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Preface

This report is one of a series that presents a comprehensive set of
reference values for nutrient intakes for healthy U.S and Canadian
populations. It is a product of the Food and Nutrition Board of the
Institute of Medicine working in cooperation with scientists from
Canada.

The report establishes a set of reference values for vitamin C,
vitamin E, and selenium to replace previously published Recom-
mended Dietary Allowances (RDAs) and Recommended Nutrient
Intakes (RNIs) for the United States and Canada and examines
data about B-carotene and the other carotenoids (o-carotene, -
cryptoxanthin, lutein, lycopene, and zeaxanthin). Evidence has
been reviewed regarding the impact of these compounds on chron-
ic disease along with their roles related to deficiency states. Al-
though the reference values are based on data, the data were often
scanty or drawn from studies that had limitations in addressing the
various questions that needed to be dealt with in order to develop
reference values for these nutrients and food components. Thus,
scientific judgment was required in setting the reference values.
The reasoning used is described for each nutrient in Chapters 5
through 8.

These compounds, vitamin C, vitamin E, selenium, B-carotene and
other carotenoids, have been termed “dietary antioxidants” some-
what loosely by many. There has been intense interest by the public
and the media in the possibility that increased intakes of dietary
antioxidants protect against chronic disease. Many research pro-
grams are under way in this area.

of Sciences. All rights reserved. .
X1



xil PREFACE

Epidemiological evidence suggests that the consumption of fruits
and vegetables reduces the risk of both cancer and cardiovascular
disease, and it has been hypothesized that this is due in part to the
presence of compounds with antioxidant properties found in these
food groups. While dietary antioxidants is a convenient generic ti-
tle, these compounds are multifunctional, and some of the actions
observed in vivo may not represent an antioxidant function, even
though the compounds have been frequently classified as antioxi-
dant nutrients.

Although a definition of a dietary antioxidant is provided in this
report at the specific request of the federal agencies, the above
compounds were evaluated with respect to their role in human nu-
trition, without limiting the criteria to antioxidant properties or to
only those compounds or nutrients which met the definition. Data
were reviewed regarding the minimum amount of these compounds
required to prevent deficiency diseases, as well as the amounts that
might impact on chronic diseases regardless of whether or not the
putatively protective mechanisms involved antioxidant properties.
Thus, a major task of the Panel on Dietary Antioxidants and Relat-
ed Compounds, the Subcommittee on Upper Reference Levels of
Nutrients (UL Subcommittee), the Subcommittee on Interpreta-
tion and Uses of Dietary Reference Intakes (Uses Subcommittee),
and the Standing Committee on the Scientific Evaluation of Dietary
Reference Intakes (DRI Committee) was to analyze the evidence on
beneficial and adverse effects of various intakes of vitamin C, vita-
min E, selenium, and B-carotene in the context of setting Dietary
Reference Intakes (DRIs) for these compounds.

Many of the questions raised about requirements for and recom-
mended intakes of these nutrients cannot be answered fully be-
cause of inadequacies in the present database. Apart from studies of
overt deficiency disease, there is a dearth of studies that address
specific effects of inadequate intakes on specific indicators of health
status. For these compounds, there is no direct information that
permits estimating the amounts required by children, adolescents,
lactating women, and the elderly. For B-carotene, data useful for
the setting of Tolerable Upper Intake Levels (ULs) are inconsistent
and for the other carotenoids data are sparse, precluding reliable
estimates of the minimum intake above which there is the risk of
adverse effects. For some of these nutrients, there are questions
about how much is contained in the food North Americans eat.
Thus, another major task of the report was to outline a research
agenda to provide a basis for public policy decisions related to rec-
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PREFACE xiii

ommended intakes of vitamin C, vitamin E, selenium, and the caro-
tenoids and ways to achieve those intakes.

The process for establishing DRIs is an iterative process and is
thus evolving as the conceptual framework is applied to new nutri-
ents and food components. With more experience, the proposed
models for establishing reference intakes for use with nutrients and
food components that play a role in health will be refined. Also, as
new information or new methods of analysis are adopted, these
reference values undoubtedly will be reassessed.

Because the project is ongoing as indicated above, many com-
ments were solicited and have been received on the two reports
previously published (Dietary Reference Intakes for Calcium, Phosphorus,
Magnesium, Vitamin D, and Fluoride and Dietary Reference Intakes for
Thiamin, Riboflavin, Niacin, Vitamin B, Folate, Vitamin B,,, Pantothen-
ic Acid, Biotin, and Choline). Refinements have been included in the
general discussion regarding approaches used (Chapters 1 through
4) and in the discussion of uses of DRIs (Chapter 9 in this report).
For example, it is now clearly stated that animal data can be used as
the critical adverse effect in setting a UL for a nutrient.

Among the comments received to date have been requests for
additional guidance in the practical application of DRIs. The Uses
Subcommittee, conceptually included since the beginning of the
DRI process, was formed subsequent to the release of the first two
reports. Although their activities will involve reports specifically ad-
dressing the rationale for using DRIs for assessing intake and plan-
ning, in this report Chapter 9 addresses some of the major issues
that relate to the anticipated uses and applications of reference
values.

This report reflects the work of the Food and Nutrition Board’s
DRI Committee, its expert Panel on Dietary Antioxidants and Relat-
ed Compounds, UL Subcommittee, and Uses Subcommittee. It is
important to acknowledge the support of the government of Cana-
da and Canadian scientists in this initiative, which represents a
pioneering first step in the standardization of nutrient reference
intakes at least within a major part of one continent. A brief de-
scription of the overall project of the DRI Committee and of the
panel’s task are given in Appendix A. It is hoped that the critical,
comprehensive analyses of available information and of knowledge
gaps in this initial series of reports will greatly assist the private
sector, foundations, universities, government laboratories, and oth-
er institutions with the development of a productive research agen-
da for the next decade.
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The DRI Committee, the Panel on Dietary Antioxidants and Re-
lated Compounds, the UL Subcommittee, and the Uses Subcom-
mittee wish to extend sincere thanks to the many experts who have
assisted with this report by giving presentations, providing written
materials, participating in discussions, analyzing data, and other
means. Many, but far from all, of these people are named in Appen-
dix B. Special thanks go to staff at the National Center for Health
Statistics, the Food Surveys Research Group of the Agricultural Re-
search Service, and the Department of Statistics at Iowa State Uni-
versity for extensive analyses of survey data.

The respective chairs and members of the panel and subcommit-
tees have performed their work under great time pressure. Their
dedication made the completion of this report possible. All gave of
their time willingly and without financial reward; both the science
and practice of nutrition are major beneficiaries.

This report has been reviewed in draft form by individuals chosen
for their diverse perspectives and technical expertise, in accordance
with procedures approved by the National Research Council’s Re-
port Review Committee. The purpose of this independent review is
to provide candid and critical comments to assist the panel and
subcommittee members and the Institute of Medicine in making
the published report as sound as possible and to ensure that the
report meets institutional standards for objectivity, evidence, and
responsiveness to the study charge.

The content of the final report is the responsibility of the Insti-
tute of Medicine and the study panel and not the responsibility of
the reviewers. The review comments and draft manuscript remain
confidential to protect the integrity of the deliberative process. The
panel wishes to thank the following individuals, who are neither
officials nor employees of the Institute of Medicine, for their partic-
ipation in the review of this report: Bruce N. Ames, Ph.D., University
of California at Berkeley; Dennis M. Bier, M.D., Baylor College of
Medicine; James R. Coughlin, Ph.D., Coughlin & Associates; Barry
Halliwell, D.Sc., University of London, Kings College; John E. Halver,
Ph.D., University of Washington; Richard J. Havel, M.D., University
of California at San Francisco; Orville Levander, Ph.D., U.S. Depart-
ment of Agriculture; Stanley D. Omaye, Ph.D., University of Nevada;
Helmut Sies, M.D., Heinrich-Heine-Universitiat Diisseldorf; Thressa
C. Stadtman, Ph.D., National Institutes of Health; and Walter
Willett, M.D., Dr. P.H., Harvard School of Public Health.

The DRI Committee wishes to acknowledge, in particular, the
commitment shown by Norman Krinsky, chair of the panel, who
steered this difficult project through what at times seemed to some
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like “dangerous and uncharted waters.” His ability to keep the ef-
fort and the various perspectives moving in a positive direction is
very much appreciated. Thanks also are due to DRI Committee
members Scott Grundy and John Fernstrom, in-depth internal re-
viewers for this report.

Special thanks go to the staff of the Food and Nutrition Board
and foremost to Sandra Schlicker, who was the study director for
the panel and without whose assistance, both intellectual and mana-
gerial, this report would neither have been as polished nor as timely
in its release.

It is, of course, those at the Food and Nutrition Board who get
much of the work completed and so the panel, subcommittees, and
the Food and Nutrition Board wish to thank Allison Yates, Director
of the Food and Nutrition Board, for constant assistance and it also
recognizes, with appreciation, the contributions of Mary Poos,
Elisabeth Reese, Alice Vorosmarti, Gail Spears, and Michele Ramsey.
We also thank Florence Poillon and Sydne Newberry for editing the
manuscript and Mike Edington and Claudia Carl for assistance with
publication.

Vernon Young
Chair, Standing Committee on the Scientific

Evaluation of Dietary Reference Intakes

Cutberto Garza
Chair, Food and Nutrition Board
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Summary

This report provides quantitative recommendations for the intake
of vitamin C, vitamin E, and selenium. It also discusses B-carotene
and other carotenoids (o-carotene, B-cryptoxanthin, lutein, lyco-
pene, and zeaxanthin) but does not provide quantitative recom-
mendations for their intake. It is one volume in a series of reports
that presents dietary reference values for the intake of nutrients by
Americans and Canadians. The development of Dietary Reference
Intakes (DRIs) expands and replaces the series of Recommended
Dietary Allowances (RDAs) in the United States and Recommend-
ed Nutrient Intakes (RNIs) in Canada. The report includes current
concepts about the roles vitamin C, vitamin E, selenium, and B-
carotene and the other carotenoids play in long-term health, going
beyond a review of the roles they are known to play in traditional
deficiency diseases. A major impetus for the expansion of this re-
view is the growing recognition of the many uses to which RDAs
and RNIs have been applied, and a growing awareness that many of
these uses require the application of statistically valid methods that
depend on reference values other than recommended nutrient in-
takes.

The overall project is a comprehensive effort undertaken by the
Standing Committee on the Scientific Evaluation of Dietary Refer-
ence Intakes (DRI Committee) of the Food and Nutrition Board,
Institute of Medicine, the National Academies, with active involve-
ment of Health Canada. (See Appendix A for a description of the
overall process and its origins.) This study was requested by the
Federal Project Steering Committee for Dietary Reference Intakes
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(see Appendix B for membership), which is coordinated by the
Office of Disease Prevention and Health Promotion of the U.S. De-
partment of Health and Human Services, in collaboration with
Health Canada.

Major new recommendations in this report include the following:

* A definition of a dietary antioxidant is provided.

® The Recommended Dietary Allowance (RDA) for vitamin E
and selenium is the same for adult men and women regardless of
age, representing the lack of specificity in data available.

¢ The Recommended Dietary Allowance (RDA) for vitamin C
is different for adult men and women due to women’s smaller lean
body mass.

* o-Tocopherol alone is used for estimating vitamin E require-
ments and recommending daily vitamin E intake, since the other
naturally occurring forms of vitamin E (B-, y-, and é-tocopherols
and the tocotrienols) are not converted to o-tocopherol in the hu-
man and are recognized poorly by the o-tocopherol transfer pro-
tein in the liver.

e Tolerable Upper Intake Levels (ULs) for vitamin C, vitamin
E, and selenium are established.

® Research recommendations for full-scale intervention trials
to test the preventive potential of vitamin C, vitamin E, selenium,
and B-carotene and other carotenoids for chronic disease are out-
lined. At the present time, there is no resolution of the possible
impact of these nutrients or food components on chronic disease.

WHAT ARE DIETARY REFERENCE INTAKES?

Dietary Reference Intakes (DRIs) are reference values that are quanti-
tative estimates of nutrient intakes to be used for planning and
assessing diets for apparently healthy people. They include Recom-
mended Dietary Allowances (RDAs) as well as three other types of
reference values (see Box S-1). Although the reference values are
based on published data, the data were often scanty or drawn from
studies that had limitations in addressing the question. Thus, scien-
tific judgment was required for evaluating the evidence and in set-
ting the reference values and is delineated for each nutrient in
Chapters 5 through 8.

Recommended Dietary Allowances

The process for setting the RDA depends on being able to set an
Estimated Average Requirement (EAR). Before setting the EAR, a spe-
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Box S-1 Dietary Reference Intakes

Recommended Dietary Allowance (RDA): the dietary intake level that is sufficient
to meet the nutrient requirement of nearly all (97 to 98 percent) healthy
individuals in a particular life stage and gender group.

Adequate Intake (Al): a recommended intake value based on observed or ex-
perimentally determined approximations or estimates of nutrient intake by
a group (or groups) of healthy people that are assumed to be adequate—
used when an RDA cannot be determined.

Tolerable Upper Intake Level (UL): the highest level of nutrient intake that is
likely to pose no risk of adverse health effects for almost all individuals in the
general population. As intake increases above the UL, the risk of adverse
effects increases.

Estimated Average Requirement (EAR): a nutrient intake value that is estimated
to meet the requirement of half the healthy individuals in a life stage and
gender group.

cific criterion of adequacy is selected, based on a careful review of
the literature. When selecting the criterion, reduction of disease
risk is considered along with many other health parameters.

If the standard deviation (SD) of the EAR is available and the
requirement for the nutrient is symmetrically distributed, the RDA
is set at 2 SDs above the EAR:

RDA = EAR + 2 SDy, .

If data about variability in requirements are insufficient to calcu-
late an SD, a coefficient of variation (CV) for the EAR of 10 percent
is ordinarily assumed, unless available data indicate a greater varia-
tion is probable.

If 10 percent is assumed to be the CV, then twice that amount
added to the EAR is defined as equal to the RDA. The resulting
equation for the RDA is then

RDA = 1.2 x EAR.

If the distribution of the nutrient requirement is known to be
skewed for a population, other approaches are used to find the
ninety-seventh to ninety-eighth percentile to set the RDA. The RDA
for a nutrient is a value to be used as a goal for dietary intake for the
healthy individual. As discussed in Chapter 9 of this report, the
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RDA is not intended to be used to assess the diets of either individ-
uals or groups or to plan diets for groups.

Adequate Intakes

The Adequate Intake (Al) is set instead of an RDA if sufficient scien-
tific evidence is not available to calculate an EAR. For example, the
Al for young infants, for whom human milk is the recommended
sole source of food for most nutrients up through the first 4 to 6
months, is based on the daily mean nutrient intake of apparently
healthy, full-term infants who receive only human milk. The main
intended use of the Al is as a goal for the nutrient intake of individ-
uals. Other uses of Als will be considered in future reports.

Comparison of RDAs and Als

Although both the RDA and the Al are to be used as a goal for
intake by individuals, the RDA differs from the Al. Intake of the
RDA for a nutrient is expected to meet the needs of 97 to 98 per-
cent of the individuals in a life stage and gender group. However,
because no distribution of requirements is known for nutrients with
an Al, it is not possible to know what percentage of individuals are
covered by the Al In determining the Al for a nutrient, it is expect-
ed to exceed the RDA for that nutrient, if it were known, and should
cover the needs of more than 97 to 98 percent of the individuals
(see Figure S-1). The degree to which an Al exceeds the RDA is
likely to differ among nutrients and population groups, however.

For people with diseases that increase specific nutrient require-
ments or those who have other special health needs, the RDA and
Al may each serve as the basis for adjusting individual recommen-
dations; qualified health professionals should adapt the recom-
mended intake to cover higher or lower needs.

Tables S-1 through S-3 give the recommended intake levels,
whether RDAs or Als, for vitamin C, vitamin E (o-tocopherol), and
selenium by life stage and gender group. For these nutrients, Als
rather than RDAs are being proposed for infants to age 1 year.

Tolerable Upper Intake Levels

The Tolerable Upper Intake Level (UL) is the highest level of daily
nutrient intake that is likely to pose no risk of adverse health effects
for almost all individuals in the general population. As intake in-
creases above the UL, the risk of adverse effects increases. The term
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FIGURE S-1 Dietary reference intakes. This figure shows that the Estimated Aver-
age Requirement (EAR) is the intake at which the risk of inadequacy is 0.5 (50%)
to an individual. The Recommended Dietary Allowance (RDA) is the intake at
which the risk of inadequacy is very small—only 0.02 to 0.03 (2% to 3%). The
Adequate Intake (AI) does not bear a consistent relationship to the EAR or the
RDA because it is set without being able to estimate the average requirement. It is
assumed that the Al is at or above the RDA if one could be calculated. At intakes
between the RDA and the Tolerable Upper Intake Level (UL), the risks of inade-
quacy and of excess are both close to 0. At intakes above the UL, the risk of adverse
effects may increase.

“tolerable intake” was chosen to avoid implying a possible beneficial
effect. Instead, the term is intended to connote a level of intake
that can, with high probability, be tolerated biologically. The UL is
not intended to be a recommended level of intake. There is no
established benefit for apparently healthy individuals if they con-
sume nutrient intakes above the RDA or Al

ULs are useful because of the increased interest in and availability
of fortified foods and the increased use of dietary supplements. ULs
are based on total intake of a nutrient from food, water, and supple-
ments if adverse effects have been associated with total intake. How-
ever, if adverse effects have been associated with intake from sup-
plements or food fortificants only, the UL is based on nutrient
intake from these sources only, rather than on total intake. The UL
applies to chronic daily use.

For some nutrients such as B-carotene and other carotenoids,
there are insufficient data with which to develop a UL. This does
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TABLE S-1 Criteria and Dietary Reference Intake Values for
Vitamin C by Life Stage and Gender Group

Life Stage Group Criterion
0 through 6 mo Human milk content
7 through 12 mo Human milk + solid food
1 through 3y Extrapolation from adult
4 through 8y Extrapolation from adult
9 through 13 y Extrapolation from adult
14 through 18 y Extrapolation from adult
19 through 30y Near-maximal neutrophil concentration
31 through 50y Extrapolation of near-maximal neutrophil concentration
from 19 through 30 y
51 through 70 y Extrapolation of near-maximal neutrophil concentration
from 19 through 30 y
>70 y Extrapolation of near-maximal neutrophil concentration

from 19 through 30y

Pregnancy
<I8y Extrapolation of near-maximal neutrophil concentration
plus transfer to the fetus
19 through 50 y Extrapolation of near-maximal neutrophil concentration
plus transfer to the fetus
Lactation
<I8y Human milk content + age specific requirement
19 through 50 y Human milk content + age specific requirement

2 EAR = Estimated Average Requirement. The intake that meets the estimated nutri-
ent needs of half of the individuals in a group.

bRDA = Recommended Dietary Allowance. The intake that meets the nutrient needs
of almost all (97-98 percent) individuals in a group.

¢ Al = Adequate Intake. The observed average or experimentally set intake by a

not mean that there is no potential for adverse effects resulting
from high intake. When data about adverse effects are extremely
limited, extra caution may be warranted.

APPROACH FOR SETTING DIETARY REFERENCE INTAKES

The scientific data used to develop Dietary Reference Intakes
(DRIs) have come from observational and experimental studies.
Studies published in peer-reviewed journals were the principal
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EAR (mg/d)“ RDA (mg/d)b Al (mg/d)¢
Male Female Male Female Male Female
40 40
50 50
13 13 15 15
22 22 25 25
39 39 45 45
63 56 75 65
75 60 90 75
75 60 90 75
75 60 90 75
75 60 90 75
66 80
70 85
96 115
100 120

defined population or subgroup that appears to sustain a defined nutritional status,
such as growth rate, normal circulating nutrient values, or other functional indicators
of health. An Al is used if sufficient scientific evidence is not available to derive an EAR.
For healthy human milk-fed infants, the Al is the mean intake. The Al is not equivalent
to an RDA.

source of data. Life stage and gender were considered to the extent
possible, but the data did not provide a basis for proposing different
requirements for men and for nonpregnant and nonlactating wom-
en in different age groups for any of the nutrients except vitamin C.

Three of the categories of reference values (Estimated Average
Requirement [EAR], Recommended Dietary Allowance [RDA],
and Adequate Intake [AI]) are defined by specific criteria of nutri-
ent adequacy; the fourth (Tolerable Upper Intake Level [UL]) is
defined by a specific endpoint of adverse effect, when one is avail-
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TABLE S-2 Criteria and Dietary Reference Intake Values for
o-Tocopherol” by Life Stage Group

Life Stage Groupb Criterion
0 through 6 mo Human milk content
7 through 12 mo Extrapolation from 0 to 6 mo
1 through 3y Extrapolation from adult
4 through 8 y Extrapolation from adult
9 through 13y Extrapolation from adult
14 through 18y Extrapolation from adult
19 through 30 y Prevention of hydrogen peroxide-induced hemolysis
31 through 50 y Extrapolation of hydrogen peroxide-induced hemolysis
from 19 through 30y
51 through 70 y Extrapolation of hydrogen peroxide-induced hemolysis
from 19 through 30 y
>70 'y Extrapolation of hydrogen peroxide-induced hemolysis

from 19 through 50 y

Pregnancy

<18y Plasma concentration
19 through 50 y Plasma concentration

Lactation

<18y Human milk content + age specific requirement
19 through 50 y Human milk content + age specific requirement

@ g-Tocopherol includes RRR-0-tocopherol, the only form of a-tocopherol that occurs
naturally in foods, and the 2R-stereoisomeric forms of o-tocopherol (RRR-, RSR-, RRS-,
and RSS-o-tocopherol) that occur in fortified foods and supplements. Does not include
the 2S$stereoisomeric forms of o-tocopherol (SRR-, SSR-, SRS, and SSS-o-tocopherol),
also found in fortified foods and supplements. The 2R-stereoisomeric forms of o-
tocopherol, as defined in this report, are the only forms of Vitamin E that have been
shown to meet human requirements.

b All groups except Pregnancy and Lactation are males and females.

¢EAR = Estimated Average Requirement. The intake that meets the estimated nutri-
ent needs of half of the individuals in a group, men and women combined.

able. In all cases, data were examined closely to determine wheth-
er an antioxidant function or a reduction of risk of a chronic de-
generative disease could be used as a criterion of adequacy. The
quality of studies was examined by considering study design; meth-
ods used for measuring intake and indicators of adequacy; and bi-
ases, interactions, and confounding factors.

Although the reference values are based on data, the data were
often scanty or drawn from studies that had limitations in address-
ing the various questions that confronted the panel. Therefore,
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EAR (mg/d)° RDA (mg/d)d Al (mg/d)*¢
4
6

5 6

6 7

9 11

12 15

12 15

12 15

12 15

12 15

12 15

12 15

16 19

16 19

dRDA = Recommended Dietary Allowance. The intake that meets the nutrient needs
of almost all (97-98 percent) individuals in a group.

¢ Al = Adequate Intake. The observed average or experimentally set intake by a de-
fined population or subgroup that appears to sustain a defined nutritional status, such
as growth rate, normal circulating nutrient values, or other functional indicators of
health. An Al is used if sufficient scientific evidence is not available to derive an EAR.
For healthy human milk-fed infants, the Al is the mean intake. The Al is not equivalent
to an RDA.

many of the questions raised about the requirements for and rec-
ommended intakes of these nutrients cannot be answered fully be-
cause of inadequacies in the present database. Apart from studies of
overt deficiency diseases, there is a dearth of studies that address
specific effects of inadequate intakes on specific indicators of health
status. (A research agenda is proposed; see Chapter 10.) After care-
ful review and analysis of the evidence, including examination of
the extent of congruence of findings, scientific judgment was used
to determine the basis for establishing the values. The reasoning
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TABLE S-3 Criteria and Dietary Reference Intake Values for
Selenium by Life Stage Group

Life Stage Group® Criterion
0 through 6 mo Human milk content
7 through 12 mo Human milk + solid food
1 through 3y Extrapolation from adult
4 through 8 y Extrapolation from adult
9 through 13y Extrapolation from adult
14 through 18y Extrapolation from adult
19 through 30 y Maximizing plasma glutathione peroxidase activity
31 through 50 y Extrapolation of plasma glutathione peroxidase activity
from 19 through 30y
51 through 70 y Extrapolation of plasma glutathione peroxidase activity
from 19 through 30 y
>70 'y Extrapolation of plasma glutathione peroxidase activity

from 19 through 30 y

Pregnancy

<18y Saturation of fetal selenoprotein
19 through 50 y Saturation of fetal selenoprotein

Lactation

<18y Human milk content + age specific requirement
19 through 50 y Human milk content + age specific requirement

@ All groups except Pregnancy and Lactation are males and females.

bEAR = Estimated Average Requirement. The intake that meets the estimated nutri-
ent needs of half of the individuals in a group, men and women combined.

¢RDA = Recommended Dietary Allowance. The intake that meets the nutrient needs
of almost all (97-98 percent) individuals in a group.

d Al = Adequate Intake. The observed average or experimentally set intake by a

used is described for each nutrient in Chapters 5 through 8. While
the various recommendations are provided as single rounded num-
bers for practical considerations, it is acknowledged that these val-
ues imply a precision not fully justified by the underlying data in
the case of currently available human studies.

In this report, the scientific evidence related to the prevention of
chronic degenerative disease was judged to be too nonspecific to be
used as the basis for setting any of the recommended levels of in-
take. Furthermore, a quantitative relationship between the bio-
markers of antioxidant function and the prevention of chronic
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EAR (ug/d)® RDA (ug/d)° Al (ug/d)?
15
20

17 20

23 30

35 40

45 55

45 55

45 55

45 55

45 55

49 60

49 60

59 70

59 70

defined population or subgroup that appears to sustain a defined nutritional status,
such as growth rate, normal circulating nutrient values, or other functional indicators
of health. An Al is used if sufficient scientific evidence is not available to derive an EAR.
For healthy human milk-fed infants, the Al is the mean intake. The Al is not equivalent
to an RDA.

degenerative disease was lacking. Thus, for vitamin C, vitamin E,
and selenium, EARs and RDAs are based on criteria specifically
related to their general functions. For all of these nutrients, the
EAR is higher than the amount needed to prevent overt deficiency
diseases in essentially all individuals in the life stage group and is
based on limited data indicating laboratory evidence of sufficiency.
At this time, no DRIs have been set for any of the carotenoids. The
indicators used in deriving the EARs and thus the RDAs are de-
scribed below.
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NUTRIENT FUNCTIONS AND THE INDICATORS USED TO
ESTIMATE REQUIREMENTS FOR VITAMIN C, VITAMIN E,
SELENIUM, AND THE CAROTENOIDS

Vitamin C (ascorbic acid) functions physiologically as a water-
soluble antioxidant by virtue of its high reducing power. To pro-
vide antioxidant protection, the Recommended Dietary Allowance
(RDA) for adults for vitamin C is set at 75 mg/day for females and
90 mg/day for males. This intake should maintain near maximal
neutrophil ascorbate concentrations with little urinary excretion.
Because smokers suffer increased oxidative stress and metabolic
turnover of vitamin C, their recommended intake is increased by
35 mg/day.

Vitamin E is thought to function primarily as a chain-breaking
antioxidant that prevents the propagation of lipid peroxidation.
To estimate the requirement, data were examined on induced vita-
min E deficiency in humans and the intake that correlated with in
vitro hydrogen peroxide-induced hemolysis and plasma o-tocopherol
concentrations. In addition, vitamin E acts as an in vivo anti-
oxidant, maintaining normal physiological function in humans.
The RDA for both men and women is 15 mg/day of a-tocopherol.
Other naturally occurring forms of vitamin E (-, ¥, d-tocopherol
and the tocotrienols) do not meet the vitamin E requirement be-
cause they are not converted to o—-tocopherol in humans and are
recognized poorly by the o-tocopherol transfer protein. In estab-
lishing recommended intakes o-tocopherol is defined as RRR-0-
tocopherol, the only form of a-tocopherol that occurs naturally in
food, and the 2R-stereoisomeric forms of o-tocopherol (RRR-
RSR-, RRS-, and RSS-o-tocopherol) that occur in fortified foods
and supplements.

Selenium functions through selenoproteins, several of which are
oxidant defense enzymes. The method used to estimate the require-
ment for selenium relates to the intake needed to maximize the
activity of the plasma selenoprotein glutathione peroxidase, an oxi-
dant defense enzyme. The RDA for both men and women is 55 ug/
day. It is not clear if the diseases associated with selenium deficien-
cies, Keshan disease or Kashin-Beck disease, are due to oxidative
stress. The selenium in several selenoproteins has a biochemical role
in oxidant defense, and as such plays a role as a dietary antioxidant.

B-Carotene and other provitamin A carotenoids function as a source of
vitamin A and, due to this provitamin A activity, can prevent vitamin
A deficiency. Because specific functions beyond this role have not
yet been sufficiently identified, no Dietary Reference Intakes (DRIs)
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have been established for any of the carotenoids including those
which do not have provitamin A activity. In conjunction with the
review of vitamin A, efforts are under way to establish ratios for the
provitamin A carotenoids—p-carotene, a-carotene, and B-cryptox-
anthin—based on their ability to be converted to vitamin A. A sub-
sequent report will provide this analysis of the potential contribu-
tions of the carotenoids to the requirement for vitamin A.

CRITERIA AND PROPOSED VALUES FOR TOLERABLE
UPPER INTAKE LEVELS

A risk assessment model is used to derive Tolerable Upper Intake
Levels (ULs). The model consists of a systematic series of scientific
considerations and judgments. The hallmark of the risk assessment
model is the requirement to be explicit in all the evaluations and
judgments made.

The ULs for adults for vitamin C (2,000 mg/day based on the
adverse effect of osmotic diarrhea), vitamin E (1,000 mg/day of any
form of supplemental o-tocopherol based on the adverse effect of
increased tendency to hemorrhage), and selenium (400 ng/day
based on the adverse effect of selenosis), shown in Table S-4, were
set to protect the most sensitive individuals in the general popula-
tion (e.g., those who might be below reference adult weight). Mem-
bers of the general apparently healthy population should be ad-
vised not to exceed the UL routinely. However, intake above the UL
may be appropriate for investigation within well-controlled clinical
trials to ascertain if such intakes are of benefit to health. Clinical
trials of doses above the UL should not be discouraged because it is
expected that participation in these trials will require informed con-
sent that will include discussion of the possibility of adverse effects
and will employ appropriate safety monitoring of trial subjects.

The ULs for vitamin C and selenium are based on intake from
diet and supplements. Vitamin E ULs are based on intake from
supplements only.

A UL could not be established for B-carotene because of inconsis-
tent data and could not be set for other carotenoids because of a
lack of suitable data. In both cases, this signifies a need for addi-
tional information. It does not necessarily signify that people can
tolerate chronic intakes of these substances at high levels. Like all
chemical agents, nutrients and other food components can pro-
duce adverse effects if intakes are excessive. Therefore, when data
are extremely limited, extra caution may be warranted. In particu-
lar, B-carotene supplementation is not advisable, other than for the
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TABLE S-4 Tolerable Upper Intake Levels (UL“) by Life Stage

Group
Vitamin C a-Tocopherol Selenium
Life Stage Group (mg/d) (mg/d) b (ug/d)
0 through 6 mo ND¢ ND 45
7 through 12 mo ND ND 60
1 through 3y 400 200 90
4 through 8 y 650 300 150
9 through 13y 1,200 600 280
14 through 18y 1,800 800 400
19 through 70y 2,000 1,000 400
>70y 2,000 1,000 400
Pregnancy
<18y 1,800 800 400
19 through 50 y 2,000 1,000 400
Lactation
<18y 1,800 800 400
19 through 50 y 2,000 1,000 400

@ The UL is the highest level of daily nutrient intake that is likely to pose no risk of
adverse health effects to almost all individuals in the general population. As intake
increases above the UL, the risk of adverse effects increases. Unless specified otherwise,
the UL represents total nutrient intake from food, water, and supplements.

bThe UL for o-tocopherol applies to any form of supplemental o-tocopherol.

¢ND. Not determinable due to lack of data of adverse effects in this age group and
concern with regard to lack of ability to handle excess amounts. Source of intake should
be from food and formula in order to prevent high levels of intake.

prevention and control of vitamin A deficiency, in view of concerns
about lung cancer and total mortality risk raised by recent random-
ized clinical trials in special at-risk populations.

USING DIETARY REFERENCE INTAKES

Suggested uses of Dietary Reference Intakes (DRIs) appear in Box
S-2. The transition from using previously published Recommended
Dietary Allowance (RDAs) and Reference Nutrient Intakes (RNIs)
alone to using all DRIs appropriately will require time and effort by
health professionals and others.

For statistical reasons that will be addressed in a future report and
discussed briefly in Chapter 9, the Estimated Average Requirement
(EAR) is the appropriate reference intake to use in assessing the
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nutrient intake of groups; the RDA is not appropriate. The preva-
lence of inadequacy may be estimated by determining the percent-
age of the population below the EAR as follows:

* Based on the Third National Health and Nutrition Examina-
tion Survey (NHANES III) data, about 11 percent of nonsmoking

Box S-2 Uses of Dietary Reference Intakes for Healthy Individuals and

Groups
Type of Use For the Individual For a Group
Assessment  EAR% use to examine the  EAR’ use to estimate the

possibility of inadequacy
of reported intake.
AI“ intakes at this level

have a low probability of
inadequacy.

prevalence of inadequate
intakes within a group.

AT” mean intake at this level
implies a low prevalence of
inadequate intakes.

UL“ intake above this UL’ use to estimate the preva-

level has a risk of adverse  lence of intakes that may be at

effects. risk of adverse effects.
Planning RDA: aim for this intake. ~ EAR: use in conjunction with a

measure of variability of the
group’s intake to set goals for
the median intake of a specific
population.

AI: aim for this intake.

UL: use as a guide to
limit intake; chronic
intake of higher amounts
may increase risk of
adverse effects.

EAR = Estimated Average Requirement
RDA = Recommended Dietary Allowance
Al = Adequate Intake

UL = Tolerable Upper Intake Level

“Requires accurate measure of usual intake. Evaluation of true status
requires clinical, biochemical, and anthropometric data.
’Requires statistically valid approximation of usual intake.
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adult women and 21 percent of nonsmoking adult men have dietary
intakes of vitamin C that are less than the EAR for this nutrient.

e Although dietary intakes of selenium depend on the seleni-
um content of the soil where a plant was grown, adults in North
America are meeting their selenium needs, probably because food
in the United States and Canada is so widely distributed beyond the
region where it was grown.

¢ Only a small proportion of the adult men and women in the
population reportedly has a vitamin E intake from food and supple-
ments greater than the EAR. However, estimates of vitamin E intake
are particularly difficult due to a propensity to underreport fat in-
take which results in its underestimation (dietary fat serves as the
major carrier for vitamin E). In addition, the EARSs for vitamin E are
based on o-tocopherol only and do not include amounts obtained
from the other seven naturally occurring forms of vitamin E (B-, ¥,
d-tocopherol and the four tocotrienols). Because the various forms
of vitamin E cannot be interconverted in humans, EARs, RDAs, and
Als apply only to intake of the 2R-stereoisomeric forms of o-
tocopherol from food, fortified foods, and multivitamins. Currently,
most nutrient databases, as well as nutrition labels, do not distin-
guish among the various tocopherols in food. They often present
the data as o-tocopherol equivalents and include the contribution
of all eight naturally occurring forms of vitamin E, after adjustment
for bioavailability (e.g., -tocopherol is usually assumed to have only
10 percent of the availability of a-tocopherol). Because these other
forms of vitamin E occur in foods (e.g., y-tocopherol is present in
widely consumed oils such as soybean and corn oils), the intake of
a-tocopherol equivalents is greater than the intake of o-tocopherol
alone. Based on NHANES III dietary intake data, approximately 80
percent of the o-tocopherol equivalents from food are from o-
tocopherol, and thus can contribute to the body’s requirement for
vitamin E.

Data for intakes of vitamin C, vitamin E, and selenium from food
and supplements in the United States are provided in this report.
Data from Canada are available only for vitamin C from food. De-
tailed data for intakes of carotenoids from a recently released and
expanded food composition database in the United States are pres-
ently being analyzed and are not available to be included in this
report. Thus they will be included in the Appendix of a subsequent
DRI report that will include vitamin A.
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DEFINITION OF A DIETARY ANTIOXIDANT

A dietary antioxidant is a substance in foods that significantly decreases
the adverse effects of reactive species, such as reactive oxygen and nitrogen
species, on normal physiological function in humans. The definition is
based on several criteria: the substance is found in human diets, the
content of the substance has been measured in foods commonly
consumed, and the substance decreases the adverse effects of reac-
tive species in vivo in humans. Vitamin C, vitamin E, and selenium
(in the form of selenocysteine or selenomethionine) are the food
components reviewed in this report that meet this definition of a
dietary antioxidant. The other food components covered in this
report, B-carotene and the other carotenoids, do not meet the defi-
nition but influence biochemical reactions that involve the oxida-
tive process.

EVIDENCE OF OXIDATIVE STRESS AND THE RISK OF
CHRONIC DEGENERATIVE DISEASE

There is a considerable body of biological evidence that, at high
levels, reactive oxygen and nitrogen species can be damaging to
cells and thus may contribute to cellular dysfunction and disease.
Hence, close attention has been given to evidence relating intake of
vitamin C, vitamin E, selenium, and B-carotene and other caro-
tenoids to reduction of the risk of chronic disease. Since the entire
population is exposed to oxidative stresses through oxidative me-
tabolism and only some develop a chronic disease, it is clear that
more information is needed in order to understand how to evaluate
the role of oxidative stress in the development of chronic disease.
The potential role of oxidative stress in six chronic disease relation-
ships is briefly described below.

Cancer

One theory holds that oxidative damage contributes to carcino-
genesis. A great deal of epidemiological evidence indicates that di-
ets rich in fruits and vegetables are associated with a lower risk of
incurring a number of common cancers, especially cancers of the
lung, oral cavity, pharynx, larynx, and cervix. However, these stud-
ies provide only limited support for a protective association of indi-
vidual food components categorized as antioxidants. Data regard-
ing the protection by individual food components against cancer in
humans are not yet available.
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Cardiovascular Disease

Of all the chronic diseases in which excess oxidative stress has
been implicated, cardiovascular disease has the strongest support-
ing evidence. Oxidation of low-density lipoproteins may be a key
step in the development of coronary atherosclerosis. Epidemiologi-
cal studies indicate that diets rich in fruits and vegetables, vitamin
C, vitamin E, and carotenoids are associated with a decreased risk of
coronary heart disease. However, no randomized prospective stud-
ies have documented a favorable effect of vitamin C or carotenoids
on cardiovascular morbidity and mortality. Four studies have exam-
ined the effects of vitamin E; only one reported a positive benefit
while the other three were neutral. Thus available data do not ade-
quately substantiate the premise that increasing the intake of vita-
min C, vitamin E, or B-carotene and other carotenoids will reduce
the risk of coronary heart disease. Ongoing randomized trials
among high-risk, apparently healthy individuals and among patients
with cardiovascular disease are expected to provide evidence useful
in resolving this issue.

Cataracts

A number of observational epidemiological studies have exam-
ined the relationship between intakes of vitamin C, vitamin E, and
carotenoids and the presence of cataracts in humans. Several stud-
ies indicate a lowered risk of cataracts associated with either an
increased serum level of these dietary components or supplement
use. These studies, since observational in nature, do not constitute
at this time a sufficient basis for a conclusion that these dietary
components can prevent cataracts in humans.

Age-Related Macular Degeneration

Epidemiological studies find a decreased likelihood of age-related
macular degeneration (AMD) associated with higher intakes of
fruits and vegetables, especially those that are rich in the caro-
tenoids lutein and zeaxanthin. Protective effects of lutein and zeax-
anthin are biologically plausible because these carotenoids selec-
tively accumulate as the pigment of the macular region of the retina
and account for the yellow color observed in this region. The associ-
ation has also been observed in smokers, who have lower plasma
levels of carotenoids and are also at an increased risk of developing
AMD. However, all reports are associative in nature and have not

of Sciences. All rights reserved.



SUMMARY 19

established a causal relationship between intake or plasma concen-
trations of lutein and/or zeaxanthin and risk for AMD.

Central Neurodegenerative Diseases

Increasing evidence suggests that a number of common neurode-
generative diseases, such as Alzheimer’s, Parkinson’s, and amyo-
trophic lateral sclerosis, may reflect adverse responses to oxidative
stress. Small intervention trials with either vitamin C or vitamin E
have reported symptomatic improvement in those already afflicted
with the disease. However, these preliminary findings do not consti-
tute adequate proof of the usefulness of these antioxidants in de-
creasing the development or delaying the onset of these diseases.

Diabetes Mellitus

Although some evidence suggests that modifications observed in
structural proteins in patients with diabetes mellitus may be at-
tributable to either an oxidative stress or a stress due to reactive
carbonyls, much of the research, with either single compounds or
combinations of specific food components that may function as
antioxidants, has been inconclusive. In addition, no clinical inter-
vention trials have tested directly whether provision of antioxidants
can defer the onset of the complications of diabetes.

RECOMMENDATIONS

Available Data on Food Composition

Because the various forms of vitamin E are not interconvertible
and because plasma concentrations of o-tocopherol are dependent
upon the affinity of the hepatic o-tocopherol transfer protein for
the various forms, it is recommended that relative biological poten-
cies of the various forms of vitamin E be reevaluated. Until this is
done, the actual concentrations of each of the various vitamin E
forms in food and biological samples should be reported separately,
wherever possible.

Research

Five major types of information gaps were noted: (1) a dearth of
studies designed specifically to estimate average requirements in
apparently healthy humans; (2) a nearly complete lack of usable
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data on the nutrient needs of infants, children, adolescents, and
pregnant and lactating women; (3) a lack of definitive studies to
determine the role of these nutrients in lowering the risk of certain
chronic diseases; (4) a lack of validated biomarkers to evaluate oxi-
dative stress and the relationship between antioxidant intake and
health and disease; and (5) a lack of studies designed to detect
adverse effects of chronic high intakes of these nutrients.

Highest priority is thus given to research that has potential to
prevent or retard human disease processes and to prevent deficien-
cies with functional consequences as follows:

e Studies to provide the basic data for constructing risk curves
and benefit curves across the exposures to dietary and supplemen-
tal intakes of vitamin C, vitamin E, selenium, and B-carotene and
other carotenoids. Studies should be designed to determine the
relationship of nutrient intakes to validated biomarkers of oxidative
stress. These studies should be followed by nested case-control stud-
ies to determine the relationship of the biomarkers of oxidative
stress to chronic disease. Finally, full-scale intervention trials should
be done to establish the preventive potential of a nutrient for chron-
ic disease.

¢ Investigations of gender specificity of the metabolism and re-
quirements for vitamin C, vitamin E, selenium, and B-carotene and
other carotenoids.

e Studies to validate methods and possible models for estimat-
ing Dietary Reference Intakes (DRIs) in the absence of data for
some life stage groups, such as children, pregnant and lactating
women, and older adults.

® Research to determine the interactions and possible syner-
gisms of vitamin C, vitamin E, selenium, and B-carotene with each
other, with other nutrients and food components, and with endoge-
nous antioxidants. Multifactorial studies are needed to demonstrate
in vivo actions as well as synergisms that have been shown to occur
in vitro.

¢ Studies to develop economical, sensitive, and specific methods
to assess the associations of vitamin C, vitamin E, selenium, and -
carotene and other carotenoids with the causation, prevalence, pre-
vention, and treatment of specific viral or other infections.

e Investigations of the magnitude and role of genetic polymor-
phisms in the mechanisms of actions of vitamin C, vitamin E, seleni-
um, and B-carotene and other carotenoids.
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Introduction to Dietary
Reference Intakes

The term Dietary Reference Intakes (DRIs) refers to a set of at least
four nutrient-based reference values, each of which has special uses.
The development of DRIs expands on the periodic reports called
Recommended Dietary Allowances, which have been published since
1941 by the National Academy of Sciences. This comprehensive ef-
fort is being undertaken by the Standing Committee on the Scien-
tific Evaluation of Dietary Reference Intakes (DRI Committee) of
the Food and Nutrition Board, Institute of Medicine, the National
Academies, with the active involvement of Health Canada. See
Appendix A for a description of the overall process and its origins.

WHAT ARE DIETARY REFERENCE INTAKES?

The reference values, collectively called the Dietary Reference In-
takes (DRIs), include the Recommended Dietary Allowance (RDA),
the Adequate Intake (Al), the Tolerable Upper Intake Level (UL),
and the Estimated Average Requirement (EAR).

A requirement is defined as the lowest continuing intake level of
a nutrient that, for a specified indicator of adequacy, will maintain a
defined level of nutriture in an individual. The chosen criterion of
nutritional adequacy is identified in each nutrient chapter; note
that the criterion may differ for individuals at different life stages.
Hence, particular attention is given throughout this report to the
choice and justification of the criterion used to establish require-
ment values.
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This approach differs somewhat from that used by the World
Health Organization, Food and Agriculture Organization, and In-
ternational Atomic Energy Agency (WHO/FAO/IAEA) Expert Con-
sultation on Trace Elements in Human Nutrition and Health (WHO,
1996). That publication uses the term basal requirement to indicate
the level of intake needed to prevent pathologically relevant and
clinically detectable signs of a dietary inadequacy. The term norma-
tive requirement indicates the level of intake sufficient to maintain a
desirable body store or reserve. In developing RDAs and Als, em-
phasis is placed instead on the reasons underlying the choice of the
criterion of nutritional adequacy used to establish the requirement.
They have not been designated as basal or normative.

Unless otherwise stated, all values given for RDAs, Als, and EARs
represent the quantity of the nutrient or food component to be
supplied by foods from a diet similar to those consumed in Canada
and the United States. If the food source of a nutrient is very differ-
ent (as in the diets of some ethnic groups) or if the source is supple-
ments, adjustments may have to be made for differences in nutrient
bioavailability. When this is an issue, it is discussed for the specific
nutrient in the section “Special Considerations.”

RDAs and Als are levels of intake recommended for individuals.
They should minimize the risk of developing a condition that is
associated with the nutrient in question and that has a negative
functional outcome. The DRIs apply to the apparently healthy gen-
eral population. Meeting the recommended intakes for vitamin C,
vitamin E, selenium, and carotenoids would not necessarily provide
enough for individuals who are already malnourished, nor would
they be adequate for certain disease states marked by increased
requirements. Qualified medical and nutrition personnel must
tailor recommendations for individuals who are known to have dis-
eases that greatly increase requirements or who are at risk for devel-
oping adverse effects associated with higher intakes. Although the
RDA or Al may serve as the basis for such guidance, qualified per-
sonnel should make necessary adaptations for specific situations.

CATEGORIES OF DIETARY REFERENCE INTAKES

Each type of Dietary Reference Intake (DRI) refers to average
daily nutrient intake of individuals over time. In most cases, the
amount taken from day to day may vary substantially without ill
effect.
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Recommended Dietary Allowance

The Recommended Dietary Allowance (RDA) is the average daily di-
etary intake level that is sufficient to meet the nutrient requirement
of nearly all (97 to 98 percent) apparently healthy individuals in a
particular life stage and gender group (see Figure 1-1). The RDA is
intended to be used as a goal for daily intake by individuals. The
process for setting the RDA is described below; it depends on being
able to set an Estimated Average Requirement (EAR). That is, if an
EAR cannot be set, no RDA will be set.

Estimated Average Requirement !

The Estimated Average Requirement (EAR) is the daily intake value
that is estimated to meet the requirement, as defined by the speci-
fied indicator of adequacy, in half of the apparently healthy individ-
uals in a life stage or gender group (see Figure 1-1). A normal or
symmetrical distribution (median and mean similar) is usually as-
sumed for nutrient requirements. At this level of intake, the other
half of a specified group would not have its nutritional needs met.
The general method used to set the EAR is the same for all of the
nutrients in this report. The specific approaches, provided in Chap-
ters 5 through 8, differ because of the different types of data avail-
able.

Method for Setting the RDA

The EAR is used in setting the RDA as follows. If the standard
deviation (SD) of the EAR is available and the requirement for the
nutrient is normally distributed, the RDA is defined as equal to the
EAR plus 2 SDs of the EAR:

RDA = EAR + 2 SDy, .

I The definition of EAR implies a median as opposed to a mean, or average. The
median and average would be the same if the distribution of requirements fol-
lowed a symmetrical distribution and would diverge as a distribution became
skewed. Three considerations prompted the choice of the term EAR: data are
rarely adequate to determine the distribution of requirements, precedent has been
set by other countries that have used EAR for reference values similarly derived
(COMA, 1991), and the type of data evaluated makes the determination of a medi-
an impossible or inappropriate.
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FIGURE 1-1 Dietary reference intakes. This figure shows that the Estimated Aver-
age Requirement (EAR) is the intake at which the risk of inadequacy is 0.5 (50%)
to an individual. The Recommended Dietary Allowance (RDA) is the intake at
which the risk of inadequacy is very small—only 0.02 to 0.03 (2% to 3%). The
Adequate Intake (AI) does not bear a consistent relationship to the EAR or the
RDA because it is set without being able to estimate the average requirement. It is
assumed that the Al is at or above the RDA if one could be calculated. At intakes
between the RDA and the Tolerable Upper Intake Level (UL), the risks of inade-
quacy and of excess are both close to 0. At intakes above the UL, the risk of adverse
effects may increase.

If data about variability in requirements are insufficient to calcu-
late an SD, a coefficient of variation (CVp,;) of 10 percent will
ordinarily be assumed and used in place of the SD. Because

CViag = SDpar/EAR, and
SD = (EAR x CVg,);
the resulting equation for the RDA is
RDA = FAR + 2 (0.1 X EAR), or
RDA = 1.2 x EAR.

If the nutrient requirement is known to be skewed for a popula-
tion, other approaches will be used to find the ninety-seventh to
ninety-eighth percentile to set the RDA.

The assumption of a 10 percent CV is based on extensive data on
the variation in basal metabolic rate (FAO/WHO/UNA, 1985; Gar-
by and Lammert, 1984), which contributes about two-thirds of the
daily energy expenditure of many individuals residing in Canada
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and the United States (Elia, 1992) and on the similar CV of 12.5
percent estimated for the protein requirements in adults (FAO/
WHO/UNA, 1985). If there is evidence of greater variation, a larg-
er CV will be assumed. In all cases, the method used to derive the
RDA from the EAR is stated.

For vitamins C and E, and selenium, there are very few direct data
on the requirements of children. Thus, EARs and RDAs for chil-
dren are based on extrapolations from adult values. The method is
described in Chapter 3.

Other Uses of the EAR

Together with an estimate of the variance of intake, the EAR may
also be used in the assessment of the intake of groups or in plan-
ning for the intake of groups (Beaton, 1994) (see Chapter 9).

Adequate Intake

If sufficient scientific evidence is not available to calculate an EAR,
a reference intake called an Adequate Intake (Al) is provided instead
of an RDA. The Al is a value based on experimentally derived intake
levels or approximations of observed mean nutrient intakes by a
group (or groups) of apparently healthy people. In the judgment of
the DRI Committee, the Al for children and adults is expected to
meet or exceed the amount needed to maintain a defined nutrition-
al state or criterion of adequacy in essentially all members of a spe-
cific, apparently healthy population, because it is set using presum-
ably healthy populations. Examples of defined nutritional states
include normal growth, maintenance of normal circulating nutrient
values, or other aspects of nutritional well-being or general health.

The Al is set when data are considered to be insufficient or inade-
quate to establish an EAR on which an RDA would be based. For
example, for young infants for whom human milk is the recom-
mended sole food source for most nutrients in the first 4 to 6
months, the Al is based on the daily mean nutrient intake supplied
by human milk for apparently healthy, full-term infants who are fed
exclusively human milk.

Sitmalarities Between the AI and the RDA

Both the AI and the RDA are to be used as a goal for individual
intake. In general, the values are intended to cover the needs of
nearly all persons in a life stage group. (For infants, the Al is the
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mean intake when infants in the age group are consuming human
milk. Larger infants may have higher needs, which they meet by
consuming more milk.) As with RDAs, Als for children and adoles-
cents may be extrapolated from adult values if no other usable data
are available.

Differences Between the AI and the RDA

There is much less certainty about the Al value than about the
RDA value. Because Als depend on a greater degree of judgment
than is applied in estimating the EAR and subsequently the RDA,
the Al may deviate significantly from the RDA, if it could have been
determined, and may be numerically higher than the RDA, if it
were known. For this reason, Als must be used with greater care
than RDAs. Also, the RDA is always calculated from the EAR, using
a formula that takes into account the expected variation in the re-
quirement for the nutrient (see previous section “Estimated Aver-
age Requirement”).

Tolerable Upper Intake Level

The Tolerable Upper Intake Level (UL) is the highest level of daily
nutrient intake that is likely to pose no risk of adverse health effects
in almost all individuals in the specified life stage group (see Figure
1-1). As intake increases above the UL, the risk of adverse effects
increases. The term tolerable intake was chosen to avoid implying a
possible beneficial effect. Instead, the term is intended to connote a
level of intake that can, with high probability, be tolerated biologi-
cally. The UL is not intended to be a recommended level of intake,
and there is no established benefit for healthy individuals if they
consume a nutrient in amounts exceeding the recommended in-
take (the RDA or Al).

The UL is based on an evaluation conducted using the methodol-
ogy for risk assessment of nutrients (see Chapter 4). The need for
setting ULs grew out of the increased fortification of foods and the
use of dietary supplements by more people and in larger doses. The
UL applies to chronic daily use. As in the case of applying Als,
professionals should avoid very rigid application of ULs and first
assess the characteristics of the individual or group of concern such
as source of nutrient, physiological state of the individual, length of
sustained high intakes, and so forth.

For vitamin C and selenium, the UL refers to total intakes—f{rom
food, fortified food, and nutrient supplements. In other instances
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(e.g., vitamin E), it may refer only to intakes from supplements,
food fortificants, pharmacological agents, or a combination of the
three. For some nutrients, such as B-carotene and other carotenoids,
there may be inconsistent and insufficient data on which to develop
ULs. This indicates the need for caution in consuming amounts
greater than the recommended intakes; it does not mean that high
intakes pose no risk of adverse effects.

The safety of routine, long-term intake above the UL is not well
documented. Although members of the general population should
be advised not to routinely exceed the UL, intake above the UL may
be appropriate for investigation within well-controlled clinical trials.
Clinical trials of doses above the UL should not be discouraged as
long as subjects participating in these trials have signed informed
consent documents regarding possible toxicity and as long as these
trials employ appropriate safety monitoring of trial subjects.

Determination of Adequacy

In the derivation of the EAR or Al, close attention has been paid
to the determination of the most appropriate indicators of adequa-
cy. A key question is, Adequate for what? In many cases, a continu-
um of benefits may be ascribed to various levels of intake of the
same nutrient. One indicator may be deemed the most appropriate
to determine the risk that an individual will become deficient in the
nutrient, while another may relate to reducing the risk of chronic
degenerative disease such as common neurodegenerative diseases,
cardiovascular disease, cancer, diabetes mellitus, cataracts, or age-
related macular degeneration.

Each EAR or Al is described in terms of the selected criterion or
outcome. The potential role of vitamin C, vitamin E, selenium, and
B-carotene and other carotenoids in the reduction of disease risk
was considered in developing the EARs for this group of nutrients.
With the acquisition of additional data relating intake to chronic
disease or disability, the choice of the criterion for setting the EAR
may change. These nutrients, their role in health, and the types of
evidence considered are discussed in Chapter 2.

PARAMETERS FOR DIETARY REFERENCE INTAKES
Life Stage Categories

The life stage categories described below were chosen by keeping
in mind all the nutrients to be reviewed, not only those included in
this report. Additional subdivisions within these groups may be add-
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ed in later reports. If data are too sparse to distinguish differences
in requirements by life stage or gender group, the analysis may be
presented for a larger grouping.

Infancy

Infancy covers the period from birth through 12 months of age
and is divided into two 6-month intervals. The first 6-month interval
was not subdivided further because intake is relatively constant dur-
ing this time. That is, as infants grow, they ingest more food; howev-
er, on a body weight basis their intake remains the same. During
the second 6 months of life, growth velocity slows, and thus total
daily nutrient needs on a body weight basis may be less than those
during the first 6 months of life.

For a particular nutrient, average intake by full-term infants who
are born to presumably healthy, well-nourished mothers and exclu-
sively fed human milk has been adopted as the primary basis for
deriving the Adequate Intake (AI) for most nutrients during the
first 6 months of life. The value used is thus not an Estimated Aver-
age Requirement (EAR); the extent to which intake of human milk
may result in exceeding the actual requirements of the infant is not
known, and ethics of experimentation preclude testing the levels
known to be potentially inadequate. Therefore, the Al is not an
EAR in which only half of the group would be expected to have
their needs met.

Using the infant fed human milk as a model is in keeping with the
basis for estimating nutrient allowances for infants developed in the
last Recommended Dietary Allowances (NRC, 1989) and Recom-
mended Nutrient Intake (Health Canada, 1990) reports. It also sup-
ports the recommendation that exclusive human milk feeding is
the preferred method of feeding for normal full-term infants for
the first 4 to 6 months of life. This recommendation has also been
made by the Canadian Paediatric Society (Health Canada, 1990),
the American Academy of Pediatrics (AAP, 1997), and the Food
and Nutrition Board report Nutrition During Lactation (I0M, 1991).

In general, for this report, special consideration was not given to
possible variations in physiological need during the first month af-
ter birth or to the variations in intake of nutrients from human milk
that result from differences in milk volume and nutrient concentra-
tion during early lactation. Specific Dietary Reference Intakes
(DRIs) to meet the needs of formula-fed infants are not proposed
in this report. The previously published RDAs and RNIs for infants
have led to much misinterpretation of the adequacy of human milk
because of a lack of understanding about the derivation of these
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values for young infants. Although they were based on the composi-
tion of human milk and the volume of intake, the previous RDA
and RNI values allowed for lower bioavailability of nutrients from
nonhuman milk.

Ages 0 through 6 Months. To derive the Al value for infants ages 0
through 6 months, the mean intake of a nutrient was calculated
based on the average concentration of the nutrient from 2 to 6
months of lactation, using consensus values from several reported
studies (Atkinson et al., 1995) and an average volume of milk intake
of 0.78 L/day as reported from studies of full-term infants by test
weighing, a procedure in which the infant is weighed before and
after each feeding (Butte et al., 1984; Chandra, 1984; Hofvander et
al., 1982; Neville et al., 1988). Because there is variation in both of
these measures, the computed value represents the mean. It is ex-
pected that infants will consume increased volumes of human milk
as they grow.

Ages 7 through 12 Months. There is no evidence for markedly
different nutrient needs during the period of infants’ growth accel-
eration and gradual weaning to a mixed diet of human milk and
solid foods from ages 7 through 12 months. The basis of the Al
values derived for this age category was the sum of the specific nu-
trient provided by 0.60 L/day of human milk, which is the average
volume of milk reported from studies in this age category (Heinig
etal., 1993), and that provided by the usual intakes of complemen-
tary weaning foods consumed by infants in this age category (Speck-
er etal., 1997). This approach is in keeping with the current recom-
mendations of the Canadian Paediatric Society (Health Canada,
1990), the American Academy of Pediatrics (AAP, 1997), and Nutri-
tion During Lactation (I10M, 1991) for continued human milk feed-
ing of infants through 9 to 12 months of age with appropriate intro-
duction of solid foods.

One problem encountered in trying to derive intake data in in-
fants was the lack of available data on total nutrient intake from a
combination of human milk and solid foods in the second 6 months
of life. Most intake survey data do not identify the milk source, but
the published values indicate that cow milk and cow milk formula
were most likely consumed.

Toddlers: Ages 1 through 3 Years

The greater velocity of growth in height during ages 1 through 3
compared with ages 4 through 5 provides a biological basis for di-
viding this period of life. Because children in the United States and
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Canada from age 4 onwards begin to enter the public school sys-
tem, ending this life stage prior to age 4 seemed appropriate. Data
are sparse for indicators of nutrient adequacy on which to derive
DRIs for these early years of life. In some cases, DRIs for this age
group were derived from data extrapolated from studies of infants
or of adults aged 19 years or older.

Early Childhood: Ages 4 through 8 Years

Because major physiological changes in velocity of growth and in
endocrine status occur during ages 4 through 8 or 9 years (the
latter depending on onset of puberty in each gender), the category
of 4 through 8 years is appropriate. For many nutrients, a reason-
able amount of data are available on nutrient intake and various
criteria for adequacy (such as nutrient balance measured in young
children aged 5 through 7 years) that can be used as the basis for
the EARs for this life stage group.

Puberty/Adolescence: Ages 9 through 13 Years and 14 through
18 Years

Recognizing that current data support younger ages for pubertal
development, it was determined that the adolescent age group
should begin at 9 years. The mean age of onset of breast develop-
ment (Tanner Stage 2) for white females in the United States is
10.0 + 1.8 (standard deviation) years; this is a physical marker for
the beginning of increased estrogen secretion (Herman-Giddens et
al., 1997). In African-American females, onset of breast develop-
ment is earlier (mean 8.9 years £ 1.9). The reason for the observed
racial differences in the age at which girls enter puberty is unknown.
The onset of the growth spurt in girls begins before the onset of
breast development (Tanner, 1990). The age group of 9 through 13
years allows for this early growth spurt of females.

For males, the mean age of initiation of testicular development is
10.5 to 11 years, and their growth spurt begins 2 years later (Tanner,
1990). Thus, to begin the second age category at 14 years and to
have different EARs for females and males for some nutrients at this
age seems biologically appropriate. All children continue to grow to
some extent until as late as age 20; therefore, having these two age
categories span the period 9 through 18 years of age seems justified.

Young Adulthood and Middle Ages: Ages 19 through 30 Years and
31 through 50 Years

The recognition of the possible value of higher nutrient intakes
during early adulthood on achieving optimal genetic potential for
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peak bone mass was the reason for dividing adulthood into ages 19
through 30 years and 31 through 50 years. Moreover, mean energy
expenditure decreases during this 30-year period, and needs for
nutrients related to energy metabolism may also decrease. For some
nutrients, the DRIs may be the same for the two age groups. Howev-
er, for other nutrients, especially those related to energy metabo-
lism, EARs (and RDAs) are likely to differ.

Adulthood and Older Adults: Ages 51 through 70 Years and
Greater than 70 Years

The age period of 51 through 70 years spans active work years for
most adults. After age 70, people of the same age increasingly dis-
play variability in physiological functioning and physical activity. A
comparison of people over age 70 who are the same chronological
age may demonstrate as much as a 15- to 20-year age-related differ-
ence in level of reserve capacity and functioning. This is demon-
strated by age-related declines in nutrient absorption and renal
function. Because of the high variability in functional capacity of
older adults, the EARs for this age group may reflect a greater vari-
ability in requirements for the older age categories. This variability
may be most applicable to nutrients for which requirements are
related to energy expenditure.

Pregnancy and Lactation

Recommendations for pregnancy and lactation may be subdivid-
ed because of the many physiological changes and changes in nutri-
ent needs that occur during these life stages. In setting EARs for
these life stages, however, consideration is given to adaptations to
increased nutrient demand, such as increased absorption, and to
greater conservation of many nutrients. Moreover, some nutrients
may undergo net losses due to physiological mechanisms regardless
of the nutrient intake. Thus, for some nutrients, there may not be a
basis for EAR values that are different during these life stages than
they are for other women of comparable age.

Reference Weights and Heights

The reference weights and heights selected for adults and chil-
dren are shown in Table 1-1. The values are based on anthropomet-
ric data collected from 1988-1994 as part of the Third National
Health and Nutrition Examination Survey (NHANES III) in the
United States.
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TABLE 1-1 Reference Heights and Weights for Children and
Adults in the United States®

Median Body Reference Reference
Mass Index, Height, Weight,b
Gender Age kg/m? cm (in) kg (Ib)
Male, female 2-6 mo - 64 (25) 7 (16)
7-12 mo - 72 (28) 9 (20)
1-3y - 91 (36) 13 (29)
4-8y 15.8 118 (46) 22 (48)
Male 9-13 y 18.5 147 (58) 40 (88)
14-18y 21.3 174 (68) 64 (142)
19-30 y 24.4 176 (69) 76 (166)
Female 9-13 y 18.3 148 (58) 40 (88)
14-18y 21.3 163 (64) 57 (125)
19-30 y 22.8 163 (64) 61 (133)

@ Adapted from NHANES III, 1988-1994.
b Calculated from body mass index and height for ages 4 through 8 and older.

The median heights for the life stage and gender groups through
age 30 were identified, and the median weights for these heights
were based on reported median Body Mass Index (BMI) for the
same individuals. Since there is no evidence that weight should
change as adults age if activity is maintained, the reference weights
for adults ages 19 through 30 years are applied to all adult age
groups.

The most recent nationally representative data available for Cana-
dians (from the 1970-1972 Nutrition Canada Survey [Demirjian,
1980]) were reviewed. In general, median heights of children from
1 year of age in the United States were greater by 3 to 8 cm (1 to 2
1/2 inches) than those of children of the same age in Canada mea-
sured two decades earlier (Demirjian, 1980). This could be ex-
plained partly by approximations necessary to compare the two data
sets, but more likely by a continuation of the secular trend of in-
creased heights for age noted in the Nutrition Canada Survey when
it compared data from that survey with an earlier (1953) national
Canadian survey (Pett and Ogilvie, 1956).

Similarly, median weights beyond age 1 year derived from the
recent survey in the United States (NHANES III, 1988-1994) were
also greater than those obtained from the older Canadian survey
(Demirjian, 1980). Differences were greatest during adolescence—
from 10 to 17 percent higher. The differences probably reflect the
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secular trend of earlier onset of puberty (Herman-Giddens et al.,
1997), rather than differences in populations. Calculations of BMI
for young adults (e.g., a median of 22.6 for Canadian women com-
pared with 22.8 for U.S. women) resulted in similar values, indicat-
ing greater concordance between the two surveys by adulthood.

The reference weights chosen for this report were based on the
most recent data set available from either country, recognizing that
earlier surveys in Canada indicated shorter stature and lower weights
during adolescence compared with those from surveys in the Unit-
ed States.

Reference weights are used primarily when setting the EAR or
Tolerable Upper Level Intake (UL) for children or when relating
the nutrient needs of adults to body weight. For the 4- to 8-year-old
age group on an individual basis, a small 4-year-old child can be
assumed to require less than the EAR and a large 8-year-old will
require more than the EAR. However, the RDA or Al should meet
the needs of both.

SUMMARY

Dietary Reference Intakes (DRIs) is a generic term for a set of nutri-
ent reference values that includes the Recommended Dietary Al-
lowance, Adequate Intake, Tolerable Upper Intake Level, and Esti-
mated Average Requirement. These reference values are being
developed for life stage and gender groups in a joint U.S. and Cana-
dian activity. This report, one volume in a series, covers the DRIs
for vitamin C, vitamin E, selenium, and B-carotene and the other
carotenoids.
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Vitamin C, Vitamin E,
Selenium, and B-Carotene
and Other Carotenoids:
Overview, Antioxidant
Definition, and Relationship
to Chronic Disease

OVERVIEW

This report focuses on vitamin C, vitamin E, selenium, and B-
carotene and other carotenoids (a-carotene, B-cryptoxanthin, lu-
tein, lycopene, and zeaxanthin). These compounds have frequently
been called dietary antioxidants since in some cases they counteract
oxidative damage to biomolecules (Halliwell, 1996), and the possi-
bility exists that increased intakes of these compounds may protect
against chronic disease. Although the term dietary antioxidants is a
convenient description, these compounds are multifunctional, and
some of the actions observed in vivo may not represent an antioxi-
dant function, even though the compounds have been classified as
antioxidant nutrients (Sies and Stahl, 1995).

Therefore, in this report the above compounds were evaluated
with respect to their role in human nutrition, without limiting the
investigation to antioxidant properties. Information was reviewed
regarding the minimum amount of these nutrients required to pre-
vent deficiency diseases, as well as the amounts that might impact
on chronic diseases, regardless of whether the effect was an antioxi-
dant effect or not. Resolution of any impact of these compounds on
chronic disease will require evaluation of the many human inter-
vention trials that are still under way (Table 2-1).

Four main tasks were assigned to the Dietary Reference Intakes
Panel on Dietary Antioxidants and Related Compounds. The first
task was to develop a definition of a dietary antioxidant; the second
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TABLE 2-1 Intervention Trials: Antioxidants and Chronic

Diseases

Study Country Study Type® Study Population

Skin Cancer U.S.¢ Secondary prevention; 1,805 men and women
Prevention randomized, with recent nonmelanoma
Study double-blind, skin cancer; aged 40-89 y
(Greenberg placebo-controlled
et al., 1990) intervention

Linxian Cancer China Primary prevention; 29,584 poorly nourished
Prevention randomized, men and women,

Study double-blind, aged 40-69 y
(Blot et al., placebo-controlled
1993) intervention

a-Tocopherol, Finland Primary prevention; 29,133 male cigarette
B-Carotene randomized, smokers, aged 50-69 y
Cancer double-blind,

Prevention placebo-controlled
Study intervention
(ATBC Cancer

Prevention

Group, 1994)

Polyp U.S. Secondary prevention; 864 men and women with
Prevention randomized, recent nonmelanoma
Study double-blind, skin cancer
(Greenberg placebo-controlled
et al., 1994) intervention

The B-Carotene U.S. Primary prevention; 14,254 heavy smokers and
and Retinol randomized, 4,060 asbestos workers,
Efficacy Trial double-blind, aged 45-69 y
(Omenn et al., placebo-controlled
1996) intervention

Cambridge U.K.¢ Secondary prevention; 2,002 patients with
Heart randomized, coronary atherosclerosis,
Antioxidant double-blind, mean age 62y
Study placebo-controlled
(Stephens intervention
et al., 1996)
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Duration Primary
of Treatment Disease
(y) Daily Dose Outcome Results?
5 50 mg B-carotene Skin No effect on occurrence of
cancer new nonmelanoma skin
cancers
5.25 15 mg B-carotene, Cancer 9% reduction in total
30 mg o-tocopherol, mortality; 13% decrease in
50 mg selenium cancer mortality; 21%
decrease in stomach cancer
deaths; 10% decrease in
cerebrovascular mortality
(nonsignificant)
6 50 mg o-tocopherol  Lung 50% increase in hemorrhagic
and/or 20 mg cancer stroke deaths among
B-carotene vitamin E group; 11%
increase in ischemic heart
disease deaths among
B-carotene group; 18%
increase in lung cancer
among B-carotene group;
no effect of vitamin E on
lung cancer
4 25 mg P-carotene, Colorectal No reduced incidence of
1,000 mg vitamin C, cancer adenomas
400 mg
o-tocopherol
4 30 mg P-carotene, Lung 28% increase in lung
25,000 IU retinol cancer cancer; 26% increase in
(as retinyl palmitate) cvD4 (nonsignificant);
17% increase in total
mortality among treatment
group
1.4 400 or 800 TU CVD 77% decrease in risk of
(268 or 537 mg) death or subsequent nonfatal MI;
o-tocopherol nonfatal no benefit on
M cardiovascular mortality

continued
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TABLE 2-1 Continued

DIETARY REFERENCE INTAKES

Study Country Study Type® Study Population
Physicians’ U.S. Primary prevention; 22,071 male physicians,
Health Study randomized, aged 40-84 y
(Hennekens double-blind,
et al., 1996) placebo-controlled
intervention
Nutritional U.S. Secondary prevention; 1,312 men and women
Prevention randomized, with history of basal or
of Cancer double-blind, squamous cell carcinoma;
Study placebo-controlled aged 18-80 y
(Clark et al., intervention
1996, 1998)
GISSI- Italy Secondary prevention; 11,324 patients with recent
Prevention randomized, MI
Trial (GISSI- double-blind,
Prevenzione placebo-controlled
Investigators; intervention
1999)
Women'’s U.S. Primary prevention; 39,876 healthy women,
Health Study randomized, aged 245y
(Lee et al., double-blind,
1999) placebo-controlled
intervention
Heart Canada Secondary prevention; 9,541 high-risk men and
Outcomes randomized, women, aged =55y
Prevention double-blind,
Evaluation placebo-controlled
Study intervention
(HOPE Study
Investigators,
2000)
Studies In Progress
MRC/BHF U.K. Secondary prevention 20,536 high-risk men and
Heart trial women, aged 40-80 y
Protection
Study
(MRC/BHF,
1999)
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Duration Primary
of Treatment Disease
(y) Daily Dose Outcome Results?
12 50 mg B-carotene Cancer, No effects on CVD or cancer
(alternate days) CVD including among smokers
4.5 200 ug selenium Skin No effect on incidence of
cancer, skin cancer; 63% reduction
prostate in prostate cancer
cancer incidence; reduction in
total cancer mortality and
total cancer incidence
3-5 300 mg o-tocopherol Total No benefit from vitamin E;
and/or 1 g -3 mortality 15% decrease in risk of
PUFAS death, nonfatal MI, and
stroke from ®-3 PUFA
2.1 50 mg B-carotene MI, stroke, No effect on incidence of
(alternate days) or CVD cancer, CVD, or total
death mortality
4-6 400 IU (268 mg) MI, stroke, No benefit from vitamin E
o-tocopherol, or CVD
ACE” inhibitor death
=5 20 mg B-carotene, Total No results yet
600 mg mortality

of Sciences. All rights reserved.

o-tocopherol,
250 mg vitamin C

continued
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TABLE 2-1 Continued

DIETARY REFERENCE INTAKES

Study Country Study Type® Study Population
Women’s U.S. Secondary prevention; 8,000 women with prior
Antioxidant randomized, CVD event or 23 coronary
Cardiovascular double-blind, risk factors, aged 240 y
Study placebo-controlled
(Manson et al., intervention
1995)
Women’s U.s. Primary prevention; 39,876 healthy women,
Health Study randomized, aged 245y
(Buring and double-blind,
Hennekens, placebo-controlled
1992) intervention
Physician’s U.S. Primary prevention; 15,000 healthy male
Health Study randomized, physicians, aged 255y
11 double-blind,
(Hennekens, placebo-controlled
1998) intervention
SUVIMAX France Primary prevention; 12,735 men and women,
(Hercberg randomized, aged 35-60 y
et al., 1998) double-blind,

placebo-controlled
intervention

@ A primary prevention trial is one in which the study participants have no history of
the disease outcome being investigated. Participants in a secondary prevention trial
have had a prior occurrence of the outcome being investigated.

b Unless noted otherwise, results are statistically significant.

¢U.S. = United States.

d CVD = cardiovascular disease.

task was to select, in addition to vitamin C, vitamin E, and
B-carotene, other food components which might prove to be anti-
oxidants and play a role in health; the third task was to assess the
role of these compounds in health; and the fourth task was to devel-
op Dietary Reference Intakes (DRIs) for the selected nutrients. The
panel was asked to evaluate vitamin C, vitamin E, and B-carotene
and other antioxidants. Since other dietary carotenoids share many,
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Duration Primary

of Treatment Disease

(y) Daily Dose Outcome Results?

4 50 mg B-carotene, CVD No results yet

600 IU o-tocopherol,
500 mg vitamin C
(alternate days)

NR? 600 IU o-tocopherol, MI, stroke, No results yet
100 mg aspirin or CVD
(alternate days) death

NR 50 mg P-carotene, CVD, No results yet
400 IU o-tocopherol  cancer,
(alternate days), eye
500 mg vitamin C, diseases
multivitamin

(centrum silver)

8 6 mg B-carotene, Cancer, No results yet
30 mg o-tocopherol, ischemic
120 mg vitamin C, heart
100 pg selenium, disease

20 mg zinc

¢ U.K. = United Kingdom.

JMI = myocardial infarction.

8 PUFA = polyunsaturated fatty acid.

" ACE = angiotension-converting enzyme.
i NR = not reported.

although not all, of the properties of B-carotene, additional
carotenoids (o-carotene, B-cryptoxanthin, lutein, lycopene, and
zeaxanthin) were added as related nutrients that would be investi-
gated. In addition, because of the important role that selenium
plays as a cofactor for oxidant defense enzymes, it was also included
as a related nutrient.
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DEFINITION AND CRITERIA FOR A DIETARY
ANTIOXIDANT

Definition of a Dietary Antioxidant

The definition was based on several criteria: (1) the substance is
found in human diets; (2) the content of the substance has been
measured in foods commonly consumed; and (3) in humans, the
substance decreases the adverse effects of reactive species, such as
reactive oxygen and nitrogen species in vivo. Thus, the definition of
a dietary antioxidant is as follows:

A dietary antioxidant is a substance in foods that significantly decreases
the adverse effects of reactive species, such as reactive oxygen and nitrogen
species, on normal physiological function in humans.

This stringent definition, with supporting information, was slight-
ly modified from the proposed definition published earlier (IOM,
1998). The earlier report stated that the nutritional recommenda-
tions that will be presented in the final report for some of these
dietary components may not be determined by or related to their
possible action as antioxidants. The primary indicators for develop-
ing the Dietary Reference Intakes (DRIs) are based on specific ac-
tions and effects of the compounds that may or may not be attribut-
ed to their antioxidant activity. In particular, criteria chosen upon
which to base EARs and thus RDAs for any of the compounds inves-
tigated are not related specifically to ameliorating chronic diseases
because a scientific justification for such a requirement was not
found.

The European Commission Concerted Action on Functional Food
also adopted stringent criteria regarding the relationship between
free-radical events and human disease, and whether antioxidants
are capable of modulating these events and thus reducing the risk
of disease (Diplock et al., 1998). The summary report concluded
that, “there is at present insufficient evidence available on which to
base a firm conclusion that antioxidants are capable of reducing
risk of disease” (Diplock, 1998). Recommendations for the nutri-
ents in this report are similar. However, it should be pointed out
that a large number of human intervention studies are under way
using the compounds discussed in this report, and the results of
these studies may give rise to new conclusions.
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Are Vitamin C, Vitamin E, Selenium, and B-Carotene and Other
Carotenoids Dietary Antioxidants?

Vitamin C functions physiologically as a water-soluble antioxidant
by virtue of its very strong reducing power (high redox potential)
and facile regeneration via ubiquitous reductants such as glutathione,
nicotinamide adenine dinucleotide, and nicotinamide adenine
dinucleotide phosphate. The primary method used to estimate the
requirement relates to the vitamin C intake needed to maintain
near-maximal neutrophil ascorbate concentration with minimal uri-
nary excretion. Because smokers suffer increased oxidative stress
and metabolic turnover of vitamin C, their requirement is increased.
Although there is ample evidence that vitamin C administration
can result in decreases in markers of oxidative stress, a Recom-
mended Dietary Allowance (RDA) derived from a direct antioxidant
function of vitamin C could not be calculated because of the lack of
a quantitative relationship between this antioxidant function and a
health-related endpoint. Since vitamin C reduces markers of oxida-
tive stress, it meets the definition of a dietary antioxidant.

Vitamin E functions as a chain-breaking antioxidant that prevents
the propagation of lipid peroxidation. To estimate the requirement,
data were examined on the intake of vitamin E that would prevent
hydrogen peroxide-induced lysis of erythrocytes. Under these cir-
cumstances, vitamin E is acting as an ex vivo antioxidant, maintain-
ing a normal physiological function in humans. Although it is not
yet possible to relate vitamin E intake to a lowering of chronic dis-
ease risk, it still meets the definition of a dietary antioxidant.

Selenium functions through selenoproteins, several of which are
oxidant defense enzymes. The criterion used to estimate the re-
quirement for selenium relates to the intake needed to maximize
the activity of the plasma selenoprotein glutathione peroxidase, an
oxidant defense enzyme. It is not clear if the diseases associated
with selenium deficiencies, Keshan disease or Kashin-Beck disease,
are due to oxidative stress. The selenium in several selenoproteins
has a biochemical role in oxidant defense, thus maintaining normal
physiological function, and as such plays a role as a dietary antioxi-
dant.

B-Carotene and other carotenoids function as sources of vitamin A
and, due to this provitamin A activity, can prevent vitamin A defi-
ciency. Because no other specific nutrient functions have been iden-
tified at this time, no requirements have been established for any of
the carotenoids. B-Carotene and the other carotenoids display in
vitro antioxidant activity, but the evidence that they act as in vivo
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antioxidants in humans is still controversial. Therefore, B-carotene
does not meet the definition of a dietary antioxidant. Similar con-
clusions have been drawn for a-carotene, B-cryptoxanthin, lycopene,
lutein, and zeaxanthin.

OXIDATIVE STRESS, ANTIOXIDANTS, AND
CHRONIC DISEASE

Oxidative Stress

There have been many proposals as to how oxidative stress can be
defined. Because all cells are exposed to oxidants, generated either
endogenously from metabolism or exogenously from a variety of
environmental insults, the problem arises as to what constitutes an
oxidative stress. Furthermore, different cells can be exposed to the
same level of oxidants, but depending on the level of antioxidants
or protective mechanisms available to the cell, they may or may not
experience an oxidative stress. Sies (1985) defined oxidative stress
as “a disturbance in the prooxidant-antioxidant balance in favor of
the former.” Others have amplified this definition to include “short-
and/or long-term disturbance of the prooxidant-antioxidant bal-
ance resulting in adverse effects that are due either to impaired
antioxidation or to favored prooxidation” (Biesalski et al., 1997).
Here, oxidative stress is defined as an ¢mbalance between the pro-
duction of various reactive species and the ability of the organism’s
natural protective mechanisms to cope with these reactive com-
pounds and prevent adverse effects.

The primary reactive species include reactive oxygen species
(ROS) and reactive nitrogen species (RNS). These in turn react in
the body and generate radical intermediates of lipids, proteins, and
nucleic acids that ultimately form the chemical end products of
oxidative stress. The physiological consequences of these end prod-
ucts have been hypothesized to be the causes of many chronic dis-
eases as well as the natural aging process (Ames, 1998; Halliwell,
1997). The protective mechanisms include protective enzymes, an-
tioxidant or quenching compounds produced by the organism, and
similar compounds made available in the diet. The evidence that
chronic disease results from an imbalance between formation and
removal of reactive species is discussed below.

The primary defensive compounds are antioxidants that can in-
teract with and quench reactive radical species, and enzymes that
can inactivate these species or their products. All of the compounds
in this report—vitamin C, vitamin E, selenium in the form of se-
lenoproteins, and B-carotene and other carotenoids—are in vitro
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antioxidants, and some evidence exists that they have in vivo antiox-
idant actions. The protective enzymes include, among others, super-
oxide dismutase, catalase, and selenium-containing glutathione per-
oxidases and thioredoxin reductase. Other antioxidant mechanisms
include stimulation of the expression of antioxidant or repair en-
zymes, as well as chelation of transition metals. A recent review of
the relationship between antioxidant supplementation and oxida-
tive damage concludes that, with the exception of vitamin E and
possibly vitamin C reducing markers of lipid peroxidation, the evi-
dence is insufficient that antioxidant supplementation leads to a
material reduction in oxidative damage in humans (McCall and
Frei, 1999).

Biomarkers of Oxidative Stress

There have been numerous tests described to evaluate the level of
markers of oxidative stress in living systems. Many of these markers
represent oxidative breakdown products of normal tissue compo-
nents and metabolites. Products derived from oxidized lipids in-
clude age pigments (lipofuscin), aldehydes, alkanes, and pros-
tanoids such as the Fy-isoprostanes derived from unsaturated fatty
acids. Oxidation of proteins produces protein carbonyls and amino
acid derivatives such as methionine sulfoxide and nitrotyrosine, de-
rived from the reaction of peroxynitrite (ONOO~) with tyrosine.
Purine and pyrimidine metabolites that are derived from oxidized
nucleic acids can be detected in tissues and in urine. Since virtually
all tissues are exposed to ROS and RNS, there will always be a base-
line production of these biomarker molecules. What is important in
evaluating the extent of oxidative stress is the change in the level of
the biomarker compared to a baseline or steady-state level.

It is quite clear that dietary change can alter the levels of some of
the biomarkers described above, and this phenomenon has been
reported when the dietary intake of fruits and vegetables has been
increased. Examples of such studies include reductions in biomark-
ers of deoxyribonucleic acid (DNA) damage (Pool-Zobel et al.,
1997) or of lipid peroxidation (Miller et al., 1998), following con-
sumption of diets rich in fruits and vegetables. Many of these stud-
ies have been reviewed recently (Halliwell, 1999).

A major problem with the use of biomarkers such as those de-
scribed above is not knowing whether they reflect processes in the
initiation of a disease state or whether they are products of a disease
state. The validity of biomarkers, either intermediate or final, will
not be settled until they are evaluated as part of intervention trials.
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A causal relationship between the formation of a biomarker of oxi-
dant stress and a chronic disease has not yet been validated.

Some attempts have been made to determine a more global mea-
sure of oxidative stress, such as TRAP (total radical-trapping antiox-
idant capability) (Wayner et al., 1985), ORAC (oxygen radical ab-
sorbance capacity) (Cao et al.,, 1993), TEAC (trolox equivalent
antioxidant capacity) (Miller et al., 1993), and FOX (ferrous oxida-
tion/xylenol orange) (Jiang et al., 1992) assays. However, because
these markers do not measure the same oxidants or antioxidant
defenses (Cao and Prior, 1998), it is difficult to validate them as
useful markers of oxidant stress.

Evidence of Oxidative Stress and Chronic Disease

Aerobic metabolism produces energy, waste products such as car-
bon dioxide, and a small, but steady stream of radical by-products
that are capable of reacting with all of the body’s constituents to
form oxidative damage products (Ames et al., 1993; Chance et al.,
1979). Calculations have been made of the number of radical spe-
cies formed per cell per day, but it is not at all clear how these
numbers relate to diseases. Since the entire population is exposed
to oxidative stresses and only a small fraction develops a chronic
disease, it is clear that at this time, it is not understood how to
evaluate the role of oxidative stress in the development of chronic
disease. The potential role of oxidative stress in six chronic disease
areas and aging is described briefly below.

Cancer

DNA is subject to damage, and either an exogenous or an endog-
enous mutagen can produce damage at a faster rate than the nor-
mal protective process of enzymatic repair (Ames et al., 1995). Un-
der these circumstances, elevated levels of excision products will
appear in the urine. The observation that 8-oxy-7,8-dihydro-2’-deox-
yguanosine (8-oxodG) is a major urinary product of both oxidative
damage to DNA and damage by ionizing radiation that produces
ROS, has served as the basis for the hypothesis that oxidative DNA
damage is carcinogenic (Ames et al., 1995). The presence of 8-
oxodG in DNA would lead to a guanine-to-thymine transversion
that would result in a DNA mutation and, depending on its loca-
tion, an altered gene product. 8-OxodG is also produced by ioniz-
ing radiation, and since this process can be carcinogenic, it has
been assumed that any condition that produces 8-oxodG will also
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be carcinogenic. However, a causal relationship between oxidative
stress to DNA and cancer in humans has not yet been established
(Poulsen et al., 1998).

A great deal of evidence based on epidemiological studies indi-
cates that consuming diets rich in fruits and vegetables is associated
with both a decrease in oxidative damage to DNA (Halliwell, 1998)
and a lower risk of a number of common cancers. There are several
mechanisms that could account for these observations, in addition
to antioxidant components that scavenge radical intermediates.
Other mechanisms include the modification of carcinogen acti-
vation by the inhibition of phase 1 enzymes, modification of car-
cinogen detoxification by phase 2 enzymes, and suppression of the
abnormal proliferation associated with preneoplastic lesions (War-
govich, 1997).

Cardiovascular Disease

Of all the chronic diseases in which excess oxidative stress has
been implicated, cardiovascular disease has the strongest support-
ing evidence. A coherent pathogenetic mechanism has been devel-
oped to account for the earliest stage in atherogenesis, namely, the
development of the fatty streak lesion. Hypercholesterolemia and,
particularly, increased concentrations of low-density lipoproteins
(LDLs) cause the accumulation of cholesterol-loaded “foam cells”
beneath the endothelial lining of major arteries, which in turn de-
velop into a fatty streak. This lesion is clinically benign but is the
precursor of later lesions (the fibrous plaque and the complex le-
sion) that ultimately give rise to clinical manifestations (angina pec-
toris and myocardial infarction) (Steinberg and Witztum, 1990).

An elevated LDL cholesterol level sufficiently increases the risk of
cardiovascular disease. Brown and Goldstein (1986) demonstrated
that the molecular defect in individuals with familial hypercholes-
terolemia was the absence of functional LDL receptors. The histo-
logical lesions in these patients cannot be differentiated from that
of lesions in individuals who have normal LDL receptors. The im-
plication therefore is that normal LDL taken up by way of the nor-
mal LDL receptor cannot be the basis for the formation of foam
cells. In other words, the LDL must first be modified somehow and
the modified form must be taken up into the monocytes or mac-
rophages via one or more alternative receptors ultimately and de-
velop into foam cells. One such modification, and the most exten-
sively studied, is LDL oxidation, and several macrophage receptors
have been shown to take up oxidatively modified LDL (oxLLDL) and
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thus develop foam cells (Navab et al., 1995; Steinberg, 1997; Stein-
berg and Witztum, 1990; Steinberg et al., 1989; Steinbrecher, 1997).

In addition to its ability to cause foam cell formation, oxI.DL can
contribute to atherogenesis by virtue of a number of properties that
differ from those of normal LDL (reviewed in Steinberg, 1997).
The key question is whether these potentially proatherogenic prop-
erties of oxLLDL are of sufficient importance that inhibition of the
generation of oxLDL by antioxidants will have a significant impact
on the rate of progression of atherosclerotic lesions.

The finding that a relationship existed between LDL levels and
the incidence of cardiovascular disease was followed by the observa-
tion that oxLDL was associated with the development of atheroscle-
rotic lesions in experimental animals. This association led to the
hypothesis that oxLDL is the causative agent in the development of
cardiovascular disease (Steinberg et al., 1989). This hypothesis has
served as the basis for a number of human intervention trials, test-
ing whether antioxidant agents capable of decreasing the extent of
oxidation of LDL and thus decreasing oxLLDL concentration might
prove useful in decreasing the incidence of cardiovascular disease.

Several biomarkers of oxidative stress have been used to evaluate
the extent of oxLLDL formation and/or the extent of oxidative dam-
age to lipids in general. OxLDL formation has been assessed after
treating individuals with dietary antioxidants and evaluating the
presence of oxLDL. In addition there have been reports of a potent
effect of supplementary antioxidants in lowering the extent of ex
vivo oxLDL formation. The results are not consistent, and as such,
it is still not possible to conclude that dietary antioxidants prevent
the formation of oxLDL in vivo. In addition, this modulation of
LDL oxidation still must be validated as a marker of risk for cardio-
vascular disease (Zock and Katan, 1998).

The appearance of Fy-isoprostanes in urine has been suggested by
a number of investigators as a reliable index of in vivo free radical
generation and oxidative lipid formation. There is very strong evi-
dence from animal studies that Fy-isoprostanes increase in plasma
and urine as a result of oxidative stress, and in humans, these prod-
ucts are elevated in smokers (Morrow et al., 1995). Evidence is grad-
ually accumulating that supplementary antioxidants, and vitamin E
in particular, can both affect the level of Fy-isoprostanes in animal
models of atherosclerosis and decrease the extent of arterial wall
lesions (Pratico et al., 1998). Similar results have been obtained in
humans (Hodis et al., 1995). Although some reviews point out that
the protective role of antioxidants in animal models of atheroscle-
rosis is only partially confirmed in human studies (Faggiotto et al.,
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1998), others are much more supportive of a protective role for
vitamin E in coronary heart disease (Pryor, 2000).

Cataracts

There have been a number of observational epidemiological stud-
ies of the risk of developing cataracts in humans. Many of these
studies indicate that the risk of cataracts may be inversely propor-
tional to the serum level of antioxidants (Knekt et al., 1992; Taylor
et al., 1995) or may be reduced by supplement use (Jacques et al.,
1997). These studies, however, have been considered to be incon-
clusive (Christen et al., 1996a; Leske et al., 1998). In the Alpha-
Tocopherol, Beta-Carotene Cancer Prevention Study, 5 to 8 years of
daily supplementation with either 50 mg of vitamin E or 20 mg of -
carotene or both resulted in no difference in the prevalence of
cataracts in the men in this study (Teikari et al., 1997).

Age-Related Macular Degeneration

This irreversible disease, which is the major form of blindness in
the elderly in the United States, Canada, and Europe, has been
related to antioxidants found in the diet. This is because the pig-
ment in the macular region of the normal retina consists of the two
xanthophyll carotenoids, lutein and zeaxanthin (Bone et al., 1988;
Handelman et al., 1988). This observation, coupled with the epide-
miological observations of an inverse relationship between the risk
of age-related macular degeneration (AMD) and the ingestion of
fruits and vegetables (Goldberg et al., 1988), led a number of groups
to propose that the basis of this chronic disease was a nutritional
deficiency of green, leafy vegetables and yellow and orange fruits
and vegetables that were rich in lutein and zeaxanthin (EDCCSG,
1992; Seddon et al., 1994; Snodderly, 1995). Another association
was the observation that smokers, who have lower plasma levels of
carotenoids, also have a lower macular pigment (lutein and zeaxan-
thin) density (Hammond et al., 1996) and an increased risk of de-
veloping AMD (Christen et al., 1996b). However, all of these re-
ports are associative in nature and do not demonstrate a causal
relationship between deficiencies of lutein and zeaxanthin and de-
velopment of AMD.
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Central Neurodegenerative Diseases

There is increasing evidence that a number of common neuro-
degenerative diseases, such as Alzheimer’s disease, Parkinson’s dis-
ease, multiple sclerosis, and amyotrophic lateral sclerosis may in-
clude adverse responses to oxidative stress. Small intervention trials
in patients with these diagnoses have reported some improvement
with either vitamin E (Muller, 1994; Sano et al., 1997) or vitamin C
(Morris et al., 1998; Riviere et al., 1998), but it is still too early to
draw any conclusions as to the usefulness of these compounds in
these diseases, or to their ability to delay onset of the disease.

Diabetes Mellitus

Cardiovascular complications are the major causes of death in
diabetes. The incidence of coronary heart disease in type II diabe-
tes is significantly higher than that in the general population (Kan-
nel and McGee, 1979). In addition, individuals with diabetes expe-
rience microvascular complications (retinopathy, neuropathy, and
nephropathy) secondary to their hyperglycemia. Thus, oxidative
processes also may play an important role in the development or
progression of diabetes mellitus.

In vitro oxidation of LDL from patients with diabetes mellitus
proceeds at an accelerated rate, which suggests that they are more
susceptible to the atherogenic process (Chisolm et al., 1992; Nishiga-
ki etal., 1981; Reaven et al., 1995; Tsai et al., 1994). The several ways
in which oxLDL is potentially more atherogenic than native LDL
have been discussed above (see section “Cardiovascular Disease”).

Diabetics tend to have smaller, denser LDL (associated with hy-
pertriglyceridemia) and these LDLs are more susceptible to oxida-
tive modification ex vivo (Feingold et al., 1992). The TRAP of plas-
ma from patients with insulin-dependent diabetes is decreased (Tsai
etal. 1994), which may account in part for the greater susceptibility
of their LDL to oxidation.

Microvascular complications are believed to be the ultimate con-
sequences of nonenzymatic glycosylation and the progressive accu-
mulation of advanced glycosylation end products (AGEs). There is
evidence that the formation of these complex carbohydrate-protein
and carbohydrate-lipid complexes is accompanied and accelerated
by oxidative processes, which may lead to diabetic complications
(Brownlee et al., 1988; Dyer et al., 1993; Hunt et al., 1988; McCance
et al., 1993; Mullarkey et al., 1990). The glycosylation process is
associated with increased formation of free radicals, and the possi-
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bility that treatment with antioxidants might slow the development
of AGEs is under investigation.

The issue of whether modifications observed in plasma and tissue
proteins in patients with diabetes are due to an oxidative stress or a
stress from reactive carbonyls has been discussed by Baynes and
Thorpe (1999). A number of studies have tried altering the patho-
biology of diabetes by treating patients with either single antioxi-
dant-type compounds or combinations of compounds with antioxi-
dant properties. The results have been inconclusive, which may
reflect the fact that the underlying pathology is not caused exclu-
sively by an oxidative stress, but by an inability to metabolize and
inactivate reactive carbonyls appropriately. Under these circum-
stances, the oxidative damage may be exacerbated, resulting in an
increase in many of the markers associated with oxidative stress but
not caused directly by oxidative stress (Baynes and Thorpe, 1999).

Aging

Aging is not in itself a chronic disease, but rather is characterized
by the active or passive presence of a chronic disease (cardiovascu-
lar disease, cancer, cataracts, Alzheimer’s disease, etc.). It is not
clear if an accumulation of chronic insults and weakened defenses
renders the aging individual more susceptible to various diseases.
Do antioxidants play a role in preventing aging or prolonging life?
There is no direct evidence in humans for such an effect, although
vitamin E supplementation appears to improve some immune re-
sponses in the elderly (Meydani et al., 1997). There have been sug-
gestions that supplementing older animals with antioxidants may
improve various physiological functions (Hagen et al., 1999), but
the only experimental intervention that has resulted in prolonga-
tion of the life span of the animals has been the drastic reduction of
food consumption (Pariza and Boutwell, 1987). Whether such a
protocol would delay aging in humans has not yet been studied.
Whether dietary antioxidants can lead to healthier aging remains to
be proven.

CONCLUSIONS

There is little doubt that an imbalance in the production of free
radicals and other reactive species and the natural protective sys-
tems available to organisms can lead to the production of oxidized
products of lipids, nucleic acids, and proteins. These oxidation
products, or biomarkers of this imbalance, may be related to early
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events in certain chronic diseases. However, they have not yet been
adequately validated as markers of the onset, progression, or regres-
sion of any chronic diseases. Although vitamin C, vitamin E, and
selenium have been shown to decrease the concentrations of some
of the biomarkers associated with oxidative stress, the relationship
between such observations and chronic disease remain to be eluci-
dated. As a consequence, it has not been possible to establish that
dietary antioxidants or other nutrients that can alter the levels of
these biomarkers are themselves causally related to the develop-
ment or prevention of chronic diseases.
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Vitamin C, Vitamin E,
Selenium, and B-Carotene
and Other Carotenoids:
Methods

METHODOLOGICAL CONSIDERATIONS
Types of Data Used

A number of disciplines have made key contributions to the evi-
dence linking antioxidants to outcomes that may relate to human
health (e.g., Hennekens and Buring, 1987). Basic biological re-
search often involving animal models, provides crucial information
on mechanisms that may link nutrient consumption to beneficial or
adverse health outcomes. Clinical and epidemiological observation-
al studies likewise play a valuable role in generating and testing
hypotheses concerning the health risks and benefits of nutrient in-
take patterns. Randomized clinical trials in population groups of
interest have the potential to provide definitive comparisons be-
tween selected nutrient intake patterns and subsequent health-
related outcomes. Note, however, that randomized trials attempt-
ing to relate diet to disease states also have important limitations,
which are elaborated below.

Animal Models

Basic research using experimental animals affords considerable
advantage in terms of control of nutrient exposures, environmental
factors, and even genetics. In contrast, the relevance to free-living
humans may be unclear. In addition, dose levels and routes of ad-
ministration that are practical and possible in animal experiments
may differ greatly from those that are relevant to or possible with
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humans. Nevertheless, results from animal feeding experiments
regarding vitamin C, vitamin E, selenium, and B-carotene and other
carotenoids were included in the evidence reviewed in developing
the decisions concerning the ability to specify the Dietary Refer-
ence Intakes (DRIs) for these nutrients.

Human Feeding Studies

Controlled feeding studies, usually in a confined setting such as a
metabolic ward, can yield valuable information on the relationship
between nutrient consumption and health-related biomarkers.
Much of the understanding of human nutrient requirements to pre-
vent deficiencies is based on studies of this type. Studies in which
the subjects are confined allow for close control of both intake and
activities. Complete collections of nutrient losses through urine and
feces are possible, as is recurring sampling of biological materials
such as blood. Nutrient balance studies measure nutrient status in
relation to intake, whereas depletion-repletion studies measure nu-
trient status while subjects are maintained on diets containing mar-
ginally low or deficient levels of a nutrient, followed by correction
of the deficit with measured amounts of the nutrient. However,
these studies have several limitations: typically they are limited in
time to a few days or weeks, so longer-term outcomes cannot be
measured with the same level of accuracy. In addition, subjects may
be confined, and therefore findings cannot be generalized to free-
living individuals. Finally, the time and expense involved in such
studies usually limit the number of subjects and the number of
doses or intake levels that can be tested.

In spite of these limitations, feeding studies play an important
role in understanding nutrient needs and metabolism. Such data
were considered in the DRI process and were given particular atten-
tion in the absence of reliable data with which to directly relate
nutrient intake to disease risk.

Observational Studies

In comparison, observational epidemiological studies are fre-
quently of direct relevance to free-living humans but lack the con-
trolled setting of human feeding studies. Hence they may be able to
establish convincing evidence of an association between the con-
sumption of a nutrient and disease risk, but they are limited in their
ability to ascribe a causal relationship. A judgment of causality may
be supported by a consistency of association among studies in di-
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verse populations and may be strengthened by the use of laborato-
ry-based tools to measure exposures and confounding factors, rath-
er than other means of data collection such as personal interviews.
In recent years, rapid advances in laboratory technology have made
possible the increased use of biomarkers of exposure, susceptibility,
and disease outcome in molecular epidemiological research. For
example, one area of great potential in advancing current knowl-
edge of the effects of diet on health is the study of genetic markers
of disease susceptibility (especially polymorphisms in genes that en-
code metabolizing enzymes) in relation to dietary exposures. This
development is expected to provide more accurate assessments of
the risk associated with different levels of intake of both nutrients
and nonnutritive food constituents.

While analytic epidemiological studies (studies that relate expo-
sure to disease outcomes in individuals) have provided convincing
evidence of an associative relationship between selected nondietary
exposures and disease risk, there are a number of other factors that
limit study reliability in research relating nutrient intakes to disease
risks. First, the variation in nutrient intake may be rather limited in
populations selected for study. This feature alone may yield modest
relative risk trends across intake categories in the population, even
if the nutrient is an important factor in explaining large disease
rate variations among populations.

Second, the human diet is a complex mixture of foods and nutri-
ents including many substances that may be highly correlated, which
gives rise to particular concerns about confounding. Third, many
cohort and case-control studies have relied on self-reports of diet,
typically food records, 24-hour recalls, or diet history questionnaires.
Repeated application of such instruments to the same individuals
show considerable variation in nutrient consumption estimates from
one time to another with correlations often in the 0.3 to 0.7 range
(e.g., Willett et al., 1985). In addition, there may be systematic bias
in nutrient consumption estimates from self-reports because the
reporting of food intakes and portion sizes may depend on individ-
ual characteristics such as body mass, ethnicity, and age. For exam-
ple, total energy consumption may tend to be substantially underre-
ported (30 to 50 percent) among obese persons, with little or no
underreporting among lean persons (Heitmann and Lissner, 1995).
Such systematic bias, in conjunction with random measurement er-
ror and limited intake range, has the potential to greatly impact
analytic epidemiological studies based on self-reported dietary hab-
its. Note that cohort studies using objective (biomarker) measures
of nutrient intake may have an important advantage concerning
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the avoidance of systematic bias, although important sources of bias
(e.g., confounding) may remain.

Randomized Clinical Trials

By allocating subjects to the (nutrient) exposure of interest at
random, clinical trials eliminate the confounding that may be intro-
duced in observational studies by self-selection. The unique strength
of randomized trials is that, if the sample is large enough, the study
groups will be comparable with respect not only to those confound-
ing variables known to the investigators, but also to any unknown
factors that might be related to risk of the disease. Thus, random-
ized trials achieve a degree of control of confounding that is simply
not possible with any observational design strategy and thus allow
for the testing of small effects that are beyond the ability of observa-
tional studies to detect reliably.

Although randomized controlled trials represent the accepted
standard for studies of nutrient consumption in relation to human
health, they too possess important limitations. Specifically, persons
agreeing to be randomized may be a select subset of the population
of interest, which limits the generalization of trial results. For prac-
tical reasons, only a small number of nutrients or nutrient combina-
tions at a single intake level are generally studied in a randomized
trial (although a small number of intervention trials to compare
specific dietary patterns have been initiated in recent years). In ad-
dition, the follow-up period will typically be short relative to the
preceding period of nutrient consumption that may be relevant to
the health outcomes under study particularly if chronic disease end-
points are sought. Also, dietary intervention or supplementation
trials tend to be costly and logistically difficult, and the mainte-
nance of intervention adherence can be a particular challenge.

Because of the many complexities in conducting studies among
free-living human populations and the attendant potential for bias
and confounding, it is the totality of the evidence from both obser-
vational and intervention studies, appropriately weighted, that must
form the basis for conclusions regarding causal relationships be-
tween particular exposures and disease outcomes.

Weighing the Fuidence

As a principle, only studies published in peer-reviewed journals
have been used in this report. However, studies published in other
scientific journals or readily available reports were considered if
they appeared to provide important information not documented
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elsewhere. To the extent possible, original scientific studies have
been used to derive the DRIs. Based on a thorough review of the
scientific literature, clinical and functional indicators of nutritional
adequacy and excess were identified for each nutrient.

The quality of the studies was considered in weighing the evi-
dence. The characteristics examined included the study design and
the representativeness of the study population; the validity, reliabil-
ity, and precision of the methods used for measuring intake and
indicators of adequacy or excess; the control of biases and con-
founding factors; and the power of the study to demonstrate a given
difference or correlation. Publications solely expressing opinions
were not used in setting DRIs. The assessment acknowledged the
inherent reliability of each type of study design as described above
and applied standard criteria concerning the strength, dose-re-
sponse, and temporal pattern of estimated nutrient-disease or ad-
verse effect associations; the consistency of associations among stud-
ies of various types; and the specificity and biological plausibility of
the suggested relationships (Hill, 1971). For example, biological
plausibility would not be sufficient in the presence of a weak associ-
ation and lack of evidence that exposure preceded the effect.

Data were examined to determine whether similar estimates of
the requirement resulted from the use of different indicators and
different types of studies. For a single nutrient, the criterion for
setting the Estimated Average Requirement (EAR) may differ from
one life stage group to another because the critical function or the
risk of disease may be different. When no or very poor data were
available for a given life stage group, extrapolation was made from
the EAR or Adequate Intake (AlI) set for another group, by making
explicit and logical assumptions about relative requirements. Be-
cause EARs can be used for multiple purposes, they were estab-
lished whenever sufficient supporting data were available.

Data Limitations

Although the reference values are based on data, the data were
often scanty or drawn from studies that had limitations in address-
ing the various questions that confronted the panel. Therefore,
many of the questions raised about the requirements for and rec-
ommended intakes of these nutrients cannot be answered fully be-
cause of inadequacies in the present database. Apart from studies of
overt deficiency diseases, there is a dearth of studies that address
specific effects of inadequate intakes on specific indicators of health
status, and thus a research agenda is proposed (see Chapter 10).
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Thus, after careful review and analysis of the evidence, including
examination of the extent of congruent findings, scientific judg-
ment was used to determine the basis for establishing the values.
The reasoning used is described for each nutrient in Chapters 5
through 8.

Pathways to Nutrient Requirements

The possible pathways that were considered in determining the
requirement for each nutrient include the following:

1. The availability of a convincing totality of evidence, including
randomized clinical trial data, that the nutrient reviewed reduces
the risk of important health outcomes—demonstration that a bio-
marker of exposure influences a specific health outcome consti-
tutes a key component of this body of evidence.

2. The availability of a convincing totality of evidence, including
randomized clinical trial data, that the nutrient reviewed favorably
affects a selected functional marker—this pathway was used with
caution in view of the many examples where intervention effects on
an intermediate outcome (biomarker) proved to be inconsistent
with intervention effects on the chronic disease of interest.

3. The presence of a clinically important deficiency disease or
nutritional syndrome that has been demonstrated to relate specifi-
cally to an inadequate intake of the nutrient reviewed—this pathway
is facilitated by considering intakes needed to ensure adequate body
stores or reserves of the nutrient or of pertinent compounds that the
body produces in response to adequate intake of the nutrient.

Method to Determine the Adequate Intake for Infants

The Al for young infants is generally taken to be the average
intake by full-term infants who are born to apparently healthy, well-
nourished mothers and are exclusively fed human milk. The extent
to which the intake of a nutrient from human milk may exceed the
actual requirements of infants is not known, and the ethics of ex-
perimentation preclude testing the levels known to be potentially
inadequate. Using the infant exclusively fed human milk as a model
is in keeping with the basis for earlier reccommendations for intake
(e.g., Health Canada, 1990; IOM, 1991). It also supports the recom-
mendation that exclusive intake of human milk is the preferred
method of feeding for normal full-term infants for the first 4 to 6
months of life. This recommendation has been made by the Cana-
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dian Paediatric Society (Health Canada, 1990), the American Acad-
emy of Pediatrics (AAP, 1997), the Institute of Medicine (IOM,
1991), and many other expert groups, even though most U.S. ba-
bies no longer receive human milk by age 6 months.

In general, this report does not cover possible variations in physi-
ological need during the first month after birth or the variations in
intake of nutrients from human milk that result from differences in
milk volume and nutrient concentration during early lactation.

In keeping with the decision made by the Standing Committee on
the Scientific Evaluation of Dietary Reference Intakes, specific DRIs
to meet the needs of formula-fed infants have not been proposed in
this report. The use of formula introduces a large number of com-
plex issues, one of which is the bioavailability of different forms of
the nutrient in different formula types.

Ages O through 6 Months

To derive the Al value for infants ages 0 through 6 months, the
mean intake of a nutrient was calculated based on (1) the average
concentration of the nutrient from 2 to 6 months of lactation using
consensus values from several reported studies, if possible, and (2)
an average volume of milk intake of 0.78 L/day. This volume was
reported from studies that used test weighing of full-term infants.
In this procedure, the infant is weighed before and after each feed-
ing (Allen et al., 1991; Butte et al., 1984; Chandra, 1984; Hofvander
et al., 1982; Neville et al., 1988). Because there is variation in both
the composition of milk and the volume consumed, the computed
value represents the mean. It is expected that infants will consume
increased volumes of human milk during growth spurts.

Ages 7 through 12 Months

During the period of infant growth and gradual weaning to a
mixed diet of human milk and solid foods from ages 7 through 12
months, there is no evidence for markedly different nutrient needs
for this group of nutrients. The basis of the Al values derived for
this age category was the sum of (1) the content of the nutrient
provided by 0.60 L/day of human milk, which is the average volume
of milk reported from studies of infants who receive only human
milk in this age category (Heinig et al., 1993), and (2) that pro-
vided by the usual intakes of complementary weaning foods con-
sumed by infants in this age category. Such an approach is in keep-
ing with current recommendations of the Canadian Paediatric
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Society (Health Canada, 1990), the American Academy of Pediat-
rics (AAP, 1997), and the Institute of Medicine (IOM, 1991) for
continued feeding of infants with human milk through 9 to 12
months of age, with appropriate introduction of solid foods. Seleni-
um and vitamin C had published information about the intake from
solid foods for infants aged 7 through 12 months, and thus followed
this method.

For vitamin E, which did not have intake data from solid foods,
the Al was calculated by extrapolating upward from the Al for in-
fants ages 0 through 6 months, adjusting for metabolic body size
and growth, and adding a factor for variability. The method is de-
scribed below.

Method for Extrapolating Data from Adults to Children
Setting the EAR or AI

For vitamin C, vitamin E, and selenium, data were not available to
set the EAR and RDA for children ages 1 year and older and adoles-
cents. Because vitamin C is a water-soluble vitamin and boys have a
larger lean body mass and total body water than girls, the adult EAR
was adjusted for children and adolescents on the basis of differenc-
es in reference weights from Table 1-1. For vitamin E and selenium,
the EAR has been extrapolated downward using an adjustment for
metabolic body size and growth. The method relies on at least four
assumptions:

1. Maintenance needs for vitamin E and selenium expressed
with respect to body weight ([kilogram of body weight]7%) are the
same for adults and children. Scaling requirements to the 0.75 pow-
er of body mass adjusts for metabolic differences demonstrated to
be related to body weight, as described by Kleiber (1947) and ex-
plored further by West et al. (1997). By this scaling, a child weigh-
ing 22 kg would require 42 percent of what an adult weighing 70 kg
would require—a higher percentage than if the requirement were
based on body weight to a power of one.

2. The EAR for vitamin E and selenium for adults is an estimate
of maintenance needs.

3. The percentage of extra vitamin E and selenium needed for
growth is comparable with the percentage of extra protein needed
for growth.

4. On average, total needs do not differ substantially for males
compared to females until age 14, when reference weights differ.
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The formula for the extrapolation is
EAR 4 = EAR 4, (F),

where F = (Weight,, ,,/Weight_,,)%" (1 + growth factor). Refer-
ence weights from Table 1-1 are used. If the EAR differs for men
and women, the reference weight used for adults in the equation
differs by gender; otherwise, the average for men and women is
used unless the value for women is derived from data on men. The
approximate proportional increase in protein requirements for
growth (FAO/WHO/UNA, 1985) is used as an estimate of the
growth factor as shown in Table 3-1. If only an Al has been set for
adults, it is substituted for the EAR in the above formula, and an Al
is calculated; no RDA is set.

Setting the RDA for Children

To account for variability in requirements because of growth rates
and other factors, a 10 percent coefficient of variation (CV) for the
requirement is assumed unless data are available to support anoth-
er value, as described in Chapter 1.

Method for Extrapolating Data from Young to Older Infants

This adjustment, the metabolic weight ratio method, involves met-
abolic scaling but does not adjust for growth because it is based on a
value for a growing infant. To extrapolate from the Al for infants
ages 0 through 6 months to an Al for infants ages 7 through 12
months, the following formula is used:

AI7—12 mo AIO—G mo (F) ’
where F = (Weight, |, ../ Weight, ¢ ..)%7.

TABLE 3-1 Estimated Growth Factor by Age Group

Age Group Growth Factor
7 mo-3y 0.30
4-8y 0.15
9-13 y 0.15

14-18 y

Males 0.15

Females 0.0

SOURCE: Proportional increase in protein requirements for growth from FAO/WHO/
UNA (1985) used to estimate the growth factor.
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Methods for Determining Increased Needs for Pregnancy

It is known that the placenta actively transports vitamin C, vitamin
E, and selenium from the mother to the fetus (Hytten and Leitch,
1971). However, for these three nutrients, experimental data that
could be used to set an EAR and RDA for pregnancy are lacking. In
these cases the potential of increased need for these nutrients dur-
ing pregnancy is based on theoretical considerations, including
obligatory fetal transfer, if data are available, and increased mater-
nal needs related to increases in energy or protein metabolism, as

applicable.

Methods to Determine Increased Needs for Lactation

For vitamin C, vitamin E, and selenium, it is assumed that the
total requirement of lactating women equals the requirement for
the nonpregnant, nonlactating woman of similar age plus an incre-
ment to cover the amount of the nutrient needed for milk produc-
tion. To allow for inefficiencies in use of these nutrients, the incre-
ment may be somewhat greater than the amount of the nutrient
contained in the milk produced. Details are provided in each nutri-
ent chapter.

ESTIMATES OF LABORATORY VALUES

Substantial changes in analytical methods have occurred during
the more than 40 years of studies considered in this report. Al-
though the requirement for vitamin C is based on recent data, the
studies that were utilized to determine the vitamin E requirement
are 40 years old. Methodological problems have been documented
for vitamin E intake assessment from food (see Chapter 6).

NUTRIENT INTAKE ESTIMATES

Reliable and valid methods of food composition analysis are cru-
cial in determining the intake of a nutrient needed to meet a re-
quirement. For vitamin E and selenium, analytic methods to deter-
mine the content of the nutrient in food have serious limitations,
the specifics of which are discussed in Chapters 5 through 8.

Methodological Considerations

The quality of nutrient intake data varies widely across studies.
The most valid intake data are those collected from metabolic study
protocols in which all food is provided by the researchers, amounts
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consumed are measured accurately, and the nutrient composition
of the food is determined by reliable and valid laboratory analyses.
Such protocols are usually possible with only a small number of
subjects. Thus, in many studies, intake data are self-reported (e.g.,
through 24-hour recalls of food intake, diet records, or food fre-
quency questionnaires).

Potential sources of error in self-reported intake data include over-
or underreporting of portion sizes and frequency of intake, omis-
sion of foods, and inaccuracies related to the use of food composi-
tion tables (Lichtman et al., 1992; Mertz et al., 1991). In addition,
errors can occur due to a lack of information on how a food was
manufactured, prepared, and served, because a high percentage of
the food consumed in the United States and Canada is not pre-
pared from scratch in the home. Therefore, the values reported by
nationwide surveys or studies that rely on selfreporting may be
somewhat inaccurate and possibly biased.

Four sources of measurement error are particularly important
with regard to vitamin E intake: (1) energy intake is underreported
in national surveys (Mertz et al., 1991), and fat intake (which serves
as a major carrier for vitamin E) is likely to be more underreported
than energy intake in the Third National Health and Nutrition Ex-
amination Survey (NHANES III) (Briefel et al., 1997); (2) the
amount of fats and oils added during food preparation (and ab-
sorbed into the cooked product) is difficult to assess using diet
recall methodologies, yet it contributes substantially to vitamin E
intake; (3) uncertainties about the particular fats or oils consumed,
particularly when food labels do not indicate the specific fat or oil
in the product (e.g. “this product may contain partially hydrogenat-
ed soybean and/or cottonseed oil or vegetable 0il”) necessitate a
reliance on default selections (and thus assumptions about the rela-
tive content of o- and y-tocopherols; and (4) due to the small num-
ber of samples, the vitamin E content of food sources in the Con-
tinuing Survey of Food Intakes by Individuals (CSFII) and NHANES
III databases is quite variable (J. Holden, Agricultural Research Ser-
vice, USDA, personal communication, April 13, 1999).

Food composition databases that are used to calculate nutrient
intake from self-reported and observed intake data introduce errors
due to random variability, genetic variation in the nutrient content,
analytical errors, and missing or imputed data. In general, when
nutrient intakes for groups are estimated, the effect of errors in the
composition data is probably considerably smaller than the effect of
errors in the self-reported intake data (NRC, 1986). It is not known
to what extent this is true for vitamin C, vitamin E, selenium, or -
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carotene and other carotenoids. However, adult men and women
participating in NHANES IIT underreported energy intake by about
23 percent, as well as fat intake (which serves as a carrier for vitamin
E) when expressed as a percentage of total energy intake (Briefel et
al., 1997).

Adjusting for Day-to-Day Variation

Because of day-to-day variation in dietary intakes, the distribution
of 1-day (or 2-day) intakes for a group is wider than the distribution
of usual intakes even though the mean intake may be the same (for
further elaboration, see Chapter 9). To reduce this problem, statis-
tical adjustments have been developed (NRC, 1986; Nusser et al.,
1996) that require at least 2 days of dietary data from a representa-
tive subsample of the population of interest. However, no accepted
method is available to adjust for the underreporting of intake, which
may average as much as 20 percent for energy (Mertz et al., 1991).

DIETARY INTAKES IN THE UNITED STATES AND CANADA

Sources of Dietary Intake Data

The major sources of current dietary intake data for the U.S. pop-
ulation are the Third National Health and Nutrition Examination
Survey (NHANES III), which was conducted from 1988 to 1994 by
the U.S. Department of Health and Human Services, and the Con-
tinuing Survey of Food Intakes by Individuals (CSFII), which was
conducted from 1994 to 1996 by the U.S. Department of Agricul-
ture (USDA). NHANES III examined 30,000 subjects aged 2 months
and older. A single 24-hour diet recall was collected for all subjects.
A second recall was collected for a 5 percent nonrandom subsam-
ple to allow adjustment of intake estimates for day-to-day variation.
The 1994 to 1996 CSFII collected two nonconsecutive 24-hour re-
calls from approximately 16,000 subjects of all ages. Both surveys
used the food composition database developed by USDA to calcu-
late nutrient intakes (Perloff et al., 1990). National survey data for
Canada are not currently available, but data for vitamin C have
been collected in Québec and Nova Scotia. The extent to which
these data are applicable nationwide is not known.

Appendix D gives the mean and the first through ninety-ninth
percentiles of dietary intakes of vitamin C and vitamin E by age
from the CSFII, adjusted for day-to-day variation by the method of
Nusser et al. (1996). Appendix C provides comparable information
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for vitamin C, vitamin E, and selenium from NHANES III, adjusted
by methods described by the National Research Council (NRC,
1986) and by Feinleib et al. (1993) for persons aged 6 years and
older. Appendix E provides means and selected percentiles of di-
etary intakes of vitamin C for individuals in Québec and Nova Scotia.

Sources of Supplement Intake Data

Although subjects in the CSFII are asked about the use of dietary
supplements, quantitative information is not collected. Data on sup-
plement intake obtained from NHANES III were reported as a part
of total nutrient intake (Appendix C). NHANES III data on overall
prevalence of supplement use are also available (LSRO/FASEB,
1995). In 1986, the National Health Interview Survey queried 11,558
adults and 1,877 children on their intake of supplements during
the previous 2 weeks (Moss et al., 1989). The composition of the
supplement was obtained directly from the product label whenever
possible. Table 3-2 shows the percentage of adults, by age, taking
supplements of vitamin C, vitamin E, or selenium.

Food Sources of Vitamin C, Vitamin E, Selenium, and Carotenoids

For some nutrients in this report, two types of information are
provided about food sources of nutrients: identification of the foods
that are the major contributors of the nutrient to diets in the Unit-
ed States and food sources of the nutrient. The determination of
foods that are major contributors depends on both the nutrient

TABLE 3-2 Percentage of Persons Taking Vitamin
Supplements by Sex, Age, and Type of Vitamin Used: National
Health Interview Survey, United States, 1986

Females Males
All All
Supplement Adults Adults
Taken 18+y 18-44y 45-64y 65+y 18+y 18-44y 45-64y 65+y

Vitamin C 33.6 32.7 35.7 33.3 278 27.7 28.4 27.2
Vitamin E 28.9 28.5 30.3 27.9 23.1 22.4 24.4 23.9
Selenium 10.3 10.5 10.2 10.2 8.1 8.3 7.1 8.7

NOTE: The high use of supplements by pregnant women is not reflected in this table.
SOURCE: Moss et al. (1989).
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content of a food and the total consumption of that food (amount
and frequency). Therefore, a food that has a relatively low concen-
tration of the nutrient might still be a large contributor to total
intake if it is consumed in relatively large amounts. In contrast, the
food sources listed are those with the highest concentration of the
nutrient; no consideration is given to the amount consumed.

SUMMARY

General methods for examining and interpreting the evidence on
requirements for vitamin C, vitamin E, and selenium, with special
attention given to infants, children, and pregnant and lactating
women; methodological problems; and dietary intake data are pre-
sented in this chapter. Relevant detail is provided in the nutrient
chapters.
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A Model for the Development
of Tolerable Upper Intake
Levels for Nutrients

BACKGROUND

The Tolerable Upper Intake Level (UL) is the highest level of daily
nutrient intake that is likely to pose no risk of adverse health effects
to almost all individuals in the general population. As intake in-
creases above the UL, the risk of adverse effects increases. The term
tolerable is chosen because it connotes a level of intake that can, with
high probability, be tolerated biologically by individuals; it does not
imply acceptability of this level in any other sense. The setting of a
UL does not indicate that nutrient intakes greater than the Recom-
mended Dietary Allowance (RDA) or Adequate Intake (Al) are rec-
ommended as being beneficial to an individual. Many individuals
are self-medicating with nutrients for perceived prophylactic or cur-
ative purposes. It is beyond the scope of the model at this time to
address whether there are benefits of higher nutrient intakes that
may offset the risk of adverse effects. The UL is not meant to apply
to individuals who are being treated with the nutrient or food com-
ponent under medical supervision or to individuals with predispos-
ing conditions that modify their sensitivity to the nutrient or food
component. This chapter describes a model for developing ULs.

The term adverse effect is defined as any significant alteration in
the structure or function of the human organism (Klaassen et al.,
1986) or any impairment of a physiologically important function
that could lead to a health effect that is adverse. This is in accor-
dance with the definition set by the joint World Health Organiza-
tion, Food and Agriculture Organization of the United Nations,
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and International Atomic Energy Agency Expert Consultation in
Trace Elements in Human Nutrition and Health (WHO, 1996). In the
case of nutrients, it is exceedingly important to consider the possi-
bility that the excessive intake of one nutrient may alter in detri-
mental ways the health benefits conferred by another. Any such
alteration (referred to as an adverse nutrient-nutrient interaction)
is considered an adverse health effect. When evidence for such ad-
verse interactions is available, it is considered in establishing a nu-
trient’s UL.

ULs are useful because of the increased interest in and availability
of fortified foods, the increased use of dietary supplements, and the
growing recognition of the health consequences of excesses, as well
as inadequacies of nutrient intakes. ULs are based on total intake of
a nutrient from food, water, and supplements if adverse effects have
been associated with total intake. However, if adverse effects have
been associated with intake from supplements or food fortificants
only, the UL is based on nutrient intake from these sources only,
not on total intake. The UL applies to chronic daily use.

For many nutrients, there are insufficient data on which to devel-
op a UL. This does not mean that there is no potential for adverse
effects resulting from high intake. When data about adverse effects
are extremely limited, extra caution may be warranted.

Like all chemical agents, nutrients can produce adverse health
effects if intakes from any combination of food, water, nutrient sup-
plements, and pharmacological agents are excessive. Some lower
level of nutrient intake will ordinarily pose no likelihood (or risk)
of adverse health effects in normal individuals even if the level is
above that associated with any benefit. It is not possible to identify a
single risk-free intake level for a nutrient that can be applied with
certainty to all members of a population. However, it is possible to
develop intake levels that are unlikely to pose risk of adverse health
effects for most members of the general population, including sen-
sitive individuals. For some nutrients or food components, these
intake levels may however pose a risk for subpopulations with ex-
treme or distinct vulnerabilities.

Whether routine, long-term intake above the UL is safe is not well
documented. Although members of the general population should
not routinely exceed the UL, intake above the UL may be appropri-
ate for investigation within well-controlled clinical trials. Clinical
trials of doses above the UL should not be discouraged, as long as
subjects participating in these trials have signed informed consent
documents regarding possible toxicity and as long as these trials
employ appropriate safety monitoring of trial subjects.
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MODEL FOR DERIVATION OF TOLERABLE
UPPER INTAKE LEVELS

The possibility that the methodology used to derive Tolerable
Upper Intake Levels (ULs) might be reduced to a mathematical
model that could be generically applied to all nutrients was consid-
ered. Such a model might have several potential advantages, includ-
ing ease of application and assurance of consistent treatment of all
nutrients. It was concluded, however, that the current state of scien-
tific understanding of toxic phenomena in general, and nutrient
toxicity in particular, is insufficient to support the development of
such a model. Scientific information regarding various adverse ef-
fects and their relationships to intake levels varies greatly among
nutrients and depends on the nature, comprehensiveness, and qual-
ity of available data. The uncertainties associated with the unavoid-
able problem of extrapolating from the circumstances under which
data are developed (e.g., the laboratory or clinic) to other circum-
stances (e.g., the apparently healthy population) adds to this com-
plexity.

Given the current state of knowledge, any attempt to capture in a
mathematical model all the information and scientific judgments
that must be made to reach conclusions regarding ULs would not
be consistent with contemporary risk assessment practices. Instead,
the model for the derivation of ULs consists of a set of scientific
factors that always should be considered explicitly. The framework
under which these factors are organized is called risk assessment. Risk
assessment (NRC, 1983, 1994) is a systematic means of evaluating
the probability of occurrence of adverse health effects in humans
from excess exposure to an environmental agent (in this case, a
nutrient or food component) (FAO/WHO, 1995; Health Canada,
1993). The hallmark of risk assessment is the requirement to be
explicit in all the evaluations and judgments that must be made to
document conclusions.

RISK ASSESSMENT AND FOOD SAFETY

Basic Concepts

Risk assessment is a scientific undertaking having as its objective a
characterization of the nature and likelihood of harm resulting from
human exposure to agents in the environment. The characteriza-
tion of risk typically contains both qualitative and quantitative infor-
mation and includes a discussion of the scientific uncertainties in
this information. In the present context, the agents of interest are
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nutrients, and the environmental media are food, water, and non-
food sources such as nutrient supplements and pharmacological
preparations.

Performing a risk assessment results in a characterization of the
relationships between exposure to an agent and the likelihood that
adverse health effects will occur in members of exposed populations.
Scientific uncertainties are an inherent part of the risk assessment
process and are discussed below. Deciding whether the magnitude
of exposure is acceptable or tolerable in specific circumstances is not a
component of risk assessment; this activity falls within the domain of
risk management. Risk management decisions depend on the results
of risk assessments but may also involve the public health signifi-
cance of the risk, the technical feasibility of achieving various de-
grees of risk control, and the economic and social costs of this con-
trol. Because there is no single, scientifically definable distinction
between safe and unsafe exposures, risk management necessarily
incorporates components of sound, practical decision making that
are not addressed by the risk assessment process (NRC, 1983, 1994).

A risk assessment requires that information be organized in rath-
er specific ways but does not require any specific scientific evalua-
tion methods. Rather, risk assessors must evaluate scientific infor-
mation using what they judge to be appropriate methods and must
make explicit the basis for their judgments, the uncertainties in risk
estimates, and when appropriate, alternative scientifically plausible
interpretations of the available data (NRC, 1994; OTA, 1993).

Risk assessment is subject to two types of scientific uncertainties:
those related to data and those associated with inferences that are
required when directly applicable data are not available (NRC,
1994). Data uncertainties arise during the evaluation of informa-
tion obtained from the epidemiological and toxicological studies of
nutrient intake levels that are the basis for risk assessments. Exam-
ples of inferences include the use of data from experimental ani-
mals to estimate responses in humans and the selection of uncer-
tainty factors to estimate inter- and intraspecies variabilities in
response to toxic substances. Uncertainties arise whenever estimates
of adverse health effects in humans are based on extrapolations of
data obtained under dissimilar conditions (e.g., from experimental
animal studies). Options for dealing with uncertainties are discussed
below and in detail in Appendix G.

Steps in the Risk Assessment Process

The organization of risk assessment is based on a model proposed
by the National Research Council (1983, 1994) that is widely used
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in public health and regulatory decision making. The steps of risk
assessment as applied to nutrients are as follows (see also Figure 4-1):

¢ Step 1. Hazard identification involves the collection, organi-
zation, and evaluation of all information pertaining to the adverse
effects of a given nutrient. It concludes with a summary of the evi-
dence concerning the capacity of the nutrient to cause one or more
types of toxicity in humans.

* Step 2. Dose-response assessment determines the relationship
between nutrient intake (dose) and adverse effect (in terms of inci-
dence and severity). This step concludes with an estimate of the
Tolerable Upper Intake Level (UL)—it identifies the highest level

Hazard Identification
Determination of adverse health effects
caused by high intakes of the nutrient
or food component

A

Dose-Response Assessment
* Selection of critical data set
* [dentification of NOAEL (or LOAEL)
* Assessment of uncertainty (UF)
* Derivation of Tolerable Upper Intake Level (UL)

Intake Assessment
Evaluation of the range and the
distribution of human intakes of the
nutrient or the food component

A

Risk Characterization
» Estimation of the fraction of the population,
if any, with intakes greater than the UL
* Evaluation of the magnitude with which
these excess intakes exceed the UL

FIGURE 4-1 Risk assessment model for nutrient toxicity.
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of daily nutrient intake that is likely to pose no risk of adverse health
effects to almost all individuals in the general population. Different
ULs may be developed for various life stage groups.

* Step 3. Intake assessment evaluates the distribution of usual
total daily nutrient intakes among members of the general popula-
tion. In cases where the UL pertains only to supplement use, and
does not pertain to usual food intakes of the nutrient, the assess-
ment is directed at supplement intakes only. It does not depend on
step 1 or 2.

e Step 4. Risk characterization summarizes the conclusions
from steps 1 and 2 with step 3 to determine the risk. The risk is
generally expressed as the fraction of the exposed population, if
any, having nutrient intakes (step 3) in excess of the estimated UL
(steps 1 and 2). If possible, scientific characterization also covers
the magnitude of any such excesses. Scientific uncertainties associ-
ated with both the UL and the intake estimates are described so
that risk managers understand the degree of scientific confidence
they can place in the risk assessment.

The risk assessment contains no discussion of recommendations
for reducing risk; these are the focus of risk management.

Thresholds

A principal feature of the risk assessment process for noncarcino-
gens is the long-standing acceptance that no risk of adverse effects
is expected unless a threshold dose (or intake) is exceeded. The
adverse effects that may be caused by a nutrient or food component
almost certainly occur only when the threshold dose is exceeded
(NRC, 1994; WHO, 1996). The critical issues concern the methods
used to identify the approximate threshold of toxicity for a large
and diverse human population. Because most nutrients are not con-
sidered to be carcinogenic in humans, approaches used for carcino-
genic risk assessment are not discussed here.

Thresholds vary among members of the general population (NRC,
1994). For any given adverse effect, if the distribution of thresholds
in the population could be quantitatively identified, it would be
possible to establish ULSs by defining some point in the lower tail of
the distribution of thresholds that would be protective for some
specified fraction of the population. The method for identifying
thresholds for a general population described here is designed to
ensure that almost all members of the population will be protected,
but it is not based on an analysis of the theoretical (but practically
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unattainable) distribution of thresholds. By using the model to de-
rive the threshold, however, there is considerable confidence that
the threshold, which becomes the UL for nutrients or food compo-
nents, lies very near the low end of the theoretical distribution and
is the end representing the most sensitive members of the popula-
tion. For some nutrients, there may be subpopulations that are not
included in the general distribution because of extreme or distinct
vulnerabilities to toxicity. Data relating to effects observed in these
groups are not used to derive ULs. Such distinct groups, whose
conditions warrant medical supervision, may not be protected by
the UL.

The joint Food and Agricultural Organization-World Health Or-
ganization (FAO/WHO) Expert Committee on Food Additives and
various national regulatory bodies have identified factors (called
uncertainty factors [UFs]) that account for interspecies and intraspe-
cies differences in response to the hazardous effects of substances
and for other uncertainties (WHO, 1987). Uncertainty factors are
used to make inferences about the threshold dose of substances for
members of a large and diverse human population from data on
adverse effects obtained from epidemiological or experimental stud-
ies. These factors are applied consistently when data of specific types
and quality are available. They are typically used to derive accept-
able daily intakes for food additives and other substances for which
data on adverse effects are considered sufficient to meet minimum
standards of quality and completeness (FAO/WHO, 1982). These
adopted or recognized UFs have sometimes been coupled with oth-
er factors to compensate for deficiencies in the available data and
other uncertainties regarding data.

When possible, the UL is based on a no-observed-adverse-effect
level (NOAEL), which is the highest intake (or experimental oral
dose) of a nutrient at which no adverse effects have been observed
in the individuals studied. This is identified for a specific circum-
stance in the hazard identification and dose-response assessment
steps of the assessment of risk. If there are no adequate data dem-
onstrating a NOAEL, then a lowest-observed-adverse-effect level
(LOAEL) may be used. A LOAEL is the lowest intake (or experi-
mental oral dose) at which an adverse effect has been identified.
The derivation of a UL from a NOAEL (or LOAEL) involves a se-
ries of choices about what factors should be used to deal with uncer-
tainties. Uncertainty factors are applied in an attempt to deal both
with incomplete gaps in data and with incomplete knowledge re-
garding the inferences required (e.g., the expected variability in
response within the human population). The problems of both data
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and inference uncertainties arise in all steps of the risk assessment.
A discussion of options available for dealing with these uncertain-
ties is presented below and in greater detail in Appendix G.

A UL is not, in itself, a description or estimate of human risk. It is
derived by application of the hazard identification and dose-re-
sponse evaluation steps (steps 1 and 2) of the risk assessment mod-
el. To determine whether populations are at risk requires an intake
or exposure assessment (step 3, evaluation of intakes of the nutri-
ent by the population) and a determination of the fractions of these
populations, if any, whose intakes exceed the UL. In the intake
assessment and risk characterization steps (steps 3 and 4), the distri-
bution of actual intakes for the population is used as a basis for
determining whether and to what extent the population is at risk
(Figure 4-1). A discussion of other aspects of the risk characteriza-
tion that may be useful in judging the public health significance of
the risk and in risk management decisions is provided in the final
section of this chapter “Risk Characterization.”

APPLICATION OF THE RISK ASSESSMENT MODEL
TO NUTRIENTS

This section provides guidance for applying the risk assessment
framework (the model) to the derivation of Tolerable Upper In-
take Levels (ULs) for nutrients.

Special Problems Associated with Substances Required
Jor Human Nutrition

Although the risk assessment model outlined above can be ap-
plied to nutrients to derive ULs, it must be recognized that nutri-
ents possess some properties that distinguish them from the types
of agents for which the risk assessment model was originally devel-
oped (NRC, 1983). In the application of accepted standards for risk
assessment of environmental chemicals to risk assessment of nutri-
ents and food components, a fundamental difference between the
two categories must be recognized: within a certain range of in-
takes, many nutrients are essential for human well-being and usual-
ly for life itself. Nonetheless, they may share with other chemicals
the production of adverse effects at excessive exposures. Because
the consumption of diets with variable levels of nutrients and food
components is considered to be consistent with the development
and survival of humankind over many millennia, there is generally
less need for the large uncertainty factors that have been used in
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assessing risk of nonessential chemicals. In addition, if data on the
adverse effects of nutrients are available primarily from studies in
human populations, there will be less uncertainty than is associated
with the types of data available on nonessential chemicals.

There is no evidence to suggest that nutrients consumed at the
recommended intake (the Recommended Dietary Allowance [RDA]
or Adequate Intake [AI]) present a risk of adverse effects to the
general population.! It is clear, however, that the addition of nutri-
ents to a diet through the ingestion of large amounts of highly
fortified food, nonfood sources such as supplements, or both, may
(at some level) pose a risk of adverse health effects. The UL is the
highest level of daily nutrient intake that is likely to pose no risk of
adverse health effects to almost all individuals in the general popu-
lation. As intake increases above the UL, the risk of adverse effects
increases.

If adverse effects have been associated with total intake, ULSs are
based on total intake of a nutrient from food, water, and supple-
ments. For cases in which adverse effects have been associated with
intake only from supplements and fortified food, the UL is based on
intake from these sources only, rather than total intake. The effects
of nutrients from fortified foods or supplements may differ from
those of naturally occurring constituents of foods because of the
chemical form of the nutrient, the timing of the intake and amount
consumed in a single bolus dose, the matrix supplied by the food,
and the relation of the nutrient to the other constituents of the diet.
Nutrient requirements and food intake are related to the metaboliz-
ing body mass, which is also at least an indirect measure of the space
in which the nutrients are distributed. This relation between food
intake and space of distribution supports homeostasis, which main-
tains nutrient concentrations in this space within a range compati-
ble with health. However, excessive intake of a single nutrient from
supplements or fortificants may compromise this homeostatic mech-
anism. Such elevations alone may pose risks of adverse effects; im-
balances among the vitamins or other nutrients may also be possi-
ble. These reasons and those discussed previously support the need
to include the form and pattern of consumption in the assessment
of risk from high nutrient or food component intake.

Ht is recognized that possible exceptions to this generalization relate to specific
geochemical areas with excessive environmental exposures to certain trace ele-
ments (e.g., selenium) and to rare case reports of adverse effects associated with
highly eccentric consumption of specific foods. Data from such findings are gener-
ally not useful for setting ULs for the general North American population.
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Consideration of Variability in Sensitivity

The risk assessment model outlined in this chapter is consistent
with classical risk assessment approaches in that it must consider
variability in the sensitivity of individuals to adverse effects of nutri-
ents or food components. A discussion of how variability is dealt
with in the context of nutritional risk assessment follows.

Physiological changes and common conditions associated with
growth and maturation that occur during an individual’s life span
may influence sensitivity to nutrient toxicity. For example, sensitivi-
ty increases with declines in lean body mass and with declines in
renal and liver function that occur with aging; sensitivity changes in
direct relation to intestinal absorption or intestinal synthesis of nu-
trients; in the newborn infant, sensitivity is also increased because
of rapid brain growth and limited ability to secrete or biotransform
toxicants; and sensitivity increases with decreases in the rate of me-
tabolism of nutrients. During pregnancy, the increase in total body
water and glomerular filtration results in lower blood levels of water
soluble vitamins for a given dose, such as vitamin C, and therefore
reduces susceptibility to potential adverse effects. However, in the
unborn fetus this may be offset by active placental transfer, accumu-
lation of certain nutrients in the amniotic fluid, and rapid develop-
ment of the brain. Examples of life stage groups that may differ in
terms of nutritional needs and toxicological sensitivity include in-
fants and children, the elderly, and women during pregnancy and
lactation.

Even within relatively homogeneous life stage groups, there is a
range of sensitivities to toxic effects. The model described below
accounts for normally expected variability in sensitivity, but it ex-
cludes subpopulations with extreme and distinct vulnerabilities.
Such subpopulations consist of individuals needing medical super-
vision; they are better served through the use of public health
screening, product labeling, or other individualized health care
strategies. (Such populations may not be at negligible risk when their
intakes reach the UL developed for the apparently healthy popula-
tion.) The decision to treat identifiable vulnerable subgroups as
distinct (not protected by the UL) is a matter of judgment and is
discussed in individual nutrient chapters, as applicable.

Bioavailability

In the context of toxicity, the bioavailability of an ingested nutri-
ent can be defined as its accessibility to normal metabolic and phys-
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iological processes. Bioavailability influences a nutrient’s beneficial
effects at physiological levels of intake and also may affect the na-
ture and severity of toxicity due to excessive intakes. Factors that
affect bioavailability include the concentration and chemical form
of the nutrient, the nutrition and health of the individual, and ex-
cretory losses. Bioavailability data for specific nutrients must be con-
sidered and incorporated by the risk assessment process.

Some nutrients may be less readily absorbed when they are part of
a meal than when taken separately. Supplemental forms of some
nutrients may require special consideration if they have higher bio-
availability and therefore may present a greater risk of producing
adverse effects than equivalent amounts from the natural form
found in food.

Nutrient-Nutrient Interactions

A diverse array of adverse health effects can occur as a result of
the interaction of nutrients. The potential risk of adverse nutrient-
nutrient interactions increases when there is an imbalance in the
intake of two or more nutrients. Excessive intake of one nutrient
may interfere with absorption, excretion, transport, storage, func-
tion, or metabolism of a second nutrient. Possible adverse nutrient-
nutrient interactions are considered as a part of setting a UL. Nutri-
ent-nutrient interactions may be considered either as a critical
endpoint on which to base a UL or as supportive evidence for a UL
based on another endpoint.

Other Relevant Factors Affecting Bioavailability of Nutrients

In addition to nutrient interactions, other considerations have
the potential to influence nutrient bioavailability, such as the nutri-
tional status of an individual and the form of intake. These issues
are considered in the risk assessment. With regard to the form of
intake, fat-soluble vitamins such as vitamin E are more readily ab-
sorbed when they are part of a meal that is high in fat. ULs must
therefore be based on nutrients as part of the total diet, including
the contribution from water. Nutrient supplements that are taken
separately from food require special consideration, because they
are likely to have different bioavailabilities and therefore may rep-
resent a greater risk of producing adverse effects.
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STEPS IN THE DEVELOPMENT OF TOLERABLE
UPPER INTAKE LEVELS

Hazard Identification

Based on a thorough review of the scientific literature, the hazard
identification step describes the adverse health effects that have
been demonstrated to be caused by the nutrient or food compo-
nent.

In vivo studies in humans and animals are the primary types of
data used as background for identifying nutrient hazards in hu-
mans:

* Human studies. Human data provide the most relevant kind of
information for hazard identification, and, when they are of suffi-
cient quality and extent, are given greatest weight. However, the
number of controlled human toxicity studies conducted in a clini-
cal setting is very limited because of ethical reasons. Such studies
are generally most useful for identifying very mild (and ordinarily
reversible) adverse effects. Observational studies that focus on well-
defined populations with clear exposures to a range of nutrient
intake levels are useful for establishing a relationship between ex-
posure and effect. Observational data in the form of case reports or
anecdotal evidence are used for developing hypotheses that can
lead to knowledge of causal associations. Sometimes a series of case
reports, if it shows a clear and distinct pattern of effects, may be
reasonably convincing on the question of causality.

* Animal data. Most of the available data used in risk assess-
ments come from controlled laboratory experiments in animals,
usually mammalian species other than humans (e.g., rodents). Such
data are used in part because human data on nonessential chemi-
cals are generally very limited. Moreover, there is a long-standing
history of the use of animal studies to identify the toxic properties
of chemical substances, and there is no inherent reason why animal
data should not be relevant to the evaluation of nutrient toxicity.
Animal studies offer several advantages over human studies. They
can, for example, be readily controlled so that causal relationships
can be recognized. It is possible to identify the full range of toxic
effects produced by a chemical, over a wide range of exposures, and
to establish dose-response relationships. The effects of chronic ex-
posures can be identified in far less time than they can using epide-
miological methods. All of these advantages of animal data, howev-
er, may not always overcome the fact that species differences in
response to chemical substances can sometimes be profound, and
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any extrapolation of animal data to predict human response has to
take into account this possibility.

Key issues that are addressed in the data evaluation of human and
animal studies are listed in Box 4-1.

Evidence of Adverse Effects in Humans

The hazard identification step involves the examination of hu-
man, animal, and in vitro published evidence addressing the likeli-
hood of a nutrient or food component eliciting an adverse effect in
humans. Decisions regarding which observed effects are adverse are
based on scientific judgments. Although toxicologists must consid-
er the possibility that many demonstrable structural or functional
alterations represent adverse effects with respect to nutrients, some
alterations may be considered of little or self-limiting biological im-
portance. As noted earlier, adverse nutrient-nutrient interactions
are considered in the definition of an adverse effect.

Causality

The identification of a hazard is strengthened by evidence of cau-
sality. As explained in Chapter 3, the criteria of Hill (1971) are

BOX 4-1 Development of Tolerable Upper Intake Levels (ULs)

Components of Hazard Identification

e Evidence of adverse effects in humans

e Causality

® Relevance of experimental data

¢ Pharmacokinetic and metabolic data

¢ Mechanisms of toxic action

® Quality and completeness of the database

¢ Identification of distinct and highly sensitive subpopulations
Components of Dose-Response Assessment

® Data selection and identification of critical endpoints

e Identification of no-observed-adverse-effect level (NOAEL) (or low-

est-observed-adverse-effect level [LOAEL])

* Assessment of uncertainty and data on variability in response

® Derivation of a UL

e Characterization of the estimate and special considerations
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considered in judging the causal significance of an exposure-effect
association indicated by epidemiological studies.

Relevance of Experimental Data on Nutrient Toxicity

Consideration of the following issues can be useful in assessing
the relevance of experimental data.

Animal Data. Some animal data may be of limited utility in judg-
ing the toxicity of nutrients because of highly variable interspecies
differences in nutrient requirements. Nevertheless, relevant animal
data are considered in the hazard identification and dose-response
assessment steps where applicable and, in general, are used for haz-
ard identification unless there are data demonstrating they are not
relevant to human beings or it is clear that the available human
data are sufficient.

Route of Exposure.? Data derived from studies involving oral expo-
sure (rather than parenteral, inhalation, or dermal exposure) are
most useful for the evaluation of nutrients and food components.
Data derived from studies involving parenteral, inhalation, or der-
mal routes of exposure may be considered relevant if the adverse
effects are systemic and data are available to permit interroute ex-
trapolation.

Duration of Exposure. Because the magnitude, duration, and fre-
quency of exposure can vary considerably in different situations,
consideration must be given to the relevance of the exposure sce-
nario (e.g., chronic daily dietary exposure versus short-term bolus
doses) to dietary intakes by human populations.

Pharmacokinetic and Metabolic Data

When available, data regarding the rates of nutrient absorption,
distribution, metabolism, and excretion may be important in deri-
vation of Tolerable Upper Intake Levels (ULs). Such data may pro-
vide significant information regarding interspecies differences and
similarities in nutrient behavior, and so may assist in identifying

2The terms route of exposure and route of intake refer to how a substance enters the
body (e.g., by ingestion, injection, or dermal absorption). These terms should not
be confused with form of intake, which refers to the medium or vehicle used (e.g.,
supplements, food, or drinking water).
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relevant animal data. They may also assist in identifying life stage
differences in response to nutrient toxicity.

In some cases, there may be limited or even no significant data
relating to nutrient toxicity. It is conceivable that in such cases,
pharmacokinetic and metabolic data may provide valuable insights
into the magnitude of the UL. Thus, if there are significant phar-
macokinetic and metabolic data over the range of intakes that meet
nutrient requirements, and if it is shown that this pattern of phar-
macokinetic and metabolic data does not change in a range of in-
takes greater than those required for nutrition, it may be possible to
infer the absence of toxic risk in this range. In contrast, an alter-
ation of pharmacokinetics or metabolism may suggest the potential
for adverse effects. There has been no case encountered thus far in
which sufficient pharmacokinetic and metabolic data are available
for establishing ULs in this fashion, but it is possible such situations
may arise in the future.

Mechanisms of Toxic Action

Knowledge of molecular and cellular events underlying the pro-
duction of toxicity can assist in dealing with the problems of extrap-
olation between species and from high to lower doses. It may also
aid in understanding whether the mechanisms associated with tox-
icity are those associated with deficiency. In most cases, however,
because knowledge of the biochemical sequence of events resulting
from toxicity and deficiency is still incomplete, it is not yet possible
to state with certainty whether or not these sequences share a com-
mon pathway.

Quality and Completeness of the Database

The scientific quality and quantity of the database are evaluated.
Human or animal data are reviewed for suggestions that the sub-
stances have the potential to produce additional adverse health ef-
fects. If suggestions are found, additional studies may be recom-
mended.

Identification of Distinct and Highly Sensitive Subpopulations

The ULs are based on protecting the most sensitive members of
the general population from adverse effects of high nutrient or
food component intake. Some highly sensitive subpopulations have
responses (in terms of incidence, severity, or both) to the agent of
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interest that are clearly distinct from the responses expected for the
presumably healthy population. The risk assessment process recog-
nizes that there may be individuals within any life stage group who
are more biologically sensitive than others, and thus their extreme
sensitivities do not fall within the range of sensitivities expected for
the general population. The UL for the general population may
not be protective for these subgroups. As indicated earlier, the ex-
tent to which a distinct subpopulation will be included in the deri-
vation of a UL for the general population is an area of judgment to
be addressed on a case-by-case basis.

Dose-Response Assessment

The process for deriving the UL is described in this section and
outlined in Box 4-1. It includes selection of the critical data set,
identification of a critical endpoint with its no-observed-adverse-
effect level (NOAEL) or lowest-observed-adverse-effect level (LOAEL),
and assessment of uncertainty.

Data Selection and Identification of Critical Endpoints

The data evaluation process results in the selection of the most
appropriate or critical data sets for deriving the UL. Selecting the
critical data set includes the following considerations:

e Human data, when adequate to evaluate adverse effects, are
preferable to animal data, although the latter may provide useful
supportive information.

* In the absence of appropriate human data, information from
an animal species whose biological responses are most like those of
humans is most valuable. Pharmacokinetic, metabolic, and mecha-
nistic data may be available to assist in the identification of relevant
animal species.

e Ifitis not possible to identify such a species or to select such
data, data from the most sensitive animal species, strain, or gender
combination are given the greatest emphasis.

e The route of exposure that most resembles the route of ex-
pected human intake is preferable. This includes considering the
digestive state (e.g., fed or fasted) of the subjects or experimental
animals. Where this is not possible, the differences in route of expo-
sure are noted as a source of uncertainty.

e The critical data set defines a dose-response relationship be-
tween intake and the extent of the toxic response known to be most
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relevant to humans. Data on bioavailability are considered, and ad-
justments in expressions of dose-response are made to determine
whether any apparent differences in response can be explained.

e The critical data set documents the route of exposure and
the magnitude and duration of the intake. Furthermore, the critical
data set documents the NOAEL (or LOAEL).

Identification of NOAEL (or LOAEL)

A nutrient can produce more than one toxic effect (or endpoint),
even within the same species or in studies using the same or differ-
ent exposure durations. The NOAELs and LOAELSs for these effects
will ordinarily differ. The critical endpoint used to establish a UL is
the adverse biological effect exhibiting the lowest NOAEL (e.g., the
most sensitive indicator of a nutrient’s toxicity). Because the selec-
tion of uncertainty factors (UFs) depends in part upon the serious-
ness of the adverse effect, it is possible that lower ULs may result
from the use of the most serious (rather than most sensitive) end-
point. Thus, it is often necessary to evaluate several endpoints inde-
pendently to determine which leads to the lowest UL.

For some nutrients, there may be inadequate data on which to
develop a UL. The lack of reports of adverse effects following excess
intake of a nutrient does not mean that adverse effects do not oc-
cur. As the intake of any nutrient increases, a point (see Figure 4-2)
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FIGURE 4-2 Theoretical description of health effects of a nutrient as a function of
level of intake. The Tolerable Upper Intake Level (UL) is the highest level of daily
nutrient intake that is likely to pose no risk of adverse health effects for almost all
individuals in the general population. At intakes above the UL, the risk of adverse
effects increases.

of Sciences. All rights reserved.



90 DIETARY REFERENCE INTAKES

is reached at which intake begins to pose a risk. Above this point,
increased intake increases the risk of adverse effects. For some nu-
trients, and for various reasons, there are inadequate data to identi-
fy this point, or even to make any estimate of its location.

Because adverse effects are almost certain to occur for any nutri-
ent at some level of intake, it should be assumed that such effects
may occur for nutrients for which a scientifically documented UL
cannot now be derived. Until a UL is set or an alternative approach
to identifying protective limits is developed, intakes greater than
the Recommended Dietary Allowance (RDA) or Adequate Intake
(AI) should be viewed with caution.

The absence of data sufficient to establish a UL points to the need
for studies suitable for developing ULs.

Uncertainty Assessment

Several judgments must be made regarding the uncertainties and
thus the uncertainty factor (UF) associated with extrapolating from
the observed data to the general population (see Appendix G).
Applying a UF to a NOAEL (or LOAEL) results in a value for the
derived UL that is less than the experimentally derived NOAEL,
unless the UF is 1.0. The greater the uncertainty, the larger the UF
and the smaller the resulting UL. This is consistent with the ulti-
mate goal of the risk assessment: to provide an estimate of a level of
intake that will protect the health of virtually all members of the
general population (Mertz et al., 1994).

Although several reports describe the underlying basis for UFs
(Dourson and Stara, 1983; Zielhuis and van der Kreek, 1979), the
strength of the evidence supporting the use of a specific UF will
vary. Because the imprecision of the UFs is a major limitation of risk
assessment approaches, considerable leeway must be allowed for
the application of scientific judgment in making the final determi-
nation. Because data are generally available regarding intakes of
nutrients and food components by human populations, the data on
nutrient toxicity may not be subject to the same uncertainties as
data on nonessential chemical agents, resulting in UFs for nutrients
and food components typically less than the factors of 10 often
applied to nonessential toxic substances. The UFs are lower with
higher quality data and when the adverse effects are extremely mild
and reversible.

In general, when determining an uncertainty factor, the following
potential sources of uncertainty are considered and combined into
the final UF:
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o Interindividual variation in sensitivity. Small UFs (close to 1)
are used to represent this source of uncertainty if it is judged that
little population variability is expected for the adverse effect, and
larger factors (close to 10) are used if variability is expected to be
great (NRC, 1994).

* Extrapolation from experimental animals to humans. A UF to ac-
count for the uncertainty in extrapolating animal data to humans is
generally applied to the NOAEL when animal data are the primary
data set available. While a default UF of 10 is often used to extrapo-
late animal data to humans for nonessential chemicals, a lower UF
may be used because of data showing some similarities between the
animal and human responses (NRC, 1994). For example, in this
report a UF of 3 was utilized to extrapolate from animal data to
humans for vitamin E.

® LOAEL instead of NOAEL. If a NOAEL is not available, a UF
may be applied to account for the uncertainty in deriving a UL
from the LOAEL. The size of the UF applied involves scientific
judgment based on the severity and incidence of the observed ef-
fect at the LOAEL and the steepness (slope) of the dose response.

® Subchronic NOAEL to predict chronic NOAEL. When data are
lacking on chronic exposures, scientific judgment is necessary to
determine whether chronic exposure is likely to lead to adverse
effects at lower intakes than those producing effects after subchron-
ic exposures (exposures of shorter duration).

Derivation of a UL

The UL is derived by dividing the NOAEL (or LOAEL) by a single
UF that incorporates all relevant uncertainties. ULs, expressed as
amount per day, are derived for various life stage groups using rele-
vant databases, NOAELs and LOAELs, and UFs. In cases where no
data exist with regard to NOAELs or LOAELs for the group under
consideration, extrapolations from data in other age groups or ani-
mal data are made on the basis of known differences in body size,
physiology, metabolism, absorption, and excretion of the nutrient.

Generally, age group adjustments are based solely on differences
in body weight, unless there are data demonstrating age-related dif-
ferences in nutrient pharmacokinetics, metabolism, or mechanism
of action.

The derivation of a UL involves the use of scientific judgment to
select the appropriate NOAEL (or LOAEL) and UF. The risk assess-
ment requires explicit consideration and discussion of all choices
made, regarding both the data used and the uncertainties account-
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ed for. These considerations are discussed in the chapters on nutri-
ents and food components. In this report, because of lack of consis-
tency in the data, ULs could not be set for B-carotene. In addition,
ULs could not be established for the other carotenoids due to a
lack of suitable data.

Characterization of the Estimate and Special Considerations

If the data review reveals the existence of subpopulations having
distinct and exceptional sensitivities to a nutrient’s toxicity, these
subpopulations are explicitly discussed and concerns related to ad-
verse effects are noted; however, the use of the data is not included
in the identification of the NOAEL or LOAEL, upon which the UL
for the general population is based.

INTAKE ASSESSMENT

In order to assess the risk of adverse effects, information on the
range of nutrient intakes in the general population is required. As
noted earlier, in cases where the Tolerable Upper Intake Level (UL)
pertains only to supplement use, and does not pertain to usual food
intakes of the nutrient, the assessment is directed at supplement
intakes only.

RISK CHARACTERIZATION

As described earlier, the question of whether nutrient intakes cre-
ate a risk of adverse effects requires a comparison of the range of
nutrient intakes (food, supplements, and other sources or supple-
ments alone, depending upon the basis for the Tolerable Upper
Level Intake [UL]) with the UL.

Figure 4-3 illustrates a distribution of chronic nutrient intakes in a
population; the fraction of the population experiencing chronic
intakes above the UL represents the potential atrisk group. A poli-
cy decision is needed to determine whether efforts should be made
to reduce this risk. No precedents are available for such policy choic-
es, although in the area of food additive or pesticide regulations,
federal regulatory agencies have generally sought to ensure that the
ninetieth or ninety-fifth percentile intakes fall below the UL (or its
approximate equivalent measure of risk). If this goal is achieved,
the fraction of the population remaining above the UL is likely to
experience intakes only slightly greater than the UL and is likely to
be at little or no risk.
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FIGURE 4-3 Illustration of the population at risk from excessive nutrient intakes.
The fraction of the population consistently consuming a nutrient at intake levels in
excess of the UL is potentially at risk of adverse health effects. See text for a
discussion of additional factors necessary to judge the significance of the risk.
LOAEL = lowest-observed-adverse-effect level, NOAEL = no-observed-adverse-ef-
fect level, UL= Tolerable Upper Intake Level.

For risk management decisions, it is useful to evaluate the public
health significance of the risk, and information contained in the
risk characterization is critical for this purpose.

Thus, the significance of the risk to a population consuming a
nutrient in excess of the UL is determined by the following:

1. the fraction of the population consistently consuming the nu-
trient at intake levels in excess of the UL;

2. the seriousness of the adverse effects associated with the nu-
trient;

3. the extent to which the effect is reversible when intakes are
reduced to levels less than the UL; and

4. the fraction of the population with consistent intakes above
the NOAEL or even the LOAEL.

Thus, the significance of the risk of excessive nutrient intake can-
not be judged only by reference to Figure 4-3, but requires careful
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consideration of all of the above factors. Information on these fac-
tors is contained in this report’s sections describing the basis for
each of the ULs.
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Vitamin C

SUMMARY

Vitamin C functions physiologically as a water-soluble antioxidant
by virtue of its high reducing power. It is a cofactor for enzymes
involved in the biosynthesis of collagen, carnitine, and neurotrans-
mitters in vitro, and it can quench a variety of reactive oxygen
species and reactive nitrogen species in aqueous environments.
Evidence for in vivo antioxidant functions of ascorbate include
the scavenging of reactive oxidants in activated leukocytes, lung,
and gastric mucosa, and diminished lipid peroxidation as mea-
sured by urinary isoprostane excretion. To provide antioxidant
protection, a Recommended Dietary Allowance (RDA) of 90 mg/
day for adult men and 75 mg/day for adult women is set based on
the vitamin C intake to maintain near-maximal neutrophil con-
centration with minimal urinary excretion of ascorbate. Because
smoking increases oxidative stress and metabolic turnover of vita-
min C, the requirement for smokers is increased by 35 mg/day.
Estimates of median dietary intakes of vitamin C for adults are 102
mg/day and 72 mg/day in the United States and Canada, respec-
tively. The Tolerable Upper Intake Level (UL) for adults is set at 2
g/day; the adverse effects upon which the UL is based are osmotic
diarrhea and gastrointestinal disturbances.

BACKGROUND INFORMATION

Vitamin C is a water-soluble vitamin that is essential for all humans
and a few other mammals that lack the ability to biosynthesize the
compound from glucose because they lack the enzyme gulono-
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lactone oxidase. The term vitamin C refers to both ascorbic acid
and dehydroascorbic acid (DHA), since both exhibit anti-scorbutic
activity. Ascorbic acid, the functional and primary in vivo form of
the vitamin, is the enolic form of an o-ketolactone (2,3-didehydro-1-
threo-hexano-1,4-lactone). The two enolic hydrogen atoms give the
compound its acidic character and provide electrons for its func-
tion as a reductant and antioxidant. Its one-electron oxidation prod-
uct, the ascorbyl radical, readily dismutates to ascorbate and DHA,
the two-electron oxidation products. Both the ascorbyl radical and
DHA are readily reduced back to ascorbic acid in vivo. However,
DHA can be hydrolyzed irreversibly to 2,3-diketogulonic acid. The
molecular structure of ascorbic acid contains an asymmetric carbon
atom that allows two enantiomeric forms, of which the L form is
naturally occurring (the p-form, isoascorbic or erythorbic acid, pro-
vides antioxidant but little or no anti-scorbutic activity), as shown in
Figure 5-1.

Function

The biological functions of ascorbic acid are based on its ability to
provide reducing equivalents for a variety of biochemical reactions.
Because of its reducing power, the vitamin can reduce most physio-
logically relevant reactive oxygen species (Buettner, 1993). As such,
the vitamin functions primarily as a cofactor for reactions requiring
a reduced iron or copper metalloenzyme and as a protective antiox-
idant that operates in the aqueous phase both intra- and extracellu-
larly (Englard and Seifter, 1986; Halliwell and Whiteman, 1997;
Tsao, 1997). Both the one- and the two-electron oxidation products
of the vitamin are readily regenerated in vivo—chemically and enzy-
matically—by glutathione, nicotinamide adenine dinucleotide
(NADH), and nicotinamide adenine dinucleotide phosphate (NAD-
PH) dependent reductases (May et al., 1998; Park and Levine, 1996).

Vitamin C is known to be an electron donor for eight human
enzymes. Three participate in collagen hydroxylation; two in car-
nitine biosynthesis; and three in hormone and amino acid biosyn-
thesis. The three enzymes that participate in hormone and amino
acid biosynthesis are dopamine-B-hydroxylase, necessary for the bio-
synthesis of the catecholamines norepinephrine and epinephrine;
peptidyl-glycine monooxygenase, necessary for amidation of pep-
tide hormones; and 4-hydroxyphenylpyruvatedioxygenase, involved
in tyrosine metabolism. Ascorbate’s action with these enzymes in-
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volves either monooxygenase or dioxygenase activities (Levine et

al., 1996b).

As a cofactor for hydroxylase and oxygenase metalloenzymes, as-
corbic acid is believed to work by reducing the active metal site,
resulting in reactivation of the metal-enzyme complex, or by acting
as a co-substrate involved in the reduction of molecular oxygen. The
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best known of these reactions is the posttranslational hydroxylation
of peptide-bound proline and lysine residues during formation of
mature collagen. In these reactions, ascorbate is believed to reacti-
vate the enzymes by reducing the metal sites of prolyl (iron) and
lysyl (copper) hydroxylases (Englard and Seifter, 1986; Tsao, 1997).

Evidence also suggests that ascorbate plays a role in or influences
collagen gene expression, cellular procollagen secretion, and the
biosynthesis of other connective tissue components besides col-
lagen, including elastin, fibronectin, proteoglycans, bone matrix,
and elastin-associated fibrillin (Ronchetti et al., 1996). The primary
physical symptoms of ascorbic acid’s clinical deficiency disease, scur-
vy, which involves deterioration of elastic tissue, illustrate the im-
portant role of ascorbate in connective tissue synthesis.

Ascorbic acid is involved in the synthesis and modulation of some
hormonal components of the nervous system. The vitamin is a co-
factor for dopamine-f-hydroxylase, which catalyzes hydroxylation of
the side chain of dopamine to form norepinephrine, and o-amidat-
ing monooxygenase enzymes, involved in the biosynthesis of neu-
ropeptides. Other nervous system components modulated by as-
corbate concentrations include neurotransmitter receptors, the
function of glutamatergic and dopaminergic neurons, and synthesis
of glial cells and myelin (Englard and Seifter, 1986; Katsuki, 1996).

Because of its ability to donate electrons, ascorbic acid is an effec-
tive antioxidant. The vitamin readily scavenges reactive oxygen spe-
cies (ROS) and reactive nitrogen species (RNS) (e.g., hydroxyl, per-
oxyl, superoxide, peroxynitrite, and nitroxide radicals) as well as
singlet oxygen and hypochlorite (Frei et al., 1989; Halliwell and
Whiteman, 1997; Sies and Stahl, 1995). The one- and two-electron
oxidation products of ascorbate are relatively nontoxic and easily
regenerated by the ubiquitous reductants glutathione and NADH or
NAD-PH. The relatively high tissue levels of ascorbate provide sub-
stantial antioxidant protection: in the eye, against photolytically gen-
erated free-radical damage; in neutrophils, against ROS produced
during phagocytosis; and in semen, against oxidative damage to
sperm deoxyribonucleic acid (DNA) (Delamere, 1996; Fraga et al.,
1991; Levine et al., 1994). Ascorbic acid protects against plasma and
low-density lipoprotein (LDL) oxidation by scavenging ROS in the
aqueous phase before they initiate lipid peroxidation (Frei et al.,
1988; Jialal et al., 1990) and possibly by sparing or regenerating
vitamin E (Halpner et al., 1998). Evidence suggests that ascorbate
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also provides antioxidant protection indirectly by regenerating oth-
er biological antioxidants such as glutathione and a-tocopherol back
to their active state (Jacob, 1995).

Ascorbic acid functions as a reducing agent for mixed-function
oxidases in the microsomal drug-metabolizing system that inacti-
vates a wide variety of substrates, such as endogenous hormones or
xenobiotics (i.e., other chemical compounds such as drugs, pesti-
cides, or carcinogens that are foreign to humans) (Tsao, 1997).
The activity of both microsomal drug-metabolizing enzymes and
cytochrome P-450 electron transport is lowered by ascorbate defi-
ciency. The vitamin is involved in the biosynthesis of corticosteroids
and aldosterone and in the microsomal hydroxylation of cholester-
ol in the conversion of cholesterol to bile acids. In reactions similar
to the hydroxylation of proline for collagen synthesis, ascorbate is
required along with iron at two steps in the pathway of carnitine
biosynthesis. Ascorbic acid modulates iron absorption, transport,
and storage (Gosiewska et al., 1996). Limited data suggest that as-
corbate modulates prostaglandin synthesis and thus exerts bron-
chodilatory and vasodilatory as well as anticlotting effects (Horrobin,
1996).

Physiology of Absorption, Metabolism, and Excretion

Absorption and Transport

Intestinal absorption of ascorbic acid occurs through a sodium-
dependent active transport process that is saturable and dose de-
pendent (Rumsey and Levine, 1998; Tsao, 1997). At low gastrointes-
tinal ascorbate concentrations, active transport predominates, while
simple diffusion occurs at high concentrations. Some 70 to 90 per-
cent of usual dietary intakes of ascorbic acid (30 to 180 mg/day) are
absorbed; however, absorption falls to about 50 percent or less with
increasing doses above 1 g/day (Kallner et al., 1979). The bioavail-
abilities of the vitamin from foods and supplements are not signifi-
cantly different (Johnston and Luo, 1994; Mangels et al., 1993).

Cellular transport of ascorbic acid and DHA is mediated by trans-
porters that vary by cell type (Jacob, 1999; Tsao, 1997). DHA is the
form of the vitamin that primarily crosses the membranes of blood
and intestinal cells, after which it is reduced intracellularly to ascor-
bic acid. Accumulation of ascorbate into neutrophils and lympho-
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cytes is mediated by both high- and low-affinity transporters, and
the vitamin is localized mostly in the cytosol. Intracellularly and in
plasma, vitamin C exists predominately in the free reduced form as
ascorbate monoanion, as shown in Figure 5-1 (Levine et al., 1994).

Metabolism and Excretion

Since the immediate oxidized forms of vitamin C are readily re-
duced back to ascorbic acid, relatively small amounts of the vitamin
are lost through catabolism. The primary products of oxidation be-
yond DHA include oxalic and threonic acids, L-xylose, and ascor-
bate 2-sulfate (Jacob, 1999). With large intakes of the vitamin, unab-
sorbed ascorbate is degraded in the intestine, a process that may
account for the diarrhea and intestinal discomfort sometimes re-
ported by persons ingesting large doses (see section on “Adverse
Effects”).

Besides dose-dependent absorption, a second primary mechanism
for regulation of body ascorbate content is renal action to conserve
or excrete unmetabolized ascorbate. Recent studies have shown that
little unmetabolized ascorbate is excreted with dietary intakes up to
about 80 mg/day and that renal excretion of ascorbate increases
proportionately with higher intakes (Blanchard et al., 1997; Melethil
etal., 1986).

Body Stores

Dose-dependent absorption and renal regulation of ascorbate al-
low conservation of the vitamin by the body during low intakes and
limitation of plasma levels at high intakes. Tissue-specific cellular
transport systems allow for wide variation of tissue ascorbate con-
centrations. High levels are maintained in the pituitary and adrenal
glands, leukocytes, eye tissues and humors, and the brain, while low
levels are found in plasma and saliva (Hornig, 1975). Due to ho-
meostatic regulation, the biological half-life of ascorbate varies wide-
ly from 8 to 40 days and is inversely related to the ascorbate body
pool (Kallner et al., 1979). Similarly, catabolic turnover varies wide-
ly, about 10 to 45 mg/day, over a wide range of dietary intakes due
to body pool size. A total body pool of less than 300 mg is associated
with scurvy symptoms (Baker et al., 1971), while maximum body
pools are limited to about 2 g (Kallner et al., 1979). At very low
ascorbate intakes, essentially no ascorbate is excreted unchanged
and a minimal loss occurs.
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Clinical Effects of Inadequate Intake

Scurvy, the classic disease of severe vitamin C deficiency, is charac-
terized by symptoms related to connective tissue defects. Scurvy usu-
ally occurs at a plasma concentration of less than 11 pmol/L (0.2
mg/dL). Clinical features of scurvy include follicular hyperkerato-
sis, petechiae, ecchymoses, coiled hairs, inflamed and bleeding
gums, perifollicular hemorrhages, joint effusions, arthralgia, and
impaired wound healing (Baker et al., 1971; Chazan and Mistilis,
1963; Levine et al., 1996b). Other symptoms include dyspnea, ede-
ma, Sjogren’s syndrome (dry eyes and mouth), weakness, fatigue,
and depression. In experimental subjects made vitamin C deficient
but not frankly scorbutic, gingival inflammation (Leggott et al.,
1986) and fatigue (Levine et al., 1996a) were among the most sensi-
tive markers of deficiency. Vitamin C deficiency in infants may re-
sult in bone abnormalities such as impaired bone growth and dis-
turbed ossification, hemorrhagic symptoms, and resultant anemia
(Jacob, 1999).

Lack of ascorbate-related hydroxyproline and hydroxylysine for-
mation needed for collagen cross-linking may explain many of the
connective tissue and hemorrhagic manifestations of scurvy, howev-
er, the specific histologic defects have not been identified. Oxidative
degradation of some blood coagulation factors due to low plasma
ascorbate concentrations may contribute to hemorrhagic symptoms
(Parkkinen et al., 1996).

Scurvy is rare in developed countries but is occasionally seen in
individuals who consume few fruits and vegetables, peculiar or re-
stricted diets, or in those who abuse alcohol or drugs. In the United
States, low blood ascorbate concentrations are more prevalent in
men, especially elderly men, than in women and are more preva-
lent in populations of lower socioeconomic status (LSRO/FASEB,
1989). Infantile scurvy is rarely seen, because human milk provides
an adequate supply of vitamin C and infant formulas are fortified
with the vitamin.

SELECTION OF INDICATORS FOR ESTIMATING THE
REQUIREMENT FOR VITAMIN C

Antioxidant Functions

There is much support for the role of increased oxidative stress in
the pathogenesis of cardiovascular disease (Jialal and Devaraj, 1996;
Witztum and Steinberg, 1991). The most plausible and biologically
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relevant hypothesis is that the oxidative modification of low-density
lipoprotein (LDL) and other lipoproteins promote atherogenesis
(Berliner and Heinecke, 1996; Devaraj and Jialal, 1996; Witztum
and Steinberg, 1991). Several lines of evidence suggest that oxi-
dized LDL (oxLDL) is pro-atherogenic. Furthermore, data support
the in vivo existence of oxLLDL (Berliner and Heinecke, 1996; Witz-
tum and Steinberg, 1991). In vitro studies have clearly shown that
vitamin C at concentrations greater than 40 pmol/L (0.8 mg/dL)
inhibits the oxidation of isolated LDL induced by transition metals,
free-radical initiators, and activated human neutrophils and mac-
rophages (Jialal and Grundy, 1991; Jialal et al., 1990; Scaccini and
Jialal, 1994). This is because vitamin C effectively scavenges aque-
ous reactive oxygen species (ROS) and reactive nitrogen species
(RNS), which prevents them from attacking LDL. Thus, in vitro
vitamin C clearly functions as an antioxidant.

Studies shown in Table 5-1 examined the effect of vitamin C sup-
plementation alone on biomarkers of lipid peroxidation. Of the 13
studies, 7 showed that vitamin C supplementation resulted in a sig-
nificant decrease in lipid oxidation products in plasma, LDL, or
urine. The vitamin C supplements that resulted in positive effects
ranged from 500 to 2,000 mg/day. The most convincing evidence
that vitamin C functions as an antioxidant in vivo is the study by
Reilly et al. (1996) showing that supplementation of smokers with
2.0 g vitamin C for 5 days was associated with a significant reduction
in urinary isoprostanes, an indicator of oxidative stress. In the re-
maining six studies in which vitamin Cwas supplemented in amounts
ranging from 500 to 6,000 mg/day, there was no significant effect of
vitamin C supplementation on lipid oxidation products in plasma,
urine, or plasma LDL.

Carr and Frei (1999) examined the effect on LDL oxidation of
supplementation with vitamin C in combination with vitamin E and
B-carotene. Although these investigators have clearly shown that the
supplements decrease LDL oxidation, it is difficult to assess the
contribution of vitamin C alone.

Vitamin C supplementation (2,000 mg/day for 4 to 12 months) in
4] patients with non-atrophic gastritis decreased gastric mucosal
nitrotyrosine, a measure of RNS activity (Table 5-2) (Mannick et al.,
1996). Thus, from this study and the study by Reilly et al. (1996), it
can be concluded that supplementation with vitamin C results in an
antioxidant effect in vivo because it significantly reduces nitroty-
rosine and urinary isoprostanes.

However, with respect to the effect of vitamin C on LDL oxida-
tion, the data are inconclusive. This could be explained by the fact
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that, because vitamin C is water soluble, it does not partition into
the LDL particle. Also, it must be pointed out that in one of the 13
studies summarized in Table 5-1, there was an increase in plasma
thiobarbituric acid reactive substances (TBARS), an indicator of
oxidative stress, with a 500-mg dose of ascorbic acid (Nyyssonen et
al., 1997b).

Adhesion of mononuclear cells to endothelium is an early event
in atherogenesis and may be triggered by oxidative stress. Smokers
have low levels of vitamin C and increased oxidative stress. A recent
study showed that monocytes of smokers display greater adhesion
to endothelial cells than those of nonsmokers (Weber et al., 1996).
When supplemented with 2,000 mg/day of vitamin C, the plasma
ascorbate level of smokers increased, and adhesion of their mono-
cytes to endothelium decreased to that seen in nonsmokers.

Impaired vascular function is crucial to the clinical manifestation
of atherosclerosis. As depicted in Table 5-3, numerous investigators
have reported a beneficial effect of high dose vitamin C administra-
tion, either orally or intraarterially, on vasodilation. This beneficial
effect of vitamin C is most likely related to its antioxidant effect.
Endothelium-derived relaxing factor, nitric oxide (NO), promotes
vasodilation but is rapidly inactivated by superoxide. Vitamin C im-
proves endothelial function and vasodilation, possibly by scaveng-
ing superoxide radicals, conserving intracellular glutathione, or po-
tentiating intracellular NO synthesis. In human endothelial cells in
culture, extracellular vitamin C at physiological concentrations in-
creased cellular NO synthesis up to threefold, and the increase in
NO synthesis followed a time course similar to ascorbate uptake
into the cells (Heller et al., 1999).

Antioxidant Functions in Leukocytes

The content of vitamin C in leukocytes is especially important
because the ROS generated during phagocytosis and neutrophil
activation are associated with infectious and inflammatory stresses
(Jariwalla and Harakeh, 1996; Levine et al., 1994). Along with pitu-
itary and adrenal glands and eye lens, leukocytes contain the highest
vitamin C concentrations of all body tissues (Moser, 1987). Studies
with guinea pigs and monkeys show that the concentration of ascor-
bate in the leukocytes more accurately reflects liver and body pool
ascorbate than does the concentration in plasma or erythrocytes
(Omaye et al., 1987). The vitamin is transported into leukocytes by
an energy-dependent transport system that concentrates the vitamin
some twenty-five-, forty-, and eightyfold over plasma levels in neutro-
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TABLE 5-1 Effect of Vitamin C Supplementation on

Biomarkers of Lipid Oxidation in Humans

Vitamin C
Reference Subjects Dose? (mg/d)
Harats et al., 1990 17 smokers 1,000
1,500
Belcher et al., 1993 5 healthy men 1,000
Rifici and Khachadurian, 1993 4 healthy men and women 1,000
Cadenas et al., 1996 21 healthy men 1,000
Fuller et al., 1996 19 smokers 1,000
(9 placebo)
Mulholland et al., 1996 16 female smokers 1,000
(8 placebo)
Reilly et al., 1996 5 heavy smokers 2,000
Anderson et al., 1997 48 nonsmokers 60
(24 females) 6,000
Nyyssonen et al., 1997b 59 male smokers 500 (Pj)
(19 placebo) 500 (SR%)
Samman et al., 1997 8 male smokers (40)
1,000
Wen et al., 1997 20 nonsmokers 1,000
(9 placebo)
Harats et al., 1998 36 healthy men (50)
500 (citrus fruit
supplement)
Naidoo and Lux, 1998 9 healthy men, 250, 500, 750
6 healthy women and 1,000

@ Amount given in excess of variable amount consumed daily as part of the diet.

0 LDL = low-density lipoprotein.

¢ TBARS = thiobarbituric acid reactive substances.
d LDL oxidizability is measured by the lag time and propagation rate of in vitro lipid

peroxidation.

¢ VLDL = very low-density lipoprotein.

/CD = conjugated dienes.

of Sciences. All rights reserved.



VITAMIN C 105

Duration  Plasma Change Findings
2 wk 2.0-fold ! Plasma and LDL? TBARS®
4 wk 2.3-fold ! Plasma and LDL TBARS
14 d Not reported LDL oxidation d, no change
10 d Not reported 1 VLDL? and LDL oxidation (4 hour TBARS)
30 d Not reported Urine TBARS, no change
4 wk 3.9-fold ! LDL Oxidizability® (TBARS, CD/)
14 d 3.0-fold Serum TBARS, no change
5d Not reported 18 Urine 8-epi-PGFo,
14 d 1.2-fold Plasma MDAg/HNEh, no change T TAC?
14 d 1.8-fold Plasma MDA/HNE, no change T TAC
2 mo 1.3-fold LDL oxidizability, no change
2 mo 1.5-fold Plasma T TBARS with P Vit C
No T with SR Vit C
(2 wk) (baseline) LDL oxidizability (CD): no change
2 wk 2.0-fold
4 wk 2.2-fold ! Plasma MDA (T erythrocyte Vit E
and GSHZ); no change LDL Vit E;
no change in LDL oxidizability
(TBARS and CD)
(1 mo) (baseline) |l 1LDL oxidizability (CD)
2 mo 3.8-fold
2 wk 1.5-fold (250) | Plasma MDA and allantoin with 500, 750

2.0-fold (500)

2.0-fold (750 and

1,000)

and 1,000 mg/d

& MDA = malondialdehyde.

" HNE = hydroxynonenal.
i TAC = Total Antioxidant Capacity.

JP = plain.

k SR = slow release.

! GSH = reduced gluthione.
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TABLE 5-2 Vitamin C Intake and Biomarkers of Gastric
and Bladder Cancer

Vitamin C
Reference Subjects Dose (mg/d)
Leaf et al., 1987 7 men 2-1,000
Young et al., 1990 18 healthy men 1,500
Dyke et al., 1994a 43 patients with gastritis 1,000
Dyke et al., 1994b 48 patients with gastritis 1,000
Drake et al., 1996 82 patients with dyspepsia None

Mannick et al., 1996

Satarug et al., 1996

84 patients with Helicobacter pylori 2,000
infection

31 healthy men, 300 with 300 mg/d
80 men with liver fluke infection proline

@ DNA = deoxyribonucleic acid.
0 ROS = Reactive Oxygen Species.
¢RNS = Reactive Nitrogen Species.

TABLE 5-3 Vitamin C and Endothelium-Dependent
Vasodilation in Humans

Reference

Subjects

Heitzer et al., 1996
Levine et al., 1996
Ting et al., 1996
Motoyama et al., 1997
Solzbach et al., 1997
Ting et al., 1997

Hornig et al., 1998

Taddei et al., 1998

Timimi et al., 1998

10 chronic smokers
10 control subjects

46 coronary artery disease patients
(20 placebo)

10 type II diabetic patients
10 control subjects

20 smokers
20 control subjects

22 hypertensive patients

11 hypercholesterolemic patients
12 healthy control subjects

15 chronic heart failure patients
8 healthy control subjects

14 hypertensive patients
14 healthy control subjects
10 type I diabetic patients
10 control subjects
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Duration Findings

5-12 d 0 In vivo nitrosation (N-nitrosoproline)

1 wk 0 Urinary B-glucuronidase activity (linked to bladder cancer)

4 wk ! Gastric mucosa DNA® adduct formation

4 wk T 06—a1ky1transferase DNA repair enzyme

— Significant (p < .001) correlation between gastric mucosa
ascorbyl radical concentration and ROS” activity

4-12 mo 0 Nitrotyrosine in gastric mucosa (measure of RNS¢ activity)

1d 0 In vivo nitrosation by urinary nitrosoproline products

Vitamin C Dose Findings
18 mg/min T Forearm blood flow 1.6-fold
(infusion) (measured after acetylcholine infusion)
2,000 mg T Brachial artery dilation 3.2-fold
(oral) (measured after 2 h)
24 mg/min T Forearm blood flow 1.4-fold
(infusion) (measured after methacholine infusion)
10 mg/min T Brachial artery dilation 1.7-fold
(infusion) (measured after 20 min)
3,000 mg 1 Coronary artery vasoconstriction 2.6-fold
(infusion) (measured after acetylcholine infusion)
24 mg/min T Forearm blood flow 1.3-fold
(infusion) (measured after methacholine infusion)
25 mg/min T Radial artery dilation 1.6-fold
(infusion) (measured after 10 min)
2,000 mg T Radial artery dilation 1.5-fold
(oral) (following 4 wk supplementation)
2.4 mg/min T Forearm blood flow 1.3-fold
(infusion) (acetycholine)
24 mg/min T Forearm blood flow 1.4-fold
(infusion) (measured after methacholine infusion)
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phils, platelets, and lymphocytes, respectively (Evans et al., 1982;
Jacob et al., 1992; Levine et al., 1996a). Metabolic priority for main-
tenance of intracellular lymphocyte ascorbate levels was demonstrat-
ed by its lower depletion rates compared to plasma and semen ascor-
bate levels during controlled vitamin C deficiency (intake of 5 mg/
day) and faster recovery during vitamin repletion at 60 mg/day
(Jacob etal., 1992). Intracellular ascorbate recycling (the intracellu-
lar regeneration of oxidized extracellular ascorbate) provides a cel-
lular reservoir of reducing capacity (electrons) that can be transmit-
ted both into and across the cell membrane (May et al., 1999).

The high intracellular concentration of ascorbate in leukocytes
provides cellular protection against oxidant damage associated with
the respiratory burst. In isolated neutrophils, ascorbate recycling is
increased up to thirtyfold upon exposure of the cells to microbial
pathogens (Wang et al., 1997b). Ascorbate effectively neutralizes
phagocyte-derived oxidants without inhibiting the bactericidal activ-
ity of the phagosome (Anderson and Lukey, 1987). Evidence that
ascorbate modulates leukocyte phagocytic action, blastogenesis, im-
munoglobulin production, chemotaxis, and adhesiveness has been
reported in vitro, although evidence for the latter two functions has
been mixed (Evans et al., 1982; Jariwalla and Harakeh, 1996).

Concentrations of ascorbate normally found in plasma (22 to 85
umol/L [0.4 to 1.7 mg/dL]) were shown to neutralize hypochlor-
ous acid (HOCI), one of many powerful oxidants generated by my-
eloperoxidase in activated neutrophils and monocytes (Halliwell et
al., 1987; Heinecke, 1997). This action was hypothesized to protect
o-l-antiprotease against inactivation by HOCI and thereby prevent
proteolytic damage at inflamed sites such as the rheumatoid joint
(Halliwell et al., 1987). Indeed, the ratio of oxidized to reduced
ascorbate was found to be increased in the knee synovial fluid of
active rheumatoid arthritis patients, which suggests that ascorbate is
acting to scavenge phagocyte-derived oxidants in this locally in-
flamed area (Lunec and Blake, 1985). Similarly, increased ascor-
bate oxidation in the plasma of patients with adult respiratory dis-
tress syndrome (Cross et al., 1990) and in smokers (Lykkesfeldt et
al., 1997) indicates protection against oxidant damage from activat-
ed neutrophils and other sources in the lung. Exposure of nine
apparently healthy adults to 2,000 parts per billion (ppb) of ozone,
an environmental pollutant, for 2 hours resulted in increased my-
eloperoxidase and decreased ascorbate concentrations in broncho-
alveolar lavage fluid. These results imply that ascorbate protects
against inflammatory oxidative stress induced by ozone (Mudway et
al., 1999).
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Ascorbate scavenging of myeloperoxidase-derived oxidants from
phagocytic white cells may also be protective against in vivo LDL
oxidation because HOCIl-oxidized proteins have been identified in
human atherosclerotic lesions (Hazell et al., 1996). In an in vitro
system, ascorbate at a physiologically relevant concentration of 50
umol/L (0.9 mg/dL) was the most effective antioxidant for pre-
venting LDL oxidation due to myeloperoxidase-derived RNS (Byun
etal., 1999).

Oxidative Deoxyribonucleic Acid and Chromosome Damage
Cellular Deoxyribonucleic Acid (DNA) Damage

Table 5-4 summarizes the results of five experimental human stud-
ies in which cellular markers of DNA damage were measured after
various vitamin C intakes. Three of the studies varied vitamin C
alone, while the other two studies varied vitamin C and other micro-
nutrients.

Of the three studies that varied only vitamin C intake, one showed
that 60 or 250 mg/day decreased sperm 8-hydroxy-7, 8-dihydro-2"-
deoxyguanosine (8-oxodG), a measure of oxidative stress, but did
not affect lymphocyte or urine 8-oxodG or DNA strand breaks (Fra-
ga et al., 1991). In contrast, the second study showed no effect of
either 60 or 6,000 mg/day vitamin C on lymphocyte DNA or chro-
mosome damage as measured by comet assay (Anderson et al.,
1997). The third study showed both decreases and increases in mea-
sures of lymphocyte DNA oxidative damage after vitamin C supple-
mentation of 500 mg/day (Podmore et al., 1998). In a subsequent
report of results from the study of Podmore et al. (1998), the inves-
tigators hypothesized that increases in serum and urine 8-oxodG
following the decreases of lymphocyte 8-oxoguanine and 8-oxodG
suggest a role for vitamin C in the repair of oxidant-damaged DNA
(Cooke et al., 1998).

The two studies that co-supplemented with vitamin E and B-caro-
tene (Duthie et al., 1996) or iron (Rehman et al., 1998) demon-
strated mixed results in that both decreases and increases in lym-
phocyte DNA oxidant damage measures. Since the contribution of
vitamin C alone to the results of these studies cannot be deter-
mined, these studies cannot be used to estimate a vitamin C re-
quirement. Results of the latter study involving supplementation of
apparently healthy individuals with both vitamin C and iron are
discussed in the section “T'olerable Upper Intake Levels.”

Inverse correlations of lymphocyte ascorbate and glutathione con-
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TABLE 5-4 Vitamin C Intake and Biomarkers of Cellular
Oxidative DNA Damage in Humans

Vitamin C
Reference Subjects Dose (mg/d)
Fraga et al., 1991 10 males (250 baseline)*

Duthie et al., 1996

Anderson et al., 1997

Podmore et al., 1998;
Cooke et al., 1998

Rehman et al., 1998

50 male smokers

50 nonsmokers

48 nonsmokers
(24 females)

30 healthy subjects
(16 females and
14 males)

10 healthy subjects

10 healthy subjects

5a
10 or 20¢
60 or 250%

100

+280 mg/d vitamin E
+25 mg/d B-carotene

100

+280 mg/d vitamin E
+25 mg/d B-carotene

60
6,000

500

60

+14 mg/d Fe
260

+14 mg/d Fe

@ Intake from controlled diet; no supplemental doses given.

b 8-0x0dG = 8-0x0-7,8-dihydro-2’-deoxyguanosine.
¢ HPLC-EC = high-performance liquid chromatography-electrochemical detection

dDNA = deoxyribonucleic acid.

centrations with oxidized DNA bases in another study of 105 appar-
ently healthy adults suggest that these two intracellular antioxidants
protect human lymphocytes against oxidative damage (Lenton et
al., 1999). In sum, the results of studies testing the effects of vitamin
C on cellular DNA damage are mixed and cannot be used for esti-

mating the vitamin C requirement.
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Duration Findings

(7-14 d)
32d T Sperm 8-ox0dG? (HPLC-ECY)
28 d T Sperm 8-oxodG (HPLC-EC)
28 d | Sperm 8-ox0dG (HPLC-EC)

No changes in lymphocyte 8-oxodG or DNA strand breaks

20 wk J Lymphocyte DNA damage (comet assay)
20 wk l Lymphocyte DNA damage (comet assay)
14 d No change in lymphocyte DNA damage
14 d (comet assay) or chromosome breakage

6 wk | Lymphocyte 8-oxogua® and 8-oxodG (GC-MS/

T Serum and urine 8-oxodG (GC-MS)
T Lymphocyte 8-oxoade§ (GC-MS)

12 wk l Leukocyte 8-oxogua (GC-MS)
! Leukocyte 8-oxoade (GC-MS)
12 wk l Leukocyte 8-oxogua (GC-MS)

) Leukocyte 8-oxoade (GC-MS)

T Leukocyte 5-OH cytosine (GC-MS)

T Leukocyte thymine glycol (GC-MS)

T Total base damage at 6 wk, no change at 12 wk

¢ 8-oxogua = 8-oxoguanine.

/GG-MS = gas chromatography-mass spectroscopy.
& 8-oxoade = 8-oxoadenine.

SOURCE: Adapted from Carr and Frei (1999).

Urinary Markers of DNA Damage

Urinary excretion of DNA oxidant damage products, which is
thought to represent the balance of total body DNA damage and
repair has been measured in the studies shown in Table 5-5. This is
a nonspecific measure used to assess changes due to micronutrient
status. Except for the study by Cooke et al. (1998), no relationships
between vitamin C intake and urinary markers of DNA damage were
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TABLE 5-5 Vitamin C Intake and Urinary Excretion of
Oxidative DNA Damage Products in Humans

Reference Subjects Vitamin C Dose (mg/d)
Fraga et al., 1991 10 males (250 baseline)“
a
?0—20“
60-2507
Loft et al., 1992 83 subjects 724

5.9 mg/d vitamin E4
1.1 mg/d vitamin A4

Witt et al., 1992 11 subjects 1000
+533 mg/d vitamin E
+10 mg/d B-carotene

Prieme et al., 1997 18 male smokers 500
20 male smokers 500 (SR%
Cooke et al., 1998 14 males 500

16 females

@ Intake from controlled diet; no supplemental doses given.

b 8-0x0dG = 8-0x0-7,8 dihydro-2’-deoxyguanosine.

¢ HPLC-EC = high-performance liquid chromatography-electrochemical detection.
d Intake estimated from diet records; no supplemental doses given.

found. Thus, urinary markers of DNA damage cannot be used to
determine vitamin C requirements.

Ex Vivo Damage

The five studies in Table 5-6 measured DNA and chromosome
damage ex vivo after supplementing the subjects with vitamin C.
Single large doses of vitamin C (1 g/day or more) provided protec-
tion against lymphocyte DNA strand break damage induced ex vivo
by radiation or hydrogen peroxide (H,O,) as measured by the com-
et assay (Green et al., 1994; Panayiotidis and Collins, 1997). In con-
trast, Crott and Fenech (1999) reported that a single 2-g dose of
vitamin C neither caused DNA damage nor protected cells against
hydrogen peroxide-induced toxicity. The two other studies mea-
sured DNA chromosome damage after treatment of lymphocytes
with bleomycin, a test for genetic instability. Following vitamin C
supplementation for two weeks, Pohl and Reidy (1989) found de-
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Duration Findings

(7-14 d) Urine 8-0x0G% no changes (HPLC-EC)
32d

28 d

28 d

2 wk Urine 8-oxodG: not correlated (HPLC-EC)
1 mo Urine 8-o0xoG: no changes (HPLC-EC)

2 mo Urine 8-oxodG: no changes (HPLC-EC)

2 mo Urine 8-oxodG: no changes (HPLC-EC)

6 wk T Urine 8-0x0dG (GC-MS/)

¢ SR = slow release.
J/GG-MS = gas chromatography-mass spectroscopy.
SOURCE: Adapted from Carr and Frei (1999).

creased chromosome breaks and Anderson et al. (1997) reported
no effects on DNA damage but increased chromosome aberrations.
Since the findings of these studies were inconsistent, ex vivo dam-
age cannot be used to estimate a vitamin C requirement.

Cancer Biomarkers

Effects of vitamin C intakes on surrogate markers and biomarkers
of colorectal, gastric, and bladder cancer are shown in Table 5-2
and Table 5-7. Of six studies of patients with precancerous colon
polyps, vitamin C treatment for 1 month to 3 years demonstrated
variable results with regard to effect on polyp growth and cell prolif-
eration (Table 5-7).

Biomarkers of gastric cancer after vitamin C treatment of patients
with the precancerous conditions, gastritis, or Helicobacter pylori in-
fections were measured in four studies (Table 5-2). Three studies
showed positive results of vitamin C supplementation in vivo: Man-
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TABLE 5-6 Vitamin C Intake and Ex Vivo Measures of
Oxidative DNA Damage in Humans

Reference Subjects Vitamin C Dose (mg/d)
Pohl and Reidy, 1989 8 subjects 0
100
1,000
Green et al., 1994 5 nonsmokers 2,400
1 smoker
Anderson et al., 1997 48 nonsmokers 60 or 6,000

Panayiotidis and
Collins, 1997

Crott and Fenech, 1999

(24 females)

6 nonsmokers
6 smokers

11 male nonsmokers

1,000 or 3,000

2,000

@ DNA = deoxyribonucleic acid.

0 H9oO9 = hydrogen peroxide.

¢ CBMN = cytokinesis-block micronucleus.
SOURCE: Adapted from Carr and Frei (1999).

TABLE 5-7 Vitamin C Intake and Colorectal Polyps

Reference

Subjects

Vitamin C Dose (mg/d)

DeCosse et al., 1975

Bussey et al., 1982

McKeown-Eyssen
et al., 1988

Cahill et al., 1993

Greenberg et al., 1994

Hofstad et al., 1998

5 patients with
familial polyps

36 patients with
colon polyps

137 patients with
colon polyps

40 patients with
colon polyps,
20 normal subjects

380 patients with
diagnosed colon
adenomas

116 patients with
colon polyps

3,000

3,000

400 + 400 mg/d vitamin E

750

1,000 + 400 mg vitamin E or
1,000 + 400 mg vitamin E +

25 mg P-carotene

150 + 75 mg vitamin E +
15 mg B-carotene +
101 pg Se + 1.6 g Ca
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Duration Findings
2 wk ! Lymphocyte chromosome breaks after bleomycin treatment,
2 wk average breaks per cell:
2 wk 0.289
0.208
0.184
Single dose J Lymphocyte DNA® strand breaks in unirradiated and
irradiated blood (comet assay)
2 wk No effect on DNA damage (comet assay)
T Chromosome aberrations after bleomycin treatment
Single dose l Lymphocyte DNA strand breaks in both groups after
ex vivo HQOQb oxidant stress (comet assay)
Single dose No effect on DNA damage (CBMN¢ assay)
Duration Findings
4-13 mo Complete polyp regression in two patients, partial regression
in two, and increased polyps in one
2y ! Polyp area
2y Nonsignificant in { polyp recurrence
1 mo I Total colonic crypt cell proliferation
4y No change in incidence of adenomas, polyp frequency, or size
3y ! Number of new adenomas. No effect on growth of existing
polyps
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nick et al. (1996) reported decreased gastric mucosal nitrotyrosine
(a measure of RNS activity); Dyke et al. (1994a) reported decreased
mucosal DNA damage in one group of gastric cancer patients and
subsequently found increased mucosal O%alkyltransferase, a DNA
repair enzyme in a second group of patients with gastric cancer
(Dyke et al. 1994b). Leaf et al. (1987) found decreased nitrosation
in men after vitamin C supplementation. Drake et al. (1996) used
electron paramagnetic resonance to demonstrate the presence of
the ascorbyl radical in 82 unsupplemented patients with dyspepsia
and showed that ascorbyl radical concentrations correlated with
ROS activity. Gastric muscosal concentrations of ascorbyl radical,
ROS, and malondialdehyde (a measure of lipid peroxidation) were
higher in patients with gastritis and Helicobacter pylori infections com-
pared to patients with normal mucosal histology. Young et al. (1990)
found decreased B-glucuronidase activity (linked to bladder can-
cer) after in vivo supplementation of apparently healthy men with
1,500 mg/day of vitamin C for 1 week.

Summary

For the three studies shown in Table 5-4 in which only vitamin C
intake was varied, some markers of cellular DNA damage showed
no change with increased vitamin C intake, two markers decreased,
and one increased. Urinary measures of oxidized DNA products
showed no change attributable to vitamin C intake (Table 5-5). Two
of three studies of ex vivo DNA damage showed a benefit of vitamin
C supplementation (Table 5-6); however, the relation of these re-
sults to the in vivo situation is uncertain. Studies of surrogate mark-
ers and biomarkers in precancerous colonic and gastric patients
show beneficial or no effects of vitamin C supplementation. Howev-
er, the interpretation of these endpoints and the relevance of the
results to apparently healthy individuals are questionable. The study
of dyspepsia patients indicates that vitamin C acts as an antioxidant
in the gastric mucosa and prevents oxidative damage by scavenging
ROS (Drake et al., 1996). This is consistent with previous findings
that substantial amounts of ascorbic acid are secreted into the di-
gestive tract (Dabrowski, 1990; Waring et al., 1996) and that vitamin
C supplementation decreases gastric mucosal DNA adduct forma-
tion (Dyke et al., 1994a).

Overall, the results do not provide compelling evidence that vita-
min C intakes of 60 to 6,000 mg/day reduce in vivo DNA oxidative
damage in apparently healthy individuals. Hence, present data can-
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not be used to estimate a vitamin C requirement using the end-
point of reduction of oxidative damage to DNA and chromosomes.

Immune Function

As summarized in Table 5-8, vitamin C has been shown to affect
various components of the human immune response, including an-
timicrobial and natural killer cell activities, lymphocyte prolifera-
tion, chemotaxis, and delayed dermal sensitivity (DDS). Except for
the metabolic unit study of Jacob et al. (1991) and the study of
patients with furunculosis (Levy et al., 1996), the studies involved
apparently healthy free-living populations supplemented with from
200 mg/day to 6 g/day of vitamin C in addition to dietary vitamin
intake. Hence, the results relate largely to the pharmacological
range of vitamin C intakes rather than the nutritional range of in-
takes usually provided from food alone.

As seen from analysis of Table 5-8, vitamin C supplementation
resulted about equally in improved or little change in frequently
used measures of immune function: lymphocyte proliferation,
chemotaxis, and DDS response. The decrease in DDS during vita-
min C depletion of men in a metabolic unit cannot be ascribed
solely to changes in ascorbate status because the DDS did not in-
crease again upon repletion for 4 weeks with 60 to 250 mg/day of
the vitamin (Jacob et al., 1991). The only negative effect of intakes
in the range of 600 to 10,000 mg/day was the decrease in ex vivo
bactericidal activity found after apparently healthy men received
2,000 (but not 200) mg/day of the vitamin for 4 weeks (Shilotri and
Bhat, 1977).

Few controlled studies of the effect of vitamin C intake on infec-
tious episodes in humans have been reported, except for studies of
the common cold (covered later under “Common Cold” in the section
“Relationship of Vitamin C Intake to Chronic Disease”). Peters et
al. (1993) reported a significantly decreased incidence of post-race
upper respiratory infections in marathon runners receiving 600 mg/
day of vitamin C compared to control runners taking a placebo.

Results from some studies show improvement in indices of im-
mune function due to increased vitamin C intake, whereas other
studies show no effect. The lack of effect may be due to the use of
subject populations whose baseline vitamin C status is already ade-
quate, because leukocytes saturate with vitamin C at a lower intake
than is required to saturate plasma, about 100 mg/day (Levine et
al., 1996a). Nevertheless, the existing data do not provide convinc-
ing evidence that supplemental vitamin C has a significant effect on
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TABLE 5-8 Vitamin C Intake and Measures of Immune
Function in Humans

Reference Subjects Vitamin C Dose (mg/d)
Shilotri and Bhat, 1977 5 healthy men, aged 200 2,000
23-28'y
Ludvigsson et al., 1979 24 healthy women 1,000-4,000
Anderson et al., 1980 5 healthy adults 1,000-3,000
Panush et al., 1982 28 healthy young adults 1,000-10,000
Kennes et al., 1983 Elderly adults, aged >70 y 500 IM¢
Delafuente et al., 1986 15 elderly adults without 2,000
acute illness
Vogel et al., 1986 9 healthy men and 2 healthy 1,500
women, aged 22-28 y
Jacob et al., 1991 8 healthy men, aged 5-20
25-43 y 60-250
Johnston, 1991 14 healthy women and men 1,500
Johnston et al., 1992 10 adults 2,000
Peters et al., 1993 46 runners and 46 control 600
subjects
Levy et al., 1996 23 patients with 1,000

furunculosis (boils)

@ PMN = polymorphonuclear leukocytes.
0 DDS = delayed dermal sensitivity.
¢IM = intramuscular.

immune functions in humans. Therefore, data from currently avail-
able immune function studies cannot be used to estimate the vita-
min C requirement.

Other Indicators
Collagen Metabolism

Ascorbic acid is required along with iron as a cofactor for the
post-translational hydroxylation of proline and lysine to effect cross-
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Duration Findings

2 wk No change in bactericidal activity of leukocytes measured ex vivo

2 wk ! Ex vivo bactericidal activity of leukocytes

5 wk No change in leukocyte ascorbate concentration or function

1-3 wk T Mitogen-stimulated in vitro lymphocyte proliferation and PMN?
chemotaxis. No change in other cellular or humoral immune
functions

1 wk T Mitogen-stimulated in vitro lymphocyte proliferation and DDS?

response to skin antigens

1 mo T Mitogen-stimulated in vitro lymphocyte proliferation and DDS
response. No changes in serum immunoglobulins

3 wk No change in mitogen-stimulated in vitro lymphocyte proliferation
or DDS response

90 d No change in PMN chemotaxis or response to experimental
gingivitis
60 d No changes in in vitro mitogen-stimulated lymphocyte proliferation
4 wk ! In DDS response with vitamin C intakes of 5-20 mg/d
4 wk No change in plasma complement Clq
2 wk No effect on PMN chemotaxis
| Blood histamine
21d ! Incidence and severity of upper-respiratory-tract infections
4-6 wk Improvement in PMN functions and clinical response in patients

with low baseline PMN functions

linking of mature collagen (Englard and Seifter, 1986). Lack of this
function due to ascorbate deficiency results in defective collagen
formation and the physical symptoms of scurvy. However, serum or
urinary levels of proline or lysine, their hydroxylated forms, or oth-
er measures of collagen metabolism have not been shown to be
reliable markers of ascorbate status (Hevia et al., 1990). Therefore,
despite the important role of the vitamin in collagen formation, no
collagen-related measures are available to use as a functional indi-
cator for the dietary vitamin C requirement.
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Carnitine Biosynthests

Ascorbate is required along with iron at two steps in the pathway
of carnitine biosynthesis in reactions similar to the hydroxylation of
proline during collagen formation. Muscle carnitine is significantly
depleted in scorbutic guinea pigs, suggesting that loss of energy
derived from carnitine-related -oxidation of fatty acids may explain
the fatigue and muscle weakness observed in human scurvy (Jacob
and Pianalto, 1997; Rebouche, 1995). However, neither guinea pig
nor human studies show a consistent relationship between vitamin
C status and carnitine levels (Davies et al., 1987; Jacob and Pianalto,
1997; Johnston et al., 1996). Although vitamin C deficiency appears
to alter carnitine metabolism, the specific interactions and their
relevance to functional carnitine status in humans are unclear.
Therefore, measures of carnitine status cannot be used as an indica-
tor for estimating the vitamin C dietary requirement.

Periodontal Health

The gingival and dental pathology that accompanies scurvy has
prompted numerous investigations of the relationship between as-
corbic acid and periodontal health. Epidemiological studies have
failed to demonstrate an association between vitamin C intake and
periodontal disease (Alvares, 1997; Russell, 1967). Controlled ex-
perimental studies of patients with gingivitis and apparently healthy
adults with vitamin C intakes of 5 to 1,500 mg/day have shown
mixed results with regard to the influence of vitamin C status on
periodontal integrity (Leggott et al., 1986, 1991; Vogel et al., 1986;
Woolfe et al., 1984). Other studies, with animals and humans, have
shown that vitamin C intake can affect the structural integrity of
gingival tissue, including permeability of the gingival sulcular epi-
thelium (Alvares, 1997).

Overall, while evidence suggests that vitamin C deficiency is linked
to some aspects of periodontal disease, the relationship of vitamin
C intake to periodontal health in the population at large is unclear.
Beyond the amount needed to prevent scorbutic gingivitis (less than
10 mg/day) (Baker et al., 1971), the results from current studies
are not sufficient to reliably estimate the vitamin C requirement for
apparently healthy individuals based on oral health endpoints.
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Relationship of Vitamin C Intake to Chronic Disease

Cardiovascular Disease

As suggested earlier, there is reason to expect that the antioxi-
dant vitamins should decrease the risk of cardiovascular disease
(Gey, 1995; Jha et al., 1995; Simon, 1992). Several studies have con-
sidered the association between vitamin C concentrations in blood
and the risk of cardiovascular disease. Singh et al. (1995) found
that the risk of coronary artery disease was approximately two times
less among the top compared to the bottom quintile of plasma vita-
min C concentrations in Indian subjects. A prospective study of
1,605 Finnish men showed that those with increased plasma vitamin
C (greater than 11.4 pmol/L [0.2 mg/dL]) had a 60 percent de-
creased risk of coronary heart disease (Nyyssonen et al., 1997a).
The Basel Prospective Study of 2,974 Swiss men reported that plas-
ma vitamin C concentrations greater than 23 pmol/L (0.4 mg/dL)
were associated with nonsignificant reductions in the risk of coro-
nary artery disease (Eichholzer et al., 1992) and stroke (Gey et al.,
1993). In a 20-year follow-up of 730 elderly adults in Britain, plasma
vitamin C concentrations greater than 28 umol/L (0.5 mg/dL) were
associated with a 30 percent decreased risk of death from stroke
compared with concentrations less than 12 pmol/L (0.2 mg/dL)
(Gale et al., 1995). In a similar study, cross-sectional in design, in
6,624 men and women in the Second National Health and Nutri-
tion Examination Survey, the relative risk of coronary heart disease
and stroke was decreased about 26 percent with serum vitamin C
concentrations of 63 to 153 umol/L (1.1 to 2.7 mg/dL) compared
with concentrations of 6 to 23 umol/L (0.1 to 0.4 mg/dL) (Simon
etal., 1998).

In addition, several prospective cohort studies have shown that
vitamin C intakes between 45 and at least 113 mg/day are associat-
ed with reduced risk of cardiovascular disease (Gale et al., 1995;
Knekt et al., 1994; Pandey et al., 1995). Gale et al. (1995) reported
that in 730 elderly British men and women, vitamin C intakes
greater than 45 mg/day were associated with a 50 percent lower
risk of stroke than were intakes less than 28 mg/day. There was a
nonsignificant 20 percent decrease in the risk of coronary artery
disease in this study. Knekt et al. (1994) studied more than 5,000
Finnish men and women and found that women consuming more
than 91 mg/day vitamin C had a lower risk of coronary artery dis-
ease than those consuming less than 61 mg/day. However, a simi-
lar association was not found in the men. In the Western Electric
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study in Chicago, a cohort of 1,556 middle-aged men consuming
greater than 113 mg/day of vitamin C had a 25 percent lower risk
of coronary artery disease than those consuming less than 82 mg/
day (Pandey et al., 1995).

Other prospective studies have looked at higher levels of vitamin
C intake and have reported similar findings. The First National
Health and Nutrition Examination Survey Epidemiologic Follow-up
Study cohort of more than 11,000 adults showed a reduction in
cardiovascular disease of 45 percent in men and 25 percent in wom-
en whose vitamin C intakes were approximately 300 mg/day from
food and supplements (Enstrom et al., 1992). Sahyoun et al. (1996)
studied 725 elderly Massachusetts adults and reported a 62 percent
lower risk of cardiovascular disease in those whose vitamin C in-
takes were more than 388 mg/day compared to those whose intakes
were less than 90 mg/day. Kritchevsky et al. (1995) reported a neg-
ative association between vitamin C intake and carotid artery wall
thickness in men and women more than 55 years of age in the
Atherosclerosis Risk in Communities Study. Women consuming
more than 728 mg/day and men consuming at least 982 mg/day of
vitamin C had decreased intima thickness compared to women with
intakes of less than 64 mg/day and men with intakes of less than 56
mg/day vitamin C.

In contrast to the above studies, several studies have reported no
association between vitamin C intake and risk of cardiovascular dis-
ease. In a cohort composed of 3,119 residents of Alameda County,
California, vitamin C intakes were not associated with a reduction
in risk for cardiovascular disease (Enstrom et al., 1986). In the Es-
tablished Populations for Epidemiologic Studies of the Elderly with
more than 11,000 adults 65 years of age and older (Losonczy et al.,
1996) and in the Iowa Women’s Heath Study of 34,486 postmeno-
pausal women (Kushi et al., 1996b), vitamin C intake was not associ-
ated with an alteration in risk of coronary heart disease mortality in
these older age groups. Similarly, the U.S. Health Professionals Fol-
low-up Study of nearly 40,000 male health professionals found that
increased intakes of vitamin C (ranging from 92 to 1,162 mg/day)
were not associated with a lower risk of coronary heart disease
(Rimm et al., 1993).

Although many of the above studies suggest a protective effect of
vitamin C against cardiovascular disease, the data are not consistent
or specific enough to estimate a vitamin C requirement based on
any of these specific biomarkers for cardiovascular disease.
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Cancer

As a possible protectant against cancer, vitamin C has engendered
a great deal of interest. Block (1991) has reported that the epidemi-
ologic evidence is strongly suggestive of a protective effect, especial-
ly for the non-hormone-dependent cancers. However, Ames et al.
(1995) have cautioned that the evidence to date of a protective
effect for any of the antioxidants is far from complete. Available
studies assessing the role of vitamin C in specific cancers by site are
evaluated in the following section.

Breast Cancer. A combined meta-analysis, based upon data from
12 case-control studies, found vitamin C to be the micronutrient
most strongly associated with breast cancer risk (Howe et al., 1990).
According to Howe and colleagues’s statistical analyses, each 300-
mg increase in vitamin C intake was associated with a 37 percent
decrease in the risk of postmenopausal, but not premenopausal,
breast cancer. The lowa Women’s Health Study (Kushi et al., 1996a)
found a 20 percent decrease in breast cancer risk with greater than
500 mg/day of vitamin C intake from supplements; in contrast, the
Nurses Health Study, which used the same dietary assessment in-
strument, found no decreased risk of breast cancer at intakes great-
er than 359 mg/day (Hunter et al., 1993). Similarly, a Finnish co-
hort study (Jarvinen et al., 1997) of 4,697 women aged 15 years and
older and the New York State Cohort Study (Graham et al., 1992) of
more than 18,000 postmenopausal women with vitamin C intakes
up to 498 mg/day found no association between vitamin C intake
and breast cancer risk.

Cervical Cancer. In a case-control study, Wassertheil-Smoller et
al. (1981) found high plasma vitamin C concentrations to be associ-
ated with decreased cervical cancer risk. Similarly Romney et al.
(1985) reported a case-control study showing a negative association
between increasing plasma vitamin C concentrations and cervical

dysplasia.

Colorectal Cancer. In a large case-control study, Freudenheim et
al. (1990) reported that increased intakes of vitamin C from food
and supplements were associated with decreased risk of rectal can-
cer. In contrast, the Iowa Women’s Cohort Study found no associa-
tion between vitamin C intake and colon cancer risk at intakes from
food and supplements of approximately 300 mg/day vitamin C (Bo-
stick et al., 1993). However, in the women consuming more than 60
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mg/day vitamin C from supplements compared with no supple-
ments, the risk was decreased by 30 percent.

Pancreatic Cancer. Two separate case-control studies in Poland
(Zatonski et al., 1991) and in Canada (Ghadirian et al., 1991) found
that an elevated intake of vitamin C was associated with a decreased
risk of pancreatic cancer. A study in the Netherlands, using a simi-
lar design, found a protective effect of vitamin C on pancreatic
cancer in women but not in men (Bueno de Mesquita et al., 1991).
A collaborative pooling of these and other case-control studies in
1992 found evidence overall of an inverse relationship between vita-
min C and pancreatic cancer (Howe et al., 1992).

Lung Cancer. Several studies have considered whether vitamin C
might be protective against lung cancer. The results of two large
case-control studies in Hawaii found no association between dietary
vitamin C intake and lung cancer (Hinds et al., 1984; Le Marchand
et al.,, 1989). In contrast, Fontham et al. (1988) reported that vita-
min C intake of approximately 140 mg/day was associated with pro-
tection for lung cancer among men and women in Louisiana who
were non- or light smokers. Similarly, data from the First National
Health and Nutrition Examination Survey Epidemiologic Follow-up
Study of more than 10,000 men and women indicated that dietary
vitamin C intakes greater than 133 mg/day were inversely associat-
ed with lung cancer risk (Yong et al., 1997). There was no addition-
al protective effect of vitamin C supplements. This association be-
tween vitamin C intake and risk of lung cancer was weaker but still
in a protective direction in several studies: a Finnish cohort study of
4,538 men (Knekt et al., 1991); a Dutch cohort study of 561 men
(Ocke et al., 1997); a United States prospective study of 3,102 men
(Shekelle et al., 1981); and the New York State Cohort Study of
27,544 men (Bandera et al., 1997).

Gastric Cancer. Epidemiological and experimental evidence has
suggested that vitamin C may protect against the development of
gastric cancer by inhibiting formation of carcinogenic N-nitroso
compounds or by scavenging ROS/RNS in the gastric mucosa
(Fontham, 1994; Mirvish, 1994; O’Toole and Lombard, 1996). As
noted earlier and summarized in Table 5-2, several experimental
studies have linked increased vitamin C status to decreased ROS/
RNS activity and oxidant damage products in the gastric mucosa of
patients with gastritis and Helicobacter pylori infection (Drake et al.,
1996; Dyke et al., 1994a; Mannick et al., 1996). Gastric juice ascor-
bate concentrations of patients with H. pylori infection and chronic
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gastritis, risk factors for gastric cancer, are low compared to those of
apparently healthy individuals and are increased by eradication of
the H. pylori infection or by vitamin C supplementation (Rokkas et
al., 1995; Waring et al., 1996). However, H. pylori infection and ac-
companying inflammation do not alter vitamin C levels or antioxi-
dant potential in the gastroduodenal mucosa (Phull et al., 1999).
Despite the epidemiological associations and the evidence that gas-
tric juice vitamin C is protective against nitrosation and oxidant
damage, the two vitamin C supplementation studies conducted to
date have not shown a subsequent decrease in gastric cancer inci-
dence (Blot et al., 1993; O’Toole and Lombard, 1996).

Although many of the above studies suggest a protective effect of
vitamin C against specific cancers by site, the data are not consistent
or specific enough to estimate a vitamin C requirement based on
cancer.

Cataract

Ocular tissue concentrates vitamin C, which might suggest, teleo-
logically, that the tissue needs this vitamin (Rose et al., 1998). It is
reasonable to expect, therefore, that oxidative damage to ocular
tissue is an important source of degenerative eye disease and that
supplementation by vitamin C would be an effective means of less-
ening the risk of diseases such as cataract.

In a case-control comparison of 77 subjects with cataract and 35
control subjects with clear lenses, vitamin C intakes of greater than
490 mg/day were associated with a 75 percent decreased risk of
cataracts compared with intakes of less than 125 mg/day (Jacques
and Chylack, 1991). Similarly, vitamin C intakes greater than 300
mg/day were associated with a 70 percent reduced risk of cataracts
(Robertson et al., 1989). In a second case-control comparison with
1,380 cataract patients and 435 control subjects, similar results were
found: although intake numbers were not reported, above-median
vitamin C intake was associated with a 20 percent decrease in the
risks of cataracts (Leske et al., 1991). In contrast, an analysis of data
derived from the Baltimore Longitudinal Study on Aging found no
increased association between 260 mg/day of vitamin C and risk of
cataracts compared to 115 mg/day (Vitale et al., 1993).

In an 8-year prospective study, Hankinson et al. (1992) evaluated
the experience of more than 50,000 nurses in the Nurses Health
Study. Dietary vitamin C intakes were not associated with a de-
creased risk of cataract, but cataract risk was 45 percent lower
among the nurses who consumed vitamin C supplements for 10 or
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more years. With a cohort of 247 nurses from the above study, vita-
min C supplement use, in amounts ranging from less than 400 mg/
day to greater than 700 mg/day for 10 years or more, was associated
with a statistically significant protective effect on lens opacities
(Jacques et al., 1997). Women who consumed vitamin C supple-
ments for less than 10 years were not protected.

Although many of the above studies suggest a protective effect of
vitamin C against cataracts, the data are not consistent or specific
enough to estimate the vitamin C requirement based on cataracts.

Asthma and Obstructive Pulmonary Disease

It is suspected that vitamin C may decrease the risk of asthma and
other related pulmonary conditions (Hatch, 1995). Two cross-sec-
tional studies suggest that high plasma vitamin C concentrations or
intakes protect or perhaps enhance respiratory function in men but
not in women (Ness et al.,, 1996) and in both men and women
(Britton et al., 1995). Similarly, dietary vitamin C intake was posi-
tively associated with enhanced pulmonary function in 2526 adult
men and women participants in the First National Health and Nu-
trition Survey Epidemiological Follow-up Study (Schwartz and Weiss,
1994). In another study, 20 middle-aged men and women patients
with mild asthma had decreased ascorbate and o-tocopherol con-
centrations in lung lining fluid, while blood levels were normal
(Kelly et al., 1999). These findings and the presence of increased
oxidized glutathione in the airways indicate an increased oxidative
stress in asthma patients.

A series of small, clinical experiments reported that vitamin C
supplementation of 2 g/day may be protective against airway re-
sponsiveness to viral infections, allergens, and irritants (Bucca et
al., 1992). In contrast, a clinical experiment testing the blocking
effect of 2 g/day vitamin C against exercise-induced asthma found
little evidence of such an effect (Cohen et al., 1997).

Although many of the above studies suggest a protective effect of
vitamin C against asthma and obstructive pulmonary disease, the
data are not consistent or specific enough to estimate the vitamin C
requirement based on asthma or pulmonary disease.

Common Cold

There has been a great deal of interest in the use of vitamin C to
protect against the common cold, much of this research stimulated
by the views put forth by the late Linus Pauling (Hemila and Her-
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man, 1995). Reviews of numerous studies generally conclude that
vitamin C megadoses have no significant effect on incidence of the
common cold, but do provide a moderate benefit in terms of the
duration and severity of episodes in some groups (Chalmers, 1975;
Jariwalla and Harakeh, 1996; Ludvigsson et al., 1977). The often-
reported improvement in severity of colds after vitamin C ingestion
may be due to the antihistaminic action of the vitamin at pharmaco-
logical doses (Johnston et al., 1992). One early study comparing 44
school-aged twins in vulnerability to colds found no significant over-
all treatment effect of vitamin C intakes at doses of 500 to 1,000
mg/day (Miller et al., 1977). Other trials came to similar conclu-
sions (Coulehan et al., 1976; Ludvigsson et al., 1977). Some reviews
have stated that any impact of vitamin C is slight or that it is protec-
tive only among some subgroups of people (Hemila, 1996, 1997).
Others view the accumulated results as so incomplete and flawed as
to offer no evidence of protective effects (Herbert, 1995). Thus, the
data are not consistent or specific enough to estimate the vitamin C
requirement based on the common cold.

Cognitive Function and Memory

Although vitamin C’s role as an antioxidant and cofactor for cate-
cholamine biosynthesis might suggest that it protects cognitive func-
tion, there is little valid evidence that it does. One study found no
association between cognitive function and vitamin C intake (range
84 to 147 mg/day) in 5,182 Dutch residents aged 55 to 95 years
(Jama et al., 1996). Another study of 442 men and women, aged 65
to 94 years, reported that higher plasma ascorbate levels were asso-
ciated with better memory performance (Perrig et al., 1997).

Summary

Although several studies have reported an inverse correlation be-
tween vitamin C intake and cardiovascular disease, some types of
cancer, and cataracts, others have failed to do so. Very little varia-
tion in risk is seen based on the intake of vitamin C for chronic
obstructive pulmonary disease, cold or infectious disease, or cogni-
tive function and memory. Also it is important that, for all their
power, human-based observational or epidemiological studies im-
ply but do not prove cause and effect. Such studies do not rule out
the impact of unidentified factors. In a recent review of epidemio-
logical studies, Gey (1998) suggested that plasma vitamin C concen-
trations as low as 50 umol/L (1.0 mg/dL) provide the optimal ben-
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efits with regard to cardiovascular disease and cancer. This plasma
vitamin C concentration is achieved at a dietary intake of approxi-
mately 90 mg/day vitamin C (Levine et al., 1996a). Thus, in the
United States or Canada, it may be difficult to do a large-scale trial
that demonstrates a health benefit for vitamin C unless the subjects
are prescreened to have dietary intakes less than 90 mg/day and
plasma levels less than than 50 umol/L (1.0 mg/dL) of vitamin C.

FACTORS AFFECTING THE VITAMIN C REQUIREMENT

Bioavailability

Some 70 to 90 percent of usual dietary intakes of ascorbic acid
(30 to 180 mg/day) are absorbed, although absorption decreases to
about 50 percent and less with single doses above 1 g (Kallner et al.,
1979; Levine et al., 1996b). The type of food consumed has not
been shown to have a significant effect on absorption of either in-
trinsic or supplemental vitamin C. The bioavailability of the vitamin
naturally found in foods or in the form of a supplement has not
been shown to be significantly different from that of pure synthetic
ascorbic acid (Johnston and Luo, 1994; Mangels et al., 1993).

Nutrient-Nutrient Interactions

Vitamin C participates in redox reactions with many other dietary
and physiological compounds, including glutathione, tocopherol,
flavonoids, and the trace metals iron and copper (Jacob, 1995).

Glutathione

Interactions of ascorbate with the endogenous antioxidant glu-
tathione have been shown in both rodents and humans. In appar-
ently healthy men fed a low-ascorbate diet of 5 to 20 mg/day, plas-
ma total glutathione (reduced [GSH] and oxidized [GSSG] forms)
and the ratio of GSH/GSSG, both indicators of oxidative stress,
were significantly decreased (Henning et al., 1991). In apparently
healthy adults supplemented with 500 mg/day of ascorbic acid,
erythrocyte glutathione rose significantly (Johnston et al., 1993).
The results indicate that ascorbate may contribute to antioxidant
protection by maintaining reduced glutathione.
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Tocopherol and Flavonoids

Evidence from in vitro and animal studies has shown that vitamin
C can regenerate or spare o-tocopherol (Halpner et al., 1998), but
studies in guinea pigs and humans have not confirmed that this
interaction occurs to a significant extent in vivo (Jacob et al., 1996).
Calculation of redox potentials indicates that ascorbate can recycle
the flavonoid radical (Bors et al., 1995), and Skaper et al. (1997)
showed that ascorbic acid acts synergistically with the flavonoid quer-
cetin, to protect cutaneous tissue cells in culture against oxidative
damage induced by glutathione deficiency.

Iron and Copper

A variety of interactions of ascorbate with the redox-active trace
metals iron and copper have been reported (the potential pro-oxi-
dant effects are discussed later in the section “Pro-oxidant Effects”).
Ascorbic acid is involved in the regulation of iron metabolism at a
number of points. Ascorbate-related reduction of iron to the fer-
rous state is involved in iron transfer and storage pathways. Ascorbic
acid added to meals facilitates intestinal absorption of nonheme
iron, possibly due to lowering of gastrointestinal iron to the more
absorbable ferrous state or amelioration of the effect of dietary iron
absorption inhibitors (Hallberg, 1985). However, studies in which
the vitamin is added to meals over long periods have not shown
significant improvement of body iron status, indicating that ascor-
bic acid has less effect on iron bioavailability than has been predict-
ed from tests with single meals (Hunt et al., 1994).

Some evidence indicates that excess ascorbic acid intake may af-
fect copper metabolism in a variety of ways, including inhibition of
intestinal absorption and ceruloplasmin oxidase activity and labili-
zation of ceruloplasmin-bound copper for cellular transport (Har-
ris and Percival, 1991). High concentrations of plasma ascorbate in
premature infants has been suggested to decrease ceruloplasmin
ferroxidase activity and thereby compromise antioxidant protection
(Powers et al., 1995). However, the significance of these effects in
humans is questionable, because high ascorbate intakes among men
on a metabolic unit did not inhibit copper absorption (Jacob et al.,
1987b). In addition, the findings of decreased ceruloplasmin fer-
roxidase activity due to high physiologic ascorbate concentrations
have been attributed to an artifact of nonphysiological assay pH
(Lgvstad, 1997).
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Smoking

Nearly all studies show that smokers have decreased plasma and
leukocyte ascorbate levels compared to nonsmokers. Part of this
difference may be attributable to a lower intake of fruits and vegeta-
bles among smokers than among nonsmokers (Dallongeville et al.,
1998; Marangon et al., 1998). However, studies that have adjusted
for differences in vitamin C intake (Marangon et al., 1998) and
those which have assessed populations with similar fruit and vegeta-
ble intakes (Lykkesfeldt et al., 2000) still find that smokers have
lower plasma vitamin C concentrations than nonsmokers. This indi-
cates that smoking per se predisposes to lower vitamin C status.

Vitamin C Turnover

The mechanism by which smoking compromises vitamin C status
has not been well established. A radioisotope-labeled ascorbic acid
dilution study showed that the metabolic turnover of the vitamin in
smokers averaged about double that of nonsmokers: 70.0 versus
35.7 mg/day (Kallner et al., 1981). Increased ascorbate turnover in
smokers is likely due to the increased oxidative stress from substanc-
es in smoke that are directly oxidizing or that stimulate oxidizing
inflammatory responses (Elneihoum et al., 1997; Lehr et al., 1997;
Pryor, 1997). This hypothesis is supported by the finding that the
ratio of dehydroascorbic acid (DHA) to ascorbate in plasma of
smokers is increased compared to that in nonsmokers (Lykkesfeldt
et al., 1997).

Most studies have found that smokers suffer increased in vivo oxi-
dation of susceptible biological molecules, including lipids (Mor-
row et al., 1995; Reilly et al., 1996), lipoproteins (Sasaki et al., 1997),
and deoxyribonucleic acid (DNA) (Asami et al., 1997; Panayiotidis
and Collins, 1997). In many but not all of these studies, interven-
tion with administration of vitamin C or cessation of smoking de-
creased the oxidant damage measured. Supplementation of smok-
ers with vitamin C (2 g/day) reduced elevated levels of urinary
isoprostanes, a measure of in vivo lipid peroxidation (Reilly et al.,
1996). This is consistent with earlier findings that either endoge-
nous or in vitro added ascorbic acid uniquely protected plasma lip-
ids against oxidative damage caused by cigarette smoke (Frei et al.,
1991). Large doses of vitamin C (1 g/day or more) provided protec-
tion against lymphocyte DNA strand break damage induced ex vivo
by radiation with HyO, (hydrogen peroxide) (Green et al., 1994;
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Panayiotidis and Collins, 1997). Endogenous DNA strand breaks
(in the absence of added Hy,O,) were not different between smok-
ers and nonsmokers; however, DNA damage due to ex vivo Hy,O,
addition was significantly greater in smokers than in nonsmokers.
Vitamin C at 1 g/day decreased ex vivo DNA damage by about 20
percent in both groups (Panayiotidis and Collins, 1997).

A few studies have shown no effect of smoking or vitamin C sup-
plementation on oxidizable biomolecules (Marangon et al., 1997,
1998). Supplementation of 21 male smokers with 500 mg/day of
vitamin C for 2 months had no effect on urinary excretion of 8-
hydroxy-7, 8-dihydro-2-deoxyguanosine (8-oxodG), a product of
oxidative DNA damage (Prieme et al., 1997).

Endothelial and Hemostatic Dysfunction

Smokers also suffer from endothelial and hemostatic dysfunctions
that are reported to be ameliorated by vitamin C. Some evidence
suggests that ascorbate in neurons modulates synthesis of the va-
sodilator nitric oxide (NO) (Millar, 1995). Since endothelium-de-
pendent, but not endothelium-independent, vasodilation was im-
proved by vitamin C administration in smokers, Heitzer et al. (1996)
concluded that vitamin C acts to decrease oxidative stress within the
vasculature of smokers by directly scavenging reactive oxygen spe-
cies (ROS), thereby protecting the endogenous vasodilator NO,
among other hypothesized effects. Vitamin C in physiological
amounts has been shown to increase by threefold the synthesis of
NO by human endothelial cells in culture (Heller et al., 1999).
Motoyama et al. (1997) reported that vitamin C infusion improved
impaired endothelium-dependent vasodilation in the brachial ar-
teries of smokers, along with a decrease in plasma thiobarbitutic
acid reactive substances (TBARS), a nonspecific measure of lipid
peroxidation. Smokers with low levels of plasma vitamin C com-
pared to nonsmokers also had increased monocyte adhesion to en-
dothelial cells, which was normalized to that of nonsmokers after
oral supplementation with 2 g/day of vitamin C (Weber et al., 1996).
A mechanism for the effect of vitamin C on diminishing leukocyte
or platelet adhesion and aggregation in smokers is suggested by
findings in hamsters, in which the vitamin decreases formation of
oxidized phospholipids that induce intravascular adhesion, aggre-
gation, and inflammation (Lehr et al., 1997).
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Pregnancy

Cigarette smoking also promotes oxidant damage and disturbs
vitamin C nutriture in pregnant women. Although vitamin C in-
takes and serum concentrations were not different between third
trimester smokers compared to nonsmokers; breath ethane, a mea-
sure of lipid peroxidation, was increased in the smokers and corre-
lated inversely with serum vitamin C in the smokers but not the
nonsmokers (Schwarz et al., 1995). There are more than 10! or-
ganic free radicals per puff in gas-phase cigarette smoke (Pryor,
1992). Given the time elapsed between the last cigarette smoked
and the breath collection as well as the absence of correlation be-
tween breath ethane values and hours since the last cigarette
smoked, the breath ethane in pregnant smokers was thought to
originate from peroxidation of the smoker’s body lipids rather than
the smoke itself. In Spanish women in their third trimester, serum
vitamin C levels were not different between smokers and nonsmok-
ers, but vitamin C levels were lower in the smokers’ milk after partu-
rition (Ortega et al., 1998).

Environmental Tobacco Smoke

Increased oxidative stress and ascorbate turnover have also been
shown in nonsmoking individuals who are regularly exposed to to-
bacco smoke in their environment. Environmental or sidestream
tobacco smoke provokes oxidant damage similar to mainstream cig-
arette smoke (Bermudez et al., 1994; Pryor et al., 1983). Plasma
ascorbate concentrations of passive smokers were intermediate be-
tween those of active smokers and nonsmokers who were not ex-
posed to environmental tobacco smoke, despite similar vitamin C
intakes (Tribble et al., 1993). Hypovitaminosis C (plasma ascorbate
concentrations less than 23 pmol/L [0.5 mg/dL]) was found in 24
percent of the active smokers and 12 percent of passive smokers
and indicated that both passive and active smoke exposure lowered
body ascorbate pools. Exposure of nonsmokers to secondhand
smoke for 30 minutes in a smoke-filled room resulted in a signifi-
cant decline in serum ascorbate, increased lipid peroxidation, and
oxidatively modified low-density lipoprotein (LDL) (Valkonen and
Kuusi, 1998). Although the above data are insufficient to estimate a
special requirement for nonsmokers regularly exposed to tobacco
smoke, these individuals are urged to ensure that they meet the
Recommended Dietary Allowance (RDA) for vitamin C.
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Gender

In both observational and intervention studies, human plasma or
serum ascorbate levels are usually found to be higher in females
than in males of the same population. Serum ascorbate concentra-
tions of adult females aged 19 and older were greater than those of
males in the same age category as reported in the Third National
Health and Nutrition Examination Survey (NHANES III) (Appen-
dix Table F-1). A minority of studies has reported no gender differ-
ence in plasma vitamin C levels (Johnston and Thompson, 1998).
Although the reported gender differences in blood vitamin C con-
centrations may be attributed in part to differences in vitamin C
intake, studies of elderly populations show that the difference exists
over a wide range of vitamin C intakes and remains significant when
males and females consuming similar amounts of the vitamin are
compared (Garry et al., 1982; Itoh et al., 1989; Jacob et al., 1988;
VanderJagt et al., 1987). In a population of elderly English adults
(75 years and older), higher fruit consumption by women contrib-
uted to but did not entirely account for their higher plasma and
leukocyte ascorbate levels compared to men (Burr et al., 1974).
However, the latter finding of higher leukocyte ascorbate in women
compared to men was not confirmed in a subsequent study, which
found no gender differences in leukocyte ascorbate concentrations
(Evans et al., 1982).

Part of the gender difference could be attributed to the larger
body and fat-free mass of men compared to women (Baker et al.,
1962; Blanchard, 1991a,b; Jacob et al., 1987a). However, since dif-
ferences in fatfree mass accounted for only 10 to 31 percent of the
variation in plasma vitamin C parameters, other unknown gender-
related variables such as hormonal or metabolic effects are needed
to explain fully the observed gender differences in vitamin C me-
tabolism (Blanchard, 1991a). The differences are not explained by
renal handling of ascorbic acid, since renal clearance parameters of
ascorbic acid for both young and elderly adults showed no gender-
related differences (Oreopoulos et al., 1993).

Overall, the data indicate that women maintain higher plasma
ascorbate levels than men at a given vitamin C intake. Although
studies were not found that directly compare the vitamin C require-
ments for men and women, a difference in average vitamin C re-
quirements of men and women is assumed based on mean differ-
ences in body size, total body water, and lean body mass.
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FINDINGS BY LIFE STAGE AND GENDER GROUP
Infants Ages O through 12 Months

Method Used to Set the Adequate Intake

No functional criteria of vitamin C status have been demonstrated
that reflect response to dietary intake in infants. Thus, recommend-
ed intakes of vitamin C are based on an Adequate Intake (AlI) that
reflects the observed mean vitamin C intake of infants fed principal-
ly with human milk.

Human Milk. Human milk is recognized as the optimal milk
source for infants throughout at least the first year of life; it is rec-
ommended as the sole nutritional milk source for infants during
the first 4 to 6 months of life (IOM, 1991). Therefore determina-
tion of the Al for vitamin C for infants is based on data from infants
fed human milk as the principal fluid during the periods 0 through
6 months and 7 through 12 months of age. The Al is set at the
mean value for observed intakes as determined from studies in
which the intake of human milk was measured by test weighing
volume and the intake of food was determined by dietary records.

A number of reports of vitamin C content of human milk are
available (Table 5-9). In mothers not taking vitamin C supplements,
vitamin C in human milk in the first 6 months of lactation varied
from 34 mg/L (Bates et al., 1982) to 83 mg/L (Byerley and Kirksey,
1985). In mothers taking vitamin C supplements ranging from 45 to
greater than 1,000 mg/day, vitamin C content of human milk var-
ied from 45 to 115 mg/L (Byerley and Kirksey, 1985; Udipi et al.,
1985). Thus, the influence of maternal vitamin C intake and its
effect on the vitamin C content of human milk are inconclusive
(Byerley and Kirksey, 1985; Sneed et al., 1981; Thomas et al., 1979,
1980). The vitamin C content of human milk appears to decline
during the first year of life so that by the twelfth month of lactation
the vitamin C content is about 8 to 12 percent lower (Karra et al.,
1986; Salmenpera, 1984).

In a study of infantile vitamin C intake during prolonged lacta-
tion, mean human milk vitamin C concentration decreased from
49.7 £ 10.6 mg/L (SD) at at 4 months of lactation to 44.6 £ 5.6 mg/
L (SD) at 9 months of lactation (Salmenpera, 1984). Calculated
from the milk concentrations and volumes, the average daily vita-
min C intake by these infants was 36 mg/day at 4 and 6 months, and
42 mg/day at 9 months. The plasma concentrations of vitamin C of
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all infants studied were in the normal range, greater than 34 umol/
L (0.6 mg/dL) indicating that exclusively human milk-fed infants
are well protected against vitamin C deficiency.

Ages 0 through 6 Months. The Al for infants 0 through 6 months
is based on the average volume of milk intake of 0.78 L/day (Allen
et al.,, 1991; Butte et al., 1984; Heinig et al., 1993), and an average
concentration of vitamin C in human milk of 50 mg/L. This is the
average vitamin C content of mature milk as assessed by Salmen-
pera (1984), Sneed et al. (1981), and George and De Francesca
(1989) and is in the range of vitamin C content measured in the
other studies (Table 5-9). Multiplying this amount by the average
intake of human milk at 0 through 6 months, the Al would be 50
mg/L x 0.78 L/day = 39 mg/day vitamin C. Therefore the Al for
vitamin C for infants 0 through 6 months of age is 40 mg/day, after
rounding.

This amount is lower than the median intake of 75 mg/day of
vitamin C for infants 1 through 6 months as reported in the U.S.
Department of Agriculture 1994-1996 Continuing Survey of Food
Intake by Individuals (CSFII) where intake data ranged from 4 to
273 mg, (Appendix Table D-1). The latter figure is probably higher
than that calculated for an infant fed human milk because the data
in GSFII are based on consumption of infant formula plus solid
food, and the vitamin C content of proprietary infant formulas is
approximately 50 mg/L (FDA, 1985). However, the proposed Al is
comparable to vitamin C intakes from human milk-fed German in-
fants whose median intakes were 41 mg/day at 6 months of age
(Alexy et al., 1999). These figures are much higher than the amount
of vitamin C shown to protect infants from scurvy (7 mg/day) in
early studies determining amounts necessary to prevent deficien-
cies (Goldsmith, 1961; Rajalakshmi et al., 1965; Van Eekelen, 1953).

Ages 7 through 12 Months. During the second 6 months of life,
solid foods become a more important part of the infant diet and
add a significant but poorly defined amount of vitamin C to the
diet. Although limited data are available for typical vitamin C in-
takes from foods by infants fed human milk, mean vitamin C in-
takes from solid foods are 22 mg/day for formula-fed infants (Mon-
talto et al., 1985). For purposes of developing an Al for this age
group, it is assumed that infants who are fed human milk have
intakes of solid food similar to formula-fed infants of the same age
group (Specker et al., 1997). Based on data of Dewey et al. (1984),
mean human milk intake during the second 6 months of life would
be 0.6 L/day. Thus, vitamin C intake from human milk with a vita-
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TABLE 5-9 Vitamin C Content in Human Milk

DIETARY REFERENCE INTAKES

Reference

Stage of Lactation
(mg/d)

Vitamin C Content
in Milk (mg/L)

Maternal Vitamin C
Intake (mg/d)

Thomas et al.,
1979

Thomas et al.,
1980°¢

Sneed et al.,
1981

Bates et al.,
1982

Salmenpera,
1984

Byerley and
Kirksey, 1985°¢

Udipi et al.,
1985

Karra et al.,
1986

1 and 6 wk pp?

6 mo pp

1 and 6 wk pp

Not Reported

3-4 d pp
2 mo
4 mo
6 mo
9 mo
12 mo

7-13 wk lactation

1-6 d lactation
7-10 d
13-15d
20-22 d
28-31 d

7-12 mo lactation

680
730

35.2 + 12.0 (SD%)
38.4 + 12.3 (SD)

570
68°

34
45

61.8 + 0.99 (SD)
59.1 + 1.18 (SD)
49.7 + 1.06 (SD)
46.8 + 1.02 (SD)
44.6 £ 0.56 (SD)
41.4 + 1.13 (SD)

83.3
104.1
114.7

90°
95
105°
120°
115%

90°

190 (diet only)
148 (diet) + 90
(supplement)

131 (diet only)
153 (diet) + 90
(supplement)

118 (diet only)?
108 (diet) + 90
(supplement)

No diet intake data
reported
35 as supplement

48-277 (mean 138)
(no supplements
were taken)

<100
100-999
>1,000

198, range 60-270
(extradietary
intake only)

Not reported

@ pp = postpartum.

bValues were estimated from graphs.

¢ Lack of correlation between maternal intake and breast milk concentration of vita-
min C in human milk.

d SD = standard deviation.
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Methods

n = 17 healthy women, aged 18-35y

Intake was analyzed based on three 4-d diet records.

There was no significant difference in milk content between the two groups.
Plasma vitamin C levels were significantly lower at 7 d pp in the
unsupplemented group; at 6 weeks, there was no difference. Serum
concentrations were lower in the supplemented group

n = 12 healthy women, aged 18-35 y
Intake based on 4-d diet records

n = 16 low-socioeconomic women; aged 18-32 y
Intake was analyzed based on two 4-d diet records.
There was no significant difference in milk content between the two groups.
Also measured plasma concentration of ascorbic acid—found no significant
difference

n = 168 Gambian women

n = 200 healthy nonsmoking mothers and full-term infants
Infants were exclusively fed human milk for at least 3 mo (range 3-12 mo)
Intake based on 7-d food records kept by a subset of mothers
Milk volumes (mL/d) based on 3-d averages were
calculated:
790 (510-1,120) at 4 mo lactation
800 (500-1,025) at 6 mo lactation
890 (655-1,100) at 9 mo lactation

n = 25 healthy women aged 20-36 yrs, and their infants
Milk concentration was calculated from estimates of the volume of milk intake
of infants and infant intake of vitamin C

n = 12 healthy women; aged 21-35y
Found significantly lower milk concentration on days 1-6 than on days 13-15
and 28-31

n = 55 women; aged 21-38 y
Found 8% decrease in Vit C milk levels between 7 and 12 mo lactation
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min C concentration of about 45 mg/L at 9 months (the midpoint
of this age group) of lactation (Salmenpera, 1984) would be ap-
proximately 27 mg/day. Adding the intake from milk (27 mg/day)
and food (22 mg/day), the total Al for vitamin C is rounded to 50
mg/day.

An alternative method to calculate vitamin C intake is to use the
method described in Chapter 3 to extrapolate from the Al for in-
fants ages 0 through 6 months who receive human milk. Utilizing
this method, the Al for the older infants is rounded up to 50 mg/
day of vitamin C. This is comparable to the value calculated above
utilizing human milk and solid food.

The 1994 to 1996 CSFII data for infants 7 through 12 months of
age ranged from 21 to 293 mg/day, with median 106 mg/day of
vitamin C (Appendix Table D-1).

Vitamin C Al Summary, Ages O through 12 Months

Al for Infants
0—6 months 40 mg (227 umol)/day of vitamin C =6 mg/kg
7-12 months 50 mg (256 umol)/day of vitamin C =6 mg/kg

Children and Adolescents Ages 1 through 18 Years

Evidence Considered in Estimating the Average Requirement

No direct data were found on which to base an Estimated Average
Requirement (EAR) for vitamin C for children ages 1 through 18
years. In the absence of additional information, and because vita-
min C is a water-soluble vitamin and males have a larger lean body
mass and total body water than women, EARs for children and ado-
lescents have been estimated on the basis of relative body weight as
described in Chapter 3 using reference weights from Chapter 1
(Table 1-1).

The Recommended Dietary Allowances (RDAs) estimated below
for children 1 through 13 years of age are lower than the Als calcu-
lated above for infants 0 through 12 months of age. The reason an
Al may be higher than an RDA lies in the way they are determined
(see “Ditferences Between the Al and the RDA” in Chapter 1). The
Al is based on data on milk composition and volume of milk con-
sumed to calculate an adequate intake of infants. The vitamin C
RDA, in the case of 1- through 13-year-old children, is based on
assumed differences in body weight from adults for whom there are
some data. Thus, the data that are utilized to estimate the Al and
RDA are different and cannot be compared.
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Vitamin C EAR and RDA Summary, Ages 1 through 18 Years

EAR for Children
1-3 years 13 mg (74 umol)/day of vitamin C
4-8 years 22 mg (125 pumol)/day of vitamin C
EAR for Boys
9-13 years 39 mg (222 umol)/day of vitamin C
14-18 years 63 mg (358 umol)/day of vitamin C
EAR for Girls
9-13 years 39 mg (222 umol)/day of vitamin C
14-18 years 56 mg (318 umol)/day of vitamin C

The RDA for vitamin C is set by assuming a coefficient of variation
(CV) of 10 percent (see Chapter 1) because information is not avail-
able on the standard deviation of the requirement for vitamin C;
the RDA is defined as equal to the EAR plus twice the CV to cover
the needs of 97 to 98 percent of the individuals in the group (there-
fore, for vitamin C the RDA is 120 percent of the EAR). The calcu-
lated values for RDAs have been rounded to the nearest 5 mg.

RDA for Children
1-3 years 15 mg (85 umol)/day of vitamin C
4-8 years 25 mg (142 pumol)/day of vitamin C
RDA for Boys
9-13 years 45 mg (256 umol)/day of vitamin C
14-18 years 75 mg (426 umol)/day of vitamin C
RDA for Girls
9-13 years 45 mg (256 umol)/day of vitamin C
14-18 years 65 mg (370 umol)/day of vitamin C

Adults Ages 19 through 50 Years

Evidence Considered in Estimating the Average Requirement

Although it is known that the classic disease of severe vitamin C
deficiency, scurvy, is rare in the United States and Canada, other
human experimental data that can be utilized to set a vitamin C
requirement, based on a biomarker other than scurvy, are limited.
Values recommended here are based on an amount of vitamin C
that is thought to provide antioxidant protection as derived from
the correlation of such protection with neutrophil ascorbate con-
centrations.

It is recognized that there are no human data to quantify directly
the dose-response relationship between vitamin C intake and in vivo
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antioxidant protection. In addition, only one study (Levine et al.,
1996a) with seven apparently healthy males reported plasma, neu-
trophil, and urinary ascorbate concentrations during vitamin C de-
pletion and repletion to steady state. Thus, there are wide uncer-
tainties in the data utilized to estimate the vitamin C requirements.
However, in the absence of other data, maximal neutrophil concen-
tration with minimal urinary loss appears to be the best biomarker
at the present time. It must be emphasized that research is urgently
needed to explore the use of other biomarkers to assess vitamin C
requirements.

Antioxidant Protection

The evidence summarized in the preceding sections indicates that
vitamin C functions in vivo to scavenge reactive oxidants in activat-
ed leukocytes, lung, and gastric mucosa, and to protect against lipid
peroxidation. Therefore, the determination of an EAR for vitamin
C is based on an amount estimated to provide antioxidant protec-
tion. Evidence summarized in the earlier section “Antioxidant Func-
tions in Leukocytes” indicates that the vitamin’s antioxidant func-
tion in leukocytes, which includes neutrophils, lymphocytes, and
monocytes, is especially important. In addition, studies with guinea
pigs and monkeys show that the concentration of ascorbate in the
leukocytes more accurately reflects liver and body pool ascorbate
than does the concentration in plasma or erythrocytes (Omaye et
al., 1987). The vitamin is transported into leukocytes by an energy-
dependent transport system that concentrates the vitamin some 25,
40, and 80 times higher than plasma levels in neutrophils, platelets,
and lymphocytes, respectively (Evans et al., 1982; Jacob et al., 1992;
Levine et al., 1996a).

The cells actively concentrate the vitamin, which serves as a cellu-
lar reservoir of reducing capacity and scavenges damaging phago-
cyte-derived oxidants such as superoxide and myeloperoxidase-de-
rived hypochlorus acid (HOCI) and reactive nitrogen species
(RNS). In both the cell-free and the activated neutrophil systems
described earlier, the protection of o-l-antiprotease against inacti-
vation by HOCI (Halliwell et al., 1987) and the inhibition of super-
oxide production (Anderson and Lukey, 1987) were directly pro-
portional to ascorbate concentrations within the normal range of
plasma ascorbate concentrations (22 to 85 umol/L [0.4 to 1.5 mg/
dL]). Data plotted in Figure 5-2 show that superoxide production
by activated neutrophils was inhibited 29, 44, 52, and 55 percent by
extracellular ascorbate concentrations of 28, 57, 114, and 284 umol/
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FIGURE 5-2 The effect of varying extracellular ascorbate concentrations on inhi-
bition of superoxide produced by activated neutrophils. The range of normal hu-
man plasma ascorbate concentrations is shown within the arrows.

SOURCE: Adapted from Anderson and Lukey (1987).

L (0.5, 1.1, 2.2, and 5.0 mg/dL), respectively, without any effect on
intracellular bacterial killing (Anderson and Lukey, 1987). This in-
dicates that antioxidant protection is increasingly provided as ascor-
bate concentrations increase, with the greatest change in protec-
tion seen for ascorbate concentrations between 28 and 57 umol/L
(0.5 and 1.0 mg/dL).

Although similar dose-response data for leukocyte ascorbate lev-
els are not available, the limited data from Levine et al. (1996a),
seen in Figures 5-3 and 5-4, show that plasma and neutrophil ascor-
bate concentrations are both directly related to vitamin intake be-
tween about 50 and 90 mg/day. The concentrations were measured
by a sensitive high-pressure liquid chromatography assay with elec-
trochemical detection. Therefore, increasing neutrophil ascorbate
concentrations within this range should provide for increased pro-
tection against phagocyte-derived oxidant damage.
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FIGURE 5-4 Neutrophil ascorbic acid concentrations (mmol/L) as a function of
dose.
SOURCE: Adapted from Levine et al. (1996a).

There are no data to quantify directly the dose-response relation
between vitamin C intake and in vivo antioxidant protection. There-
fore, the criterion chosen for the EAR is the vitamin C intake that
maintains near-maximal neutrophil vitamin C concentrations with
minimal urinary loss. Since leukocyte ascorbate, which includes neu-
trophil ascorbate, correlates well with liver and body pool ascorbate
(Omaye et al., 1987), this criterion should provide for adequate in
vivo antioxidant protection to body tissues while minimizing excess
urinary vitamin excretion. Vitamin C intakes greater than the uri-
nary excretion threshold provide little or no increase in the ascor-
bate body pool (Baker et al., 1969; Kallner et al., 1979). A vitamin C
intake that meets the above criteria is estimated from a controlled
vitamin C dose-response study described below.

Depletion-Repletion Study

The requirement for vitamin C based on the above criteria can be
estimated from the data reported by Levine et al. (1996a) in which
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plasma, neutrophil, and urinary ascorbate concentrations were de-
termined during vitamin C depletion and repletion to steady-state.
The rigorous criteria for achieving steady-state plasma concentra-
tions (five daily samples that varied less than or equal to 10 per-
cent) make the Levine et al. (1996a) data unique among depletion-
repletion studies.

Seven apparently healthy male volunteers, aged 20 to 26 years,
were studied as in-patients for 4 to 6 months. Subjects were depleted
by being fed a diet containing less than 5 mg/day vitamin C. Deple-
tion was defined as completed when plasma vitamin C concentra-
tions ranged from 5 to 10 umol/L (0.1 to 0.2 mg/dL) without signs
or symptoms of scurvy. For repletion, seven consecutive doses of
vitamin C (30, 60, 100, 200, 400, 1,000, and 2,500 mg/day) were
given sequentially until steady-state plasma and leukocyte (neutro-
phils, monocytes, and lymphocytes) vitamin C concentrations were
achieved at each dosage. The results for plasma and neutrophil
concentrations can be seen in Figures 5-3 and 5-4, and Table 5-10.

As seen in Figure 5-4 and Table 5-10, the ascorbate saturation
concentration in neutrophils was approximately 1.3 mmol/L. This
was attained by four of the seven subjects at a vitamin C intake of
100 mg/day. Monocytes and lymphocytes also reached maximum
concentrations at 100 mg/day (Levine et al., 1996a). However, at
neutrophil saturation, about 25 percent of the doses were excreted
in the urine, whereas at 60 percent of maximum ascorbate (dose of
60 mg/day), essentially no ascorbate was excreted.

No data from the Levine at al. (1996a) study are available for
vitamin C intakes between 60 and 100 mg/day. However, because
60 percent of maximal ascorbate concentration in neutrophils
would provide less antioxidant protection than 80 or 100 percent
(Figure 5-2) (Anderson and Lukey, 1987), and since 25 percent of
the dose is excreted at 100 percent of maximum neutrophil ascor-
bate concention, the midpoint 80 percent of maximum (1.0 mmol/
L) was chosen. This is assuming that antioxidant protection in this
range is linear. This point should better estimate an approximate
neutrophil target concentration that fulfills the criteria of adequate
in vivo antioxidant protection with little or no urinary loss. From
the equation of Figure 5-4, 80 percent of maximal neutrophil con-
centration (1.0 mmol/L) is equivalent to a vitamin C intake of about
75 mg/day. This represents an EAR, because 80 percent (1.0 mmol/
L) neutrophil concentration is an average value, estimated by re-
gression analysis, for the men consuming 75 mg/day of vitamin C as
shown in Table 5-10.
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TABLE 5-10 Intracellular Ascorbic Acid Concentration in
Neutrophils of Depleted Subjects Given Increasing Doses of
Vitamin C (mmol/L)

Dose
30 60 75 100 200 400 1,000 2,500

Subject mg mg mg? mg mg mg mg mg

1 Mean 0.60 0.96 1.15 1.36 1.32 1.26 1.36 -
SD? 0.01 0.01 0.02 0.03 0.50 0.03 -

2  Mean 0.42 0.50 0.67 1.13 1.24 1.12 1.63 -
SD 0.01 0.02 0.06 0.05 0.08 0.15 -

3  Mean 1.18 0.83 1.19 1.33 1.43 - - -
SD 0.30 0.50 0.10 0.90 - - -

4  Mean 0.58 0.75 1.03 1.35 1.11 1.56 1.23 1.28
SD 0.03 0.04 0.10 0.05 0.06 0.08 1.12

5 Mean 0.57 1.10 1.21 1.30 - 1.40 1.48 1.44
SD 0.02 0.05 0.03 - 0.05 0.11 0.13

6  Mean 0.61 0.93 1.01 1.24 - 0.96 0.95 -
SD 0.01 0.03 0.05 - 0.14 0.16 -

7  Mean 0.42 0.54 0.77 1.02 1.46 - 1.23 -
SD 0.01 0.02 0.05 0.12 - 0.06 -
Average 0.63 0.81 1.00 1.25 1.31 1.26 1.31 1.36
SD 0.26 0.20 0.12 0.13 0.23 0.21 0.80

@ These values are neutrophil ascorbate concentrations corresponding to an intake of
75 mg/d calculated for each individual by regression analysis.

0 SD = standard deviation.

SOURCE: Levine et al. (1996b).

Relevancy of Above EAR to Other Possible Vitamin C Biomarkers

Scurvy. As discussed earlier, scurvy occurs at plasma concentra-
tions of less than 10 pumol/L. At an EAR of 75 mg/day, scurvy would
be prevented for more than a month if vitamin C ingestion were to
cease suddenly (Levine et al., 1996b).

Body Pool Saturation. Kallner et al. (1979) previously reported
that the body pool of vitamin C was saturated at an intake of 100
mg/day in healthy non-smoking men; thus, an average intake at the
EAR of 75 mg/day would not provide body pool saturation of vita-
min C.
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Antioxidant Role. At a vitamin C intake of 90 mg/day, the plasma
ascorbate concentration reaches 50 umol/L which has been shown
to inhibit LDL oxidation in vitro in both cellular and cell free sys-
tems (Jialal et al., 1990). Although it is not known whether vitamin
C prevents LDL oxidation in vivo, if it does this might be relevant in
the prevention of heart disease (Jialal et al., 1990). Also, as dis-
cussed earlier, since neutrophils are at 80 percent saturation at an
EAR of 75 mg/day, this should potentially protect intracellular pro-
teins from oxidative injury when these cells are activated during
infectious and inflammatory processes (Anderson and Lukey, 1987;
Halliwell et al., 1987).

Plasma Vitamin C Concentrations. Based on data from the Third
National Health and Nutrition Examination Survey (NHANES III),
although more than 75 percent of adult men have dietary vitamin C
intakes higher than the EAR of 75 mg/day (Appendix Table C-1),
only 50 percent have plasma vitamin C concentrations greater than
38 umol/L (0.67 mg/dL) (Appendix Table F-1). This plasma con-
centration is estimated from the data of Levine et al. (1996a) to
correspond to an intake of 75 mg/day of vitamin C (Figure 5-3).
This finding is not surprising since the NHANES III vitamin C plasma
concentrations are for both smokers and nonsmokers, and it is
known that plasma vitamin C concentrations are reduced by about
40 percent in male smokers (Pelletier, 1977; Weber et al., 1996). In
addition, as discussed in the earlier section “Environmental Tobacco
Smoke,” exposure of nonsmokers to environmental tobacco smoke
can result in a decline in plasma ascorbate concentrations (Tribble
et al., 1993; Valkonen and Kuusi, 1998). Findings from the first
three years (1988 to 1991) of NHANES III indicate that 38 percent
of the participants were smokers and an additional 23 percent were
nonsmokers exposed to environmental tobacco smoke at home or
work (Pirkle et al., 1996).

Vitamin C EAR and RDA Summary, Ages 19 through 50 Years

Based on vitamin C intakes sufficient to maintain near-maximal
neutrophil concentrations with minimal urinary loss, the data of
Levine etal. (1996a) support an EAR of 75 mg/day of vitamin C for
men. Since the data were based on men and no similar data are
available for women at the present time, it is assumed that women
will have a lower requirement due to their smaller lean body mass,
total body water, and body size. This assumption is supported by the
findings previously discussed that women maintain higher plasma
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ascorbate concentrations than men at a given vitamin C intake.
Thus, the requirement for women is extrapolated based on body
weight differences from those established for men (see Table 1-1).

EAR for Men
19-30 years 75 mg (426 umol)/day of vitamin C
31-50 years 75 mg (426 umol)/day of vitamin C
EAR for Women
19-30 years 60 mg (341 umol)/day of vitamin C
31-50 years 60 mg (341 umol)/day of vitamin C

The RDA for vitamin C is set by assuming a coefficient of variation
(CV) of 10 percent (see Chapter 1) because information is not avail-
able on the standard deviation of the requirement for vitamin C;
the RDA is defined as equal to the EAR plus twice the CV to cover
the needs of 97 to 98 percent of the individuals in the group (there-
fore, for vitamin C the RDA is 120 percent of the EAR). Due to the
many assumptions and approximations involved, the RDA for wom-
en is rounded up to 75 mg from its calculated value of 72 mg/day.

RDA for Men
19-30 years 90 mg (511 umol)/day of vitamin C
31-50 years 90 mg (511 umol)/day of vitamin C
RDA for Women
19-30 years 75 mg (426 umol)/day of vitamin C
31-50 years 75 mg (426 umol)/day of vitamin C

Adults Ages 51 Years and Older

Evidence Considered in Estimating the Average Requirement

Some cross-sectional studies have shown that vitamin C status, as
measured by plasma and leukocyte ascorbate concentrations, is low-
er in the elderly, especially institutionalized elderly, than in young
adults (Burr et al., 1974; Cheng et al., 1985). Low blood vitamin C
concentrations in institutionalized and chronically ill elderly were
normalized to those of active elderly and young adults by increasing
their dietary vitamin C intake, suggesting that the low levels were
primarily due to poor intake (Newton et al., 1985). However, Davies
et al. (1984) found that intestinal absorption of a 500-mg oral dose
of ascorbic acid, as measured by urinary ascorbate excretion, was
significantly less in elderly (mean age 83 years) than in younger
subjects (mean age 22 years). Although this dose (500 mg/day) was
about 5 times higher than the vitamin C intake of many elderly
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individuals, it prompted the suggestion that impaired intestinal ab-
sorption may be an important causative factor in low blood concen-
trations of vitamin C in the elderly.

However, other studies, both cross-sectional and longitudinal, of
apparently healthy, well-nourished elderly populations in the Unit-
ed States have not found evidence of a greater incidence of vitamin
C deficiency among the elderly compared to young adults and no
decrease in plasma ascorbate with advancing age (Garry et al., 1982,
1987; Jacob et al., 1988). Measurement of plasma, leukocyte, and
urine ascorbate concentrations in a series of studies in elderly and
young men and women showed no differences due to age (Blan-
chard, 1991a; Blanchard et al., 1989, 1990a,b). These studies in-
cluded pharmacokinetic measures related to vitamin C absorption,
depletion, repletion, and renal clearance. Consistent with these
findings, a later study that measured maximal renal tubular reab-
sorption and excretion thresholds of ascorbic acid in apparently
healthy elderly and young adults found no differences in renal han-
dling of the vitamin between the two groups (Oreopoulos et al.,
1993).

Older age groups, both men and women, have decreased lean
body mass compared to younger individuals and thus, potentially a
lower requirement for vitamin C. However, the vitamin C require-
ment of the elderly may be increased due to the oxidative stress of
inflammatory and infectious conditions often found in this popula-
tion (Cheng et al., 1985). As previously discussed, older adults have
similar or lower plasma ascorbate concentrations than young adults.
Therefore, the estimated requirement for vitamin C for individuals
51 years and older will remain the same as that of the younger adult.

Vitamin C EAR and RDA Summary, Ages 51 Years and Older

In summary, no consistent differences in the absorption or me-
tabolism of ascorbic acid due to aging have been demonstrated at
median vitamin C intakes. This suggests that the reports of low
blood vitamin C concentrations in elderly populations may be due
to poor dietary intakes, chronic disease or debilitation, or other
factors, rather than an effect of aging per se. Therefore, for the
older adults, no additional vitamin C allowance beyond that of
younger adults is warranted.

EAR for Men
51-70 years 75 mg (426 umol)/day of vitamin C
>70 years 75 mg (426 umol)/day of vitamin C
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EAR for Women
51-70 years 60 mg (341 umol)/day of vitamin C
>70 years 60 mg (341 umol)/day of vitamin C

The RDA for vitamin C is set by assuming a coefficient of variation
(CV) of 10 percent (see Chapter 1) because information is not avail-
able on the standard deviation of the requirement for vitamin C;
the RDA is defined as equal to the EAR plus twice the CV to cover
the needs of 97 to 98 percent of the individuals in the group (there-
fore, for vitamin C the RDA is 120 percent of the EAR). As with the
RDA for younger women, the calculated RDA of 72 mg has been
rounded up to 75 mg/day.

RDA for Men
51-70 years 90 mg (511 pmol)/day of vitamin C
>70 years 90 mg (511 umol)/day of vitamin C
RDA for Women
51-70 years 75 mg (426 umol)/day of vitamin C
>70 years 75 mg (426 umol)/day of vitamin C

Pregnancy

Evidence Considered in Estimating the Average Requirement

Plasma vitamin C concentration decreases with the progression of
pregnancy, probably secondary to hemodilution (Morse et al., 1975)
as well as active transfer to the fetus (Choi and Rose, 1989). This
decrease in plasma concentration has not been shown to be associ-
ated with poor pregnancy outcomes. The placenta apparently clears
oxidized ascorbic acid from the maternal circulation and delivers it
in the reduced form to the fetus (Choi and Rose, 1989). Ascorbic
acid deficiency during pregnancy is associated with increased risk of
infections, premature rupture of the membranes (Casanueva et al.,
1993; Pfeffer et al., 1996), premature birth (Casanueva et al., 1993;
Tlaskal and Novakova, 1990), and eclampsia (Jendryczko and
Tomala, 1995). In addition, both serum and amniotic fluid concen-
trations of ascorbic acid are decreased in pregnant smokers com-
pared to nonsmokers (Barrett et al., 1991).

Vitamin C EAR and RDA Summary, Pregnancy

Although the amount of vitamin C required by the growing fetus
is unknown, it is known that maternal plasma vitamin C concentra-
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tion decreases with the progression of pregnancy due to hemodilu-
tion as well as active transfer to the fetus. Therefore, in order to
transfer adequate vitamin C to the fetus, additional vitamin C is
needed during pregnancy. In the absence of data on near maximal
neutrophil saturation during pregnancy, the method of determin-
ing the EAR for pregnancy is based on adding the EAR for near-
maximal neutrophil concentration of the nonpregnant woman to
the amount of vitamin C necessary to transfer adequate vitamin C
to the fetus. In the absence of precise data regarding transfer of
maternal vitamin C to the fetus, and with the knowledge that intakes
of 7 mg/day of vitamin C will prevent young infants from develop-
ing scurvy (Goldsmith, 1961; Rajalakshmi et al., 1965; van Eekelen,
1953), the EAR for pregnancy was estimated to increase 10 mg/day
over the vitamin C requirement for the nonpregnant woman.

EAR for Pregnancy
14-18 years 66 mg (375 umol)/day of vitamin C
19-30 years 70 mg (398 umol)/day of vitamin C
31-50 years 70 mg (398 umol)/day of vitamin C

The RDA for vitamin C is set by assuming a coefficient of variation
(CV) of 10 percent (see Chapter 1) because information is not avail-
able on the standard deviation of the requirement for vitamin C;
the RDA is defined as equal to the EAR plus twice the CV to cover
the needs of 97 to 98 percent of the individuals in the group (there-
fore, for vitamin C the RDA is 120 percent of the EAR). The calcu-
lated values for the pregnancy RDA have been rounded up to the
nearest 5 mg.

RDA for Pregnancy
14-18 years 80 mg (454 yumol)/day of vitamin C
19-30 years 85 mg (483 umol)/day of vitamin C
31-50 years 85 mg (483 umol)/day of vitamin C

Special Considerations

Certain subpopulations of pregnant women may have increased
requirements for vitamin C. This group includes users of street
drugs and cigarettes, heavy users of alcohol, and regular users of
aspirin (Flodin, 1988). Women who smoke more than 20 cigarettes
per day may require twice as much vitamin C as nonsmokers to
maintain a replete body pool of vitamin C (Kallner et al., 1981). It
has been reported that plasma vitamin C in pregnant smokers ex-
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hibited an indirect correlation with the breath content of ethane, a
volatile marker of lipid peroxidation, even though the pregnant
women were receiving supplements with 320 mg/day of vitamin C
(Schwarz et al., 1995). Thus, pregnant women in these special sub-
populations should consume additional vitamin C.

Lactation

Evidence Considered in Estimating the Average Requirement

As indicated earlier, infants fed human milk are estimated to con-
sume on average 40 mg/day vitamin C during the first 6 months of
life. Salmenpera (1984) reported that the vitamin C intake of 47
mothers during prolonged lactation ranged from 48 to 277 mg/
day, mean 138 mg/day. Three mothers in this study who consumed
less than 100 mg/day of vitamin C demonstrated plasma ascorbate
values below the lower limit of normal [less than 10 pmol/L (0.2
mg/dL)]. Women who consumed 100 to 199 mg/day of vitamin C
produced milk with 100 mg/L of vitamin C (Byerley and Kirksey,
1985). Maternal vitamin C intake in excess of 200 mg/day resulted
in increased urinary excretion of vitamin C but did not increase the
content of the vitamin in human milk (Byerley and Kirksey, 1985).
It is thought that a regulatory mechanism in the mammary gland
prevents the elevation of milk vitamin C concentrations beyond that
level seen when urinary execretion increases representing blood
saturation (Byerley and Kirksey, 1985).

Vitamin C EAR and RDA Summary, Lactation

To estimate the EAR for lactation, the average vitamin C pro-
duced in milk, 40 mg/day during the first 6 months of lactation, is
added to the EAR for the nonlactating women. Although the vita-
min C content of human milk declines with length of lactation and
milk volume declines with the addition of solid foods, the EAR is
not decreased for longer periods of lactation.

EAR for Lactation
14-18 years 96 mg (545 umol)/day of vitamin C
19-30 years 100 mg (568 umol)/day of vitamin C
31-50 years 100 mg (568 umol)/day of vitamin C

The RDA for vitamin C is set by assuming a coefficient of variation
(CV) of 10 percent (see Chapter 1) because information is not avail-

of Sciences. All rights reserved.



152 DIETARY REFERENCE INTAKES

able on the standard deviation of the requirement for vitamin C;
the RDA is defined as equal to the EAR plus twice the CV to cover
the needs of 97 to 98 percent of the individuals in the group (there-
fore, for vitamin C the RDA is 120 percent of the EAR).

RDA for Lactation
14-18 years 115 mg (653 umol)/day of vitamin C
19-30 years 120 mg (682 umol)/day of vitamin C
31-50 years 120 mg (682 umol)/day of vitamin C

Special Considerations
Smokers

Evidence that smokers have lower vitamin C status than nonsmok-
ers, even with comparable vitamin C intakes, is summarized in the
preceding section “Factors Affecting the Vitamin C Requirement.”
The data also show that the metabolic turnover of ascorbate in smok-
ers is about 35 mg/day greater than in nonsmokers (Kallner et al.,
1981), apparently due to increased oxidative stress and other meta-
bolic differences. These findings indicate that smokers need addi-
tional vitamin C to provide comparable nutriture to nonsmokers.

From analysis of NHANES II data on vitamin C intakes and serum
concentrations, Schectman et al. (1991) estimated that the average
intake of smokers needed to be at least 200 mg/day of vitamin C in
order to attain serum ascorbate concentrations equivalent to those
of nonsmokers who meet the 1989 RDA of 60 mg/day (NRC, 1989).
Use of population survey data to estimate an increased ascorbate
requirement for smokers is questionable, because the cause and
significance of the observed differences in serum ascorbate concen-
trations between smokers and nonsmokers are largely unknown.

From in vitro data on the loss of ascorbate in plasma exposed to
cigarette smoke, it was estimated that one cigarette may consume
about 0.8 mg of ascorbate, or about 32 mg/day for a two-pack-a-day
smoker (Cross and Halliwell, 1993). More precise data were ob-
tained from an experimental study of 17 apparently healthy male
smokers who were administered radiolabeled tracer ascorbic acid at
steady-state intakes of 30 to 180 mg/day to allow kinetic calcula-
tions of ascorbate metabolism and body pools. Results were com-
pared with a similar protocol for nonsmokers (Kallner et al., 1979,
1981). Metabolic turnover of the vitamin was about 35 mg/day
greater in smokers than in nonsmokers. Thus, to obtain a near max-
imal steady-state ascorbate body pool equivalent to that of nonsmok-
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ers, smokers would require an additional 35 mg/day of vitamin C
over that needed by nonsmokers.

Passive Smokers

Environmental or sidestream tobacco smoke provokes oxidant
damage similar to mainstream cigarette smoke (Bermudez et al.,
1994; Pryor et al., 1983). Hypovitaminosis C (plasma ascorbate con-
centrations less than 23 umol/L [0.5 mg/dL]) was found in 24
percent of the active smokers and 12 percent of passive smokers
and indicated that both passive and active smoke exposure lowered
body ascorbate pools (Tribble et al., 1993). Exposure of nonsmok-
ers to secondhand smoke for 30 minutes in a smoke-filled room
resulted in a significant decline in serum ascorbate, increased lipid
peroxidation, and oxidatively modified low-density lipoprotein
(LDL) (Valkonen and Kuusi, 1998). Although the above data are
insufficient to estimate a special requirement for nonsmokers regu-
larly exposed to tobacco smoke, these individuals are urged to en-
sure that they meet the Recommended Dietary Allowance (RDA)
for vitamin C.

Exercise and Stress

The role of ascorbate as a cofactor for biosynthesis of carnitine,
steroid hormones, and neurotransmitters provides a theoretical ba-
sis for increased requirements of the vitamin in persons under ex-
cessive physical and emotional stress. Studies of vitamin C status
and physical activity in humans have shown mixed results, such that
no definitive conclusion regarding vitamin C and exercise can be
derived (Keith, 1994). For example, Fishbaine and Butterfield
(1984) reported that blood vitamin C was higher in runners com-
pared to sedentary control subjects, while a later study found that
the vitamin C status of highly trained athletes was not significantly
different from control subjects (Rokitzki et al., 1994). A cross-sec-
tional study of physical activity, fitness, and serum ascorbate in 1,600
apparently healthy Irish adults provided no evidence that active peo-
ple had different ascorbate status than inactive, and thus no justifi-
cation for supplementation of exercisers (Sharpe et al., 1994). No
substantial evidence that mental or emotional stress increases vita-
min C turnover or requirement in apparently healthy persons has
been reported. In sum, none of the above types of stress has been
demonstrated to affect the human requirement for vitamin C.
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INTAKE OF VITAMIN C
Food Sources

Almost 90 percent of vitamin C in the typical diet comes from
fruits and vegetables, with citrus fruits, tomatoes and tomato juice,
and potatoes being major contributors (Sinha et al., 1993). Other
sources include brussel sprouts, cauliflower, broccoli, strawberries,
cabbage, and spinach. Vitamin C is also added to some processed
foods as an antioxidant. Values for the vitamin C content of foods
can vary depending on the growing conditions, season of the year,
stage of maturity, location, cooking practices, and storage time pri-
or to consumption (Erdman and Klein, 1982).

Dietary Intake

Data from nationally representative U.S. and Canadian surveys
are available to estimate vitamin C intakes (Appendix Tables C-1, D-
1, and E-1). In the United States, the median dietary intake of vita-
min C by adult men from 1988 to 1994 was about 105 mg (596
umol) /day and median total intake (including supplements, see
Appendix Table C-2) is about 120 mg (682 umol) /day. For women,
the median intake was estimated to be 90 mg (511 pmol)/day and
median total intake (including supplements) is about 108 mg (613
umol) /day. (See Chapter 9 for vitamin C intake of men and women
who smoke.) In Canada, the median dietary intake of vitamin C for
adult men and woman was lower than in the United States with
intake estimated to be about 70 mg (397 pumol)/day (Appendix
Table E-1). Although most Americans consume fewer than the min-
imum of five daily servings of fruits and vegetables recommended
by the U.S. Department of Agriculture and the National Cancer
Institute, estimated median daily vitamin C consumption is above
the Estmated Average Requirement (EAR). Five servings of most
fruits and vegetables provide more than 200 mg (1,136 pmol) /day
of vitamin C per day.

The Boston Nutritional Status Survey of the Elderly estimated that
among this relatively advantaged group of people over aged 60,
those who were not taking supplements had a median vitamin C
intake of 132 mg/day for males and 128 mg/day for females (Hartz
et al., 1992).
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Intake from Supplements

Information from the Boston Nutritional Status Survey of the Eld-
erly estimated that 35 and 44 percent of the males and females,
respectively, took some form of vitamin C supplements; while 19
percent of males and 15 percent of females surveyed who took sup-
plements had intakes greater than 1,000 mg (5,680 pmol) /day. Ap-
proximately 31 percent of all adults in one 1986 survey reported
taking a vitamin C supplement (Moss et al., 1989). Total vitamin C
intakes from food plus supplements from the Third National Health
and Nutrition Examination Survey (NHANES III) are found in Ap-
pendix Table C-2.

TOLERABLE UPPER INTAKE LEVELS

The Tolerable Upper Intake Level (UL) is the highest level of
daily nutrient intake that is likely to pose no risk of adverse health
effects in almost all individuals. Although members of the general
population should be advised not to exceed the UL routinely, in-
take above the UL may be appropriate for investigation within well-
controlled clinical trials. In light of evaluating possible benefits to
health, clinical trials of doses above the UL should not be discour-
aged, as long as subjects participating in these trials have signed
informed consent documents regarding possible toxicity and as long
as these trials employ appropriate safety monitoring of trial sub-
jects. Also, the UL is not meant to apply to individuals who are
receiving vitamin C under medical supervision.

Hazard Identification

Adverse Effects

Many people believe vitamin C to be nontoxic and beneficial to
health; therefore, the vitamin is often taken in large amounts. There
is no evidence suggesting that vitamin C is carcinogenic or teratoge-
nic or that it causes adverse reproductive effects. Reviews of high
vitamin C intakes have indicated low toxicity (Johnston, 1999); ad-
verse effects have been reported primarily after very large doses
(greater than 3 g/day). Data show little increase in plasma steady-
state concentrations at intakes above 200 mg/day (Figure 5-3), and
saturable intestinal absorption and renal tubular reabsorption data
suggest that overload of ascorbic acid is unlikely in humans (Blan-
chard et al., 1997; Levine et al., 1996a). Possible adverse effects
associated with very high intakes have been reviewed and include:
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diarrhea and other gastrointestinal disturbances, increased oxalate
excretion and kidney stone formation, increased uric acid excre-
tion, pro-oxidant effects, systemic conditioning (“rebound scurvy”),
increased iron absorption leading to iron overload, reduced vita-
min B, and copper status, increased oxygen demand, and erosion
of dental enamel (Hornig and Moser, 1981; Rivers, 1987). The data
on these adverse effects are reviewed below. The UL for vitamin C
applies to intake from both food and supplements.

Gastrointestinal Effects. Gastrointestinal disturbances such as nau-
sea, abdominal cramps, and diarrhea are the most common adverse
effects of high vitamin C intake (Hoffer, 1971). These effects are
attributed to the osmotic effect of unabsorbed vitamin C passing
through the intestine. Intestinal absorption of ascorbic acid occurs
by a saturable process (Rumsey and Levine, 1998; Tsao, 1997). The
remainder is not absorbed and is eliminated in the stool. The evi-
dence of gastrointestinal disturbances following high vitamin C
intakes is primarily from uncontrolled case reports (Hoffer, 1971;
Hoyt, 1980). However, some studies have been conducted to evalu-
ate gastrointestinal effects. Cameron and Campbell (1974) report-
ed diarrhea, transient colic, and flatulent distension in normal
healthy volunteers at doses of 3 to 4 g/day. Another study, which
evaluated the adverse effects of 1-, 5-, and 10-g/day supplemental
ascorbate for 5 days in apparently healthy adults, reported diarrhea
in 2 of 15 subjects at 10 g/day (Wandzilak et al., 1994). Stein et al.
(1976) reported mild diarrhea in one of three subjects following
ingestion of 4 g of ascorbic acid.

Increased Oxalate Excretion and Kidney Stone Formation. Controver-
sy exists as to whether increased intake of vitamin C can significant-
ly increase urinary excretion of oxalate and, therefore, lead to an
increase in the potential for renal calcium oxalate stone formation.
The findings from studies evaluating the effect of vitamin C intake
(0.03 to 10 g/day) on urinary oxalate excretion in apparently
healthy individuals are conflicting (Hughes et al., 1981; Lamden
and Chrystowski, 1954; Levine et al., 1996a; Mitch et al., 1981;
Schmidt et al., 1981; Tiselius and Almgard, 1977; Tsao and Salimi,
1984; Wandzilak et al., 1994). An intervention study by Hughes et
al. (1981) reported significant increases in mean urinary oxalate
excretion in 39 apparently healthy adults consuming 1, 3, 6, and 9
g/day of ascorbic acid. However, Tsao and Salimi (1984) reported
normal plasma oxalate concentrations in healthy subjects ingesting
3-10 g/day of ascorbic acid for at least two years, and no significant
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change in urinary oxalate excretion in five of six subjects who con-
sumed 10 g/day of vitamin C over 1 day. Levine et al. (1996a)
showed increased urinary oxalate excretion in apparently healthy
male volunteers consuming 1 g/day of ascorbic acid; however, mean
oxalate concentrations remained within the reference range. None
of these studies showed oxalate excretion above normal.

Reports of kidney stone formation associated with excess ascorbic
acid intake are limited to individuals with renal disease (see Sauber-
lich, 1994 for a review). Data from epidemiological studies do not
support an association between excess ascorbic acid intake and kid-
ney stone formation in apparently healthy individuals (Curhan et
al., 1996, 1999; Fellstrom et al., 1989). A prospective cohort study by
Curhan et al. (1996) of 45,000 men aged 40 to 70 years with no
history of renal calculi showed that vitamin C intake was not signifi-
cantly associated with the risk of stone formation. In fact, the age-
adjusted relative risk for men consuming 1,500 mg/day or more
compared to less than 250 mg/day was 0.78. In addition, vitamin C
intake was not associated with kidney stone formation in women
(Curhan etal., 1999). The lack of findings on oxalate excretion and
kidney stone formation may be explained by the limited absorption
of vitamin C at doses greater than 200 mg/day (Levine et al., 1996a).
Because of the limited intestinal absorption, limited amounts of
vitamin C are metabolized to oxalate in the urine. In addition, the
large majority of excess absorbed vitamin C is excreted in the urine
as ascorbic acid rather than its degradation products.

Increased Uric Acid Excretion. Similarly, the effect of high ascorbic
acid intake on urate excretion has been studied (Berger et al., 1977;
Fituri et al., 1983; Hatch et al., 1980; Herbert, 1978; Levine et al.,
1996a; Mitch et al., 1981; Schmidt et al., 1981; Stein et al., 1976).
Theoretically, increased uric acid excretion could be an important
factor in the formation of uric acid stones especially in subjects who
normally excrete large amounts of uric acid. The findings are con-
flicting. Levine et al. (1996a) reported significantly increased uric
acid excretion above the normal range following ascorbic acid in-
takes of 1 g/day or more in 7 apparently healthy male subjects.
Another study reported a 70 to 90 percent increase in the fractional
clearance of uric acid following a single 4-g dose in nine subjects
(Stein et al., 1976). Other studies have shown no significant effect
of ascorbic acid intakes up to 12 g/day on uric acid excretion in
apparently healthy subjects (Fituri et al., 1983; Hatch et al., 1980;
Herbert, 1978; Mitch et al., 1981; Schmidt et al., 1981).
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Excess Iron Absorption. Another possible adverse effect of high
vitamin C intake is enhanced iron absorption leading to iron over-
load. Bendich and Cohen (1990) evaluated 24 studies to determine
whether daily ascorbic acid intakes (ranging from 1 to 1,000 mg,
with most in the 10- to 100-mg range) could increase iron stores
above recommended levels in apparently healthy individuals. They
found that vitamin C intakes did not increase the number of high
iron absorbers, and limited data involving ascorbic acid intakes
above 100 mg/day showed no change in iron absorption values.
Another study by Cook et al. (1984) showed no increase in iron
stores following vitamin C intakes up to 2 g/day (taken with meals
for 20 months) in iron-replete subjects who consumed foods that
contain iron. This suggests that vitamin C does not induce excess
iron absorption in apparently healthy individuals. However, it is
unknown if individuals with hereditary hemochromatosis, which af-
fects between 1 in 200 and 1 in 400 persons of northern European
descent (Bacon et al., 1999), could be adversely affected by long-
term ingestion of large doses of vitamin C (McLaran et al., 1982).

Lowered Vitamin B,, Levels. An in vitro study showed that increas-
ing destruction of vitamin B, was associated with increasing vita-
min C levels (Herbert and Jacob, 1974). However, when this study
was performed using different analytical procedures, no loss of vita-
min B, was observed (Newmark et al., 1976). In a review of the
stability of cobalamins under varying conditions, Hogenkamp
(1980) found that only aquocobalamin was decreased and destroyed
by ascorbic acid. Aquocobalamin is not a major cobalamin in bio-
logical tissues. Furthermore, results of in vivo studies in human sub-
jects have shown that vitamin C intakes up to 4 g/day did not in-
duce vitamin B,, deficiency (Afroz et al., 1975; Ekvall et al., 1981).

Systemic Conditioning. Evidence of systemic conditioning (the ac-
celerated metabolism or excretion of ascorbic acid) exists from un-
controlled observations in humans following abrupt discontinua-
tion of prolonged, high-dose vitamin C supplementation (Rhead
and Schrauzer, 1971; Siegel et al., 1982). Omaye et al. (1986)
showed increased turnover of plasma ascorbic acid in apparently
healthy human adults who abruptly decreased their vitamin C in-
take from 605 to 5 mg/day. Two other studies showed that high
intakes resulted in increased clearance but did not result in blood
levels lower than normal (Schrauzer and Rhead, 1973; Tsao and
Leung, 1988). Other studies have reported no rebound scurvy or
excessive lowering of ascorbate blood levels after cessation of high
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intakes (Hoffer, 1973; Ludvigsson et al., 1979). Evidence that re-
bound scurvy may appear in infants whose mothers ingested large
doses of vitamin C during pregnancy is limited to one anecdotal
report of 2 infants (Cochrane, 1965). Overall, the evidence is in-
consistent and does not suggest that systemic conditioning occurs
to any significant extent in infants and adults.

Pro-oxidant Effects. Under certain conditions, ascorbate can act
as a pro-oxidant by reducing iron and copper ions, which catalyze
production of the hydroxyl radical via Fenton chemistry (Buettner
and Jurkiewicz, 1996). The combination of ascorbic acid and redox-
active (non-protein-bound) iron can promote lipid peroxidation in
vitro (Laudicina and Marnett, 1990). In vivo however, iron is bound
to proteins such as transferrin and ferritin and therefore is not
normally available for such catalytic functions. Nevertheless, the
strong pro-oxidant nature of the iron-ascorbate complex in vitro
raises concern that consumption of vitamin C supplements by indi-
viduals with high iron stores may contribute to oxidative damage in
vivo. In addition, dietary ascorbic acid can enhance the intestinal
absorption of nonheme iron (Hallberg, 1985).

Concerns for a possible in vivo pro-oxidant effect of the iron-
ascorbate couple were heightened by the report of a fatal cardiomy-
opathy in a patient with hemochromatosis who ingested excessive
vitamin C (McLaran et al., 1982). Also, an association between myo-
cardial infarctions and serum ferritin levels has been reported in a
Finnish population (Salonen et al., 1992). Other studies have not
supported the latter finding that high iron stores were associated
with increased risk of heart disease (Baer et al., 1994) and have not
indicated that excess vitamin C intakes have contributed significant-
ly to iron overload or oxidant damage in normal healthy people.
Controlled human studies in which supplemental vitamin C was
added to the meals of apparently healthy adults for periods of up to
2 years showed little or no change in iron status measures including
serum ferritin (Cook et al., 1984; Hunt et al., 1994). Data on iron-
ascorbate combinations in the plasma of normal healthy adults and
preterm infants with high plasma ascorbate levels showed that high
plasma ascorbate concentrations in the presence of redox-active
iron did not cause either lipid or protein oxidation. In addition, the
endogenous ascorbate prevented rather than promoted lipid per-
oxidation in iron-overloaded plasma (Berger et al., 1997).

Similarly, concern for an in vivo pro-oxidant action of vitamin C
in concert with copper has been suggested but not substantiated.
Possible increased oxidant damage in premature infants had been
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attributed to the effect of high serum ascorbate levels inhibiting
ceruloplasmin ferroxidase activity, thereby creating an excess of re-
active ferrous ions (Powers et al., 1995). This result and other re-
ports of ascorbate inhibition of ceruloplasmin ferroxidase activity
(Gutteridge, 1991) have subsequently been attributed to an artifact
of using a nonphysiological pH buffer in the ceruloplasmin ferroxi-
dase assay (Lgvstad, 1997).

Results of studies testing the effects of supplemental vitamin C
intake on markers of oxidant damage to deoxyribonucleic acid
(DNA) and chromosomes are discussed in an earlier section and
are summarized in Tables 5-4, 5-5, and 5-6. The results are mixed,
with studies showing a decrease, increase, or no change in oxidant
damage measures. A study of 30 apparently healthy adults supple-
mented with 500 mg/day of vitamin C for 6 weeks reported an
increase in 8-oxoadenine, but a decrease in the more mutagenic
DNA lesion, 8-oxoguanine (Podmore et al., 1998). Supplementa-
tion of apparently healthy volunteers with vitamin C and iron result-
ed in increases in some DNA damage markers, decreases in others,
and a rise in total DNA base damage at 6 weeks, which disappeared
at 12 weeks (Rehman et al., 1998). Other evidence from in vitro
and in vivo data as well as epidemiological studies have not shown
increased oxidative DNA damage or increased cancer risk associat-
ed with high intakes of vitamin C (Block, 1991; Fontham, 1994;
Fraga et al., 1991; Rifici and Khachadurian, 1993).

Other Adverse Lffects. Other adverse effects observed following
high vitamin C intakes include diminished high-altitude resistance
(Schrauzer et al., 1975), delayed-type allergic response (Metz et al.,
1980), and erosion of dental enamel (Giunta, 1983). Additional
studies confirming these findings were not found.

Identification of Distinct and Highly Sensitive Subpopulations. Data
show that individuals with hemochromatosis, glucose-6-phosphate
dehydrogenase deficiency, and renal disorders may be susceptible
to adverse effects from excess vitamin C intake. Vitamin C may en-
hance iron absorption and exacerbate iron-induced tissue damage
in individuals with hemochromatosis (McLaran et al., 1982). Indi-
viduals with renal disorders may have increased risk of oxalate kid-
ney stone formation from excess vitamin C intake (Auer etal., 1998;
Ono, 1986; Urivetzky et al., 1992). Hemolysis has been associated
with ascorbic acid administration in newborns with glucose-6-phos-
phate dehydrogenase deficiency and in normal premature infants
(Ballin et al., 1988; Mentzer and Collier, 1975). There is also anec-
dotal evidence of hemolysis following ascorbic acid intake in adults
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with glucose-6-phosphate dehydrogenase deficiency (Campbell et
al., 1975; Rees et al., 1993). However, a clinical study does not sup-
port the association (Beutler, 1991).

Summary

Based on considerations of causality, relevance, and the quality
and completeness of the database, osmotic diarrhea and related
gastrointestinal disturbances were selected as the critical endpoints
on which to base a UL. The in vivo data do not clearly show a causal
relationship between excess vitamin C intake by apparently healthy
individuals and other adverse effects (i.e., kidney stone formation,
excess iron absorption, reduced vitamin B, and copper levels, in-
creased oxygen demand, systemic conditioning, pro-oxidant effects,
dental enamel erosion, or allergic response) in adults and children.

The data regarding possible vitamin C deficiency in two newborns
resulting from abrupt withdrawal from mothers consuming high
levels of vitamin C during pregnancy were considered too anecdot-
al and uncertain to warrant derivation of a separate UL for preg-
nant women.

Dose-Response Assessment
Adults

Data Selection. The data on osmotic diarrhea and gastrointestinal
disturbances were selected as most relevant on which to base a UL
for apparently healthy adults. The effects are generally not serious
and are self-limiting; individuals experiencing them may easily elim-
inate them by reducing supplemental vitamin C intakes.

Identification of a No-Observed-Adverse-Lffect Level (NOAEL) and Low-
est-Observed-Adverse-Effect Level (LOAEL). A LOAEL of 3 g/day can be
identified based on the data of Cameron and Campbell (1974).
These investigators reported symptoms of flatulent distension, tran-
sient colic, and diarrhea at doses of 3 to 4 g/day in normal healthy
volunteers (number of volunteers not stated). The volunteers in-
creased oral ascorbic acid intake by increments of 1 g/day in suc-
cessive weeks. Supporting evidence is provided by case reports (Hof-
fer, 1971; Hoyt, 1980), a graded dose study by Stein et al. (1976),
and a multiple crossover study by Wandzilak et al. (1994). Stein et
al. (1976) gave three patients 8 g/day in four divided doses of 2 g
for 3 to 7 days. This study reported mild diarrhea in one of three
subjects following ingestion of 4 g/day of ascorbic acid. Wandzilak
et al. (1994) investigated the effect of high-dose ascorbic acid in-
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take on 15 apparently healthy volunteers. Subjects ingested 1, 5,
and 10 g/day supplemental ascorbate at mealtime for 5 days, sepa-
rated by 5 days of no supplementation. This study reported diar-
rhea in 2 of the 15 subjects taking 10 g/day. These subjects were
unable to continue at this dose

The above human data suggest that an intake of vitamin C greater
than 3 g/day is likely to cause osmotic diarrhea in many individuals,
although some reports involving a few individuals suggest this may
occur at 3 g/day. Thus, the 3-g/day intake is considered a LOAEL.

Uncertainty Assessment. There is little uncertainty regarding the
range of vitamin C intakes that are likely to induce osmotic diar-
rhea. An uncertainty factor (UF) of 1.5 was selected to extrapolate
the LOAEL to a NOAEL. Thus, the 3 g/day intake is considered a
LOAEL, and a NOAEL of 2 g/day is estimated for adult humans.
Because the database has no other significant sources of uncertain-
ty and because of the mild, reversible nature of osmotic diarrhea
caused by high vitamin C intakes, no further uncertainty factors are
necessary.

Derivation of a UL. The LOAEL of 3 g/day was divided by the UF
of 1.5 to obtain a NOAEL and UL value of 2 g/day.
LOAEL 3g/day
= = =9¢/d
UF 15 g/ day

UL

Vitamin C UL Summary, Ages 19 Years and Older

UL for Adults
19 years and older 2,000 mg (11,360 umol)/day of vitamin C

Other Life Stage Groups

Infants. For infants, the UL was judged not determinable be-
cause of insufficient data on adverse effects in this age group and
concern about the infant’s ability to handle excess amounts. Poten-
tial concerns for high vitamin C concentrations in infants stem from
isolated reports of anecdotal rebound scurvy, oxidative damage, and
hemolysis (Ballin et al., 1988; Cochrane, 1965; Powers et al., 1995).
To prevent high levels of intake, the only source of intake for in-
fants should be that available from food and formula.

Children and Adolescents. Limited data exist on vitamin C toxicity
in toddlers, children, and adolescents. Ludvigsson et al. (1977) con-
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ducted a double-blind, 7-week pilot study and a 3-month main study
evaluating the prophylactic effect of 1,000 mg/day of vitamin C on
colds in 172 and 642 children, respectively, ages 8 to 9 years. Re-
ported side effects, including stomach pains, skin rash, headache,
diarrhea, and nausea, were observed in about 3 percent of the chil-
dren, which was no different from the control group and was not
dose related. Therefore, this study could be used to support a NOA-
EL of 1,000 mg/day.

Another study tested the effectiveness of a megavitamin regimen
including 3 g/day of ascorbic acid for 3 months on attention deficit
disorder (ADD) in 41 children ages approximately 7 to 11 years
(Haslam et al., 1984). Forty-two percent of the children developed
elevation of serum aminotransferases, and it was concluded that the
regimen (which was ineffective) should not be used to treat ADD. It
is unlikely that the increases in serum aminotransferases were due
to the high acsorbic acid intake since no such effects of high vita-
min C intakes have been reported by other investigators. Neverthe-
less, this study appears consistent with the adult data indicating a
LOEAL at intakes of 3 g/day. However, this study cannot be utilized
to establish a UL for children as the vitamin C was part of a mega-
vitamin and the contribution of vitamin C to the results cannot be
determined.

Because the results of these studies (particularly the study by Lud-
vigsson et al., 1977) are consistent with the data on adverse effects
in adults on a body weight basis, the UL values for toddlers, chil-
dren, and adolescents are extrapolated based on body weight differ-
ences from those established for adults as described in Chapter 4
using reference weights from Chapter 1 (Table 1-1). The calculated
UL is rounded to the nearest 50 mg.

Pregnancy. No evidence of maternal toxicity of excess vitamin C
intakes was found. However, because vitamin C is actively transport-
ed from maternal to fetal blood, there could be a potential for
maternal intake of megadoses of vitamin C during pregnancy to
lead to markedly elevated concentrations of vitamin C in the fetus.
There is one anecdotal report (Cochrane, 1965) of possible fetal
vitamin C dependence induced in utero in two infants, whose moth-
ers consumed 400 mg/day of vitamin C during pregnancy. Although
the infants developed scurvy during the first few weeks of life, the
observation was complicated by the relatively high incidence of scur-
vy in the region of Canada in which the infants were born. Other
concerns for high vitamin C concentrations in infants stem from
reports of hemolysis (Ballin et al., 1988) and possible increased
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oxidative damage (Powers et al., 1995) in premature infants. How-
ever, these effects are not well documented, and do not warrant a
separate UL for pregnant females.

Lactation. Byerley and Kirksey (1985) noted that the vitamin C
composition of human milk was not affected by maternal vitamin C
intake ranging from 156 to 1,123 mg/day and that urinary excre-
tion increased as intake increased over 200 mg/day, suggesting that
mammary tissue becomes saturated with vitamin C. One woman
ingested 4,000 mg/day of vitamin C as a supplement; no toxic ef-
fects of the excess vitamin intake were noted in the mother. Her
milk content of vitamin C was 100.5 mg/L, which was on the high
end of values reported for human milk, but not reflective of the
high intake (Anderson and Pittard, 1985). Based on these findings,
the ULs for lactating adolescents and women are not different from
those of nonlactating females.

Vitamin C UL Summary, Ages 1 through 18 Years, Pregnancy,
Lactation

UL for Infants
0-12 months Not possible to establish; source of intake
should be formula and food only
UL for Children

1-3 years 400 mg (2,272 umol)/day of vitamin C
4-8 years 650 mg (3,692 umol)/day of vitamin C
9-13 years 1,200 mg (6,816 pumol)/day of vitamin C
UL for Adolescents
14-18 years 1,800 mg (10,224 umol)/day of vitamin C
UL for Pregnancy
14-18 years 1,800 mg (10,224 umol)/day of vitamin C

19 years and older 2,000 mg (11,360 umol)/day of vitamin C
UL for Lactation

14-18 years 1,800 mg (10,224 umol)/day of vitamin C

19 years and older 2,000 mg (11,360 umol)/day of vitamin C

Special Considerations

Individuals with hemochromatosis, glucose-6-phosphate dehy-
drogenase deficiency, and renal disorders may be especially suscep-
tible to adverse effects of excess vitamin C intake and therefore
should be cautious about ingesting more vitamin C than the
Recommended Dietary Allowance (RDA). Vitamin C intakes of 250
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mg/day or higher have been associated with false-negative results
for detecting stool and gastric occult blood (Gogel et al., 1989; Jaffe
et al., 1975). Therefore, high-dose vitamin C supplements should
be discontinued at least 2 weeks before physical exams because they
may interfere with blood and urine tests.

Intake Assessment

Based on data from the Third National Health and Nutrition Ex-
amination Survey (NHANES III), the highest mean intake of vita-
min C from diet and supplements for any gender and lifestage
group was estimated to be about 200 mg (1,136 umol) /day (Appen-
dix Table C-2). This was the intake of males aged 51 through 70
years and females aged 51 years and older. The highest reported
intake at the ninety-ninth percentile was greater than 1,200 mg
(6,816 umol) /day in males aged 31 through 70 years and in females
aged 51 through 70 years (Appendix Table C-2).

Risk Characterization

The risk of adverse effects resulting from excess intake of vitamin
C from food and supplements appears to be very low at the highest
intakes noted above. Although members of the general population
should be advised not to exceed the UL routinely, intake greater
than the UL may be appropriate for investigation within well-con-
trolled clinical trials. Clinical trials of doses above the UL should
not be discouraged, as long as subjects participating in these trials
have signed informed consent documents regarding possible toxic-
ity and as long as these trials employ appropriate safety monitoring
of trial subjects. In addition, the UL is not meant to apply to indi-
viduals who are receiving vitamin C under medical supervision.

RESEARCH RECOMMENDATIONS FOR VITAMIN C

® Despite the many known biochemical roles of ascorbic acid,
no reliable biochemical or physiologically based functional mea-
sures of vitamin C nutriture have been established. As a result, vita-
min C intake requirements in adults have been based on estimates
of body pool or tissue ascorbate deemed adequate to provide anti-
oxidant protection. Knowledge of vitamin C intakes needed to ful-
fill specific functional roles of ascorbate will allow more accurate
and precise determinations of the individual and average popula-
tion requirements of the vitamin. Some current candidates that
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could be used as functional measures include pathways related to
collagen and carnitine metabolism, oxidative damage, and oral
health indices; however, research on new functions of the vitamin is
also needed. Determination of vitamin C requirements based on
antioxidant functions will require development of more reliable
tests for in vivo oxidative damage and further understanding of the
interactions of ascorbate with other physiological antioxidants. Ad-
ditionally, a practical method for measuring the vitamin C body
pool is needed as a standard of comparison against proposed func-
tional measures and measures of health or disease endpoints.

® Since the requirements for children ages 1 through 18 years
are extrapolated from the adult Estimated Average Requirements
(EARs), it is critically important to conduct large-scale studies with
children using state-of-the-art biomarkers to assess their vitamin C
requirement.

e Many studies that provided vitamin C supplements to appar-
ently healthy well-nourished populations were investigating phar-
macological (at or above the point where body tissues are saturat-
ed) rather than nutritional effects of the vitamin. This may obscure
possible relationships between vitamin C intake and disease risk in
the range of dietary intakes. Therefore, population studies on the
relationship of vitamin C nutriture and chronic disease should fo-
cus more on individuals or populations who eat few fruits and vege-
tables and are marginally deficient in vitamin C. Attention also has
to be given to methods for sorting out the effects of vitamin C
intake from those of other dietary and life-style factors that may also
affect disease risk.

e While the evidence of adverse effects due to intakes of vita-
min C supplements is at this time limited to osmotic diarrhea and
gastrointestinal disturbances which are self-limiting, the frequency
of high intakes of the vitamin in the North American population
warrants further investigation. The well known pro-oxidant effects
of the iron-ascorbate couple in vitro suggest that further research
be done on possible related in vivo reactions—for example, during
simultaneous supplement ingestion, iron overload, and inflamma-
tion or tissue trauma where non-protein-bound iron may be re-
leased.

¢ A small number of isolated reports raise concern that high
vitamin C intakes during pregnancy may expose the fetus or neo-
nate to risks of withdrawal symptoms, hemolysis, or oxidant dam-
age. Further research is needed to confirm or refute these con-
cerns.
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Vitamin E

SUMMARY

Vitamin E is thought to function primarily as a chain-breaking
antioxidant that prevents the propagation of lipid peroxidation.
Overt deficiency is very rare, seen only in individuals unable to
absorb the vitamin or with inherited abnormalities that prevent
the maintenance of normal blood concentrations. Thus, current
dietary patterns appear to provide sufficient vitamin E to prevent
deficiency symptoms such as peripheral neuropathy. Estimates of
vitamin E intake are underreported, due in part to underreporting
of amounts of dietary fat consumed and lack of specificity of sources
in the diet. Data on human experimental vitamin E deficiency are
very limited but provide some guidance as to the appropriate Rec-
ommended Dietary Allowance (RDA). The values recommended
here are based largely on induced vitamin E deficiency in humans
and the correlation between hydrogen peroxide-induced erythro-
cyte lysis and plasma o-tocopherol concentrations. The RDA for
both men and women is 15 mg (35 umol)/day of a-tocopherol.
Vitamin E activity of o-tocopherol as defined in this report is
limited to that available from the naturally occuring form (RRR-)
and the other three synthetic 2R-stereoisomer forms (RSR-, RRS-,
and RSS$) of a-tocopherol for purposes of establishing the human
requirement for vitamin E. Other naturally occurring forms of
vitamin E (B-, ¥, and &-tocopherols and the tocotrienols) do not
contribute toward meeting the vitamin E requirement because
(although absorbed) they are not converted to o-tocopherol by
humans and are recognized poorly by the a-tocopherol transfer
protein (0-TTP) in the liver. Therefore, the RDA is based only on
the o-tocopherol form of vitamin E which represents a change
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from most recent recommendations. A large and growing body of
experimental evidence suggests that high intakes of vitamin E may
lower the risk of some chronic diseases, especially heart disease.
However, the limited and discordant clinical trial evidence avail-
able precludes recommendations at this time of higher vitamin E
intakes to reduce chronic disease risk. The Tolerable Upper Intake
Level (UL) for adults is set at 1,000 mg (2,325 pmol) /day of any
form of supplemental a-tocopherol based on the adverse effect of
increased tendency to hemorrhage.

BACKGROUND INFORMATION
Definition of Vitamin E

Of the eight naturally occurring forms of vitamin E (see section
on “Naturally Occurring Forms” and Figure 6-1) only the o-tocopherol
form of the vitamin is maintained in human plasma (Traber, 1999).
Furthermore, the only forms of o-tocopherol that are maintained
in plasma are RRR-0-tocopherol [2,5,7,8-tetramethyl-2R-(4'R, 8'R,
12’ trimethyltridecyl)-6-chromanol], the form of o-tocopherol that
occurs naturally in foods, and the 2R-stereoisomeric forms of o-
tocopherol (RRR-, RSR-, RRS-, and RSS-0-tocopherol) present in syn-
thetic all racemic- (all rac-) o-tocopherol [2,5,7,8-tetramethyl-2RS-
(4'RS, 8'RS, 12’ trimethyltridecyl)-6-chromanol (Traber, 1999)
(Figure 6-2). Since the 2S$stereoisomers of o-tocopherol (SRR-, SSR-,
SRS-, and SSS-0-tocopherol), part of the synthetic all raco-tocopherol,
are not maintained in human plasma (Acuff et al., 1994; Kiyose et
al., 1997; Traber, 1999) or tissues (Burton et al., 1998), they are not
included in the definition of active components of vitamin E for
humans. Therefore, vitamin E is defined in this report as limited to
the 2R-stereoisomeric forms of o-tocopherol to establish recom-
mended intakes. All forms of supplemental o-tocopherol are used
as the basis of establishing the Tolerable Upper Intake Level (UL)
for vitamin E. These recommended intakes and ULs are at variance
with past definitions and recommendations for vitamin E (NRC,
1989).

Structure

Naturally Occurring Forms

Naturally occurring structures (Figure 6-1) classified in the past as
having vitamin E antioxidant activity include 4 tocopherols (o-
tocopherol, trimethyl [3 methyl groups on the chromanol ring]; -
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FIGURE 6-1 Structures of tocopherols and tocotrienols. The four tocopherols are
shown in A and the four tocotrienols in B. All tocopherols are in the RRR-form.

SOURCE: Adapted from Traber (1999).
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FIGURE 6-2 all raco-Tocopherol structures. Shown are the eight different stereo-
isomers in synthetic vitamin E (all raco-tocopherol): RRR-, RSR-, RRS-, RSS-, SRR-,
SSR-, SRS, and SS§-. All eight stereoisomers are formed in equal amounts. One
stereoisomer, RRR-0o-tocopherol, is also naturally present in food. The structure
differences occur in the side chain and most importantly at the ring/tail junction.

or y-tocopherols, dimethyl [2 methyl groups on the chromanol ring
at different positions]; and &-tocopherol, monomethyl [1 methyl
group on the chromanol ring]) and 4 tocotrienols (0-tocotrienol,
trimethyl; B- or 7tocotrienols, dimethyl; and &-tocotrienol,
monomethyl) (IUPACIUB Joint Commission on Biochemical Nomen-
clature, 1974). The tocopherols are characterized by a substituted,
hydroxylated ring system (chromanol ring) with a long, saturated
(phytyl) side chain (Figure 6-1). Tocotrienols differ from tocopherols
only in that they have an unsaturated side chain. All tocopherols
that occur naturally in foods have the RRR stereochemistry in the
side chain. However, the various forms of vitamin E are not inter-
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convertible in the human and thus do not behave the same meta-
bolically.

Synthetic Vitamin E

Synthetic forms of o-tocopherol are present in fortified foods and
in vitamin supplements. Vitamin E supplements are sold as esters of
either the natural RRR- or the synthetic mixture (all rac) forms of
o-tocopherol. Because o-tocopherol has three asymmetric carbon
atoms, it has eight possible stereoisomers, seven of which are only
found in synthetic preparations. Synthetic vitamin E, all raco-
tocopherol (historically and incorrectly labeled dlto-tocopherol)
(Horwitt, 1976),! is produced by coupling trimethylhydroquinone
with isophytol; it contains all eight stereoisomers in equal amounts
(Figure 6-2). Four of the stereoisomers are in the 2R-stereoisomeric
form (RRR-, RSR-, RRS-, and RSS-0-tocopherol) and four are in the
2Sstereoisomeric form (SRR- SSR-, SRS-, and SSS-o-tocopherol).
Although RRR-0-tocopherol is the most biologically active of the
eight stereoisomers in rats, the other 2R-stereoisomers generally
have a higher activity than the 2 stereoisomers (Weiser and Vecchi,
1982; Weiser et al., 1986).

The naturally occurring stereoisomer is RRR-0-tocopherol (his-
torically and incorrectly labeled d-a-tocopherol) (Horwitt, 1976).
RRR-0o-Tocopherol can be derived by methylating y-tocopherol iso-
lated from vegetable oil. This is labeled “natural source” vitamin E
when marketed.

Esterification of the labile hydroxyl (OH) group on the chro-
manol ring of vitamin E prevents its oxidation and extends its shelf
life. This is why esters of o-tocopherol are often used in vitamin E
supplements and in fortified foods. In apparently healthy humans,

IThe original international standard for vitamin E, dlotocopheryl acetate (one
asymmetric carbon atom in the 2 position on the chromal ring, ambo-o-tocopheryl
acetate) is no longer commercially available. It was synthesized from natural phytol
and was a mixture of two stereoisomers of o-tocopherols, RRR-0-tocopheryl acetate
and SRR-o-tocopheryl acetate (Horwitt, 1976). For practical purposes at the time,
the activity of 1 mg of dlo-tocopheryl acetate was defined as equivalent to one IU
of vitamin E. The dlo-tocopheryl acetate of commerce currently available is synthe-
sized from synthetic isophytol, has eight stereoisomers, and is labeled as dl-o-
tocopheryl acetate. However, it is more accurately called all rac-o-tocopheryl acetate
(AIN, 1990; IUPAC, 1974) because it contains three asymmetric carbon atoms in
the 2, 4, and 8' positions (2RS, 4'RS, 8 RS-o-tocopherol). The all rac and ambo-o-
tocopheryl acetates were shown to have the same biological activity in rats (Weiser
etal., 1986).
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the esters (e.g., o-tocopheryl acetate or o-tocopheryl succinate) are
hydrolyzed and absorbed as efficiently as o-tocopherol (Cheeseman
etal., 1995).

Interconversion of Vitamin E Units

Before 1980, for pharmacological uses, one international unit
(IU) of vitamin E activity was defined as 1 mg of all raco-tocopheryl
acetate by the United States Pharmacopeia (USP) (USP, 1979).
Using the rat fetal resorption assay, 1 mg of RRR-0-tocopherol was
calculated to be equivalent to 1.49 IU of vitamin E (Weiser and
Vecchi, 1981).

After 1980, the IU was changed to the USP unit where one USP
unit of vitamin E was still defined as having the activity of 1 mg of all
rac-o-tocopheryl acetate, 0.67 mg RRR-0-tocopherol, or 0.74 mg
RRR-o-tocopheryl acetate (USP, 1980). Although IUs are no longer
recognized, many fortified foods and supplements still retain this
terminology while USP units are now generally used by the pharma-
ceutical industry in labeling vitamin E supplements. Both systems
are based on the same equivalency.

Since the USP unit was defined before studies were published
indicating that the 2$stereoisomers of all raco-tocopherol were not
maintained in human plasma (Acuff et al., 1994; Kiyose et al., 1997:
Traber, 1999) or in tissues (Burton et al., 1998), it is recommended
that the present equivalency used in the USP system be redefined
based on the definition presented in this report of what contributes
to the active form of vitamin E in humans. Vitamin E is defined
here as limited to the 2R-stereoisomeric forms of o-tocopherol
(RRR-, RSR-, RRS-, and RSS-0-tocopherol) to establish recommended
intakes. Based on this definition, all rac-0-tocopherol has one-half
the activity of RRR-0-tocopherol found in foods or present with the
other 2R stereoisomeric forms (RSR-, RRS and RSS) of o-tocopherol
in fortified foods and supplements. Thus to achieve the RDA
recommended in this report of 15 mg/day of o-tocopherol, a
person can consume 15 mg/day of RRR-0-tocopherol or 15 mg/day
of the 2R-stereoisomeric forms of a-tocopherol (e.g., 30 mg/day of
all rac-o-tocopherol) or a combination of the two. The factors nec-
essary to convert RRR- and all raco-tocopherol and their esters based
on this new definition of vitamin E to USP units (IUs) are shown in
Table 6-1.
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TABLE 6-1 Factors for Converting International Units of
Vitamin E“ to o-Tocopherol’ (mg) to Meet Recommended

Intake
Molar a-Tocopherol
USP Conversion Conversion Conversion
Factors® Factors? Factors?
IU/mg mg/IU  pmol/IU mg/IU
Synthetic Vitamin E and Esters
dl-o-Tocopheryl acetate 1.00 1.00 2.12 0.45
dl-a-Tocopheryl succinate 0.89 1.12 2.12 0.45
dlo-Tocopherol/ 1.10 0.91 2.12 0.45
Natural Vitamin E and Esters
d-o-Tocopheryl acetate 1.36 0.74 1.56 0.67
d-o-Tocopheryl succinate 1.21 0.83 1.56 0.67
d-o-Tocopherol® 1.49 0.67 1.56 0.67

@Vitamin E supplements are historically and incorrectly labeled d- or dl-c-tocopherol.
Vitamin E compounds include the all racemic (all rac)-o-tocopherol (dlo-tocopherol
[RRR-, RRS-, RSR-, RSS-, SSS-, SRS-, SSR-, and SRR-] or synthetic) form and its esters and
the RRR-0-tocopherol (d-o-tocopherol or natural) form and its esters. All of these com-
pounds of vitamin E may be present in fortified foods and multivitamins. Not all stereo-
isomers function to meet vitamin E requirements in humans.

b o-Tocopherol as defined in this report to meet recommended intakes includes RRR-
a-tocopherol (historically and incorrectly labeled d-o-tocopherol) the only form of o-
tocopherol that occurs naturally in foods, and the other 2R-stereoisomeric forms of o-
tocopherol (RSR-, RRS-, and RSS-o-tocopherol) that are synthesized chemically and
thus are found in fortified foods and supplements (Figure 6-2).

¢ Official United States Pharmacopeia (USP) conversions where one IU is defined as
1 mg of all raco-tocopheryl acetate (USP, 1979, 1999). All of the conversions are based
on rat fetal resorption assays that were conducted in the 1940s. The amounts of the free
and succinate forms have been adjusted for their different molecular weights relative to
the all rac-o-tocopheryl acetate (incorrectly labeled dl-o-tocopheryl acetate).

dTo convert mg to pmol divide the mg by the molecular weight of the vitamin E
compound (o-tocopheryl acetate = 472; o-tocopheryl succinate = 530; o-tocopherol =
430) and multiply by 1,000. Because the amount of free and succinate compounds are
adjusted for their different molecular weights relative to o-tocopheryl acetate, these
forms have the same conversion factors as the corresponding tocopherol compounds.

¢To convert the umol of the vitamin E compound to mg of o-tocopherol, multiply
the pmol by the molecular weight of a-tocopherol (430) and divide by 1,000. The
activities of the three synthetic a-tocopherol compounds have been divided by 2 be-
cause the 2S5stereoisomers contained in synthetic-0-tocopherol are not maintained in
the blood.

J dko-Tocopherol = all rac-(racemic) o-tocopherol = synthetic vitamin E; all raco-
tocopherol = RRR-, RRS, RSR-, RSS-, SSS-, SRS, SSR-, and SRR-o-tocopherol isomers.

8 d-o-Tocopherol = RRR-0-tocopherol = natural vitamin E.
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Units of Vitamin E Activity

It is now known that vitamin E forms are not interconvertible in
the human and that their plasma concentrations are dependent on
the affinity of hepatic o-tocopherol transfer protein (o-TTP) for
them (see section on “Hepatic o-Tocopherol Transfer Protein”).
Kinetic studies have shown that while RRR-0i-tocopherol concentra-
tions are maintained in human plasma, the same is not true for
either synthetic SRR-0-tocopherol or natural y-tocopherol (Traber
etal., 1990a, 1992). These compounds are efficiently absorbed and
delivered to the liver in chylomicrons but are packaged poorly into
newly secreted lipoproteins for delivery to peripheral tissues (see
section on “Preferential Secretion of a-Tocopherol from the Liver”).
In light of these new findings in humans, it becomes necessary to
reevaluate the relative biological potencies of different forms of
vitamin E. Therefore, it is best to measure and report the actual
concentrations of each of the various vitamin E forms in food and
biological samples.

Current information suggests that the number of methyl groups
and the stereochemistry of the phytyl tail at the point where it meets
the chromanol ring (2 position) determine the affinity of the o-
TTP for the vitamin E form and that this protein in turn determines
the effective vitamin E biological activity (Hosomi et al., 1997). Since
the 2S$stereoisomers (Figure 6-2) are not maintained in human
plasma or in tissues, the difference in relative activity of all raco-
tocopherol compared to RRR-0-tocopherol is 50 percent as demon-
strated in Figure 6-3.

Vitamin E activity in food is often reported as o-tocopherol equiv-
alents (o-TE) (Bieri and Evarts, 1973, 1974; Eitenmiller and Landen,
1995) as have been dietary recommendations (NRC, 1989). Previ-
ously, factors for the conversion of the tocopherols and tocotrienols
to o-TE units were based on the biological activity of the various
forms as determined using the rat fetal resorption assay (Bieri and
McKenna, 1981). a-TEs were defined as o-tocopherol, mg x 1.0; B-
tocopherol, mg X 0.5; -tocopherol, mg x 0.1; &tocopherol, mg x
0.03; o-tocotrienol, mg x 0.3; and B-tocotrienol, mg x 0.05 (NRC,
1989). The biological activities of y- and &-tocotrienol were below
detection.

Based on a review of the data, the 2R-stereoisomeric forms of o-
tocopherol (RRR-, RSR-, RRS-, and RSS-o-tocopherol) are now used
to estimate the vitamin E requirement. The 2S$stereoisomeric forms
of o-tocopherol and the other tocopherols (-, ¥,and 6-tocopherol)
and the tocotrienols are not used to estimate the vitamin E require-
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FIGURE 6-3 Plasma labeled (dg and dg) o-tocopherols (means + standard error, n
= 6) following administration of a single dose containing 150 mg each dgRRR-0-
and dgall raco-tocopherol acetates.

SOURCE: Adapted from Traber et al. (1998).

ment because of their failure to bind with the o-TTP. Thus, the
Estimated Average Requirements (EARs), Recommended Dietary
Allowances (RDAs), and Adequate Intakes (Als) that follow apply
only to intake of the 2R-stereoisomeric forms of o-tocopherol from
food, fortified food, and multivitamins. The ULs apply to any forms
of supplemental a-tocopherol.

Currently, most nutrient databases, as well as nutrition labels, do
not distinguish between the different tocopherols in food. They
often present the data as a-tocopherol equivalents and include the
contribution of all eight naturally occurring forms of vitamin E (Fig-
ure 6-1), after adjustment for bioavailability of the various forms
(see above). Because these other forms of vitamin E occur naturally
in foods (e.g., y-tocopherol is present in widely consumed oils such
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as soybean and corn oils), the intake of o-tocopherol equivalents is
greater than the intake of o-tocopherol (2R-stereoisomeric forms)
alone (see later section “Intake of Vitamin E” for suggested conver-
sion factor).

Function

Unlike most nutrients, a specific role for vitamin E in a required
metabolic function has not been found. Vitamin E’s major function
appears to be as a non-specific chain-breaking antioxidant.

Antioxidant Activity

Vitamin E is a chain-breaking antioxidant that prevents the prop-
agation of free-radical reactions (Burton and Ingold, 1986; Burton
et al., 1983; Ingold et al., 1987; Kamal-Eldin and Appelqvist, 1996;
Packer, 1994; Tappel, 1962). The vitamin is a peroxyl radical
scavenger and especially protects polyunsaturated fatty acids
(PUFAs) within membrane phospholipids and in plasma lipopro-
teins (Burton et al., 1983). Peroxyl radicals (abbreviated ROO®)
react with vitamin E (abbreviated Vit E-OH) 1,000 times more
rapidly than they do with PUFA (abbreviated RH) (Packer, 1994).
The phenolic hydroxyl group of tocopherol reacts with an organic
peroxyl radical to form the corresponding organic hydroperoxide
and the tocopheroxyl radical (Vit E-O®) (Burton et al., 1985):

In the presence of vitamin E: ROO* + Vit E-OH — ROOH +
Vit E-O°

In the absence of vitamin E: ROO®*+ RH — ROOH + R*
R* + O, —» ROO*

The tocopheroxyl radical can then undergo several possible fates.
It can (1) be reduced by other antioxidants to tocopherol (see
section on “Antioxidant Interactions”), (2) react with another
tocopheroxyl radical to form non-reactive products such as tocopherol
dimers, (3) undergo further oxidation to tocopheryl quinone (see
section on “Metabolism”), and (4) act as a prooxidant and oxidize
other lipids (see section on “Antioxidant Interactions”).

Biochemical and Molecular Biologic Activities

In addition to its direct antioxidant function, o-tocopherol re-
portedly has specific molecular functions. o-Tocopherol inhibits
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protein kinase C activity, which is involved in cell proliferation and
differentiation, in smooth muscle cells (Boscoboinik et al., 1991,
Chatelain et al., 1993; Clement et al., 1997; Stauble et al., 1994;
Tasinato et al., 1995), human platelets (Freedman et al., 1996), and
monocytes (Cachia et al., 1998; Devaraj et al., 1996). Protein kinase
C inhibition by a-tocopherol is in part attributable to its attenuating
effect on the generation of membrane-derived diacylglycerol, a lipid
that facilitates protein kinase C translocation, thus increasing its
activity (Kunisaki et al., 1994; Tran et al., 1994).

Vitamin E enrichment of endothelial cells downregulates the
expression of intercellular cell adhesion molecule (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1), thereby decreasing the
adhesion of blood cell components to the endothelium (Cominacini
et al., 1997). Vitamin E also upregulates the expression of cytosolic
phospholipase A, (Chan et al., 1998a; Tran et al., 1996) and
cyclooxygenase-1 (Chan et al., 1998b). The enhanced expression of
these two rate-limiting enzymes in the arachidonic acid cascade ex-
plains the observation that vitamin E, in a dose-dependent fashion,
enhanced the release of prostacyclin, a potent vasodilator and in-
hibitor of platelet aggregation in humans (Szczeklik et al., 1985;
Tran and Chan, 1990).

Physiology of Absorption, Metabolism, and Excretion

Absorption and Transport

Intestinal Absorption. While the efficiency of vitamin E absorption
is low in humans, the precise rate of absorption is not known with
certainty. In the early 1970s, vitamin E absorption was estimated to
be 51 to 86 percent, measured as fecal radioactivity following inges-
tion of o-tocopherol (Kelleher and Losowsky, 1970; MacMahon and
Neale, 1970). However, when Blomstrand and Forsgren (1968) mea-
sured vitamin E absorption in two individuals with gastric carcino-
ma and lymphatic leukemia, respectively, they found fractional ab-
sorption in the lymphatics to be only 21 and 29 percent of label
from meals containing o-tocopherol and o-tocopheryl acetate, re-
spectively.

Vitamin E absorption from the intestinal lumen is dependent
upon biliary and pancreatic secretions, micelle formation, uptake
into enterocytes, and chylomicron secretion. Defects at any step
lead to impaired absorption (Gallo-Torres, 1970; Harries and
Muller, 1971; Sokol, 1993; Sokol et al., 1983, 1989). Chylomicron
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secretion is required for vitamin E absorption and was suggested by
Muller et al. (1974) to be the most important factor for efficient
vitamin E absorption. All of the various vitamin E forms studied,
including o- and y-tocopherols (Meydani et al., 1989; Traber and
Kayden, 1989; Traber et al., 1992), RRR- and SRR-0-tocopherols
(Kiyose et al., 1997; Traber et al., 1990a, 1992), or RRR- and all rac
o-tocopherols (Traber et al., 1994a), showed similar apparent ef-
ficiencies of intestinal absorption and subsequent secretion in chy-
lomicrons. During chylomicron catabolism, some vitamin E is
distributed to all of the circulating lipoproteins (Figure 6-4).

Preferential Secretion of o-Tocopherol from the Liver. Chylomicron
remnants, containing newly absorbed vitamin E, are taken up by
the liver. Vitamin E is secreted from the liver in very low density
lipoproteins (VLDLs), as demonstrated in rats (Cohn et al., 1988),
isolated rat hepatocytes (Bjgrneboe et al., 1987; Cohn et al.,
1988), and perfused monkey livers (Traber et al., 1990b). Plasma
vitamin E concentrations depend upon the secretion of vitamin E
from the liver, and only one form of vitamin E, o-tocopherol, is
preferentially resecreted by the liver (Figure 6-5) (Traber, 1999).
Thus, the liver, not the intestine, discriminates between tocopherols
and is responsible for the preferential plasma enrichment with o-
tocopherol. o-TTP is a likely candidate for this discriminatory
function (see below).

Hepatic o-Tocopherol Transfer Protein (o-TTP). o-TTP was first iden-
tified (Catignani and Bieri, 1977), purified, and characterized from
rat liver cytosol (Sato et al., 1991; Yoshida et al., 1992). It has also
been isolated from human liver cytosol (Kuhlenkamp et al., 1993),
and the human complementary deoxyribonucleic acid (cDNA) se-
quence has been reported (Arita et al., 1995). The human cDNA
sequence (encoding 238 amino acids) has 94 percent homology to
the rat sequence, and the some similarity to sequences for the
retinaldehyde binding protein in the retina and to secl4, a phos-
pholipid transfer protein (Arita et al., 1995).

In vitro, o-TTP transfers o-tocopherol between liposomes and
microsomes (Hosomi et al., 1997; Sato et al., 1991). The relative
affinities of o-TTP toward the various forms of vitamin E (calculated
from the degree of competition with RRR-0-tocopherol) are RRR-0-
tocopherol = 100 percent; RRRB-tocopherol = 38 percent; RRR-
tocopherol =9 percent; RRR-d-tocopherol = 2 percent; o-tocopheryl
acetate = 2 percent; o-tocopheryl quinone = 2 percent; SRR-0-
tocopherol = 11 percent; o-tocotrienol = 12 percent; and Trolox =9
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FIGURE 6-4 Vitamin E secretion in chylomicrons and distribution to circulating

lipoproteins.
NOTE: HDL = high-density lipoprotein; LPL = lipoprotein lipase.
SOURCE: Adapted from Traber (1999).

percent (Hosomi et al., 1997). Data on the affinity of o-TTP for the
other 2R-stereoisomers (RSR-, RRS-, and RSS) of a-tocopherol has

not been reported.

Plasma Vitamin E Kinetics. A kinetic model of vitamin E transport
in human plasma has been developed using data from studies with
deuterium-labeled stereoisomers of o-tocopherol (RRR and SRR)
(Traber et al., 1994b). The apparent half-life of RRR-0-tocopherol
in normal subjects was approximately 48 hours, consistent with the
“slow” disappearance of RRR-0-tocopherol from the plasma, where-
as the half-life for SRR-o-tocopherol was approximately 13 hours.
The half-life of y-tocopherol in normal subjects has been estimated

to be approximately 15 hours (Acuff et al., 1997).
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FIGURE 6-5 RRR-0-Tocopherol is preferentially resecreted by the liver and distrib-
uted to circulating lipoproteins. NOTE: HDL = high-density lipoprotein; LDL =
low-density lipoprotein; VLDL = very low-density lipoprotein.

SOURCE: Adapted from Traber (1999).

In three people with ataxia and vitamin E deficiency (AVED) sec-
ondary to a defect in the o-TTP gene (Cavalier et al., 1998), the
half-lives for both RRR- and SRR-0-tocopherols were approximately
13 hours (Traber et al., 1994b). These studies demonstrate that
RRR- and SRR-o-tocopherols in the AVED patients disappear at the
same rate as SRR-o-tocopherol in the control subjects. This suggests
that o-TTP, which is defective in the AVED patients, is responsible
for the longer half-life of RRR-0-tocopherol in the control subjects.
It was estimated that resecretion of RRR-0-tocopherol by the liver in
the control subjects resulted in the daily replacement of nearly all
of the circulating RRR-o-tocopherol. Thus, the liver maintains
plasma RRR-o-tocopherol concentrations by a continuous resecre-
tion process. In contrast, other forms of vitamin E (e.g., SRR-0- and
Y-tocopherols) are not resecreted into the plasma.

Metabolism

Oxidation Products. o-Tocopherol can be oxidized to the
tocopheroxyl radical—one-electron oxidation product—which can
be reduced back to the unoxidized form by reducing agents such as
vitamin C. Further oxidation of the tocopheroxyl radical forms
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tocopheryl quinone, the two-election oxidation product. The
tocopheryl quinone is not converted in any physiologically signifi-
cant amounts back to tocopherol (Moore and Ingold, 1997). Other
oxidation products, including dimers and trimers as well as adducts
(Kamal-Eldin and Appelqvist, 1996), are formed during in vitro
oxidation; their importance in vivo is unknown.

Other Metabolites. Vitamin E metabolites in human urine include
both 2,5,7,8-tetramethyl-2-(2’-carboxyethyl)-6-hydroxychroman (o-
CEHC) derived from o-tocopherol (Schultz et al., 1995, 1997) and
2,7,8-trimethyl-2-(2’-carboxyethyl)-6-hydroxychroman (y-CEHC)
derived from Yy-tocopherol (Murray et al., 1997; Wechter et al.,
1996). These metabolites result from degradation of the phytyl tail;
the chromanol ring is unchanged and thus they are not oxidation
products of vitamin E. It is unknown where these metabolites are
formed.

Excretion

Urinary Excretion. Increasing doses of supplemental vitamin E in
humans result in increasing urinary excretion of the o-CEHC
metabolite (Schultz et al., 1995). Interestingly, three times as much
all rac-o-tocopherol as compared with RRR-0-tocopherol is excreted
as o-CEHC, while twice as much RRR-0-tocopherol is found in the
plasma (Traber et al., 1998), suggesting that these urinary metabo-
lites may be indicators of nonpreferentially utilized vitamin E forms.
Indeed, Swanson et al. (1998, 1999) showed that about half of the
ingested y-tocopherol is metabolized and excreted as y-CEHC. This
metabolite has been reported to inhibit the potassium channel and
increase urinary sodium excretion (Kantoci et al., 1997; Murray et
al., 1997, Wechter et al., 1996). Thus, urinary excretion of CEHC
may indicate excess vitamin E intake. However, this has yet to be
definitively demonstrated, and no physiological role for the in vivo
effects of -CEHC have been established.

Fecal Excretion. The major route of excretion of ingested vitamin
E is fecal elimination because of its relatively low intestinal absorp-
tion. Excess o-tocopherol, as well as forms of vitamin E not prefer-
entially used, are probably excreted unchanged in bile (Traber and
Kayden, 1989). Leo et al. (1995) report o-tocopherol concentra-
tions in human bile of 8.4 £ 0.9 (SD) umol/L (361 + 38.7 ug/dL)
compared with 23.2 +1.7 (SD) pmol/L (998 £ 73 pg/dL) in plasma.
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Storage

Tissues are dependent upon uptake of vitamin E from plasma
(Traber, 1999). No specific plasma transport proteins have been
described; therefore, it is likely that the mechanisms of lipoprotein
metabolism determine the delivery of vitamin E to tissues. Tissues
probably acquire vitamin E by several major routes: (1) during lipo-
protein lipase mediated triglyceride-rich lipoprotein catabolism; (2)
during low-density lipoprotein (LDL) uptake via the LDL receptor;
(3) via high-density lipoprotein (HDL)-mediated delivery systems;
and (4) by nonspecific transfers between lipoproteins and tissues.
Vitamin E rapidly transfers between various lipoproteins and also
between lipoproteins and membranes, which may enrich mem-
branes with vitamin E. The human plasma phospholipid transfer
protein accelerates this process (Kostner et al., 1995).

Human tissue vitamin E contents have been reported mostly from
relatively easy-to-sample tissues (e.g., adipose tissue and buccal mu-
cosal cells) (Handelman et al., 1994; Kayden et al., 1983; Parker,
1988; Peng et al., 1994; Traber and Kayden, 1987; Traber et al.,
1987). To obtain a variety of human tissues, Burton et al. (1998)
enlisted two terminally ill subjects who agreed to daily supplementa-
tion with deuterated (d;yRRR-and dall rac) o-tocopherols. At death,
an autopsy was performed to obtain various tissues. One subject
took 15 mg (32 pmol) dyRRR- and 15 mg (32 umol) dgall raco-
tocopheryl acetate for 361 days, while the other took 150 mg (320
umol) dyRRR- plus 150 mg (320 umol) d-all raco-tocopheryl ace-
tates for 615 days. Tissue unlabeled o-tocopherol concentrations
were generally similar in both patients. In the patient who con-
sumed 30 mg (64 pmol) /day labeled vitamin E for 1 year, about 5.9
+ 2.2 (SD) percent of the tissue vitamin E was labeled, while about
65 £ 10 (SD) percent was labeled in the patient who consumed a
total of 300 mg (640 umol) daily for 2 years. The RRR/all rac ratios
in plasma and tissues at autopsy were similar in both patients (2.06
and 1.71 £ 0.24 (SD), respectively, on the lower dose and 2.11 and
2.01 £ 0.17 (SD), respectively, on the higher dose).

The results indicate that the RRR-stereoisomer has roughly twice
the availability of the all rac forms. The effect of 300 mg vitamin E
supplementation was to increase plasma o-tocopherol concentra-
tions threefold and to at least double most tissue concentrations,
while supplementation with 30 mg had little effect on either plasma
or tissue o-tocopherol concentrations. These data suggest that tis-
sue o-tocopherol concentrations largely reflect changes in plasma
concentrations of a-tocopherol and that larger doses increase tissue
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o-tocopherol concentrations, including those in the nervous tissues
(Burton et al., 1998). Importantly, the lower dose, even though
given for more than a year and a half, did not increase tissue o-
tocopherol concentrations.

Clinical Effects of Inadequate Intake

Prevalence of Vitamin E Deficiency

Vitamin E deficiency occurs only rarely in humans, and overt defi-
ciency symptoms in normal individuals consuming diets low in vita-
min E have never been described. Vitamin E deficiency occurs only
as a result of genetic abnormalities in o-TTP, as a result of various
fat malabsorption syndromes (Rader and Brewer, 1993; Sokol,
1993), or as a result of protein-energy malnutrition (Kalra et al.,
1998; Laditan and Ette, 1982).

Only a handful of families with clinically evident vitamin E defi-
ciency due to a mutation of the o-TTP have been described (Cava-
lier et al., 1998). The prevalence of less drastic abnormalities in o-
TTP, or the occurrence of heterozygotes for o-TTP gene defects, is
not known. It is important to note that symptoms associated with o-
TTP defects and malabsorption syndromes can be reversed by vita-
min E supplementation if it is provided before irreversible neuro-
logical injury occurs (Kohlschitter et al., 1988; Muller et al., 1985;
Schuelke et al., 1999; Sokol et al., 1985, 1988).

Clinical Signs of Deficiency

The primary human vitamin E deficiency symptom is a peripheral
neuropathy characterized by the degeneration of the large-caliber
axons in the sensory neurons (Sokol, 1988). Other vitamin E defi-
ciency symptoms observed in humans include spinocerebellar atax-
ia, skeletal myopathy, and pigmented retinopathy (Sokol, 1993).
Typical symptoms of vitamin E deficiency are given in Table 6-2.

A distinct pattern in the progression of neurologic symptoms
resulting from vitamin E deficiency in humans has been described
(Sokol, 1993). By the end of the first decade of life untreated pa-
tients with chronic cholestatic hepatobiliary disease have a combi-
nation of spinocerebellar ataxia, neuropathy, and ophthalmoplegia.
However, the progression of neurological symptoms is slower in
children with cystic fibrosis and abetalipoproteinemia. The symp-
tomatology of vitamin E deficiency in AVED is similar to that found
in these latter patients (Amiel et al., 1995; Sokol et al., 1988). These
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observations suggest that in patients with cholestatic liver disease,
there is increased oxidative stress, perhaps as a result of copper
accumulation in the liver (Bayliss et al., 1995).

Hemolysis, using hydrogen peroxide or other oxidants added in
vitro, has been used as a test for vitamin E adequacy in subjects
thought to be at risk for vitamin E deficiency (Boda et al., 1998;
Farrell et al., 1977). These tests suggest that plasma o-tocopherol
concentrations of 14 pmol/L (600 ug/dL) are sufficient to prevent
hemolysis (Farrell et al., 1977).

SELECTION OF INDICATORS FOR ESTIMATING THE
REQUIREMENT FOR o-TOCOPHEROL

Lipid Peroxidation Markers

Several biomarkers measured in plasma, urine, or breath have
been used to reflect the degree of lipid peroxidation in vivo. These
include thiobarbituric acid reactive substances (TBARS), malondi-
aldehyde, conjugated dienes, pentane, ethane, and the Fy-isopros-
tanes.

Quantification of Fy-isoprostanes, isomers of prostaglandin F,, has
been suggested by a number of investigators as the most reliable
index of in vivo free-radical generation and oxidative lipid damage
(Morrow et al., 1999). The Fo-isoprostanes are formed in mem-
branes from arachidonyl-containing lipids largely as a result of free
radical-catalyzed lipid peroxidation (Klein et al., 1997; Moore and
Roberts, 1998). The Fo-isoprostanes are increased in vitamin E-defi-
cient rats (Awad et al., 1994). Importantly, their excretion was de-
pressed in humans by consuming antioxidant vitamin supplements
(Delanty et al., 1996; Reilly et al., 1996). Furthermore, in an animal
atherosclerosis model, the apoE-deficient mouse, vitamin E supple-
mentation not only suppressed Fy-isoprostane production but also
decreased atherosclerotic lesion formation (Pratico et al., 1998).

In general, lipid peroxidation markers are elevated during vita-
min E depletion and their levels can be normalized upon vitamin E
repletion. However, these markers are not necessarily specific to
vitamin E, since changes in intake of other antioxidants can also
change the levels of these markers. At present, there is no evidence
that lowering lipid peroxidation marker levels is associated with
health benefits. Therefore, estimates of lipid peroxidation products
have not been used for establishing o-tocopherol requirements.

of Sciences. All rights reserved.



204

DIETARY REFERENCE INTAKES

TABLE 6-2 Vitamin E Deficiency Symptoms in Subjects with
Ataxia with Vitamin E Deficiency

Reference Country Subjects Clinical Features
Burck et al., Germany n =1 male; Ataxia
1981 aged 12 Sensory neuropathy
Muscle hypertrophy
Laplante et al., Canada n = 1 male; Areflexia
1984 aged 10 Gait and limb ataxia
Muscle weakness
Decreased vibration sense
Decreased proprioception
Limb dysmetria
Babinski sign
Harding et al., United n = 1 female; Head titubation
1985 Kingdom aged 23 Reduced muscle tone
(aged 13 Ataxia
at onset) Areflexia
Romberg sign
Defective or absent vibration sense
Impaired proprioception
Krendel et al., United n =1 male; Severe dysarthria
1987 States aged 19 Unintelligible speech
Bradykinesia
Absent tendon reflexes
Stumpf et al., Italy n =1 female; Dysarthria

1987
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aged 30
(aged 4
at onset)

Dystonic smile

Absent position sensation in leg
and hands

Absent tendon reflexes

Mildly dysmetric

Extensor plantar responses

Moderately ataxic heel to shin
movements

Romberg sign
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Genetic Abnormalities
in o-TPP% Gene

Histological/Biochemical Features

530AG—6/530AG—6
mutation

R134X mutation

ND?

ND

ND
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Low serum vitamin E concentration:
<2.3 umol/L (1.0 ug/mL)
(normal: 20.2 umol/L [8.7 ug/mL])

Low blood vitamin E concentration:
<2.3 umol/L (1.0 ug/mkL)
(normal: 12-28 pmol/L [5-12 pg/mL])

No detectable vitamin E in serum
(normal: 12-35 pmol/L [5-15 pg/mL])

All other histologic and biochemical measurements
were normal

Low serum vitamin E concentration:
1.6 umol/L (0.7 ug/mL)
(normal: >12 umol/L [5 pg/mL])

Reduced sensory nerve amplitudes

Low serum vitamin E concentration:
<2.3 pmol/L (1.0 ug/mL)
(normal: 12-46 pmol/L [5-20 pg/mL])

Low serum vitamin E to total serum lipids ratio:
<0.15 mg/g (normal: >0.8 mg/g)

Skeletal muscle changes characteristic of vitamin E
deficiency (fiber size variation, coarse intra-
myofibrillar network, fiber-type grouping, and
lysosomal inclusions)

Normal fat excretion, mitochondria function,
cytochrome ¢ oxidase activity, and ADP%O? ratios

continued
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TABLE 6-2 Continued

Reference Country Subjects Clinical Features
Gotoda et al., Japan n = 1 male; Unsteadiness in the dark
1995 aged 62 Slurred and scanning speech
(aged 52 Moderate ataxia in all extremities
at onset) Flexor plantar responses
Reduced reaction to touch and
pinprick

No joint position sense in toes
Broad-based and ataxic gait
Romberg sign

No knee or ankle reflexes
Numbness in fingers and toes

Kohlschiitter Germany n = 1 male; Ataxia
et al., 1988 aged 19 Sensory neuropathy
Lipopigment deposition

Sokol et al., United n =1 male Head titubation
1988 States and 3 Intention tremor in hand

females; Difficulty walking

aged 21-30  Progressive ataxia
Dysarthria
Vibratory and sensory loss
Incontinence
Pes cavus

Position sense loss

Trabert et al., Germany n =1 male; Cerebellar ataxia
1989 aged 26 No tendon reflexes in lower limbs
Vibration sense disturbances
Babinsky sign
Head titubation

Ben Hamida Tunisia n="17 Severe cerebellar ataxia
et al., 1993 Friedreich’s  Severe dysarthria
ataxia Slight deep sensory loss
patients; Slight Babinski signs

aged 21-34  Slight Pes cavus
Slight kyphoscoliosis
Absent to moderate
cardiomyopathyf
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Genetic Abnormalities
in o-TPP% Gene

Histological/Biochemical Features

Homozygous for
His101GIn point
mutation

530AG—6/530AG—6
mutation

R192H/513insTT

mutation

744delA mutation

744delA mutation
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Low serum vitamin E concentration:
2.6 umol/L (1.1 pg/mL)
(normal: 12-46 pmol/L [5-20 pg/mL])
Low muscle vitamin E: 1.6 ug/g
(normal: 10.5-25.7 pg/g)
Low serum vitamin E to total lipid ratio: 0.19 mg/g
(normal: >0.80 mg/g)
Low vitamin E in erythrocytes:
0.5 umol/L (0.2 pg/mL)
(normal: 3.9-12.5 umol/L [1.7-5.4 pg/mL])
Normal serum cholesterol and serum triglycerides

Subnormal serum vitamin E concentration:
<2.3 umol/L (1.0 ug/mL)
(normal: 7-32 pmol/L [3-14 pug/mL])
Elevated TBARS?

Low serum vitamin E:
2.3-4.2 pmol/L (1.0-1.8 ug/mL)
(normal: 10.9-47.1 umol/L [4.7-20.3 ug/mL])
Low serum E to total lipids ratio:
0.13-0.38 mg/g
(normal: >0.80 mg/g)
Abnormal hydrogen peroxide hemolysis: 38-50%
(normal: <10%)
Low to reduced adipose tissue vitamin E content:
28-143 ng/mg
(normal: 150-400 ng/mg)
Low sural nerve vitamin E content: 0.8-2.9 ng/ug
(normal: 2.1-62.5 ng/ug)

Low vitamin E concentration:
<2.3 pmol/L (1.0 ug/mL)
(normal: 20.2 umol/L [8.7 ug/mL])

Very low serum vitamin E concentration:
0.72-2.02 pmol/L (0.31-0.87 pg/mL)
(normal: 20.2 umol/L [8.7 ug/mL])

continued
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Reference Country Subjects Clinical Features
Shorer et al., Israel n = 4 females  Dysarthria
1996 (sisters); Absent tendon reflexes
aged 11-24  Intention tremor
Gait ataxia
Pes cavus
Hyperlordosis
Retinopathy
Hammans and United n = 1; female;  Mild thoracic scoliosis
Kennedy, Kingdom aged 16 Head titubation
1998 (age 6 Gait and limb ataxia
at onset) Areflexia
Upgoing plantar responses
Dysarthria
Martinello Italy n = 1 male; Ataxia
et al., 1998 aged 26 No deep tendon reflexes
(age 5 Decreased muscle strength
at onset) Diminished trophism

Bilateral Babinski’s sign
Scoliosis

Reduced vibratory sensation
Severe dysmetria and dysarthria
Bilateral pes cavus
Fasciculations of the tongue

NOTES: Lipid absorption was normal in all cases. There were no reports of anemia,
lipid peroxidation products, or lipofuscin.
@ o-TTP gene = o-tocopherol transfer protein gene.
OND = not determined.

Oxudation Products of DNA or Proteins

Vitamin E has not been shown to directly protect deoxyribonucle-
ic acid (DNA) or proteins against oxidative damage (Halliwell,
1999). Therefore, DNA adducts or protein carbonyls were not used
to assess o-tocopherol requirements.

Vitamin E Metabolite Excretion

Excretion of vitamin E metabolites have been shown in one study
to increase with increasing vitamin E intake in humans (Schultz et
al., 1995). Increasing amounts of 2,5,7,8-tetramethyl-2-(2"-carboxy-
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Genetic Abnormalities

in o-TPP* Gene Histological/Biochemical Features
Found no mutations Low serum vitamin E concentration:

or polymorphisms 0.05-1.18 pmol/L (0.02-0.51 ug/mL)

in the o-TTP gene (normal: 12-46 pmol/L [5-20 pg/mL])
Found no mutations Low serum vitamin E concentration:

in the frataxin gene 2.8 and 5.3 pmol/L (1.2 and 2.3 ug/mL)

(normal: 12-37 pmol/L [5-16 ug/mL])
Slightly low sensory action potentials

Homozygous for Low serum vitamin E concentration:
513insTT mutation <5 umol/L (2 ug/mL)
(normal: 10-42 pmol/L [4-18 pg/mL])

¢ ADP = adenosine diphosphate.

d O = oxygen.

¢ TBARS = thiobarbituric acid reactive substances.
JThis was the only report of any cardiomyopathy.

ethyl)-6-hydroxychroman (o-CEHC) were excreted in the urine
when a plasma threshold of 30 pmol/L (1,290 ug/dL) of o-tocopherol
was exceeded. However, the a-CEHC metabolite represents only a
small fraction of the o-tocopherol consumed daily, and there are
few data concerning its formation. Therefore, a-CEHC excretion
has not been used as a basis for assessing the a-tocopherol require-
ment.

Vitamin E Biokinetics

Vitamin E kinetics, metabolism, and pool size determinations in
humans have been limited. Therefore, insufficient data exist for
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assessing human requirements for the amounts needed to maintain
body pools. Almost no data exist on pool sizes or tissue concentra-
tions of vitamin E, especially the various forms of vitamin E. Studies
using isotope-labeled vitamin E may provide kinetic data that can be
used to determine daily o-tocopherol requirements in the future.

Vitamin E Deficiency Symptoms

Overt vitamin E deficiency is so rare in humans that signs of defi-
ciency (e.g., neurological abnormalities) and comparisons of defi-
ciency signs with dietary intakes are simply not available to serve as
a basis for estimating requirements.

Plasma o-Tocopherol Concentration

Several studies have reported the determinants of plasma o-
tocopherol, as measured by high-performance liquid chromatogra-
phy methods, and provided mathematical models that attempted to
correlate usual vitamin E intakes with normal plasma concentra-
tions (Ascherio et al., 1992; Gascon-Vila et al., 1997; Kardinaal et
al., 1995; Stryker et al., 1988). Kardinaal et al. (1995) reported that
plasma o-tocopherol concentrations were not associated with dietary
intake, whereas others (Ascherio et al., 1992; Stryker et al., 1988)
report that associations seen were largely due to vitamin E supple-
ment intake. Recently, Ford and Sowell (1999) reported that plasma
a-tocopherol concentrations in the Third National Health and
Nutrition Examination Survey (NHANES III) did not correlate with
the 24-hour dietary recall data. In any case, the correlation between
intake and normal vitamin E plasma concentrations (greater than
16 pmol/L [688 ug/dL]) is not strong and could not be used as the
basis for estimating the o-tocopherol requirement. However, in
vitamin E-depleted subjects a linear increase in plasma o-tocopherol
concentration was found with increasing vitamin E intake up to 17
mg (39.5 umol) /day (Horwitt, 1960).

Hydrogen Peroxide-Induced Hemolysis

Studies in children with cystic fibrosis and in vitamin E-depleted
adults provide evidence for the relationship between vitamin E
status, plasma o-tocopherol concentrations, and erythrocyte suscep-
tibility to hydrogen peroxide-induced lysis (Farrell et al., 1977;
Horwitt, 1960). The children become vitamin E deficient because
the impaired secretion of pancreatic digestive enzymes causes
steatorrhea and vitamin E malabsorption, even when pancreatic
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enzyme supplements are administered orally. More severe vitamin
E deficiency symptoms, including neurological abnormalities, oc-
cur if bile secretion is also impaired in the children (Cynamon et
al., 1988; Elias et al., 1981; Farrell et al., 1977; Sokol et al., 1989;
Stead et al., 1986; Winklhofer-Roob et al., 1996a,b). Breath ethane,
a lipid peroxidation marker, and erythrocyte susceptibility to in vit-
ro hydrogen peroxide lysis have been inversely correlated with plas-
ma o-tocopherol concentrations in children and adults with vita-
min E deficiency as defined by low plasma vitamin E concentrations
(Refat et al., 1991). Moreover, both the markers (breath ethane
concentrations and erythrocyte lysis) and the symptoms of neuro-
logical abnormality can be corrected with supplemental vitamin E.

Relationship of Vitamin E Intake to Chronic Diseases

Cardiovascular Disease

The hypothesis that oxidized low-density lipoprotein (oxLLDL) is a
causative agent in the development of cardiovascular disease (Stein-
berg et al., 1989) continues to dominate experimental protocols
aimed at understanding the cause, and potentially the prevention,
of cardiovascular disease.

Vitamin E does inhibit LDL oxidation whether induced by cells in
culture (Steinbrecher et al., 1984) or by copper ion in vitro (Die-
ber-Rotheneder et al., 1991; Jialal et al., 1995; Reaven et al., 1993).
In addition, vitamin E could affect atherogenesis at a number of
steps, based on the following in vitro observations:

e Vitamin E inhibits smooth muscle cell proliferation through
the inhibition of protein kinase C (Azzi et al., 1995; Boscoboinik et
al., 1991; Chatelain et al., 1993).

¢ Vitamin E inhibits platelet adhesion, aggregation, and plate-
let release reactions (Freedman et al., 1996; Higashi and Kikuchi,
1974; Ishizuka et al., 1998; Steiner and Anastasi, 1976).

¢ Vitamin E inhibits plasma generation of thrombin, a potent
endogenous hormone that binds to platelet receptors and induces
aggregation (Rota et al., 1998).

¢ Vitamin E decreases monocyte adhesion to the endothelium
by downregulating expression of adhesion molecules (Devaraj et
al., 1996; Faruqi et al., 1994; Islam et al., 1998; Martin et al., 1997;
Molenaar et al., 1989) and decreasing monocyte superoxide pro-
duction (Cachia et al., 1998; Islam et al., 1998).
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¢ In human endothelial cells, vitamin E potentiates synthesis of
prostacyclin, a potent vasodilator and inhibitor of platelet aggrega-
tion (Chan and Leith, 1981; Szczeklik et al., 1985; Thorin et al.,
1994; Tran and Chan, 1990).

¢ Vitamin E mediates upregulation of the expression of cytosolic
phospholipase A, and cyclo-oxygenase (Chan et al., 1998a,b; Tran
etal., 1996).

e Vitamin E enrichment of endothelial cells in culture inhibits
the expression of intracellular cell adhesion molecule (ICAM-1) and
vascular cell adhesion molecule (VCAM-1) induced by exposure to
oxLDL (Cominacini et al., 1997).

Inhibition of Atherogenesis in Animal Models. Studies of antioxidants
and atherosclerosis have been conducted using LDL receptor-defi-
cient rabbits, cholesterol-fed rabbits, cholesterol-fed monkeys, cho-
lesterol-fed hamsters, apoE-deficient mice, and LDL receptor-defi-
cient mice (see Steinberg, 1997, for list). It can be concluded that
the antioxidant hypothesis of atherosclerosis is strongly supported
by a large body of evidence in animal models (Parker et al., 1995;
Pratico et al., 1999; Sparrow et al., 1992).

Observational Epidemiological Studies. As shown in Table 6-3, three
large prospective cohort studies involving both men and women
found an inverse association between estimated dietary intake of
vitamin E and coronary heart disease (CHD) risk (Kushi et al.,
1996; Rimm et al., 1993; Stampfer et al., 1993). One study (Rimm et
al., 1993) included 39,910 male health professionals and found a
nonsignificant reduction in CHD risk for both total vitamin E in-
take and intake of vitamin E from supplements. A second study
(Stampfer et al., 1993) included 87,245 female nurses and found
the reduction in CHD risk primarily for intake of vitamin E from
supplements. In contrast, the third study, which was carried out
among 34,486 postmenopausal women (Kushi et al., 1996), found
the decrease in risk only for vitamin E intake from foods (not from
supplements). Few women in the latter study took high doses of
supplemental vitamin E, which may account for the difference in
findings from the other two studies. Risk reductions of 30 to 60
percent were found for the highest, relative to the lowest, quintile
of intake in these studies.

In a smaller cohort study in Finland (2,748 men, 2,385 women),
a statistically significant inverse association between dietary intake
of vitamin E and coronary mortality was found in both sexes
(Knekt et al., 1994). Although the use of vitamin supplements was
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very low in this population, there was a suggested inverse associa-
tion with supplemental vitamin E, as well.

Losonczy et al. (1996) examined vitamin E and vitamin C sup-
plement use in 11,178 subjects (aged 67 to 105 years) who partici-
pated in the Established Populations for Epidemiological Studies
of the Elderly. Vitamin E supplement use reduced the risk of all-
cause mortality (relative risk [RR] = 0.66; 95 percent confidence
interval [CI] 0.53 to 0.83) and risk of coronary disease mortality
(RR = 0.53; 95 percent CI 0.34 to 0.84).

Additional data on the correlation between vitamin E and ath-
erosclerosis were reported in the subjects who participated in the
Cholesterol Lowering Atherosclerosis Study (CLAS), which was a
randomized, placebo-controlled trial in men who had undergone
coronary bypass surgery (Azen et al., 1996a,b; Hodis et al., 1995).
Subjects were intensively treated with colestipol-niacin and advised
to follow a cholesterol-lowering diet, or were given dietary counsel-
ing alone. Vitamin E intakes, obtained by dietary questionnaires,
were inversely correlated with progression of atherosclerosis in
coronary and carotid arteries. All subjects combined, those with
supplementary vitamin E (100 IU/day or more) demonstrated sig-
nificantly less coronary artery lesion progression than did subjects
with lower vitamin E intakes from supplements (Hodis et al.,
1995). Within the colestipol-niacin treated group, there was less
coronary artery lesion progression among those taking vitamin E
supplements (100 IU/day or more), but subjects in the placebo
group showed no benefit of supplementary vitamin E (Hodis et
al., 1995). A similar analysis was done on the progression of carot-
id artery atherosclerosis using ultrasound. Here there was no ef-
fect of vitamin E supplements in the drug-treated group, but there
was an effect in the placebo group (i.e., opposite findings with re-
spect to drug treatment and vitamin E interactions in the carotid
artery from those in the coronary artery; Azen et al., 1996b).

Intervention Trials. Four large-scale, double-blind, randomized
intervention trials using vitamin E have been reported. The first,
the Alpha-Tocopherol Beta-Carotene (ATBC) Cancer Prevention
Study (ATBC Cancer Prevention Study Group, 1994), was de-
signed to determine whether o-tocopherol (50 mg/day of all raco-
tocopherol acetate) and B-carotene (20 mg/day), alone or in com-
bination, would reduce the incidence of lung cancer in a high-risk
group of male smokers in Finland. Although vitamin E had no
effect on the primary endpoint (lung cancer), the men taking o-
tocopherol had a lower incidence of prostate cancer (see later sec-
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TABLE 6-3 Vitamin E Intake and Risk of Coronary Heart
Disease in Men and Women

Reference Variable

Rimm et al., 1993 Intake from food (IU%/d)
Relative risk of CHD?
95% CI¢

Intake from supplements (IU/d)
Relative risk of CHD
95% CI

Stampfer et al., 1993 Intake from food (IU/d)
Relative risk of CHD
95% CI
Intake from food and supplements (IU/d)
Relative risk of CHD
95% CI

Knekt et al., 1994 Intake from food (mg/d)
Relative risk of CHD
95% CI

Kushi et al., 1996 Intake from food (IU/d)
Relative risk of CHD
95% CI

@JU = international unit.
0 CHD = coronary heart disease.

tion “Cancer”). The men who received o-tocopherol also had 50
percent higher mortality from hemorrhagic stroke (but 5 percent
lower mortality from ischemic heart disease and 16 percent lower
mortality from ischemic stroke) than the men who did not receive
this supplement. In a subsequent analysis of individuals with previ-
ous myocardial infarction, vitamin E supplementation appeared to
decrease the risk of nonfatal myocardial infarction by a nonstatisti-
cally significant 38 percent (Rapola et al., 1997).

In a trial in Great Britain, the Cambridge Heart Antioxidant
Study (CHAOS), patients with angiographically proven coronary
artery disease were randomized to receive either 400 or 800 inter-
national units (IU) (268 or 567 mg)/day of RRR-0-tocopherol or
placebo (Stephens et al., 1996). The study was terminated early
because there were statistically significant decreases in the occur-
rence of nonfatal myocardial infarctions (77 percent) and in total
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Quintile/Tertile

1 2 3 4 5 p Value for Trend
1.6-6.9 7.0-8.1 8.2-9.3 9.4-11.0 11.1

1.0 1.10 1.17 0.97 0.79

- 0.80-1.51  0.84-1.62  0.69-1.37 0.54-1.15 NS¢

0 <25 25-99 100-249 2250

1.0 0.85 0.78 0.54 0.70

- 0.69-1.05  0.59-1.08  0.33-0.88  0.55-0.89 NS

0.3-3.1 3.2-3.9 4.0-4.8 4.9-6.2 6.3-100

1 1.04 0.77 1.14 0.95

- 0.8-1.35 0.66-1.14  0.89-1.47 0.72-1.23 NS
1.2-3.5 3.6-4.9 5.0-8.0 8.1-21.5 21.6-1,000

1 1 1.15 0.74 0.66

- 0.78-1.28  0.9-1.48 0.57-0.98  0.5-0.87 <0.001
<5.3 5.4-7.1 >7.1

1 0.73 0.35

- 0.38-1.39  0.14-0.88 <0.01
<4.91 4.92-6.24  6.25-7.62  7.63-9.63  29.64

1 0.70 0.76 0.32 0.38

- 0.41-1.18  0.44-1.29  0.17-0.63  0.18-0.80  <0.004

¢ CI = confidence interval.
d NS = not significant.

(fatal plus nonfatal) myocardial infarctions (47 percent). Howev-
er, there was a nonstatistically significant increase in fatal myocar-
dial infarctions and no decrease in overall mortality. There were
no differences reported between the two doses in the effects
noted.

The third trial (GISSI-Prevenzione Investigators, 1999) was de-
signed to determine whether 300 mg/day of all rac-o-tocopherol
and 1 g/day of ®-3 polyunsaturated fatty acids (PUFA), alone or in
combination, would reduce the risk of death, nonfatal myocardial
infarction, and stroke in Italian patients surviving a recent myocar-
dial infarction. After 3.5 years of supplementation, vitamin E had
no benefit. Although ®w-3 PUFA significantly decreased the rate of
death, myocardial infarction, and stroke in these patients, the ben-
efit was the same when the -3 PUFA was fed alone or in combina-
tion with vitamin E.
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A study conducted in 19 countries, the Heart Outcomes Preven-
tion Evaluation (HOPE) Study, evaluated more than 9,000 patients
older than 55 years of age with a history of previous ischemic heart
disease, stroke, or peripheral artery disease (HOPE Study Investi-
gators, 2000). Similar to the GISSI-Prevenzione Trial, after 4.5
years of supplementation with either 400 IU (268 mg)/day of
RRR-o-tocopherol or a placebo, vitamin E had a neutral effect on
total mortality, cardiovascular death, myocardial infarction, or
stroke. This study is continuing to determine whether any benefit
of vitamin E in preventing cardiovascular disease outcomes or can-
cer will emerge after a longer duration of follow-up.

The discordant results of these four trials may be related to the
different doses of vitamin E that were used, as it has been demon-
strated that the effectiveness of vitamin E in protecting circulating
LDL against ex vivo oxidation depends on both dose and experi-
mental design. Some protection has been observed at doses as low
as 25 IU/day (Princen et al., 1995), but a maximum degree of pro-
tection requires dosages greater than 200 IU/day (Jialal et al.,
1995). At the ATBC Study dose of 50 mg/day, there is some protec-
tion, but it is minimal. However, at the GISSI Prevenzione trial dose
of 300 mg/day and the HOPE Study dose of 400 IU (268 mg) /day,
protection was neutral. Another possible difference between the
four trials is that the coronary artery lesions in the Finnish smokers,
Italians, and HOPE participants may have been much further ad-
vanced than those in the British population studied.

A smaller trial examined the effects of all rac-0-tocopherol supple-
mentation (1,200 IU/day) for 4 months on re-stenosis after angio-
plasty (DeMaio et al., 1992) and found a small nonstatistically
significant reduction in the treated group.

Summary. The hypothesis that reactive oxygen species (ROS)
and reactive nitrogen species (RNS) play a role in atherosclerosis
rests on a solid basic science foundation and is strongly supported
by studies in animal models. At the clinical level, a variety of corre-
lational studies and studies of biochemical markers are consistent
with the hypothesis. However, only four published, large-scale, ran-
domized, double-blind clinical intervention studies have tested the
ability of vitamin E to prevent myocardial infarction. One of these,
a secondary prevention trial supplementing with 400 or 800 IU
(268 or 567 mg)/day of RRR-0-tocopherol, was strongly positive
(Stephens et al., 1996). The other three, one carried out in a group
of high-risk cigarette smokers using 50 mg/day of all racotocopherol
(ATBC Cancer Prevention Study Group, 1994) and two carried out
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in high-risk cardiovascular patients supplemented with 300 mg/day
of all rac-o-tocopherol (GISSI-Prevenzione Investigators, 1999) and
400 IU (268 mg) /day of RRR-0i-tocopherol (HOPE Study Investiga-
tors, 2000), were neutral. As of this date there are insufficient data
on which to base a recommendation of supplemental vitamin E as a
heart disease preventative for the general population.

Diabetes Mellitus

Since cardiovascular complications account for the major causes
of death in diabetes mellitus, it has been suggested that similar
oxidative processes associated with cardiovascular disease may play
a role in this chronic disease.

Oxidative Stress. It has been proposed that the development of
the complications of diabetes mellitus may be linked to oxidative
stress and therefore might be amenable to treatment with anti-
oxidants (Baynes, 1991; Mullarkey et al., 1990; Semenkovich and
Heinecke, 1997). Supplementation of either diabetic or nondiabetic
subjects with o-tocopherol decreases the susceptibility of their LDL
to ex vivo oxidation (Fuller et al., 1996; Reaven et al., 1995), but
this treatment does not change blood glucose levels. Ceriello et al.
(1991), using 600 and 1,200 mg/day of o-tocopherol, also observed
decreases in labile hemoglobin A1 (HbAI) and plasma glycosylated
proteins. While Jain et al. (1996a) found a decrease in glycosylated
hemoglobin with o-tocopherol supplementation at a relatively low
dose (100 IU/day), Reaven et al. (1995) using a much larger dose
(1,600 IU/day of a-tocopherol) found no effects on glycosylated
hemoglobin or other glycosylated plasma proteins. Paolisso et al.
(1993), using 900 mg/day of o-tocopherol, reported minimal, but
statistically significant, improvements in control of blood glucose.
The reason for the above discordance in results is not apparent.

Vitamin E treatment has been reported to decrease TBARS reac-
tivity in plasma of patients with diabetes, but this reaction is not
highly specific to vitamin E (Jain et al., 1996b). Davi et al. (1999)
did a comprehensive study using the urinary excretion of Fy-iso-
prostanes (8-iso-prostaglandin F,) as an indicator of oxidative
stress. They found a highly significant increase in Fy-isoprostane
excretion in diabetic subjects, and the level of excretion correlated
inversely with the degree of control of blood glucose. When the
subjects were supplemented with o-tocopherol acetate (600 mg/
day for 14 days), they reported a statistically significant reduction
(87 percent) in Fyisoprostane excretion and also in the urinary
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excretion of 11-dehydrothromboxane B,, the latter being an indica-
tor of platelet activation.

Platelet Hyperactivity. Several studies have confirmed an increased
tendency for aggregation of platelets from diabetic subjects, linking
the tendency to increased thromboxane production and showing
that prior treatment with o-tocopherol can ameliorate the increased
tendency for platelet aggregation (Colette et al., 1988; Gisinger et
al., 1988; Jain et al., 1998; Kunisaki et al., 1990). However, no clini-
cal intervention trials have tested directly whether antioxidants can
decrease the incidence of thrombosis in vivo.

Diabetic Neuropathy. Tutuncu et al. (1998) studied 21 subjects
with type II diabetes and neuropathy, who were randomly as-
signed to receive either 900 mg/day of a-tocopherol or a placebo
for 6 months. Although fasting and postprandial glucose were un-
changed, nerve conduction velocity in the median motor nerve fi-
bers and tibial motor nerve distal latency improved significantly
with vitamin E treatment. The authors concluded that further
studies with a larger number of patients for longer periods of
time are needed.

Summary. The available data strongly suggest that individuals
with diabetes are subject to increased oxidative stress. However, no
clinical intervention trials have tested directly whether vitamin E
can ameliorate the complications of diabetes mellitus. A gap re-
mains between the effects of vitamin E treatment on biochemical
markers of oxidative stress, clinical efficacy, and validation of a rela-
tionship between biomarkers and clinical outcomes. Studies in hu-
mans show that lipid and lipoprotein oxidation proceed more rap-
idly in patients with diabetes than in nondiabetic people and that
treatment with vitamin E can partially reverse this process (Reaven,
1995; Yoshida et al., 1997). In theory then, intervention with vita-
min E therapy to inhibit atherogenesis might be more effective in
individual diabetics than in nondiabetics. However, as of this date
there are insufficient data on which to base a recommendation of
supplemental vitamin E in diabetics.

Cancer

Cancer is believed to develop as the result of an accumulation of
mutations that are unrepaired. DNA is constantly undergoing dam-
age due to interaction with free radicals, and therefore one mecha-
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nism by which vitamin E might inhibit cancer formation is by
quenching these free radicals. An additional vitamin E chemopre-
vention mechanism that has been proposed is an effect on the im-
mune system. Many compounds, including vitamin E, have been
proposed as anticarcinogens (Ames et al., 1995).

Observational Epidemiological Studies. Epidemiological evidence for
an association between vitamin E and cancer risk is limited. An
analysis of vitamin E intake and lung cancer in the NHANES I Epi-
demiological Follow-up Study (Yong et al., 1997) showed a signifi-
cant inverse association among current smokers in the lowest tertile
of pack-years of smoking. A follow-up prospective cohort study
found a weak inverse association between prediagnostic serum vita-
min E levels and the incidence of lung cancer (Comstock et al.,
1997).

A prospective cohort study in the Netherlands found no associa-
tion between vitamin E intake and the incidence of breast cancer
(Verhoeven et al., 1997). Similarly, a recent analysis from the Breast
Cancer Serum Bank cohort study found no association of serum
vitamin E with breast cancer risk (Dorgan et al., 1998). A multi-
centered European case-control study of postmenopausal breast
cancer found no relation between subcutaneous adipose tissue 0O-
tocopherol levels and breast cancer risk (van ‘t Veer et al., 1996).

No association between dietary vitamin E and prostate cancer was
found in a large case-control study in Sweden (Andersson et al.,
1996). An inverse association between serum vitamin E levels in
smokers and prostate cancer was found in a prospective cohort study
in Switzerland (Eichholzer et al., 1996); however, earlier cohort
studies reported no association of vitamin E with this cancer
(Comstock et al., 1992; Knekt et al., 1988).

Intervention Trials. In an intervention trial in Finland among men
who were heavy smokers, o-tocopherol supplements (50 mg/day)
had no effect on risk for lung cancer, the primary endpoint of the
study. However, a significant 34 percent lower incidence of prostate
cancer was seen in the men who received this supplement (ATBC
Cancer Prevention Study Group, 1994; Heinonen et al., 1998). Two
small, short-term intervention trials found no effect of o-tocopherol
supplementation on mammary dysplasia (London et al., 1985) or
benign breast disease (Ernster et al., 1985). Several trials with vita-
min E to prevent the recurrence of colorectal adenomatous polyps
have been reported, but none found a beneficial effect (Chen et al.,
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1988; DeCosse et al., 1989; Greenberg et al., 1994; Hofstad et al.,
1998; McKeown-Eyssen et al., 1988).

Summary. Overall, the epidemiological evidence for an effect of
vitamin E on cancer risk is weaker than that for vitamin E and car-
diovascular disease. Observational epidemiological studies provide
only limited evidence for a protective association and only for some
cancer sites. At present, the data from intervention trials are most
suggestive for the ability of vitamin E to prevent prostate cancer,
but only a single trial has yet been reported, and prostate cancer
was not the primary endpoint of that study.

Immune Function

It has been established that several aspects of immune function
decline with increasing age (Bendich, 1994). Moreover, supplemen-
tation with vitamin E is able to reverse these deficits in some indi-
viduals. Meydani et al. (1997) studied a total of 88 free-living, appar-
ently healthy subjects at least 65 years of age, who were randomly
assigned to a placebo group or to groups consuming 60, 200, or 800
mg/day of vitamin E for 235 days. Subjects in the upper tertile of
serum o-tocopherol concentrations (greater than 48.4 umol/L [2.08
mg/dL] or approximately twice normal values) after supplementa-
tion with 200 or 800 mg/day of vitamin E had higher antibody
responses to hepatitis B vaccine and delayed-type hypersensitivity
(DTH) skin response. The 200-mg/day group also had a significant
increase in antibody titer to tetanus vaccine. Recently, Pallast et al.
(1999) reported that supplementation with 100 mg/day of vitamin
E for 6 months may improve cellular immune function in apparent-
ly healthy elderly, but that the effect may be more pronounced in
certain subgroups such as those who were physically less active or
those with low baseline DTH reactivity.

Five subjects with tropical sprue for 8 to 10 years were found to
have an abnormal delayed hypersensitivity response as well (Gha-
laut et al., 1995). Moreover, their plasma vitamin E concentrations
were approximately one-tenth of normal, and the subjects had a
sensory neuropathy characteristic of vitamin E deficiency. Parenter-
al vitamin E therapy increased serum vitamin E concentrations to
normal and improved neurological responses and response to the
immune function skin test, suggesting that vitamin E may be impor-
tant in immune function.

Whether or not increases in vitamin E intake have any effect on
immune function in younger populations remains uncertain. How-
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ever, the evidence is strong enough to warrant continued investi-
gation.

Cataracts

There is a sound biochemical basis for the notion that the accu-
mulation of damaged proteins in the lens leads to cataract forma-
tion and that free-radical damage contributes to this protein dam-
age (Taylor, 1993). Studies in experimental animals show that
antioxidant vitamins, including vitamin E, can protect against lens
damage (Jac