point enzyme squalene synthase has a low affin-
ity for farnesyl pyrophosphate, so that its pool size is the
main regulatory factor (22). By contrast, the branch-point
enzyme of coenzyme Q synthesis, trans-prenyltransferase,
has a comparatively higher affinity for farnesyl pyrophos-
phate, so that a decrease in this substrate does not gen-
erally lower the rate of coenzyme Q synthesis. It ap-
pears, however, that the doses of statins employed for the
treatment of hypercholesterolemia result in inhibition of
synthesis, as the coenzyme Q concentration decreases in
several tissues (23).

As mentioned earlier, the bioavailability of dietary
coenzyme Q is limited. For this reason, it would be ad-
vantageous to find compounds that elevate tissue concen-
trations of coenzyme Q by increasing its biosynthesis. In
rats and mice, treatment with peroxisomal inducers, such
as clofibrate, phthalates, and acetylsalicylic acid, induces
coenzyme Q synthesis in most organs and elevates its con-
centration in all subcellular organelles (24). The upregu-
lation takes place by interaction with a nuclear receptor:
peroxisomal proliferator receptor-a.. This receptor inter-
acts with a number of genes, resulting in the increased
synthesis of several enzymes, many of them connected
to lipid metabolism. However, peroxisomal proliferator
receptor-a is poorly expressed in human tissue, and it
is not known to what extent this transcription factor is
involved in coenzyme Q metabolism. Agonists or antag-
onists to various nuclear receptors may be a future ap-
proach to the upregulation of coenzyme Q biosynthesis
and its concentration in human tissues.

Hormones control coenzyme Q metabolism, but
their method of action is not known in detail. Growth hor-
mone, thyroxin, dehydroepiandrosterone, and cortisone
elevate coenzyme Q levels in rat liver to various extents.
A liver-specific increase of coenzyme Q occurs in rat and
mice after two to three weeks stay in the cold room (+4°C).
Vitamin A deficiency more than doubles the coenzyme Q
level in liver mitochondria and more than trebles that in
liver microsomes. Squalestatin 1, an inhibitor of squalene
synthase, greatly increases coenzyme Q synthesis by in-
creasing the farnesyl pyrophosphate pool and saturating
trans-prenyltransferase.

COENZYME Q;o DEFICIENCY

Genetic Disorders
Coenzyme Q deficiency is an autosomal recessive dis-
order that may present itself in the form of myopathy,



encephalopathy and renal disease, or ataxia (20). The
myopathic form is characterized by substantial loss of
muscle coenzyme Q, muscle weakness, myoglobinuria,
ragged-red fibers, and lactic acidosis. Patients with en-
cephalopathy and renal involvement possess a more gen-
eral disease, with myopia, deafness, renal failure, ataxia,
amyotrophy, and locomotor disability. In these cases,
coenzyme Q is undetectable or present at very low lev-
els in cultured fibroblasts. In the ataxic form of defi-
ciency, weakness, cerebellar ataxia, cerebellar atrophy,
seizures, and mental retardation dominate, and low lev-
els of coenzyme Q are found in the skeletal muscle.
Various types of mutations have been found to be re-
sponsible for decreased synthesis of CoQ (25). Most of
the mutations are of the primary type, affecting proteins
related to the biosynthesis of the lipid. COOQ1-PDSS1
and -PDSS2 (two subunits of decaprenyl diphosphate
synthase), COOQ2 (decaprenyl-4-hydroxybenzoate trans-
ferase), COOQ8 (CABC1 or ADCK3, a putative protein
kinase), and COOQ9 (nonidentified function) are genes
established in this group. There are also secondary forms
of deficiency caused by mutations in genes not involved
in coenzyme Q biosynthesis. Mutations in APTX (encod-
ing aprataxin) and ETFDH (multiple acyl-CoA dehydro-
genase deficiency caused by defects in electron transfer
flavoprotein or ETF-ubiquinone oxidoreductase) also re-
sult in CoQ deficiency.

The cases described in the literature probably rep-
resent extreme forms of coenzyme Q deficiency, seriously
affecting mitochondrial functions. Moderate coenzyme Q
deficiency is probably more common, though this requires
verification by appropriate analysis of tissue biopsy sam-
ples. Unfortunately, the coenzyme Q content in blood of-
ten does not mirror the tissue concentration of the lipid,
and it is highly desirable to develop methods to estimate
moderate degrees of coenzyme Q deficiency. At present,
diagnosis depends on measuring the coenzyme Q con-
tent in muscle biopsy samples, cultured fibroblasts, and
lymphoblasts, or analyzing mitochondrial respiration and
enzymes that require coenzyme Q as intermediate.

CoQ deficiency is of special interest since it is the
only treatable mitochondrial disease and oral administra-
tion of CoQ re-establishes normal functions. Early diagno-
sis before development of clinical symptoms is of outmost
importance since established kidney and brain damages
may not be completely reversible. The treatment, however,
stops the process and the improvement is dramatic as chil-
dren leave the wheel-chair state and are able to perform
various activities. The problem is that at present diagno-
sis requires a muscle biopsy and analysis of mitochondrial
functions. This does not allow screening of larger popu-
lations. Therefore, development of simplified diagnostic
procedures would be of great interest also for diagnosis
of less severe cases, probably present in relatively high
numbers.

Aging

In human organs, the coenzyme Q content increases three-
to fivefold during the first 20 years after birth, followed
by a continuous decrease, so that in some tissues the con-
centration may be lower at 80 years than at birth (Table 4)
(26). The decrease is less pronounced in the brain, where
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Table 4 Coenzyme Q1 Content (ug/g) with Age in Human Organs and
Human Brain

Age
Human organs 2 days 2yr 20 yr 41 yr 80 yr
Lung 2.2 6.4 6.0 6.5 3.1
Heart 36.7 78.5 110.0 75.0 47.2
Spleen 20.7 30.2 32.8 28.6 13.1
Liver 13.9 45.1 61.2 58.3 50.8
Kidney 17.4 53.4 98.0 71.1 64.0
Pancreas 9.2 38.2 21.0 19.3 6.5
Adrenal 17.5 57.9 16.1 12.2 8.5
Human brain 34 yr 55 yr 70 yr 90 yr
Nucleus caudatus 11.6 11.7 10.5 6.6
Gray matter 16.4 16.2 16.0 13.5
Hippocampus 14.5 13.8 12.6 8.0
Pons 11.6 11.7 10.5 6.6
Medulla oblongata 11.1 10.8 10.0 4.7
White matter 5.0 5.0 4.9 2.0
Cerebellum 13.2 13.0 12.9 11.0

it mainly takes place between 70 and 90 years, and its ex-
tent, between 20% and 60%, depends on the localization.
This pattern is different from that seen for other lipids.
In most tissues, the content of cholesterol and phospho-
lipids remains unchanged during the whole life period,
whereas the amounts of dolichyl phosphate and especially
dolichol increase greatly with age. It is unclear whether
the decrease in coenzyme Q content is caused by its low-
ering in all or some selected cellular membranes or, alter-
natively, by other changes such as decreased number of
mitochondria.

Cardiomyopathy

The uptake of dietary coenzyme Q into heart muscle is
low in both rats and humans, but it may increase signifi-
cantly in various forms of cardiomyopathy (27). A number
of clinical trials performed during the last 30 years sug-
gest that heart functional performance may be improved
modestly by dietary coenzyme Q supplementation (28,29).
In congestive heart failure, improvements have been re-
ported for ejection fraction, stroke volume, and cardiac
output. Patients with angina may respond with improved
myocardial efficiency. Reperfusion injury, such as after
heart valve replacement and coronary artery bypass graft
surgery, includes oxidative damage, and treatment of pa-
tients with coenzyme Q prior to surgery may lead to de-
creased oxidative damage and functional improvement.
However, the benefits reported have not been consistent,
and despite the existence of a large body of literature, there
remains a need for large, long-term, and well-designed
trials to establish unambiguously whether CoQ1 supple-
ments are beneficial in the setting of cardiomyopathy and
the failing heart.

Neurological Disorders

Judging by extensive animal studies, a number of neu-
rological diseases involve mitochondrial dysfunction and
oxidative stress. The positive effects obtained with coen-
zyme Q treatment in these models suggest that supple-
mentation may also be beneficial in humans (30). Patients
with early Parkinson disease were subjected to a trial
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in which the placebo group was compared with groups
supplemented for 16 months with coenzyme Q up to
daily doses of 1200 mg. It was found that coenzyme Q
slowed the progressive functional deterioration, with the
best results obtained with the highest dose. Platelets from
these patients had decreased coenzyme Q content and also
showed reduced activity of mitochondrial complex I and
complex II/III. The ratio of CoQqoH> to CoQqp was also
decreased in these platelets, indicative of the presence of
oxidative stress. Upon supplementation, the CoQ1o con-
tent in the platelets increased and complex I activity was
also elevated. In Huntington disease, magnetic resonance
spectroscopy detected increased lactate concentration in
the cerebral cortex. Administration of CoQq caused a sig-
nificant decrease in lactate that reversed upon discontin-
uation of the therapy.

Deficiency of frataxin, a regulator of mitochondrial
iron content, causes Friedreich ataxia. When patients with
this disease were treated with coenzyme Q and vita-
min E for six months, progression of their neurological
deficits was slowed down, associated with an improve-
ment in cardiac and skeletal muscle energy metabolism
(31). Treatment of these patients with idebenone, an ana-
log of coenzyme Q, reduced heart hypertrophy and im-
proved heart muscle function. In several studies, patients
with mitochondrial encephalopathy, lactic acidosis, and
strokes (MELAS) displayed significant improvement af-
ter coenzyme Q or idebenone treatment (32). Several other
trials were also performed during recent years with vari-
able results. Since there are subtypes of individual neu-
rodegenerative diseases, large numbers of patients are re-
quired to obtain reliable results, which is often difficult to
accomplish.

Statin Therapy

Statins are the drugs most commonly used for the treat-
ment of hypercholesterolemia, and, in addition to efficient
cholesterol lowering, they also have anti-inflammatory ac-
tivities. The basis for their use is that inhibition of HMG-
CoA reductase decreases the farnesyl pyrophosphate pool
to such an extent that squalene synthase, which catalyzes
the terminal regulatory step in cholesterol synthesis, is no
longer saturated, thereby inhibiting overall synthesis (22).
It appears, however, that the extent to which the farne-
syl pyrophosphate pool is decreased by therapeutic doses
of the drug also affects the saturation of trans- and cis-
prenyltransferases in spite of the fact that these latter en-
zymes have a higher affinity for farnesyl pyrophosphate.
Consequently, synthesis of both coenzyme Q and dolichol
is inhibited. Rats treated with statins exhibit decreased
levels of coenzyme Q, dolichol, and dolichyl phosphate
in heart and muscle, and the same is probably also true
in humans. In humans, statin treatment significantly de-
creases blood coenzyme Q concentration (33), although
the clinical significance of this phenomenon remains to be
established. Various degrees of myopathy, myalgia, and
rhabdomyolysis have been reported in statin-treated pa-
tients, and it is possible, but not proven, that these condi-
tions are related to decreased muscle coenzyme Q content.
Initial trials of CoQqo supplementation in patients with
statin-induced myopathy have provided variable results
(34). Given the widespread use of statins, it is important

that additional studies address a possible causal link be-
tween these side effects of statin treatment and altered
tissue coenzyme Q content.

Exercise

During endurance exercise training, the coenzyme Q con-
centration increases in rat muscle on a weight basis due
to an increase in mitochondrial mass. After four days of
high-intensity training, the coenzyme Q content in the
exposed muscles of healthy persons is unchanged (35).
Supplementation (120 mg/day) doubles the coenzyme Q
concentration in the plasma, but there is no change in the
muscle content as judged by HPLC analysis of the tissue
homogenate and isolated mitochondrial fraction in both
control and trained subjects.

Dosage

So far, no toxic or unwanted side effects have been de-
scribed for CoQqo supplements in humans, not even af-
ter ingestion in gram quantities. In most studies, 100 to
200 mg has been given per day in two doses. In genetic
disorders, in the case of adults, the dose may increase to
300 mg/day and in neurological diseases, up to 400 mg/
day or more. In the latter case, in the frame of large mul-
ticenter trials, doses up to 2400 mg have been supplied. A
patent on the use of statins combined with coenzyme Q
has expired recently, although this combined preparation
has not been manufactured so far. Now it may be possi-
ble for the pharmaceutical industry to introduce capsules
containing statins and coenzyme Q in order to decrease
the potential for muscle damage. In this case, relatively
low doses of CoQjp (e.g., 50 or 100 mg/day) appear to be
appropriate.
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Conjugated Linoleic Acid
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INTRODUCTION

Conjugated linoleic acid (CLA) consists of a group of po-
sitional and geometric fatty acid (FA) isomers of linoleic
acid (C18:2; cis-9, cis-12 octadecadienoic acid). CLA iso-
mers are found naturally in ruminant meats and dairy
products due to biohydrogenation of linoleic or linolenic
acids in the rumen of these animals. Larger quantities of
CLA are chemically synthesized for use in dietary supple-
ments or fortified foods. Initially identified as a potential
anticarcinogen, CLA has been reported to prevent obe-
sity, diabetes, or atherosclerosis in different animal and
cell models, depending on the doses, isomers, and mod-
els used. Potential mechanisms for preventing these dis-
eases include inducing cancer cell apoptosis, increasing
energy expenditure and delipidating adipocytes, increas-
ing insulin sensitivity, or reducing aortic lesions. How-
ever, unequivocal evidence in human participants is
still lacking. Ironically, potential side effects of CLA
supplementation include chronic inflammation, insulin
resistance, and lipodystrophy. Long-term, well-controlled
clinical trials and more mechanistic studies are needed to
better understand the true potential health benefits versus
risks of consuming CLA isomers and their mechanisms
of action.

CHEMISTRY AND SYNTHESIS OF CLA

Natural Synthesis of CLA Isomers

CLA isomers are produced naturally in the rumen of ru-
minant animals by fermentative bacteria Butyrovibrio fib-
risolvens, which isomerize linoleic acid into CLA isomers
(Fig. 1). A second pathway of CLA synthesis in ruminants
is in the mammary gland via 8-9-desaturase of trans-11, oc-
tadecanoic acid (1). Thus, natural food sources of CLA are
dairy products including milk, cheese, butter, yogurt, and
ice cream and ruminant meats such as beef, veal, lamb, and
goat meat (2—4) (Table 1). The cis-9, trans-10 (9,11) isomer
(i.e., rumenic acid) is the predominating CLA isomer in
these products (~80%), whereas the trans-10, cis-12 (10,12)
isomer represents approximately 10%. Although several
other isoforms of CLA have been identified, the 9,11 and
10,12 isomers appear to be the most biologically active
(5). Levels of CLA isomers in ruminant meats or milk can
be augmented by dietary manipulation, including feeding
cattle on fresh pasture (6) or by adding oils rich in linoleic
acid (e.g., safflower oil) or ingredients that alter biohy-
drogenation of linoleic acid (e.g., ionophores) to their
diet (7).
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Figure 1 Stuctures of linoleic acid, cis-9, trans-11 CLA, and trans-10,
cis-12 CLA.

Chemical Synthesis of CLA Isomers

Because of the relatively low levels of CLA isomers in
naturally occurring foods that are high in fat content, the
chemical synthesis of CLA has been developed for mak-
ing supplements and for fortifying foods. CLA can be
synthesized from linoleic acid found in safflower or sun-
flower oils under alkaline conditions, yielding a CLA mix-
ture containing approximately 40% of the 9,11 isomer and
44% of the 10,12 isomer (reviewed in Ref. 8). Commercial
preparations also contain approximately 4% to 10% trans-
9, trans-11 CLA and trans-10, trans-12 CLA, as well as trace
amounts of other isomers.



Table 1 CLA Content of Various Foods

Food mg/g fat Food mg/g fat

Meats/fish Dairy
Corned beef 6.6 Condensed milk 7.0
Lamb 5.8 Colby cheese 6.1
Fresh ground beef 4.3 Butter fat 6.1
Salami 4.2 Ricotta 5.6
Beef smoked sausage 3.8 Homogenized milk 5.5
Knackwurst 3.7 Cultured buttermilk 5.4
Smoked ham 2.9 American processed cheese 5.0
Veal 2.7 Mozzarella 4.9
Smoked turkey 2.4 Plain yogurt 4.8
Fresh ground turkey 2.6 Butter 4.7
Chicken 0.9 Sour cream 4.6
Pork 0.6 Cottage cheese 4.5
Egg yolk 0.6 Low fat yogurt 4.4
Salmon 0.3 2% milk 4.1

Vegetable oils Medium cheddar 4.1
Safflower oil 0.7 Ice cream 3.6
Sunflower oil 0.4 Parmesan 3.0
Peanut 0.2 Frozen yogurt 2.8

Sources: Based on values reported in Refs. 2-4; and the University of Wis-
consin Food Research Institute (Dr. Pariza, Director).

PHARMACOKINETICS AND EFFICACY OF CLA

Human and Animal Studies

As with other long chain unsaturated fatty acids (FA)s,
CLA is absorbed primarily in the small intestine, packaged
into chylomicrons, and distributed to extrahepatic tissues
having lipoprotein lipase (LPL) activity or returned to
the liver via chylomicron remnants or other lipoproteins.
The average daily intake of CLA is approximately 152 to
212 mg for nonvegetarian women and men, respectively
(9), and human serum levels range from 10 to 70 pumol/L
after supplementation (10,11).

One major discrepancy between animal and human
studies is the dose of CLA administered (i.e., equal lev-
els of 9,11 and 10,12 isomers—referred to as a CLA mix-
ture), when expressed per unit body weight. For exam-
ple, most adult human studies provide 3 to 6 g/day of
a CLA mixture, whereas rodent studies provide 0.5% to
1.5% of a CLA mixture (w/w) in the diet. When expressed
per unit of body weight, humans receive approximately
0.05 g CLA/kg body weight, whereas mice received
1.07 g CLA/kg body weight, which is 20 times the human
dose based on body weight. Thus, part of the discrep-
ancy in results obtained from human and animal studies
is likely due to this large difference in the dose of CLA
administered. Supplementing humans with higher, or an-
imals with lower, doses of CLA would address this issue.
Other discrepancies in experimental designs include us-
ing CLA isomer mixtures versus single isomers, duration
of CLA supplementation, and the age, weight, gender, and
metabolic status of the subjects or animals.

Cell Studies

In vitro studies have been conducted in a variety of cells
types, primarily using an equal mixture of 9,11 and 10,12
CLA, or each isomer individually. Doses used in cell
studies generally range between 1 to 100 uM, reflecting
the concentration found in human participants follow-
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ing supplementation. Results from these studies suggest
that these isomers are readily taken up by cells. For ex-
ample, we found that 10,12 CLA is readily incorporated
into neutral and phospholipid fractions of the primary
human adipocyte cultures and reduced lipid and glucose
metabolism (12). Similar to in vivo studies, 9,11 CLA acted
more like the linoleic acid controls.

ANTICANCER PROPERTIES OF CLA
CLA Reduces Tumor Growth

Pariza’s group initially discovered that CLA isomers in
fried ground beef acted as anticarcinogens (13). Subse-
quently, numerous investigators have shown that CLA
mixtures or individual isomers decrease tumor cell growth
or increase cancer cell death in in vitro and in vivo models
of mammary, gastric, or skin cancer (reviewed in Ref. 14).
For example, feeding 0.8% to 1.0% individual CLA isomers
or mixtures block the initiation or progression of chem-
ically induced carcinogenesis in several rodent models
(15-17). A’ 5 uM CLA mixture prevented cell growth and
cytokine production in transformed human keratinocyte-
like cells (18). Proposed anticarcinogenic mechanisms
for CLA include decreasing nuclear factor (NF) kB and
cyclooxygenase (COX) activity, thereby suppressing the
levels of prostaglandin (PG)E;, an inflammatory PG that
promotes the progression of certain forms of cancer and in-
duces human epidermal growth factor receptor 2 (HER2)
oncogene expression (19).

CLA Induces Apoptosis of Cancer Cells

Several groups have reported that CLA isomers cause
apoptosis or programmed cell death in cancer cells (re-
viewed in Ref. 11). For example, 32 to 128 pM CLA mix-
ture prevented rat mammary cancer cell growth through
apoptosis and decreased DNA synthesis in rat mammary
cancer cells (20). Moreover, 40 to 80 wM 10,12 CLA in-
duces apoptosis in breast cancer cells (19,21,22). Proposed
proapoptotic mechanisms of CLA include inducing atypi-
cal endoplasmic reticulum (ER) stress, leading to caspase-
12 activation (22).

In contrast to the cell and animal studies cited in
the preceding text, a recent prospective cohort study con-
ducted in Sweden found no evidence to support a pro-
tective effect of CLA consumption on the development
of breast cancer in women (23). Furthermore, some stud-
ies show that 10,12 CLA enhances the risk of developing
certain types of cancer (24). Thus, clinical studies examin-
ing the effects of purified CLA isomers on preventing or
treating cancer, and safety issues, are needed.

ANTIOBESITY ACTIONS OF CLA

Due to the substantial rise in obesity over the past 30 years,
there is a great deal of interest in CLA as a weight loss
treatment, as it has been shown to decrease body weight
and body fat mass (BFM). For example, supplementation
with a CLA mixture (i.e.,, 10,12 + 9,11 isomers in equal
concentrations) or the 10,12 isomer alone decreases BFM
in many animal and some human studies (reviewed in
Refs. 25 and 26). Of the two major isomers of CLA, the
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10,12 isomer is responsible for the antiobesity properties
(27-31).

CLA Decreases Body Weight and Body Fat Mass
Park et al. (32) were one of the first groups to demon-
strate that CLA modulated body composition. Compared
with controls, male and female mice supplemented with a
0.5% (w/w) CLA mixture had 57% and 60% less BFM, re-
spectively. Since these findings, researchers have demon-
strated that CLA supplementation consistently reduces
BEM in mice, rats, and pigs (33-36). For example, dietary
supplementation with 1% (w/w) CLA mixture for 28 days
decreased body weight and periuterine white adipose tis-
sue (WAT) mass in C57BL/6] mice (36).

In humans, some studies show that CLA decreases
BFM and increases lean body mass (LBM), whereas others
show no such effects. For example, supplementation of 3
to 4 g/day of a CLA mixture for 24 weeks decreased BFM
and increased LBM in overweight and obese people (37).
On the other hand, supplementation of 3.76 g/day of a
CLA mixture in yogurt for 14 weeks in healthy adults had
no effect on body composition (38). Supplementation with
3.2g/day of a CLA mixture decreased total BEM and trunk
fat compared with placebo in overweight participants, but
not obese participants (39). These contradictory findings
among human studies may be due to the following differ-
ences in experimental design: (i) mixed versus individual
CLA isomers, (ii) CLA dose and duration of treatment,
and (iii) gender, weight, age and metabolic status of the
participants.

These antiobesity effects of CLA do not appear to
be solely due to reductions in food intake in animals (40—
42) or humans (43,44). Several mechanisms by which CLA
decreases BEM will now be examined.

CLA Increases LBM
A recent meta-analysis of 18 human, placebo-controlled
CLA studies found that consuming a CLA mixture in-
creased fat-free mass (FFM) by 0.3 kg, regardless of the
duration or dose (45). When these same 18 studies were
examined for reductions in BFM, it was shown that CLA
supplementation decreased BEM by 0.05 kg /week for up
to one year (25). The average CLA mixture dose for these
studies was 3.2 g/day. Collectively, these meta-analyses
studies suggest that CLA supplementation of humans re-
sults in a rather small but rapid increase in FFM or LBM,
and a much larger decrease in BEM over an extended pe-
riod of time. The effects of CLA on FFM or LBM in humans
may vary depending on baseline body mass index, gender,
age, and exercise status of the participants.

Two proposed mechanisms by which CLA increases
LBM are via increasing bone or muscle mass. 10,12 CLA
supplementation for 10 weeks with a 0.5% (w/w) CLA
mixture increased bone mineral density (BMD) and mus-
cle mass in C57BL/6 female mice (46). CLA supplemen-
tation has been proposed to increase BMD via increasing
osteogenic gene expression and decreasing osteoclast ac-
tivity (46,47). Furthermore, CLA supplementation alone
or with exercise increased BMD compared with control
mice (48). An alternative mechanism could be that CLA
decreases adipogenesis of pluripotent mesenchymal stem
cells (MSC) in bone marrow, and instead promotes their

commitment to become bone cells. Indeed, 10,12 CLA has
been shown to decrease the differentiation of MSC into
adipocytes and increase calcium deposition and mark-
ers of osteoblasts (49). In contrast, 9,11 CLA increased
adipocyte differentiation and decreased osteoblast differ-
entiation. Consistent with these in vitro data, CLA mixture
supplementation of rats treated with corticosteroids pre-
vented reductions in LBM, BMD, and bone mineral con-
tent (50). Increasing LBM is directly linked to an increase
in basal metabolic rate (BMR).

In addition to its effects on BMD, recent evidence
supports a role of CLA in increasing endurance and mus-
cle strength. For example, maximum swimming time un-
til fatigue was higher in CLA fed versus control mice
(51). Aging mice supplemented with a CLA mixture and
10,12 CLA had higher muscle weight compared with
9,11 CLA and corn oil controls (52). In addition, CLA
isomers increased levels of antioxidant enzyme activity,
ATP, and enhanced mitochondrial potential, indicating a
protective effect against age-associated muscle loss (52).
In humans, CLA increased bench-press strength in men
supplemented with 5 g/day for seven weeks who un-
derwent resistance training three days per week (53).
Furthermore, supplementation with CLA combined with
creatine monohydrate (C) and whey protein (P) led to
greater increases in bench-press and leg-press strength
than supplementation with C+P or P alone (54). Although
preliminary, these data suggest that CLA may enhance
exercise-induced muscle strength or prevent sarcopenia
or age-related muscle loss.

CLA Increases Energy Expenditure

CLA has been proposed to reduce adiposity by elevating
energy expenditure via increasing BMR, thermogenesis,
or lipid oxidation in animals (27,42,55). In BALB/c male
mice fed mixed isomers of CLA for six weeks, body fat
was decreased by 50% and was accompanied by increased
BMR compared with controls (42). Enhanced thermogen-
esis may be associated with increased uncoupling of mito-
chondria via uncoupling protein (UCP)s, which facilitate
proton transport over the inner mitochondrial membrane
thereby leading to dissipation of energy as heat instead
of ATP synthesis. UCP1 is highly expressed in brown adi-
pose tissue (BAT), and in WAT at lower levels. UCP3 is
expressed in muscle and in a number of other tissues,
whereas UCP2 is the form expressed at the highest level
across most tissues. Supplementation with a CLA mixture
or 10,12 CLA in rodents induced UCP2 mRNA expression
in WAT (29,56). Recently, it was demonstrated that CLA
increased mRNA and protein expression of UCP1 in WAT
(57). Similarly, CLA supplementation induced UCP gene
expression and elevated B-oxidation in muscle and liver
(58-62).

CLA Increases Fat Oxidation

CLA has been shown to regulate the gene expression
or activity of proteins associated with FA oxidation in
adipose tissue, muscle, and liver. For example, CLA in-
duced the expression of carnitine palmitoyl transferase 1
(CPT1) in WAT of obese Zucker fa/fa rats (63). Addition-
ally, 10,12 CLA increased the expression of peroxisome
proliferator-activated receptor (PPAR)y coactivator-lo



(PGCyy) in WAT of mice (57). Consistent with these
in vivo findings, 10,12 CLA increased B-oxidation in dif-
ferentiating 3T3-L1 preadipocytes (64). Furthermore, 10,12
CLA treatment increased AMP kinase (AMPK) activity
and increased phospho-acetyl-CoA carboxylase (ACC)
levels in 3T3-L1 adipocytes, suggesting an increase in FA
oxidation and a decrease in FA esterification to triglyceride
(TG) (65).

In muscle, 10,12 CLA increased CPT1 expression in
hamsters fed an atherogenic diet (60). Supplementation of
a CLA mixture in high fat fed hamsters led to increased
CPT1 activity in muscle (66). A CLA mixture increased
CPT1b, UCP3, acetyl-CoA oxidase (ACO) 2, and PPAR«
mRNA levels in skeletal muscle of Zucker rats (67). Con-
sistent with these data, 10,12 CLA increased mRINA levels
(63) and activity (68) of CPT1 in the liver. Additionally,
10,12 CLA increased hepatic peroxisomal fatty ACO activ-
ity (68), suggesting increased peroxisomal B-oxidation in
addition to mitochondrial oxidation. These findings sug-
gest CLA may reduce adiposity through increased energy
expenditure via increased mitochondrial uncoupling and
FA oxidation in WAT, muscle, and liver.

At least one report demonstrates that CLA increases
FA oxidation in human participants (69). In this study,
overweight adults supplemented with 4 g/day of a CLA
mixture for six months had a lower respiratory quotient
(RQ), indicating an increase in FA oxidation compared
with placebo controls. However, others have shown no
effect of CLA on energy expenditure or fat oxidation in
humans (70,71). These discrepancies may be due to the
length of treatment, time period of measurement, and
time at which measurements are taken. For instance, CLA
treatment for four to eight weeks had no effect on energy
expenditure or FA oxidation, based on a 20-minute mea-
surement during resting and walking (70). In contrast, the
study by Close et al. (69) administered CLA for six months
and measured FA oxidation over a 24-hour period and
found that CLA increased FA oxidation and energy ex-
penditure. Thus, discrepancies in this area may be due to
insufficient duration of CLA treatment or measurements
of energy expenditure or FA oxidation.

CLA Decreases Adipocyte Size

Lipolysis is the process by which stored TG is mobilized,
releasing free fatty acids (FFAs) and glycerol for use by
metabolically active tissues. C57BL/6] mice fed 10,12 CLA
for three days had increased mRNA levels of hormone-
sensitive lipase (HSL), a key enzyme for TG hydrolysis
(56). Consistent with these data, acute treatment with CLA
mixture or 10,12 CLA alone increased lipolysis in 3T3-L1
(32,72) and newly differentiated human adipocytes (73).
In vitro, a CLA mixture and to a greater extent 10,12 CLA
decreased TG content, adipocyte size, and lipid locule size
in adipocytes (74). Similarly, mice fed 1% CLA displayed
increased numbers of small adipocytes with a reduction in
the number of large adipocytes (75). Furthermore, a CLA
mixture reduced adipocyte size rather than cell number
in Sprague Dawley (40) and fa/fa Zucker rats (76). Thus,
CLA may reduce adipocyte size by increasing lipolysis.

CLA Decreases Adipocyte Differentiation
The conversion of preadipocytes to adipocytes involves
the activation of key transcription factors such as
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PPARy and CAAT/enhancer-binding proteins (C/EBPs).
There is much evidence showing that CLA suppresses
preadipocyte differentiation in animal (77-79) and human
(12,80) preadipocytes treated with a CLA mixture or 10,12
CLA alone. 10,12 CLA treatment has been reported to de-
crease the expression of PPARy, C/EBPB, sterol regula-
tory element-binding protein-1c (SREBP-1c), liver X re-
ceptor (LXRa), and adipocyte FA-binding protein (aP2),
thereby reducing adipogenesis and lipogenesis (12,29,79).

Inrodents, supplementation of 10,12 CLA decreased
the expression of PPARy and its target genes (79,81-83).
In contrast, humans supplemented with a CLA mixture
had higher mRNA levels of PPARy in WAT, but no dif-
ference in body weight or BEM (38). In mature, in vitro-
differentiated primary human adipocytes or in mature
3T3-L1 adipocytes, 10,12 CLA treatment leads to a sub-
stantial decrease in the expression and activity of PPARvy
(82,83), and a decrease in PPARYy target genes and lipid
content (80). This shows that 10,12 is not only able to in-
hibit, but also to reverse the adipogenic process and indi-
cates that this may be mediated by suppression of PPARvy
activity. In addition to its effect on PPARvy, 10,12 CLA may
also directly impact the activity of other transcription fac-
tors involved in adipogenesis and lipogenesis (i.e., LXRa,
C/EBPs, SREBP-1¢), which could contribute to CLA’s an-
tiobesity actions.

CLA Decreases Glucose and FA Uptake and TG Synthesis
Conversion of glucose and FAs to TG is a major func-
tion of adipocytes. Genes involved in lipogenesis, such
as a LPL, ACC, fatty acid synthase (FAS), and stearoyl-
CoA desaturase (SCD), were decreased following sup-
plementation with mixed isomers of CLA or 10,12 CLA
alone (12,56,72,80). PPARYy is a major activator of many
lipogenic genes including glycerol-3-phosphate dehydro-
genase (GPDH), LPL, and lipin as well as many genes en-
coding lipid droplet-associated proteins, such as perilipin,
adipocyte differentiation-related protein (ADRP), and cell
death-inducing DNA fragmentation factor of apoptosis-
like effector ¢ (CIDEC) (84). Thus, the antilipogenic action
0f 10,12 CLA may be explained by inhibition of PPARY ac-
tivity. In addition, CLA repression of expression of SREBP-
1 and its target genes may play an important role in delipi-
dation. Finally, CLA suppression of insulin signaling may
also impair insulin’s ability to activate or increase the
abundance of a number of lipogenic proteins including
LPL, ACC, FAS, SCD-1, and the insulin-dependent glu-
cose transporter GLUT4.

CLA Decreases Adipocyte Number

Apoptosis is another mechanism by which CLA may re-
duce BEM. Apoptosis can occur through activation of the
death receptor pathway, ER stress, or the mitochondrial
pathway. A number of in vivo and in vitro studies have
reported apoptosis in adipocytes supplemented with a
CLA mixture or 10,12 CLA alone (56,64,85,86). For exam-
ple, supplementation of C57BL/6] mice with 1% (w/w)
CLA mixture reduced BFM and increased apoptosis in
WAT (75). Mice fed a high-fat diet containing 1.5% (w/w)
CLA mixture had an increased ratio of BAX, an inducer of
apoptosis relative to Bcl2, a suppressor of apoptosis (87).
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Figure 2 Reported mechanisms by which 10,12 CLA decreases adipose
tissue mass and obesity.

Reported mechanisms by which CLA reduces adiposity
are shown in Figure 2.

ANTIDIABETIC PROPERTIES OF CLA

Feeding obese ob/ob C57BL/6 mice 0.6% 9,11 CLA for
six weeks improved plasma levels of glucose, TG, and
insulin and reduced the expression of markers of inflam-
mation and insulin resistance in WAT (88). Furthermore,
these authors demonstrated that 50 uM 9,11 CLA pre-
vented tumor necrosis factor (TNF)a-mediated insulin re-
sistance in 3T3-L1 murine adipocytes. Their data suggest
that 9,11 CLA improves insulin sensitivity by elevating
GLUT4 levels or translocation to the plasma membrane,
which are adversely affected by inflammation, thereby
facilitating glucose disposal. Similarly, Wistar rats fed a
high-fat diet supplemented with a 0.75% to 3.0% CLA
mixture for 12 weeks had lower plasma levels of glucose,
TG, and insulin compared with high-fat fed control rats
(89). The CLA mixture enhanced the expression of PPARy
target genes in WAT, which was proposed to be responsi-
ble for the improvement in insulin sensitivity. Consistent
with these data, adiponectin, a WAT-specific, PPARy tar-
get gene that reduces blood glucose by enhancing its ox-
idation in liver and muscle, was increased in the plasma
of Zucker diabetic fatty (ZDF) rats fed a 1% CLA mixture
for eight weeks (55). Similarly, feeding 0.5% 9,11 CLA to
insulin resistant C57BL/6] mice improved insulin sensi-
tivity without affecting BFM (90). Conversely, these au-
thors found that feeding 0.5% 10,12 CLA lowered BEM
and increased LBM in these mice, but caused insulin re-
sistance. Other studies have also reported that 10,12 CLA
causes insulin resistance, especially in mice (81,99). Taken
together, these data suggest that 9,11 and 10,12 CLA have
opposite effects on insulin sensitivity, most likely due
to their opposing effects on the activity of PPARy, vis-
a-vis 9,11 CLA activates PPARy and 10,12 CLA inhibits
PPARy.

ANTIATHEROSCLEROTIC ACTIONS OF CLA

CLA has been reported to decrease risk factors of
atherosclerosis in several important animal models (re-
viewed in Ref. 91). For example, feeding 0.5% mixed or
individual isomers of CLA to New Zealand White rabbits
fed a high saturated fat and cholesterol-rich diet reduced
blood lipids and atherosclerotic lesion area (92). Syrian
Golden hamsters fed a high saturated fat and cholesterol-
rich diet containing 1.0% mixed CLA isomers (93), 0.9%
9,11 CLA (94) or 1.0% 10,12 CLA (95), had decreased aortic

lipid accumulation or fewer fatty aortic streaks compared
with controls. In apoE_/ ~ deficient mice, feeding a 1.0%
CLA mixture decreased aortic lesion area, and reduced
macrophage infiltration and inflammatory gene expres-
sion in the lesions (96). In contrast to these animal studies,
other animal and clinical trials with CLA mixtures have
yet to show beneficial effects on reducing risk factors for
atherosclerosis (reviewed in Ref. 97).

SAFETY

Adverse side effects have been reported for CLA sup-
plementation such as elevated levels of inflammatory
markers, lipodystrophy, steatosis, and insulin resistance.
Most adverse side effects are due to the 10,12 CLA
isomer.

CLA Increases Markers of Inflammation

Treatment with 10,12 CLA increases the expression or
secretion of inflammatory makers such as TNFa, inter-
leukin (IL)-1B, IL-6, and IL-8 from adipocyte cultures
(56,73,80,81,83). Moreover, CLA increases the expression
of COX-2, an enzyme involved in the synthesis of PGs,
and the secretion of PGFy, (79,98). These inflammatory
proteins are known to antagonize PPARy activity and in-
sulin sensitivity (87,98-100).

Consistent with these in vitro data, 10,12 CLA
supplementation increases the levels of inflammatory
cytokines and PGs in humans (101,102). For example,
women supplemented with 5.5 g/day of a CLA mix-
ture for 16 weeks had higher levels of C-reactive pro-
tein in serum and 8-iso-PGF;, in urine (44). 10,12 CLA
supplementation in mice resulted in macrophage recruit-
ment in WAT (81). In contrast, 9,11 CLA exhibits anti-
inflammatory actions (6).

CLA Causes Insulin Resistance

Insulin resistance has been reported in vivo (56,102-104)
and in vitro (12,73,79,98) following supplementation with
a CLA mixture or 10,12 CLA alone. For example, 10,12
CLA supplementation of 3.4 g/day for 12 weeks in obese
men with metabolic syndrome increased serum glucose
and insulin levels and decreased insulin sensitivity (103).
Supplementation with a CLA mixture in type-2 diabet-
ics increased fasting plasma glucose levels and reduced
insulin sensitivity (102). Mice fed 1% (w/w) 10,12 CLA
displayed elevated fasted and feeding plasma insulin
levels and had reduced insulin sensitivity (75). Consis-
tent with these data, the mRNA levels of adiponectin,
a key adipokine associated with insulin sensitivity, de-
crease following supplementation with 10,12 CLA in vivo
(36,81,100) and in vitro (79,82,105,106).

CLA Causes Lipodystrophy

The combination of inflammation and insulin resistance
results in reduced FA and glucose uptake in WAT,
leading to ectopic lipid accumulation in the blood (hy-
perlipidemia), liver (steatosis), or muscle. CLA-mediated
hyperlipidemia and steatosis has been reported in sev-
eral animal studies (36,76,107). For example, 1% (w/w)
CLA time-dependently increased insulin levels and led
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Figure 3 Reported mechanisms by which CLA reduces the risk of cancer,
obesity, diabetes, and atherosclerosis.

to increased liver weight and liver lipid accumulation in
C57BL/6] mice (36). Aging C57BL/6] mice fed 0.5% 10,12
CLA displayed increased insulin resistance and liver hy-
pertrophy (107).

US Regulatory Status

Recently, the FDA approved CLA as GRAS (generally rec-
ognized as safe) for use in foods and beverages (not to
exceed 1.5 g/serving) due its potential favorable effects.
However, the use of CLA as a dietary supplement or ingre-
dient should be cautioned based on the aforementioned
safety issues.

CONCLUSIONS

There is an abundance of evidence in animals suggesting
that CLA consumption may reduce the incidence or risk
of developing cancer, obesity, diabetes, or atherosclerosis,
depending on the type and abundance of CLA isomer con-
sumed and the physiological status of the animal model
(Fig. 3). Data on the antiobesity properties of 10,12 CLA
in animals, especially mice, are the most reproducible.
However, these potential benefits are not without risks,
as the 10,12 isomer is associated with increased levels of
inflammatory markers, lipodystrophy, and insulin resis-
tance. More clinical studies are needed to determine the
efficacy of CLA isomers in humans, and more mechanistic
animal and cell studies are needed to determine the pre-
cise, isomer-specific mechanisms of action of CLA, and
potential side effects.
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Copper

Leslie M. Klevay

INTRODUCTION

Since the discovery in 1928 that copper is an essential
nutrient, hundreds of experiments to clarify its function
have been performed with several species of animals and,
under very controlled conditions, with adult human vol-
unteers. People respond to copper depletion similar to
animals (1).

The earliest experiments involved hematology,
which preoccupied nutritional scientists for decades.
Gradually, evidence for the adverse effects of copper
deficiency on the cardiovascular and skeletal systems
accumulated. Cardiovascular research related to copper
deficiency, including associated lipid metabolism and car-
diovascular physiology, now exceeds that on hematology.
Early work on bone structure and function is being col-
lected and extended.

Methods for assessing nutritional status for cop-
per are poorly developed. However, there are a sufficient
number of reports of low activities of enzymes dependent
on copper and low copper values in important organs
to suggest that a considerable number of people may be
too low in this element. These data complement measure-
ments of dietary copper suggesting that the Western diet,
which is frequently low in copper, may be the source of
this abnormal biochemistry. Some people with abnormal
gastrointestinal physiology may absorb too little copper
as well.

GENERAL DESCRIPTION

Copper is an essential and versatile nutrient that operates
as the active site in 10 to 15 enzymes (1-3). These pro-
teins moderate the chemistry of this metallic element to
enhance various metabolic processes related to oxidation.
There also are several other copper-binding proteins of
physiological importance (3) in addition to some newly
discovered proteins called metallochaperones (4). The lat-
ter proteins act in the intracellular transport of metallic
elements and help to ensure that free copper ion is nonex-
istent in the body (5,6).

ACTIONS, BIOCHEMISTRY, AND PHYSIOLOGY

The essentiality of copper for mammals, including peo-
ple, was discovered (7) when rats fed a milk diet with
adequate iron became anemic and grew poorly. Copper
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proved to be the active material in several foods that were
curative and could prevent the condition. All the clas-
sic deficiency experiments with animals were performed
with milk diets. Adequate copper permits normal utiliza-
tion of dietary iron. In addition to preventing anemia,
it assists in blood coagulation (8,9) and blood pressure
control (10,11), crosslinking (2,3,12) of connective tissues
of arteries, bones, and heart, defense against oxidative
damage (1), energy transformations, myelination of brain
and spinal cord, reproduction, and synthesis of hormones
(13). Inadequate copper produces adverse effects (14-16)
on the metabolism of cholesterol and glucose, on blood
pressure control and heart function, on mineralization of
bones, and on immunity. Isoprostanes are increased in
deficiency (10).

Hypercholesterolemia in copper deficiency has been
found in at least 30 independent laboratories (11,17), most
recently in studies by Galhardi et al., Kaya et al., and
Rosario et al. (18-20) since the original observation (21).

Glutathione is an effective regulator of 3-hydroxy-
3-methylglutaryl coenzyme A activity (22,23). Copper de-
ficiency disrupts glutathione metabolism (24), leading to
increased activity of this enzyme (25-27) and contribut-
ing to the hypercholesterolemia that occurs. In contrast,
decreased activities of lecithin: cholesterol acyltransferase
(28) and lipoprotein lipase (29) also contribute to the hy-
percholesterolemia of deficiency.

Electrocardiograms of animals deficient in copper
reveal human cardiovascular risk factors such as branch
block and abnormalities of the ST segment (15); other
heart blocks and wave pathologies are numerous (15).
The heart blocks are probably caused by decreased ac-
tivity of an ATPase isoform localized to the conduction
system of the heart (30).

Copper deficiency depresses vasodilation via alter-
ations in nitric oxide physiology (31,32). The mechanism
has been reviewed (24,33) and may involve, inter alia,
guanylate cyclase, which contains copper (34).

Paraoxonase, sometimes called PON1, is a homo-
cysteine thiolactone hydrolase [activity (35) of which is
decreased by copper deficiency] (36). The lactone accu-
mulates when homocysteine is elevated and irreversibly
inhibits lysyl oxidase (35), which depends on copper for
crosslinking of connective tissue in arteries and bone.

There seems to be little doubt that copper defi-
ciency can affect desaturase (and elongase) enzymes, but
agreement is lacking on the details and directions of
all the changes. Some of the data have been reviewed
(14,24,37,38). These enzymes can alter the number of
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double bonds in a fatty acid and can also increase its
length. Prostaglandin metabolism is also affected (24).

Food Sources and Supplementation

As far as is known, food source does not affect copper
absorption, in marked contrast to iron and zinc, which
are more easily absorbed from animal, than from plant,
products. Higher concentrations of copper in many plant
foods can compensate if fractional absorption is slightly
lower. Vegetarian diets are high in copper (39,40).

Phytates either have no inhibitory effect on copper,
or have a markedly smaller effect than that on zinc (21,41).
At intestinal pH, copper complexes with phytates are sol-
uble whereas zinc complexes are not. Phytates can thus
enhance the utilization of copper (42).

Copper absorption at 55% to 75% is considerably
higher than that of other trace elements; absorption oc-
curs mainly in the upper small intestine, but stomach and
colon may absorb the element as well (1). Thus, the con-
centration of copper in foods is an important character-
istic that determines nutritional usefulness. In order of
increasing concentration on a weight basis, fats and oils,
dairy products, sugar, tuna, and lettuce are low in copper;
legumes, mushrooms, chocolate, nuts and seeds, and liver
are high in copper (43,44). Bread, potatoes, and tomatoes
are consumed in sufficiently large amounts by U.S. adults
for these foods to contribute substantially to copper in-
take, although they are not considered to be high-copper
foods (45). Copper and magnesium are highly correlated
in U.S. diets (46). Food groups high in folate tend to be
high in copper (35).

The Western diet typical of the United States, parts
of Europe, and wealthy enclaves in the developing world
is often low in copper. Approximately one-third of these
diets are low in comparison with those used in successful
depletion experiments of men and women (47-51) under
controlled conditions and in comparison to the estimated
average requirement (EAR) (52) and recommended di-
etary allowance (RDA) of the National Academy of Sci-
ences (U.S.) (below).

Estimations of dietary copper intakes based on cal-
culations, for example, about Canadian octogenarians
(53), from the amount of copper in individual foods are
too high according to eight published comparisons (54) to
chemical analysis of composite diets; the mean error from
calculation is an excess of 77% (54).

The calculated 25th, median, and 75th percentiles
for intakes of 51- to 70-year-old men in a statistical sample
of the U.S. population (Table C-15 in Ref. 55) are 1.19,
1.47, and 1.81 mg copper daily. Corrections based on the
mean excess in copper found by calculation (54) decrease
these estimates to 0.67, 0.83, and 1.02 mg daily. Although
younger men seem to eat more copper, women eat less!

Data from several publications on dietary intakes of
copper based on chemical analyses were pooled (40,44)
and a frequency distribution curve was derived for 849
analyzed diets; approximately one-third of the diets con-
tained less than 1 mg of copper daily. Further analytical
confirmation of diets low in copper is available from men
and women randomly selected in Baltimore. Thirty-six
percent and 62% of the diets were below the respective
dietary reference intakes for copper (56).

Three approaches to supplementation are available.
Diets below the EAR and the RDA can be improved by
avoiding foods low in copper and by selecting foods high
in copper (43). A copper-deficient salad (lettuce, mayon-
naise, oil, tuna, etc.) can be improved by adding sunflower
seeds, mushrooms, legumes, etc (44). Soy products are in-
creasingly popular and are high in copper (57), as are nuts
(58) and chocolate (59). Beer enhances the utilization of
copper in rats fed a deficient diet, resulting in a sixfold
increase in longevity, with less cardiac damage and lower
plasma cholesterol (60).

In contrast to iron, fortification of foods with copper
is uncommon. Some new snacks and drinks promoted as
products with exceptional nutritional properties are for-
tified with copper. A variety of tablets and capsules con-
taining copper are available commercially.

Copper gluconate is the only copper supplement
listed by the United States Pharmacopeial Convention and
probably is the best supplement for oral use (61). We have
used copper sulfate effectively in experiments with ani-
mals (21,62) and human volunteers (47,49,51). Others have
used copper salts of amino acids (63). Other compounds
containing copper, such as the orotate, for which there are
no data on bioavailability should not be used. It is not
easy to identify the chemical form of copper in some of
the available supplements.

Cupric oxide is contained in some vitamin-mineral
supplements; this form is no longer used in animal nu-
trition because the copper is utilized poorly (64). Cupric
oxide is used in the preparations with many ingredients
because of its high concentration of copper, not because of
demonstrated efficacy.

Deficient people should be supplemented with sev-
eral times the EAR or RDA. Daily supplements of 3 to
7 mg of copper have been tolerated for long periods
(65,66).

INDICATIONS AND USAGE

The Western diet is associated with rapid growth in in-
fancy, increasingly early sexual maturation, tall adults,
and low rates of infection. This diet is also associated
with common diseases of affluence such as cancer, heart
disease, obesity, and osteoporosis etc. (67). Numerous
anatomical, chemical, and physiological characteristics
of people with some of these latter diseases have been
found in several species of animals deficient in copper
(15,16).

No single indicator provides an adequate assess-
ment of copper nutriture (nutritional status) (52). Indices
useful in experiments with animals have sometimes been
helpful in depletion studies of people, but most do not
seem to be altered by marginal deficiency. Circulating cop-
per may not reflect the actions of enzymes inside cells in
various organs where the metabolic processes affected by
copper take place. Liver copper, generally impossible to
assess in people, is the best indicator in animal experi-
ments (62). Experiments with animals reveal that plasma
copper can be normal or increased even though copper in
liver or other organs may be low (68-76). Thus, normal
or high plasma copper values in people may not be an
accurate reflection of copper nutriture.



According to the Oxford Textbook of Medicine (77),
low nutrient intakes can reduce nutrient concentrations in
tissues and compromise metabolic pathways. Diagnosis
then is relatively straightforward upon measurement of
the nutrient in suitable tissues or testing of metabolic path-
ways. Numerous medical publications (some of which are
summarized here) reveal low copper concentrations and
impaired enzymatic pathways dependent on copper in
people. As “nutritional state often alters the expression
and course” (77) of illness, extra copper should be pro-
vided if low measurements related to copper values are
found whether or not they are the cause or the result of
the pathology under consideration.

Interpretation of copper or ceruloplasmin in serum
or plasma in the assessment of nutriture may be difficult.
Low values indicate impairment. Pepys (78) describes the
acute phase response to acute and chronic inflammation:
a number of plasma proteins, such as ceruloplasmin, are
synthesized in liver under the influence of cytokines and
are secreted into the circulation. Thus, any illness with a
large inflammatory component may have falsely high val-
ues (78,79). Normal or high values cannot provide assur-
ance that copper deficiency is not present. Clearly people
with myelodysplasia and the new syndrome resembling
the neurology of pernicious anemia (below) can be con-
sidered for supplementation.

Possibly deficient people should be evaluated with
some of the newer, potentially more sensitive, indices of
copper status such as erythrocyte and extracellular super-
oxide dismutases, leukocyte copper, platelet cytochrome
c oxidase or serum lysyl oxidase (80-84).

Data on which to base dietary reference intakes for
copper are elusive and, often, absent. Consequently, some
of the values in Table 1 are rounded and values for males
and females are combined. The adequate intake (Al) val-
ues are based on intakes of apparently healthy, full-term
infants whose sole source of copper was human milk. Val-
ues for pregnancy are based on the amount of copper in the
fetus and other products of conception. Those for lactation
are the amounts needed to replace the average amount se-
creted in human milk. EARs are values estimated to meet
the requirement of half of the healthy individuals of the
group. Copper RDAs are based on the EAR plus an as-
sumed coefficient of variation of 15%, which is larger than
the 10% assumed for some other nutrients (57).

In the United States, dietary reference intakes are
median values with an assumed symmetry of distribution
(85). However, there is virtually no information about the

Table 1 Daily Adequate Intake (Al), Estimated Average Requirement
(EAR), and Recommended Dietary Allowance (RDA) for Copper (mg)

Age Al (mg) EAR (mg) RDA (mg)
0-6 mo 0.20 or 30 (g/kg)

7-12 mo 0.22 or 24 (png/kg)

1-3yr 0.26 0.34
4-8yr 0.34 0.44
9-13 yr 0.54 0.70
14-18 yr 0.685 0.89
19-70 yr 0.70 0.90
Pregnancy 0.80 1.00
Lactation 1.00 1.30
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shape of the copper distribution; distributions for most
nutrients are skewed to the high end (85). People who are
deficient in copper without obvious cause (below) prob-
ably have a personal requirement for copper consider-
ably higher than the median requirements reflected in the
RDAs.

It seems clear that there is little or no copper de-
ficiency in the industrialized world if one relies on tradi-
tional criteria of deficiency such as anemia with decreased
plasma copper or ceruloplasmin. However, these markers
are affected by the acute phase response and are easily
increased by nondietary variables, such as inflammation,
oral contraceptives, and pregnancy etc. Copper depletion
experiments with men and women reveal unfavorable al-
terations in biochemistry and physiology with minimal
or no changes in circulating copper and without anemia
(above). Copper deficiency is the leading nutritional defi-
ciency of agricultural animals worldwide; (86) can people
be far behind?

A 2001 report on dietary reference intakes (55) and
its predecessors, for example in Ref. (87), summarize
the reasons why people may decide to take (or avoid)
nutrient supplements. Growth and function are improved
when nutrients are increased above levels just sufficient
to prevent deficiency. There is little evidence that small
surpluses of nutrients are detrimental, while small deficits
will lead to deficiency over time. There is no evidence
of unique health benefits from the consumption of a
large excess of any one nutrient. Meeting recommended
intakes for nutrients will not provide for malnourished
individuals.

There seems to be little or no anemia responsive to
copper in the United States, although this phenomenon
does not seem to have been studied adequately in the
last six decades. Copper deficiency can masquerade as the
myelodysplastic syndrome, however (88-90). Supplemen-
tation of middle-aged Europeans with copper protected
their red blood cells from oxidative hemolysis in vitro
(63), indicating that extra copper improved the quality of
the cells.

Alzheimer’s disease is the leading cause of demen-
tia in the elderly and is of unknown etiology. It is hypoth-
esized that deficiency of dietary copper is the simplest
and most general explanation for the etiology and patho-
physiology of this disease because, infer alia, of numerous
reports of low copper in the brain and low activity of en-
zymes dependent on copper in these patients (91). These
findings are consonant with Golden’s criteria for diagnos-
ing deficiency (77).

Kumar (92) has reviewed and expanded upon a cop-
per deficiency syndrome resembling the neuropathy of
pernicious anemia (vitamin By deficiency). Supplemen-
tation with cyancobalamine is useless, but extra copper
generally arrests the decline and sometimes reverses some
of the signs.

Several of the classical risk factors for ischemic heart
disease have been produced in animals deficient in cop-
per. Similar changes have been found in more than 30 men
and women in successful copper depletion experiments
using conventional foods and have been reversed by cop-
per supplementation (47-51). Copper intakes of 0.65 to
1.02 mg daily in these experiments were insufficient. Cri-
teria of depletion included abnormal electrocardiograms



178 Klevay

(47,48) and blood pressure regulation (51), dyslipidemia
(50), glucose intolerance (49), and hypercholesterolemia
(47). Two of these experiments were interrupted prema-
turely with early repletion with copper because of abnor-
mal electrocardiography; all of the metabolic and physio-
logical abnormalities disappeared with copper repletion.
Low paraoxonase activity is found in conditions associ-
ated with increased risk of ischemic heart disease (36);
isoprostanes are increased (93).

In contrast is a balance experiment using a formula
diet that failed to confirm these results (94). Applesauce,
cheese, chicken, cornflakes, crackers, lettuce, margarine,
milk, orange juice, and rice provided less than 31% to
34% of dietary energy (calculated at 2400 kcal/day) (95).
As actual energy intake ranged from 2415 to 3553 kcal
(94), the food part of the formula was probably about
26%. Because formula diets are known to lower serum
cholesterol (96), the potential increase in cholesterolemia
from the low copper intake may have been obscured.

Activities of enzymes dependent on copper (97—
103) and organ copper concentrations (104-113) have
been found to be decreased in people with cardiovascular
(mostly ischemic) diseases. There is a positive correlation
between cardiac output and copper in heart tissue of pa-
tients with coronary heart disease (112). Decreased copper
in organs and decreased enzyme activities are evidence of
impaired copper nutriture (77,114,115).

No long-term copper supplementation has been per-
formed in patients with cardiac arrhythmia, dyslipidemia,
glucose intolerance, hypercholesterolemia, or hyperten-
sion. However, some dietary regimens found to alleviate
some of these conditions may have included an increase
in copper intake as a hidden variable: for example, the
Lifestyle Trial (116), the protective effect of legumes on
cholesterol, blood pressure, and diabetes (117) and the
benefit of whole grain foods on coronary heart disease
(118). Spencer (119) described two men and a woman
whose premature ventricular beats, which had persisted
for years, were thought to be due to coronary heart disease.
These premature beats disappeared after they ingested 4
mg of copper (as copper gluconate) per day.

Witte et al. (120) explain how deficiencies of mi-
cronutrients, copper among them, can contribute to car-
diovascular disease. Patients with heart failure in their
supplementation trial had improved ventricular function
and quality of life (121); copper in the supplement may
have contributed (122). Supplementation trials with vita-
mins to lower homocysteine may show clinical benefit if
extra copper is included (123); copper supplementation
(with zinc) improved survival in a long-term, double-
blind study of ocular disease (124).

Copper-deficient people have osteoporosis that can
be cured with extra copper (reviewed in Ref. 16). This
phenomenon has been found mainly in young children.
Adults may have skeletal pathology from low copper
status as well. Copper is decreased in bone in both os-
teoarthritis and ischemic necrosis of the femoral head
(125). Low serum copper in patients with fractures of
the femoral neck (126) or decreased lumbar bone den-
sity (14,127,128) may indicate covert copper deficiency.
Plasma copper and bone mineral density are correlated
(129). Healthy men fed a diet low in copper (0.7 mg/day)

experienced increased bone resorption that returned to
normal when copper was replaced (130).

There can be no medical doubt that copper defi-
ciency can cause osteoporosis in people. These references
on osteoporosis from copper deficiency (131-141) have
been found since the earlier review (16) of 17 articles. If
copper deficiency turns out to be a major component of the
osteoporosis of middle age, supplementation with copper
alone is unlikely to be effective. If copper deficiency is
corrected, another nutrient, particularly calcium and pos-
sibly zinc, may become limiting (77). Two double-blind,
placebo-controlled trials have shown that trace element
supplements including copper improved bone mineral
density in postmenopausal women (65,142).

Premature infants and people with extensive burns
may need extra copper. The former (143) are sometimes
born before their mothers can load them with copper in
the last trimester (12). Premature infants have lower su-
peroxide dismutase activity in erythrocytes and plasma
copper after 100 days of life than term infants (144); pre-
mature placentas are low in copper and copper-dependent
enzymes (145).

In analogy to vitamin By, deficiency, any disruption
of the gastrointestinal tract has the potential to impair cop-
per nutriture. Copper deficiency is being reported with
increasing frequency in patients who have had bariatric
surgery (90,92,146-149). Some people with cystic fibrosis
or pancreatic insufficiency may need extra copper (150-
152). Copper-dependent enzyme activity and copper con-
centration have been found to be decreased in ulcera-
tive colitis biopsies (153). Supplementation of people with
these conditions should be performed under medical su-
pervision.

If adults have unmet needs for copper to provide
cardiovascular, hematopoietic, or skeletal benefit, neither
the dose nor the duration of therapy is clear. A potential
role for copper supplements in the treatment of rheuma-
toid arthritis and psoriasis has not been proved. There is
probably no reason to exceed the tolerable upper intake
level (UL) of 10 mg daily (Table 2).

Potential Toxicity and Precautions

All chemicals, including essential nutrients, are toxic if
the dose is excessive. It seems that people have a 50- to
400-fold safety factor for copper considering usual dietary
intakes and the tolerance level found with several species
of experimental animals (154). The UL connotes an intake

Table 2 Daily Tolerable Upper Intake Level

(UL) for Copper (mg)
Age group UL (mg)
Children

1-3yr 1.00

4-8 yr 3.00

9-13 yr 5.00
Adolescents

14-18 yr 8.00
Adults

19-70+ yr 10
Pregnancy 8.00
Lactation 8.00-10.00




that can, with high probability, be tolerated biologically
by almost all individuals.

Gastrointestinal signs and symptoms such as nau-
sea are prominent in the setting of this limit. A small,
double-blind study has revealed that adults are unaffected
in 12 weeks by a daily supplement of 10 mg of copper
(52). The UL values in Table 2 are based on this exper-
iment; no value is available for infants less than 1-year-
old. van Ravesteyn (155) administered 38 mg of copper
daily to people for as long as 14 days; toxicity was not
mentioned. Copper supplements should be taken with
food (156,157) and should not be taken by people with
biliary disease, liver disease, idiopathic copper toxicosis
or Wilson’s disease, or by people taking penicillamine or
trientine.

Although copper can interfere with zinc utilization,
this phenomenon does not seem to be of practical impor-
tance to people. In contrast, copper deficiency has been
induced in people (and in numerous species of pets and
animals in zoos) by the ingestion of recently minted pen-
nies (United States), which are almost pure zinc (158).
The dose of supplemental zinc that is excessive for adults
is ill-defined, but the adult UL for zinc, 40 mg daily, is
based on reduced copper nutriture from zinc in food,
water, and supplements combined. A case of copper-
responsive anemia has been reported in a patient with
acrodermatitis enteropathica overtreated with zinc (159).
This potential exists for patients with Wilson’s disease
treated with zinc, particularly children (160). Demyelina-
tion of the central nervous system has been reported from
overzealous treatment of Wilson’s disease with zinc (161).
Denture creams high in zinc have led to copper deficiency
(162,163).

Vitamin C is known to interfere with the utilization
of copper (131,164-168), but its UL of 2 g daily is not based
on copper effects. Adverse effects on blood pressure reg-
ulation and copper utilization were found in women fed
1.5 g vitamin C daily (51). Simple sugars such as fruc-
tose, glucose, and sucrose interfere with the utilization
of copper (169,170): High-fructose corn syrup is found in
many processed foods and beverages. Excessive ingestion
of soft drinks (171,172) has contributed to copper defi-
ciency. High iron intakes can disrupt copper utilization
(85,131,173-175). People with iron overload (176,177) and
lead poisoning (178-180) may benefit from copper sup-
plementation. Copper supplements should not be used as
emetics.

CONCLUSIONS

The Western diet often is low in copper. Statements to
the contrary are based on dietary calculations, which are
falsely high. The best way to ensure an Al of copper is to
minimize the intake of foods low in copper and to increase
that of foods high in it, such as cereals, grains, legumes,
mushrooms, nuts, and seeds. Dietary copper can be in-
creased by using the food pyramid as a guide. Only a
few foods are fortified with copper. Copper gluconate is
probably the best supplement.

There seems to be little copper deficiency in Western
society if one considers anemia as its only sign. However,
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adults with diseases of the cardiovascular, gastrointesti-
nal, and skeletal systems have repeatedly been found to
have low concentrations of copper in important organs
and to have low activities of enzymes dependent on cop-
per. These signs are consonant with deficiency. Premature
infants may also be deficient in copper. Large intakes of vi-
tamin C or zinc can impair the proper utilization of copper
in people.

People deficient in copper are being reported with
increasing frequency. Although many circumstances seem
without explanation and because the clinical signs differ
from those traditionally associated with copper deficiency,
the reports are often scattered in medical journals that do
not have the word “nutrition” in their titles.

Recognition of copper deficiency in the general
population still seems rare enough to be published,
but deficiency also is common enough that 10 cases
are reported from one neurological clinic. The index
of suspicion should be increased among those provid-
ing primary care. When obvious explanations such as
bariatric surgery, dental adhesives high in zinc, hemochro-
matosis, lead poisoning, and soft drink excess are
excluded one should consider the possibility that the pa-
tient has a dietary requirement higher than those men-
tioned among the dietary reference intakes. Some cases of
myelodysplastic syndrome and heart failure respond to
copper.

Evaluations should not rely only on plasma copper
or ceruloplasmin. Supplementation should be done with
substantial doses of easily absorbed, copper salts under
medical supervision.

Some successful experiments in human copper
depletion, particularly in relation to the cardiovascular
system, are summarized here, as are some unsuccessful ex-
periments. Others have been reviewed (181). Depletion ex-
periments with positive results illustrate what is possible
in the wider world, particularly when the potentially ad-
verse effects were eliminated on repletion. Seemingly con-
trary or incongruous experiments should not promote de-
nial or negativism; rather they should stimulate searches
for explanations of differences.

Individual animals and individual people fed the
same depleted diets do not respond uniformly. Signs of
deficiency are variable in experimental pellagra and in
animal experiments on biotin, thiamin, or copper defi-
ciencies. Our success rate in inducing copper depletion in
people resembles that of Goldberger in inducing pellagra.
One should not expect all people to respond uniformly to
a diet low in copper (15).

There is no information available on how copper
requirements vary from person to person; dietary recom-
mendations are based on assumptions of narrow variabil-
ity. The amount of copper in the body and its variability
are known, only inaccurately. Copper absorption is rea-
sonably well defined, but data on copper losses are scant.
Aside from some obvious causes of deficiency mentioned
here, causes of human deficiency in some recent, medical
reports are unknown. These reports have increased since
the first edition and illustrate opportunities for research;
it seems likely that people with unidentified high require-
ments for copper are eating too little. The field of copper
nutrition is far from stagnant.
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Cordyceps

John Holliday, Matt Cleaver, Mojca Tajnik, Joseph M. Cerecedes, and Solomon P. Wasser

ABBREVIATIONS

ATP, adenosine triphosphate; GM-CSF, granulocyte
macrophage colony-stimulating factor; GRAS, generally
recognized as safe; HDL, high-density lipoprotein; IFN,
interferon; Ig, immunoglobulin; IL, interleukin; iNOS,
calcium-insensitive nitric oxide synthases; LDs, median
lethal dose; LDL, low-density lipoprotein; NK cell, nat-
ural killer cell; PAH, polyaromatic hydrocarbons; PAMP,
pathogen-associated molecular patterns; TCM, traditional
Chinese medicine; TLR, Toll-like receptor; TNE, tumor
necrosis factor.

INTRODUCTION

Species of the genus Cordyceps (Fr.) Link (also known
as Chinese caterpillar fungi, or Tochucaso in Japanese;
Clavicipitaceae, Ascomycetes) are the fungi found grow-
ing oninsectlarvae (Fig. 1), mature insects, or fruiting bod-
ies of truffles of genus Elaphomyces. Cordyceps has a long
history as a rare and exotic medicinal fungus. It has been a
highly regarded cornerstone of Chinese medicine for cen-
turies; one that reportedly has a number of far reaching
medicinal effects (1). Most people in the West have only
come to know of Cordyceps within the last twenty years,
during which time, modern scientific methods have been
increasingly applied to the investigation of its seemingly
copious range of medicinal applications, in an attempt
to validate what Chinese practitioners have noted for
centuries (2).

BACKGROUND

Diversity and Artificial Cultivation
There are currently more than 680 documented species
of Cordyceps, found on all six inhabited continents and in
many climatic zones and habitats, and occurring parasit-
ically or commensally with a range of hosts (2-3). Due
to the rarity and high prices of the wild collected variety,
attempts have long been made to cultivate C. sinensis. By
the mid 1980s, the majority of C. sinensis available in the
world’s marketplace was artificially cultivated (4).

Many companies now produce artificially cultivated
C. sinensis products, both from the mycelium as well as
from the fruit bodies. The increase in supply has given
rise to variations in purity and quality, creating a situa-
tion in which there are a large number of counterfeit and
adulterated products being sold (3). Recently, there have
been introduced, new methods for assaying the quality of
Cordyceps spp. products (5). The large variations in quality
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found in cultivated C. sinensis has lead many consumers
to believe the wild collected variety is medicinally bet-
ter than the cultivated type. But with new advances in
biotechnology, this is rapidly changing (6).

Contamination and Adulteration of Cordyceps

As found in its natural state, C. sinensis is attached to the
mummified body of the caterpillar, from which it arose. It
is harvested whole in this way, dried, and supplied into
the market. Because C. sinensis is sold by weight and intact
fruiting bodies fetch higher prices in traditional markets,
collectors have historically inserted a small bit of twig into
many of the caterpillars, resulting in an increase in weight
and the appearance of intact fruiting bodies (5). This is
probably a harmless practice, as long as the object inserted
is from a nontoxic source. However, modern collectors
have inserted lead or other metal in order to boost the
weight, so anyone who chooses to use the wild collected
C. sinensis, rather than the cultivated variety, would be
well advised to break each one of the caterpillars in half
before use, so that any bits of foreign matter can be readily
discerned and removed.

History and Traditional Uses

The first written record of the Cordyceps mushroom comes
from China, in the year AD 620, at the time of the Tang Dy-
nasty, bringing substance to the once intangible allegorical
narrative, which spoke of a creature, whose annual exis-
tence alluded to a transformation from animal to plant,
in summer, and then again from plant to animal, in win-
ter (1). Tibetan scholars wrote of the healing animal/plant
through the 15th to 18th centuries, and in 1757, the earliest
objective and scientifically reliable depiction of the Cordy-
ceps mushroom was written by the author Wu-Yiluo in the
Ben Cao Congxin (“New Compilation of Materia Medica”),
during the Qing Dynasty (2-3).

C. sinensis is found at high altitudes on the Hi-
malayan Plateau, and thus, is difficult to harvest. Due
to such difficulties, Cordyceps has always been one of the
most expensive medicinal fungi known. Its high price had
relegated it almost exclusively to members of the Em-
peror’s court and others among the Chinese nobility, his-
torically beyond the reach of the average Chinese subject.
Despite its cost and rarity, the unprecedented litany of
medicinal possibilities for Cordyceps spp. has made it a
highly valued staple of the TCM.

The name Cordyceps comes from the Latin words,
cord and ceps, respectively meaning, “club” and “head.”
The Latin word conjunction accurately describes the ap-
pearance of these club fungi, whose stroma and fruit body
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Figure 1  Cordyceps sinensis in natural habitat (4550 m in Tibet, China).

extend from the mummified carcasses of insect larvae,
usually that of the Himalayan ghost Moth, Thitarodes ar-
moricanus (Hepialis armoricanus). In historical and general
usage, the term “Cordyceps” normally refers specifically
to the species C. sinensis. However, the name “Cordyceps”
has come to be used for a number of closely related species
over the last few years, which have been found to be much
easier to cultivate. While C. sinensis may be the most well-
known species, there are many other species in the genus
Cordyceps, in which modern science may have uncovered
potentially valuable medicinal properties.

The medicinal values of Cordyceps spp. have been
recognized since ancient times in China and the surround-
ing Orient; but knowledge of this only reached Western
scientific audiences in 1726, when it was introduced at a
scientific meeting in Paris. The first specimens were car-
ried back to France by a Jesuit priest, who chronicled his
experiences with the Cordyceps mushroom during his stay
at the Chinese Emperor’s court (1,4).

The range of therapeutic uses claimed for Cordyceps
spp. is far reaching; although most of them have yet to
be sufficiently investigated. In TCM, C. sinensis has been
used to treat conditions including respiration and pul-
monary diseases, renal, liver, and cardiovascular diseases,
hyposexuality, and hyperlipidemia. It is also used in the
treatment of immune disorders and as an adjunct to mod-
ern cancer therapies (chemotherapy, radiation treatment,
and surgery) (1). C. sinensis is believed by many, partic-
ularly in and around Tibet, its place of origin, to be a
remedy for weakness and fatigue; and it is often used as
an overall rejuvenator for increased energy while recov-

ering from a serious illness. Many also believe it to be a
treatment for impotence, acting as an aphrodisiac in both
men and women. C. sinensis is often prescribed for the
elderly to ease general aches and pains. TCM practition-
ers also recommend the regular use of C. sinensis in order
to strengthen the body’s resistance to infections, such as
colds and flu, and to generally improve the homeostasis
of the patient.

CHEMISTRY AND PREPARATION OF PRODUCTS

Nutritional Components

Cordyceps spp. contains a broad range of compounds,
which are considered nutritional. C. sinensis contains all
of the essential 18 amino acids. The content of amino
acids after hydrolysis is mostly reported in the range of
20% to 25%. The highest contents are glutamate, arginine,
and aspartic acid, and the major pharmacological compo-
nents are arginine, glutamate, tryptophan, and tyrosine
(7). Also found are vitamins E, K, and the water-soluble
vitamins B1, B2, and B12. In addition, Cordyceps spp. con-
tain many sugars, including mono-, di-, and oligosac-
charides, and many complex polysaccharides, proteins,
sterols, nucleosides, macro- and microelements (K, Na,
Ca, Mg, Fe, Cu, Mn, Zn, Pi, Se, Al, Si, Ni, Sr, Ti, Cr, Ga, V,
and Zr) (2,5).

Polysaccharides

C. sinensis contains a large amount of polysaccharides,
which can be in the range of 3% to 8% of the total weight,
and usually comes from the fruiting bodies, the mycelium
of solid fermentation submerged cultures and the broth
(7). Four B-D-glucan exopolysaccharides from C. mili-
taris with different molecular masses ranging from 50 to
2260 kDa were reported by Kim et al. (8). In the case of
C. sinensis, most of the heteropolysaccharides contained
mannose, galactose, glucose, and mannose in higher lev-
els with smaller amounts of arabinose, rhamnose, fruc-
tose, and xylose, respectively. The average molecular mass
varies between 7 and 200 kDa. C. militaris polysaccha-
rides consisted mostly of glucose, galactose, and mannose
with traces of rhamnose and xylose and average molecular
weight approximately 60 kDa (9).

Proteins and Nitrogenous Compounds
Cordyceps spp. contain proteins, peptides, polyamines, all
essential amino acids, some uncommon cyclic dipeptides,
including cyclo-[Gly-Pro], cyclo-[Leu-Pro], cyclo-[Val-
Pro], cyclo-[Ala-Leu], cyclo-[Ala-Val], and cyclo-[Thr-
Leu]. Small amounts of polyamines, such as 1,3-diamino
propane, cadaverine, spermidine, spermine, and pu-
trescine, have also been identified (4). Many nucleosides
have been found in Cordyceps spp., including uridine, sev-
eral unique deoxyuridines, adenosine, dideoxyadenosine,
hydroxyethyladenosine, cordycepin [3'deoxyadenosine],
cordycepin triphosphate, guanidine, deoxyguanidine,
and other altered and deoxygenated nucleosides, many
of which are found nowhere else in nature (Fig. 2). Chen
and Chu (10) found cordycepin and 2'-deoxyadenosine in
an extract of C. sinensis.

Sugar-binding proteins named lectins were isolated
from C. militaris. N-terminal amino acid sequence differed
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Figure 2 Some of the unique nucleosides found in C. sinensis.

greatly from other lectins (11). Production of the nonri-
bosomal peptides cicapeptins I and II from C. heteropoda
were reported by Krasnoff et al. (12).

Sterols

A number of sterol-type compounds have been found in
Cordyceps spp.: ergosterol, 8-3 ergosterol, ergosterol perox-
ide, 3-sitosterol, daucosterol, and campeasterol, to name
a few (1). Another compound, sterol H1-A was found by
Chen et al. (13) and it was claimed to be effective in the
treatment of autoimmune disorders.

Other Constituents

Twenty-eight saturated and unsaturated fatty acids with
the function of decreasing blood lipids and protecting
against cardiovascular disease, and their derivatives, have
been isolated from C. sinensis. The unsaturated fatty acid
content includes Cl6:1, C17:1, CI8:1, and CI8:2 (7).

Polar compounds of C. sinensis extracts include
many alcohols and aldehydes (1). Particularly interesting
is the range of polycyclicaromatic hydrocarbons produced
by many C. sinensis strains, named PAH compounds, for
which it was proposed to react with the polypropylene
used in common mushroom culture bags, resulting in the
production of byproducts toxic to C. sinensis and stunting
growth as time progresses (5). Of particular note are var-
ious immunosuppressive compounds found in Cordyceps
spp., including cyclosporin from C. subsessilis (anamorph:
Tolypocladium inflatum) (14), and also compounds found
in Isaria sinclairii, a species closely related to the genus of
Cordyceps (3).
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Preparation of Products

Various pure compounds, extracts, whole fungus, and
other preparations have been used in preclinical and clin-
ical studies, and several products are now available in the
market, mostly used as food supplements. In TCM, hot-
water extraction of whole fruiting bodies is traditionally
used. Nowadays, extracts of polysaccharides are mainly
obtained by hotwater extraction followed by ethanol pre-
cipitation (15). For pure compounds, different types of
chromatography are used, mainly affinity, ion-exchange
or size-exclusion chromatography. It should be noted that
different types of extracts give different results in the stud-
ies mentioned, but all of them show positive medicinal
value.

PRECLINICAL STUDIES

The widespread use of Cordyceps spp. in TCM has been
discussed above in the section on History and Traditional
Uses. One of the most significant proposed activities of
medicinal mushrooms is their role as immunomodula-
tors. Other activities ascribed to Cordyceps spp. are anti-
tumor, antimetastatic, immunomodulatory, anti-oxidant,
anti-inflammatory, insecticidal, antimicrobial, hypolipi-
daemic, hypoglycemic, anti-aging, neuroprotective and
renoprotective activities (2).

Cancer

A possibly valuable therapeutic application of Cordyceps
spp. is its potential as a treatment for cancer, and as an ad-
junct to chemotherapy, radiation, and other conventional
and traditional cancer treatments (2,4). The mechanism
by which Cordyceps inhibits the growth of various cancer
cells might occur by one of several means: by enhancing
immunological function and nonspecific immunity; by se-
lectively inhibiting RNA synthesis, thereby affecting the
protein synthesis; by restricting the sprouting of blood
vessels (angiogenesis); by inducing tumor cell apoptosis;
by regulation of signal pathways; anti-oxidation and anti-
free radical activity; anti-mutation effect; interfering with
the replication of tumor-inducing viruses; and by induc-
ing nucleic methylation (7).

Growth inhibition of various cancer cells by enhanc-
ing immunological function and nonspecific immunity is
usually linked to polysaccharides, especially B-D-glucans,
which present major cell wall structural components in
fungi and are also found in plants and some bacteria
but not in animals. Consequently, they are considered to
be classic pathogen-associated molecular patterns, called
as PAMPs (16). PAMPs potently trigger inflammatory re-
sponses in a host, as if it was infected by a fungus. Studies
have shown that B-D-glucans initiate biological response
with binding to complement receptor 3 (CR3) located
on the surface of the immune system effector cells, like
macrophages, thereby setting up different intercellular ac-
tivities of the immune system and leading to production
of cytokines, such as TNF-q, interleukins, interferons, and
finally apoptosis of tumor cells (17). Toll-like receptors (es-
pecially TLR-2) and dectin-1 receptor play an important
role in internalization and signaling responses to fungal
B-D-glucans (18).
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The anti-tumor effect also has been related to the
inhibition of DNA and RNA synthesis (19). Studies (20)
have demonstrated that cordycepin can selectively inhibit
mRNA synthesis, which affects protein synthesis by com-
peting with adenosine nucleoside phosphatase. The inhi-
bition may be blocked by adenosine. Cordycepin can also
kill leukemia cells and extend the period of mitotic cells
in the S and G phases. Nakamura et al. (21) found that,
with respect to cancer cells and normal cells, cordycepin
caused an inhibition rate of cell division on cancer cells of
55% while only 1.5% on normal cells. These results show
that cordycepin may have a very slight effect on the hu-
man body while treating cancer.

Another mechanism is inducing tumor cell apopto-
sis. Extracts of C. militaris inhibited cell growth of human
leukemia cells in a dose-dependent manner (22), which
was associated with morphological change and apoptotic
cell death, such as formation of apoptotic bodies and DNA
fragmentation. Results indicated that the antiproliferative
effects were associated with the induction of apoptotic cell
death through regulation of several major growth regula-
tory gene products (23).

In cancer research, there have been many studies
made with Cordyceps spp. extracts using animal models.
C. militaris inhibited the growth and metastasis of Lewis
lung cancer cells and the growth of sarcoma S180 cells
implanted in mice. In addition, the survival period of
the mice was increased (24). A study using murine mod-
els verified that oral administration of a hot water ex-
tract of C. sinensis consequently resulted in the activa-
tion of macrophages, thereby increasing the production of
GM-CSF and IL-6, which act on the systemic immune
system (25). In another study (26), mice treated with
cyclophosphamide, which suppresses immune function,
and with C. sinensis hot water extract saw their immune
function return to normal, as measured by the IgM and
IgG response and macrophage activity.

Fatigue

Trials in the mouse swim test, conducted using C. sinensis
added to a standard diet compared with use of the un-
treated standard diet, have invariably shown the use of
C. sinensis to significantly increase the time to exhaustion
in laboratory animals over their control groups (4). The use
of C. sinensis by athletes stems from publicity surround-
ing the performance exhibited by the Chinese Women'’s
Track and Field team at the Chinese National games in
1993. In this competition, nine world records were bro-
ken by substantial margins. The team’s coach attributed
their success to C. sinensis (27). An increase in cellular ATP
level results in an increase in useful energy, in contrast
to the perceived increase in energy, which occurs from
the use of other stimulants, such as caffeine, ephedrine,
and amphetamines, ultimately resulting in an energy
deficiency (28).

Hypoglycemic Effects

In animal studies, isolated polysaccharides, have been
shown to improve blood glucose metabolism and increase
insulin sensitivity in normal animals, to lower blood sugar
levels in genetically diabetic animals, and to positively ef-
fect blood sugar metabolism in animals with chemically

induced diabetes (29-31). The common thread through-
out all these trials is the increase in insulin sensitivity
and hepatic glucose-regulating enzymes, glucokinase and
hexokinase.

Lung Ailments

Mice treated with C. sinensis were able to survive up to
three times longer than those left untreated, demonstrat-
ing a more efficient utilization of the available oxygen.
Such efficacy alludes to the use of C. sinensis as an effective
treatment for bronchitis, asthma, and chronic obstructive
pulmonary disease (32). A study was conducted using
in vivo mouse model-induced acute pulmonary edema,
which causes systemic lack of oxygen, acidic body, and
death. Research results show that animals taking C. sinen-
sis had a significantly greater survival rate of 20% mor-
tality in comparison with 80% mortality of the control
group (33).

Male/Female Sexual Dysfunction

C. sinensis has been used for centuries in TCM to treat
male and female sexual dysfunction, such as hypolibi-
dinism and impotence. Preclinical data on the effects of
C. sinensis on mice showed sex steroid-like effects (4), and
human clinical trials have demonstrated similarly the ef-
fectiveness of C. sinensis in combating decreased sex drive
and virility (34). Treatment of rats on a diet supplemented
with C. militaris mycelium resulted in an increase of serum
cordycepin concentration, serum testosterone, and serum
estradiol-17 concentrations. They proposed that supple-
mentation with C. militaris improves sperm quality and
quantity in rats (35).

Antiviral Activity

The recognition of bacteria, viruses, fungi, and other mi-
crobes is controlled by host immune cells with many in-
nate immunity receptors, such as Toll-like receptors, C-
type lectin receptors, and immunoglobulin-like receptors.
Studies indicate that the immune modulating properties
of C. sinensis could be attributed to their polysaccharide
components. These polysaccharides specifically interact
with and activate surface receptors involved in innate im-
munity (36). It was shown that intranasal administration
of an acidic polysaccharide, isolated from the extract of
C. militaris grown on germinated soybeans, decreased
virus titers in the bronchoalveolar lavage fluid and the
lungs of mice infected with influenza A virus. Further-
more, it increased TNF-«, IFN-y, IL-1, IL-6 and IL-10 lev-
els, enhanced nitric oxide production, and induced iNOS
mRNA expressions in murine macrophage cells (37).

CLINICAL STUDIES

Due to the historically high cost of the fungus and the
only recently developed methods for artificial cultiva-
tion, clinical trials of C. sinensis and its extracts are still
relatively new endeavors. Earlier trials, although few in
number, have set the precedent from which modern tri-
als are building, expanding, and cementing our under-
standing of Cordyceps spp. The majority of clinical tri-
als mentioned in this section used standard double-blind
placebo-controlled protocols. Approval was granted in the



countries where the trials were performed, but in most
cases the trials were conducted in China.

Cancer

The belief in the efficacy of C. sinensis against cancer is
widespread in the Orient, and many cancer patients in
Japan, Korea, and China are taking C. sinensis, or some
other mushroom-derived immunomodulators [such as
PSK™ PSP™ T entinan™, AHCC™, Immune Assist™
(a heteropolysaccharide complex formula), and arabi-
noxylanes (MGN3™)], while undergoing conventional
treatment (1). Clinical studies involving cancer patients
have been conducted mostly in China and Japan (38,39).
In one study of 50 patients with lung cancer, who were
administered C. sinensis at 6 g/day, in conjunction with
chemotherapy, tumors were reduced in size in 46% of the
patients studied. A trial involving cancer patients with
several different types of tumors found that C. sinensis,
taken over a two-month period at 6 g/day, improved sub-
jective symptoms in the majority of patients. White blood
cell counts were kept at 3000/nL, or higher; and even
with radiation or chemotherapy, other immunological
parameters showed no significant change, while tumor
size was significantly reduced, indicating an improved
tolerance for radiation and/or chemotherapy (1). In ad-
dition, natural C. sinensis has been shown to enhance the
NK cell activity of normal patients by 74% and increased
the NK activity of leukemia patients by 400% (39).

Fatigue

In a placebo-controlled clinical study of elderly patients
with chronic fatigue, results indicated that most of the
participants treated with C. sinensis reported a significant
clinical improvement in the areas of fatigue, cold intoler-
ance, dizziness, frequent nocturia, tinnitus, hyposexuality,
and amnesia, while no improvement was reported in the
placebo group (4,40-42). Another study involving healthy
elderly volunteers, with an average age of 65, tested the
output performance and oxygen capacity of participants
while exercising on stationary bicycles. A portion of the
volunteers consumed C. sinensis for six weeks, while oth-
ers consumed a placebo. The results demonstrated that
the C. sinensis group had a significant increase in energy
output and oxygen capacity over the placebo group after
six weeks of the study (43). The presence of adenosine,
cordycepin, D-mannitol, polysaccharides, vitamins, and
trace elements may be, at least partially, the cause for such
effects.

Kidney Ailments

Traditional views of the Cordyceps spp. held that its con-
sumption strengthened the kidneys. In a study of 51 pa-
tients suffering from chronic renal failure, it was found
that C. sinensis significantly improved both the kidney
function and overall immune function of treated patients,
compared with the untreated control group (44). Patients
with chronicrenal failure or reduced kidney function often
suffer from hypertension, proteinuria, and anemia. After
a one-month treatment with C. sinensis, patients showed
a 15% reduction in blood pressure, reduction in urinary
protein, and increases in superoxide dismutase (44). Fifty-
one percent improvement of chronic kidney diseases was
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shown only one month after taking C. sinensis supplement
(45). In another clinical study, treatment with C. sinensis
of patients having gentamicin-induced kidney damage re-
sulted in the recovery of 89% of their normal kidney func-
tion after six days, compared with only 45% recovery by
patients treated with more conventional methods (1).

Hypoglycemic Effects

In arandomized trial, 95% of patients treated with C. sinen-
sis showed improvement in their blood sugar profiles,
while the control group showed only 54% improvement
with treatment by other methods (46).

Lung Ailments

There have been many trials in humans, using Cordyceps
spp. to treat many respiratory illnesses, including asthma
and bronchitis, either alone or as an adjunct to standard
antibiotic therapy, and it appears to be useful for all of
these conditions (47-50). Extracts of C. sinensis have been
shown to inhibit tracheal contractions, especially impor-
tant in asthma patients, since it allows for increased air-
flow to the lungs. In addition, its anti-inflammatory prop-
erties may prove to bring further relief to asthma patients,
whose airways become obstructed, due to an allergic re-
action resulting in the swelling of the bronchial pathways
(1). In a double-blind placebo-controlled study with 30
elderly volunteers, C. sinensis significantly improved the
maximum amount of oxygen these people were able to
assimilate (51).

Heart Ailments

It has been shown that C. sinensis, which often has a sig-
nificant quantity of adenosine, along with adenosine-type
nucleotides and nucleosides, has an effect on coronary and
cerebral circulation (52,53). In studies of patients suffering
from chronic heart failure, the long-term administration of
C. sinensis, in conjunction with conventional treatments,
promoted an increase in the overall quality of life (42). This
included general physical condition, mental health, sex-
ual drive, and cardiac function, compared with the control
group. Studies have also shown the benefits of C. sinensis
on heartrhythm disturbances, such as cardiac arrhythmias
and chronic heart failure (54).

Liver Ailments

In the Orient today, C. sinensis is commonly used as an
adjunct in the treatment of chronic hepatitis B and C. In
one study, C. sinensis extract was used in combination with
several other medicinal mushroom extracts as an adjunct
to lamivudine, for the treatment of hepatitis B. The group
receiving C. sinensis along with other medicinal mush-
room extracts had much better results in a shorter pe-
riod of time than the control group, who received only
lamivudine (55). Treatment of 22 patients, diagnosed with
posthepatic cirrhosis, with C. sinensis (56), showed im-
provement in liver function tests, and in another trial on
patients with hepatitis B and patients with cirrhosis taking
C. sinensis supplement showed around 80% improvement
of liver functions (57).



190 Holliday et al.

Hypercholesterolemia

In both human and animal studies, administration of
C. sinensis has been associated with cholesterol and triglyc-
eride reduction and an increase in the ratio of HDL to
LDL cholesterol (1). As such it may prevent, arrest, and
even reverse coronary atherosclerosis (58). The studies
have demonstrated that C. sinensis helps to lower to-
tal cholesterol up to 21% and triglycerides up to 26%.
At the same time it helps to increase HDL cholesterol
up to 30% (54).

Antiviral Activity

After three months of treatment of chronic hepatitis B
patients using C. sinensis, CD4 and CD4/CD8 ratios in-
creased significantly (59). The results suggest that benefi-
cial effects might be obtained through adjustment of the T
lymphocyte subsets level. Treatment of 65 cases (with 20
cases in the control group) of patients with posthepatic cir-
rhosis has shown similar results (60). Extracts of Cordyceps
spp. are also effective against HIV infections. A C. sinensis
containing formula named Immune Assist 24/7™ has re-
cently been introduced throughout West Africa for use in
treating HIV infections and other immune-deficient states
(2), and is quite popular with both the doctors and the
patients due to its low toxicity and cost when compared
with other antiretroviral drug options.

Dosage

Because clinical data on Cordyceps spp. is relatively new,
and even more so in Western Countries, recommended
dosage requirements may vary, depending on the source.
In general, clinical trials have been conducted using 3 to
4.5 g of C. sinensis per day, except in cases of severe liver
disease, where the dosage has usually been higher, in the
range of 6 to 9 g per day (4). There are some practitioners
known to these authors, who keep their cancer patients
on 30 to 50 g of C. sinensis per day. While this may seem
excessive, the clinical results seen with this treatment regi-
men are promising, and Cordyceps spp. related toxicity has
never been reported.

C. sinensis has been traditionally taken in tea or eaten
whole, either by itself or cooked with a variety of meats.
Today, in addition to the established traditional means of
consumption, powdered mycelium and mycelial extracts
are also available in capsulated and noncapsulated form.
At present, there are no reliable standards by which to
compare different brands, but in general, the quality of
Cordyceps spp. is improving, as methods of more efficient
cultivation are investigated; and as more clinical trials are
conducted, a clearer picture of recommended dosages for a
particular condition will become more standardized. Con-
sidering the quality of cultivated Cordyceps spp. available
in the market today and the risk of lead exposure as well
as the cost, such as with wild C. sinensis, the use of natural
Cordyceps spp., over the artificially cultivated variety, is
not recommended. Obtaining Cordyceps spp. from a reli-
able source, with complete analytical data provided, is the
safest way to purchase species of Cordyceps.

Safety Profile

None known contraindications.

Drug Interactions

There is observational evidence that the alteration of the
body’s blood glucose metabolism in patients consuming
Cordyceps spp. often results in the reduction of oral or
injected anti-diabetic medications. It is also posited that
the naturally occurring antiretroviral compounds found
in C. sinensis (e.g., 2,3-dideoxyadenosine) are marketed as
a major anti-HIV drug under the name Videx and Di-
danosine, as well as 3-deoxyadenosine (which has the
same or at least similar activity); C. sinensis could result
in increased effectiveness or decreased dosage require-
ments for patients undergoing concurrent therapy with
other antiretroviral drugs. Caution should be exercised
in these patients, especially considering the newer, more
potent hybrid strains of Cordyceps spp. being developed,
and the targeted medicinal compounds being selectively
cultivated.

Adverse Side Effects

Very few toxic side effects have been demonstrated with
Cordyceps spp. use, although a very small number of peo-
ple may experience dry mouth, nausea, or diarrhea (1).
One study reported that a patient had developed a sys-
temic allergic reaction after taking a strain of cultivated
C. sinensis called Cs-4 (61); however, this type of reaction
is not common. There is little published data on the use
of Cordyceps spp. in pregnant or lactating women, or in
very young children, and appropriate precautions should
be taken with these types of patients.

Toxicity

No human toxicity has been reported, and animal models
failed to find an LDsy (median lethal dose) injected IP in
mice at up to 80 g/kg per day, with no fatalities after seven
days (2). Given by mouth to rabbits for three months, at
10 g/kg per day (n = 6), no abnormalities were seen from
blood tests or in kidney or liver function (62).

REGULATORY STATUS

Cordyceps spp. remains, in many nations throughout
the world, an unrecognized substance. Other than im-
port/export taxes and restrictions, which vary from coun-
try to country (many of which ban the import of any
such substance), most governments do not require a pre-
scription to purchase or use Cordyceps spp. Among the
few countries that do require a doctor’s prescription are
Portugal, Romania, and Austria. Many governments re-
quire that vendors obtain a special license to distribute
any product relating to human health.

In the United States, Cordyceps spp. are marketed
privately and considered by the FDA as a dietary supple-
ment. GRAS applications referring to Cordyceps spp. status
as a food additive are unavailable; however, a premarket
notification to the FDA regarding species of Cordyceps,
containing in-depth information relating to preclinical tri-
als and toxicology studies, has been available to the public,
via the FDA website.



CONCLUSIONS

When a natural product, such as C. sinensis, has such a
long history of use, it seems logical that there is quite likely
some truth behind the myths. Our challenge in the mod-
ern age is to scientifically unravel the many claims and
conflicts. With C. sinensis this challenge has been greater
than with many other herbals due to the enormous cost
and scarcity of the material. We are fortunate that we
live in an age of such rapidly expanding biotechnologi-
cal progress. For now, we have ways at our disposal to
produce Cordyceps spp. in large enough volume, and at a
low enough cost, that research becomes possible to nearly
anyone interested in looking at this unique organism. As
time passes, we may find that this once rare fungal species
may hold the key to controlling some of our more difficult
to manage diseases. More research is needed into this and
other species of medicinal mushrooms.
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