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Preface

This report is onc of a scrics that presents a comprehensive sct of
rcference values for nutrient intakes for healthy U.S and Canadian
populations. It is a product of the Food and Nulrition Board of the
Institute of Mcdicine working in coopcration with scientists from
Canada.

The report cstablishes a sct of reference values for vitamin G,
vilamin E, and sclenium (o replace previously published Recom-
mended Dictary Allowances (RDAs) and Recommended Nutrient
Intakes (RNIs) for the United States and Canada and cxaminges
data about B-carotene and the other carotenoids (o-carotene, B-
cryptoxanthin, lutcin, lycopene, and zcaxanthin). Evidence has
been reviewed regarding the impact of these compounds on chron-
ic discasc along with thcir roles related 1o dceficiency states. Al-
though the reference values are based on dala, the data were ofien
scanly or drawn from studics that had limitations in addressing the
various questions that nceded to be dealt with in order 1o develop
rcference values for these nutrients and food components. Thus,
scientific judgment was rcquired in sculing the reference valucs,
The rcasoning usced is described for cach nutrient in Chapters 5
through 8.

These compounds, vitamin C, vitamin E, sclenium, B-carotence and
other carotlenoids, have been termed “diclary antioxidants” some-
what looscly by many. There has been intensc interest by the public
and the media in the possibility that incrcased intakes of dictary
antioxidants protcct against chronic discasc. Many rescarch pro-
grams arc undcr way in this arca.

xi



xii TPREFACE

Epidcmiological cvidence suggests that the consumpltion of fruits
and vegetables reduces the risk of both cancer and cardiovascular
discasc, and it has been hypothesized that this is duc in part to the
presence of compounds with antioxidant propertics found in these
food groups. While diclary antioxidants is a convenicent generic ti-
e, these compounds are multifunctional, and somc of the actions
obscrved in vivo may not represent an antioxidant function, cven
though thc compounds have been frequently classified as antioxi-
dant nutricnts.

Although a dcfinition of a diclary antioxidant is provided in this
rcporl at the specific request of the federal agencics, the above
compounds were cvaluated with respect Lo their role in human nu-
trition, without limiting the critcria 1o antioxidant propertics or o
only thosec compounds or nutricnts which met the definition. Data
were reviewed regarding the minimum amount of these compounds
rcquired lo prevent deficiency discascs, as well as the amounts that
might impact on chronic discascs regardless of whether or not the
putatively protective mechanisms involved antioxidant propertics.
Thus, a major task of thc Pancl on Diclary Antioxidants and Relat-
cd Compounds, the Subcommitice on Upper Reference Levels of
Nutricnts (UL Subcommitice), the Subcommitice on Interpreta-
tion and Uscs of Dictary Reference Intakes (Uses Subcommiticce),
and the Standing Committce on the Scientific Evaluation of Dictary
Reference Intakes (DRI Committee) was o analyze the evidence on
hencficial and adverse cffects of various intakes of vitamin C, vita-
min E, sclenium, and B-carotence in the context of sciting Dictary
Reference Intakes (DRIs) for these compounds.

Many of the questions raised aboul requirements for and recom-
mended intakes of these nutrients cannot be answered fully be-
causc of inadequacics in the present databasc. Apart from studics of
overt dcficiency discase, there is a dearth of studics that address
spccific cffccts of inadequalte intakes on specific indicators of health
status. For these compounds, there is no dircct information that
permits estimating the amounts required by children, adolescents,
lactating women, and the clderly. For B-carotenc, data uscful for
the sculing of Tolcrable Upper Intake Levels (ULs) arc inconsistent
and for the other carotenoids data arc sparse, precluding rcliable
cstimatcs of the minimum intake above which there is the risk of
adverse cffects. For some of these nutrients, there are questions
aboul how much is contained in the food North Amecricans cat,
Thus, another major task of the report was o oulline a rescarch
agenda Lo provide a basis for public policy decisions related o ree-
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ommendcd intakes of vitamin G, vitamin E, sclenium, and the caro-
tenoids and ways o achicve thosc intakes.

The process for cstablishing DRIs is an itcralive process and is
thus cvolving as the conceptual framcwork is appllcd lo ncw nutri-
cnts and food componcnts. With more experience, the proposed
modcls for establishing reference intakes for use with nutrients and
food components that play a role in health will be refined. Also, as
ncw information or new mcthods of analysis arc adopted, these
reference valucs undoubtedly will be reassessed.

Because the project is ongoing as indicated above, many com-
ments were solicited and have heen reccived 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 (Chaptcrs 1 through
4) and in the discussion of uscs of DRIs (Chapter 9 in this report).
For examplc, it is now clearly stated that animal data can be used as
the critical adverse cffect in sctting a UL for a nutrient.

Among the comments reccived o date have been requests for
additional guidance in the practical appllcallon of DRIs. The Uscs
Subcommiltice, conceptually included since the beginning of the
DRI process, was formed subscquent to the release of the first two
rcports. Although their activitics will involve reports spccifically ad-
1rcssmg the rationale for using DRIs for asscssing intake and plan-
ning, in this rcport Chapter 9 addresses some of the major issucs
that rclate o the anticipated uscs and applications of reference
valucs.

This report reflects the work of the Food and Nutrition Board’s
DRI Commiltce, its expert Pancl on Diclary Antioxidants and Relat-
cd Compounds, UL Subcommitice, and Uscs Subcommitice. It is
important Lo acknowledge the support of the government of Cana-
da and Canadian scicnlists in this initiative, which represents a
pioncering first siep in the standardization of nutrient reference
intakes at lcast within a major part of onc continent. A bricf de-
scription of the overall projcct of the DRI Commitice and of the
pancl’s task arc given in Appendix A, Tt is hoped that the critical,
comprchensive analyses of available information and of knowledge
gaps in this initial scrics of rcports will greatly assist the private
scclor, foundations, universitics, government laboratorics, and oth-
cr institutions with the development of a productive rescarch agen-
da for the next decadce.
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The DRI Committee, the Pancl on Dictlary Antioxidants and Re-
latcd Compounds, the UL Subcommitiee, and the Uses Subcom-
mitlce wish o extend sincere thanks Lo the many experts who have
assisted with this report by giving presentations, providing written
malcrials, participating in discussions, analyzing data, and other
mcans, Many, but far from all, of these people arc named in Appen-
dix B. Spccial thanks go to staff at the National Center for Health
Statistics, the Food Surveys Rescarch Group of the Agricultural Re-
scarch Scrvice, and the Department of Statistics at Towa Statc Uni-
versily for extensive analyses of survey data.

The respective chairs and members of the pancl and subcommit-
tces have performed their work under great time pressure. Their
dedication madce the completion of this report possible. All gave of
their time willingly and withoult financial reward; both the science
and practicc of nutrition arc major bencficiarics.

This report has been reviewed in draft form by individuals chosen
for their diverse perspectives and technical expertise, in accordance
with proccdurces approved by the National Rescarch Council’s Re-
port Review Commitice. The purposc of this independent review is
to provide candid and critical comments Lo assist the pancl and
subcommittcc members and the Institute of Medicine in making
the published report as sound as possible and o ensurc that the
rcporl mecls institutional standards for objcctivity, cvidence, and
rcsponsivencess Lo the study charge.

The content of the final report is the responsibility of the Insti-
tute of Mcedicine and the study pancl and not the responsibility of
the reviewers, The review comments and draft manuscript remain
confidential to protect the integrity of the deliberative process. The
pancl wishes 1o thank the following individuals, who arc ncither
officials nor employces of the Institute of Medicing, 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
Mcdicine; James R, Coughlin, Ph.D., Coughlin & Associalcs; Barry
Halliwell, D.Sc., University of London Kings Collcge; John E. Halver,
Ph.D. Umvcrsuy of Washingtlon; Richard J. Havcl, M.D., Univcrsily
of Califomia al San Francisco; Orville Levander, Ph.D., U.S. Depart-
mcent of Agriculture; Stanley D. Omaye, Ph.D., University of Nevada;
Hclmut Sics, M.D., Heinrich-Hceince-Universitit Disscldorf; Thressa
C. Stadiman, Ph.D,, National Institutcs of Health; and Walter
Willcit, M. DD, Dr. P.H., Harvard School of Public Hcalth.

The DRI Commitice wishes 1o acknowledge, in particular, the
commitment shown by Norman Krinsky, chair of the pancl, who
sieered this difficult project through what at times scemed 1o some
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like “dangcrous and uncharted waters,” His ability to keep the cf-
fort and the various perspectives moving in a positive dircction is
very much appreciated. Thanks also arc duc to DRI Commiuce
mcmbers Scott Grundy and John Fernstrom, in-depth internal re-
viewers for this report,

Special thanks go o the staff of the Food and Nutrition Board
and foremost to Sandra Schlicker, who was the study dircclor for
the pancl and without whosc assistance, both intcllectual and mana-
gcrial, this report would ncither have been as polished nor as timely
in its rcleasc.

It is, of coursc, thosc al the Food and Nutrition Board who get
much of the work completed and so the pancl, subcommitices, and
the Food and Nutrition Board wish 1o thank Allison Yaltcs, Dircclor
of the Food and Nutrition Board, for constant assistance and it also
rccognizes, with appreciation, the contributions of Mary Poos,
Elisabcth Reese, Alice Vorosmarti, Gail Spears, and Michele Ramscy,
We also thank Florence Poillon and Sydnc Newberry for editing the
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Summary

This report provides quantitative rccommendations for the intake
of vitamin C, vitamin E, and sclenium, Tt also discusscs B-carotence
and other carolenoids (O-carolenc, B—cryploxamhin, lutcin, lyco-
pene, and zcaxanthin) but docs not provide quantitative recoms-
mcendations for their intake. It is onc volume in a scrics of reports
that presents diclary reference valucs for the intake of nutrients by
Amcricans and Canadians. The development of Diclary Reference
Intakes (DRIs) expands and replaces the scrics of Recommended
Diclary Allowances (RDAs) in the United States and Recommend-
cd Nutrient Intakes (RNIs) in Canada. The report includes current
concepts about the roles vitamin C, vitamin E, sclenium, and B-
carolenc and the other carotenoids play in long-term health, going
beyond a review of the roles they are known 1o play in traditional
dcficiency discascs, A major impctus for the expansion of this re-
view is the growing rccognition of the many uscs o which RDAs
and RNIs have been appliced, and a growing awarcness that many of
these uscs require the application of statistically valid mcthods that
depend on reference valucs other than recommended nutrient in-
takes,

The overall project is a comprchensive cffort undertaken by the
Standing Committce on the Scientific Evaluation of Dictary Refer-
cnce Intakes (DRI Commitlee) of the Food and Nutrition Board,
Institute of Mcdicinge, the National Academics, with aclive involve-
mcent of Health Canada. (Sce Appendix A for a description of the
overall process and its origins.) This study was requested by the
Federal Project Steering Commitlee for Diclary Reference Intakes
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2 DIETARY REFERENCE INTAKES

(scc Appendix B for membership), which is coordinated by the
Officce of Discasc Prevention and Health Promotion of the ULS. De-
partment of Health and Human Scrvices, in collaboration with
Hcalth 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-, ¥-, and 6-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.

¢ 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 sciling the RDA depends on being able 1o sct an
Estimated Average Requirement (EAR). Before sciling the EAR, a spe-
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Box 8-1 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 valuc that is cstimated
to meet the requirement of half the healthy individuals in a life stage and

gender group.

cific critcrion of adequacy is sclected, based on a carcful review of
the litecraturc. When sclecting the criterion, reduction of discasc
risk is considered along with many other health paramecters.

If the standard deviaton (SD) of the EAR is available and the
rcquircment for the nutrient is symmectrically distributed, the RDA
is sct al 2 8Ds above the EAR:

RDA = EAR + 2 SDyp.

If data aboul variability in requirements arc insufficient to calcu-
latc an SD, a cocfficient of variation (CV) for the EAR of 10 pereent
is ordinarily assumcd, unless available data indicalte a greater varia-
lion is probablec.

If 10 pereent is assumed to be the CV, then twice that amount
addcd o the EAR is defined as cqual to the RDA. The resulling
cquation 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 arc used to find the
nincty-scventh 1o nincty-cighth percentile o sct the RDA, The RDA
for a nutricnt is a valuc 1o be used as a goal for dictlary intake for the
hcalthy individual. As discusscd in Chapter 9 of this report, the
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RDA is not intended 1o be used 1o assess the dicts of cither individ-
vals or groups or to plan dicts for groups.

Adequate Intakes

The Adequate Intake (Al) is sct insicad of an RDA if sufficient scien-
lific evidence is not available 1o calculate an EAR. For cxample, the
Al for young infants, for whom human milk is the recommended
solc sourcc of food for most nutrients up through the first 4 10 6
months, is bascd on the daily mcan nutrient intake of apparently
hcalthy, full-tcrm infants who reccive only human milk. The main
intended usc of the Al is as a goal for the nutrient intake of individ-
uals. Other uscs of Als will be considered in future reports.

Comparison of RDAs and Als

Although both the RDA and the Al arc 1o he used as a goal for
intake by_ individuals, the RDA differs from the Al Intake of the
RDA for a nutricnt is expected 1o mect the needs of 97 (o 98 per-
cent of the individuals in a life stage and gender group. Howcever,
because no distribution of requirements is known for nutrients with
an Al it is not possiblc 10 know what percentage of individuals arc
covered by the Al In determining the Al for a nutrient, it is expect-
¢d Lo exceed the RDA for that nutricent, if it were known, and should
cover the needs of more than 97 (o 98 percent of the individuals
(scc Figurc §-1). The degree 1o which an Al exceeds the RDA s
likcly Lo differ among nutrients and population groups, howcver,

For pcople with discascs that incrcasce specific nutrient require-
mcents or those who have other special health needs, the RDA and
Al may cach scrve as the basis for adjusting individual recommen-
dations; qualificd hcalth professionals should adapt the recom-
mended intake to cover higher or lower needs.

Tables S-1 through §-3 give the recommended intake levels,
whether RDAs or Als, for vitamin C, vilamin E (o-tocophcrol), and
sclenium by life stage and gender group. For these nutrients, Als
rathcr than RDAs arc being proposcd for infants (o age 1 year.

Tolerable Upper Intake Levels

The Tolerable Upper Intake Level (UL) is the highest level of daily
nutricnt intake that is likely 1o posc no risk of adverse health cffeets
for almost all individuals in the gencral population. As intake in-
crcascs above the UL, the risk of adverse cffects incrcascs, The term
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FIGURE 8-1 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 Dielary Allowance (RDA) is the intake at
which the risk of inadequacy is very small—only 0.02 to 0.03 (2% o 3%). The
Adequate Intake (AI) does nol bear a consistenl relationship to the EAR or the
RDA becausc it is sct without being able to cstimate the average requirement. Tt is
assumcd that the AT is at or above the RDA if onc could he 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.

“lolcrable intake™ was chosen 10 avoid implying a possible bencficial
cffect, Insicad, the term is intended 1o connote a level of intake
that can, with high probability, be tolerated biologically. The UL is
not intended 1o be a reccommended level of intake, There is no
cstablished bencfit for apparently healthy individuals if they con-
sume nutricni intakes above the RDA or Al

UlLs arc uscful becausce of the increased interest in and availability
of forlificd foods and the incrcased usc of dictary supplements. Uls
arc bascd on total intake of a nutrient from food, water, and supple-
ments if adverse effects have been associated with total intake, How-
cver, if adverse cffccts have been associated with intake from sup-
plements or food fortificants only, the UL is bascd on nutrient
intakc from these sources only, rather than on total intake. The UL
applics to chronic daily usc.

For somc nutrients such as B-carotenc and other carotenoids,
there are insufficient data with which to develop a UL. This docs
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TABLE 8§-1 Critcria and Dictary Reference Intake Values for
Vitamin C by Lifc Stage and Gender Group

EAR (myg
Life Stage Group Critcrion Male
0 through 6 mo Human milk content
7 through 12 mo Human milk + solid food
1 through 3y Extrapolation from adull 13
1 through 8 y Extrapolation from adult 22
9 through 13y Extrapolation from adult 39
14 through 18 y Extrapolation [rom adult 63
19 through 30 y Near-maximal neutrophil concentration 75
31 through 50y Extrapolation of near-maximal neutrophil concentration 75
from 19 through 30y
51 through 70 y Extrapolation of ncar-maximal ncutrophil concentration 75
from 19 through 30 y
=70y Extrapolation of ncar-maximal ncutrophil concentration 75

from 19 through 30y

Pregnancy
<18y Extrapolation of ncar-maximal ncutrophil concentration
plus transfer to the folus
19 through 50 y Extrapolation of ncar-maximal ncutrophil concentration

plus transfer to the fetus

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

2EAR = Estimatcd Average Requirement. The intake that meets the estimated nutri-
cnt nceds ol hall 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.

¢ AT = Adequale Inlake. The observed average or experimentally sel inlake 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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s for
FAR (mg/d)¢ RDA (mg/d)b AT (mg/d)*
Male Female Male Female Male Female
40 40
50 50
13 13 15 15
22 22 25 25
39 39 15 15
63 56 75 65
75 60 90 75
ntration 75 60 90 75
niration 75 60 90 75
ntration 75 60 90 75
niration 66 80
ntration 70 85
96 115
100 120

defined population or subgroup that appcars 1o sustain a defined nutritional status,
such as growth rate, normal circulating nutricnt valucs, or other [unctional 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 G.

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 8-2 Critcria and Dictary Reference Intake Values for
o-Tocophcrol?® by Lifc Stage Group

Life Stage Gr(_)upb Criterion EAR (myg
0 through 6 mo Human milk content
7 through 12 mo Extrapolation [rom 0 to 6 mo
1 through 3 y Extrapolation from adult 5
4 through 8 y Extrapolation from adult 6
9 through 13 y Extrapolation from adult 9
14 through 18 y Extrapolation from adult 12
19 through 30y Prevention of hydrogen peroxide-induced hemolysis 12
31 through 50 y Extrapolation of hydrogen peroxide-induced hemolysis 12
from 19 through 30y
51 through 70 y Extrapolation of hydrogen peroxide-induced hemolysis 12
from 19 through 30y
=70y Extrapolation ol hydrogen peroxide-induced hemolysis 12
from 19 through 50 y
Pregnancy
€18y Plasma concentration 12
19 through 50 y Plasma concentralion 12
Lactation
<18y [Tuman milk content + age speciflic requircment 16
19 through 50 y Human milk content + age specific requirement 16

@-Tocopherol includes RRR-0i-tocopherol, the only form of a-tocopherol that occurs
naturally in foods, and the 2Rsiereoisomeric forms of a-locopherol (RRR-, RSR., RRY,
and RSSo-tocopherol) that occur in fortificd [oods and supplements. Docs not include
the 28stercoisomeric [orms ol a-tocopherol (SREE, SSKE, SRS, and SSSo-tocopherol),
also [ound in [ortificd [oods and supplements. The 2R-stercoisomeric forms of o
tocopherol, as defined in this report, are the only forms of Vitamin E that have been
shown to meet human requirements.

bAl groups excepl Pregnancy and Lactation are males and females,

¢ EAR = Estimated Average Requirement. The intake that meets the estimated nutri-
cnt needs of hall 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)? Al (mg/d)*
4
5

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 8-3 Critcria and Dictary Reference Intake Values for
Sclenium by Life Stage Group

Life Stage Group® Criterion EAR (pg
0 through 6 mo Human milk content
7 through 12 mo ITuman milk + solid food
1 through 3 y Extrapolation from adult 17
4 through 8 y Extrapolation from adult 23
9 through 13 y Extrapolation from adull 35
14 through 18 y Extrapolation from adult 15
19 through 30y Maximizing plasma glutathione peroxidase activity 15
31 through 50 y Extrapolation of plasma glutathione peroxidasc activity 45
from 19 through 30y
51 through 70 y Extrapolation of plasma glutathione peroxidase activity 45
from 19 through 30y
=70y Extrapolation of plasma glutathione peroxidase activity 15
from 19 through 30 y
Pregnancy
<18y Saturation of fetal selenoprotein 49
19 through 50 y Saturation of felal selenoprotein 49
Lactation
<18y [Tuman milk content + age speciflic requircment 59
19 through 50 y Human milk content + age specific requirement 59

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

b FAR = Fslimaled Average Requirement, The inlake thal meets the estimated nutri-
cnt needs of hall of the individuals in a group, men and women combined.

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

4 ATl = 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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s for
EAR (pg/d)? RDA (pg/d)* AT (pg/d)4
15
20
17 20
23 30
35 40
15 bh
ty 15 55
activity 45 55
activity 45 55
rctivity 15 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
ol health. An AL is used il sullicient scicntific cvidence is not available 1o derive an EAR.
For hcalthy human milk-fed infants, the Al is the mean intake. The AT 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-o-
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 pg/
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 thosc
which do not have provitamin A activity. In conjunction with the
rcview of vitamin A, cfforts arc undcr way Lo cstablish ratios for the
provilamin A carolcnoids—pP-carotence, O-carotene, and B—cryplox-
anthin—bascd on their ability 1o be converted 1o vitamin A, A sub-
scquent 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 asscssment modcl is used to derive Tolerable Upper Intake
Levels (ULs). The modcl consists of a systecmalic scrics of scientific
considcrations and judgments. The hallmark of the risk asscssment
modcl is the requirement to be explicit in all the evaluations and
judgments madc.

The ULs for adults for vitamin C (2,000 mg/day bascd on the
adversc cffect of osmotic diarrhea), vitamin E (1,000 mg/day of any
form of supplemental o-tocopherol based on the adverse cffect of
incrcased tendency o hemorrhage), and sclenium (400 pg/day
bascd on the adverse cffect of sclenosis), shown in Table 54, were
sct Lo protect the most sensitive individuals in the gencral popula-
tion (c.g., thosc who might be helow reference adult weight). Mem-
bers of the genceral apparcntly healthy population should be ad-
vised not to exceed the UL routinely. However, intake above the UL
may bc appropriatc for investigation within well-controlled clinical
trials 10 ascertain if such intakes arce of bencefit 1o health, Clinical
trials of doscs above the UL should not be discouraged becausc it is
cxpected that participation in these trials will require informed con-
scnt that will include discussion of the possibility of adverse cffects
and will employ appropriate safcty monitoring of trial subjccts.

The Uls for vitamin C and sclenium arc bascd on intake from
dict and supplements. Vitamin E Uls arc based on intake from
supplements only.

A UL could not be ¢stablished for B-carotenc because of inconsis-
tent data and could not be sct for other carotenoids because of a
lack of suitablc data. In both cascs, this significs a nced for addi-
tional information. It docs not nccessarily signify that pcople can
lolcrate chronic intakes of these substances at high levels. Like all
chemical agents, nutrients and other food components can pro-
ducc adverse cffects if intakes are excessive. Thercefore, when data
arc cxtremely limited, extra caution may be warranted. In particu-
lar, B-carotence supplementation is not advisable, other than for the
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TABLE 8-4 Tolcrable Upper Intake Levels (UL?) by Life Stage
Group

Vilamin C o-Tocopherol Selenium
Life Stage Group (mg/d) (mg/ d) (pg/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 18 y 1,800 800 100
19 through 70 y 2,000 1,000 400
>70y 2,000 1,000 400
Pregnancy
<18 y 1,800 800 100
19 l.hr(')ugh 50 y 2,000 1,000 100
Lactation
18y 1,800 800 400
19 through 50 y 2,000 1,000 400

2'The UL is the highest level of daily nutrient intake that is likely to posce no risk ol
adverse health cffects 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.

& The UL for a-locopherol applies Lo any form of supplemental o-tocopherol.

¢ ND. Not determinable duc 1o lack of data of adverse cllcets in this age group and
concern with regard to lack ol ability to handle excess amounts. Source ol intake should
be [rom [ood and [ormula in order to prevent high levels of intake.

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

USING DIETARY REFERENCE INTAKES

Suggested uses ol Dietary Relerence Intakes (DRIs) appear in Box
S-2. The transition [rom using previously published Recommended
Dietary Allowance (RDAs) and Reference Nutrient Intakes (RNIs)
alone to using all DRIs appropriately will require time and ellort by
health prolessionals and others.

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

* Bascd on the Third National Health and Nutridon Examina-
tion Survey (NHANES IIT) data, about 11 percent of nonsmoking

Box 5-2 Uses of Dietary Reference Intakes for Healthy Individuals and
Groups

Type of Use For the Individual For a Group

Assessment  EAR% use 1o examine the  EAR? use Lo estimate the
possibility ol inadcquacy prevalence of inadequate
of rcported intake, intakes within a group.,
AI“ intakes at this level AI” mean intake at this level
have a low probability of  implies a low prevalence of
inadequacy. inadequale 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: usc in conjunction with a

mcasurc of variability ol the
group’s intake to sct goals for
the median intake of a specific
population.

AL 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 pereent of nonsmoking adult men have dictary
intakes of vitamin C that arc less than the EAR for this nutricnt.

* Although diclary intakes of sclenium depend on the scleni-
um content of the soil where a plant was grown, adults in North
Amcrica arc mccting their sclenium nceds, probably because food
in the United States and Canada is so widcly distributed beyond the
rcgion where it was grown,

* Only a small proportion of the adult men and women in the
population rcportedly has a vitamin E intake from food and supple-
mcnts greater than the EAR. However, estimates of vitamin E intake
arc particularly difficult duc 10 a propensily (o undcrreport fat in-
take which results in its underestimation (diclary fat scrves as the
major carricr for vitamin E). In addition, thc EARs for vitamin E arc
bascd on t-tocophcrol only and do not include amounts obtained
from the other seven naturally occurring forms of vitamin E (-, v,
dtocophcerol and the four tocotricnols). Because the various forms
of vitamin E cannot be interconverted in humans, EARs, RDAs, and
Als apply only to intake of the ZRsicrcoisomeric forms of o-
tocophcrol from food, fortificd foods, and multivitamins. Currently,
most nutricnt databascs, as well as nutrition labcls, do not distin-
guish among the various tocophcrols in food. They ofien present
the data as ortocophcrol cquivalents and include the contribution
of all cight naturally occurring forms of vitamin E, afier adjustment
for bioavailabilily (c.g., Y-locophcrol is usually assumcd 1o have only
10 percent of the avallablllty of a-locophcrol). Because these other
forms of vitamin E occur in foods (c.g., y-locophcrol is present in
widcly consumed oils such as soybcan and corn oils), the intake of
o-locophcerol cquivalents is greater than the intake of o-locophcrol
alonc. Bascd on NHANES IIT dictary intake data, approximatcly 80
percent of the o-tocophcrol cquivalents from food arc from o-
tocophcrol, and thus can contribule o the body’s requircment for
vilamin E,

Data for intakes of vitamin C, vitamin E, and sclenium from food
and supplements in the United States are provided in this report.
Data from Canada arc availablc only for vitamin C from food. De-
tailed data for intakes of carotcnoids from a recently released and
cxpanded food composition databasc in the United States arc pres-
cnlly being analyzed and arc not available o be included in this
rcporl, Thus they will be included in the Appendix of a subscquent
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 (-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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Cardrovascular 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 obscrvational cpidemiological studics have cxam-
incd the relationship between intakes of vitamin C, vitamin E, and
carolcnoids and the presence of cataracts in humans. Scveral stud-
ics indicale a lowered risk of cataracts associalcd with cither an
incrcased scrum level of these diclary components or supplement
usc. These studices, since obscervational in nature, do not constitule
at this timc a sufficicnt basis for a conclusion that these dictary
componcnis can prevent calaracts in humans,

Age-Related Macular Degeneration

Epidcmiological studics find a decrcased likelihood of age-related
macular degencration (AMD) associated with higher intakes of
fruits and vegcelables, cspecially those that arc rich in the caro-
tenoids lutein and zeaxanthin, Protective cffects of lutein and zcax-
anthin arc hiologically plausiblc because these carotenoids sclee-
tively accumulate as the pigment of the macular region of the rctina
and account for the ycllow color obscrved in this region. The associ-
ation has also been obscrved in smokers, who have lower plasma
levels of carotenoids and are also at an incrcased risk of developing
AMD. Howecver, all reports arc associative in naturce and have not
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cstablished a causal rclationship belween intake or plasma concen-
trations of lutcin and/or zcaxanthin and risk for AMD,

Central Neurodegenerative Diseases

Increasing cvidence suggests that a numbcer of common ncurodc-
genceralive discases, such as Alzhcimer’s, Parkinson’s, and amyo-
trophic lateral sclerosis, may reflect adverse responscs 1o oxidative
siress, Small intervention trials with cither vitamin C or vilamin E
have reported symptlomaltic improvement in thosc alrcady afflicted
with the discasc. Howcever, these preliminary findings do not consti-
tutc adequate proof of the uscfulness of these antioxidants in de-
crcasing the development or delaying the onsct of these discascs.

Diabetes Mellitus

Although somce cvidence suggests that modifications obscrved in
structural protcins in paticnts with diabcles mellitus may be at-
tributable to cither an oxidative stress or a stress duc 1o reaclive
carbonyls, much of the rescarch, with cither single compounds or
combinations of spccific food components that may function as
antioxidants, has hcen inconclusive. In addition, no clinical inter-
vention trials have tested dircclly whether provision of antioxidants
can dcfer the onsct of the complications of diabclcs.

RECOMMENDATIONS

Available Data on Food Composition

Becausce the various forms of vitamin E arc not interconvertible
and becausc plasma concentrations of ¢-locophcerol are dependent
upon the affinity of the hepatic o-locopherol transfer protcin for
the various forms, it is rccommendcd that relative biological poten-
cics of the various forms of vitamin E be reevaluated. Until this is
dong, the actual concentrations of cach of the various vitamin E
forms in food and biological samplcs should be reported sceparaicly,
wherever possible,

Research

Five major types of information gaps were noted: (1) a dearth of
studics designed specifically 1o cstimale average requirements in
apparcnily hcalthy humans; (2) a ncarly complcic lack of usable
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data on the nutrient nceds of infants, children, adolescents, and
pregnant and lactating women; (3) a lack of dcfinitive studics o
dcterminge the role of these nutrients in lowering the risk of certain
chronic discases; (4) a lack of validated biomarkers (o evaluate oxi-
dative stress and the relationship between antioxidant intake and
hcalth and discasc; and (5) a lack of studics designed o detect
adversc cffects of chronic high intakes of these nutrients.

Highcst priority is thus given (o rescarch that has potential 1o
prevent or retard human discase processes and Lo prevent deficien-
cics with functional conscquences as follows:

* Studics to provide the basic data for constructing risk curves
and bhencfit curves across the exposures 1o dictary and supplemen-
tal intakes of vitamin C, vitamin E, sclenium, and B-carotene and
other carotenoids. Studics should be designed 1o determine the
rclationship of nutrient intakes 1o validated biomarkers of oxidative
stress, These studics should be followed by nested casc-control stud-
ics 1o delermine the relationship of the biomarkers of oxidative
stress Lo chronic discase. Finally, full-scale intervention trials should
be donc 1o ¢stablish the preventive potential of a nutrient for chron-
ic discasc.

* Invcstigations of gender specificity of the metabolism and re-
quircments for vitamin C, vitamin E, sclenium, and B-carolene and
other carolenoids,

* Studics to validatc methods and possible modcls for cstimat-
ing Diclary Reference Intakes (DRIs) in the absence of data for
somc lifc stage groups, such as children, pregnant and lactating
womcen, and older adults,

* Rescarch o delermine the interactions and possible syner-
gisms of vitamin C, vitamin E, sclenium, and B-carotence with cach
other, with other nutrients and food components, and with endoge-
nous antioxidanis. Multifactorial studics arc nceded Lo demonstratle
in vivo actions as wcll as syncrgisms that have been shown 1o occur
in vitro,

* Studics lo develop cconomical, sensitive, and specific methods
1o asscss the associations of vitamin C, vitamin E, sclenium, and -
carolenc and other carolenoids with the causation, prevalence, pre-
vention, and trcatment of specific viral or other infections.

* Investigations of the magnitude and role of genclic polymor-
phisms in the mechanisms of actions of vitamin C, vitamin E, scleni-
um, and B-carotence and other carotenoids,
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Introduction to Dietary
Reference Intakes

The term Dietary Reference Intakes (DRIs) rcfers 1o a sct of at lcast
four nutrient-bascd reference valucs, cach of which has spccial uscs.
The development of DRIs expands on the periodic reports called
Recommended Dietary Allowances, which have been published since
1941 by the National Academy of Scicnces. This comprchensive cf-
fort is being undcertaken by the Standing Committee on the Scien-
tific Evaluation of Dictary Reference Intakes (DRI Commitice) of
the Food and Nutrition Board, Institute of Mcdicing, the National
Acadcmics, with the aclive involvement of Health Canada. Sce
Appendix A for a description of the overall process and its origins.

WHAT ARE DIETARY REFERENCE INTAKES?

The reference valucs, collectively called the Dictary Reference In-
takes (DRIs), include the Recommendcd Diclary 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 nutricnt that, for a specificd indicator of adequacy, will maintain a
dcfined level of nutriture in an individual. The chosen ¢riterion of
nutritional adcquacy is identificd in cach nutrient chapter; note
that the criterion may differ for individuals at different life stages.
Hence, particular attention is given throughout this report 1o the
choicc and justification of the criterion used (o cstablish require-
ment valucs.

21
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This approach diffcrs somewhat from that used by the World
Hcalth Organization, Food and Agriculture Organization, and In-
ternational Atomic Encrgy Agency (WHO/FAO/TAEA) Expcert Con-
sultation on Trace Elements in Human Nutrition and Health (WHOQO,
1996). That publication uscs the term basal requirement L0 indicalc
the level of intake needed 1o prevent pathologically relevant and
clinically dciectable signs of a dictary inadequacy. The term norma-
tive requirement indicalcs the level of intake sufficient (o maintain a
desirable body store or reserve. In developing RDAs and Als, em-
phasis is placed insicad on the rcasons undcerlying the choice of the
critcrion of nutritional adcquacy uscd 1o cstablish the requirement,
They have not been designated as basal or normative.

Unless otherwise stated, all values given for RDAs, Als, and EARs
rcpresent the quantity of the nutrient or food component o be
supplicd by foods from a dict similar to those consumed in Canada
and the United States. If the food source of a nutrient is very differ-
cnt (as in the dicts of some cthnic groups) or if the source is supple-
ments, adjustiments may have (o be madce for differences in nutrient
bioavailability. When this is an issuc, it is discussed for the specific
nutricnt in the section “Special Considerations.,”

RDAs and Als arc levels of intake recommendced for individuals.
They should minimize the risk of developing a condition that is
associalcd with the nutrient in question and that has a ncgative
functional outcome. The DRIs apply to the apparently healthy gen-
cral population. Mccling the recommended intakes for vitamin C,
vilamin E, sclenium, and carolcnoids would not necessarily provide
cnough for individuals who arc alrcady malnourished, nor would
they be adequate for certain discasc statcs marked by incrcased
rcquircments. Qualificd medical and nutrition personncel must
tailor rccommendations for individuals who arc known 1o have dis-
cascs that greatly incrcase requirements or who arc at risk for devel-

oping adverse cffcets associaled with higher intakes. Although the
RDA or Al may scrve as the basis for such guidance, qualificd per-
sonncl should make neeessary adaptations for specific situations.

CATEGORIES OF DIETARY REFERENCE INTAKES

Each typc of Diclary Reference Intake (DRI) refers to average
daily nutrient intake of individuals over time. In most cascs, the
amount taken from day to day may vary substantially without ill
cffcct.



INTRODUCTION 23

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 = FAR + 2 SD ..

1'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 arc
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 Dictary rcference intakes, This ligurc shows that the Estimated Aver-
age Requirement (FAR) 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 0.0%5 (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 1o 0. At intakes above the UL, the risk of adverse
effecls may increase.

If data aboul variability in requirements arc insufficient to calcu-
latc an SD, a cocfficient of variation (CVy,,) of 10 pcreent will
ordinarily be assumed and uscd in place of the SD. Because

CVpagr = SDpAr/EAR, and
SD = (EAR X CV,);
the resulting equation for the RDA is
RDA = FEAR + 2 (0.1 X EAR), or
RDA = 1.2 X EAR.

If the nutrient requirement is known to he skewed for a popula-
tion, other approachces will be used to find the nincty-scventh 1o
nincly-cighth pereentile 1o sct the RDA.

The assumption of a 10 pereent CV is based on extensive data on
the variation in basal mctabolic ratc (FAO/WHO/UNA, 1985; Gar-
by and Lammecrt, 1984), which contributes about two-thirds of the
daily cnergy 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 cstimated for the protcin requirecments in adults (FAO/
WHO/UNA, 1985). If there is evidence of greater variation, a larg-
cr GV will be assumed. In all cascs, the method used o derive the
RDA from the EAR is statled,

For vitamins C and E, and sclenium, there are very few dirccet data
on the requircments of children. Thus, EARs and RDAs for chil-
dren are basced on extrapolations from adult valucs. The method is
described in Chapter 3.

Other Uses of the EAR

Togcther with an cstimate of the variance of intake, the EAR may
also bc used in the assessment of the intake of groups or in plan-
ning for the intake of groups (Beaton, 1994) (scc Chapter 9).

Adequate Intake

If sufficient scientific evidence is not available to calculate an EAR,
a rcference intake called an Adequate Intake (Al) is provided instcad
of an RDA, The Al is a valuc bascd on experimentally derived intake
levels or approximations of ohscrved mcean nutrient intakes by a
group (or groups) of apparcntly healthy people. In the judgment of
the DRI Commitice, the Al for children and adults is expected o
mecl or exceced the amount necded Lo maintain a defined nutrition-
al statc or criterion of adequacy in cssentially all members of a spe-
cific, apparcntly hecalthy population, hecausc it is sct using presum-
ably hcalthy populations. Examples of defined nutritional states
include normal growth, maintenance of normal circulating nutrient
valucs, or other aspccts of nutritional well-being or gencral health,

The Al is sct when data are considered (o be insufficient or inadc-
quatc to cstablish an EAR on which an RDA would be bascd. For
cxample, for young infants for whom human milk is the recom-
mended sole food source for most nutricnis in the first 4 10 6
months, the Al is based on the daily mean nutrient intake supplicd
by human milk for apparcntly healthy, full-tcrm infants who arc fed
exclusively human milk,

Similarities Between the Al and the RDA

Both the Al and the RDA arc 1o be used as a goal for individual
intake. In gencral, the valucs are intended to cover the nceds of
ncarly all persons in a life stage group. (For infants, the Al is the
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mcan intake when infants in the age group arc consuming human
milk. L arger infants may have higher nceds, which they mect by
consuming morc milk.) As with RDAs, Als for children and adoles-
cents may be extrapolated from adult valucs if no other usable data
arc available,

Differences Between the AI and the RDA

There is much less certainty about the Al value than about the
RDA valuc. Because Als depend on a greater degree of judgment
than is applicd in cstimating the EAR and subscquently the RDA,
the Al may deviale significantly from the RDA, if it could have been
dctermined, and may be numerically higher than the RDA, if it
were known, For this rcason, Als must be used with greater carc
than RDAs. Also, thec RDA is always calculated from the EAR, using
a formula that takes into account the expected variation in the re-
quircment for the nutrient (scc previous scction “Estimated Aver-
agc Requirement”).

Tolerable Upper Intake Level

The Tolerable Uj)j)pr Intake Level (UL) is thc highest level of daily
nutricnt intake that is hkcly Lo posc no risk of adverse health cffects
in almost all individuals in the specified life stage group (sce Figure
1-1). As intake incrcascs above the UL, the risk of adverse cffccts
incrcascs. The term tolerable intake was chosen 1o avoid implying a
possible bencficial cffect. Instead, the term is intended o 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 cstablished bencefit for healthy individuals if they
consumc a nutricnt in amounts cxcceding the recommended in-
take (the RDA or Al).

The UL is based on an cvaluation conductled using the methodol-
ogy for risk asscssment of nutrients (sce Chapter 4). The need for
sctling ULs grew out of the incrcased fortification of foods and the
usc of dictlary supplements by more pcoplc and in larger doscs. The
UL applics o chronic daily usc. As in the casc of applying Als,
profcssionals should avoid very rigid application of ULs and first
asscss lthe characieristics of the individual or group of concern such
as sourcc of nutrient, physiological statc of the individual, length of
sustaincd high intakes, and so forth,

For vitamin C and sclenium, the UL refers 1o total intakes—ftrom
food, fortificd food, and nutrient supplements. In other instances
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(c.g., vilamin E), it may rcfer only to intakes from supplements,
food fortificants, pharmacological agents, or a combination of the
three, For some nutrients, such as B-carotenc and other carotenoids,
there may be inconsistent and insufficient data on which o develop
ULs. This indicates the need for caution in consuming amounts
grcater than the recommended intakes; it does not mcean that high
intakes posc no risk of adversce cffects.

The safcty of routing, long-lterm intake above the UL is not well
documented. Although members of the gencral population should
be advised not 1o routincely exceed the UL, intake above the UL may
be¢ appropriate for investigation within well-controlled clinical trials.
Clinical trials of doscs above the UL should not be discouraged as
long as subjccts participating in these trials have signed informed
conscnt documents regarding possible toxicily and as long as these
trials cmploy appropriatc safcly monitoring of trial subjccts.

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 lifc stage calcgorics described below were chosen by kccpmg
in mind all the nutrients 1o be reviewed, not only those included in
this report. Additional subdivisions within these groups may be add-
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cd in later reports, If data arc 100 sparsc (o distinguish diffcrences
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 becausce intake is relatively constant dur-
ing this timc. That is, as infants grow, they ingcst morc food; howev-
cr, on a body weight basis their intake remains the same, During
the sccond 6 months of life, growth velocity slows, and thus total
daily nutricnt nceds on a body weight basis may be Icss than thosc
during the first 6 months of lifc.

For a particular nutricnt, average intake by full-term infants who
arc born 1o 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 nutricnts during the
first 6 months of lifc. The valuc uscd is thus not an Estimated Aver-
agc Requirement (EAR); the extent to which intake of human milk
may result in exceeding the actual requirements of the infant is not
known, and cthics of experimentation preclude testing the levels
known to bc potentally inadcquate. Therefore, the Al is not an
EAR in which only half of the group would be expected 1o have
their needs met.

Using the infant fed human milk as a modcl is in keeping with the
basis for cstimalting nutrient allowances for infants developed in the
last Rccommended Diclary Allowances (NRC, 1989) and Recom-
mcended Nutrient Intake (Health Canada, 1990) reports. It also sup-
ports the reccommendation that exclusive human milk feeding is
the preferred method of feeding for normal full-term infants for
the first 4 10 6 months of life, This rccommendation has also heen
madc by the Canadian Pacdiatric Socicty (Health Canada, 1990),
the Amcrican Academy of Pediatrics (AAP, 1997), and the Food
and Nutrition Board rcport Nutrition During Lactation (I0M, 1991).

In gencral, for this report, special consideration was not given (o
possible variations in physmloglcal nced during the first month af-
tcr birth or (o the variations in intake of nutrients from human milk
that rcesult from differences in milk volume and nutrient concentra-
tion during carly lactation. Spccific Dicltary Reference Intakes
(DRIs) to meet the needs of formula-fed infants arc not proposcd
in this report. The previously published RDAs and RNIs for infants
have led 1o much misinterpretation of the adequacy of human milk
because of a lack of understanding about the derivation of these
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valucs for young infants. Although they were based on the composi-
tion of human milk and thc volumce of intake, the previous RDA
and RNI valucs allowced for lower bioavailability of nutricnts 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 fullterm 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 cvidence for markedly
diffcrent nutrient needs durmg the period of infants” growth acccl-
cration and gradual wcaning (o a mixcd dict of human milk and
solid foods from ages 7 through 12 months, The basis of the Al
valucs 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 studics in this age category (Heinig
ctal., 1993), and that provided by the usual intakes of complemen-
lary weaning foods consumed by infants in this agc calcgory (Speck-
cr cl al,, 1997). This approach is in keeping with the current recom-
mcndatlons of the Canadian Pacdiatric Socicty (Health Canada,
1990), thec Amcrican Academy of Pediatrics (AAP, 1997), and Nutri-
tion During Lactation (IOM, 1991) for continucd human milk fced-
ing of infants through 9 to 12 months of agc with approprialc intro-
duclion of solid foods.

Onc problem cncountered 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 sccond 6 months
of lifc. Most intake survey data do not identify the milk source, but
the published valuces indicate that cow milk and cow milk formula
were most likely consumed.

Toddlers: Ages 1 through 3 Years

The greater velocily of growth in height during ages 1 through 3
comparcd with ages 4 through 5 provides a biological basis for di-
viding this pcriod of lifc. Because children in the United States and
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Canada from agc 4 onwards begin o cnter the public school sys-
tem, ending this lifc stage prior 10 age 4 scemed appropriate. Data
arc sparsc for indicators of nutrient adequacy on which to derive
DRIs for these carly years of life. In some cascs, DRIs for this age
group were derived from data extrapolated from studics of infants
or of adults aged 19 ycars or oldcr.

Early Childhood: Ages 4 through 8 Years

Because major physiological changes in velocily of growth and in
cendocrine status occur during ages 4 through 8 or 9 years (the
latter depending on onsct of pubcrty in cach gendcer), the calcgory
of 4 through 8 ycars is appropriatc. For many nutricnts, a rcason-

ablc amount of data arc available on nutricnt intake and various
critcria for adequacy (such as nutrient balance measured in young
children aged 5 through 7 years) that can be uscd as the basis for
the EARs for this lifc stage group.

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

Recognizing that current data support younger agces for pubcrtal
development, it was determined that the adolescent age group
should begin at 9 ycars. The mcan age of onsct of breast devclop-
ment (Tanner Stage 2) for while females in the United States is
10.0 + 1.8 (standard dcviation) ycars; this is a physical marker for
Lhc beginning of incrcased estrogen scerction (Herman-Giddens ct

, 1997). In African-Amcrican femalces, onsct of breast develop-
mcnt is carlicr (mcan 8.9 ycars + 1.9). The rcason for the obscrved
racial differences in the age at which girls enter puberty is unknown,
The onsct of the growth spurt in girls begins before the onsct of
breast development (Tanncr, 1990). The age group of 9 through 13
ycars allows for this carly growth spurt of femalcs.

For malcs, the mcan age of initiation of testicular development is
10.5 to 11 yecars, and their growth spurt begins 2 years later (Tanncr,
1990). Thus, 1o begin the sccond age category at 14 years and (o
havc diffcrent EARs for femalces and males for some nutrients at this
agc scems bhiologically appropriatc. All children continuc 1o grow Lo
somc cxlent until as late as age 20; thercfore, having these two age
calcgorics span the period 9 through 18 years of age scems 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 carly adulthood on achicving optimal genclic potential for
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pcak bonc mass was the rcason for dividing adulthood into ages 19
through 30 ycars and 31 through 50 ycars. Morcover, mcan cnergy
cxpenditure decrcases during this 30-ycar period, and nceds for
nutricnts related to energy metabolism may also deercasc. For some
nutricnts, the DRIs may be the same for the two age groups. Howev-
cr, for other nutrients, cspecially those related to energy metabo-
lism, EARs (and RDAs) arc 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-
cd becausc of the many physiological changes and changes in nutri-
cnt nceds that occur during these life stages. In scuting EARs for
these life stages, however, considceration is given 1o adaptations (o
increcased nutricnt demand, such as incrcased absorption, and (o
grcaler conscrvation of many nutrients. Morcover, some nultricnts
may undcrgo nct losscs duc Lo physiological mechanisms regardless
of the nutrient intake, Thus, for some nutrients, there may not be a
basis for EAR valucs that arc different during thesc life stages than
they arc for other women of comparable age.

Reference Weights and Heights

The reference weights and heights sclected for adults and chil-
drcn arc shown in Table 1-1. The valucs arc bascd on anthropomet-
ric data collccied from 1988-1994 as part of the Third National
Hcalth and Nutrition Examination Survey (NHANES III) in the
United States.
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TABLE 1-1 Rcference Heights and Weights for Children and
Adults in the United States?

Median Body Reference Reference
Mass Indcex, Hcight, Wc:ight.,l’
Gender Agce kg/m? cm (in) kg (lb)
Male, female 2-6 mo - 64 (25) 7 (16)
7-12 mo - 72 (28) 9 (20)
1-3y - 91 (36) 13 (29)
1-8y 15.8 118 (16) 29 (18)
Male 9-13y 18.5 147 (58) 10 (88)
14-18y 21.3 174 (68) 64 (142)
19-30y 24.4 176 (69) 76 (166)
Female 9-13y 18.3 148 (58) 40 (88)
14-18y 21.% 163 (64) 57 (125)
19-30y 22.8 165 (64) 61 (133)

2 Adapted from NITANES 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 gendcer groups through
age 30 werce identificd, and the median weights for these heights
were based on reported median Body Mass Index (BMI) for the
samc individuals. Since there is no cvidence that weight should
changc as adults agc if activily is maintaincd, the reference weights
for adults ages 19 through 30 ycars arc applicd 1o 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 gencral, median heights of children from
1 ycar of age in the United States were greater by 3 10 8 em (1 1o 2
1/2 inches) than thosc of children of the same age in Canada mca-
surcd two dccades carlier (Demirjian, 1980). This could be cx-
plaincd partly by approximations nccessary 1o compare the two data
scts, but morc likely by a continuation of the sccular trend of in-
crcascd heights for age noted in the Nutrition Canada Survey when
it comparcd data from that survey with an carlicr (1953) national
Canadian survey (Pett and Ogilvic, 1956).

Similarly, median weights beyond age 1 year derived from the
rceent survey in the United States (NHANES 111, 1988-1994) were
also grcater than thosc obtlained 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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sccular trend of carlicr onsct of puberty (Herman-Giddens ct al.,
1997), rather than differences in populations. Calculations of BMI
for young adults (c.g., a mcdian of 22.6 for Canadian women com-
parcd with 22.8 for U.S. women) resulted in similar valucs, indicat-
ing grcater concordance between the two surveys by adulthood.

The reference weights chosen for this report were based on the
most recent data sct available from cither country, recognizing that
carlicr surveys in Canada indicated shorter staturc and lower weights
during adolescence compared with those from surveys in the Unit-
cd Statcs,

Reference weights are used primarily when sctting the EAR or
Tolcrable Upper Level Intake (UL) for children or when relating
the nutrient needs of adults 1o body weight. For the 4- 1o 8-ycar-old
agc group on an individual basis, a small 4-ycar-old child can bc
assumcd 1o require less than the EAR and a large 8-ycar-old will
rcquirc morc than the EAR. However, the RDA or Al should mect
the nceds of hoth.

SUMMARY

Dielary Reference Inlakes (DRIs) is a generic term [or a set ol nutri-
ent reference values that includes the Recommended Dietary Al-
lowance, Adequate Intake, Tolerable Upper Intake Level, and Esti-
mated Average Requirement. These relerence 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 rcport focuses on vitamin C, vitamin E, sclenium, and B-
carotene and other carotenoids (o-carotene, B-cryptoxanthin, lu-
Lcin, lycopene, and zecaxanthin). These compounds have frequently
been called dictary antioxidants since in some cascs they counteract
oxidalive damagc (o biomolccules (Halliwell, 1996), and the possi-
bility exists thal increcased intakes of these compounds may protect
against chronic discasc. Although the term dictlary antioxidants is a
convenicent description, these compounds arc multifunctional, and
somc of the actions obscrved in vivo may not represent an antioxi-
dant function, cven though the compounds have been classificd as
antioxidant nutricnts (Sics and Stahl, 1995),

Thercefore, in this report the above compounds were cvaluated
with respect o their role in human nutrition, without limiting the
investigation o antioxidant propertics. Information was reviewed
rcgarding the minimum amount of these nutrients required to pre-
vent deficiency discascs, as well as the amounts that might impact
on chronic discascs, regardless of whether the cffect was an antioxi-
dant cffeet or not. Resolution of any impact of these compounds on
chronic discasc will rcquire cvaluation of the many human inter-
vention trials that are still under way (Table 2-1),

Four main lasks were assigned to the Diclary Reference Intakes
Pancl on Dictary Antioxidants and Reclated Compounds. The first
lask was 1o devclop a definition of a dictlary antioxidant; the sccond
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TABLE 2-1 Intcrvention Trials: Antioxidants and Chronic

Discascs
Duration
ol Treatt
Study Country Study Typc® Study Population (y)
Skin Cancer U.8.c Sccondary prevention; 1,805 men and women 5
Prevention randomized, with recent nonmelanoma
Study double-blind, skin cancer; aged 40-89 y
(Greenberg placeho-controlled
ct al., 1990) intervention
Linxian Cancer China Primary prevention; 29,584 poorly nourished 5.25
Prevention randomizcd, men and women,
Study double-blind, aged 40-69 y
(Blot et al., placebo-controlled
1993) inlervention
o-Tocopherol, Finland Primary prevention; 29,133 male cigarelle 6
B-Carotene randomizcd, smokers, aged 50-69 y
Cancer double-blind,
Prevention placebo-controlled
Study intervention
(ATBC Cancer
Prevention
Group, 1994)
Polyp U.S. Sccondary prevention; 864 men and women with 4
Prevention randomized, reecent nonmelanoma
Study double-blind, skin cancer
(Greenberg placebo-controlled
el al,, 1994) intervention
The p-Carotene  ULS. Primary prevention; 14,254 hcavy smokers and 4
and Rectinol randomized, 4,060 asbecstos workers,
Efficacy Trial double-blind, aged 45-69 y
(Omenn et al., placebo-controlled
1996) inlervention
Cambridge U.K.¢ Sccondary prevention; 2,002 paticnts with 1.4
Heart randomized, coronary atherosclerosis,
Antioxidant double-blind, mean age 62y
Study placebo-controlled
(Stephens intervention

ct al., 1996)



C
Duration Primary
ol Treatment Discasc
(y) Daily Dosc Quilcome Results?
men 5 50 mg B-carotcne Skin No clfect on occurrence ol
1elanoma cancer new nonmelanoma skin
40-89 y cancers
rished 5,25 15 mg B-carotene, Cancer 9% reduclion in total
30 mg o-tocopherol, mortality; 13% decercasc in
50 mg sclenium cancer mortality; 21%
decrease in stomach cancer
deaths; 10% decrease in
cercbrovascular mortality
(nonsignificant)
Lle 6 50 mg a-tocopherol Tung 50% increase in hemorrhagic
—69 y and/or 20 mg cancer stroke deaths among
B-carotence vitamin E group; 11%
increase in ischemic heart
disease deaths among
B-carotenc group; 18%
increase in lung cancer
among B-carotene group;
no effect of vitamin E on
lung cancer
cn with 4 25 mg B-carotenc, Colorectal No reduced incidenee of
oma 1,000 mg vitamin C, cancer adenomas
400 mg
o-locopherol
crs and 4 30 mg B-carotenc, Lung 28% increcasc in lung
rkers, 25,000 IU retinol cancer cancer; 26% increasc in
(as retinyl palmitate) cvD4 (nonsignificant);
17% increase in (otal
m (_)rl,alil,y among lrealment
gr()up
\ 1.4 400 or 800 IU CVD 77% decrease in risk ol
~lerosis, (268 or 537 mg) death or subsequent nonfatal MI;
oc—l.()('.()pher(_)l nonfalal no benefit on
M1/ cardiovascular mortality

continued



38 DIETARY REFERENCE INTAKES

TABLE 2-1 Continucd

Duration
ol Treatt

Study Country Study Typc® Study Population (y)
Physicians’ U.S. Primary prevention; 22,071 malc physicians, 12
Health Study randomized, aged 40-84 y
(Hennekens double-blind,
el al., 1996) placebo-controlled
intervention
Nutritional .8, Sccondary prevention; 1,312 men and women 4.5
Prevention randomized, with history of basal or
of Cancer double-blind, squamous cell carcinoma;
Study placebo-controlled aged 18-80y
(Clark ct al., intervention
1996, 1998)
GISSI- Italy Secondary prevention; 11,324 patients with recent 3-5
Prevention randomized, M1
Trial (GISSI- double-blind,
Prevenzione placeho-controlled
Investigators; intervention
1999)
Women’s .8, Primary prevention; 39,876 healthy women, 2.1
Health Study randomized, aged 245 y
(Lee et al., double-blind,
1999) placcbo-controlled
intervention
Hearl Canada Secondary prevention; 9,541 high-risk men and 4-6
Qulcomes randomized, women, aged 255y
Prevention double-blind,
Evaluation placcbo-controlled
Study intervention
(HOPE Study
Invesligalors,
2000)
Studies In Progress
MRC/BHF U.K. Secondary prevention 20,536 high-risk men and 25
Hearl trial women, aged 40-80 y
Protection
Study
(MRC/BIIF,

1999)
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o]
<

Duration
ol Treatment

()

Daily Dosc

Primary
Discasc
Quicome

Resulis?

“ians,

men
sal or
r(:i nomag

h recent

men,

n and

Yy

en and
80 y

12

3-5

2.1

50 mg B-carotcne
(alternate days)

200 pg sclenium

300 mg o-tocopherol
and/or 1 g -3
PUFAL

50 mg B-carolene
(alternate days)

400 TUJ (268 mg)
a-locopheral,
ACE" inhibitor

20 mg B-carotene,
600 mg
a-locopherol,

250 mg vitamin C

Cancer,
CVD

Skin
cancer,
prostate
cancer

Total
mortality

MI, stroke,
or CVD
death

MI, stroke,
or CVD
death

Total
mortality

No cllects on CVD or cancer
including among smokers

No clfect on incidence of
skin cancer; 63% reduction
in prostale cancer
incidence; reduction in
total cancer mortality and
total cancer incidence

No benefit from vitamin E;
15% decrease in risk of

death, nonfatal MI, and
stroke from ®-3 PUFA

No effect on incidence of
cancer, CVD, or Lolal
mortality

No benefit from vitamin E

No results yet

continued
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Duration
ol Treatt

Study Country Study Typc® Study Population (y)
Women’s U.S. Sccondary prevention; 8,000 women with prior 4
Antioxidant randomized, CVD event or 23 coronary
Cardiovascular double-blind, risk faclors, aged 240 y
Study placebo-controlled
(Manson ct al., intervention
1995)
‘Women'’s .S, Primary prevention; 39,876 healthy women, NR?
Health Study randomized, aged 245 y
(Buring and double-blind,
Hennckens, placeho-controlled
1992) intervention
Physician’s .S, Primary prevention; 15,000 healthy male NR
Health Study randomized, physicians, aged =55y
11 double-blind,
(Hennckens, placeho-controlled
1998) intervention
SUVIMAX France Primary prevention; 12,735 men and women, 8
(Hercherg randomized, aged 3560y

ct al., 1998)

double-blind,
placcbo-controlled
intcrvention

a4 A primary prevention trial is one in which the study participants have no history of

the discase outcome being investigated. Participants in a sccondary prevention trial
have had a prior occurrence of the outcome heing investigated.
b Unless noted otherwise, results arc statistically significant.
1.8, = United States.
4 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 Relerence Intakes (DRIs) [or 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
ol Treatment Discasc
(y) Daily Dosc Quilcome Results?
prior 4 50 mg B-carotenc, CVD No results yet
coronary 600 IU o-tocopherol,
240y 500 mg vitamin C
(alternate days)
men, NR? 600 IU o-tocopherol, MI, stroke, No results yet
100 myg aspirin or CVD
(alternate days) death
le NR 50 mg B-carotene, CVD, No results yet
=5h y 400 TU a-locopherol  cancer,
(alternate days), eye
500 mg vitamin C, discascs
multivitamin
(centrum silver)
omen, 8 6 my B-carolene, Cancer, No results yel
30 mg a-locopherol,  ischemic
120 mg vitamin C, heart
100 pg sclenium, discasc

20 mg zinc

¢1].K. = United Kingdom,

JMI = myocardial infarction.

£ PUFA = polyunsaturatcd latty acid.
hACE = angiotension-converting cnzyme.
¢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 colactor for oxidant delense enzymes, it was also included
as a related nutrient.
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DEFINITION AND CRITERIA FOR A DIETARY
ANTIOXIDANT

Defimation 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



44 DIETARY REFERENCE INTAKES

antioxidants in humans is still controversial. Thercfore, B-carotene
docs not mcct the definition of a dictary antioxidant. Similar con-
clusions have been drawn for o-carotene, B-cryptoxanthin, lycopene,
lutcin, and zcaxanthin,

OXIDATIVE STRESS, ANTIOXIDANTS, AND
CHRONIC DISEASE

Oxidative Stress

There have been many proposals as (o how oxidalive stress can be
dcfined. Becausc all cells are exposed Lo oxidants, gencerated cither
cndogcenously from mctabolism or cxogenously from a varicly of
cnvironmental insults, the problem ariscs as 1o what constitutes an
oxidalive stress, Furthermore, different cells can be exposed o the
samc level of oxidants, but depending on the level of antioxidants
or prolcclive mechanisms available o the ccll, they may or may not
cxperience an oxidative stress. Sics (1985) defined oxidative stress
as “a disturbancc in the prooxidant-antioxidant balance in favor of
the former.” Others have amplificd this definition to include “short-
and/or long-lcrm disturbance of the prooxidant-antioxidant bal-
ance resulling in adverse cffects that arc duc cither o impaired
antioxidation or to favored prooxidation” (Bicsalski ct al., 1997).
Here, oxidative siress is defined as an émbalance between the pro-
duction of various rcactive spccics and the ability of the organism’s
natural prolective mcchanisms o cope with these reaclive com-
pounds and prevent adverse cffects.

The primary rcaclive specics include rcaclive oxygen specics
(ROS) and reactive nitrogen specics (RNS), These in turn react in
the body and gencrate radical intermediales of lipids, protcins, and
nuclcic acids that ultimatcly form the chemical end products of
oxidalive stress. The physiological consequences of these end prod-
ucts have been hypothesized 1o be the causes of many chronic dis-
cascs 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 madc available in the dict. The evidence that
chronic discasc results from an imbalance between formation and
rcmoval of reactive specics is discussed below.

The primary defensive compounds are antioxidants that can in-
teract with and quench reactive radical specics, and ecnzymes that
can inaclivale these specics or their products. All of the compounds
in this report—vitamin C, vitamin E, sclenium in the form of sc-
lenoproteins, and B-carotence and other carotenoids—are in vitro
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antioxidants, and somc cvidence exists that they have in vivo antiox-
idant actions. The protective enzymes include, among others, super-
oxide dismutasc, calalasc, and sclenium-containing glutathione per-
oxidascs and thiorcdoxin reductasc, Other antioxidant mechanisms
include stimulation of the cxpression of antioxidant or repair ¢n-
zymcs, as well as chclation of transition metals. A recent review of
the rclationship between antioxidant supplementation and oxida-
tive damage concludes that, with the exception of vitamin E and
possibly vitamin G reducing markers of lipid peroxidation, the cvi-
dence is insufficient that antioxidant supplementation leads 1o a
maicrial reduction in oxidative damage in humans (McCall and
Frci, 1999).

Biomarkers of Oxidative Stress

There have been numcrous tests described 1o evaluate the level of
markers of oxidative stress in living systems. Many of these markers
rcpresent oxidative breakdown products of normal tissuc compo-
ncnts and mctabolites. Products derived from oxidized lipids in-
clude age pigments (lipofuscin), aldchydes, alkancs, and pros-
tanoids such as the Fy-isoprostancs derived from unsaturated fatty
acids. Oxidation of proicins produccs proicin carbonyls and amino
acid dcrivalives such as mcthionine sulfoxide and nitrotyrosine, de-
rived from the rcaction of peroxynitrite (ONOO™) with tyrosine.
Purinc and pyrimidine mctabolites that are derived from oxidized
nuclcic acids can be detected in tissucs and in urine, Since virtually
all tissucs arc exposcd 10 ROS and RNS, there will always be a basc-
linc production of these biomarker molecules. What is important in
cvaluating the extent of oxidative siress is the change in the level of
the biomarker compared (o a bascline or sicady-state level,

It is quite clear that dictary change can alter the levels of some of
the biomarkers described above, and this phenomenon has heen
rcporicd when the dictary intake of fruits and vegctables has been
incrcascd. Examples of such studics include reductions in biomark-
crs of dcoxyribonuclcic acid (DNA) damage (Pool-Zobhcl ct al.,
1997) or of lipid pecroxidation (Miller ct al., 1998), following con-
sumplion of dicts rich in fruits and vegetables. Many of these stud-
ics have been reviewed recently (Halliwell, 1999).

A major problem with the usc of biomarkers such as thosc de-
scribed above is not knowing whether they reflect processes in the
initiation of a discasc slatc or whether they arc products of a discasc
statc. The validity of biomarkers, cither intermediate or final, will
nol be sciled until they arc cvaluaied as part of intervention trials,
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A causal rclationship between the formation of a biomarker of oxi-
dant stress and a chronic discasc has not yet been validated.

Somec atiempts have been made o determine a more global mea-
surc of oxidative stress, such as TRAP (lotal radical-trapping antiox-
idant capability) (Wayncr ct al,, 1985), ORAC (oxygen radical ab-
sorbance capacily) (Cao ct al,, 1993), TEAC (trolox cquivalent
antioxidant capacity) (Miller ct al., 1993), and FOX (ferrous oxida-
tion/xylenol orange) (Jiang ct al., 1992) assays. Howcver, becausc
these markers do not mcasurce the same oxidants or antioxidant
defenses (Cao and Prior, 1998), it is difficult to validate them as
uscful markers of oxidant stress.

Evidence of Oxidative Stress and Chronic Disease

Acrobic mctabolism producces ecnergy, wasic products such as car-
bon dioxide, and a small, but sicady stircam of radical by-products
that arc capable of rcacling with all of the body’s constituents to
form oxidative damage products (Ames ct al,, 1993; Chancce ct al.,
1979). Calculations have been made of the number of radical spe-
cics formed per ccll per day, but it is not at all clcar how these
numbers rclate 1o discascs. Since the enlire population is exposed
lo oxidative siresses and only a small fraction develops a chronic
discasc, it is clear that at this time, it is not undcrstood how 1o
cvaluate the role of oxidative stress in the development of chronic
discasc. The potential role of oxidative stress in six chronic discasc
arcas and aging is described bricfly below.

Cancer

DNA is subjcct 1o damagce, and cither an exogenous or an ecndog-
cnous mulagen can produce damage at a faster rate than the nor-
mal protective process of enzymatic repair (Ames ct al., 1995). Un-
decr these circumstances, clevated levels of excision products will
appcar in the urine. The obscrvation that 8-oxy-7,8-dihydro-2"-dcox-
yguanosinc (8-oxodG) is a major urinary product of both oxidative
damagc to DNA and damagc by ionizing radiation that produccs
ROS, has scrved as the basis for the hypothesis that oxidative DNA
damagc is carcinogenic (Ames ct al,, 1995). The presence of 8-
oxodG in DNA would Icad 1o a guaninc-lo-thymine transversion
that would result in a DNA mutation and, depending on its loca-
tion, an altered gence product. 8-OxodG is also produccd by ioniz-
ing radiation, and sincc 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 belween oxidative
stress 1o DNA and cancer in humans has not yct been established
(Poulscn ct al., 1998).

A grcat dcal of cvidence bascd on cpidemiological studics indi-
catcs thal consuming dicts rich in fruits and vegetablcs is associated
with both a decrcasc in oxidative damage 1o DNA (Halliwcll, 1998)
and a lower risk of a number of common cancers. There are scveral
mcchanisms that could account for these obscrvations, in addition
lo antioxidant components that scavenge radical intermediates.
Other mechanisms include the modification of carcinogen acti-
vation by the inhibition of phasc 1 cnzymes, modification of car-
cinogen detoxification by phasc 2 enzymes, and suppression of the
abnormal prolifcration associatcd with prencoplastic lesions (War-
govich, 1997).

Cardiovascular Disease

Of all the chronic discascs in which cxcess oxidative stress has
bcen implicated, cardiovascular discase has the strongest support-
ing cvidence. A coherent pathogcnclic mcchanism has been devel-
opcd o account for the carlicst stage in athcrogencsis, namcly, the
development of the fatty stircak lesion. Hypercholesicrolemia and,
particularly, incrcased concentrations of low-densitly lipoprotcins
(I.DLs) causc the accumulation of cholesterol-loaded “foam cclls™
beneath the endothelial lining of major arterics, which in turn de-
vclop into a fatly sircak, This lesion is clinically benign but is the
prccursor of later lesions (the fibrous plaque and the complex le-
sion) that ultimatcly give risc (o clinical manifcstations (angina pce-
toris and myocardial infarction) (Stcinberg and Witztum, 1990),

An clevated LDL cholesterol level sufficiently incrcascs the risk of
cardiovascular discasc. Brown and Goldsicin (1986) demonstrated
that the molccular defeet in individuals with familial hypercholes-
lcrolemia was the absence of functional LDL receptors. The histo-
logical Icsions in these patients cannot be differentiated from that
of lesions in individuals who have normal LDL rceeplors. The im-
plication therefore is that normal LDL taken up by way of the nor-
mal LDL rcceptor cannot he the basis for the formation of foam
cclls, In other words, the DL must first be modificd somchow and
the modificd form must be taken up into the monocyles or mac-
rophagcs via onc or more alternative receptors ultimatcly and de-

vclop into foam cclls, Onc such modification, and the most exten-
sively studied, is LDL oxidation, and scveral macrophage receplors
have been shown Lo take up oxidatively modificd LDL (oxL.DI.) and
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thus develop foam cells (Navab ct al., 1995; Stcinberg, 1997; Stein-
berg and Witztum, 1990; Sicinberg ct al., 1989; Sicinbrecher, 1997).

In addition 1o its abilily to causc foam ccll formation, oxL.DL can
contribule to athcrogencsis by virtuc of a number of propertics that
diffcr from those of normal LDL (rcviewed in Stcinberg, 1997).
The key question is whether these potentially proatherogenic prop-
criics of oxILDL arc of sufficicnt importance that inhibition of the
genceration of oxL.DL by antioxidants will have a significant impact
on the ratc of progression of athcrosclerotic lesions.

The finding that a rclationship cxisted between LDL levels and
the incidence of cardiovascular discasc was followed by the obscrva-
tion that oxLLDL was associalcd with the development of atheroscle-
rotic lesions in cxperimental animals, This association led to the
hypothesis that oxL.DL is the causative agent in the development of
cardiovascular discasc (Stcinberg ct al.,, 1989). This hypothesis has
scrved as the basis for a numbcer of human intcrvention trials, tcst-
ing whether antioxidant agents capable of decrcasing the extent of
oxidation of L.DL. and thus dccrcasing oxLLDL. concentration might
prove uscful in deercasing the incidence of cardiovascular discasc.

Scveral biomarkers of oxidative stress have been used (o evaluate
the extent of oxLL.DIL. formaton and/or the extent of oxidative dam-
agc Lo lipids in general. OxLDL formation has been asscssed after
trcating individuals with dictary antioxidants and cvaluating the
presence of oxLDL, In addition there have been reports of a potent
cffcct of supplementary antioxidants in lowering the extent of ex
vivo oxL.DL formation, The results are not consisient, and as such,
it is still not possible 10 conclude that diclary antioxidants prevent
the formation of oxI.DL in vivo. In addition, this modulation of
L.DI. oxidation still must be validatled as a marker of risk for cardio-
vascular discasc (Zock and Katan, 1998).

The appcarance of Fyisoprostancs in urine has been suggesied by
a number of investigators as a rcliable index of in vivo free radical
gencration and oxidative lipid formation, There is very strong cvi-
dence from animal studics that Fyisoprostancs increasc in plasma
and urinc as a result of oxidative stress, and in humans, these prod-
ucts arc clevated in smokers (Morrow ct al., 1995). Evidence is grad-
vally accumulating that supplementary antioxidants, and vitamin E
in particular, can both affcct the level of Fy-isoprostancs in animal
modcls of athcrosclerosis and decrcase the extent of arterial wall
lesions (Pratico ct al,, 1998), Similar results have been oblained in
humans (Hodis ct al,, 1995). Although somc rcviews point out that
the proleclive role of antioxidants in animal modcls of athcroscle-
rosis is only partially confirmed in human studics (Faggiotto ct al.,
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1998), others arc much morc supportive of a protcclive role for
vitamin E in coronary hcart discasc (Pryor, 2000).

Cataracts

There have been a number of obscrvational cpidemiological stud-
ics of the risk of developing calaracts in humans. Many of these
studics indicalc that the risk of cataracts may be inverscly propor-
tional to the scrum level of antioxidants (Knckt ct al., 1992; Taylor
ct al., 1995) or may be reduced by supplement usc (]acqucs ct al,,
1997). These studics, however, have been considered 10 be incon-
clusive (Christen ct al,, 1996a; Leske ct al., 1998). In the Alpha-
Tocophcrol, Beta-Carotene Cancer Prevention Study, b 1o 8 years of
daily supplementation with cither 50 mg of vitamin E or 20 mg of B-
carolene or both resulted in no difference in the prevalence of
cataracts in the men in this study (Tcikari ct al., 1997).

Age-Related Macular Degeneration

This irrcversible discasc, which is the major form of blindncss in
the clderly in the United States, Ganada, and Europe, has heen
rclated to antioxidants found in the dict. This is because the pig-
ment in the macular region of the normal retina consists of the two
xanthophyll caroicnoids, lutcin and zcaxanthin (Bonce ct al., 1988;
Handclman ct al., 1988). This ohscrvation, coupled with the epide-
miological obscrvations of an inverse relationship between the risk
of agc-rclated macular degencration (AMD) and the ingestion of
fruits and vegelables (Goldberg ct al., 1988), led a numbcer of groups
Lo proposc that the basis of this chromc discasc was a nutritional
deficiency of green, lcafy vegetables and yellow and orange fruits
and vegetables that were rich in lutein and zcaxanthin (EDCCSG,
1992; Scddon ct al.,, 1994; Snoddcrly, 1995). Another association
was the obscrvation Lhat smokcrs, who have lower plasma levels of
carolcnoids, also have a lower macular pigment (lutein and zcaxan-
thin) density (Hammond ct al., 1996) and an incrcased risk of de-
vcloping AMD (Christen ct al., 1996b). Howcever, all of these re-
porls arc associative in naturc and do not demonstratc a causal
rclationship between deficiencics of lutcin and zcaxanthin 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.

Driabetes 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 et al., 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
et al. 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 trcatment with antioxidants might slow the development
of AGEs is undcr investigation,

The issuc of whether modifications obscrved in plasma and tissuc
protcins in paticnts with diabeies are duc 1o an oxidative siress or a
siress from reactive carbonyls has been discussed by Baynes and
Thorpe (1999). A number of studics have tricd altering the patho-
biology of diabctes by trcatling paticnts with cither single antioxi-
dant-lypc compounds or combinations of compounds with antioxi-
dant propertics, The results have been inconclusive, which may
rcflect the fact that the underlying pathology is not caused exclu-
sively by an oxidative stress, but by an inability 1o mctabolize and
inactivale rcaclive carbonyls appropriatcly. Under these circum-
slanccs, the oxidalive damage may be exacerbaied, resulling in an
incrcase in many of the markers associaled with oxidative stress but
not causcd dircclly by oxidative siress (Baynes and Thorpe, 1999).

Aging

Aging is not in itsclf a chronic discasc, but rather is characterized
by the aclive or passive presence of a chronic discasce (cardiovascu-
lar discasc, cancer, cataracts, Alzhcimer’s discase, cte.). It is not
clear if an accumulation of chronic insults and weakened defensces
renders the aging individual more susceptible o various discascs.
Do antioxidants play a rolc in preventing aging or prolonging life?
There is no dircet evidence in humans for such an cffect, although
vitamin E supplementation appears (o improve some immunce re-
sponscs in the clderly (Mcydani ct al., 1997). There have been sug-
gestions that supplementing older animals with antioxidants may
improve various physiological functions (Hagen ct al., 1999), but
the only experimental intervention that has resulied in prolonga-
tion of the lifc span of the animals has been the drastic reduction of
food consumption (Pariza and Boutwcll, 1987). Whether such a
protocol would dclay aging in humans has not yct been studied.
Whether dictary antioxidants can lcad to healthicr aging remains (o
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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cvents in cerlain chronic discases. However, they have not yet been
adcqualcly validated as markers of the onsct, progression, or regres-
sion of any chronic discascs. Although vitamin C, vitamin E, and
sclenium have been shown 1o decrcasce the concentrations of somce
of the biomarkers associated with oxidative stress, the relationship
hctween such obscrvations and chronic discase remain 1o be cluci-
dated. As a conscquencg, it has not been possible to cstablish that
dictary antioxidants or other nutrients that can alter the levels of
thcse biomarkers arc themsclves causally rclated 1o the develop-
ment or prevention of chronic discascs.
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Vitamin C, Vitamin E,
Selenium, and B-Carotene
and Other Carotenoids:
Methods

METHODOLOGICAL CONSIDERATIONS
Types of Dala 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., Ilennekens 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 rescarch using expcerimental animals affords considcrable
advantagc in terms of control of nutricnt exposurcs, cnvironmental
factors, and cven genctics. In contrast, the rclevance to free-living
humans may be unclcar. In addition, dosc levels and routes of ad-
ministration that arc practical and possible in animal cxperiments
may differ greatly from thosc that arce rclevant o or possible with
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humans. Necvertheless, results from animal feeding experiments
regarding vitamin C, vitamin E, sclenium, and B-carotenc and other
carolenoids were included in the evidence reviewed in developing
the dccisions concerning the ability to specify the Diclary Refer-
cnce Intakes (DRIs) for these nutrients,

Human Feeding Studies

Controlled feeding studics, usually in a confined sciting such as a
mctabolic ward, can yicld valuable information on the rclationship
bciween nutrient consumption and health-rclated biomarkers.
Much of the understanding of human nutrient requirements to pre-
vent deficiencics is based on studics of this type. Studics in which
the subjccts arc confined allow for close control of both intake and
activitics., Complcte collections of nutrient losscs through urine and
feces arc possible, as is recurring sampling of biological maicrials
such as blood. Nulricnt balance studics mcasurc nutricnt status in
rclation to intake, whercas deplction-repletion studics measure nu-
tricnt status while subjects are maintained on dicts containing mar-
ginally low or dcficicnt levels of a nutrient, followed by corrcction
of the deficit with mcasured amounts of the nutrient. Howcever,
these studics have scveral limitations: typically they are limited in
time to a few days or weceks, so longer-lerm oulcomes cannot be
mcasurcd with the same level of accuracy. In addition, subjects may
be confined, and thercfore findings cannot be gencralized to free-
living individuals. Finally, the time and expense involved in such
studics usually limit the number of subjects and the number of
doscs or intake levels that can be tested.

In spitc of these limitations, feeding studics play an important
role in undcrstanding nutricnt nceds and mctabolism, Such data
were considered in the DRI process and were given particular atien-
tion in the absence of reliable data with which 1o dirccetly relate
nulricnt intake (o discasc risk,

Observational Studies

In comparison, obscrvational cpidcmiological studics arc fre-
quently of direct relevance o free-living humans but lack the con-
trolled sctling of human feeding studics. Hence they may be able o
cstablish convincing cvidence of an association between the con-
sumption of a nutricnt and discasc risk, but they arc limited in their
ability o ascribe a causal rclationship. A judgment of causality may
be supporied by a consisiency of association among studics in di-
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verse populations and may he sirengthenced by the use of laborato-
ry-bascd tools 1o mcasurc exposurcs and confounding factors, rath-
cr than other mcans of data collcction such as personal intervicws,
In rccent years, rapid advances in laboratory technology have made
possiblc the increased usc of biomarkers of exposurc, susceptibility,
and discasc oulcome in molccular cp1dcm1olog1cal rescarch, For
cxample, onc arca of great polcntlal in advancing current knowl-
cdge of the cffects of dict on health is the study of genctic markers
of discasc susceptibility (especially polymorphisms in genes that en-
codc mctabolizing ecnzymes) in rclation to dictary exposurcs. This
development is expected o provide more accurate asscssments of
the risk associated with different levels of intake of both nutrients
and nonnutritive food constituents.

While analytic cpidcmiological studics (studics that rclate CcXpo-
surc 1o discasc oulcomes in individuals) have provided convincing
cvidence of an associative relationship between sclected nondictary
exposurcs and discasc risk, there are a number of other factors that
limit study rcliability in rescarch relating nutrient intakes o discasc
risks. Firs, the variation in nutricnt intake may be rather limited in
populations sclected for study. This feature alonc may yicld modcest
rclative risk trends across intake categorics in the population, cven
if the nutrient is an important faclor in cxplaining large discasc
ralc varialions among populations.

Sccond, the human dict is a complex mixture of foods and nutri-
cnts including many substances that may be highly corrclated, which
gives risc o particular concerns aboutl confounding. Third, many
cohort and casc-control studics have rclicd on sclf-reports of dict,
typically food rccords, 24-hour recalls, or dict history questionnaircs,
Repeated application of such instruments to the samc individuals
show considcrable variation in nutricnt consumption cstimatces from
onc time 1o another with corrclations often in the 0.3 to 0.7 range
(c.g., Willew ct al., 1985). In addition, there may be systemalic bias
in nutricnt consumpltion cstimates from sclf-reports because the
rcporling of food intakes and portion sizcs may depend on individ-
ual characteristics such as body mass, cthnicity, and age. For exam-
ple, total cnergy consumption may tend o be substantially underre-
ported (30 to 50 percent) among obese persons, with litlle or no
undcrreporting among lean persons (Heitmann and Lissner, 1995).
Such systemalic bias, in conjunction with random mcasurcment cr-
ror and limited intake range, has the potential to greatly impact
analylic cpidemiological studics bascd on sclf-reported diclary hab-
its. Nolc that cohort studics using objective (biomarker) mcasurcs
of nutriecnt intake may have an importlant advantage concerning
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the avoidance of sysicmatic bias, although important sourccs of bias
(c.g., confounding) may rcmain,

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 Evidence

As a principle, only studics published in pecr-reviewed journals
have been used in this report. However, studics published in other
scientific journals or rcadily available reports were considered if
they appcearced Lo provide important information not documented
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clsewhere., To the extent possible, original scientific studics have
been used 1o derive the DRIs. Based on a thorough review of the
scicniific literature, clinical and functional indicators of nutritional
adcquacy and cxcess were identificd for cach nutrient.

The quality of the studics was considered in weighing the cvi-
dence. The characteristics examined included the study design and
the rcprcscntatwcncss of the study population; the valldlty, rcliabil-
ity, and prccision of the methods uscd for measuring intake and
indicalors of adcquacy or cxcess; the control of bhiascs and con-
founding factors; and the power of the study 1o demonstraic a given
diffcrence or corrclation. Publications solcly cxpressing opinions
were not uscd in sciting DRIs. The assessment acknowledged the
inhcrent reliability of cach type of study design as described above
and applicd standard critcria concerning the strength, dosc-re-
sponsc, and temporal patlern of estimated nutrient-discasc or ad-
verse cffect associations; the consisiency of associations among stud-
ics of various typcs; and the spcecificity and biological plausibility of
the suggested rclationships (Hill, 1971). For cxample, biological
plausibility would not bhe sufficient in the presence of a weak associ-
ation and lack of cvidence that exposure preceded the cffect.

Data were examined (o determine whether similar estimates of
the requirement resulted from the use of different indicators and
diffcrent types of studics. For a single nutrient, the criterion for
sctling the Estimated Average Requirement (EAR) may differ from
onc life stage group o anothcer because the critical function or the
risk of discasc may be different. When no or very poor data were
available for a given life stage group, cxtrapolation was madce from
thc EAR or Adcquatc Intake (AI) sct for another group, by making
explicit and logical assumptions aboul rclative requircments. Be-
causc EARs can be used for multiple purposcs, they were cstab-
lished whenever sufficient supporting data were available,

Data Limitations

Although the reference valuces are based on dala, the data were
ofien scanty or drawn from studics that had limitations in addrcss-
ing thc various questions that confronted the pancl. Thercfore,
many of the questions raiscd about the requirements for and ree-
ommended intakes of these nutrients cannot be answered fully be-
causc of inadequacics in the present databasc. Apart from studics of
overt deficiency discascs, there is a dearth of studics that address
spccific cffccts of inadequalte intakes on specific indicators of health
status, and thus a rescarch agenda is proposcd (sce Chapter 10).
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Thus, afier carcful review and analysis of the cvidence, including
cxamination of the extent of congruent findings, scientific judg-
mcent was uscd o determine the basis for cstabhshmg the valucs.
The rcasoning uscd is described for cach nutrient in Chapters 5
through 8.

Pathways to Nutrient Requirements

The possible pathways that were considered in determining the
rcquircment for cach nutrient include the following:

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

2. The availability of a convincing totality of cvidence, including
randomizcd clinical trial data, that the nutrient reviewed favorably
affccts a sclected funclional marker—this pathway was uscd with
caution in vicw of the many examples where intervention cffects on
an intcrmediatc outcome (biomarker) proved o be inconsisient
with intcrvention cffects on the chronic discasce of interest.

3. The presence of a clinically important deficiency discasce or
nutritional syndrome that has been demonstrated to relate specifi-
cally to an inadcqualc intake of the nutrient reviewed—this pathway
is facilitaled by considcring intakes nceded o ensurc adequate body
storcs or reserves of the nutrient or of pertinent compounds that the
body produccs in response o adequale intake of the nutrient,

Method to Determine the Adequate Intake for Infants

The Al for young infants is gencrally taken 1o be the average
intake by full-lerm infants who arc born o apparently healthy, well-
nourished mothers and arc exclusively fed human milk. The extent
to which the intake of a nutrient from human milk may cxceed the
actual requirements of infants is not known, and the cthics of ex-
perimentation preclude testing the levels known Lo be potentially
111adcquatc Using the infant exclusively fed human milk as a modcl
is in keeping with the basis for carlicr rccommendations for intake
(c.g., Health Canada, 1990; IOM, 1991). Tt also supports the recom-
mcendation that exclusive intake of human milk is the preferred
mcthod of feeding for normal full-lerm infants for the first 4 10 6
months of life, This rccommendation has been made by the Cana-
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dian Pacdiatric Socicty (Hcalth Canada, 1990), thc Amcrican Acad-
cmy of Pediatrics (AAP, 1997), the Institute of Mcdicine (IOM,
1991), and many other cxpert groups, cven though most U.S. ba-
bics no longer reccive human milk by age 6 months,

In general, this report docs not cover possible variations in phy51-
ological nced during the first month afier birth or the variations in
intake of nutricnts from human milk that result from differences in
milk volume and nutrient concentration during carly lactation.

In keeping with the decision made by the Standing Committee on
the Scientific Evaluation of Dictary Reference Intakes, specific DRIs
Lo mccl the needs of formula-fed infants have not been proposed in
this rcport. The usc of formula introduces a large number of com-
plex issucs, onc of which is the bioavailability of different forms of
the nutrient in different formula types.

Ages O through 6 Months

To dcrive the Al valuc for infants ages 0 through 6 months, the
mecan intake of a nutricnt was calculated bascd on (1) the average
concentration of the nutrient from 2 to 6 months of lactation using
conscnsus valucs from scveral reported studics, if possible, and (2)
an avcrage volume of milk intake of 0.78 L./day. This volumc was
rcported from studics that used test weighing of full-term infants,
In this proccdure, the infant is weighed before and afier cach feed-
ing (Allen ct al,, 1991; Butie ct al., 1984; Chandra, 1984; Hofvandcr
ct al., 1982: NCVillc cl al., 1988). Bccausc there is variation in both
the composition of milk and the volume consumed, the computed
valuc represents the mean. It is expected that infants will consume
incrcased volumes of human milk during growth spurts.

Ages 7 through 12 Months

During the period of infant growth and gradual weaning o a
mixcd dict 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 nutricnts. The basis of the Al values derived for
this age catcgory was the sum of (1) the content of the nutrient
provided by 0.60 1./day of human milk, which is the average volume
of milk reported from studics of infants who reccive only human
milk in this age catcgory (Heinig ct al., 1993), and (2) that pro-
vided by the usual intakes of complementary weaning foods con-
sumcd by infants in this age catcgory. Such an approach is in keep-
ing with current recommendations of the Canadian Pacdiatric
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Socicty (Hcalth Canada, 1990), thc Amcrican Academy of Pedial-
rics (AAP, 1997), and the Institute of Mcedicine (IOM, 1991) for
continucd fceding of infants with human milk through 9 1o 12
months of age, with appropriatc introduction of solid foods. Scleni-
um and vitamin C had publishcd information aboult the intake from
solid foods for infants aged 7 through 12 months, and thus followed
this mcthod.

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

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

For vitamin C, vitamin E, and sclenium, data were not available 1o
sct the EAR and RDA for chﬂdrcn ages | ycar and older and adolcs-
cents, Because vitamin C is a waler-soluble vitamin and boys have a
larger 1Ican body mass and total body water than girls, the adult EAR
was adjusied for children and adolescents on the basis of differenc-
¢s in rcference weights from Table 1-1. For vitamin E and sclenium,
the EAR has been extrapolated downward using an adjustment for
mctabolic body sizc and growth. The method relics on at Icast four
assumptions:

1. Maintcnance nceds for vitamin E and sclenium expressed
with respect 1o body weight ([kilogram of body weight]%7) arc the
samc for adults and children. Scaling requirements to the 0.75 pow-
cr of body mass adjusts for mctabolic differences demonstraied 10
be related to body weight, as described by Kleiber (1947) and ex-
plorcd further by West ct al. (1997). By this scaling, a child wcigh-
ing 22 kg would require 42 percent of what an adult weighing 70 kg
would rcquirc—a higher percentage than if the requirement were
bascd on body weight (o a power of onc,

2. The EAR for vitamin E and sclenium for adulis is an cstimate
of maintcnance nceds.

3. The percentage of extra vilamin E and sclenium needed for
growth is comparablc with the pereentage of extra protein needed
for growth,

4. On avcrage, totlal nceds do not differ substantially for males
comparcd to females until age 14, when reference weights differ.,
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The formula for the extrapolation is
EAR g = EAR g (F),

where F = (Weight,,,/Weight,, ()% (1 + growth factor). Refer-
cnce weights from Table 1-1 are usced. If the EAR differs for men
and women, the reference weight used for adults in the cquallon
differs by gender; otherwise, the average for men and women is
uscd unless the valuce for women is derived from data on men. The
approximaltc proportional incrcasc in protcin requircments for
growth (FAO/WHO/UNA, 1985) is uscd as an cstimatc of the
growlh factor as shown in Tablc 3-1. If only an Al has bcen sct for
adulis, it is substituted for the EAR in the above formula, and an Al
is calculated; no RDA is sct.

Setting the RDA for Children

To account for variability in requirements because of growth rates
and other factors, a 10 percent coetficient 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 mctabolic weight ratio method, involves met-
abolic scaling but docs not adjust for growth becausc itis bascd on a
valuc for a growing infant. To extrapolatc from the Al for infants
ages 0 through 6 months to an Al for infants ages 7 through 12
months, the following formula is uscd:

AI7—12 mo — AIO—G mo (F) *
where F = (Weight, 5 ../ Weighty 4 .0) 0.75,

TABLE 3-1 Estimatcd Growth Factor by Age Group

Age Group Growth Faclor
7 mo-3y 0.50
4-8y 0.15
9-13y 0.15

14-18 y

Males 0.15

Femalcs 0.0

SOURCE: Proportional increasc in protein requircments for growth [rom FAO/WIIO/
UNA (1985) used to estimate the growth factor.
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Methods for Determaning 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 sclenium, it is assumcd that the
total rcquircment of laclating women cquals the requircment for
the nonpregnant, nonlactating woman of similar age plus an incre-
mcent 1o cover the amount of the nutrient necded for milk produc-
tion. To allow for incfficiencics in usc of these nutrients, the incre-
mcent may be somewhat grcater than the amount of the nutrient
contained in the milk produced. Details arc provided in cach nutri-
cnl 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 [rom [ood (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 dala varics widcly across studics.
The most valid intake data arc thosc collected from metabolic study
protocols in which all food is provided by the rescarchers, amounts
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consumcd arc mcasurcd accuraicly, and the nutrient composition
of the food is determined hy rcliable and valid laboratory analyscs.
Such protocols arc usually possible with only a small number of
subjccts. Thus, in many studics, intake data arc sclf-reporied (c.g.,
through 24-hour rccalls of food intake, dict records, or food fre-
qucncy qucstionnaires).

Polential sources of crror in sclf-reported intake data include over-
or undcrreporting of portion sizcs and frequency of intake, omis-
sion of foods, and inaccuracics rclated (o the usc of food composi-
tion tables (Lichiman ct al., 1992; Mcriz ¢t al,, 1991). In addition,
crrors can occur duc 10 a lack of information on how a food was
manufacturcd, prepared, and scrved, because a high percentage of
the food consumed in the United States and Canada is not pre-
parcd from scratch in the home. Therefore, the valucs reported by
nationwidc surveys or studics that rcly on sclfreporting may be
somcwhat inaccuraic and possibly biascd.

Four sourccs of mcasurcment crror arc particularly important
with regard to vitamin E intake: (1) cnergy intake is underreported
in national surveys (Mcrtz ct al., 1991), and fal intake (which scrves
as a major carricr for vitamin E) is likcly to be morc underreported
than cnergy intake in the Third National Health and Nutrition Ex-
amination Survey (NHANES IIT) (Bricfcl ct al.,, 1997); (2) the
amount of fats and oils added durmg food preparation (and ab-
sorbed into the cooked product) is difficult 1o asscss using dict
rccall methodologics, yet it contributes substantially to vitamin E
intake; (3) uncertaintics about the particular fats or oils consumed,
particularly when food labels do not indicate the specific fat or oil
in the product (c.g. “this product may contain partially hydrogenat-
cd soybcan and/or cottonsced oil or vegelable 0il”) nccessitate a
rcliance on default sclections (and thus assumptions aboul the rcla-
live content of - and y-locopherols; and (4) duc to the small num-
ber of samples, the vitamin E content of food sources in the Con-
linuing Survcy of Food Intakes by Individuals (CSFIT) and NHANES
[T databascs is quilc variable (J. Holden, Agricultural Rescarch Ser-
vice, USDA, personal communication, April 13, 1999).

Food composition databascs that arc uscd Lo calculatc nutricnt
intake from sclf-reported and obscrved intake data introduce crrors
duc Lo random variabilily, genelic variation in the nutrient content,
analytical crrors, and missing or imputed data. In gencral, when
nutricnt intakes for groups arc cstimated, the cffect of errors in the
composition data is probably considcrably smaller than the cffect of
crrors in the sclfreported intake data (NRC, 1986). It is not known
1o what extent this is truc for vitamin C, vitamin E, sclenium, or -
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carolene and other carotcnoids, However, adult men and women
participating in NHANES IIT underrcporied encrgy intake by about
23 pereent, as well as fat intake (which serves as a carrier for vitamin
E) when expressed as a pereentage of (otal encergy intake (Bricfel ct
al., 1997),

Adjusting for Day-to-Day Variation

Becausc of day-lo-day variation in dictary intakes, the distribution
of 1-day (or 2-day) intakes for a group is wider than the distribution
of usual intakes cven though the mean intake may be the same (for
furthcer claboration, scc Chapter 9). To reducc this problem, statis-
tical adjustments have been developed (NRG, 1986; Nusscr ct al,,
1996) that require at lcast 2 days of dictary dala from a representa-
live subsamplc of the population of interest. However, no accepted
mcthod is available to adjust for the underreporting of intake, which
may average as much as 20 percent for energy (Mertz ¢t al., 1991).

DIETARY INTAKES IN THE UNITED STATES AND CANADA

Sources of Dietary Intake Data

The major sources of current dictary intake data for the U.S. pop-
ulation arc the Third National Health and Nultrition Examination
Survey (NHANES TIT), which was conducted from 1988 1o 1994 by
the U.S. Department of Health and Human Scrvices, and the Con-
tinuing Survey of Food Intakes by Individuals (CSFIT), which was
conducted from 1994 1o 1996 by the U.S. Department of Agricul-
turec (USDA), NHANES IIT cxamincd 30,000 subjccts aged 2 months
and older. A single 24-hour dict recall was collected for all subjects.
A sccond recall was collected for a 5 percent nonrandom subsam-
ple lo allow adjusiment of intake estimates for day-lo-day variation,
The 1994 10 1996 CSFII collccied two nonconsccutive 24-hour re-
calls from approximaicly 16,000 subjccts of all ages. Both surveys
uscd the food composition databasc developed by USDA o calcu-
latc nutrient intakes (Perloff ct al,, 1990). National survey data for
Canada arc not currcntly availablc, but data for vitamin C have
becen collected in Québec and Nova Scolia. The exient o which
these data arc applicable nationwide is not known,

Appendix D gives the mcan and the first through nincty-ninth
percentiles of dictary intakes of vilamin C and vitamin E by age
from the CSFII, adjusicd for day-lo-day variation by the method of
Nusscr ¢t al. (1996). Appendix C provides comparablce information
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for vitamin C, vitamin E, and sclenium from NHANES 111, adjusted
by mcthods described by the National Rescarch Council (NRC,
1986) and hy Fcinlcib ¢t al. (1993) for persons aged 6 ycars and
older. Appendix E provides mcans and sclected percentiles of di-
clary 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 G). NHANLES 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 L, Selenium, and Carotenoids

For somc nutricnts in this report, two types of information arc
provided aboul food sources of nutrients: identification of the foods
that arc the major contributors of the nutrient o dicts in the Unit-
cd States and food sources of the nutricnt. The determination of
foods that arc 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
Ilealth Interview Survey, United States, 1986

Females Males

All All
Supplement Adults Adults
Taken 18+y 18-44y 4b-64y 65+y 18+y 18-44y 4b-64y 65+y
Vitamin C 33.6 32.7 35.7 333 278 27.9 28.4 27.2
Vilamin E 28.9 28.5 30.3 27.9 231 29,4 24 .4 23.9
Sclenium 10.3 10.5 10.2 10.2 8.1 8.3 7.1 8.7

NOTE: The high usc 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 tolal consumption of that food (amount
and frequency). Therefore, a food that has a rclatively low concen-
tration of the nutrient might still be a large contributor to total
intakce if it is consumed in relatively large amounts. In contrast, the
food sourcces listed arc thosc with the highest concentration of the
nutricny; 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

A Model for the Development
of Tolerable Upper Intake
Levels for Nutrients

BACKGROUND

The Tolerable Uj)j)pr Intake Level (UL) is thc highest level of daily
nutricnt intake that is hkcly Lo posc no risk of adverse health cffects
to almost all individuals in the gencral population. As intake in-
crcascs above the UL, the risk of adverse cffects incrcascs, The term
tolerable is choscn because it connoltes a level of intake that can, with
high probability, be tolcrated biologically by individuals; it docs not
imply acceptability of this Ievel in any other sensc. The sctling of a
UL docs not indicate that nutrient intakes greater than the Recom-
mcended Diclary Allowance (RDA) or Adcequale Intake (Al) arc ree-
ommended as being beneficial 1o an individual. Many individuals
arc sclf- mcdlcatmg with nutrients for perccived prophylactic or cur-
alive purposcs. It is beyond the scope of the model at this time o
addrcess whether there are bencefits of higher nutrient intakes that
may offsct the risk of adverse cffects. The UL is not meant o apply
to individuals who arc being treated with the nutrient or food com-
poncnt undcr medical supcrvision or (o individuals with predispos-
ing conditions that modify their sensitivity 1o the nutrient or food
componcnt, This chaptcr describes a modcl for developing ULs

The term adverse ¢ffect is defined as any significant altcration in
the structure or function of the human organism (Klaassen ct al.,,
1986) or any impairment of a physmlogmally 1mp0rlant functlon
that could Icad to a hcalth cffect that is adverse. This is in accor-
dance with the dcfinition sct by the joint World Health Organiza-
tion, Food and Agriculturc Organization of the United Nations,

73
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and Intcrnational Atomic Encrgy Agency Expert Consultation in
Trace Elements in Human Nutrition and Health (WHQO, 1996). In the
casc of nutrients, it is exceedingly important to consider the possi-
bility that the cxcessive intake of onc nutrient may alter in detri-
mcental ways the health benefits conferred by another. Any such
alieration (referred to as an adverse nutricnt-nutricnt interaction)
is considered an adverse health effect. When evidence for such ad-
verse inleractions is available, it is considered in cstablishing a nu-
trient’s UL,

UlLs arc uscful becausce of the increased interest in and availability
of fortificd foods, the increased usc of diclary supplements, and the
growing rccognition of the health conscquences of excesscs, as well
as inadcquacics of nutrient intakes. ULs arc bascd on total intake of
a nutrient from food, watcr, and supplements if adverse cffects have
hcen associated with total intake. However, if adverse cffects have
been associated with intake from supplements or food fortificants
only, the UL is bascd on nutricnt intake from these sources only,
not on total intake. The UL applics to chronic daily usc.

For many nutricnts, there arce insufficient data on which o devel-
op a UL. This docs not mcan that there is no potential for adverse
cffccts resulting from high intake. When data about adverse cffects
arc cxtremely limited, extra caution may be warranied.

Like all chemical agents, nutricnts can produce adverse hcealth
cffccts if intakes from any combination of food, walcr, nutrient sup-
plements, and pharmacological agents arc cxcessive. Some lower
level of nutrient intake will ordinarily posc no likclihood (or risk)
of adverse health cffects in normal individuals cven 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 applicd with
certainty Lo all members of a population. However, it is possible (o
develop intake levels that arc unlikely to posc risk of adverse health
cffcets for most members of the gencral population, including sen-
sitive individuals. For som¢ nutricnts or food componcents, these
intake levels may however posc a risk for subpopulations with cx-
treme or distinel vulnerabilitics.

Whecther routing, long-term intake above the UL is safc is not well
documented. Although members of the gencral population should
nolt routincly excced the UL, intake above the UL may be appropri-
alc for investigation within well-controlled clinical trials. Clinical
trials of doscs above the UL should not be discouraged, as long as
subjccls participating in these trials have signed informed consent
documents rcegarding possible toxicity and as long as thesc trials
cmploy appropriatc safcly moniloring of trial subjccts.
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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 asscssment is a scienlific undcertaking having as its objcclive a
characterization of the nature and likclihood of harm resulting from
human cxposurc to agents in the environment. The characteriza-
tion of risk typically contains both qualitative and quantitative infor-
mation and includcs a discussion of the scientfic uncertaintces in
this information. In the present context, the agents of interest arc
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nutricnts, and the cnvironmental media arc food, water, and non-
food sources such as nutrient supplements and pharmacological
prcparations.

Performing a risk asscssment results in a characicerization of the
rclationships between exposurc 1o an agent and the likelihood that
adversc health cffects will occur in members of exposced populations,
Scicentific uncertaintics arc an inherent part of the risk assessment
process and arc discusscd below. Deciding whether the magnitude
of cxposurc is acceptable or tolerable in specific circumstances is not a
component of risk asscssment; this activity falls within the domain of
risk management. Risk management decisions depend on the results
of risk asscssments but may also involve the public health signifi-
cance of the risk, the technical feasibility of achicving various de-
greces of risk control, and the cconomic and social costs of this con-
trol. Becausce there is no single, scientifically definable distinction
between safe and unsafc exposurcs, risk management necessarily
incorporatcs componcents of sound, practical decision making that
arc nol addressed by the risk asscssment process (NRC, 1983, 1994).

A risk asscssment requires that information he organized in rath-
cr specific ways but docs not require any specific scientific cvalua-
tion mcthods. Rather, risk asscssors must cvaluate scientific infor-
mation using what they judge Lo be appropriaic methods and must
make explicit the basis for their judgments, the uncertaintics in risk
cstimatces, and when appropriate, alternative scientifically plausible
interpretations of the available data (NRC, 1994; OTA, 1993).

Risk asscssment is subject 1o two types of scientific uncertaintics:
thosc related o data and those associated with inferences that are
rcquircd when dircctly applicable data arc not available (NRC,
1994). Data unccriaintics arisc during the cvaluation of informa-
tion obtaincd from the epidemiological and toxicological studics of
nutricnt intake levels that are the basis for risk asscssments, Exam-
ples of inferences include the usce of data from experimental ani-
mals (o cstimalc responscs in humans and the sclection of uncer-
lainly factors 1o cslimatc inter- and intraspcecics variabilitics in
rcsponsc 1o loxic substances. Uncertaintics arisc whenever cstimates
of adversce health cffects in humans arc based on extrapolations of
data obtaincd under dissimilar conditions (c.g., from cxperimental
animal studics). Options for dcaling with uncertaintics arc discusscd
bclow and in detail in Appendix G.

Steps in the Risk Assessmenl Process

The organization of risk asscssment is based on a modcl proposced
by the National Rescarch Council (1983, 1994) that is widcly used
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in public hcalth and regulatory decision making. The sicps of risk
asscssment as applicd 1o nutrients arc as follows (scc also Figure 4-1):

* Sicp 1. Hazard idenlification involves the collection, organi-
zalion, and cvaluation of all information pcriaining to the adverse
cffcets of a given nutrient. It concludes with a summary of the cvi-
dence concerning the capacily of the nutrient Lo causc onc or more
lypces of loxicily in humans,

* Siep 2. Dosc-responsc assessment determinges the relationship
between nutrient intake (dosc) and adverse cffect (in terms of inci-
dence and scverity). This siep concludes with an cstimate of the
Tolcrable Upper Intake Level (UL)—it identifics the highest level

Hazard Identification

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

h 4

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

h 4

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

Y

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 nutricnt intake that is likcly 1o posc no risk of adverse health
cffects Lo almost all individuals in the general population, Different
ULs may be developed for various life stage groups.

* Step 3. Intake assessment cvaluales the distribution of usual
total daily nutricnt intakes among members of the gencral popula-
tion. In cascs where the UL pertains only (o supplement use, and
docs not pertain o usual food intakes of the nutrient, the asscss-
ment is dirccled at supplement intakes only, It does not depend on
step 1 or 2.

* Sicp 4. Risk characterization summarizes the conclusions
from sicps 1 and 2 with step 3 10 determine the risk, The risk is
gencerally expressed as the fraction of the exposced population, if
any, having nutricnt intakes (step 3) in cxcess of the estimated UL
(steps 1 and 2). If possible, scientific characterization also covers
the magnitudce of any such c¢xcesscs. Scientific uncertaintics associ-
ated with both the UL and the intake estimates are described so
that risk managers undcrstand the degree of scientific confidence
they can place in the risk asscssment.

The risk asscssment containg no discussion of reccommendations
for rcducing risk; these arce the focus of risk management.

Thresholds

A principal fecature of the risk asscssment process for noncarcino-
gens is the long-standing acceptance that no risk of adverse cffects
is cxpected unless a threshold dosc (or intake) is exceeded. The
adverse cffects that may be caused by a nutrient or food component
almost certainly occur only when the threshold dosc is exceeded
(NRC, 1994; WHO, 1996). The critical issucs concern the methods
uscd 1o identify the approximatc threshold of toxicily for a large
and diverse human populalion Because most nutrients arc not con-
sidered to be carcinogenic in humans, approaches uscd for carcino-
genic risk assessment arc not discussed here.,

Thresholds vary among members of the gencral population (NRG,
1994). For any given adversce cffect, if the distribution of thresholds
in the population could be quantitatively identified, it would be
possiblc 1o cstablish ULs by defining some point in the lower tail of
the distribution of thresholds that would be protective for some
specificd fraction of the population. The method for identifying
thresholds for a genceral population described here is designed o
cnsurc that almost all members of the population will be protected,
but it is not bascd on an analysis of thc theorctical (but practically
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unattainable) distribution of thresholds. By using the modcl o de-
rive the threshold, however, there is considerable confidence that
the threshold, which becomes the UL for nutrients or food compo-
nents, lics 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 arc not
included in the genceral distribution because of exireme or distinet
vulnerabilitics 1o toxicity. Dala rclating to cffccts obscerved in these
groups arc not uscd to derive ULs. Such distinct groups, whosc
condilions warrant medical supcrvision, may not be protecied by
the UL.

The joint Food and Agricultural Organization-World Health Or-
gam/atmn (FAO/WHO) Expert Committee on Food Additives and
various national rcgulatory bodics have identificd factors (called
uncertainty factors [UFs]) that account for interspecics and intraspe-
cics differences in responsce to the hazardous cffects of substances
and for other uncertaintics (WHO, 1987). Unccrtainty factors arc
uscd to make inferences aboult the threshold dose of substances for
mcmbers of a large and diversc human population from data on
adversc cffects obtained from epidemiological or experimental stud-
ics. Thesc factlors arc applicd consistently when data of specific types
and qualily arc available, They arc typically used to derive acceplt-
ablc daily intakes for food additives and other substances for which
data on adversc cffcets are considered sufficient 1o meet minimum
standards of quality and compleieness (FAO/WHO, 1982). These
adopled or recognized UFs have sometimes been coupled with oth-
cr faclors 1o compcensale for deficiencics in the available data and
other uncertaintics rcgardmg data.

When possible, the UL is based on a no-obscrved-adverse-cffect
level (NOAEL), which is the highest intake (or experimental oral
dosc) of a nutrient at which no adverse cffects have been obscrved
in the individuals studicd. This is identified for a specific circum-
stance in the hazard identification and dosc-responsce assessment
steps of the asscssment of risk, If there are no adequate data dem-
onstraling a NOAEL, then a lowest-obscrved-adverse-cffect level
(LOAEL) may bc uscd. A LOAEL is the lowcst intake (or cxperi-
mental oral dosc) at which an adverse cffect has been identified.
The derivation of a UL from a NOAEL (or LOAEL) involves a sc-
rics of choices about what factors should be used to deal with uncer-
taintics, Uncertainty factors arc applicd in an auempt to dcal both
with incomplcie gaps in data and with incomplcic knowledge re-
garding the infcrences required (c.g., the expectled variability in
rcsponsc within the human population). The problems of both data



30 DIETARY REFERENCE INTAKES

and inference uncertaintics arise in all steps of the risk asscssment,
A discussion of options availablc for dcalmg with these uncertain-
tics is presented below and in greater detail in Appendix G

A UL is noy, in itsclf, a description or cstimate of human risk. Tt is
dcrived by application of the hazard identification and dosc-re-
sponsc cvaluation steps (steps 1 and 2) of the risk asscssment mod-
cl. To determine whether populations are at risk requires an intake
or cxposurc asscssment (siep 3, cvaluation of intakes of the nutri-
cnt by the population) and a determination of the fractions of these
populations, if any, whosc intakes cxceed the UL. In the intake
asscssment and risk characlerization sieps (steps 3 and 4), the distri-
bution of actual intakes for the population is uscd as a basis for
dctermining whether and 1o what extent the population is at risk
(Figurc 4-1). A discussion of other aspects of the risk characieriza-
tion that may be uscful in judging the public health significance of
the risk and in risk management decisions is provided in the final
scction of this chapter “Risk Characterization,”

APPLICATION OF THE RISK ASSESSMENT MODEL
TO NUTRIENTS

This scclion provides guidance for applying the risk asscssment
framcwork (the modcl) o the derivation of Tolerable Upper In-
take Levels (ULs) for nutrients,

Special Problems Associated unth Substances Required
for 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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asscssing risk of noncssential chemicals. In addition, if data on the
adverse cffects of nutrients arc available primarily from studics in
human populations, there will be less uncertainty than is associated
with the types of data available on noncssential chemicals,

There is no cvidence 1o suggest that nutrients consumed at the
rccommended intake (the Recommended Dictary Allowance [RDA]
or Adcqualtc Intake [AI]) present a risk of adverse cffcets o the
general population.! Tt is clear, however, that the addition of nutri-
cents to a dict through the ingestion of large amounts of highly
fortificd food, nonfood sources such as supplements, or both, may
(at some lcvel) posc a risk of adverse health cffects. The Ul is the
highest level of daily nutrient intake that is llkcly Lo posc no risk of
adverse health cffects Lo almost all individuals in the gencral popu-
lation, As intake incrcascs above the UL, the risk of adverse cffcets
incrcascs.

If adverse cffects have been associaled with total intake, Uls arc
bascd on total intake of a nutricnt from food, waler, and supple-
ments, For cascs in which adverse cffects have been associated with
intakc only from supplements and fortified food, the UL is bascd on
intake from these sources only, rather than total intake. The cffeets
of nutricnts from fortificd foods or supplements may differ from
thosc 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 dosc, the matrix supplicd by the food,
and the rclation of the nutrient 1o the other constituenis of the dict.
Nutricnt requirements and food intake are related o the metaboliz-
ing body mass, which is also at lcast an indircclt measurc of the space
in which the nutrients arc distributed. This rclation between food
intake and spacc of distribution supports homcostasis, which main-
lains nutricnt concentrations in this space within a range compati-
blc with hcalth, However, excessive intake of a single nutrient from
supplecments or fortificants may compromisc this homcostatic mech-
anism, Such clevations alonc may posc risks of adverse cffects; im-
balances among the vitamins or other nutrients may also be possi-
ble. These rcasons and thosc discussed previously support the need
o includc the form and patiern of consumption in the asscssment
of risk from high nutrient or food component intake.

It is recognized that possiblc cxceptions to this gencralization 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
cffects al physiological levels of intake and also may affect the na-
ture and scverily of Loxicily duc o excessive intakes. Factors that
affcct bioavailability include the concentration and chemical form
of the nutrient, the nutrition and health of the individual, and cx-
creclory losscs. Bioavailability data for specific nutrients must be con-
siderced and incorporaled by the risk asscssment process.

Somc nutrients may be less readily absorbed when they are part of
a mcal than when taken scparatcly. Supplemental forms of some
nutricnts may rcquire special consideration if they have higher bio-
availability and therefore may present a greater risk of producing
adverse cffects than cquivalent amounts from the natural form
found in food.

Nutrient-Nutrient Interactions

A diverse array of adverse health cffects can occur as a result of
the interaction of nutrients. The potential risk of adverse nutrient-
nutricnt intcractions increasces when there is an imbalance in the
intake of two or morc nutrients, Excessive intake of once nutricnt
may interfere with absorption, excretion, transport, storage, func-
tion, or mctlabolism of a sccond nutrient, Possible adverse nutrient-
nutricnt interactions arc considered as a part of sciling a UL, Nutri-
cnl-nutricnt intcractions may be considered cither as a critical
cndpoint on which o hasc a UL or as supportive evidence for a UL
bascd on another endpoint.

Other Relevant Factors Affecting Bioavailability of Nuitrients

In addition (o nutricnt intcractions, other considerations have
the potential 1o influence nutrient bioavailability, such as the nutri-
tional status of an individual and the form of intake. These issucs
arc considered in the risk assessment. With regard to the form of
intake, fat-soluble vitamins such as vitamin E arc morc rcadily ab-
sorbcd when they are part of a meal that is high in fat. ULs must
therefore be based on nutrients as part of the total dict, including
the contribution from water. Nutricnt supplements that arc taken
scparatcly from food require special consideration, because they
arc likely o have different bioavailabilitics and thercfore may rep-
resent a grealer risk of producing adverse cffects.
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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 cxtent, arc given greatest weight. Howcever, the
numbecr of controlled human toxicity studics conducted in a clini-
cal sctling is very limited because of cthical rcasons. Such studics
arc gencrally most uscful for identifying very mild (and ordinarily
reversible) adverse cffects. Obscervational studics that focus on well-
dcfined populations with clear exposures 1o a range of nutrient
intake levels are uscful for cstablishing a rclationship between ex-
posurc and cffcct. Obscrvational data in the form of casc reports or
anccdotal cvidence arc used for developing hypotheses that can
lcad to knowledge of causal associations. Somctimes a scrics of casc
rcports, if it shows a clcar and distinct patlern of cffcets, may be
rcasonably convincing on the qucstion of causality.

* Animal data. Most of the available data used in risk asscss-
mcents comc from controlled laboratory experiments in animals,
usually mammalian spccics other than humans (c.g., rodents). Such
data arc uscd in part because human data on noncssential chemi-
cals arc gencrally very limited. Morcover, there is a long-standing
history of thc usc of animal studics to idenlify the toxic propertics
of chemical substances, and there is no inherent reason why animal
data should not be rclevant to the evaluation of nutrient toxicity.
Animal studics offer scveral advantages over human studics. They
can, for example, be rcadlly controlled so that causal rclationships
can bc recognized. Tt is possible 1o identify the full range of toxic
cffects produced by a chemical, over a wide range of exposurcs, and
to cstablish dosc-response relationships. The cffects of chronic ex-
posurcs can be identified in far less time than they can using cepide-
miological mcthods. All of these advantages of animal data, howev-
cr, may nol always overcome the fact that specics differences in
rcsponsc o chemical substances can somcetimes be profound, and
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any cxtrapolation of animal data to predict human responsc has o
ltake into account this possibility.

Key issucs that arc addressed in the data evaluation of human and
animal studics arc listed in Box 4-1.

Evidence of Adverse Effects in Humans

The hazard identification siep involves the cxamination of hu-
man, animal, and in vitro published cvidence addressing the likeli-
hood of a nutrient or food component cliciting an adverse cffect in
humans. Dccisions regarding which obscrved cffects arc adverse are
bascd on scienlific judgments. Although toxicologists must consid-
cr the possibility that many demonstrable structural or functional
altcrations rcpresent adverse cffects with respect 1o nutrients, some
altcrations may be considered of little or sclf-limiting biological im-
portance. As noled carlicr, adverse nutricnt-nutricnt intcractions
arc considered in the definition of an adverse cffect.

Causality

The identification of a hazard is stirengthened by evidence of cau-
sality. As cxplaincd in Chapter 3, the criteria of Hill (1971) arc

BOX 41 Development of Tolerable Upper Intake Levels (ULs)

Components of Hazard Identification
* Tvidence ol adverse cffects in humans
» Causality
® Rclevance of cxperimental 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
* Identfication of no-observed-adverse-effect level (NOAEL) (or low-
est-observed-adverse-effect level [LOAEL])
» Assessment of uncertainly and data on variability in response
* Decrivation ol a UL
* Charactcrization of the cstimate and special considerations
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considered in judging the causal significance of an exposurc-cffect
association indicatcd by cpidemiological studics.

Relevance of Experimental Data on Nutrient Toxicity

Considcration of the following issucs can be uscful in asscssing
the relevance of experimental data.

Animal Data. Somce animal data may be of limited utility in judg-
ing the toxicily of nutrients because of highly variable interspecics
diffcrences in nutrient requirements. Nevertheless, relevant animal
data arc considcred in the hazard identification and dosc-responsc
asscssment sieps where applicable and, in gencral, arc usced for haz-
ard identification unless there arce data demonstrating they are not
rclevant to human bcings or it is clear that the available human
data arc sufficicnt,

Route of Exposure.® Data derived from studics involving oral expo-
surc (rathcr than parcnieral, inhalation, or dermal cxposurce) arc
most uscful for the cvaluation of nutrients and food componcents.
Data derived from studics involving parceniceral, inhalation, or der-
mal roulcs of cxposurc may he considered relevant if the adverse
cffccts are systemic and dala arc available 1o permit interroute ex-
trapolation.

Duration of Exposure. Because the magmtudc duration, and frc-
quency of exposurc can vary considcrably in different situations,
considcration must be given 1o the relevance of the exposure sce-
nario (c.g., chronic daily dictary exposurc versus short-lerm bolus
doscs) 1o dictlary intakes by human populations.

Pharmacokinetic and Metabolic Data

When available, data regarding the rates of nutrient absorption,
distribution, mctabolism, and cxcrction may be important in deri-
vation of Tolcrable Upper Intake Levels (ULs). Such data may pro-
vide significant information rcgarding interspecics differences and
similaritics in nutricnt 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 infake, which refers to the medium or vehicle used (e.g.,
supplements, food, or drinking water).
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rclevant animal data. They may also assist in identifying life stage
diffcrences in responsc Lo nultrient loxicity.

In somc cascs, there may be limited or cven no mgmﬁcant data
rclaling o nutrient toxicitly, It is conccivable that in such cascs,
pharmacokinctic and mctabolic dala may provide valuable insights
into the magnitude of the UL. Thus, if there arc significant phar-
macokinctlic and mctabolic data over the range of intakes that mect
nutricnt rcquirements, and if it is shown that this paticrn of phar—
macokinctic and mctabolic data docs not change in a range of in-
lakes greater than thosc rcqulrcd for nutrition, it may hc possiblc Lo
infer the absence of toxic risk in this range. In contrast, an alter-
ation of pharmacokinctics or mectabolism may suggcest the potential
for adversc cffects. There has been no casce encountered thus far in
which sufficicnt pharmacokinctic and mctabolic data arc available
for cstablishing ULs in this fashion, but it is possible such situations
may arisc in the futurc.

Mechanisms of Toxic Action

Knowlcdge of molecular and ccllular events underlying the pro-
duction of toxicily can assist in dcaling with the problems of extrap-
olation between specics and from high to lower doscs. It may also
aid in understanding whether the mechanisms associated with tox-
icity arc thosc associated with deficiency. In most cascs, howcever,
because knowledge of the biochemical scquence of events resulting
from tloxicily and deficiency is still incomplete, it is not yet possible
lo statc with cerlainty whether or not these sequences share a com-
mon pathway.

Quality and Completeness of the Database

The scientilic quality and quantity ol the database are evaluated.
Human or animal data are reviewed for suggestions that the sub-
stances have the potential to produce additional adverse health el-
[ects. I 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 distinet from the responsces expected for the
prcsumably healthy population. The risk assessment process recog-
nizes that there may be individuals within any lifc stage group who
arc morc biologically scnsitive than others, and thus their extreme
scnsitivitics do not fall within the range of sensitivities expected for
the gencral population, The UL for the gencral population may
not be¢ protective for these subgroups. As indicated carlicr, the ex-
tent o which a distinct subpopulation will be included in the deri-
vation of a UL for the gencral population is an arca of judgment to
bec addressed on a casc-by-casc basis.

Dose-Response Assessment

The proccss for deriving the UL is described in this section and
outlined in Box 4-1. Tt includcs sclection of the critical data sct,
identification of a critical endpoint with ils no-obscrved-adverse-
cffectlevel (NOAEL) or lowest-observed-adversecffect level (LOAEL),
and asscssment of uncertainty.

Data Selection and Identification of Critical Endpoints

The data cvaluation process results in the sclection of the most
approprialc or critical data scts for deriving the UL. Sclecting the
critical data sct includes the following considcrations:

* Human data, when adequate 1o evaluate adverse cffects, arce
prcferable o animal data, although the latler may provide uscful
supporlive information.

* In thc abscencce of appropriatc human data, information from
an animal spccics whosce bhiological responscs are most like thosc of
humans is most valuable, Pharmacokinctic, mctabolic, and mccha-
nistic data may be availablc to assist in the identification of relevant
animal spccics.

* If il is not possible Lo identify such a spccics or 1o scleet such
data, data from the most sensitive animal spccics, strain, or gender
combination arc given the greatest emphasis,

® The routc of exposurc that most resembles the roule of ex-
pected human intake is preferable. This includes considering the
digestive state (c.g., fed or fasied) of the subjects or experimental
animals, Where this is not possible, the differences in route of expo-
surc arc noled as a source of uncertainty.

* Thc crilical data sct dcfincs a dosc-responsc relationship be-
tween intake and the extent of the toxic responsc known (o be most
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rclevant 1o humans, Data on bioavailability arc considcred, and ad-
justments in expressions of dosc-responsc are made to determinge
whether any apparent differences in response can he explained.

® The critical data sct documents the route of exposurc and
the magnitudc and duration of the intake. Furthermore, the critical
data scl 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 LOAEL:s 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 Thcorctical description of health cflects of a nutrient as a function ol
level ol 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.
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is rcached at which intake begins 1o posc a risk. Above this point,
incrcased intake increascs the risk of adverse cffects. For some nu-
tricnts, and for various rcasons, there arc inadequate data to identi-
fy this point, or cven 1o make any cstimatce of its location,

Becausce adverse cffects are almost certain o occur for any nutri-
cnt al some level of intake, it should be assumced that such cffccts
may occur for nutriecnts for which a scientifically documented UL
cannot now be derived. Until a UL is sct or an alternative approach
to idenlifying protective limits is developed, intakes greater than
the Recommended Dictary Allowance (RDA) or Adequate Intake
(AT) should be viewed with caution.

The abscence of data sufficient Lo cstablish a UL points to the need
for studics suitable for developing UlLs.

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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» Interindividual variation in sensitivity. Small UFs (closc o 1)
arc uscd 1o represent this source of uncertainty if it is judged that
little population variability is cxpccled for the adverse cffect, and
larger factors (closc o 10) arc uscd if variability is expected 1o be
grcat (NRC, 1994).

» Extrapolation from experimental animals to humans. A UF 10 ac-
count for the uncertainty in extrapolating animal data to humans is
gencrally applied 1o the NOAEL when animal data are the primary
data sct available. While a default UF of 10 is ofien uscd 1o extrapo-
latc animal data 1o humans for noncsscntial chemicals, a lower UF
may be uscd because of data showing some similaritics between the
animal and human rcsponscs (NRC, 1994). For cxample, in this
rcporl a UF of 3 was ulilized 1o cxtrapolalc from animal data 1o
humans for vitamin E.

» LOAEL instead of NOAEL. Tf a NOAEL is not available, a UF
may bc applicd o account for the uncertainty in deriving a UL
from the LOAEL. The size of the UF applicd involves scientific
judgment based on the severity and incidence of the obscerved cf-
fect at the LOAEL and the steepness (slope) of the dosc responsc.

® Subchronmic NOAEL to predict chronic NOAEL. When data arc
lacking on chronic exposurcs, scicnlific judgment is nccessary o
dctermine whether chronic exposurc is likely 1o lcad 1o adverse
cffccts at lower intakes than those producing cffects afier subchron-
ic exposurcs (cxposurcs of shorier duration).

Derivation of a UL

The UL is derived by dividing the NOAEL (or LOAEL) by a single
UF that incorporates all relevant uncertaintics. ULs, expressed as
amount pcr day, arc derived for various life stage groups using rele-
vant databascs, NOAFELs and LOAELs, and UFs, In cascs where no
data cxist with regard 1o NOAELs or LOAELSs for the group under
considcration, cxtrapolations from data in other age groups or ani-
mal data arc madc on the basis of known differences in body size,
physiology, mctabolism, absorption, and excretion of the nutrient,

Generally, age group adjustments are bascd solcly on differences
in body wcight, unless there are data demonstrating age-related dif-
ferences in nutrient pharmacokinctics, metabolism, or mechanism
of action,

The derivation of a UL involves the usc of scientific judgment to
sclect the appropnatc NOAEL (or LOAEL) and UF. Thc risk asscss-
ment requires explicit consideration and discussion of all choices
madc, regarding both the data used and the uncertaintics account-
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cd for. These considerations arc discussed in the chaplers on nutri-
cnts and food components. In this report, because of lack of consis-
teney in the data, ULs could not be sct for B-carotenc. In addition,
ULs could not be cstablished for the other carotenoids duc o a
lack of suitable data,

Characterization of the Lstimate and Special Considerations

If the data review reveals the existence of subpopulations having
distinct and cxceptional sensitivitics 10 a nutrient’s toxicily, these
subpopulations arc cxplicitly discusscd and concerns related (o ad-
verse cffects are notled; however, the use of the dala is not included
in the identification of the NOAEL or LOAEL, upon which the UL
for the gencral population is bascd.

INTAKE ASSESSMENT

In order 1o asscss the risk of adverse cffects, information on the
rangc of nutricnt intakes in the general population is required. As
noted carlicr, in cascs where the Tolerable Upper Intake Level (UL)
pertains only to supplement usc, and docs not pertain 1o usual food
intakes of the nutrient, the assessment is dirceted at supplement
intakes only.

RISK CHARACTERIZATION

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

Figurc 4-3 illustratcs a distribution of chronic nutrient intakes in a
population; the fraction of the population cxperiencing chronic
intakes above the UL represents the potential at-risk group. A poli-
cy decision is nceded o determine whether cfforts should be made
to reducc this risk. No precedents are available for such policy choic-
cs, although in the arca of food additive or pesticide regulations,
federal regulatory agencics have gencrally sought (o ensure that the
nincticth or nincty-fifth percentile intakes fall below the UL (or its
approximale cquivalent mcasurc of risk). If this goal is achicved,
the fraction of the population remaining above the UL is likely o
experience intakes only slightly grcater than the UL and is likely o
be at litlle or no risk.
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FIGURE 4-3 Tllustration ol the population at risk [rom cxcessive 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 uscful 1o cvaluaic the public
hcalth significance of the risk, and information contained in the
risk characicrization is critical for this purposc.

Thus, the significance of the risk 10 a population consuming a
nutricnt in excess of the UL is determined by the following:

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

2. the scriousncss of the adverse cffects associaled with the nu-
tricnt;

3. the extient 1o which the cffect is reversible when intakes arc
rceduced o levels less than the UL; and

4., the fraction of the population with consisient intakes above
the NOAEL or ¢ven the TLOAEL,

Thus, the significance of the risk of cxcessive nutrient intake can-
not be judged only by reference to Figure 4-3, but requires carcful
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considceration of all of the above factors, Information on these fac-
lors is contained in this rcport’s scctions describing the basis for
cach of the Ul.s.,
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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 [unctions ol ascorbate include
the scavenging of reactive oxidants in activated leukocytes, lung,
and gastric mucosa, and diminished lipid peroxidation as mca-
surcd by urinary isoprostanc cxcrction. To provide antioxidant
protection, a Recommended Dictary Allowance (RDA) of 90 mg/
day for adult men and 75 mg/day for adult women is set based on
the vitamin C intake 1o 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 556 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 ellects upon which the UL is based are osmotic
diarrhca 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-

95
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lactone oxidasc. The term vitamin C refers (o both ascorbic acid
and dchydroascorbic acid (DHA), since both exhibit anti-scorbulic
aclivily. Ascorhic acid, the functional and primary in vivo form of
the vitamin, is the enolic form of an o-kctolactone (2,3-didchydro-1-
threco-hexano-1,4-lactonc). The two ¢nolic hydrogen atoms give the
compound its acidic character and provide clectrons for its func-
tion as a rcductant and antioxidant. I'ts onc-clectron oxidation prod-
uct, the ascorbyl radical, readily dismutales 1o ascorbalc and DHA,
the two-clectron oxidation products. Both the ascorbyl radical and
DHA arc rcadily reduced back 1o ascorbic acid in vivo. However,
DHA can bc hydrolyzed irreversibly 1o 2,3-dikclogulonic acid. The
molccular structure of ascorbic acid contains an asymmetric carbon
atom that allows two cnantiomeric forms, of which the 1. form is
naturally occurring (thc n-form, isoascorbic or crythorbic acid, pro-
vides antioxidant but little or no anti-scorbultic activity), as shown in
Figurc 5-1.

TFunction

The biological functions of ascorbic acid arc bascd on its ahility Lo
provide reducing cquivalents for a varicty of biochemical rcactions.
Becausc of its reducing power, the vitamin can reduce most physio-
logically rclevant reactive oxygen specics (Buctiner, 1993). As such,
the vitamin functions primarily as a cofactor for rcactions requiring
a reduced iron or copper metallocnzyme and as a protective antiox-
idant that opcratcs in the aqucous phasc both intra- and extracellu-
larly (Englard and Scifier, 1986; Halliwcll and Whiteman, 1997,
Tsao, 1997). Both the onc- and the two-clectron oxidation products
of the vitamin arc rcadily regencrated in vivo—chemically and enzy-
matically—by glutathionc, nicotinamide adcnine dinuclcotide
(NADH), and nicotinamidec adenine dinuclcotide phosphate (NAD-
PH) dependent reductases (May ct al., 1998; Park and Levine, 1996).

Vitamin C is known to bc an clectron donor for cight human
cnzymes, Three participale in collagen hydroxylation; two in car-
nitinc biosynthesis; and three in hormonce and amino acid biosyn-
thesis. The three enzymes that participate in hormonce and amino
acid biosynthesis arc dopamine-f-hydroxylase, necessary for the bio-
synthesis of the catecholamines norepinephrine and cpinephring;
peplidyl-glycine monooxygenasce, nceessary for amidation of pep-
tide hormoncs; and 4-hydroxyphcnylpyruvatedioxygenasce, involved
in tyrosinc mclabolism. Ascorbalc’s aclion with these enzymes in-



CHOH
HOGH v o
H\__

‘O OH

Ascorbate (AH-)

CHZOH
HOCH

o] 0

2,3-Diketogulonate

0O. O
Hocq2r:Zf

VITAMIN C 97

CH,OH

HOCH
-e/-H*

+e/+H" T\

Ascorbyl Radical (A«-)
-e || +e

?HgoH

HOCH
O
+H20 ©
H

0 0

Dehydroascorbate

FIGURE 5-1 Chemical structure of ascorbic acid.

volves cither monooxygenase or dioxygenasc activitics (Levine ct

al., 1996b).

As a cofactlor for hydroxylasc and oxygenasc metalloenzymes, as-
corbic acid is belicved 1o work by reducing the active metal site,
rcsulling in reactivation of the metal-cnzyme complex, or by acling
as a co-substralc involved in the reduction of molecular oxygen. The
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best known of these reactions is the postiranslational hydroxylation
of peptide-bound proline and lysine residucs during formation of
maturc collagen. In these reactions, ascorbale is believed to reacti-
valc the enzymes by reducing the metal sites of prolyl (iron) and
lysyl (copper) hydroxylascs (Englard and Scifier, 1986; Tsao, 1997).

Evidence also suggests that ascorbate plays a role in or influences
collagen gene cxpression, ccllular procollagen sceretion, and the
biosynthesis of other conncclive lissuc components hesides col-
lagen, including clastin, fibroncclin, protcoglycans, bone matrix,
and clastin-associatcd fibrillin (Ronchetti ct al., 1996). The primary
physical symptoms of ascorbic acid’s clinical dcﬁcicncy discasc, scur-
vy, which involves deterioration of clastic tissuc, illustrate the im-
portant rolc of ascorbalc in conncclive tissuc synthcesis.

Ascorbic acid is involved in the synthesis and modulation of somce
hormonal componcnts of the nervous system. The vitamin is a co-
factor for dopaminc-B-hydroxylasc, which catalyzcs hydroxylation of
the side chain of dopaminc to form norcpinephrine, and o-amidat-
ing monooxygenasc cnzymcs, involved in the biosynthesis of ncu-
ropeptides. Other nervous sysiem components modulated by as-
corbalc concentrations include ncurotransmitier receptors, the
function of glutamatcrgic and dopamincrgic ncurons, and synthcsis
of glial cclls and myclin (Englard and Scifter, 1986; Katsuki, 1996).

Becausc of its ability to donate clectrons, ascorbic acid is an cffce-
tive antioxidant. The vitamin rcadily scavenges rcactive oxygen spe-
cics (ROS) and rcactive nitrogen specics (RNS) (c.g., hydroxyl, per-
oxyl, supcroxide, pcroxynitrite, and nitroxide radicals) as well as
singlet oxygen and hypochlorite (Freci ct al,, 1989; Halliwell and
Whiteman, 1997; Sics and Stahl, 1995), The onc- and two-clectron
oxidalion products of ascorbaic arc rclatively nontoxic and casily
rcgencraled by the ubiquitous reductants glutathione and NADH or
NAD-PH. The rclatively high tissuc levels of ascorbaie provide sub-
stantial antioxidant protcction: in the cye, against photolytically gen-
crated freeradical damage; in ncutrophils, against ROS produced
during phagocylosis; and in scmen, against oxidative damage to
sperm dcoxyribonucleic acid (DNA) (Dclamcere, 1996; Fraga ct al.,
1991; Levine ctal,, 1994). Ascorbic acid protccts against plasma and
low—dcnslty llpoprolcm (L.DL) oxidation by scavenging ROS in the
aqucous phasc before they initiate lipid pcr0x1dauon (Frei ct al.,
1988; Jialal ct al,, 1990) and possibly by sparing or rcgencratling
vitamin E (Halpncr ct al., 1998). Evidence suggests that ascorbate
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also provides antioxidant protection indircctly by regencrating oth-
cr biological antioxidants such as glutathionc and o-tocophcrol back
to their active state (Jacob, 1995).,

Ascorbic acid functions as a reducing agent for mixed-function
oxidascs in thc microsomal drug-mciabolizing systcm that inacti-
valcs a wide varicty of substratcs, such as cndogenous hormoncs or
xcnobiolics (i.c., other chemical compounds such as drugs, pesti-
cides, or Carcinogcns that arc forcign to humans) (Tsao, 1997).
The activity of both microsomal drug-mctabolizing cnzymes and
cytochrome P-450 clectron transport is lowered by ascorbate defi-
ciency. The vitamin is involved in the biosynthesis of corticosteroids
and aldostcronc and in the microsomal hydroxylation of cholcster-
ol in the conversion of cholesterol 1o bile acids. In recactions similar
to the hydroxylation of prolinc for collagen synthesis, ascorbatce is
rcquired along with iron at two sieps in the pathway of carnitine
biosynthesis. Ascorbic acid modulates iron absorption, transport,
and storage (Gosicwska ct al,, 1996). Limitcd data suggest that as-
corbalc modulates prostaglandin synthesis and thus cxerts bron-
chodilatory and vasodilatory as wcll as anticlotling cffects (Horrobin,
1996).

Physiology of Absorption, Metabolism, and Excretion

Absorption and Transport

Intestinal absorption of ascorbic acid occurs through a sodium-
dependent aclive transport process that is saturable and dosc de-
pendent (Rumscey and Levine, 1998; Tsao, 1997). At low gastrointcs-
tinal ascorbalc concentrations, aclive transport prcdominatces, whilc
simplc diffusion occurs at high concentrations, Some 70 1o 90 per-
cent of usual dictary intakes of ascorbic acid (30 o 180 mg/day) arc
absorbed; however, absorption falls (o about 50 percent or less with
incrcasing doscs above 1 g/day (Kallner ct al., 1979). The bioavail-

abilitics of the vilamin from foods and Supplcmcnts arc not signifi-
cantly different (Johnston and Luo, 1994; Mangcls ct al., 1993).

Ccllular transport of ascorbic acid and DHA is mcdiatcd by trans-
porters that vary by ccll type (Jacob, 1999; Tsao, 1997). DHA is the
form of the vitamin that primarily crosscs the membrancs of blood
and intestinal cclls, afier which it is reduced intracellularly o ascor-
bic acid. Accumulation of ascorbatc into ncutrophils and lympho-
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cytes is mediated by both high- and low-affinity transporters, and
the vilamin is localized mostly in the cytosol Intraccllularly and in
plasma, vitamin C ¢xists predominatcly in the free reduced form as
ascorbatc monoanion, as shown in Figurc 5-1 (Levine ct al,, 1994),

Metabolism and Excretion

Since the immediate oxidized forms of vilamin C arc rcadily re-
duccd back to ascorbic acid, relatively small amounts of the vitamin
arc lost through catabolism. The primary products of oxidation be-
yond DHA includc oxalic and threconic acids, 1-xylosc, and ascor-
batc 2-sulfatc (Jacob, 1999). With large intakes of the vilamin, unab-
sorbcd ascorbale is degraded in the intesling, a process thal may
account for the diarrhca and initestinal discomfort sometimes re-
portcd by persons ingesting large doscs (sce scction on “Adverse
Effccts™).

Besides dose-dependent absorption, a sccond primary mechanism
for rcgulation of body ascorbate content is renal aclion (o conscrve
or excrele unmetabolized ascorbate. Recent studics have shown that
little unmetabolized ascorbate is excercled with dictary intakes up o
aboul 80 mg/day and that rcnal excrction of ascorbale incrcascs
proportionatcly with higher intakes (Blanchard ctal., 1997; Mclethil
ctal., 1986).

Body Stores

Dosc-dependent absorption and renal regulation of ascorbate al-
low conscrvation of the vitamin by the body during low intakes and
limitation of plasma levels at high intakes. Tissuc-specific ccllular
transport systcms allow for wide variation of tissuc ascorbatc con-
centrations. High levels are maintained in the pituitary and adrenal
glands, lcukocytcs cyc lissucs and humors, and the brain, while low
levels arc found in plasma and saliva (Hornig, 1975). Duc to ho-
mecostatic regulation, the biological half-lifc of ascorbatc varics wide-
ly from 8 (o 40 days and is inverscly rclated o the ascorbate body
pool (Kallncr ct al., 1979). Similarly, catabolic turnover varics wide-
ly, about 10 to 45 mg/day, over a wide range of dictary intakes duc
Lo body pool sizc. A total body pool of less than 300 mg is associated
with scurvy symptoms (Baker ct al,, 1971), while maximum body
pools arc limitcd to about 2 g (Kallncr ct al,, 1979). At very low
ascorbatc intlakes, cssentially no ascorbale is CXcrclcd unchanged
and a minimal loss occurs.
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Clinical Effects of Inadequate Intake

Scurvy, the classic disease of severe vitamin G 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 G and infant formulas are fortified
with the vitamin,

SELECTION OF INDICATORS FOR ESTIMATING THE
REQUIREMENT FOR VITAMIN G

Antioxidant Functions

There is much support for the role of increased oxidative stress in
the pathogenesis of cardiovascular discasc (Jialal and Dcvaraj, 1996;
Witztum and Steinberg, 1991), The most plausible and biologically
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rclevant hypothesis is that the oxidative modification of low-density
lipoprotcin (I.DL) and other lipoprotcins promolc athcrogencsis
(Berliner and Heinecke, 1996; Devaraj and Jialal, 1996; Witztum
and Sicinberg, 1991). Scveral lines of cvidence suggest that oxi-
dized LDL (oxI.DL) is pro-athcrogenic. Furthermore, data support
the in vivo existence of oxLLDL (Berliner and Hceinecke, 1996; Witz-
tum and Steinberg, 1991). In vitro studics have clearly shown that
vilamin C at concentrations grcater than 40 pmol/I. (0.8 mg/dL)
inhibits the oxidation of isolated LDL induccd by transition mectals,
free-radical initiators, and activalcd human ncutrophils and mac-
rophages (Jialal and Grundy, 1991; Jialal ct al., 1990; Scaccini and
Jialal, 1994). This is because vilamin G cﬁcctlvcly scavenges aquc-
ous rcactive oxygen spcecics (ROS) and rcactive nitrogen spccics
(RNS), which prevents them from attacking LDL. Thus, in vitro
vilamin G clearly functions as an antioxidant.

Studics shown in Table 5-1 ecxamined the cffect of vitamin C sup-
plementation alonc on biomarkers of lipid peroxidation. Of the 13
studics, 7 showed that vitamin C supplementation resulted in a sig-
nificant dccerecase in lipid oxidation products in plasma, LDL, or
urine, The vitamin G supplements that resulted in positivc cffects
ranged from 500 to 2,000 mg/day. The most Convmcmg cvidence
that vitamin C functions as an antioxidant in vivo is thc study by
Reilly ct al. (1996) showing that supplementation of smokers with
2.0 g vitamin C for 5 days was associatcd with a significant reduction
in urinary isoprostancs an indicalor of oxidative stress, In the re-
mammg six studics in which vitamin C was supplemenited in amounts
ranging from 500 1o 6,000 mg/day, thcre was no ~31gmﬁcam cffcct of
vilamin C supplementation on lipid oxidation products in plasma,
urine, or plasma LDL.

Carr and Frci (1999) examined the cffect on LDL oxidation of
supplementation with vitamin C in combination with vitamin E and
B-carotence. Although these investigators have clearly shown that the
supplements decrcase LDIL oxidation, it is difficult 1o asscss the

contribulion of vitamin C alonc.

Vitamin C supplementation (2,000 mg/day for 4 10 12 months) in
41 paticnts with non-atrophic gastritis decrcased gastric mucosal
nitrotyrosine, a mcasurc of RNS activity (Tablc 5-2) (Mannick ct al.,
1996). Thus, from this study and the study by Rcilly ct al. (1996), it
can be concluded that supplementation with vitamin C results in an
antioxidant cffcct in vivo becausce it significantly reduces nitroty-
rosinc and urinary isoprostancs.

However, with respect 1o the ceffect of vitamin € on LDI. oxida-
tion, the data arc inconclusive. This could be explained by the fact
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that, becausc vitamin C is waler soluble, it docs not partition into
the LDL particle. Also, it must be pointed out that in onc of the 13
studics summarized in Table 5-1, there was an incrcasc in plasma
thiobarbituric acid rcaclive substances (TBARS), an indicator of
oxidative stress, with a 500-mg dosc of ascorbic acid (Nyyssoncn ct
al., 1997h),

Adhcsion of mononuclear cclls to endothclium is an carly cvent
in athcrogencsis and may be triggered by oxidative stress, Smokers
have low levels of vitamin C and incrcasced oxidative stress. A recent
study showed that monocyles of smokers display grcater adhesion
1o cndothclial cells than thosce of nonsmokers (Weber ¢t al., 1996).
When supplemented with 2,000 mg/day of vitamin C, the plasma
ascorbatc level of smokers increasced, and adhesion of their mono-
cyles o endothelium decrcased o that scen in nonsmokers,

Impaired vascular function is crucial to the clinical manifestation
of athcrosclerosis, As depicted in Table 5-3, numcrous investigators
have reported a bencficial effect of high dosc vitamin C administra-
tion, cither orally or intraartcrially, on vasodilation. This beneficial
cffcct of vitamin C is most likely related to its antioxidant cffect.
Endothclium-derived relaxing factor, nitric oxide (NO), promolces
vasodilation but is rapidly inactivatcd by supcroxide. Vitamin C im-
proves cndothclial function and vasodilation, possibly by scaveng-
ing supcroxide radicals, conscrving intraccllular glutathionc, or po-
tentiatling intraccellular NO synthesis. In human cndothcelial cclls in
culture, extraccllular vitamin C at physiological concentrations in-
crcascd ccllular NO synthesis up 1o threefold, and the increase in
NO synthesis followed a time coursc similar 10 ascorbatc uptake
into the cells (Heller ¢t al., 1999).

Antioxidant Functions in Leukocytes

The content of vitamin C in lcukocyles is cspecially important
because the ROS gencrated during phagocytlosis and ncutrophil
aclivation arc associalcd with infectious and inflammatory stresses
(Jariwalla and Harakch, 1996; Levine ct al., 1994). Along with pitu-
itary and adrenal glands and cyc lens, lcukocylcs conlain the highest
vitamin C concentrations of all body tissucs (Moscr, 1987). Studics
with guinca pigs and monkceys show that the concentration of ascor-
batc in the leukocyles more accuratcely reflects liver and body pool
ascorbatc than docs the concentration in plasma or crythrocyles
(Omaye ct al., 1987). The vitamin is transported into leukocytes by
an cnergy-dependent transport sysiem that concentrates the vitamin
somc twenty-five-, forty-, and cightyfold over plasma levels in ncutro-
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TABLE 5-1 Effcct of Vitamin € Supplementation on
Biomarkers of Lipid Oxidation in Humans

Vilamin C

Relerence Subjects Dosc? (mg/d) Duration
Ilarats ct al., 1990 17 smokers 1,000 2 wk
1,500 4 wk
Belcher et al., 1993 5 healthy men 1,000 14 d
Rilici and Khachadurian, 1993 41 hcalthy men and women 1,000 10 d
Cadenas el al,, 1996 21 healthy men 1,000 30 d
Fuller et al., 1996 19 smokers 1.000 4 wk
(9 placebo)
Mulholland et al., 1996 16 [emale smokers 1,000 14 d
(8 placebo)
Rcilly ct al., 1996 5 hcavy smokers 2,000 5d
Andcerson ct al., 1997 18 nonsmokers 60 11d
(24 [cmales) 6,000 14 d
Nyyssoncn ct al,, 1997b 59 malc smokers 500 (PJ) 2 mo
(19 placchbo) 500 (SRY) 2 mo
Samman ct al., 1997 8 malc smokers (10) (2 wk)
1,000 2 wk
Wen ¢t al., 1997 20 nonsmokers 1,000 1 wk
(9 placcbo)
ITarats ct al., 1998 36 healthy men (50) (1 mo)
500 (citrus [ruit 2 mo
supplement)
Naidoo and Lux, 1998 9 hecalthy men, 250, 500, 750 2 wk
6 healthy women and 1,000

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

dLDL = low-density lipoprotcin.

¢ TBARS = thiobarbituric acid rcactive substances.

41LDL oxidizability is measurcd by the lag time and propagation ratc of in vitro lipid

peroxidation.

¢ VI.DL. = very low-densily lipoprotein,

JCD = conjugaled dienes,
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g/d) Duration  Plasma Change Findings
2 wk 2.0-fold | Plasma and LDL? TBARS¢
4 wk 2.3fold 4 Plasma and LDL TBARS
14 d Not rcported LDL oxidation d, no change
10d Not reported { VLDL¢ and LDL oxidation (1 hour TBARS)
30d Nol reported Urine TBARS, no change
4 wk 3.9-fold 4 LDL Oxidizabilityd (TBARS, CDf)
14 d 3.0-[old Scrum TBARS, no change
5d Not rcported 18 Urinc 8-cpi-PGFQa
114d 1.2-fold Plasma MDA&/HNE"® no change T TAC!
14 d 1.8-fold Plasma MDA/IINE, no change T TAC
2 mo 1.5-lold LDL oxidizability, no change
) 2 mo 1.5-fold Plasma T TBARS with P Vit G
No T with SR Vit C
(2 wk) (bascline) LDL oxidizability (CD): no change
2 wk 2.0-lold
1 wk 2.2-fold { Plasma MDA (T crythrocyle Vit E
and GSHl); no change LDL Vit E;
no change in LDL oxidizability
(TBARS and CD)
(1 mo) (basclinc) l LDL oxidizability (CD)
18 [ruit 2 mo 3.8-lold
ent)
750 2 wk 1.5-fold (250) J Plasma MDA and allantoin with 500, 750
1] 2.0fold (500) and 1,000 mg/d

2.0fold (750 and
1,000)

£MDA = malondialdehyde.
A HNE = hydroxynoncnal.
i TAC = Total Antioxidant Capacity.

JP = plain.

kSR = slow release.
I GSH = reduced gluthione,
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TABLE 5-2 Viiamin C Iniake and Biomarkers of Gastric

and Bladdcr Cancer

Vilamin C

Relerence Subjects Dosc (mg/d) Duration
Lecafl ct al., 1987 7 mcn 2-1,000 5-12 d
Young ct al., 1990 18 hcalthy men 1,500 1 wk
Dyke ct al., 1994a 43 paticnts with gastritis 1,000 4 wk
Dyke et al., 1994b 48 patients with gastritis 1.000 4 wk
Drake et al., 1996 82 patients with dyspepsia None —
Mannick et al.,, 1996 84 patients with Helicobacter pylori 2,000 4-12 mo
infection
Salarug el al,, 1996 31 healthy men, 300 with 300 mg/d 1d
80 mcn with liver fluke infcction prolinc
2 DNA = dcoxyribonucleic acid.
6 ROS = Reactive Oxygen Species.
¢ RNS = Reactive Nitrogen Species.
TABLE 5-3 Vitamin C and Endothelium-Dependent
Vasodilation in IIumans
Reference Subjects Vitamin

Heilzer et al., 1996
Levine ct al,, 1996
Ting ct al., 1996
Motoyama ct al., 1997
Solzbach et al., 1997
Ting et al., 1997

Hornig el al,, 1998

Taddei ct al., 1998

Timimi et al., 1998

10 chronic smokers
10 control subjects

16 coronary artery discase paticnis
(20 placcbo)

10 type 11 diabctic paticnts
10 control subjects

20 smokers
20 control subjects

22 hypertensive patients

11 hypercholesterolemic patients
12 healthy control subjects

15 chronic heart failure patients
8 hcalthy control subjects

14 hypertensive paticnts
14 healthy control subjects
10 type I diabetic patients
10 control subjects

18 mg/m
(infusio
2,000 mg
(oral)
21 mg/n
(infusio
10 mg/n
(infusio
3,000 mg
(infusio
24 mg/n
(infusic
25 mg/n
(infusio
2,000 mg
(oral)
2.4 mg/1
(infusio
24 mg/n
(infusio
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d) Duration Findings

5-12 d 1 In vivo nitrosation (Nnitrosoproline)

1wk l Urinary B-glucuronidasc activity (linked to bladder cancer)

4 wk | Gastric mucosa DNA? adduct formation

4 wk T Oﬁ—alkyltransferase DNA repair enzyme

— Significant (p < .001) correlation between gastric mucosa

ascorbyl radical concentration and ROS? activity

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

)0 mg/d 1d J In vivo nitrosation by urinary nitrosoproline products

Vitamin C Dose

Findings

18 mg/min
(infusion)
2,000 mg
(oral)
21 mg/min
(infusion)
10 mg/min
(infusion)
3,000 mg
(infusion)
24 mg/min
(infusion)
25 mg/min
(infusion)
2,000 mg
(oral)
2.4 mg/min
(infusion)
24 mg/min
(infusion)

T Forearm blood flow 1.6-fold

(measurcd aller acctylcholine infusion)
Brachial artery dilation 3.2-fold
(measurcd alter 2 h)

Forcarm blood flow 1.4-lold

(mecasurcd alter methacholine infusion)
Brachial artery dilation 1.7-fold
(measured after 20 min)

Coronary artery vasoconstriction 2.6-fold
(measured after acetylcholine infusion)
Forearm blood flow 1.3-fold

(measured afler methacholine infusion)
Radial artery dilation 1.6-fold
(measurcd after 10 min)

Radial artery dilation 1.5-fold
(following 4 wk supplecmentation)
Forcarm blood flow 1.3-(old
(acetycholine)

Forearm blood flow 1.4-fold

(measured after methacholine infusion)

e J e S S e
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phils, platclets, and lymphocyices, respectively (Evans ct al., 1982;
Jacob ctal., 1992; Levine ct al., 1996a). Mctabolic priority for main-
tenance of intraccllular lymphocyle ascorbate levels was demonstrat-
cd by its lower depletion rates compared to plasma and scmen ascor-
batc levels during controlled vitamin C deficiency (intake of 5 mg/
day) and fasicr rccovery during vilamin repletion at 60 mg/day
(Jacob ctal., 1992). Intraccllular ascorbalc recycling (the intracellu-
lar rcgcncratlon of oxidizcd extraccllular ascorbalc) provides a ccl-
lular reservoir of reducing capacity (clectrons) that can be transmit-
ted both into and across the ccll membrane (May ct al., 1999).

The high intraccllular concentration of ascorbate in lcukocyles
provides ccllular protection against oxidant damage associated with
the respiratory burst. In isolated ncutrophils, ascorbate recycling is
incrcased up 1o thirtyfold upon cxposurc of the cells 1o microbial
pathogens (Wang ct al., 1997b). Ascorbatc cffcctively ncutralizes
phagocyte-derived omdanls without inhibiting the bactericidal activ-
ity of thc phagosome (Anderson and Lukey, 1987). Evidence that
ascorbatc modulates lcukocyle phagocylic action, blastogencsis, im-
munoglobulin production, chemotaxis, and adhcsivencss has been
rcported in vitro, although cvidence for the latter two functions has
been mixed (Evans ct al., 1982; Jariwalla and Harakch, 1996).

Concentrations of ascorbatc normally found in plasma (22 to 85
pmol/L [0.4 to 1.7 mg/dL]) were shown to ncutralize hypochlor-
ous acid (HOCI), onc of many powerful oxidants gencrated by my-
clopcmxidasc in activated ncutrophils and monocytes (Halliwell ¢t

, 1987; Heinecke, 1997). This action was hypothesized 1o protect
o-1 -antlprolcasc against inactivation by HOCI and thereby prevent
protcolylic damage at inflamed sites such as the rhcumaltoid joint
(Halliwell ct al., 1987). Indced, the ratio of oxidized 10 reduced
ascorbalc was found 1o be incrcased in the knee synovial fluid of
active rhcumatoid arthritis paticnts, which suggcsts that ascorbatc is
acling to scavenge phagocyle-derived oxidants in this locally in-
flamcd arca (Luncc and Blake, 1985). Similarly, incrcased ascor-
batc oxidation in the plasma of paticnts with adult respiratory dis-
chss syndrome (Cross ct al.,, 1990) and in smokers (Lykkesfeldt ct

, 1997) indicatcs protection agamsl oxidant damagc from activat-
Cd ncutrophils and other sources in the lung. Exposurc of ninc
apparcnily healthy adults 1o 2,000 parts per billion (ppb) of ozonc,
an cnvironmental pollutant, for 2 hours resulted in incrcascd my-
cloperoxidasc and decrcased ascorbate concentrations in hroncho-
alvcolar lavage fluid. These results imply that ascorbate protccts
againsl inflammatory oxidative stress induced by ozone (Mudway ct

1., 1999).
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Ascorbalc scavenging of mycloperoxidase-derived oxidants from
phagocytic white cclls may also be proteclive against in vivo LDL
oxidation because HOCI-oxidized proicins have been identified in
human athcrosclerotic lesions (Haxzcll ¢t al., 1996). In an in vitro
sysiem, ascorbatc at a physiologically rclcvant concentration of 50
pmol/L (0.9 mg/dl) was thc most cffeclive antioxidant for pre-
venting LDL oxidation duc to mycloperoxidasce-derived RNS (Byun
ct al., 1999),

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

Tablc 5-4 summarizcs the results of five experimental human stud-
ics in which ccllular markers of DNA damage were mcasured afier
various vitamin C intakes. Three of the studics varied vitamin C
alonge, while the other two studics varied vitamin G and other micro-
nutricnts,

Of thce three studics that varied only vitamin C intake, one showed
that 60 or 250 mg/day decrcased sperm 8-hydroxy-7, 8-dihydro-2-
dcoxyguanosine (8-oxodG), a mcasurc of oxidative stress, but did
nol affect lymphocyte or urine 8-0xodG or DNA strand breaks (Fra-
ga ct al., 1991). In contrast, the sccond study showed no cffcct of
cither 60 or 6,000 mg/day vitamin C on lymphocytc DNA or chro-
mosomc damage as mcasurcd by comct assay (Andcrson ct al,,
1997). The third study showed both decrcases and incrcascs in mca-
surcs of lymphocylec DNA oxidative damage afier vitamin C supple-
mentation of 500 mg/day (Podmore ct al., 1998). In a subscqucnt
rcport of results from the study of Podmorc ctl al. (1998), the inves-
tigators hypothesized that incrcases in scrum and urine 8-oxodG
following the decercascs of lymphocyte 8-oxoguanine and 8-oxodG
suggcest a rolc for vitamin C in the repair of oxidant-damaged DNA
(Cooke ct al., 1998).

The two studlcs that co-supplemented with vitamin E and B-caro-
tene (Duthic ¢t al,, 1996) or iron (Rchman ct al., 1998) dcemon-
stratecd mixed results in that both decrcases and increcascs in lym-
phocylec DNA oxidant damage mcasurcs. Since the contribution of
vitamin G alonc o the results of these studics cannot be deter-
mincd, these studics cannotl be used Lo cstimale a vitamin C re-
quircment. Results of the latier study involving supplementation of
apparcnily healthy individuals with both vitamin C and iron arc
discusscd in the scction “Tolerable Upper Intake Levels.”

Inverse corrclations of lymphocylte ascorbaic and glutathionce con-
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TABLE 5-4 Vitamin C Intake and Biomarkers of Cellular
Oxidative DNA Damagc in Humans

Vilamin C

Relerence Subjects Dosc (mg/d) Duration
Fraga ct al., 1991 10 males (250 bascline)? (7-14 d)
54 32 d
10 or 20% 28 d
60 or 250¢ 28 d
Duthic ct al., 1996 50 malec smokers 100 20 wk
+280 mg/d vitamin E
+25 mg/d B-carotene
50 nonsmokers 100 20 wk
+280 mg/d vitamin E
+25 mg/d B-carotenc
Anderson et al., 1997 48 nonsmokers 60 14 d
(24 females) 6,000 14 d
Podmore ¢t al., 1998; 30 hcalthy subjects 500 6 wk
Cooke et al,, 1998 (16 [emales and
14 malcs)
Rehman et al., 1998 10 healthy subjects 60 12 wk
+14 mg/d Fe
10 healthy subjccts 260 12 wk

+14 mg/d Fe

@Intake from controlled diet; no supplemental doses given.

b 8-oxodC = 8-oxo-7,8-dihydro-2’-deoxyguanosine,
¢ HPLC-EC = high-performance liquid chromatography-clectrochemical detection

dPNA = deoxyribonucleic acid.

centrations with oxidized DNA bascs in another study of 105 appar-
cnlly healthy adults suggest that these two intracellular antioxidants
protcct human lymphocyles against oxidalive damage (Lenton ct
al., 1999). In sum, the results of studics testing the cffects of vitamin
C on ccllular DNA damagc arc mixed and cannot be used for csti-

mating the vitamin € rcquirement.
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r

Duration Findings

(7-14 d)

32 d ) Sperm 8-ox0dG? (HPLC-EC*)

28 d T Sperm 8-oxodG (HFLC-EC)

28 d 4 Sperm 8-oxodG (HPLC-EC)

No changes in lymphocyle 8-oxodG or DNA strand breaks

20 wk l Lymphocytc DNA damage (comct assay)
Atamin E
carotene

20 wk 4 Lymphocyte DNA damage (comel assay)
itamin E
carolene

14 d No change in lymphocyte DNA damage

14 d (comet assay) or chromosome breakage

6 wk { Lymphocyte 8-oxogua® and 8-oxodG (GO-MSS

Scrum and urine 8-oxodG (GC-MS)
T Lymphocyte 8-oxoadcf (GC-MS)

12 wk N Leukocyte 8-oxogua (GC-MS)
J Leukocyle 8-oxoade (GC-MS)
12 wk 4 Leukocyte 8-oxogua (GC-MS)

{ Leukocyte 8-oxoade (GC-MS)

T Lcukocyte 5-OII 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.

JCO-MS = gas chromatography-mass spectroscopy.
£ 8-oxoade = B8-oxoadening.

SOURCE: Adapicd [rom 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 Excrction of
Oxidative DNA Damagc Products in Humans

Reference Subjects Vitamin C Dose (mg/d) Duration
Fraga ct al,, 1991 10 males (250 bascline) ® (7-11 d)
52 324d
10-204 28 d
60-2502 28 d
Loft ¢t al., 1992 83 subjcets 72d 2 wk
5.9 mg/d vitamin E4
1.1 mg/d vitamin A%
Witt et al., 1992 11 subjects 1000 1 mo
+533 myg/d vitamin E
+10 mg/d B-carotenc
Pricme ct al., 1997 18 malec smokers 500 2 mo
20 male smokers 500 (SR%) 2 mo
Cooke el al,, 1998 14 males 500 6 wk

16 [emales

2 Intake from controlled dict; no supplemental doses given.

b 8-0x0dG = 8-0x0-7,8 dihydro-?’-dcoxyguanosinc.

¢ 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 studics in Table 5-6 mcasurcd DNA and chromosomc
damagc cx vivo afier supplementing the subjects with vitamin C,
Singlc large doscs of vitamin G (1 g/day or morc) provided protce-
tion against lymphocytec DNA strand break damage induced ex vivo
by radiation or hydrogen peroxide (HyO,) as mcasured by the com-
ct assay (Green ct al,, 1994; Panayiotidis and Collins, 1997), In con-
trast, Crott and Fcncch (1999) rcported that a single 2-g dosc of
vitamin C ncither caused DNA damage nor protecied cclls against
hydrogen peroxide-induced toxicity, The two other studics mca-
surcd DNA chromosome damage afier trcatment of lymphocytes
with blcomycin, a test for genctic instability. Following vitamin G
supplementation for two wecks, Pohl and Reidy (1989) found dc-
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ng/d) Duration Findings
(7-11 d) Urine 8-0x0GP no changes (HPLC-ECY)
32d
28 d
28 d
2 wk Urine 8-oxodG: not corrclated (HPLG-EC)
E4
A4
1 mo Urine 8-ox0G: no changes (HPLC-EC)
in E
LCIe
2 mo Urine 8-0xodG: no changes (IIPLC-EC)
2 mo Urine 8-oxodG: no changes (HPLC-EC)
6 wk T Urine 8-ox0dG (GC-MS/

#8R = slow rcleasc.
fGC-MS = gas chromatography-mass spcctroscopy.
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

Effccts of vitamin C intakes on surrogalc markers and biomarkers
of colorcctal, gastric, and bladder cancer arc shown in Table 5-2
and Table 5-7. Of six studics of paticnts with precancerous colon
polyps, vitamin C trcatment for 1 month to 3 ycars demonstrated
variablc results with regard to cffect on polyp growth and ccll prolif-
cration (Table 5-7).

Biomarkers of gastric cancer afier vitamin C trcatment of paticnts
with the precancerous conditions, gastritis, or Helicobacter pylori in-
feetons were measured in four studics (Table 5-2). Three studics
showcd positive results of vitamin € supplementation in vivo: Man-
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TABLE 5-6 Vitamin C Intake and Ex Vivo Mcasurcs of
Oxidative DNA Damagc in Humans

Reference Subjects Vitamin C Dose (mg/d) Duration
Pohl and Reidy, 1989 8 subjccts 0 2 wk
100 2 wk
1,000 2 wk
Green ct al, 1991 5 nonsmokcrs 2,100 Single d
1 smoker
Anderson et al., 1997 48 nonsmokers 60 or 6,000 2 wk

Panayiotidis and

(24 females)

6 nonsmokcrs

1,000 or 3,000

Single d

Collins, 1997 6 smokers
Crott and Fenech, 1999 11 male nonsmokers 2,000 Single d
¢ DNA = dcoxyribonucleic acid.
b HgOo = hydrogen peroxide.
¢ CBMN = cytokincsis-block micronuclcus.
SOURCE: Adapted from Carr and Frei (1999).
TABLE 5-7 Vitamin G Intake and Colorectal Polyps
Reference Subjects Vitamin C Dose (mg/d) Duration
DcCossc ct al.,, 1975 5 paticnts with 3,000 4-13 mo
familial polyps
Busscy ct al., 1982 36 paticnts with 3,000 2y
colon polyps
McEcown-Eyssen 137 paticnts with 400 + 400 mg/d vitamin E 2y
ct al., 1988 colon polyps
Cahill ¢t al., 1993 10 paticnts with 750 1 mo
colon polyps,
20 normal subjects
Greenberg ct al., 1994 380 paticnts with 1,000 + 400 mg vitamin E or 4y
diagnoscd colon 1,000 + 400 mg vitamin E +
adenomas 25 mg B-carotene
Ilofstad ct al., 1998 116 paticnts with 150 + 756 mg vitamin E + 3y

colon polyps

15 mg P-carotene +
101 pg Se + 1.6 g Ca
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'd) Duralion Findings
2 wk { Lymphocyte chromosome breaks alier blcomycin treatment,
2 wk average breaks per cell:
2 wk 0.289
0.208
0.184
Single dosc { Lymphocyle DNA? strand breaks in unirradiated and

irradiated blood (comct assay)

2 wk No effect on DNA damage (comet assay)
T Chromosome aberrations after bleomycin treatment

Single dosc { Lymphocyte DNA strand breaks in both groups after
cX vivo 11202’7 oxidant stress (comect assay)

Single dose No effect on DNA damage (CBMNF assay)
d) Duration Findings
4-13 mo Complcte polyp regression in two paticnts, partial regression
in two, and increased polyps in one
2y d Polyp arca
1in E 2y Nonsignilicant in d polyp recurrence
1 mo 4 Total colonic crypt cell prolifcration
in E or 4y No change in incidence of adenomas, polyp [requency, or size
min E +
E + 3y 4 Number of new adcnomas. No clfect on growth of cxisting

polyps

i,
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nick ct al. (1996) rcported deercased gastric mucosal nitrotyrosine
(a mcasurc of RNS activity)' Dyke ctal. (1994a) reported decrcased
mucosal DNA damagc in onc group of gastric cancer patients and
subscqucntly found incrcased mucosal O%alkyliransferase, a DNA
rcpair cnzyme in a sccond group of paticnts with gastric cancer
(Dykc ct al. 1994b). Leaf ¢t al. (1987) found decercased nitrosation
in men after vitamin € supplementation. Drake ct al. (1996) usced
clectron paramagncllc rcsonance lo demonstraile the presence of
the ascorbyl radical in 82 unsupplemented paticnts with dyspepsia
and showed that ascorbyl radical concentrations corrclated with
ROS activity., Gastric muscosal concentrations of ascorbyl radical,
ROS, and malondialdchyde (a mcasurc of lipid peroxidation) were
higher in paticnts with gastritis and Helicobacter pylori infections com-
parcd o paticnts with normal mucosal histology. Young ct al. (1990)
found dccrcasced B-glucuronidasc activity (linked to bladder can-
cer) afier in vivo supplementation of apparcently healthy men with
1,600 mg/day of vitamin C for 1 weck.,

Summary

For the three studics shown in Table 5-4 in which only vitamin G
intakc was varicd, some markers of ccllular DNA damage showed
no change with incrcascd vitamin C intake, iwo markers decrcased,
and onc incrcascd. Urinary mcasurces of oxidized DNA products
showcd no change attributable to vitamin C intake (Table 5-5). Two
of threce studics of ex vivo DNA damage showed a bencfit of vilamin
C supplementation (Table 5-6); however, the relation of these re-
sults (o the in vivo situation is uncertain. Studics of surrogatc mark-
crs and biomarkers in prccancerous colonic and gastric paticnts
show bencficial or no cffcets of vitlamin C supplementation. Howev-
cr, the interpretation of these endpoints and the relevance of the
rcsults Lo apparcently healthy individuals arc questionable. The study
of dyspcpsia paticnts indicates that vitamin C acts as an antioxidant
in the gastric mucosa and prevents oxidalive damage by scavenging
ROS (Drake ct al.,, 1996). This is consistent with previous findings
that substantial amounts of ascorbic acid arc scercted into the di-
geslive tract (Dabrowski, 1990; Waring ctal., 1996) and that vitamin
C supplementation decrcases gastric mucosal DNA adduct forma-
tion (Dyke ct al., 1994a).

Ovecrall, the results do not provide compelling evidence that vita-
min C intakes of 60 to 6,000 mg/day rcduce in vivo DNA oxidative
damagc in apparcntly healthy individuals. Hencee, present data can-
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not be used to estimate a viltamin C requirement using the end-
point of reduction of oxidalive damagc 1o DNA and chromosomcs.

Immune Function

As summarized in Table 5-8, vitamin C has been shown (o affect
various components of the human immunc response, including an-
timicrobial and natural killer ccll activitics, lymphocyle prolifcra-
tion, chemotaxis, and dclayed dermal sensitivity (DDS). Except for
thc mctabolic unit study of Jacob ct al. (1991) and the study of
paticnts with furunculosis (Levy ct al., 1996), the studics involved
apparcntly healthy free-living populations supplemented with from
200 mg/day to 6 g/day of vitamin C in addition to diclary vitamin
intake. Henee, the results relate largely to the pharmacological
rangc of vilamin G intakes rather than the nutritional range of in-
ltakes usually provided from food alonc.

As scen from analysis of Table 5-8, vitamin G supplementation
rcsulied aboul cqually in improved or litlde change in frequently
uscd mecasurcs of immunc function: lymphocyle proliferation,
chemotaxis, and DDS response. The decrcase in DDS during vita-
min C depletion of men in a metabolic unit cannot be ascribed
solcly 1o changes in ascorbate status because the DDS did not in-
crcasc again upon repletion for 4 wecks with 60 to 250 mg/day of
the vitamin (Jacob ct al., 1991). The only negalive cffect of intakes
in the range of 600 to 10,000 mg/day was the decrcase in ex vivo
bacicricidal activity found aficr apparcntly hcalthy men reccived
2,000 (but not 200) mg/day of the vilamin for 4 weeks (Shilotri and
Bhat, 1977).

Few controlled studics of the cffect of vitamin C intake on infec-
tious cpisodces in humans have heen reported, except for studics of
the common cold (covered later under “Common Cold” in the section
“Relationship of Vitamin C Intake to Chronic Discasc™). Pclers ct
al. (1993) rcporied a significantly decrcased incidence of post-race
uppecr respiratory infections in marathon runncrs recciving 600 mg/
day of vitamin C comparcd 1o control runncrs taking a placcbo.

Results from some studics show improvement in indices of im-
munc function duc 1o incrcascd vitamin C intake, whercas other
studics show no cffcct. The lack of effcct may be duc 1o the use of
subjcctl populations whosc bascline vitamin C status is alrcady adc-
quatc, because leukocytes saturate with vitamin C at a lower intake
than is required to saturate plasma, about 100 mg/day (Levine ct
al., 1996a). Nevertheless, the existing data do not provide convine-
ing cvidence that supplemental vitamin G has a significant cffcct on
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TABLE 5-8 Vitamin C Intake and Mcasurcs of Immunc
Function in Humans

Reference Subjects Vitamin C Dose (mg/d) Duration
Shilotri and Bhat, 1977 5 hcalthy men, aged 200 2,000 2 wk
23-28 y 2 wk
Ludvigsson ct al., 1979 21 hcalthy women 1,000-1,000 5wk
Anderson et al., 1980 5 healthy adulls 1,000-5,000 1-3 wk
Panush el al,, 1982 28 healthy young adults 1,000-10,000 1 wk
Kennes el al,, 1983 Elderly adults, aged 70y 500 TM¢ 1 mo
Delafuente el al,, 1986 15 elderly adults without 2,000 3 wk
acule illness
Vogel et al., 1986 9 healthy men and 2 healthy 1,500 90 d
women, aged 22-28 y
Jacob et al., 1991 8 healthy men, aged 5-20 60 d
25-43 y 60-250 4 wk
Johnston, 1991 14 healthy women and men 1,500 4 wk
Johnston ct al., 1992 10 adults 2,000 2 wk
Peters ct al., 1993 46 runncrs and 46 control 600 21 d
subjccts
Levy ct al., 1996 23 paticnts with 1,000 1-6 wk

furunculosis (boils)

2 PMN = polymorphonuclear leukocytes.
b DDS = delayed dermal sensitivity,

¢TM = intramuscular,

immunc functions in humans, Therefore, data from currently avail-
able immunc function studics cannot be uscd o cstimaite the vila-
min € rcquircment.,

Other Indicators
Collagen Metabolism

Ascorbic acid is required along with iron as a cofactor for the
post-translational hydroxylation of prolinc and lysinc to cffcet cross-
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 (myg/d) Duration Findings

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

2 wk d Ex vivo bactericidal activity ol leukocytes

5wk No change in leukocyte ascorbate concentration or [unction

1-3 wk T Mitogen-stimulated in vitro lymphocyle proliferation and PMN¢
chemotaxis. No change in other cellular or humoral immune
functlions

1 wk T Milogen-stimulated in vitro lymphocyle proliferation and DDs?
responsc 1o skin antigens

1 mo T Milogen-stimulated in vitro lymphocyle proliferation and DDS
responsc. No changes in scrum immunoglobuling

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

90 d No change in PMN chemotaxis or response to experimental
gingivilis

60 d No changes in in vitro mitogen-stimulated lymphocyte proliferation

4 wk 1 In DDS response with vitamin C intakes of 5-20 mg/d

4 wk No change in plasma complement Clq

2 wk No cffect on PMN chemotaxis

l Blood histaminc
21 d d Incidence and scverity of upper-respiratory-tract infections
1-6 wk Improvement in PMN functions and clinical responsc in paticnts

with low basclinc PMN [unctions

linking of maturc collagen (Englard and Scificr, 1986). Lack of this
function duc lo ascorbatc deficicncy results in defective collagen
formation and the physical symploms of scurvy. Howcver, scrum or
urinary levels of proline or lysine, their hydroxylaied forms, or oth-
cr mcasurcs of collagen mectabolism have not been shown o be
rcliable markers of ascorbaitc status (Hevia ct al., 1990). Thercfore,
despite the important role of the vitamin in collagen formation, no
collagen-rclated mcasures arc available o usc as a functional indi-
cator for the dictary vitamin C requirement.



120 DIETARY REFERENCE INTAKES

Carnitine Biosynthesis

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 B-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 accompanics scurvy has
promptced numcrous investigations of the rclationship between as-
corbic acid and pcriodontal health. Epidemiological studics have
failed o demonstrale an association between vitamin C intake and
periodontal discasc (Alvarcs, 1997; Russcll, 1967). Controlled cx-
perimental studics of paticnts with gingivitis and apparently healthy
adults with vitamin C intakes of 5 to 1,500 mg/day have shown
mixed results with regard o the influence of vitamin G status on
periodontal integrity (Leggott ct al., 1986, 1991; Vogel ct al., 1986;
Woolfc ct al., 1984). Other studics, w1Lh animals and humans havc
shown that vitamin C intake can affcct the structural integrity of
gingival lissuc, including pcrmecability of the gingival sulcular cpi-
thelium (Alvarcs, 1997).

Ovcrall, while evidence suggests that vitamin G deficiency is linked
to somc aspccls of periodontal discasc, the rclationship of vitamin
C intake 1o periodontal health in the population at large is unclcar,
Beyond the amount needed Lo prevent scorbultic gingivitis (less than
10 mg/day) (Baker ct al,, 1971), the results from current studics
arc not sufficient 1o reliably estimate the vitamin C requirement for
apparcnlly healthy individuals basced on oral health endpoints.
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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 pmol/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 pmol/L (1.1 to 2.7 mg/dL) compared
with concentrations of 6 to 23 pmol/L (0.1 to 0.4 mg/dL) (Simon
et al., 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 middlc-aged men consuming
grcater than 113 mg/day of vitamin C had a 25 percent lower risk
of coronary aricry discasc than thosc consuming Icss than 82 mg/
day (Pandcy ct al., 1995).

Other prospcective studics have looked at higher levels of vitamin
C intakc and have reported similar findings, The First National
Hcalth and Nutrition Examination Survey Epidemiologic Follow—up
Study cohort of more than 11,000 adults showed a reduction in
cardiovascular discasc of 45 percent in men and 25 percent in wom-
cn whosce vitlamin C intakes were approximaltely 300 mg/day from
food and supplecments (Enstrom ct al., 1992). Sahyoun ct al. (1996)
studiced 725 clderly Massachusctts adults and reported a 62 percent
lower risk of cardiovascular discasc in those whosc vitamin C in-
takes were more than 388 mg/day compared to those whosc intakes
were less than 90 mg/day. Kritchevsky ct al. (1995) reported a neg-
alive association between vitamin C intake and carotid artery wall
thickness in men and women morce than 55 years of age in the
Athcrosclerosis Risk in Communitics Study Women consuming
morc than 728 mg/day and men consuming at lcast 982 mg/day of
vitamin C had deccrcased intima thickness compared 1o 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 studics, scveral studics have reported no
associalion beiween vilamin G intake and risk of cardiovascular dis-
casc. In a cohort composcd of 3,119 residents of Alameda County,
California, vitamin C intakes were not associated with a reduction
in risk for cardiovascular discasc (Enstrom ct al,, 1986). In thc¢ Es-
tablished Populations for Epidemiologic Studics of the Elderly with
morc than 11,000 adults 65 ycars of age and older (Losoncry ct al,,
1996) and in thc Towa Women’s Heath Study of 34,486 postmeno-
pausal women (Kushi ct al., 1996b), vitamin C intake was not associ-
ated with an alicration in risk of coronary heart discasc mortality in
these older age groups. Similarly, the U.S. Health Professionals Fol-
low-up Study of ncarly 40,000 malc hcalth professionals found that
incrcased intakes of vilamin C (ranging from 92 1o 1,162 mg/day)
were nol associated with a lower risk of coronary hcart discasc
(Rimm ct al,, 1993),

Although many of the above studics suggest a protective cffect of
vilamin C against cardiovascular discasc, thc dala arc not consistent
or spccific cnough 1o cstimale a vitamin C requircment based on
any of these specific biomarkers for cardiovascular discasc,
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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 Iowa 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 G intakes
up to 498 mg/day found no association between vitamin G intake
and breast cancer risk.

Cervical Cancer. In a casc-control study, Wasscrihcil-Smoller ct
al, (1981) found high plasma vitamin C concentrations 1o be associ-
ated with decrcased cervical cancer risk. Similarly Romney ct al,
(1985) reported a casc-control study showing a negative association
beiween increasing plasma vitamin G 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 G (Bo-
stick et al., 1993). However, in the women consuming more than 60
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mg/day vitamin C from supplements comparced with no supple-
ments, the risk was decrcased by 30 pereent,

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. Scveral studics have considered whether vitamin G
might be protective against lung cancer. The results of two large
casc-control studics in Hawaii found no association belween dictary
vilamin C intakc and lung cancer (Hinds ct al., 1984; L.c Marchand
ct al,, 1989). In contrast, Fontham ct al. (1988) rcported that vita-
min C intake of approximatcly 140 mg/day was associated with pro-
lcction for lung cancer among men and women in Louisiana who
were non- or light smokers. Similarly, data from the First National
Hcalth and Nutrition Examination Survey Epidemiologic Follow-up
Study of morc than 10,000 men and women indicated that dictary
vilamin C intakes greater than 133 mg/day were inverscly associal-
cd with lung cancer risk (Yong ct al., 1997). There was no addition-
al protcctive cffeet of vitamin C supplcmcnts This association bc-
tween vilamin C intake and risk of lung cancer was weaker but still
in a protcctive dircction in scveral studics: a Finnish cohort study of
4,538 men (Knckt ct al., 1991); a Dutch cohort study of 561 men
(Ocke ct 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 (Bandcra ct al., 1997).

Gastric Cancer. Epidemiological and experimental evidence has
suggested that vitamin G 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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gastrilis, risk factors for gastric canccer, arc low compared o thosc of
apparcnlly healthy individuals and arc increased by cradication of
the H. pylori infeclion or by vitamin C supplementation (Rokkas ct
al.,, 1995; Waring ct al,, 1996). Howcver, H. pylori infection and ac-
companying inflammation do not alter vitamin C levels or antioxi-
dant potential in the gastroduodenal mucosa (Phull ct al.,, 1999).
Decspite the cpidemiological associations and the evidence that gas-
tric juicc vitamin C is prolcctive against nitrosation and oxidant
damagc, the two vitamin G supplementation studics conducted 1o
datc have not shown a subscquent decrcase in gastric cancer inci-
dence (Blot et al., 1993; O’Toole and Lombard, 1996).

Although many of the above studics suggest a protective cffect of
vitamin C against spccific cancers by sitc, the dala are not consistent
or spccific cnough 1o cstimale a vitamin C requircment based on
canccr,

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 G 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 G supplements for 10 or
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morc ycars, With a cohort of 247 nurscs from the above study, vita-
min C supplement use, in amounts ranging from less than 400 mg/
day to grcater than 700 mg/day for 10 ycars or morc, was associated
with a statistically significant protcclive cffcet on lens opacitics
(Jacques ct al., 1997). Women who consumed vitamin C supple-
ments for less than 10 years were not protected.

Although many of the above studics suggest a protective cffect of
vilamin C against cataracts, thc data arc not consisient or specific
cnough (o cstimate the vitamin C requircment bascd on calaracts.

Asthma and Obstructive Pulmonary Disease

It is suspected that vitamin G may decrcasc the risk of asthma and
other rclated pulmonary conditions (Hatch, 1995). Two cross-scc-
tional studics suggest that high plasma vitamin C concentrations or
intakes protect or perhaps enhance respiratory function in men but
not in women (Ness ¢t al,, 1996) and in both men and women
(Britton ct al., 1995). Similarly, dictary vitamin C intake was posi-
lively associaled with enhanced pulmonary function in 2526 adult
mcn and women participants in the First National Health and Nu-
trition Survey Epidemiological Follow-up Study (Schwartz and Weiss,
1994). In another study, 20 middlc-aged men and women palicnts
with mild asthma had dccrcased ascorbate and o-locophcrol con-
centrations in lung lining fluid, while blood lcvels were normal
(Kelly ct al., 1999). These findings and the presence of incrcased
oxidized glutathione in the airways indicale an incrcascd oxidative
stress in asthma patients.

A scrics of small, clinical cxperiments reported that vitamin C
supplementation of 2 g/day may bc proleclive against airway re-
sponsivencss o viral infections, allergens, and irritants (Bucca ct
al,, 1992). In contrast, a clinical experiment testing the blocking
cffect of 2 g/day vitamin C against ecxcrcisc-induced asthma found
litlle cvidence of such an cffect (Cohen ct al., 1997),

Although many of the above studics suggest a protective cffect of
vitamin C against asthma and obstructive pulmonary discasc, the
data arc not consistent or specific ecnough 1o cstimate the vitamin G
rcquircment bascd on asthma or pulmonary discasc.

Common Cold

There has been a great deal of interest in the use of vitamin C to
prolcct against the common cold, much of this rescarch stimulated
by the views pul forth by the late Linus Pauling (Hemila and Her-
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man, 1995). Reviews of numcrous studics generally conclude that
vitamin C mcgadoscs have no significant cffect on incidence of the
common cold, but do provide a modcratc bencefit in terms of the
duration and scverity of cpisodes in some groups (Chalmers, 1975;
Jariwalla and Harakch, 1996; Ludvigsson ct al,, 1977). The ofien-
rcporicd improvement in severily of colds afier vitamin C ingestion
may bc duc to the antihistaminic action of the vitamin at pharmaco-
logical doscs (Johnston ct al., 1992). Onc carly study comparing 44
school-aged wins in vulncrability Lo colds found no significant over-
all trecatment cffect of vitamin C intakes at doscs of 500 1o 1,000
mg/day (Miller ct al., 1977). Other trials came to similar conclu-
sions (Coulchan ct al., 1976; Ludvigsson ct al., 1977). Somc reviews
have stated that any impact of vitamin C is shght or that it is protcc-
tive only among somc subgroups of pcople (Hemila, 1996, 1997).

Othcrs view the accumulated results as so incomplete and flawed as
1o offcr no cvidence of protective cffects (Herbert, 1995). Thus, the
data arc not consistent or specific ecnough 1o cstimate the vitamin G
rcquirecment based on the common cold.

Cognitive Function and Memory

Although vitamin C’s rolc as an antioxidant and cofactor for calc-
cholaminc blosymhcsm might suggcest that il protects cognitive func-
tion, there is little valid cvidence that it docs. One study found no
associalion bciween cognitive function and vitamin C intake (range
84 (o 147 mg/day) in 5,182 Dutch rcsidents aged 55 to 95 ycars
(Jama ct al., 1996). Anothcr study of 442 men and women, aged 65
to 94 ycars, reported that higher plasma ascorbate levels were asso-
ciated with better memory performance (Perrig ct al., 1997).

Summary

Although scveral studics have reported an inverse corrclation be-
tween vitamin C intake and cardiovascular discasc, somc types of
cancer, and calaracts, others have failed 1o do so. Very lille varia-
tion in risk is scen basced on the intake of vitamin C for chronic
obstructive pulmonary discasc, cold or infcclious discasc, or cogni-
tive function and memory., Also it is important that, for all their
powcr, human-bascd obscrvational or cpidemiological studics im-
ply but do not prove causc and cffect. Such studics do not rule out
the impact of unidentified factors. In a recent review of epidemio-
logical studics, Gey (1998) suggesied that plasma vitamin C concen-
trations as low as 50 pmol/L (1.0 mg/dL) provide the optimal ben-
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cfits with regard (o cardiovascular discasc and cancer. This plasma
vilamin C concentration is achicved at a diclary intake of approxi-
matcly 90 mg/day vitamin C (Lcvine ct al., 1996a). Thus, in the
Uniled States or Canada, it may be difficult 1o do a large-scalc trial
that demonstrates a health benefit for vitamin C unless the subjccts
arc prescreened o have dictary intakes Iess than 90 mg/day and
plasma lcvels less than than 50 pmol/L (1.0 mg/dL) of vitamin C.

FACTORS AFFECTING THE VITAMIN C REQUIREMENT

Bioavailability

Somc 70 10 90 percent of usual dictary intakes of ascorbic acid
(30 10 180 mg/day) arc absorbed, although absorption decrcascs 1o
aboult 50 pereent and less with single doscs above 1 g (Kallner ct al,,
1979; Levine ct al., 1996b). The type of food consumed has not
bcen shown 1o havc a significant cffcct on absorption of cither in-
trinsic or supplcmcntal vitamin C. The bioavailability of the vitamin
naturally found in foods or in thc form of a supplement has not
been shown to be significantly different from that of pure synthetic
ascorbic acid (Johnston and Luo, 1994; Mangcls ct al., 1993).

Nutrient-Nutrient Interactions

Vitamin C participates in redox rcactions with many other dictary
and physiological compounds, including glutathionc, tocophcrol,
flavonoids, and the trace metals iron and copper (Jacob, 1995),

Glutathione

Intcractions of ascorbatc with the endogenous antioxidant glu-
tathione have been shown in both rodents and humans, In appar-
cntly healthy men fed a low-ascorbate dict of 5 to 20 mg/day, plas-
ma tolal glutathione (reduced [GSH] and oxidized [GSSG] forms)
and the ratio of GSH/GSSG, both indicators of oxidative siress,
were significantly decrcased (Henning ct al,, 1991). In apparently
hcalthy adults supplemented with 500 mg/day of ascorbic acid,
crythrocyte glutathione rosc significantly (Johnston ct al,, 1993).
The results indicate that ascorbale may contribule 1o antioxidant
prolcction by maintaining reduced glutathionc.
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Tocopherol and Flavonoiuds

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 (Ilallberg, 1985). 1lowever, 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 (Ilunt 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 (I1lar-
ris and Percival, 1991). 1ligh concentrations of plasma ascorbate in
premature infants has been suggested to decrease ceruloplasmin
ferroxidase activity and thereby compromise antioxidant protection
(Powers et al., 1995). Ilowever, 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 pll
(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 G 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 G (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 H,O, (hydrogen peroxide) (Green et al., 1994;
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Panayiotidis and Collins, 1997). Endogcnous DNA strand breaks
(in the absenee of added H,0,) were not different between smok-
crs and nonsmokers; however, DNA damagc duc 1o cx vivo H,O,
additlion was significantly grecater in smokers than in nonsmokers,
Vitamin C at 1 g/day dcercased ex vivo DNA damagce by about 20
percent in both groups (Panayiotidis and Collins, 1997).

A few studics have shown no cffeet of smoking or vitamin C sup-
plementation on oxidizable biomolccules (Marangon ct al,, 1997,
1998). Supplementation of 21 male smokers with 500 mg/ day of
vilamin C for 2 months had no cffcct on urinary excretion of 8-
hydroxy-7, 8-dihydro-2’-dcoxyguanosine (8-oxodG), a product of
oxidative DNA damagc (Pricme ct al., 1997).

Endothelial and Hemostatic Dysfunction

Smokers also suffer from endothcelial and hemostatic dysfunctions
that arc rcported 1o be amcliorated by vitamin C. Some evidence
suggcests that ascorbale in ncurons modulates synthesis of the va-
sodilator nitric oxide (NO) (Millar, 1995), Since endothelium-de-
pendent, but not cndothclium-independent, vasodilation was im-
proved by vitamin C administration in smokers, Heitzer ct al, (1996)
concluded that vitamin C acls to decrcase oxidative stress within the
vasculaturc of smokers by dircctly scavenging reactive oxygen spe-
cics (ROS), thereby protectling the endogenous vasodilator NO,
among other hypothcesized cffects. Vitamin € in physiological
amounts has been shown Lo increasce by threefold the synthesis of
NO by human cndothclial cells in culture (Heller ct al,, 1999).
Motoyama ct al, (1997) rcported that vitamin C infusion improvcd
impaired endothclium-dependent vasodilation in the brachial ar-
terics of smokers, along with a decrcase in plasma thiobarbitutic
acid rcactive substances (TBARS), a nonspccific measurce of lipid
pcroxidation. Smokers with low levels of plasma vitamin C com-
parcd 1o nonsmokers also had incrcascd monocyte adhesion (o en-
dothelial cells, which was normalized (o that of nonsmokers afler
oral supplementation with 2 g/day of vitamin G (Weber ct al., 1996).
A mcchanism for the cffect of vitamin G on diminishing lcukocyle
or plaiclet adhesion and aggregation in smokers is suggesied by
findings in hamsters, in which the vitamin decrcases formation of
oxidizcd phospholipids that inducc intravascular adhcsion, aggre-
gation, and inflammation (Lchr ct al., 1997).
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Pregnancy

Cigarette smoking also promotes oxidant damage and disturbs
vitamin G nutriture in pregnant women. Although vitamin G 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).

LEnvironmental Tobacco Smoke

Incrcased oxidaltive stress and ascorbale turnover have also been
shown in nonsmoking individuals who arc rcgularly exposcd 1o to-
bacco smoke in their environment. Environmental or sidesirecam
tobacco smoke provokes oxidant damage similar 1o mainstrcam cig-
arcile smoke (Bermudez ct al., 1994; Pryor ct al.,, 1983). Plasma
ascorbaic concentrations of passive smokers were intermediate be-
wween those of active smokers and nonsmokers who were not ex-
posed 1o environmental tobacco smoke, despile similar vitamin C
intakes (Tribble ct al., 1993). Hypovitaminosis C (plasma ascorbalc
concenlrations less than 23 pmol/L [0.5 mg/dL.]) was found in 24
percent of the actlive smokers and 12 percent of passive smokers
and indicated that both passive and active smoke exposure lowered
body ascorbatc pools. Exposurc of nonsmokers 1o sccondhand
smoke for 30 minultes in a smoke-filled room resulted in a signifi-
cant decline in serum ascorbale, incrcascd lipid peroxidation, and
oxidatively modificd low-density lipoprotein (IL.DL) (Valkonen and
Kuusi, 1998). Although the above data arc insufficient (o cstimate a
spccial requirement for nonsmokers regularly exposed 1o tobacco
smoke, these individuals arc urged 1o censure that they mcct the
Recommended Dictary Allowance (RDA) for vitamin C.



o0
[&5]

VITAMIN C 1

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 G 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 G 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 G 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 G are based on an Adequate Intake (AI) 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 G 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 G 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 G 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 G 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 studicd were in the normal rangce, greater than 34 pmol/
L. (0.6 mg/dL) indicatling that cxclusively human milk-fed infants
arc wcll 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 G 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 AI for
vitamin G 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 G 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 sccond 6 months of lifc,
solid foods hccome a more important part of the infant dict and
add a significant but poorly defined amount of vitamin C to the
dict. Although limiled data arc available for typical vitamin C in-
takes from foods by infants fed human milk, mecan vitamin C in-
takes from solid foods arc 22 mg/day for formula-fed infants (Mon-
talto ct al., 1985). For purposcs of developing an Al for this age
group, it is assumecd that infants who arc fed human milk have
intakes of solid food similar to formula-fed infants of the samc age
group (Spccker ct al., 1997). Based on data of Dewcey ct al. (1984),
mcan human milk intake during the sccond 6 months of life would
be 0.6 I./day. Thus, vitamin G intake from human milk with a vita-
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TABLE 5-9 Vitamin C Content in Human Milk

DIETARY REFERENCE INTAKES

Stage of Laclalion

Vitamin C Conlent

Malernal Vitamin C

Relerence (mg/d) in Milk (mg/L) Intake (mg/d) Mecthods
Thomas ct al., 1 and 6 wk pp? 680 190 (dict only) n =17 he
1979 736 148 (diet) + 90 Intake
(supplement) There
Plas
unst
COT
Thomas el al,, 6 mo pp 85.2 £ 12.0 ($D% 131 (diel only) n =12 h
19807 384 = 12.5 (8D) 153 (dict) + 90 Intake
(supplemcnt)
Snced et al,, 1 and 6 wk pp 57b 118 (dict only)? n =16 lc
1981 680 108 (dict) + 90 Intake
(supplemcnt) There
Also
diffe
Batcs ct al., Not Reported 34 No dict intake data n =168
1982 45 reported
35 as supplement
Salmenpera, 3-4dpp 61.8 £ 0.99 (SD) 48-277 (mean 138) n=2001
1984 2 mo 59.1 £ 1.18 (SD) (no supplements Infants
4 mo 49.7 + 1.06 (SD) were Laken) Intake
6 mo 16.8 + 1.02 (SD) Milk ve
9 mo 11.6 £ 0.56 (8D) cale
12 mo 41.4 + 1.13 (SD) 790
800
890
Bycrley and 7-13 wk lactation 83.3 <100 n =25 hq
Kirksey, 1985°¢ 104.1 100-999 Milk c
114.7 1,000 of ir
Udipi et al., 1-6 d lactation 90°% 198, range 60-270 n =12 h
1985 7-10 d 95% (extradietary Found
13-15 d 1058 intake only) and
20-22 d 1208
28-31 d 115%
Karra et al,, 7-12 mo lactation 90? Nol reported n = hb wi
1986 Found

@ pp = postpartum.

bValues were estimated from graphs.

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

48D = standard deviation,
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Vitamin C

g/d)

Mcthods

only)
+ 90
ment)

only)
+ 90

ment)

only) b
+ 90

ment)

take data
d

lement

1ean 138)
plements
cen)

- 60-270
etary
mly)

led

n = 17 hecalthy 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 aL 7 d pp in the
unsupplemented group; at 6 weeks, there was no difference. Scrum
concentrations were lower in the supplemented group

n =12 healthy women, aged 18-35 y
Intake bascd on 1-d dict records

n = 16 low-sociocconomic women; aged 18-32 y
Intake was analyzed based on two 4-d dict records.
There was no signilicant dilference 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 subsel of mothers
Milk volumes (mL/d) bascd 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 inlake 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% dccrease in Vit C milk levels between 7 and 12 mo laclation
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min C concentration of about 45 mg/L at 9 months (the midpoint
of this age group) of laclation (Salmenpera, 1984) would be ap-
proximatcly 27 mg/day. Adding thc 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 mcethod 1o calculate vitamin G intake is to usc the
mcthod described in Chapter 3 1o extrapolate from the Al for in-
fants ages 0 through 6 months who rcccive human milk, Ulilizing
this mcthod, the Al for the older infants is rounded up to 50 mg/
day of vitamin C. This is comparablc to the value calculated above
utilizing human milk and solid food.

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

Vitamin C AI Summary, Ages O through 12 Months

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

Children and Adolescents Ages 1 through 18 Years

Evidence Considered in Lstimating the Average Requirement

No dircct data were found on which (o basc an Estimated Avcrage
Requirement (EAR) for vitamin C for children ages 1 through 18
ycars. In the absence of additional information, and becausc vita-
min C is a walcr-soluble vitamin and malces have a larger lcan body
mass and total body watcr 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 Chapier 1
(Table 1-1).

The Recommendced Dictary Allowances (RDAs) cstimated below
for children 1 through 13 years of age arc lower than the Als calcu-
lated above for infants 0 through 12 months of age. The rcason an
Al may be higher than an RDA lics in the way they arc determined
(sce “Differences Between the Al and the RDA” in Chapter 1), The
Al is bascd on data on milk composition and volumc of milk con-
sumcd 1o calculate an adcquatce intake of infants. The vitamin C
RDA, in the casc of 1- through 13-ycar-old children, is based on
assumcd differences in body weight from adults for whom there arc
somce data. Thus, the data that arc utilized to estimate the Al and
RDA arc 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 pmol)/day of vitamin C
4-8 years 22 mg (125 pmol)/day of vitamin C
EAR for Boys
9-13 years 39 mg (222 pmol)/day of vitamin C
14-18 years 63 mg (358 pymol)/day of vitamin C
EAR for Girls
9-13 years 39 mg (222 pmol)/day of vitamin C
14-18 years 56 mg (318 pymol)/day of vitamin C

The RDA for vitamin C is sct by assuming a cocfficient of variation
(CV) of 10 perecent (sec Chapter 1) because information is not avail-
ablc on the standard deviation of the requirement for vitamin C;
the RDA is dcfined as cqual to the EAR plus twice the CV Lo cover
the nceds of 97 1o 98 percent of the individuals in the group (there-
fore, for vitamin C the RDA is 120 percent of the EAR). The calcu-
lated valucs for RDAs have been rounded o the nearest 5 mg,

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

Adults Ages 19 through 50 Years

Fuidence Considered in Estimating the Average Requirement

Although it is known that the classic disease of severe vitamin G
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 protcction. In addition, only onc study (Levine ct al.,
1996a) with scven apparcntly healthy malces reported plasma, ncu-
trophil, and urinary ascorbaltc concentrations during vitamin C de-
plction and rcpletion to sicady state. Thus, there are wide uncer-
laintics in the data utilized to estimate the vitamin G requirements,
However, in the absence of other data, maximal ncutrophil concen-
tration with minimal urinary loss appcars 1o be the best biomarker
at the present time, Tt must be emphasized that rescarch is urgently
nceded to explore the usc of other biomarkers (o asscss vilamin C
rcquircments.

Antioxidant Protection

The cvidence summarized in the preceding scctlions indicates that
vitamin C functions in vivo 10 scavenge rcaclive oxidants in activat-
cd lcukocytes, lung, and gastric mucosa, and 1o prolcct against lipid
pecroxidation. Thercfore, the determination of an EAR for vitamin
C is bascd on an amount cstimated 1o provide antioxidant protce-
tion. Evidence summarized in the carlier scction “Antioxidant Func-
tions in Lcukocyles” indicates that the vilamin’s antioxidant func-
ton in lcukocytes, which includes ncutrophils, lymphocytes, and
monocylcs, is cspecially important. In addition, studics with guinca
pigs and monkcys show that the concentration of ascorbate in the
lcukocyles more accurately reflects liver and body pool ascorbate
than docs the concentration in plasma or crythrocyles (Omaye ct
al.,, 1987). The vitamin is transportcd into lcukocytes by an energy-
dependent transport system that concentrates the vitamin some 25,
40, and 80 timcs higher than plasma lcvels in neutrophils, platclets,
and lymphocytes, respectively (Evans ct al,, 1982; Jacob ct al., 1992;
Levine ct al., 1996a).

The cells actively concentrate the vitamin, which scrves as a ccllu-
lar rescervoir of reducing capacity and scavenges damaging phago-
cyle-derived oxidants such as supcroxide and myclopcroxidasc-de-
rived hypochlorus acid (HOCI1) and rcactive nitrogen spccics
(RNS). In both the ccllfree and the activated ncutrophil systems
described carlicr, the protection of o-l-antiprolcasc against inacti-
vation by HOCI (Halliwcll ¢t al., 1987) and the inhibition of supcr-
oxide production (Andcerson and Lukey, 1987) were directly pro-
portional to ascorbalc concentrations within the normal range of
plasma ascorbalc concentrations (22 to 85 pmol/L [0.4 to 1.5 mg/
dL]). Data plotied in Figurc 5-2 show that supcroxide production
by activated ncutrophils was inhibited 29, 44, 52, and 55 percent by
cxtraccllular ascorbate concentrations of 28, 57, 114, and 284 pmol/
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% Inhibition of Superoxide Production
by Activated Neutrophils

L ¥ ¥
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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 cffect on
intraccllular bacterial killing (Andcrson and Lukey, 1987). This in-
dicates that antioxidant protection is increasingly provided as ascor-
batc concentrations incrcasc, with the greatest change in protec-
tion scen for ascorbate concentrations between 28 and 57 pmol /L
(0.5 and 1.0 mg/dL).

Although similar dosc-responsc data for lecukocyle ascorbate lev-
cls arc not available, the limited data from Levine ct al, (1996a),
scen in Figures 5-3 and 5-4, show that plasma and ncutrophil ascor-
balc concentrations arc both dircctly related to vitamin intake be-
tween about 50 and 90 mg/day. The concentrations were measurcd
by a scnsitive high-pressurce liquid Chromatography assay with clece-
trochemical detection. Thercfore, incrcasing ncutrophil ascorbate
concentrations within this range should provide for increased pro-
lection against phagocyle-derived oxidant damage.



142

“(e966T) T2 1 SuwaT woy paadepy AANOS
"SI29]UN[OA U2AIS 0] dn woly SUONENUIdUCI proe digiodse nedjerd Jo sueaw
IY1 ae $IN[EN I5OP 4[rep yo wonzuny e se ewserd wr (T /1oul) suonenussuo? proe oiqroose nexed NES-APENS €6 THNDIA

{Aep/Bw) asoq

0052 0002 005°1L 000'L | J0O¥ 0Se ©OE 0Sz 00z 0SL 00k 0% s
L 1 1 1 \ \ L L L L L L L 1 D
P oL
i
02 m
w
3
_ Log B
{0ge'ss) z
Loy 8
S
-0s &
=
ro9 3
[ ) g
\ [ FoL O
. ! - 08
- 06
L ool



VITAMIN C 143

-
&3]
1

o
~
1

—
w
1

(100,1.25)

—
L]
1

-
-
1

(75,1.0)

o 9
o ©
) 1

Neutrophil Ascorbate {mmol/L)
=]

o o o
“m o N
1 1

50 100 150 200 250 300 350 400
Dose (mg/day)

o

FIGURE 5-4 Neutrophil ascorbic acid concentrations (mmol/L) as a function of
dose.
SOURCE: Adapted from Levine et al. (1996a).

There arc no data 1o quantify dircctly the dosc-responsc relation
between vitamin Cintake and in vivo antioxidant protcction. There-
fore, the criterion chosen for the EAR is the vitamin C intake that
maintains ncar-maximal ncutrophil vitlamin € concentrations with
minimal urinary loss. Sincc lcukocyle ascorbale, which includes ncu-
trophil ascorbalc, corrclates well with liver and body pool ascorbatc
(Omayc ct al., 1987), this critcrion should provide for adequate in
vivo antioxidant protcction 1o body tissucs while minimizing cxcess
urinary vilamin cxcrction. Vitamin C intakes greater than the uri-
nary excretion threshold provide litlle or no increase in the ascor-
batc body pool (Baker ct al., 1969; Kallner ctal., 1979). A vitamin C
intake that mecets the above criteria is estimated from a controlled
vitamin C dosc-responsc study described below.

Depletion-Repletion Study

The requirement for vitamin C based on the abovce crileria can be
cstimated from the data reported by Levine ct al. (1996a) in which
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plasma, ncutrophil, and urinary ascorbalc concentrations were de-
termined during vitamin C depletion and repletion 1o stcady-staic.
The rigorous criteria for achicving sicady-state plasma concentra-
tions (five daily samples that varicd less than or cqual to 10 per-
cent) make the Levine ctal, (1996a) data unique among deplction-
repletion studics.

Scven apparcently healthy male volunicers, aged 20 o 26 ycars,
were studicd as in-patients for 4 1o 6 months, Subjccts were depleted
by being fed a dict containing less than 5 mg/day vitamin C. Deple-
tion was dcfined as completed when plasma vitamin C concentra-
tions ranged from 5 to 10 pmol/L (0.1 to 0.2 mg/dL) without signs
or symptloms of scurvy. For rcpletion, scven consccutive doscs of
vitamin C (30, 60, 100, 200, 400, 1,000, and 2,500 mg/day) wcrc
given scquentially until sicady-statc plasma and lcukocyte (ncutro-
phils, monocyltcs, and lymphocyles) vitamin C concentrations were
achicved at cach dosage. The results for plasma and ncutrophil
concenlrations can be scen in Figures 5-3 and 5-4, and Table 5-10.

As scen in Figure 5-4 and Table 5-10, the ascorbate saturation
concentration in ncutrophils was approximaicly 1.3 mmol/L. This
was atlaincd by four of the scven subjccts at a vitamin C intake of
100 mg/day. Monocytes and lymphocytes also rcached maximum
concenlrations at 100 mg/day (Levine ct al.,, 1996a). However, at
ncutrophil saturation, about 25 percent of the doses were excrcted
in the urine, whereas at 60 percent of maximum ascorbate (dosc of
60 mg/day), csscntially no ascorbatc was cxcreted.

No data from the Levine at al. (1996a) study arc available for
vitamin C intakes between 60 and 100 mg/day. However, because
60 pcrcent of maximal ascorbale concentration in ncutrophils
would provide less antioxidant protection than 80 or 100 perecent
(Figurc 5-2) (Andcrson and Lukey, 1987), and since 25 percent of
the dosc is excreted at 100 percent of maximum ncutrophil ascor-
batc concention, the midpoint 80 percent of maximum (1.0 mmol/
L) was choscn. This is assuming that antioxidant protcction in this
rangc is lincar. This point should bctier ¢stimate an approximate
ncutrophil target concentration that fulfills the criteria of adequate
in vivo antioxidant protection with little or no urinary loss. From
the cquation of Figurc 54, 80 percent of maximal ncutrophil con-
centration (1.0 mmol/L) is cquivalent to a vitamin C intake of about
75 mg/day. This rcpresents an EAR, because 80 percent (1.0 mmol/
L) ncutrophil concentration is an average valuce, cstimated 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 Intraccllular Ascorbic Acid Concentration in
Ncutrophils of Depleted Subjects Given Incrcasing Doscs of
Vitamin G (mmol/L.)

DNose
30 60 75 100 200 100 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  Mecan 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 Mecan 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 Mecan 0.61 0.93 1.01 1.24 - 0.96 0.95 -
5D 0.01 0.03 0.05 - 0.14 0.16 -

7  Mecan 0.12 0.51 0.77 1.02 1.16 - 1.25 -
5D 0.01 0.02 0.05 0.12 - 0.06 -
Avcrage 0.65 0.81 1.00 1.25 1.51 1.26 1.51 1.36
5D 0.26 0.20 0.12 0.13 0.23 0.21 0.80

2 These values are neutrophil ascorbate concentrations corresponding to an intake of
75 mg/d calculaled for each individual by regression analysis,

b 8D = standard deviation,

SOURCE: Levine ct al. (1996h).

Relevancy of Above EAR to Other Possible Vitamin C Biomarkers

Scurvy. As discusscd carlicr, scurvy occurs at plasma concentra-
tions of less than 10 pmol/L.. Atan EAR of 75 mg/day, scurvy would
be prevented for more than a month if vitamin C ingestion were o
ccasc suddenly (Levine ct 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. Al a vitamin C intake of 90 mg/day, the plasma
ascorbatc concentration rcaches 50 pmol/L which has been shown
to inhihit L.DL oxidation in vitro in both ccllular and ccll free sys-
tems (Jialal ct al., 1990). Although it is not known whether vitamin
C prevents LDL oxidation in vivo, if it docs this might be relevant in
the prevention of heart discase (Jialal ct al., 1990). Also, as dis-
cusscd carlicr, since ncutrophils arc at 80 pereent saturation at an
EAR of 756 mg/day, this should potentially protcct intraccllular pro-
tcins from oxidalive injury when these cells are activated during
infcetious and inflammatory processes (Anderson and Lukcey, 1987;
Halliwell ct 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 G
intakes higher than the EAR of 75 mg/day (Appendix Table C-1),
only 50 percent have plasma vitamin C concentrations greater than
38 pmol/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 et al. (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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ascorbalc concentrations than men at a given vitamin C intake,
Thus, the requirecment for women is extrapolated bascd on body
weight differences from those established for men (sce Table 1-1).

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

The RDA for vitamin C is sct by assuming a cocfficient of variation
(CV) of 10 perecent (sec Chapter 1) because information is not avail-
ablc on the standard deviation of the requirement for vitamin C;
the RDA is dcfined as cqual to the EAR plus twice the CV Lo cover
the nceds of 97 1o 98 percent of the individuals in the group (there-
fore, for vitamin C the RDA is 120 percent of the EAR). Duc 1o the
many assumptions and approximations involved, the RDA for wom-
cn is rounded up o 75 mg from its calculated valuc of 72 mg/day.

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

Adults Ages 51 Years and Older

Fuidence 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 prompled the suggestion that impaired intestinal ab-
sorplion may be an important causative factor in low blood concen-
trations of vitamin C in the clderly.

However, other studics, both cross-scctional and longitudinal, of
apparcnlly hcalthy, well-nourished clderly populations in the Unit-
cd States have not found cvidence of a greater incidence of vilamin
C dcficiency among the clderly compared 1o young adults and no
decrcasc in plasma ascorbate with advancing age (Garry ct al., 1982,
1987; Jacob ct al., 1988). Mcasurcment of plasma, lcukocyte, and
urinc ascorbalce concentrations in a scrics of studics in clderly and
young mcn and women showed no differences duc o age (Blan-
chard, 1991a; Blanchard ct al., 1989, 1990a,b). These studics in-
cluded pharmacokinctic measurcs related 1o vitamin C absorption,
depletion, repletion, and renal clearance. Consistent with these
findings, a later study that mcasurcd maximal renal wubular reab-
sorption and cxcrction thresholds of ascorbic acid in apparently
hcalthy clderly and young adults found no differences in renal han-
dling of thc vitamin between the two groups (Orcopoulos ct al.,
1993).

Oldcr age groups, both men and women, have decrcasced lean
body mass comparcd to younger individuals and thus, potentially a
lower requirement for vitamin €. However, the viltamin C require-
mcent of the clderly may be increased duc 1o the oxidative stress of
inflammatory and infectious conditions ofien found in this popula-
tion (Cheng ct al., 1985). As previously discussed, older adults have
similar or lower plasma ascorbalc concentrations than young adults,
Thercfore, the estimated requirecment for vitamin G for individuals
51 yecars 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 consisient diffecrences in the absorption or me-
tabolism of ascorbic acid duc 1o aging have been demonstrated at
median vitamin C intakes. This suggests that the reports of low
blood vitamin C concentrations in clderly populations may be duc
to poor diclary intakes, chronic discasc or dcbhilitation, or other
factors, rather than an cffect of aging per sc. Thercfore, for the
older adults, no additional vitamin C allowancc beyond that of
younger adults is warranted.

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

The RDA for vitamin C is sct by assuming a cocfficient of variation
(CV) of 10 perecent (sec Chapter 1) because information is not avail-
ablc on the standard deviation of the requirement for vitamin C;
the RDA is dcfined as cqual to the EAR plus twice the CV Lo cover
the nceds of 97 10 98 pereent of the individuals in the group (there-
fore, for vitamin C the RDA is 120 pcerecent of the EAR). As with the
RDA for younger women, the calculated RDA of 72 mg has been
roundcd up to 75 mg/day.

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

Pregnancy

Evidence Considered in Lstimating the Average Requirement

Plasma vitamin C concentration decreases with the progression of
pregnancy, probably sccondary 1o hemodilution (Morse ¢t al., 1975)
as well as active transfer 10 the fetus (Choi and Rosc, 1989) This
dccrcasc in plasma concentration has not been shown Lo be associ-
atcd with poor pregnancy outcomes, The placenta apparently clears
oxidized ascorbic acid from the maternal circulation and dclivers it
in the reduced form 1o the felus (Choi and Rosc, 1989). Ascorbic
acid dcficicnecy during pregnancy is associated with increased risk of
infeclions, premature rupture of the membrances (Casanucva ct al.,
1993; Pfcffer ct al., 1996), premature birth (Casanucva ct al., 1993;
Tlaskal and Novakova, 1990), and cclampsia (Jendryczko and
Tomala, 1995), In addition, both scrum and amniotic fluid concen-
trations of ascorbic acid arc dcercased in pregnant smokers com-
parcd (o nonsmokers (Barrcit ct 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 matcrnal plasma vitamin C concentra-
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tion decrcascs with the progression of pregnancy duc to hemodilu-
tion as wcll as actlive transfer to the fetus, Therefore, in order 1o
transfer adequate vitamin C 1o the fetus, additional vitamin G is
nceded during pregnancy. In the absence of data on ncar maximal
ncutrophil saturation during pregnancy, the mcthod of determin-
ing the EAR for pregnancy is based on adding the EAR for ncar-
maximal ncutrophil concentration of the nonpregnant woman (o
thc amount of vitamin C nceessary (o transfer adequale vitamin C
to the fetus, In the absence of precise data regarding transfer of
matcrnal vitamin C 1o 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 ct al., 1965; van Eckclen,
1953), the EAR for pregnancy was cstimated (o increase 10 mg/day
over the vitamin C requirement for the nonpregnant woman.

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

The RDA for vitamin C is sct by assuming a cocfficient of variation
(CV) of 10 perecent (sec Chapter 1) because information is not avail-
ablc on the standard deviation of the requirement for vitamin C;
the RDA is dcfined as cqual to the EAR plus twice the CV Lo cover
the nceds of 97 1o 98 percent of the individuals in the group (there-
fore, for vitamin C the RDA is 120 percent of the EAR). The calcu-
lated valucs for the pregnancy RDA have been rounded up to the
ncarcst b mg,

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

Special Considerations

Certain subpopulations of precgnant women may have increased
rcquirements for vitamin C. This group includes uscrs of sirect
drugs and cigarctlics, hcavy uscrs of alcohol, and regular uscrs of
aspirin (Flodin, 1988). Womcen who smoke more than 20 cigarctics
per day may require iwice as much vitamin € as nonsmokers 10
maintain a replete body pool of vitamin C (Kallner ct al,, 1981). It
has been reporied that plasma vitamin C in pregnant smokers cx-
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hibited an indircct corrclation with the breath content of cthane, a
volatile marker of 11p1d peroxidation, cven though the pregnant
women were recciving supplements with 320 mg/ day of vitamin C
(Schwarz ct al,, 1995). Thus, pregnant women in these special sub-
populations should consume additional vitamin C.

Lactation

Evidence Considered in Lstimating the Average Requirement

As indicated carlicr, infants fed human milk arc ¢stimated 1o con-
sumc on average 40 mg/day vitamin C during the first 6 months of
lifc, Salmenpera (1984) reported that the vitamin C intake of 47
mothers during prolonged lactation rangcd from 48 to 277 mg/
day, mcan 138 mg/day. Thrce mothers in this study who consumed
less than 100 mg/day of vitamin C demonstrated plasma ascorbatc
valucs bclow the lower limit of normal [less than 10 pmol/L. (0.2
mg/dL)]. Women who consumed 100 1o 199 mg/day of vitamin C
produccd milk with 100 mg/L. of vitamin C (Bycrley and Kirkscy,
1985). Matcrnal vitamin C intake in cxcess of 200 mg/ day resulted
in incrcascd urinary cxcrction of vitamin C but did not incrcasc the
conlent of the vitamin in human milk (Bycrlcy and Kirkscy, 1985).
It is thought that a rcgulatory mcchanism in the mammary gland
prevents the clevation of milk vitamin € concentrations beyond that
level scen when urinary excerclion increases representing blood
saturation (Bycrley and Kirkscy, 1985).

Vitamin C EAR and RDA Summary, Lactation

To cstimatc the EAR for lactation, the average vitamin C pro-
duced in milk, 40 mg/day during the first 6 months of lactation, is
addcd 1o 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 decrcased for longer periods of lactation,

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

The RDA for vitamin C is sct by assuming a cocfficient of variation
(CV) of 10 perecent (sec Chapter 1) because information is not avail-
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ablc on the standard deviation of the requirement for vitamin C;
the RDA is dcfined as cqual to the EAR plus twice the CV Lo cover
the nceds of 97 1o 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 pmol)/day of vitamin C
19-30 years 120 mg (682 pmol)/day of vitamin C
31-50 years 120 mg (682 pmol)/day of vitamin C

Special Considerations
Smokers

Evidence that smokers have lower vitamin C status than nonsmok-
ers, even with comparable vitamin G 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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crs, smokers would require an additional 35 mg/day of vitamin C
over that nceded 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 G (plasma ascorbate con-
centrations 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 (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.

Lxercise and Stress

The role of ascorbale as a cofaclor for biosynthesis of carnitinc,
stcroid hormonces, and ncurotransmitlers provides a theorclical ba-
sis for incrcascd requirements of the vitamin in persons under cx-
cessive physical and cmotional stress, Studics of vitamin G status
and physical activity in humans have shown mixed results, such that
no definitive conclusion regarding vitamin C and c¢xcrcise can be
dcrived (Kceith, 1994). For cxample, Fishbaine and Bulterficld
(1984) rcported that blood vitamin C was higher in runncrs com-
parcd (o scdentary control subjccts, while a later study found that
the vitamin C status of highly traincd athlcles was not significantly
diffcrent from control subjects (Rokitzki ct al., 1994). A cross-scc-
tional study of physical activily, fitness, and scrum ascorbalc in 1,600
apparcntly healthy Irish adults provided no cvidence that active pco-
plc had different ascorbate status than inactive, and thus no justifi-
cation for supplementation of exercisers (Sharpe ct al., 1994). No
substantial cvidence that mental or emotional siress increascs vila-
min C turnover or recquirement in apparcently healthy persons has
been reported. In sum, none of the above types of siress has been
demonstrated to affect the human requirement for vitamin C.
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INTAKE OF VITAMIN C
Food Sources

Almost 90 pereent of vitamin C in the typical dict comes from
fruits and vegcetables, with citrus fruits, tomatocs and tomato juice,
and potatocs becing major contributors (Sinha ct al., 1993). Other
sources include brusscl sprouts, cauliflower, hroccoli, strawberrics,
cabbagc, and spinach. Vitamin C is also added to some processed
foods as an antioxidant, Valucs for the vitamin C contlent of foods
can vary depending on the growing conditions, scason of the ycar,
stage of maturily, location, cooking practices, and slorage limc pri-
or lo consumplion (Erdman and Klcin, 1982).

Dietary Intake

Data from nationally rcpresentative U.S. and Canadian surveys
arc available to estimate vitamin Cintakes (Appendix Tables C-1, D-
1, and E-1). In the United States, the median dictary intake of vita-
min C by adult men from 1988 (o0 1994 was about 105 mg (596
pmol)/day and mcdian total intake (including supplements, sce
Appendix Table G-2) is about 120 mg (682 pmol) /day. For women,
the median intake was cstimated to be 90 mg (511 pmol) /day and
mcdian total intake (including supplements) is about 108 mg (613
pmol)/day. (Scc Chapter 9 for vilamin C intake of men and women
who smoke.) In Canada, the median dictary intake of vitamin C for
adult men and woman was lower than in the United States with
intake cstimated to be about 70 mg (397 pmol)/day (Appendix
Tablc E-1). Although most Amcricans consumec fewer than the min-
imum of five daily scrvings of fruits and vegetables recommended
by the U.S. Dcepartment of Agriculture and the National Cancer
Institute, estimated median daily vitamin C consumption is above
the Estmated Average Requircment (EAR). Five scrvings of most
fruits and vegetables provide more than 200 mg (1,136 pmol) /day
of vitamin C pcr day.,

The Boston Nutritional Status Survey of the Elderly estimated that
among this rclatively advantaged group of pcople over aged 60,
thosc who were not laking supplements had a median vitamin C
intake of 132 mg/day for malcs and 128 mg/day for females (Hartz,
ct 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 G 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 G-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 G under medical supervision.

Hazard Identification

Adverse Lffects

Many pcople belicve vitamin C o be nontoxic and bencficial 1o
hcalth; therefore, the vitamin is ofien taken in large amounts. There
is no evidence suggesting that vitamin C is carcinogenic or icratoge-
nic or that it causcs adverse reproductive cffects. Reviews of high
vitamin C intakes have indicatled low toxicity (Johnston, 1999); ad-
verse cffects have been reported primarily afier very large doscs
(grcater than 3 g/day). Data show litile increasc in plasma sicady-
statc concentrations at intakes above 200 mg/day (Figure 5-3), and
salurablc intestinal absorption and renal tubular rcabsorption data
suggest that overload of ascorbic acid is unlikely in humans (Blan-
chard ct al.,, 1997; Levine ct al,, 1996a). Possible adverse cffects
associalcd with very high intakes have been reviewed and include:
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diarrhca and othcer gastrointestinal disturbances, increcased oxalate
excrection and kidney stone formation, incrcased uric acid excre-
lion, pro-omdant cffects, sysiemic Con(htlomng (“rcbound scurvy”),

incrcased iron absorplion lcading to iron overload, reduced vita-
min B, and copper status, incrcasced oxygen demand, and crosion
of dental enamel (Hornig and Moscr, 1981; Rivers, 1987). The data
on these adverse cffects are reviewed below, The UL for vitamin C
applics to intake from both food and supplements,

Gastrointestinal Effects. Gastrointestinal disturbances such as nau-
sca, abdominal cramps, and diarrhca arc the most common adverse
cffects of high vitamin C intake (Hoffer, 1971). Thesc cffects arc
autributed to the osmotic cffeet of unabsorbed vitamin C passing
through the intestine. Intestinal absorption of ascorbic acid occurs
by a saturable process (Rumscy and Levine, 1998; Tsao, 1997). The
rcmaindcer is not absorbed and is climinated in the stool. The cvi-
dence of gastrointestinal disturbances following high vitamin C
intakes is primarily from uncontrolled casc reports (Hoffer, 1971;
Hoyt, 1980). Howcver, some studics have been conducted o cvalu-
alc gastrointestinal cffects, Camceron and Campbell (1974) report-
c¢d diarrhea, transicnt colic, and flatulent distension in normal
hcalthy voluntcers at doscs of 3 10 4 g/day. Another study, which
cvaluated the adverse cffects of 1-, 5-, and 10-g/day supplemental
ascorbatc for 5 days in apparcntly healthy adults, reported diarrhea
in 2 of 15 subjccts at 10 g/day (Wandzilak ct al., 1994). Stein ct al.
(1976) rcported mild diarrhea in onc of three subjects following
ingestion of 4 g of ascorbic acid.

Increased Oxalate Excretion and Kidney Stone Formation. Controver-
sy exists as 1o whether increased intake of vitamin C can significant-
ly incrcasc urinary cxcrctlion of oxalalc and, thercfore, lcad 10 an
incrcasc in the potential for renal calcium oxalate stone formation.
The findings from studics cvalualing the cffect of vitamin C intake
(0.03 10 10 g/day) on urinary oxalalc cxcrclion in apparcnitly
hcalthy individuals arc conflicting (Hughes ct al., 1981; Lamden
and Chrystowski, 1954; Levine ct al,, 1996a; Miwch ct al,, 1981;
Schmidt ct al., 1981; Tisclius and Almgard, 1977; Tsao and Salimi,
1984; Wandzilak ct al., 1994). An intervention study by Hughes ct
al. (1981) rcported significant incrcasces in mcan urinary oxalate
excrction in 39 apparently healthy adults consuming 1, 3, 6, and 9
g/day of ascorbic acid. Howcver, Tsao and Salimi (1984) rcported
normal plasma oxalalc concentrations in healthy subjects ingesting
3-10 g/day of ascorbic acid for at Icast two ycars, and no significant
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changc in urinary oxalalc cxcrction in five of six subjccts who con-
sumcd 10 g/day of vitlamin C over 1 day. Levine ct al. (1996a)
showced incrcascd urinary oxalale cxcrclion in apparcntly hcalthy
malc volunicers consuming 1 g/day of ascorbic acid; however, mcan
oxalatc concentrations remained within the reference range. None
of these sludics showed oxalale excrelion above normal,

Reports of kidncey stonc formation associated with excess ascorbic
acid intake arc limited 1o individuals with renal discase (sce Sauber-
lich, 1994 for a rcvicw). Data from cpidemiological studics do not
support an association between excess ascorbic acid intake and kid-
ncy stonc formation in apparcntly healthy individuals (Curhan ct

, 1996, 1999; Fellstrom ctal,, 1989). A prospcctive cohort study by
Curhan ctl al, (1996) of 45, ()()() men aged 40 to 70 ycars with no
history of renal calculi showed that vitamin C intake was not signifi-
cantly associated with the risk of stonce formation. In fact, the age-
adjusted relative risk for men consuming 1,500 mg/day or morc
comparcd to less than 250 mg/day was 0.78. In addition, vitamin C
intake was not associated with kidney stone formation in women
(Curhan ctal., 1999). The lack of findings on oxalatc excrction and
kidncy stonc formation may be explained by the limited absorption
of vitamin C at doscs grcater than 200 mg/day (Levine ctal., 1996a).
Because of the limited intestinal absorption, limited amounts of
vilamin C arc mctabolized 10 oxalate in the urine. In addition, the
large majority of cxcess absorbed vitamin C is excreted in the urine
as ascorbic acid rather than its degradation products.

Increased Uric Acid Excretion. Similarly, the cffect of high ascorbic
acid intake on urate excrction has been studiced (Berger ctal., 1977;
Fituri ¢t al., 1983: Haiwch ¢t al,, 1980; Herbert, 1978; Levine ct al.,
1996a; Mitch ct al,, 1981; Schmidt ct al,, 1981; Stcin ct al,, 1976).
Thceorclically, incrcasced uric acid cxerction could be an important
factor in the formation of uric acid stoncs cspecially in subjects who
normally cxcrete large amounts of uric acid. The findings arc con-
flicting. Levine ct al. (1996a) reported significantly incrcased uric
acid cxcrction above the normal range following ascorbic acid in-
takes of 1 g/day or morc in 7 apparently healthy male subjects.
Another study reported a 70 to 90 percent increasc in the fractional
clcarance of uric acid following a single 4-g dosc in ninc subjccts
(Stein ct al,, 1976). Other studics have shown no significant cffect
of ascorbic acid intakes up to 12 g/day on uric acid excretion in
apparcnily healthy subjects (Fituri ct al,, 1983; Hatch ct al., 1980;
Herbert, 1978; Mitch ct al,, 1981; Schmidt ct al,, 1981),
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Excess Iron Absorption. Another possible adverse cffect of high
vilamin C intake is cnhanced iron absorption Icading (o iron over-
load. Bendich and Cohen (1990) cvaluated 24 studics 1o determinge
whether daily ascorbic acid intakes (ranging from 1 to 1,000 mg,
with most in the 10- 1o 100-mg rangc) could incrcasc iron storcs
above recommended levels in apparently healthy individuals. They
found that vitamin G intakes did not incrcase the number of high
iron absorbers, and limited data involving ascorbic acid intakes
above 100 mg/day showed no change in iron absorption valucs,
Another study by Cook ct al. (1984) showed no incrcasce in iron
storcs following vitamin C intakes up o 2 g/day (laken with mcals
for 20 months) in iron-replete subjects who consumed foods that
contain iron. This suggests that vitamin C docs not inducc cxcess
iron absorption in apparcniy hcalthy individuals. Howcever, it is
unknown if individuals with hereditary hemochromatosis, which af-
fects between 1 in 200 and 1 in 400 persons of northern Europcan
descent (Bacon ct al., 1999), could be adverscly affected by long-
term ingcestion of large doscs of vitamin G (McLaran ct al., 1982).

Lowered Vilamin 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 ol the
stability ol 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 ol 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 ct al., 1979). Evidence that re-
bound scurvy may appcar in infants whosec mothers ingested large
doscs of vilamin C during pregnancy is limited to onc anccdotal
rcport of 2 infants (Cochranc, 1965). Overall, the cvidence is in-
consistent and docs not suggest that sysiemic conditioning occurs
Lo any significant cxtent in infants and adults.

Pro-oxidant Effects, Undcr certain conditions, ascorbate can act
as a pro-oxidant by reducing iron and copper ions, which catalyzc
production of the hydroxyl radical via Fenton chemistry (Buctiner
and Jurkicwicz, 1996). The combination of ascorbic acid and redox-
aclive (non-prolcin-bound) iron can promole lipid peroxidation in
vitro (Laudicina and Marnett, 1990). In vivo howcever, iron is bound
lo protcins such as transferrin and ferritin and therefore is not
normally availablc for such catalylic functions. Nevertheless, the
strong pro-oxidant naturc of the iron-ascorbalc complex in vitro
raiscs concern that consumption of vitamin C supplements by indi-
viduals with high iron storcs may contributc 10 oxidative damage in
vivo. In addition, dictary ascorbic acid can cnhance the iniestinal
absorption of nonhceme iron (Hallberg, 1985).

Concerns for a possible in vivo pro-oxidant cffcct of the iron-
ascorbatc couple were heightened by the report of a fatal cardiomy-
opathy in a paticnt with hemochromatosis who ingested cxcessive
vitamin C (McLaran ct al., 1982). Also, an association beiween myo-
cardial infarctions and scrum ferritin levels has been reported in a
Finnish population (Salonen ct al., 1992). Other studics have not
supported the latter finding that high iron storcs were associated
with incrcased risk of hcart discasc (Bacr ct al., 1994) and have not
indicated that excess vitamin G intakes have contributed significant-
ly o iron overload or oxidant damagce in normal hcalthy pcople.
Controlled human studics in which supplemental vitamin C was
addcd (o the meals of apparcently healthy adults for periods of up to
2 ycars showed little or no change in iron status mcasurcs mcludmg
scrum ferritin (Cook ¢t al., 1984; Hunt ct al,, 1994). Data on iron-
ascorbatc combinations in the plasma of normal hcalthy adults and
prcierm infants with high plasma ascorbatc levels showed that high
plasma ascorbatlc concentrations in the presence of redox-active
iron did not causc cither lipid or protcin oxidation. In addition, the
cndogcenous ascorbate prevented rather than promoted lipid per-
oxidation in iron-overloaded plasma (Berger ct al,, 1997).

Similarly, concern for an in vivo pro-oxidant action of vitamin G
in concert with copper has been suggesied but not substantiated.
Possiblc incrcascd oxidant damage in premature infants had been
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autributed to the cffect of high scrum ascorbate levels inhibiting
ccruloplasmin ferroxidasc activity, thereby creating an excess of re-
active ferrous ions (Powers ¢t al., 1995). This result and other re-
ports of ascorbatc inhibition of ccruloplasmin ferroxidase activily
(Guueridge, 1991) have subscquently been attributed (o an artifact
of using a nonphysiological pH buffcr in the ceruloplasmin ferroxi-
dasc assay (Levstad, 1997).

Results of studics testing the cffects of supplemental vitamin G
intakc on markers of oxidant damage Lo dcoxyribonucleic acid
(DNA) and chromosomecs arc discussed in an carlier scclion and
arc summarized in Tables 54, 5-5, and 5-6. The results are mixed,
with studics showing a dccrcase, incrcasc, or no change in oxidant
damagc mcasurcs., A study of 30 apparcnily healthy adults supple-
mented with 500 mg/day of vitamin C for 6 wecks reported an
incrcasc in 8-oxoadcnine, but a decrcase in the more mulagenic
DNA lesion, 8-oxoguanine (Podmore ct al,, 1998). Supplementa-
tion of apparcntly hcalthy voluntceers with vitamin G and iron result-
cd in incrcascs in some DNA damage markers, decrcascs in others,
and a risc in total DNA basc damagc at 6 weeks, which disappcared
at 12 weeks (Rehman ct al,, 1998). Other cvidence from in vitro
and in vivo data as wcll as cpidemiological studics have not shown
incrcasced oxidative DNA damagce or incrcased cancer risk associat-
cd with high intakes of vitamin C (Block, 1991; Fontham, 1994;
Fraga ct al., 1991; Rifici and Khachadurian, 1993).

Other Adverse Effects. 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, glucosc-6-phosphatc
dchydrogcenasce dcficiency, and renal disorders may be susceptible
Lo adversce cffects from excess vilamin C intake. Vitamin € may c¢n-
hance iron absorptlion and cxaccrbate iron-induced tlissuc damage
in individuals with hemochromatosis (McLaran ct al., 1982). Indi-
viduals with renal disorders may have increased risk of oxalate kid-
ncy stonc formation from cxcess vitamin C intake (Aucr ctal., 1998;
Ono, 1986; Urivczky ct al., 1992). Hemolysis has been associated
with ascorbic acid administration in ncwborns with glucosc-6-phos-
phatc dchydrogenase deficiency and in normal prematurce infants
(Ballin ct al., 1988; Mcnizer and Collicr, 1975), There is also ance-
dotal cvidence of hemolysis following ascorbic acid intake in adults
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with glucosc-6-phosphate dchydrogenase dcficiency (Campbell ct
al.,, 1975; Rees ct al., 1993). However, a clinical study docs 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-Effect Level INOAEL) and Low-
est-Observed-Adverse-Lffect Level (LOAEL), A T.OAEL of 3 g/day can be
identificd based on the data of Camcron and Campbell (1974).
Thesc investigators reported symptoms of flatulent distension, tran-
sicnt colic, and diarrhca at doscs of 3 10 4 g/day in normal hcalthy
voluntcers (number of voluntcers not stated). The volunteers in-
crcascd oral ascorbic acid intake by increments of 1 g/day in suc-
cessive weeks, Supporting evidence is provided by casc reports (Hof-
fer, 1971; Hoyt, 1980), a graded dosc study by Stcin ct al. (1976),
and a multiple crossover study by Wandzilak ct al. (1994). Stein ct
al. (1976) gavc three paticnts 8 g/day in four divided doscs of 2 g
for 3 (o 7 days. This study rcporied mild diarrhea in onc of three
subjccls following ingestion of 4 g/day of ascorbic acid. Wandzilak
ct al. (1994) investigated the cffect of high-dosc 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, scpa-
ratcd by b days of no supplementation. This study reported diar-
rhca in 2 of the 15 subjects taking 10 g/day. These subjects were
unable to continuc at this dosc

The above human dala suggest that an intake of vitamin C greater
than 3 g/day is likcly Lo causc osmolic diarrheca in many individuals,
although somc reporls involving a few individuals suggest this may
occur al 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 valuc of 2 g/day.

LOAEL _ 3g/day

UL = =
UF 1.5

=2g/day

Vitamin C UL Summary, Ages 19 Years and Older

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

Other Life Stage Groups

Infants. For infants, the UL was judged not dclerminable be-
causc of insufficicnt data on adverse cffccts in this age group and
concern about the infant’s ability 1o handle excess amounts. Poten-
tial concerns for high vitamin € concentrations in infants stem from
isolatcd reports of ancedotal rehound scurvy, oxidative damage, and
hemolysis (Ballin ¢t al,, 1988; Cochranc, 1965; Powers ct al., 1995).
To prevent high levels of intake, the only source of intake for in-
fants should hc 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-weck pilot study and a 3-month main study
cvaluating the prophylactic cffect of 1,000 mg/day of vitamin € on
colds in 172 and 642 children, rcspcctlvcly, ages 8 10 9 ycars. Re-
ported side cffects, including stomach pains, skin rash, hcadache,
diarrhca, and nausca, were obscrved in about 3 percent of the chil-
drcn, which was no different from the control group and was not
dosc rclated. Therefore, this study could be used 10 support a NOA-
EL of 1,000 mg/day.

Another Sludy lested the cffectiveness of a megavilamin regimen
including 3 g/day of ascorbic acid for 3 months on attention deficit
disorder (ADD) in 41 children ages approximatcely 7 1o 11 years
(Haslam ct al., 1984). Forty-two pcreent of the children developed
clevation of scrum aminotransferascs, and it was concluded that the
rcgimen (which was incffective) should not be used o treat ADD. Tt
is unlikcly that the increases in scrum aminotransferases were duc
to the high acsorbic acid intake since no such cffects of high vita-
min C intakes have been reported by other investigators, Neverthe-
less, this study appcars consisient with the adult data indicating a
LOEAL at intakes of 3 g/day. Howcever, this study cannot be utilized
o cstablish a UL for children as the vitamin € was part of a mcga-
vilamin and the contribution of vitamin C to the results cannol be
dectermined.

Becausc the results of these studics (particularly the study by Lud-
vigsson ct al., 1977) arc consistent with the data on adverse cffects
in adults on a body weight basis, thec UL valucs for toddlers, chil-
dren, and adolescents arc extrapolated bascd on body weight differ-
cnces from those cstablished for adults as described in Chapter 4
using reference weights from Chapter 1 (Table 1-1). The calculated
UL is roundcd to the necarcest 50 mg,

Pregnancy. No evidence of maternal toxicity of excess vitamin G
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 G concentrations in infants stem from
reports of hemolysis (Ballin et al.,, 1988) and possible increased
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oxidative damage (Powers ct al., 1995) in prematurce infants, How-
cver, these effcets are not well documented, and do not warrant a
scparatc UL for pregnant femalcs.

Lactation. Bycrley and Kirksey (1985) noted that the vitamin C
composition of human milk was not affccled by maternal vitamin G
intake ranging from 156 to 1,123 mg/day and that urinary cxcre-
tion increasced as intake increasced over 200 mg/day, suggesting that
mammary lissuc becomes saturated with vitamin C. Onc woman
ingested 4,000 mg/day of vilamin C as a supplement; no toxic cf-
feets of the excess vitamin inlake were noted in the mother, Her
milk content of vitamin C was 100.5 mg/L., which was on the high
cnd of valucs reporied for human milk, but not reflective of the
high intake (Andcrson and Pittard, 1985). Bascd on these findings,
the ULs for lactating adolescents and women arc not different from
thosc of nonlactating fcmalcs,

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

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

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

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

Special Considerations

Individuals with hemochromatosis, glucosc-6-phosphatc dchy-
drogcnasc deficiency, and renal disorders may be especially suscep-
lible to adversc cffects of cxcess vitamin C intake and thercfore
should bc cautious about ingesting more vitamin C than the
Recommended Dictlary Allowance (RDA). Vitamin C intakes of 250
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mg/day or higher have been associated with false-ncgative results
for dciccting stool and gastric occult blood (Gogel ct al., 1989; Jaffc
ct al., 1975). Thercfore, high-dosc vitamin C supplements should
be discontinued at lcast 2 weeks hefore physical exams because they
may interfere with blood and urine Lests.

Intake Assessment

Based on data [rom the Third National Health and Nutrition Ex-
amination Survey (NHANES III), the highest mean intake of vita-
min C [rom diet and supplements for any gender and lilestage
group was estimated to be about 200 mg (1,136 pmol) /day (Appen-
dix Table C-2). This was the intake ol males aged 51 through 70
years and [emales aged 51 years and older. The highest reported
intake at the ninety-ninth percentile was greater than 1,200 mg
(6,816 pmol) /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 measurcs include pathways rclated o
collagen and carniline mectabolism, oxidative damage, and oral
hcalth indices; however, rescarch on new funclions of the vitamin is
also nccded. Dcelermination of vitamin C rcquirements based on
antioxidant functions will require development of more rcliable
Lests for in vivo oxidative damage and further understanding of the
intcractions of ascorbatc with other physmloglcal antioxidants. Ad-
dmonally, a practical mcthod for mcaSurmg the vitamin G hody
pool is nceded as a standard of comparison against proposcd func-
tional mcasurcs and mcasurcs of health or discasc endpoints.

* Since the requirecments for children ages 1 through 18 years
arc cxtrapolated from the adult Estimated Average Requirements
(EARs), it is critically important to conduct large-scale studics with
children using stalc-of-the-art biomarkers 10 asscss their vitamin C
rcquircment. _

* Many studics that provided vitamin G supplements o appar-
cnlly healthy well-nourished populations were investigaling phar-
macological (at or above the point where body tlissucs arc satural-
cd) rather than nutritional cffects of the vitamin, This may ohscurc
possible relationships between vitamin G intake and discasc risk in
the range of dictary intakes. Thercfore, population studics on the
rclationship of vitamin C nutriturc and chronic discasc should fo-
cus morc on individuals or populallons who cat few fruits and vege-
tables and arc marginally deficient in vitamin C. Attention also has
to bc given to methods for sorting out the cffects of vitamin G
intake from thosc of other diclary and life-style factors that may also
affcct discasc risk.

®* Whilc the cvidence of adverse cffects duc 1o intakes of vila-
min C supplecments is at this time limited 10 osmolic diarrhca and
gastroiniestinal disturbances which arc sclf-limiting, the frequency
of high intakes of the vitamin in the North American population
warrants further investigation. The well known pro-oxidant cffects
of the¢ iron-ascorbalc couple in vitro suggest that further rescarch
be donc on possible related in vivo rcactions—for example, during
simultancous supplement ingestion, iron overload, and inflamma-
lion or lssuc lrauma wherce non-protcin-bound iron may be re-
leased.

* A small numbcr of isolated reports raise concern that high
vilamin C intakes during pregnancy may exposc the fctus or nco-
natc 1o risks of withdrawal symptoms, hemolysis, or oxidant dam-
agc. Further rescarch is nceded o confirm or refute these con-
cerns,
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Vitamin E

SUMMARY

Vitamin E is thought to functon 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 ol normal blood concentrations. Thus, current
dietary patterns appear to provide sullicient vitamin E to prevent
defliciency symptoms such as peripheral neuropathy. Estimates ol
vitamin E intake arc underrcported, duc in part to undcerreporting
of amounts of dictary fat consumecd and lack of specificity of sources
in the dict. Data on human cxperimental vitamin E deficiencey arc
very limited but provide some guidance as (o 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 (35b pmol)/day of o-tocopherol.
Vitamin E activity of o-tocopherol as delined in this report is
limited to that available [rom the naturally occuring form (RRR-)
and the other three synthetic 2R-stereoisomer (orms (RSR-, RRS,
and RS§) of a-tocophcrol for purposcs of cstablishing the human
requircment for vitamin E. Other naturally occurring forms of
vitamin E (B-, ¥, and &tocophcrols and the tocotricnols) do not
contribute toward meeting the vilamin E requirement because
(although absorbed) they are not converted o o-locopherol by
humans and are recognized poorly by the o-locopherol transter
protein (a-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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[rom most recent recommendations. A large and growing body ol
cxperimental evidence suggests that high intakes of vitamin E may
lower the risk of some chronic discascs, cspecially heart discasc.
Howcever, the limited and discordant clinical trial cvidence avail-
able precludes recommendations at this (ime of higher vitamin E
intakes 1o 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 o-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 a-tocopherol that
occurs naturally in foods, and the 2Rstereoisomeric forms of o-
tocopherol (RRIX-, RSR-, RRS-, and RSS-o-tocopherol) present in syn-
thetic all racemic- (all rac-) o-tocopherol [2,5,7,8-tetramethyl-2R$
(4'RS, 8'RS, 12’ trimethyltridecyl)-6-chromanol (Traber, 1999)
(Figure 6-2). Since the 2Sstereoisomers of o-tocopherol (SRR-, SSR-,
SRS, and SSSo-tocopherol), part of the synthetic all racti-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 2Rstereoisomeric 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 ULSs are at variance
with past definitions and recommendations for vitamin E (NRC,

1989).
Structure

Naturally Occurring Forms

Naturally occurring structures (Figure 6-1) classilied in the past as
having vitamin E antioxidant activity include 4 tocopherols (o-
tocopherol, trimethyl [3 methyl groups on the chromanol ring]; B-
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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 RRRform.
SOURCE: Adapted from Traber (1999).
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2R-5tereocisomers of a-Tocopherol 25-Stereocisomers of a-Tocopherol
Maintained by Humans Not Maintained by Humans

Hy
2R H ﬂ}—/f\cm

~ RRA
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FIGURE 6-2 all rac-o-Tocopherol structures. Shown are the eight different stereo-
isomers in synthctic vitamin F (all rac-O-tocophcerol): RRR-, RSR-, RRS, RSS, SRR-,
SSR-, SRS, and S55 All cight stercoisomers arc formed in cqual amounts, Onc
stereoisomer, RRR-0-tocophcrol, is also naturally present in food, The structurce
ditferences occur in the side chain and most importantly at the ring/tail junction.

or Y-locophcrols, dimethyl [2 mcthyl groups on the chromanol ring
at different positions]; and 6-tocopherol, monomethyl [1 mcthyl
group on the chromanol ring]) and 4 tocotricnols (Q-locotricnol,
trimcthyl; B- or ytocotricnols, dimethyl; and &-locotricnol,
monomcthyl) (TUPACIUB Joint Commission on Biochemical Nomen-
clature, 1974). The tocopherols are charactlerized by a substituted,
hydroxylated ring system (chromanol ring) with a long, saturated
(phytyl) sidc chain (Figurc 6-1). Tocotricnols differ from tocopherols
only in that they have an unsaturated side chain. All tocophcrols
that occur naturally in foods have the RRR sicrcochemistry in the
side chain, However, the various forms of vitamin E arc not inter-
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convertible in the human and thus do not behave the same meta-
bolically.

Synthetic Vitamin I

Synthctic forms of a-locopherol arc present in fortificd foods and
in vitamin supplements. Vitamin E supplements arc sold as csiers of
cither the natural RRR- or the synthclic mixture (all rac) forms of
o-locophcrol. Because o-locopherol has three asymmetric carbon
aloms, il has cight possible sicrcoisomers, scven of which arc only
found in synthctlic preparations. Synthctic vitamin E, all raco-
tocopherol (historically and incorrectly labeled dio-tocophcerol)
(Horwitt, 1976),! is produced by coupling trimcthylhydroquinonc
with isophytol; it contains all cight sicrcoisomers in cqual amounts
(Figurc 6-2). Four of the siercoisomers arc in the 2R-sicrcoisomeric
form (RRR-, RSR-, RRS-, and RSS0-locopherol) and four arc in the
28stercoisomeric form (SRR- SSR-, SRS, and S$SSo-tocophcerol).
Although RRR-0-locophcrol is the most biologically active of the
cight slercoisomers in rats, the other 2R-sicrcoisomers gencrally
have a higher acltivity than the 28 siercoisomers (Weiser and Vecchi,
1982; Wciscr ct al,, 1986),

The naturally occurring siercoisomer is RRR-0-locopherol (his-
torically and incorrcctly labeled d-e-tocopherol) (Horwitt, 1976).
RRR-o-Tocophcrol can be derived by mcthylating y-locophcerol iso-
lated from vegetable oil. This is labcled “natural source” vitamin E
when marketed.

Estcerification of the labile hydroxyl (OH) group on the chro-
manol ring of vilamin E prevents its oxidation and extends its shelf
lifc. This is why cslers of a-locopherol arc ofien used in vitamin E
supplements and in fortificd foods. In apparently healthy humans,

1The original international standard for vitamin E, dlo-locopheryl acetate (one
asymmetric carbon atom in the 2 posilion on the chromal ring, ambo-0-locopheryl
acctate) is no longer commercially available. Tt was synthesized [rom natural phytol
and was a mixture of two stereoisomers of o-tocopherols, RRR0-tocopheryl acetate
and SRR-ortocopheryl acetate (Horwitt, 1976). For practical purposes at the time,
the activity of 1 mg of dio-tocopheryl acetate was defined as equivalent to one IU
of vitamin E. The dlo-locopheryl acelate of commerce currently available is synthe-
sized from synthelic isophylol, has eight stereoisomers, and is labeled as di-o-
tocopheryl acctate. ITowever, it is more accurately called all rac-t-tocopheryl acctate
(AIN, 1990; IUPAC, 1974) because it contains three asymmetric carbon atoms in
the 2, 4', and 8' positions (2RS, 4'RS, 8'RSo-tocopherol). The all rac and ambo-o-
tocopheryl acetates were shown to have the same biological activity in rats (Weiser

et al,, 1986).
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the csters (c.g., o-locopheryl acclale or t-locopheryl succinaie) arc
hydrolyzcd and absorbed as cfficiently as a-locophcerol (Cheeseman
ctal,, 1995).

Interconversion of Vitamin I Units

Before 1980, for pharmacological uscs, onc intcrnational unit
(TU) of vitamin E activity was defincd as 1 mg of all ract-locopheryl
acclatc by the United States Pharmacopcia (USP) (USP, 1979).
Using the rat fetal resorption assay, 1 mg of RRR-0-locophcrol was
calculated 10 be cquivalent to 1,49 TU of vitamin E (Weiser and
Veechi, 1981).

After 1980, the TU 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--tocopheryl acctate, 0.67 mg RRR-0-tocophcrol, or 0.74 mg
RRR-t-locopheryl acclate (USP, 1980). Although TUs arc no longer
rccognized, many fortificd foods and supplements still retain this
terminology while USP units arc now generally used by the pharma-
cculical industry in labcling vitamin E supplements, Both systems
arc bascd on the same cquivalency.

Sincc the USP unit was dcefined before studics were published
indicating that the 2$stercoisomers of all rac-t-locophcrol were not
maintaincd in human plasma (Acuff ct al., 1994; Kiyosc ct al., 1997:
Traber, 1999) or in tissucs (Burton ct al., 1998), it is recommended
that the present cquivalency used in the USP sysiem be redefined
bascd on the definition presenied in this report of what contributes
1o the active form of vitamin E in humans, Vitamin E is defined
here as limited to the 2Rsiercoisomeric forms of o-locophcrol
(RRR-, RSR-, RRS, and RSSo-tocophcrol) 1o cstablish recommended
intakes. Bascd on this dcfinition, all ract-locopherol has onc-half
the activity of RRR-a-tocophcerol found in foods or present with the
other 2R sicrcoisomeric forms (RSR-, RRS- and RS$) of o-locophcrol
in fortificd foods and supplements. Thus to achicve the RDA
rccommended in this report of 15 mg/day of a-tocophcrol, a
person can consume 15 mg/day of RRR-0-locophcerol or 15 mg/day
of the 2R-siercoisomeric forms of a-locopherol (c.g., 30 mg/day of
all rac-0-locophcerol) or a combination of the two. The factors nec-
cssary 1o convert RRR-and all rac-o-locophcerol and their csiers based
on this new definition of vitamin E to USP units (IUs) arc shown in
Tablc 6-1.
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TABLE 6-1 Faclors for Convertling International Units of
Vitamin E¢ to «-Tocopherol? (mg) o Mcet Recommended
Intake

Molar o-Tocopherol
USP Conversion Conversion Conversion
Factors® Factors4 Factors®
IU/mg mg/IU pmol/IU mg/TU
Synithetic Vitamin E and Esters
die-Tocopheryl acctate 1.00 1.00 2.12 0.15
dice-Tocopheryl succinate 0.89 1.12 2.12 0.15
dLOt-Tocophcrolf 1.10 0.91 2.12 0.45
Natural Vitamin E and Esters
d-a-Tocopheryl acetate 1.36 0.74 1.56 0.67
d-a-Tocopheryl succinate 1.21 0.83 1.56 0.67
d-a-Tocopherold 1.19 0.67 1.56 0.67

2Vitamin E supplements arc historically and incorrectly labeled d or di¢i-tocopherol.
Vitamin E compounds include the all racemic (all rac)-o-tocopherol (dio-tocopherol
| RRE-, RRS-, RSE:, RSS., S5§, SRS, SSR-, and SRR-| or synthetic) form and its esters and
the RRR-g-ocopherol (d-a-ocopherol or natural) form and its esters, All of these com-
pounds of vitamin E may be present in fortified foods and multivitamins. Not all sterco-
isomers function to mecet vitamin E requirements in humans.

b o-Tocopherol as defined in this report to mect recommended intakes includes RRR-
o-tocopherol (historically and incorrectly labeled d-o-tocopherol) the only form of o~
tocopherol that occurs naturally in foods, and the other 2 R-stereoisomeric forms of o~
tocopherol (RSR-, RRY, and RSSo-locopherol) thal are synthesized chemically and
thus arc [ound in fortificd [oods and supplements (Figure 6-2).

¢ Ollicial United States Pharmacopeia (USP) conversions where one 1U is delined as
1 mg of all rac-c-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-a-ocopheryl acetatle (incorrectly labeled dio-ocopheryl acetlate).

dTo convert mg to pmol divide the mg by the molecular weight ol the vitamin E
compound (atocopheryl acctate = 172; o-tocopheryl suceinate = 530; a-tocopherol =
430) and multiply by 1,000. Becausc the amount of [rce and succinate compounds arc
adjusted for their different molecular weights relative to o-tocopheryl acetate, these
forms have the same conversion factors as the corresponding tocopherol compounds.

¢ To converl the pmol of the vitamin E compound o mg of g-ocopherol, multiply
the pmol by the molecular weight of a-tocopherol (430) and divide by 1,000, The
activitics of the three synthetic a-tocopherol compounds have been divided by 2 be-
causc the 2$stercoisomers contained in synthetic-o-tocophcrol arc not maintained in
the blood.

S dto-Tocopherol = all rac(racemic) o-tocopherol = synthetic vitamin E; all raco-
locopherol = RRR, RRS, RSR-, RSS, SS85, SRS, SSR, and SRR-o-locopherol isomers,

£ d-o-Tocopherol = RREo-tocopherol = natural vitamin E.
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Unats of Vitamin E Actuity

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 (a-TTP) for
them (see section on “Hepatic a-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
et al., 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.

CGurrent 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 2Sstereoisomers (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 a-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). o-TEs were defined as o-tocopherol, mg x 1.0; B-
tocopherol, mg X 0.5; y-tocopherol, mg X 0.1; é-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 6-tocotrienol were below
detection.

Based on a review of the data, the 2Rstereoisomeric 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 -tocopherol)
and the tocotrienols are not used to estimate the vitamin E require-
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FIGURE 6-3 Plasma labeled (d; and dg) o-tocopherols (means + standard error, »
= 6) following administration of a single dose containing 150 mg each dyRRRo-
and dgall raco-tocopherol acetates.

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

ment because of their failure 1o bind with the o-TTP, Thus, the
Estimatcd Avcrage Requirements (EARs), Rccommended Diclary
Allowances (RDAs), and Adcquatc Intakes (Als) that follow apply
only to intake of the 2R-sicrcoisomeric forms of a-locophcrol from
food, fortificd food, and multivitamins. The ULs apply 1o any forms
of supplemental o-ltocopherol.

Currently, most nutricnt databascs, as well as nutrition labels, do
not distinguish bctween the different tocopherols in food. They
ofien present the data as o-locophcerol cquivalents and include the
contribution of all cight naturally occurring forms of vitamin E (Fig-
urc 6-1), afier adjusiment for bioavailability of the various forms
(scc above). Because these other forms of vitamin E occur naturally
in foods (c.g., Y-locophcrol is present in widely consumed oils such
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as soybcan and corn oils), the intake of o-locophcrol cquivalents is
grcaler than the intake of a-locopherol (2R-sicrcoisomceric forms)
alone (scc later scction “Intake of Vitamin E” for suggesied conver-
sion factlor).

TFunction

Unlike most nutrients, a specific role for vitamin E in a required
mctabolic function has not been found. Vitamin E’s major function
appcars 10 be as a non-spccific chain-breaking antioxidant.

Antioxidant Activity

Vitamin E is a chain-brcaking antioxidant that prevents the prop-
agation of frce-radical reactions (Burton and Ingold, 1986; Burton
ct al., 1983; Ingold ct al.,, 1987; Kamal-Eldin and Appclqvist, 1996;
Packcr 1994; Tappcl, 1962) The vitamin is a pcroxyl radical
scavenger and cspecially protects polyunsaturated fatly acids
(PUFAs) within membrance phospholipids and in plasma lipopro-
tcins (Burton ct al., 1983). Pcroxyl radicals (abbreviated ROO?)
rcact with vitamin E (abbreviated Vit EFOH) 1,000 times more
rapidly than they do with PUFA (abbreviated RH) (Packer, 1994),
The phenolic hydroxyl group of tocophcrol rcacts with an organic
peroxyl radical o form the corresponding organic hydropcroxide
and the tocophceroxyl radical (Vit E-O®) (Burton ct 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 tocophcroxyl radical can then undergo scveral possible faics.
It can (1) be reduccd by other antioxidants o tocopherol (scc
scction on “Antioxidant Intcractions™, (2) rcact with another
tocophcroxyl radical Lo form non-rcactive products such as tocophcerol
dimers, (3) undcrgo further oxidation o tocopheryl quinone (sce
scclion on “Mclabolism™), and (4) act as a prooxidant and oxidizc
other lipids (sce scction on “Antioxidant Interactions”).

Biochemical and Molecular Biologic Activities

In addition to its direct antioxidant function, &-tocopherol re-
portedly has specific molecular functions. o-Tocopherol inhibits
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protcin kinasc G activily, which is involved in ccll proliferation and
diffcrentiation, in smooth muscle cclls (Boscoboinik ct al., 1991,
Chatclain ct al., 1993; Clement ct al., 1997; Stauble ct al., 1994;
Tasinato ct al., 1995), human platclets (Freedman ct al., 1996), and
monocyles (Cachia ct al., 1998; Devaraj ct al., 1996). Protcin kinasc
C inhibition by a-tocophcrol is in part attributable to its attcnuating
cffcet on the genceration of membranc-derived diacylglycerol, a lipid
that facilitates protcin kinase C translocation, thus incrcasing its
activity (Kunisaki ct al., 1994; Tran ct al., 1994).

Vitamin E cnrichment of endothcelial cclls downregulates the
expression of intercellular cell adhesion molecule (ICAM-1) and
vascular ccll adhesion molecule-1 (VCAM-1), thereby decrcasing the
adhcsion of blood ccll components 1o the endothelium (Cominacini
ctal., 1997). Vitamin E also uprcgulatcs the expression of cytosolic
phospholipasc A, (Chan ct al., 1998a; Tran ct al., 1996) and
cyclooxygenasc-1 (Chan ct al., 1998b). The enhanced cxpression of
these two rate-limiting enzymes in the arachidonic acid cascade ex-
plains the obscrvation that vitamin E, in a dosc-dependent fashion,
cnhanced the release of prostacyclin, a potent vasodilator and in-
hibitor of platclet aggregation in humans (Szczcklik ct al., 1985;
Tran and Chan, 1990).

Physiology of Absorption, Metabolism, and Excretion

Absorption and Transport

Inlestinal Absorplion. While the elliciency ol 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 [ecal radioactivity [ollowing 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 [ractional ab-
sorption in the lymphatics to be only 21 and 29 percent of label
[rom meals containing o-tocopherol and o-tocopheryl acetate, re-
spectively.

Vitamin E absorption [rom the intestinal lumen is dependent
upon biliary and pancreatic secretions, micelle formation, uptake
into enterocytes, and chylomicron secretion. Delects 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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sccretion is required for vitamin E absorption and was suggesied by
Muller ct al. (1974) to be the most important factor for cfficient
vilamin E absorption. All of the various vitamin E forms studicd,
including o- and y-tocophcrols (Mcydani ct al., 1989; Traber and
Kayden, 1989; Traber ct al,, 1992), RRR- and SRR-0-locophcrols
(Kiyosc ct al,, 1997; Traber ct al,, 1990a, 1992), or RRR- and all rac
o-tocophcerols (Traber ct al., 1994a), showed similar apparcnt cf-
ficiencics of intestinal absorption and subscquent sceretion in chy-
lomicrons. During chylomicron catabolism, some viltamin E is
distributed to all of the circulating lipoprotcins (Figurc 6-4).

Preferential Secretion of o-Tocopherol from the Liver. Chylomicron
rcmnants, containing newly absorbed vitamin E, arc taken up by
the liver. Vitamin E is scereted from the liver in very low density
lipoprotcins (VI.DLs), as decmonstrated in rats (Cohn ct al., 1988),
isolated rat hepatocytes (Bjgrnchoce ct al., 1987; Cohn ct al.,
1988), and pcrfuscd monkey livers (Traber ct al., 1990b). Plasma
vitamin E concentrations depend upon the scerction of vitamin E
from the liver, and only onc form of vilamin E, a-locophcrol, is
preferentially rescercted by the liver (Figure 6-5) (Traber, 1999).
Thus, the liver, not the intestine, discriminates between tocophcerols
and is responsible for the preferential plasma enrichment with o-
tocopherol. o-TTP is a likcly candidatc for this discriminatory
function (scc hclow).

Hepatic a-Tocopherol Transfer Protein (a-TTP). o-TTP was first iden-
tificd (Catignani and Bicri, 1977), purificd, and characterized from
rat liver cytosol (Sato ct al., 1991; Yoshida ct al., 1992). It has also
been isolated from human liver cytosol (Kuhlenkamp ct al., 1993),
and thc human complementary decoxyribonucleic acid (cDNA) sc-
quence has been reported (Arita ct al., 1995). The human ¢cDNA
scquence (encoding 238 amino acids) has 94 pereent homology 1o
the rat scquence, and the some similarity 1o scquences for the
rctinaldchyde binding protcin in the rctina and to sccl4, a phos-
pholipid transfer protcin (Arita ct al., 1995).

In vitro, o-TTP transfers a-tocopherol between liposomes and
microsomes (Hosomi ct al,, 1997; Sato ct al.,, 1991), The relative
affinitics of &-TTP toward the various forms of vitamin E (calculated
from the degree of compctition with RRR-0-locophcrol) arc RRR-0-
tocopherol = 100 percent; RRRB-tocopherol = 38 percent; RRRy-
tocopherol = 9 percent; RRR--Locopherol = 2 percent; a-locopheryl
acclalc = 2 pcreent; O-locopheryl quinone = 2 percent; SRR-oi-
tocophcrol = 11 perecent; o-locotricnol = 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 (1losomi et al., 1997). Data on the affinity of o TTP for the
other 2Rstereoisomers (RSR, RRS, and RSS) of a-tocopherol has
not been reported.

Plasma Vitamin E Kinetics. A kinctlic modcl of vitamin E transport
in human plasma has been developed using data from swudics with
dculcrium-labeled stercoisomers of a-locophcerol (RRR and SRR)
(Traber ct al., 1994b). The apparent halflife of RRR-0-locopherol
in normal subjccts was approximalcly 48 hours, consisient with the
“slow” disappcarance of RRR-0-locophcrol from the plasma, where-
as the halflife for SRR-0-locophcrol was approximatcly 13 hours,
The half-lifc of y-locophcrol in normal subjccts has been estimated
to be approximatcly 15 hours (Acuff ct al., 1997).
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FIGURE 6-5 RRR-0-Tocophcerol is prelerentially rescereted by the liver and distrib-
uted to circulating lipoprotcins. NOTE: TIDI. = high-density lipoprotein; LDIL. =
low-density lipoprotein; VLDL = very low-density lipoprotein.

SOURCE: Adapted from Traber (1999).

In three people with ataxia and vitamin E deliciency (AVED) sec-
ondary to a delect 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 hall-life of RRR-0-tocopherol in the control subjects.
It was estimated that resecretion ol RRR-o-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-a- and
y-tocopherols) are not resecreted into the plasma.

Metabolism

Oxidation Products. o-Tocophcrol can be oxidized to the
tocophcroxyl radical—onc-clectron oxidation product—which can
be reduced back to the unoxidized form by reducing agents such as
vilamin C. Further oxidation of the tocophceroxyl radical forms
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tocophcryl quinone, the two-clection oxidation product. The
locopheryl quinonc is not converted in any physiologically signifi-
cant amounts back to tocopherol (Moorc and Ingold, 1997). Other
oxidation products, including dimers and trimers as well as adducts
(Kamal-Eldin and Appclqvist, 1996), arc formed during in vitro
oxidalion; 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 [rom y-tocopherol (Murray et al.,, 1997; Wechter et al,,
1996). These metabolites result [rom 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 Excrelion. Increasing doses ol supplemental vitamin E in
humans result in increasing urinary excretion ol the o-CEHC
metabolite (Schultz et al., 1995). Interestingly, three times as much
all rac-o-tocopherol as compared with RRR-o-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 ol nonprelerentially utilized vitamin E [orms.
Indeed, Swanson et al. (1998, 1999) showed that about hall of the
ingested y-tocopherol is metabolized and excreted as v-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
delinitively demonstrated, and no physiological role [or the in vivo
ellects 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 a-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) pmol/L (361 + 38.7 pg/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+RRR-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 ymol) d all raco-
tocopheryl acetate for 361 days, while the other took 150 mg (320
pmol) dyRRR- plus 150 mg (320 pmol) d-all raco-tocopheryl ace-
tates for 615 days. Tissue unlabeled a-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 pmol) 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 o-tocopherol and that larger doses increase tissue
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o-locophcerol concentrations, including thosc in the nervous tissucs
(Burton ct al., 1998). Importantly, the lower dosc, cven though
given for morc than a ycar and a half, did not incrcasc tissuc -
tocophcrol concentrations.

Clinical Lffects of Inadequate Intake

Prevalence of Vitamin I Deficiency

Vitamin E dcficicncy occurs only rarcly in humans, and overt defi-
cicney symptloms in normal individuals consuming dicts low in vila-
min E have never been desceribed. Vitamin E deficiencey occurs only
as a rcsull of genctic abnormalitics in o-TTP, as a result of various
fal malabsorption syndromes (Rader and Brewer, 1993; Sokol,
1993), or as a rcsull of proilcin-cnergy malnutrition (Kalra ct al.,
1998; Laditan and Etc, 1982).

Only a handful of familics with clinically cvident vitamin E defi-
cicney duc o a multation of the o-TTP have been described (Cava-
licr ¢t al., 1998). The prevalence of less drastic abnormalitics in -
TTP, or the occurrence of heterozygotes for o-TTP gene defects, is
not known. It is important 1o notc that symptoms associated with o-
TTP dcfects and malabsorption syndromes can be reversed by vita-
min E supplementation if it is provided before irreversible ncuro-
logical injury occurs (Kohlschiltter ct al,, 1988; Muller ct al., 1985;
Schuclke ct al,, 1999; Sokol ¢t al,, 1985, 1988).

Clinacal 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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obscrvations suggcest that in paticnts with cholestatic liver discasc,
there is incrcased oxidative stress, perhaps as a result of copper
accumulation in the liver (Bayliss ct al,, 1995),

Hemolysis, using hydrogen peroxide or other oxidants added in
vitro, has bcen used as a test for vitamin E adcquacy in subjects
thought to be at risk for vitamin E dcficiency (Boda ct al., 1998;
Farrcll ct al,, 1977). These tests suggest that plasma o-tocophcerol
concentrations of 14 pmol/L (600 pg/dL) arc sufficicnt Lo 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 Fj-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 F,-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 a-tocopherol requirements.
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TABLE 6-2 Vitamin E Dcficicncy Symptloms in Subjccts with
Ataxia with Vitamin E Dcficiency

Genelic .

Relerence Country Subjects Clinical Featurcs in a-TPP
Burck ct al., Germany  n =1 malc; Ataxia 530AG—
1981 aged 12 Sensory neuropathy mutati
Muscle hypertrophy
Laplantc ct al., Canada n =1 malc; Arcllexia Rl34X
1984 aged 10 Gait and limb ataxia
Muscle weakness
Decreased vibration sense
Decreased proprioception
Limb dysmctria
Babinski sign
Harding ct al., United n = 1 [cmalc; Head titubation ND?
1985 Kingdom aged 23 Reduced muscle tone
(aged 13 Ataxia
at onset) Areflexia
Romberg sign
Delective or absent vibration scnsc
Impaired proprioception
Krendel el al,, United n =1 male; Severe dysarthria ND
1987 States aged 19 Unintelligible specch
Bradykincsia
Abscnt tendon reflexces
Stumpl et al., Italy n =1 [cmalc; Dysarthria ND
1987 aged 30 Dystonic smile
(aged 4 Absent position sensation in leg
at onset) and hands

Abs‘:nl, l,ﬂ'nd(_)l’\ Tﬂflﬂxﬂﬁ

Mildly dysmetric

Extensor plantar responscs

Modecrately ataxic heel to shin
movements

Romberg sign
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Genelic Abnormalities
in o-TPP% Gene

Histological/Biochemical Features

0N $CNSC

in leg

shin

530AG—6/530AG—6
mutation

R134X mutation

NDb

ND

ND

Low scrum vitamin E concentration:
<2.3 pmol/L (1.0 pg/mL)
(normal: 20.2 ymol/L |8.7 pg/mL])

Low blood vitamin E concentration:
<2.3 pmol/L (1.0 pg/mL)
(normal; 12-28 pmol/T. [5-12 pg/ml])

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

All other histologic and biochemical measurements
were normal

Low serum vilamin E ¢concentration:
1.6 pmol/L (0.7 pg/mL)
(normal: >12 pmol/L [5 pg/mL])

Reduced sensory nerve amplitudes

Low scrum vitamin E concentration:
<2.3 pmol/L (1.0 pg/mL)
(normal: 12-46 ymol/L |5-20 pg/mL])

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

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

Normal [at excretion, mitochondria [unction,
cytochrome c oxidasc activity, and ADP%0% ratios

continued
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TABLE 6-2 Continucd

Relerence Country Subjects

Clinical Featurcs

Genelic .
in a-TPP

Gotoda et al., Japan n =1 malc;
1995 aged 62
(aged 52

al onseL)

Kohlschiitter sermany  n =1 male;
ct al., 1988 aged 19

Sokol ¢t al., United 7 = 1 malc
1988 Statcs and 3
females;
aged 21-30

Trabert el al., sermany  n =1 male;
1989 aged 26

Ben Ilamida Tunisia n="17
ct al., 1993 Fricdreich’s
ataxia
patients;
aged 21-34

Unstcadiness in the dark
Slurred and scanning speech
Moderale alaxia in all exiremilies
Flexor plantar responses
Reduced reaction to touch and
pinprick
No joint position scnsc in tocs
Broad-based and ataxic gait
Romberg sign
No knee or ankle reflexes
Numbness in fingers and tocs

Alaxia
Scnsory ncuropathy
Lipopigment deposition

Head titubation
Intention tremor in hand
Dilficulty walking
Progressive ataxia
Dysarthria

Vibratory and sensory loss
Incontinence

Pes cavus

TPosition scnsc loss

Cerebellar alaxia

No tendon reflexes in lower limbs
Vibration scnsc disturbanccs
Babinsky sign

Head titubation

Scvere cerchellar ataxia
Scvere dysarthria
Slight deep sensory loss
Slight Babinski signs
Slight Pes cavus
Slight kyphoscoliosis
Abscnt to modcrate
cardiomyopathyf

[Tomozy;
His101
mulati

B0AG—
mutati

RI192H /!
mutati

744delA

744dclA
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Genelic Abnormalities
in o-TPP% Gene

Histological/Biochemical Features

I[Tomozygous for

=ch His101GIn point
remilies mulalion
h and
tocs
it
LOCS

530AC—6/530AC—6
multation

R192H/513ins 1T
mutation

744delA mulation
cr limbs
1]

744dclA mutation

Low scrum vitamin E concentration:
2.6 ymol/L (1.1 pg/mL)
(normal; 12-46 pmol/T. [5-20 pg/ml])
Low muscle vitamin E: 1.6 pg/g
(normal: 10.5-25.7 png/g)
Low scrum vitamin E to total lipid ratio: 0.19 mg/g
(normal: >0.80 mg/g)
Low vitamin E in erythrocytes:
0.5 pmol/T. (0.2 pg/ml)
(normal: $.9-12.5 pmol/1. [1.7-5.4 pg/ml.])
Normal scrum cholesterol and serum triglycerides

Subn()nnal S€rum Vil,i‘lTn"IT\ E ('.(_)'l'l(.'.ﬂ'l"ll.Ti'll.i()T\Z
<2.3 pmol/L (1.0 pg/mL)
(normal: 7-32 pmol/L [3-14 pg/mL])
Elcvated TBARS?

Low scrum vitamin E:
2.3-4.2 ymol/L (1.0-1.8 pg/mlL)
(normal: 10.9-47.1 pmol/L [4.7-20.3 pg/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 adiposc tissuc vitamin E content:
28-143 ng/mg
(normal; 150-400 ng/mg)
Low sural nerve vilamin E content: 0.8-2.9 ng/pg
(normal: 2.1-62.5 ng/pg)
Low vilamin E concentralion;
<2.3 pmol/L (1.0 pg/mL)
(normal: 20.2 pmol/L [8.7 pg/mL])

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

continued
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TABLE 6-2 Continucd

Genelic .
Relerence Country Subjects Clinical Featurcs in a-TPP
Shorer et al., Israel n = 4 females Dysarthria Found n
1996 (sisters); Absent tendon reflexes or pols
aged 11-24  Inlenlion tremor in the
Gail ataxia
Pes cavus
IIyperlordosis
Retinopathy
ITammans and United n = 1; [emale; Mild thoracic scoliosis Found n
Kennedy, Kingdom aged 16 Head titubation in the
1998 (age 6 Gait and limb ataxia
al onsel) Areflexia
Upgoing plantar responscs
Dysarthria
Martinello Tialy n =1 male; Alaxia Homozy;
ct al., 1998 aged 26 No deep tendon refllexes h13ins
(agec 5 Dcercased muscle strength
at onsct) Diminished trophism

Bilateral Babinski’s sign
Scoliosis

Reduced vibratory sensation
Scvere dysmetria and dysarthria
Bilateral pes cavus
Fasciculations of the tonguc

NOTES: Lipid absorption was normal in all cases. There were no reports of anemia,

lipid peroxidation products, or lipofuscin,

¢ o-T'TP gene = o-tocopherol transler protein gene.

bND = 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 0-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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Genelic Abnormalities
in o-TPP% Gene

Histological/Biochemical Features

$3¢}
rthria

nc

Found no mutations
or polymorphisms
in the o-TTP gene

Found no mutations
in the frataxin gene

Homozygous for
513insT'T mutation

Low serum vitamin E concentration:
0.05-1,18 pmol/T. (0.02-0.51 pg/ml.)
(normal; 12-46 pmol/T. [5-20 pg/ml])

Low scrum vitamin E concentration:
2.8 and 5.3 pmol/L (1.2 and 2.3 pg/mL)
(normal: 12-37 ymol/L |5-16 pg/mL])
Slightly low sensory action polentials

Low serum vilamin E ¢concentration:
<b pmol/L (2 pg/mL)
(normal: 10-42 pmol/L [4-18 pg/mL])

¢ ADP = adenosine diphosphate.

dQ = oxygen,

¢ TBARS = thiobarbituric acid rcactive substances.
fThis was the only report of any cardiomyopathy.

cthyl)-6-hydroxychroman (o-CEHC) were cxcrcted in the urine
when a plasma threshold of 30 pmol/L (1,290 pg/dL) of o-locophcerol
was cxcceded. However, the o-CEHC mctabolite represents only a
small fraction of the o-locophcrol consumed daily, and there are
few data concerning its formation. Thercfore, a-CEHC cxcretion
has not been usced as a basis for asscssing the o-locophcerol require-

mcnt,

Vitamin E Biokinetics

Vitamin E kinetics, metabolism, and pool size determinations in
humans have been limited. Thereflore, insullicient data exist [or
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asscssing human requirements for the amounts nceeded 1o maintain
body pools. Almost no dala cxist on pool sizcs or lissuc concentra-
tions of vitamin E, e¢spccially the various forms of vitamin E. Studics
using isotopc-labeled vitamin E may provide kinctic data that can be
uscd to determine daily o-locopherol 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

Scveral studics have reported the determinants of plasma o-
tocophcrol, as mcasured by high-pcrformance liquid chromatogra-
phy mcthods, and provided mathematical modcls that atlempted o
corrclatc uvsual vilamin E intakes with normal plasma concentra-
tions (Ascherio ct al,, 1992; Gascon-Vila ct al,, 1997; Kardinaal ¢t
al., 1995; Stryker ct al., 1988). Kardinaal ct al. (1995) rceported that
plasma o-locophcrol concentrations were not associated with dictary
intakc, whercas others (Ascherio ct al., 1992; Suryker ct al., 1988)
rcporl that associalions scen were largely duc 1o vitamin E supple-
mentintake. Recently, Ford and Sowcll (1999) reported that plasma
o-locophcrol concentrations in the Third National Health and
Nutrition Examination Survey (NHANES III) did not corrclate with
the 24-hour dictary recall data. In any casc, the corrclation between
intakc and normal vitamin E plasma concentrations (grcater than
16 pmol/L. [688 pg/dL]) is not strong and could not be used as the
basis for cstimating the o-locopherol requirement. Howcever, in
vitamin E-dcpleted subjects a lincar increasc in plasma o-locophcrol
concentration was found with increasing vitamin E intake up to 17
mg (39.5 pmol)/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 a-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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cnzyme supplements arc adminisicred orally. More severe vilamin
E dcficicncy symploms, including ncurologlcal abnormalilics, oc-
Cur if bile sccretion is also impaired in the children (Cynamon ct

, 1988; Elias ct al., 1981; Farrcll ct al., 1977; Sokol ct al., 1989;
Stcad ct al,, 1986; Winklhofcr-Roob cl al., 1996a,b). Brecath clhanc,
a lipid pcroxidation marker, and crythrocyle susceptibility (o in vit-
ro hydrogen peroxide lysis have been inverscely correlated with plas-
ma o-locophcerol concentrations in children and adults with vita-
min E dcficiency as defined by low plasma vitamin E concentrations
(Refat ct al., 1991). Morcover, both the markers (breath cthanc
concentrations and crythrocyte lysis) and the symptoms of ncuro-
logical abnormalily can be corrected with supplemental vitamin E,

Relationship of Vitamin I Intake to Chronic Diseases

Cardiovascular Disease

The hypothesis that oxidized low-density lipoprotcin (oxI.DL) is a
causative agent in the development of cardiovascular discase (Stein-
berg ct al.,, 1989) continucs o dominale experimental prolocols
aimed at undcrstandmg the causc, and potentially the prevention,
of cardiovascular discasc,

Vitamin E docs inhibit DL oxidation whether induced by cclls in
culture (Steinbrecher ct al., 1984) or by copper ion in vitro (Dic-
ber-Rothencder ct al., 19915 Jialal ct al., 1995; Reaven ct al., 1993).
In addition, vitamin E could affcct atherogenesis at a number of
sieps, bascd on the following in vitro obscrvations:

* Vitamin E inhibits smooth muscle ccll prolifcration through
the inhibition of protcin kinasc C (Azzi ct al., 1995; Boscoboinik ct

, 1991; Chaiclain ct al., 1993).

» Vilamin E inhibits plalclct adhcsion, aggrcgalion, and platc-
let relcase reactions (Freedman ct al., 1996; Higashi and Kikuchi,
1974; Tshizuka ¢t al., 1998; Stciner and Anastasi, 1976).

* Vitamin E lnhlbll‘i plasma gencration of thrombin, a potent
cndogenous hormone that binds 1o platclet receplors and induces
aggregation (Rola ct al., 1998).

* Vilamin E dccrcascs monocyle adhesion o the endothclium
by downrcgulating cxpression of adhesion molecules (Devaraj ct

, 1996; Farugqi ct al., 1994; Islam ct al., 1998; Martin ct al., 1997,
Molcnaar ct al,, 1989) and dccrcasing monocyle supcroxldc pro-
duction (Cachia ct al., 1998; Islam ct al., 1998).
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* In human cndothcelial cells, vitamin E potentiates synthesis of
prostacyclin, a potent vasodilator and inhibitor of plaiclet aggrega-
tion (Chan and Lcith, 1981; Szcxzcklik ¢t al,, 1985; Thorin ct al.,
1994; Tran and Chan, 1990).

* Vitamin E mcdiates upregulation of the expression of cytosolic
phospholipasc A, and cyclo-oxygenase (Chan ct al., 1998a,b; Tran
ct al., 1996).

* Vitamin E ¢nrichment of endothelial cells in culture inhibits
the expression of intraccllular cell adhesion molecule (ICAM-1) and
vascular ccll adhesion molccule (VCAM-1) induced by exposure 1o
oxLLDL. (Cominacini ct al., 1997).

Inhibition of Atherogenesis in Animal Models. Studics of antioxidants
and athcrosclerosis have been conducted using LDL receptlor-defi-
cicnt rabbits, cholesierolfed rabbits, cholesterol-fed monkeys, cho-
lesterolfed hamsiers, apoE-deficient mice, and LDL receplor-defi-
cient mice (sce Steinberg, 1997, for list). It can be concluded that
the antioxidant hypothesis of athcrosclcrosis is strongly supported
by a large body of cvidence in animal modcls (Parker ct al., 1995;
Pratico ct al., 1999; Sparrow ct al., 1992).

Observational Epidemiological Studies. As shown in Table 6-3, threc
large prospective cohort studics involving both men and women
found an inversc association belween cstimated dictary intake of
vilamin E and coronary hcart discasc (CHD) risk (Kushi ct al.,
1996; Rimm ct al., 1993; Stampfer ct al,, 1993). Onc study (Rimm ct
al,, 1993) included 39,910 malce hcalth professionals and found a
nonsignificant reduction in CHD risk for both total vitamin E in-
take and intake of vitamin E from supplements. A sccond study
(Stampfer ct 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 carricd out
among 34,486 postmcnopausal women (Kushi ct al., 1996), found
the decreasce in risk only for vitamin E intake from foods (not from
supplements). Few women in the latter study took high doscs of
supplemental vitamin E, which may account for the difference in
findings from thc other two studics. Risk reductions of 30 1o 60
percent were found for the highest, relative 1o the lowest, quintile
of intlake in these studics.

In a smaller cohort study in Finland (2,748 mcn, 2,385 women),
a stalistically significant inverse association beiween diclary intake
of vitamin E and coronary mortality was found in both scxcs
(Knckt ct al., 1994). Although the usc of vitamin supplements was
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very low in this population, there was a suggesied inverse associa-
tion with supplemental vitamin E, as well.

Losonczy ct al. (1996) cxamincd vitamin E and vitamin C sup-
plement usc in 11 ,178 subjccts (aged 67 to 105 years) who partici-
pated in the Fslabllshcd Populations for Epidemiological Swudics
of the Elderly. Vitamin E supplement usc reduced the risk of all-
causc mortality (rclative risk [RR] = 0.66; 95 percent confidence
interval [CI] 0.53 to 0.83) and risk of coronary discasc mortality
(RR = 0.53; 95 pereent CI10.34 10 0.84).

Additional data on the corrclation between vitamin E and ath-
crosclcrosis were reported in the subjects who participated in the
Cholesterol Lowering Athcerosclerosis Study (CLAS), which was a
randomized, placcho-controlled trial in men who had undcergone
coronary bypass surgery (Azen ct al., 1996a,b; Hodis ct al., 1995).
Subjccts were intensively treated with colestipol-niacin and ‘advised
Lo follow a cholesterol-lowering dict, or were given dictary counscl-
ing alonc. Vitamin E intakes, obtained by dictary qucsllonnalrcs
were inverscly corrclated with progression of athcrosclerosis in
coronary and carotid artcrics. All subjccts combined, thosc with
supplementary vitamin E (100 TU/day or morc) demonstrated sig-
nificantly less coronary artery lesion progression than did subjects
with lower vitamin E intakes from supplements (Hodis ct al.,
1995). Within the colestipol-niacin trcated group, there was less
coronary artcry lesion progression among thosc lakmg vitamin E
supplements (100 TU/day or morc), but subjccts in the placcho
group showed no bencfit of supplementary vitamin E (Hodis ct
al,, 1995). A similar analysis was donc on the progression of carot-
id artery athcrosclerosis using ultrasound. Here there was no cf-
fect of vitamin E supplements in the drug-ircated group, but there
was an cffcct in the placeho group (i.c., opposite findings with re-
spect o drug trcatment and vitamin E interactions in the carotid
artery from thosc in the coronary artery; Azen ct al,, 1996b).

Intervention Trials. Four large-scale, double-blind, randomized
intervention trials using vitamin E have been reported. The first,
the Alpha-Tocophcrol Bela-Carotene (ATBC) Cancer Prevention
Study (ATBC Cancer Prevention Study Group, 1994), was de-
signed Lo determine whether a-tocopherol (50 mg/day of all rac-oi-
tocopherol acclate) and B-carotene (20 mg/day), alonc or in com-
bination, would rcduce the incidence of lung cancer in a high-risk
group of malc smokers in Finland. Although vitamin E had no
cffcct on the primary endpoint (lung cancer), the men taking o-
tocophcrol had a lower incidence of prostate cancer (sce later sce-
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TABLE 6-3 Vilamin E Intakc and Risk of Coronary Heart
Discasc in Mcen and Women

Quintile,

Relerence Variable 1
Rimm et al., 1993 Intake from food (IU%/d) 1.6-6.9

Relative risk of CHD? 1.0

95% C1¢ -

Intake [rom supplements (IU/d) 0

Relative risk ol CHD 1.0

95% CI -
Stampfer ct al., 1993 Intake [rom food (1U/d) 0.3-3.1

Relative risk of CIID 1

95% CI -

Intake from food and supplements (IU/d) 1.2-3.5

Relative risk of CHD 1

95% C1 -
EKnekt et al., 1994 Intake from food (mg/d) <5.3

Relative risk of CHD 1

959% CI1 —
Kushi et al., 1996 Intake from food (TU/d) <4.91

Relative risk of CHD 1

959% CI1 —

2TU = international unit.
b CHD = coronary heart disease.

tion “Cancer”). The men who reccived o-locopherol also had 50
percent higher mortality from hemorrhagic stroke (but b percent
lowcr mortality from ischcmic heart discasc and 16 percent lower
mortality from ischemic stroke) than the men who did not reccive
this supplement. In a subscquent analysis of individuals with previ-
ous myocardial infarction, vitamin E supplemcentation appearcd o
dccrcase the risk of nonfatal myocardial infarction by a nonstatisti-
cally significant 38 pcrcent (Rapola ct al., 1997).

In a trial in Great Britain, the Cambridge Heart Antioxidant
Study (CHAOS), paticnts with angiographically proven coronary
artery discasc were randomized Lo reccive cither 400 or 800 inter-
national units (IU) (268 or 567 mg)/day of RRR-0-locopherol or
placcho (Stephens ct al., 1996). The study was (erminated carly
because there were statistically significant decrcases in the occur-
rcnee of nonfatal myocardial infarctions (77 percent) and in total
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L
Quintile /Terlile
1 2 3 41 5] p Valuc 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 0.69-1.87 0.54-1.15 Ns¢
0 <5 25-99 100-219 2250
1.0 0.85 0.78 0.54 0.70
- 0.60-1.05 0.59-1.08 0.33-0.88 0.55-0.89 NS
0.5-3.1 3.2-3.9 1.0-1.8 1.9-6.2 6.5-100
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§
IU/d) 1.2-8.5 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

- 0.58-1.39  0.14-0.88 <(.01
<4.91 492-6.24  6.25-7.62 7.63-9.63 =9.64

1 0.70 0.76 0.32 0.38

- 0.41-1.18  0.44-1.29  0.17-0.65  0.18-0.80  <0.001

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

(fatal plus nonfatal) myocardial infarctions (47 percent). Howev-
cr, there was a nonslatistically significant incrcasc in fatal myocar-
dial infarctions and no dccrcasc in overall mortality. There were
no diffcrences reported between the two doscs in the cffects
noted.

The third trial (GISSI-Prevenzione Investigators, 1999) was de-
signcd o determine whether 300 mg/day of all racO-locophcrol
and 1 g/day of ®-3 polyunsaturatcd fauy acids (PUFA), alonc or in
combination, would reduce the risk of decath, nonfatal myocardial
infarction, and stroke in Ttalian paticnts surviving a recent myocar-
dial infarction. After 3.5 ycars of supplementation, vitamin E had
no bencfit. Although @-3 PUFA significantly decrcased the rate of
dcath, myocardial infarction, and stroke in these patients, the ben-
cfit was the samce when the -3 PUFA was fed alonc or in combina-
tion with vitamin E,
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A study conducted in 19 countrics, the Heart Outcomes Preven-
tion Evaluation (HOPE) Study, cvaluaicd more than 9,000 paticnts
older than 55 ycars of age with a history of previous ischemic heart
discasc, stroke, or pceripheral artery discase (HOPE Study Investi-
gators, 2000). Similar to the GISSI-Prevenzione Trial, after 4.5
ycars of supplementation with cither 400 TU (268 mg) /day of
RRR-0-locophcrol or a placcbo, vitamin E had a ncutral cffect on
total mortalily, cardiovascular dcath, myocardial infarction, or
strokc. This study is continuing to determine whether any benefit
of vitamin E in preventing cardiovascular discasc outcomes or can-
cer will emerge aficr a longer duration of follow-up.

The discordant results of these four trials may be related to the
diffcrent doscs of vilamin E that were used, as it has been demon-
strated that the cffectivencss of vitamin E in protccling circulatling
LDI. against cx vivo oxidation depends on both dosc and experi-
mcntal design. Some protection has been obscrved at doscs as low
as 2b IU/day (Princen ct al., 1995), but a maximum degree of pro-
lection requires dosages greater than 200 TU/day (Jialal ct al,,
1995). At the ATBC Study dosc of 50 mg/day, there is some protec-
tion, but it is minimal. However, al the GISSI Prevenziong trial dosc
of 300 mg/day and thc HOPE Swudy dosc of 400 TU (268 mg) /day,
prolcction was ncutral, Another possible difference between the
four trials is that the coronary artery lesions in the Finnish smokers,
Italians, and HOPE participants may have becen much further ad-
vanced than thosc in the British population studicd.

A smallcr trial examined the cffceets of all ract-locophcerol supple-
mentation (1,200 TU/day) for 4 months on re-sienosis afier angio-
plasty (DcMaio ct al,, 1992) and found a small nonstatistically
significant reduction in the treated group.

Summary. The hypothesis that reactlive oxygen specics (ROS)
and rcactive nitrogen specics (RNS) play a role in athcrosclerosis
rcsts on a solid basic science foundation and is strongly supported
by studics in animal modcls. At the clinical level, a varicty of corre-
lational studics and studics of biochemical markers arc consistent
with the hypothesis. However, only four published, large-scale, ran-
domizcd, double-blind clinical intervention studics have tested the
ability of vitamin E to prevent myocardial infarction. Onc of these,
a sccondary prevention (rial supplementing with 400 or 800 TU
(268 or 567 mg)/day of RRR-0-locophcrol, was strongly positive
(Stephens ct al,, 1996). The other three, onc carried out in a group
of high-risk cigarctic smokers using 50 mg/day of all rac0-tocopherol
(ATBC Cancer Prevention Study Group, 1994) and wwo carricd out
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in high-risk cardiovascular paticnts supplecmented with 300 mg/day
of all racti-ocophcrol (GISSI-Prevenzionc Investigators, 1999) and
400 TU (268 mg) /day of RRR-0-1ocophcrol (HOPE Study Investiga-
tors, 2000), were ncutral, As of this dale there arce insufficient data
on which to basc a rccommendation of supplemental vitamin E as a
hcart discasc preventative for the genceral population,

Diabetes Mellitus

Since cardiovascular complicalions account for the major causcs
of dcath in diabcles mellitus, it has been suggesied that similar
oxidalive processes associaled with cardiovascular discasc may play
a rolc in this chronic discasc.

Oxidative Stress. Il has bcen proposced that the development of
thc complications of diabcics mellitus may be linked 1o oxidative
stress and therefore might be amenable 1o trecatment with anti-
oxidants (Bayncs, 1991; Mullarkey ct al., 1990; Semcenkovich and
Hcinccke, 1997). Supplementation of cither diabetic or nondiabetic
subjccts with o-locopherol decrcasces the susceptibility of their LDL
Lo ¢x vivo oxidation (Fuller ct al., 1996; Rcaven ct al,, 1995), but
this trcatment docs not change blood glucosc levels. Cericllo ct al.
(1991), using 600 and 1,200 mg/day of a-locophcrol, also obscrved
dccrcascs in labile hemoglobin A1 (HbAT) and plasma glycosylated
protcins. Whilc Jain ct al. (1996a) found a dccrcasc in glycosylated
hemoglobin with o-locopherol supplementation at a rclatively low
dosc (100 TU/day), Reaven ct al, (1995) using a much larger dosc
(1,600 TU/day of o-tocopherol) found no cffects on glycosylated
hcmoglobm or other glycosylaied plasma protcins. Paolisso ct al.
(1993), using 900 mg/day of o-tocophcrol, reporicd minimal, but
slatistically significant, improvements in control of blood glucosc.
The rcason for the above discordance in results is not apparent.

Vitamin E trcatment has been reported o decrcase TBARS reac-
livity in plasma of paticnts with diabctes, but this rcaction is not
highly spccific 1o vitamin E (Jain ct al., 1996b). Davi ct al. (1999)
did a comprchensive study using the urinary cxcrction of Fyiso-
prostancs (8-iso-prostaglandin F,) as an indicatlor of oxidalive
slress. Thcy found a highly significant incrcasc in Fyisoprosianc
excretion in diabetic subjccts, and the level of exerction corrclated
inversely with the degree of control of blood glucose. When the
subjccls were supplemented with o-tocopherol acctate (600 mg/
day for 14 days), thcy reported a statistically significant reduction
(37 pereent) in Fydsoprostance cxcrction and also in the urinary
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cxcrction of 11-dchydrothromboxanc By, the latier being an indica-
lor of platclel activation,

Platelet Hyperactivity. Scveral studics have confirmed an incrcased
tendency for aggregation of platclets from diabetic subjccts, linking
the tendency to increased thromboxance production and showing
that prior trcatment with o-locophcrol can amcliorate the incrcased
tendency for platelet aggregation (Colette ct al., 1988; Gisinger ct
al,, 1988; Jain ct al., 1998; Kunisaki ct al., 1990). Howcver, no clini-
cal intcrvention trials have tested directly whether antioxidants can
dccrcasc the incidence of thrombosis in vivo.

Diabetic Neuropathy. Tutuncu ct al. (1998) studicd 21 subjccts
with typce IT diabeles and ncuropathy, who were randomly as-
signed Lo reccive cither 900 mg/day of o-locophcerol or a placcbo
for 6 months. Although fasting and posiprandial glucosc were un-
changed, nerve conduction velocity in the median motor nerve fi-
bers and tibial motor nerve distal latency improved significantly
with vitamin E trcatment. The authors concluded that further
studics with a larger number of paticnts for longer periods of
time arc nceded.,

Summary. The available data strongly suggest that individuals
with diabctes are subject 1o increcased oxidative stress. However, no
clinical intervention trials have tesied dircctly whether vitamin E
can amclioralc the complications of diabctes mellitus, A gap re-
mains bclween the cffects of vitamin E wreatment on biochemical
markers of oxidative stress, clinical cfficacy, and validation of a rcla-
tionship beiween biomarkers and clinical outcomes. Studics in hu-
mans show that lipid and lipoproicin oxidation procced more rap-
idly in paticnts with diabetes than in nondiabctic pcople and that
trcatment with vitamin E can partially reverse this process (Recaven,
1995; Yoshida ct al., 1997). In thcory then, intervention with vita-
min E therapy to inhibit athcrogencsis might be more cffective in
individual diabctics than in nondiabctics, Howcever, as of this dale
there arce insufficient data on which 1o base a reccommendation of
supplemental vitamin E in diabetics.

Cancer

Cancer is belicved 1o develop as the result of an accumulation of
multations that arc unrcpaircd. DNA is constantly undcrgoing dam-
agc duc 1o interaction with free radicals, and therefore once 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 proposced is an cffeet on the im-
munc systcm. Many compounds, including vitamin E, have been
proposcd as anticarcinogens (Ames ct al., 1995).

Observational Epidemiological Studies. Epidemiological cvidence for
an association bciween vilamin E and cancer risk is limited. An
analysis of vitamin E intakc and lung cancer in the NHANES T Epi-
demiological Follow-up Study (Yong ct al., 1997) showed a signifi-
cant inverse association among current smokers in the lowest tertile
of pack-ycars of smoking. A follow-up prospcctive cohort study
found a wcak inverse association between prediagnostic serum vita-
min E lcvels and the incidence of lung cancer (Comstock ct al.,
1997).

A prospcctive cohort study in the Netherlands found no associa-
tion beiween vitamin E intake and the incidence of breast cancer
(Verhocven ct al,, 1997). Similarly, a rccent analysis from the Breast
Cancer Scrum Bank cohort study found no association of scrum
vitamin E with brcast cancer risk (Dorgan ct al,, 1998). A multi-
centered European casc-control study of postmenopausal breast
cancer found no rclation between subcutancous adiposc tissuc o-
tocophcrol levels and breast cancer risk (van ‘t Veer ct al., 1996).

No association between dictary vitamin E and prostate cancer was
found in a large casc-control study in Sweden (Andcrsson ct al.,
1996). An inverse association between scrum vitamin E levels in
smokers and prostate cancer was found in a prospcctive cohort study
in Switzerland (Eichholzer ct al., 1996); howcver, carlicr cohort
studics rcported no association of vitamin E with this cancer
(Comstock ct al., 1992; Knckt ct al., 1988).

Intervention Trials. In an intcrvention trial in Finland among men
who were heavy smokers, o-locopherol supplements (50 mg/day)
had no cffect on risk for lung cancer, the primary endpoint of the
study. Howcver, a significant 34 pcreent lower incidence of prostate
cancer was scen in the men who reccived this supplement (ATBC
Canccr Prevention Study Group, 1994; Heinonen ct al., 1998). Two
small, short-lcrm intervention trials found no cffect of a-tlocophcerol
supplementation on mammary dysplasia (London ct al.,, 1985) or
benign breast discase (Ernster ct al,, 1985). Scveral trials with vita-
min E to prevent the recurrence of colorectal adenomatous polyps
have been reported, but none found a bencficial effect (Chen ct al.,



220 DIETARY REFERENCE INTAKES

1988; DcCossc ct al,, 1989; Greenberg ct al., 1994; Hofstad ct al,,
1998; McKcown-Eyssen ct al., 1988).

Summary. Ovcrall, the cpidemiological cvidence for an cffect of
vilamin E on cancer risk is weaker than that for vitamin E and car-
diovascular discasc. Obscrvational cpidemiological studics provide
only limited cvidence for a protective association and only for some
cancer siles. At present, the data from intervention trials are most
suggcestive for the ability of vitamin E 1o prevent prostate cancer,
but only a singlc trial has yct been reported, and prostaie cancer
was not the primary endpoint of that study.

Immune Function

It has been established that scveral aspects of immunc function
decline with increasing age (Bendich, 1994). Morcover, supplemen-
tation with vitamin E is ablc to reverse these deficits in some indi-
viduals. Mcydani ct al. (1997) studicd a total of 88 free-living, appar-
cntly healthy subjects at lcast 65 ycars of age, who were randomly
assigned (o a placcho group or (o groups consuming 60, 200, or 800
mg/day of vitamin E for 235 days. Subjccts in the upper tertile of
scrum O-locophcrol concentrations (greater than 48.4 pmol/L [2.08
mg/dL] or approximaicly twicc normal valucs) aficr supplementa-
tion with 200 or 800 mg/day of vitamin E had higher antibody
rcsponscs 10 hepatitis B vaccine and dcelayed-lype hypersensitivity
(DTH) skin responsc. The 200-mg/day group also had a significant
increasc in antibody titer o tetanus vaccine. Recently, Pallast ct al.
(1999) rcported that supplementation with 100 mg/day of vitamin
E for 6 months may improve ccllular immunc function in apparent-
ly healthy clderly, but that the cffect may be more pronounced in
certain subgroups such as thosc who were physically less aclive or
thosc with low bascline DTH rcactivity.

Five subjccts with tropical spruc for 8 1o 10 ycars were found o
have an abnormal dclayed hypersensitivity responsce as well (Gha-
laut ct al., 1995). Morcover, their plasma vitamin E concentrations
were approximately onc-lenth of normal, and the subjects had a
scnsory ncuropathy characteristic of vitamin E deficiency. Parenter-
al vitamin E therapy incrcased scrum vitamin E concentrations 1o
normal and improved ncurological responsces and responsc to the
immunec function skin Lest, suggesting that vitamin E may be impor-
tant in immunc function,

Whether or not increases in vitamin E intake have any cffect on
immunec function in younger populations remains uncertain, How-
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cver, the evidence is strong cnough o warrant continucd 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 (Jacques et al., 1994).

At the epidemiological level, there have been nine studies relat-
ing vitamin E status to risk of at least one type of cataract. Five
reported a protective association (Jacques and Chylack, 1991; Knekt
et al., 1992; Leske et al., 1991; Robertson et al., 1989; Vitale et al.,
1993), while four reported no association (Hankinson et al., 1992;
Mares-Perlman et al, 1994a,b; Mohan et al., 1989).

Only one intervention study has been carried out to test the ef-
fects of a-tocopherol alone on the prevalence of cataracts (Teikari
et al., 1998). A subgroup of men participating in the Finnish ATBC
study were examined at the end of that study for cataracts. There
were no differences in the prevalence of nuclear, cortical, or poste-
rior subcapsular cataracts between control subjects and those tak-
ing 50 mg/day of a-tocopherol.

Central Nervous System Disorders

The most characteristic manifestation of vitamin E deficiency in
humans is neuropathy affecting both the central and the peripheral
nervous systems, particularly sensory axons (Sokol, 1988). The neu-
ropathology associated with frank vitamin E deficiency has been
discussed above. The discussion that follows focuses on neurologi-
cal diseases in which free-radical damage has been proposed to play
arole and in which vitamin E might therefore play a protective role.

Parkinson’s Disease. Parkinson’s disease is characterized by dopa-
minergic cell death in the substantia nigra. Reported local changes
in the substantia nigra compatible with a role for oxidative stress in
Parkinson’s disease include signs of increases in lipid peroxidation,
increases in iron concentration, and decreases in some of the anti-
oxidant defense mechanisms (Muller, 1994). However, a placebo-
controlled, double-blind study of 800 patients given 2,000 IU/day
of all raco-tocopherol failed to show any beneficial effect (Parkin-
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son Study Group, 1993). Follow-up publications rcporicd again that
o-tocophcrol had no benefit (Shoulson, 1998) and had no cffect on
mortality (Parkinson Study Group, 1998). This did not appcar 10 be
a result of poor compliance becausce increascs in vitamin E in cere-
brospinal fluid in rcsponsce to the supplement were reported
(Vatasscry ct al., 1998).

Alzheimer’s Disease and Down’s Syndrome. Alzhcimer’s discasc is a
ncurodegencrative disorder that appcears 1o have an oxidative stress
component; it is not clear if this is a causc or a conscquence of the
discasc. The discasc may be potentiated by an accumulation of re-
dox-active metals (Cornctt ct al,, 1998), especially iron (Smith ct
al., 1997). Additionally, amyloid B-pcptide is a key factor in the
ncuroloxicily of Alzhcimer’s discasc becausc it can initiate protein
oxidation and lipid pcroxidation (Kcller ct al.,, 1997), cventually
lcading to ncuronal ccll death. The free-radical dependence of B-
amyloid-associated toxicity was confirmed by the ability of vitamin E
to prevent the toxice cffects of amyloid B-peptide in vitro (Subrama-
niam ct al., 1998). Thesc dala arc compatible with an ctliology that
includes omdalwc damagc, but other hypothescs arc possible,

In a 2-ycar, double-blind, placcbo-controlled, randomized, multi-
center trial in 341 patients with modcraltely severe impairment from
Alzhcimer’s discasc, trcatment with all rac-0-locophcrol (2,000 TU/
day) significantly slowed the progression of discase (Sano ct al.,
1997).

A casc can be madc for a link between oxidative stress and ncuro-
pathology in Alzhcimer’s discasc and Down’s syndrome (Muller,
1994). In individuals dying from cither discasc, abnormalitics in
brain histology arc remarkably similar. Down’s syndrome is duc to
trisomy of chromosome 21, which carrics the gene for supcroxldc
dismutasc (SOD). Interestingly, overexpression of human SOD in
transgenic mice is associated with incrcased lipid peroxidation in
the brain (Ccballos-Picot ct al., 1991), pcrhaps sccondary 1o SOD-
induccd conversion of the supcroxidc anion 10 hydrogen peroxide
and watcr. Although these results are promising, it is still 100 carly
lo draw any conclusions aboul thc uscfulness of vitamin E in
Alzhcimer’s discasc and Down’s syndromec.

Tardive Dyskinesia (TD). TD is a ncurologic disorder that devel-
ops in about 20 pcreent of patients treated long term with ncuro-
leptic drugs. These drugs incrcasc the turnover of brain catechola-
mincs, particularly the ncurotransmitier dopaming, and these arc
compounds that can give risc to ROS. TD is characierized by a
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varictly of involuntary movements, especially of the face. Tt has been
rcporled that the cercbrospinal fluid of patients with TD contains
highcr-than-normal concentrations of lipid peroxidation products
(Lohr ct al,, 1990), and morc rcecently, plasma also was found 1o
have lipid pcroxidation products (Brown ct al., 1998). However, a
causal rclationship between these indicators of oxidative siress and
the incidence or scverity of tardive dyskinesia has not been cstab-
lished.

Somc have reported short-lerm supplementation of TD patients
with vitamin E (Egan ct al., 1992; Elkashcf ct al., 1990; Lohr ct al.,
1987). The bencficial effects were minor, mostly limited to patients
with rcecent onsct of the discasc, and the number of subjeccts was
very small. Recently, in 40 patients who were supplemented with
1,600 TU/day of o-tocophcrol or placcho for up to 36 wecks, there
was a significant diffcrence in mcan Abnormal Involuntary Move-
mcents Scale scores, in thosc recciving vitamin E after 10 wecks of
trcatment (Adler ct al., 1998).

Summary

A large number of studics have been carried out in the past de-
cadc that dircctly or indircctly concern the relationship between
vilamin E intake and chronic discasc. Among the cffects of vitamin
E intakes from supplements arc inhibition of LDL oxidation both
in vitro and in vivo; inhibition of smooth muscle ccll prolifcration
through inhibition of proicin kinasc C; inhibition of platclet adhe-
sion, aggrcgation, and platclet relecase reactions; and inhibition of
plasma gencration of thrombin. In addition, supplemental intakes
of vitamin E dcercasec monocyic adhesion 1o endothelium, decrcase
monocyle supcroxide production, polentiate the synthesis of pros-
tacyclin, upregulate the expression of phospholipase A, and cyclo-
oxygcenasce, and inhibit the expression of ICAM-1 and VCAM-1 in-
duced by cxposurc to oxLLDL. Many of these cffects have been
shown only in tissuc culturc and have not been studied in vivo., All
of these actions could have an influence on health and the develop-
ment of chronic discasc. Some of these cffects appear 0 be inde-
pendent of the antioxidant propertics of vitamin E. Thus, it must
be recognized that consumplion of large quantitics of vitamin E will
lcad 1o multiple metabolic and ccllular changes in humans, An im-
portant question is whether the net result of these changes will be
beneficial when large amounts of viltamin E arc consumed on a
long-icrm basis,

Clinical trials arc currcnily under way o determine whether high
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intakes of vitamin E will reduce the risk for certain discascs. Still,
cven a positive outcome of these trials may not necessarily Icad to a
changc in rccommendced individual intakes for the whole popula-
tion, These trials gencrally arc targetling groups at high risk for
particular discascs. If the results of these studics arce positive, it is
llkcly that initial reccommendations for higher intakes will be limit-
cd in their application o high-risk populations. Becausc of the myr-
iad of actions of high doscs of vitamin E, rccommendations of hlgh-
cr intakes for the gencral populallon undoubltedly will require
extensive investigation of the long-lerm conscquences of the multi-
ple mciabolic and ccllular modifications,

FACTORS AFFECTING THE VITAMIN E REQUIREMENT

Bioavailability

Most dictary vitamin E is found in food that contains fat. It is clcar
that vitamin E absorption requires micelle formation and chylomi-
cron scerction by the intestine (Muller ¢t al, 1974), although the
optimal amount of fat 1o ecnhance vitamin E absorption has not
been reported. This is probably a more important issuc for vitamin
E supplecment users than for nonsupplement uscrs where all of the
vilamin E is in a dictary fat-rich environment.

Nutrient-Nutrient Interactions

Antioxidant Interactions

When vitamin E intereepts a radical, a tocophcroxyl radical is
formed (Burton and Ingold, 1981). This radical can be reduced by
ascorbic acid or other reducing agents (Doba ct al., 1985; Niki ct
al,, 1982), thereby oxidizing the latter and returning vitamin E to its
rcduced state,

The ability of onc antioxidant to regencrate another oxidized
specics is dependent on the redox potential of the antioxidant
(Buctiner, 1993). Biologically rclevant clectron donors that have
becen shown 1o regencraie o-locophcerol cffectively from the o-
tocophcroxyl radical include vitamin C (McCay, 1985), glutathionc
(Niki, 1987), and ubiquinols (Stoyanovsky ct al., 1995). (For further
information scc “Nutrieni-Nutrient Inlcractions” in Chapter 5.) Ccl-
lular redox cycling is coupled with the cnergy status of the organ-
ism, Thus, it can he expecied that during prolonged cncergy deficit
or inadcqualc production of nicotinamide adenine dinuclcotide
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(NADH), nicotinamid¢ adcnine dinuclcotide phosphate (NADPH)
or glutathione [GSSG] reductase duc 1o diclary deficiencics of nia-
cin (component of NADP or NADPH) or riboflavin (cofactor for
GSSG reductase), the ability of the organism (o produce sufficient
rcducing cquivalents for recycling oxidized products will be com-
promiscd. Converscly, intakes of plant phenolic compounds and
flavonoids may add 1o the total antioxidant pool (dc¢ Vrics ct al,,
1998; Manach ct al., 1998). The exient, involvement, and contribu—
tion of these newer compounds which may be acling as antioxi-
dants to the redox cycling reactions in vitro and in vivo remain o
be determined.

The regencration of o-locophcrol from the o-locophceroxyl radi-
cal may bhc faster than the further oxidation of the a—tocophcroxyl
radical. The extent o which vitamin E is rceycled in humans and
which antioxidant specics arc preferentially used for recycling are
not known. In human platclet homogenaitces, distinct chemical and
cnzymalic pathways for the regencration of oxidized tocopherol,
affordced by vitamin C and glulathionc have been identified (Chan
ctal.,, 1991). A mctabolic study in humans designed to demonstrate
the occurrence of vitamin E recycling by vilamin C had limitations
sincc the body pools of vilamin G and E cannot be totally depleted
(Jacob ct al,, 1996). Although Lhc data were inconclusive, the au-
thors did comment that there is “a trend towards sparing of Lissuc
tocophcrol by vitamin C” and that morc study was warrantcd. This
is an important arca of investigation because the tocopheroxyl radi-
cal has bcen shown in vitro 1o incrcasc lipid peroxidation in the
abscnce of walcr-soluble antioxidants, and it has bcen proposced
that this mechanism may be an important faclor in potentialing in
vivo athcrogencsis (Stocker, 1999; Upston ct al., 1999). However,
there are still no dala o determine whether this mcchamsm is oper-
atlive in vivo.

Dietary Polyunsaturated Fat

Vitamin E requirements have been reported o increase when in-
takes of polyunsaturated falty acids (PUFAs) arc incrcased (Dam,
1962; Horwitl, 1962). Bascd on these data it was suggested that a
ratio of at lcast 0.4 mg (1 pmol) o-locophcrol per gram of PUFA
should be consumcd by adults (Bicri and Evarts, 1973; Horwit,
1974; Witting and Lce, 1975). However, the method of determining
the vitamin E requircment generated by PUFA intakes is not univer-
sally acceptled because the amount of vitamin E required o stabilize
PUFAs in tissucs is influcnced to a greater extent by their degree of
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unsaturation than by their mass (Draper, 1993). Morcover, PUFAs
arc not deposited in the tissucs in the same proportions that they
occur in the dict. Finally, dictary PUFAs arc modificd by clongation
and dcsaturation and arc catabolized to various degrees depending
on cnergy status (Jones and Kubow, 1999),

There arc also dala to suggcest that low-density lipoprotcin (I.DL)
oxidation susccplibility in vitro is dependent upon its PUFA con-
tent. A 10 percent PUFA dict with 34 percent of calorics from fat
incrcased LDL. oxidation susceptibility compared o a 19 percent
monosaturated fauy acid (MUFA) dict with 40 percent of the calo-
rics from fat, without changing thc o-locophcrol content of the
LDIL. (Schwab ct al., 1998a). In a doublc-blind crossover trial in 48
postmcnopausal women, supplementation with fish oil incrcased
LDI. oxidation susccptibility, while supplementation with both fish
oil and o-tocopheryl acctlate significantly decrcased it (Wander ct
al., 1996).

The cffect of the fally acid composition of reduccd-fat dicts on
the in vitro oxidation of LDL was also ¢xaminced in 14 modcraicly
hypercholesicrolemic (LDL greater than 3.36 mmol/L) female and
malc subjects (aged 44 1o 78 years). Each subject consumed cach of
five reduced-fat dicts (30 percent of energy from total fat, 17 per-
cent from protein, and 53 percent from carbohydrate) which in-
cluded 20 percent of energy from becef tallow, canola oil, corn oil,
olive oil, or ricc bran oil for a pcriod of 32 days. When the data
from all dictary phascs were pooled, LDL a-tocophcerol levels and
plasma 18:1/18:2 ratios were positively related 1o LDL oxidation
resistance (Schwab ct al., 1998b).

Although it is clcar lhat the relationship hetween dictary PUFA
and vitamin E nceds is not simple, high PUFA intakes should cer-
tainly be accompanicd by increased vitamin E intakes.

FINDINGS BY LIFE STAGE AND GENDER GROUP
Infants Ages O through 12 Months
Method Used to Set the Adequate Iniake

No funcuonal criteria of vitamin E status have been demonstrated
which reflect response 1o dictary intake in infants. Thus reccom-
mcendced intakes of vitamin E arc based on an Adcqualte Intake (AT)
that reflects a calculated mean vitamin E intake of infants fed prin-
cipally with human milk.
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Human Milk. Human milk is rccognized as the optimal milk
sourcc for infants throughout at least the first year of lifc and is
rccommended as the sole nutritional milk source for infants during
the first 4 1o 6 months of lifc (IOM, 1991). Thercfore, determina-
tion of the AT for vitamin E for infants is bascd on data from infants
fed human milk as the principal fluid during the periods 0 through
6 and 7 through 12 months of age. The Al is sct for ages 0 through
6 months at the mcan valuc calculated from studics in which the
intakc of human milk was mcasurcd by test weighing volume, and
the average concentration of the nutrient in human milk was deter-
mincd using average valucs from scveral reported studics.

In general, the total vitamin E content of colostrum is high (aver-
agc content ranges from 6.8-23 mg/1.) (Ali ctal., 1986; Bocrsma ct
al.,, 1991; Chappcll ct al., 1985; Jansson ct al., 1981; Kobayashi ct al.,
1975; Thomas ct al., 1981); th¢ concentration decrcascs in (ransi-
tional milk, sampled at 6-10 days, and further decrcascs in mature
milk, as shown in Tablc 6-4. The range of vitamin E concentrations
in maturc human milk aftcr approximaicly 30 days of lactation var-
ics from 1.8 mg/L. (Kobayashi ct al., 1975) (o approximaitcly 9 mg/
L. (Thomas ct al., 1981).

Vitamin E concentrations are most accuratcly analyzed by high-
performance liquid chromatography (HPLC). Thercfore, reports
of vilamin E concentrations in human milk utilizing non-HPLC
mcthods (Ali ct al., 1986; Kobayashi ct al., 1975; and Thomas ct al.,
1981) arc not uscd in this asscssment, HPLC mcasurements of the
average O-tocophcerol content of mature human milk have yiclded
valucs of 2.3 (Lammi-Kecefe ct al., 1990), 3.5 (Chappell ct al., 1985),
3.7+ 0.6 (SD) (Lammi-Keefe ct al,, 1985), 7.2 + 3.9 (SD) (Jansson
ct al,, 1981), and 8 + 5 mg/L. (SD) (Bocrsma ct al.,, 1991), The
latter authors reporied that the o-ltocopherol amounts in human
milk were nearly identical 1o the t-locophcerol cquivalent amounts.

Data suggest that there is no difference in milk vitamin E content
bciween mothers with preterm and term births (Lammi-Keefe ct
al., 1985; Thomas ct al., 1981). In addition, there is no significant
diurnal variation in the vitamin E content of human milk (Chappcll
ct al,, 1985),

Ages 0 through 6 Months. This rccommendation is bascd on the
mcan volumc of human milk intake of 0.78 I./day (Allen ct al,,
1991; Buuc ct al.,, 1984; Hcinig ct al.,, 1993), consumed by infants
ages () through 6 momhs Thc average concentration of oc-tocophcrol
in human milk is approximatcly 4.9 mg/L. as asscsscd by HPLC in
the five studics cited above. If this amount is multiplicd by the aver-
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TABLE 6-4 Vitamin E Content in Human Milk

Vitamin E Content in Malernal
Relerence Milk (mg/L + S8D%) Stage ol Lactation E Intake
Kobayashi 7.8 (1olal Locopherol) Days 2-7 Nol repa
ct al., 1975 2.0 (lotal tocopherol) Days 10-15
1.8 (total tocophcrol) Days 30-39
Jansson ct al,, 23.0 £ 12.6 (a-locophcrol) Day 1 Not repo
1981 10.4 + 4.2 (a-tocopherol) Days 6-10
7.2 £ 3.9 (a-tocopherol) Day 12-5th mo
Thomas et al., 204179 Day 3 17.5
1981°¢ 154 +£39 Day 9
10.2+ 34 Day 15 19.2
8.8+ 29 Day 21
9.5+ 3.6 Day 27
85136 Day 33 16.7
Chappell et al., 15 Days 1-6 15
1985¢ 7 Day 7
5 2 wk
3.5 4 wk
3 5 wk
Lammi-Keele 6.7 £ 0.5 (a-tocophcrol) 2 wk Not repo
ct al., 1985 4.0 + 0.6 (o-tocopherol) 6 wk
3.7 £ 0.5 (o-tocopherol) 12 wk
3.7 £ 0.6 (o-locopherol) 16 wk
Ali et al., 1986 6.8 Day 1 Not repo
6.5 Day 12
1.0-5.8 Days 1-12
Lammi-Keccle 2.3 (e-tocopherol) 8 wk Nol repa
ct al., 1990 0.85 (y-tocophcrol)
Bocrsma ct al., 22 + 14 («-TE%) Colostrum (0-4 d) Not repo

1991

14 £ 8 (-TE)
8+ 5 (o-TE)

Transitional (5-9 d)
Malture (10 and 30 d)

2 8§D = standard deviation.

bIIPLC = high-performance liquid chromatography.
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Maternal Vilamin

on E Intake (mg/d) Mecthods
Nol reported n = 18 samples
Dillerent individuals were sampled at cach stage of lactation
Thin-layer chromatography mcthods
Not reported n = 34 donors
Dillerent individuals were sampled at cach stage of lactation
Milk was collected and stored at donor’s home
HPLCY methods
17.5 n = 10 mothers with term births

Same individuals were sampled al each stage of lactation
19.2 Non-HPLC mcthods

Uscd dict records

Found no difference in milk vitamin E content between
16.7 mothers with preterm and term births

Found that supplement use had no effect on milk content
15 n =12 women with term births

Same individuals were sampled al each stage of laclation

HPLC mcthods

Valucs arc approximated [rom graph

Not rcported No description of the study population
Samc individuals were sampled at cach stage of lactation
HPLC methods

Not reported n = 1,034 Malaysian women

Non-HPLC methods

Found that the ratio of milk vitamin E to total lipids
dropped steadily over the 12-d period

Not reported HPLC mcthods

n = 6 breast-fceding mothers

5 samples from each woman were taken in a single day at
different times.

Found no significant variation in vitamin E content during
the day. There was considerable yet nonsignilicant
variation in the total lipid content attributed to
individuality and within-day variation

L d) Not rcported n =13 well-nourished, healthy, breast-feeding mothers in
9 d) St. Lucia, West Indies and their term infants
[ 30 d) Same individuals were sampled al each stage of lactation

HPLC methods
Also measured o, B-, and y-tocopherol; a-tocopherol levels
were ncarly identical to o-TE levels

¢ Lack ol corrclation belween maternal intake and human milk concentration.
4 TE = tocophcrol cquivalent.
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agc intake of human milk at 0 through 6 months, the Al would be
4.9 mg/L. x 0.78 I./day = 3.8 mg/day of a-locophcrol. The Al is
roundcd up 1o 4 mg (9.3 pmol)/day of a-locophcrol.

This valuc is in the lower range of the Third National Health and
Nutrition Examination Survey (NHANES IIT) data for intakes in
this age group as shown in Appendix Table C-3. The mean of the
rcporied intakes of infants 0 through 6 months of age was 12.3 mg
(28.6 pmol) /day of o-tocopherol cquivalents. The range of the 5t
to the 95% percentile was 8.8-16.1 mg (20.5-37.4 pmol) /day. The
mcan reported intake is probably higher than that calculated for
infants recciving solcly human milk, because the NHANES 11T data
include milk from infants fed formula which has a vitamin E con-
tent of approximately 7 mg/L of o-tocophcrol (Thomas ct al,,
1981). Howcver, this Al is comparable (o vitamin E intakes from
human milk-fed German infants whose median intakes of vitamin E
were 2 mg/day al 3 months of age and 3 mg/day al 6 months of age
(Alexy ct al.,, 1999). Bascd on data from Bocersma ct al. (1991), it
can bc assumcd that almost all of the o-locophcrol cquivalents in
human milk arc¢ from o-tocopherol.

Ages 7 through 12 Months. When the method described in Chap-
ter 3 is used to extrapolate from the Al for infants ages 0 through 6
months receiving human milk and rounding, the Al for the older
infants is rounded up to 5 mg (11.6 pmol) /day o-tocopherol.
The NHANES III data for infants 7 through 12 months of age
range from 4.1 to 14.8 mg (11.2 to 34.4 pmol)/day, mean 8.5 mg
(19.8 pmol) /day o-tocopherol equivalents (Appendix Table C-3).

Vitamin E AT Summanry, Ages O through 12 Months

Al for Infants
0-6 months 4 mg (9.3 pmol)/day of -tocopherol =0.6 mg/kg
7-12 months 5 mg (11.6 pmol)/day of o-tocopherol =0.6 mg/kg

Children and Adolescents Ages 1 through 18 Years
Evidence Considered in Lstimating the Average Requirement

No data were found on which to basc an Estimated Average Re-
quircment (EAR) for vitamin E for apparcntly healthy children or
adolescents. In the abscence of additional information, EARs and
Recommendced Diclary Allowances (RDAs) for children and adolcs-
cents have been estimated using the metabolic formulas described
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in Chapter 3, which arc extrapolated from adult valucs bascd on
lcan body mass and nced for growth,

Vitamin I EAR and RDA Summary, Ages 1 through 18 Years

EAR for Children
1-3 years 5 mg (11.6 pmol)/day of c-tocopherol
4-8 years 6 mg (14.0 pmol)/day of a-tocopherol
EAR for Boys
9-13 years 9 mg (20.9 ymol)/day of o-tocopherol

14-18 years 12 mg (27.9 pmol)/day of c-tocopherol

EAR for Girls
9-13 years 9 mg (20.9 ymol)/day of o-tocopherol
14-18 years 12 mg (27.9 pmol)/day of c-tocopherol

The RDA for vitamin E is sct by assuming a cocfficient of variation
(CV) of 10 perecent (sec Chapter 1) because information is not avail-
ablc on the standard deviation of the requirement for vitamin E;
the RDA is defined as cqual to the EAR plus twice the assumed CV
to cover the needs of 97 to 98 percent of the individuals in the
group (thercfore, for vitamin E the RDA is 120 pereent of the EAR),
The calculated RDA in milligrams is rounded.

RDA for Children
1-3 years 6 mg (13.9 pmol)/day of a-tocopherol
4-8 years 7 mg (16.3 pmol)/day of o-tocopherol
RDA for Boys
9-13 years 11 mg (25.6 pmol)/day of o-tocopherol
14-18 years 15 mg (34.9 pmol)/day of o-tocopherol
RDA for Girls
9-13 years 11 mg (25.6 pmol)/day of o-tocopherol
14-18 years 15 mg (34.9 pmol)/day of o-tocopherol

Adulis Ages 19 through 50 Years

Evidence Considered in Lstimating the Average Requirement

As slatled carlier, although it is known that humans rcquire vita-
min E (Cavalicr ct al., 1998; Hassan ct al., 1966; Oski and Barncss,
1967; Sokol ct al., 1984), overt vitamin E dcficiency (characterized
by scnsory ncuropathy, increased crythrocyte fragility, and increased
cthanc and pentance production) is rarc in the United States and
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Canada. Thus, current dictlary patierns appear (o provide sufficient
vitamin E to prevent deficiency symptloms such as peripheral ncur-
opathy, Howcver, since vitamin E intakes arc undcerestimated, par-
ticularly with respect Lo estimates of intake associated with fats (scc
later scction “Undcerreporting in Diclary Surveys”), an Al could not
be reliably determined from the available data on intakes.

Data on human experimental vitamin E deficiency are very limit-
¢d but do provide some guidance in ¢stimating a requircment, The
valucs rccommended here are based largely on studics of induced
vilamin E dcficiency in humans and the corrclation with hydrogen
peroxide-induced crythrocyte lysis and plasma o-tocopherol con-
centrations.

Only onc study has been carried out in apparcently healthy human
adults who were depleted of vitamin E over 6 years and then replet-
cd (Horwitt, 1960, 1962; Horwitt ct al., 1956). In responsc (o vila-
min E dcficiency, incrcased crythrocyle fragility (as asscssed by an
in vitro test of hydrogen peroxide-induced hemolysis) was obscrved,
which was reversed by vitamin E supplementation,

The hydrogcn peroxide-induced hemolysis test has drawbacks in
that it is critically dependent upon the concentration of hydrogen
peroxide used, the erythrocyle content of catalasc and antioxidants,
and the precisc incubation conditions. Nonctheless, it is onc of the
few ests in which the marker (crythrocyle lysis) has been correlated
with a health dcficit (decrcased crythrocyle survival) that has been
shown 10 be corrected by supplemental vitamin E, Therefore, the
data from this study were used Lo cstimale intakes for o-locopherol
rcquircments.

It is recognized that there are great uncertaintics in the data uti-
lized (o sct the o-locopherol requirements. However, in the absence
of other scicntifically sound data, hydrogen peroxide-induced
hemolysis is the best marker at the present time. It should be em-
phasized that rescarch is urgently nceded 1o explore the usc of
othcr biomarkers (o assess vitamin E requircments,

Plasma o-Tocopherol Concentrations and Hydrogen Peroxide-
Induced Hemolysis

The requirements for vitamin E intakes are therefore based pri-
marily on studics in which plasma o-locophcrol concentrations and
correcsponding hydrogen pcroxide-induced crythrocyte lysis were
dctermined (Horwitt, 1960, 1962, 1974; Horwitt ct al., 1956, 1963,
1972). Vitamin E deplction in 19 normal, adult men was studicd by
feeding them a 2,200-kcal dict containing 3 mg (7 pmol) /day (rangc
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2 10 4 mg [4.7 10 9.3 pmol]) of a-tocopherol and 55 g/day of fat (30
g from vitamin E-frce lard) for 2.5 years. After the first 2.5 years,
scrum o-locophcrol levels decrcased further when thermally oxi-
dized corn oil with the o-tocopherol removed was substituted for
lard. By rcplacing lard with corn oil, the total intake of polyunsatu—
rated fatly acids (PUFAs) was incrcascd, therchy increasing the oxi-
dant burden on the available vitamin E stores. Subjects were fol-
lowcd on the vitamin E-depleted dict for more than 6 ycars.

To cstablish a critcrion for cstimating the EAR, the biomarker
sclected was the plasma o-locophcerol concentration that limited
hydrogen peroxide-induced hemolysis 1o 12 percent or less, Differ-
cnces up Lo this amount arc not significant unless spccial precau-
tions arc laken to age and standardize the hydrogen peroxide solu-
tions (Horwitt ct al., 1963). The data in Figurc 6-6 comparing
long-tcrm vitamin F-dcplctlon in four subjccts (depleied for more
than 72 months) with six control subjects (Horwitt ct al., 1963)
show that at somc concentration of plasma o-locopherol bclwccn 6
pmol/L (258 pg/dL) and 12 pmol/L (516 pg/dL), an incrcasc in
hydrogen peroxide-induced hemolysis above 12 percent was ob-
scrved in vitro. Averaging the o-locophcrol concentrations in the
six SlleC(‘lS with hemolysis valucs of 12 percent or less in Figure 6-6
rcsults in an average o-locopherol concentration of 16.2 pmol/L
(697 pg/dL). This is higher than the results of Farrell et al. (1977),
who suggested that plasma o-locopherol concentrations of 14 pmol/
L (600 pg/dL.) arc sufficicnt to prevent hydrogen peroxide-induced
hcemolysis, Although the exact plasma o-tocophcerol concentration
that allows hcmolysis to take place is unknown, it appcared o be
prudent to estimatce the lowest known plasma o-tocophcerol concen-
tration as that cutoff point where hemolysis would take place in 50
percent of the population, Thus, a plasma concentration of 12
pmol/L (516 pg/dL) was choscn as the concentration of plasma o-
tocophcrol associated with normal in vitro hydrogen pceroxide-
induced hemolysis. Based on NHANES TIT data (Appendix Table
F-2), morc than 95 pereent of the population surveyed would have
plasma concentrations greater than 12 pmol/L (516 pg/dL), thus
indicating that thc Amcrican public is not vilamin E dcficient by
this criterion,

Plasma o-Tocopherol Repletion

The cffect of vitamin E repletion of depleted subjects has been
studicd. Horwitt (1960) conducted a study in which cach subjcct
rcecived a different amount of vitamin E supplement, ranging from
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FIGURE 6-6 Relalionship of plasma d-locopherol concentrations and hemolysis in
cxtensively vitamin E-depleted (>72 months) and control subjects,
SOURCE: Adapted from TTorwitt ct al. (1963).

0 to 320 mg (0 to 744 pmol)/day, for up to 138 days. For thc
purposc of keeping the various supplemental forms of vitamin E
adminisicred in the study cquivalent, the amounts of all raco-
tocopheryl acctlatc and RRR-0-locopheryl acclate administered were
converied 1o amounts of 2R-0i-locophcrol forms for this analysis (scc
Tablc 6-1 for conversions). The criterion for vitamin E adcquacy
was dcfined as an intake sufficient to increasc plasma o-ltocophcerol
concenlration 1o or above 12 pmol/L (516 pg/dL).

As shown in Figurc 6-7 using the data for intakes gencrated above
(Tablc 6-5), plasma o-locopherol concentrations were lincarly (7 =
0.947) rclated o o-tocophcerol intakes at intakes below 17 mg (40
pmol) /day. Using the limit of 12 pmol/L. (516 pg/dL) plasma o-
tocophcrol as the criterion for the estimated vitamin E requirement
gencerales a intake of 12 mg (28.2 pmol) /day a-locophcrol as the
FAR.

Circulating Lipid Levels

Bascd on studics in normal and vitamin E-dcficient children and
adulis, Horwitt ¢t al, (1956), Farrcll ¢t al, (1982), and Sokol ct al.
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(1984) concluded that plasma locophcrol concentrations alonce may
b¢ mislcading in assessing human vitamin E status because their
data have indicated a dependence of plasma tocopherol concentra-
tions on the amount of circulating lipids. Morcover, Winklhofer-
Roob ct al. (1997) found that age was a significant predictor of
plasma o-locophcrol concentrations in 208 Swiss subjccts aged 0.4
to 38.7 ycars. This apparcnt rclationship was attributed to an age-
rclated incrcasce in scrum cholestierol concentrations. Sokol ct al.
(1993) reported that, because of the extremely high scrum lipids in
children with cholestasis, a ratio of scrum o-locopherol (o scrum
total lipids of less than 0.6 mg/g indicated vitamin E dcficiency,
rcgardless of scrum o-locophcrol concentrations.

When cvaluating the vitamin E status of an individual, plasma
lipid levels should be taken into account because all of the plasma
vitamin E is transported in plasma lipoprotcins (Traber ct al., 1993).
In subjccts with normal scrum lipid concentrations (328 to 573 mg/
dl) (Sokol ct al., 1984), corrcclions arc nol nccessary 1o asscss
whether o-locophcrol concentrations arc within the normal range.

PUFA Intake

As described carlicr, high intakes of PUFAs arc typically accompa-
nicd by incrcased vitamin E intakes. Using data from NHANES 11,
Murphy ct al. (1990) rcportcd that the mcan PUFA intake in the
United States was 16.3 g/day for men and 10.8 g/day for women,
Bascd on a ratio of at Icast 1 pmol (0.4 mg) o-tocopherol pcr gram
of PUFA when the primary dictary PUFA is linolcic acid, as in most
U.S. dicts (Bicri and Evarts, 1973; Horwiu, 1974; Witling and Lcc,
1975), and a mcan intake of 16.3 g PUFA, the lower boundary of
rcquired o-tocophcrol intake is estimated to be 7 mg (16 pmol)/
day. Thus, thc amount of o-locophcrol rcquired daily bascd on
PUFA intakes would be mcet by the EAR of 12 mg (28.2 pmol) /day
of a-locophcrol,

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

Bascd on the criterion of vilamin E intakes sufficient to prevent
hydrogen peroxide-induced hemolysis, the data of Horwitt (1960)
support an EAR of 12 mg (27.9 pmol) of a-locopherol. The data
were derived from studics in men only, and no similar data arc
available for women, Howcever, there is no scientific basis for assum-
ing diffcrent requirements for men and women, and although body



236 DIETARY REFERENCE INTAKES

30

Plasma o-Tocopheral {umol/L)

0 I I I I I
0 10 20 30 40 50 60

Dose

RRR-a-Tocopherol (mg/day)

FIGURE 6-7 Relationship between serum or-tocopherol concentrations and dietary
o-locopherol intake in repleted subjects.
SOURCE: Adapted from Horwill (1960).
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TABLE 6-5 Effcct of Vitamin E Supplements on Subjccts Who
Had Bcen on Basal Dict for 54 Months

o-Tocopherol Plasma Tocopherol
Subjcet Intake (mg/d) Standard Deviation? (pmol/L)
1 3.0 51+1.1
2 7.62 7.0+ 0.6
3 9.84 11.4£1.5
4 12.1¢ 11.4+1.7
5 16.7¢ 16.0 + 0.7
6 59.17 15.9 + 1.0
7 57.7% 286+£1.2

@Intake was estimated from food and vitamin E supplements using conversion factors
from Table 6-1,

& Plasma a-tocopherol concentrations were estimated for cach individual by averag-
ing the values on days 13, 21, 30, and 138,

SOURCE: Adapted from ITorwitt (1960).

weights may be greater in men, women have larger fat masscs as a
percent of body weight, and thus may have similar requirements.

EAR for Men
19-30 years 12 mg (27.9 pmol)/day of a-tocopherol
31-50 years 12 mg (27.9 pmol)/day of a-tocopherol
EAR for Women
19-30 years 12 mg (27.9 pmol)/day of a-tocopherol
31-50 years 12 mg (27.9 pmol)/day of a-tocopherol

The RDA for vitamin E 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 E;
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 E the RDA is 120 percent of the EAR). The calcu-
lated RDA in milligrams is rounded up.

RDA for Men
19-30 years 15 mg (34.9 pmol)/day of o-tocopherol
31-50 years 15 mg (34.9 pmol)/day of o-tocopherol
RDA for Women
19-30 years 15 mg (34.9 pmol)/day of o-tocopherol
31-50 years 15 mg (34.9 pmol)/day of o-tocopherol
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Adults Ages 51 Years and Older

Fuidence Considered in Estimating the Average Requirement

As discussed earlier, although vitamin E has been hypothesized to
prevent myocardial infarction at the clinical level, only one of the
four published large-scale, randomized, double-blind clinical sec-
ondary intervention studies that tested the ability of vitamin E to do
this has been supportive of that hypothesis. This secondary preven-
tion trial using 400 or 800 international units (IU) (268 or 567
mg) /day of RRR-o-tocopherol, was strongly positive (Stephens et
al., 1996). The other three, one carried out in a group of high-risk
cigarette smokers and using 50 mg/day of all-raco-tocopherol
(ATBG Cancer Prevention Study Group, 1994) and two carried with
groups of high-risk cardiovascular disease patients and using 300
mg/day of all raco-tocopherol (GISSI-Prevenzione Investigators,
1999) or 400 IU (268 mg) /day of RRR-x-tocopherol (HOPE Study
Investigators, 2000), were neutral, with respect to coronary heart
disease.

The limited clinical trial evidence precludes recommendations
for higher vitamin E intakes at this time. Thus, adults ages 51 years
and older appear to have the same vitamin E requirement as young-
er adults.

Vitamin E FAR and RDA Summary, Ages 51 Years and Older

There is no evidence that the aging process impairs vitamin E
absorption or utilization. Therefore, for the age group 51 years and
older an EAR of 12 mg (27.9 pmol)/day of a-tocopherol, the same
as younger adults, is warranted.

EAR for Men
51-70 years 12 mg (27.9 pmol)/day of o-tocopherol
>70 years 12 mg (27.9 pmol)/day of c-tocopherol
EAR for Women
51-70 years 12 mg (27.9 pmol)/day of o-tocopherol
>70 years 12 mg (27.9 pmol)/day of c-tocopherol

The RDA for vitamin E 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 E.
The RDA is defined as equal to the EAR plus twice the assumed CV
to cover the needs of 97 to 98 percent of the individuals in the
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group (thercfore, for vitamin E the RDA is 120 pereent of the EAR),
The calculated RDA in milligrams is roundcd up.

RDA for Men
51-70 years 15 mg (34.9 pmol)/day of o-tocopherol
>70 years 15 mg (34.9 pmol)/day of t-tocopherol
RDA for Women
51-70 years 15 mg (34.9 pmol)/day of o-tocopherol
>70 years 15 mg (34.9 pmol)/day of t-tocopherol

Pregnancy

Fuidence Considered in Estimating the Average Requirement

In contrast to the case for most nutrients, the blood concentra-
tion of a-tocopherol increases during pregnancy, in parallel with an
increase in total lipids (Horwitt et al., 1972). Placental transfer of
vitamin E from mother to fetus appears to be relatively constant as
pregnancy progresses (Abbasi et al., 1990). Although vitamin E de-
ficiency can occur in premature newborns, precipitating a hemolyt-
ic anemia (Oski and Barness, 1967; Ritchie et al., 1968), there are
no reports of vitamin E deficiency during pregnancy and no evi-
dence that maternal supplementation with vitamin E would prevent
deficiency symptoms in premature offspring. Given the absence of
data, it would appear that vitamin E supplementation of pregnant
females is unwarranted.

Vitamin E EAR and RDA Summary, Pregnancy

Since there is no evidence at this time that the EAR for women
during pregnancy should be increased above the level recommend-
ed for women in the nonpregnant state, the EAR for pregnancy is
assumed to be the same and thus is 12 mg (27.9 pmol)/day of o-
tocopherol.

EAR for Pregnancy
14-18 years 12 mg (27.9 pmol)/day of c-tocopherol
19-30 years 12 mg (27.9 pmol)/day of c-tocopherol
31-50 years 12 mg (27.9 pmol)/day of c-tocopherol

The RDA for vitamin E 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 E;
the RDA is defined as equal to the EAR plus twice the assumed CV
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to cover the needs of 97 to 98 percent of the individuals in the
group (thercfore, for vitamin E the RDA is 120 pereent of the EAR),
The calculated RDA in milligrams is roundcd up.

RDA for Pregnancy
14-18 years 15 mg (34.9 pmol)/day of t-tocopherol
19-30 years 15 mg (34.9 pmol)/day of t-tocopherol
31-50 years 15 mg (34.9 pmol)/day of t-tocopherol

Lactation
Evidence Considered in Lstimating the Average Requirement

As indicated carlicer in the scction on infants, the estimated aver-
agc amount of o-tocopherol scercted daily in human milk in the
first 6 months of lifc is 4 mg (9.3 pmol). Thus, addition of this
figurc to the EAR for a-locopherol for women, 12 mg (28.2 pmol) /
day, would provide an EAR of 16 mg (37.5 pmol)/day of a-toco-
phcrol in a lactating fcmalc,

The EAR is in excess of the median intake of 8,4 mg (19.5 pmol) /
day for lactating women reporied in the U.S, Department of Agri-
culture Continuing Survey of Food Intake by Individuals (CSFIT)
(Appendix Table D-2). Because cstimales of vitamin E intake arc
undcrreported and vitamin E dcficiency in infants recciving human
milk is extremely rarc, it is logical 10 postulatc that lactating women
arc consuming morc vitamin E than rcported and that ingestion of
supplements is unnccessary during lactation.

Vitamin I EAR and RDA Summary, Lactation

To cstimate the EAR for lactation, the average vitamin E scereted
in human milk, 4 mg (9.3 pmol) of oc-tocoph_crol, is added 1o the
EAR for the nonlactating woman, giving an EAR of 16 mg (37.2
pmol) /day of a-locophcerol.

EAR for Lactation
14-18 years 16 mg (37.2 pmol)/day of o-tocopherol
19-30 years 16 mg (37.2 pmol)/day of o-tocopherol
31-50 years 16 mg (37.2 pmol)/day of o-tocopherol

The RDA for vitamin E is sct by assuming a cocfficient of variation
(CV) of 10 perecent (sec Chapter 1) because information is not avail-
ablc on the standard deviation of the requirement for vitamin E;
the RDA is defined as cqual to the EAR plus twice the assumed CV
to cover the needs of 97 to 98 percent of the individuals in the
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group (thercfore, for vitamin E the RDA is 120 pereent of the EAR),
The calculated RDA in milligrams is roundcd down,

RDA for Lactation
14-18 years 19 mg (44.2 pmol)/day of o-tocopherol
19-30 years 19 mg (44.2 pmol)/day of o-tocopherol
31-50 years 19 mg (44.2 pmol)/day of o-tocopherol

Special Consuderations
Chronic Diseases

Data rclated to the cffects of vitamin E on morbidity and mortality
from chronic discasc in the United States and Canada arc limited.
The cvidence is sirongest for prevention of coronary heart discasc
(CHD). However, cven for this outcome, four double-blind, place-
bo-controlled trials have been reported, and only onc of four, the
Cambridge Heart Antioxidant Study (CHAQOS) (Stcphcns ct al,,
1996), with prevention of heart discasc as its primary aim, had a
positive outcome. Two of the other trials, the GISSI-Prevenzione
Trial and the Heart Outcomes Prevention Evaluation (HOPE) Swudy
(GISSI-Prevenzione Investigators, 1999; HOPE Study Investigators,
2000), with prevention of heart discasc as their primary aim, had
ncutral rcsults. Similarly, the fourth trial, the Alpha-Tocophcrol
Beta-Carotence (ATBC) Cancer Prevention Study (ATBC Cancer Pre-
vention Study Group, 1994), which had lung cancer as its primary
oulcomg, reported no benceficial cffect of vitamin E on myocardial
infarction ratcs, Thus, a rccommendation of high vitamin E intakes
for the gencral population 1o decrcase CHD risk is considered pre-
maturc,

Somc physicians caring for paticnts with coronary aricry discasc
arc alrcady prescribing vitamin E at doscs uscd in the CHAOS stwudy,
400 or 800 TU (268 or 567 mg) /day of RRR-0-locophcrol. Preciscly
how vitamin E works at these high doscs is not known but could
include both antioxidant and nonantioxidant mechanisms, This is
an aclive rescarch arca at both the molecular and the clinical levels,
and further rescarch is needed.,

Currently, a number of other double-blind, placcbo-controlled
intervention trials of the cfficacy of vitamin E 1o prevent or amclio-
ratc CHD arc in progress. If these studics result in positive oul-
comcs, it may become necessary Lo review the recommendations for
vilamin E intakes in somc subgroups of the adult populallons cspe-
c1ally thosc in the groups over 50 years of age because increasing
agc is an important risk factor for hecart discasc. Although there is a
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large and growing body of cxpcrimental cvidence suggesting that
vilamin E supplementation may reduce the risk of some chronic
discascs, cspccially heart discasc, the results of the GISSI Prevenzi-
onc Trial (GISSI-Prcvenzione Investigators, 1999), the Heart Oul-
comcs Prevention Evaluation (HOPE) siudy (HOPE Study Investi-
gators, 2000), and the Alpha-Tocopherol Beta-Carolene (ATBC)
Cancer Prevention Swudy (ATBC Cancer Prevention Study Group,
1994) preclude recommendations for higher vitamin E intakes at
this timc,

LExercise

High levels of physical activity and sports might incrcasc oxidative
damagc and thus incrcasc nceds for antioxidants. It is unknown
whether or the extent o which incrcased oxidative damage occurs
in physical cxcrcisc. However, the Boston Nutritional Status Survey
rcporicd that plasma vitamin E concentrations incrcased slightly
with regular exercise in adults 60 ycars of age and older (Harw ct
al,, 1992). It is, therefore, not known if any adjustment in vitamin E
requircments is nceded in response Lo sirenuous or regular excercisc.

Extreme Body Size and Composition

Given the minimal data available 1o develop the EAR, adjusting
any rccommendations for vitamin E recquirements 1o mect expect-
cd nceds for individuals with extreme variation for reference body
sizc or composilion must await additional data.

Cigarette Smokers

Polentially injurious free radicals are present in cigarctte tar and
smoke (Church and Pryor, 1985; Pryor and Stonc, 1993). In addi-
lion, cigarctic smokers have incrcased phagocyle activitics (Eiscrich
ct al,, 1997). Smokers arc thercfore under a high and sustained
free-radical load, both from cigarcilc smoke itsclf and from oxi-
dants produced by activated phagocytes (Cross ct al., 1997; Duthic
ctal.,, 1991; Eiscrich ct al., 1995).

Exposurc 1o cigarciic smoke damages antioxidant defenscs, Low
blood levels of vitamin G arc a characteristic feature of heavy smok-
crs (Duthic ¢t al,, 1995, 1996; Mcevrclti ¢t al,, 1995; Ross ¢t al., 1995),
Cigarcilc smokc also damagces low molccular weight thiols and cs-
pccially thiol-containing protcins in human plasma (O’Ncill ct al.,
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1994) and whitc blood cclls (Tsuchiya ct al., 1992). Plasma vitamin
E is not roulincly depleted in cigarctic smokers rclative (o non-
smokers. However, vitamin E supplementation of smokers has been
shown to reduce indicators of lipid peroxidation (Mczzcui ¢t al.,
1995; Morrow ct al,, 1995; Pratico ct al., 1998; Rcilly ct al., 1996),
suggesting that plasma vitamin E may not be indicative of tissuc
stores,

It is unknown if any adjustment in vitamin E requirements is nced-
cd in thosc who smoke or arc routincly exposced o smoke.

INTAKE OF VITAMIN E

As stated carlicr, the Dictary Reference Intakes (DRIs) for vitamin
E arc bascd on o-tocophcrol only and do not include amounts ob-
taincd from the other seven naturally occurring forms historically
called vitamin E (B-, y-, 8-tocophcrol and the four tocotrienols).
Becausc the different forms of vitamin E cannot be interconverted
in the human, the Estimated Average Requirements (EARs), Ree-
ommended Dictlary Allowances (RDAs), and Adequate Intakes (Als)
apply only to the intake of RRR-¢-tlocophcrol from food and the 2R-
sterecoisomcric forms of a-locophcerol (RRR-, RSR-, RRS-, and RSS-0-
tocopherol) that occur in fortified foods and supplements. Al-
though both o~ and y-locophcrols arc absorbed, only a-locophcrol
is preferentially scercied by the liver into the plasma (because o-
tocophcrol transfer protcin [o-TTP] rccognizes only a-locophcerol)
for transport 1o tissucs whilc y-locophcrol is preferentially metabo-
lized and excrcied. This implies that the body requires o-locopherol
for some spccial (as yct undcfined) need and other forms of vita-
min E do not qualify,

Currently, most nutricnt databascs, as well as nutrition labels, do
not distinguish among the diffcrent tocopherols in food. Thus, the
data bclow on intakes from surveys and nutrient content of foods
arc presenied as o-locophcerol equivalents (0-TE) and thus include
the contribution of all cight naturally occurring forms of vitamin E,
after adjustment for bioavailability using previously determined
cquivalency (c.g., Y-locopherol was assumed Lo have only 10 percent
of the availability of a-tocophcerol) bascd on fetal resorption assays
(sce carlier scction on “Units of Vitamin E Activity”). Because other
forms of vitamin E occur in foods (c.g., y-locophcrol is present in
widcly consumed oils such as soybcan and corn oils), the intake of
o-TE is grecater than the intake of o-locopherol alone.
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Vitaman E Conversion Factors

Food Sources of Vitamin E

The reported median vitamin E intake in the United States of all
individuals surveyed in 1988 to 1994 in the Third National Health
and Nutrition Examination Survey (NHANES III) was 9 mg (21
pmol) /day of o-TE (see Appendix Table C-3). Additional data from
the NHANES III database indicate that a-tocopherol from food as
defined in this report (the RRRform) contributed approximately 7
mg/day of the 9 mg/day median intake of total &-TE (see Appen-
dix Table C-4). Thus, based on NHANES III, approximately 80 per-
cent of the o-TE from foods in the survey are reported to be con-
tributed by foods containing o-tocopherol. Thus, to estimate the
o-tocopherol intake from food surveys in the United States in which
food intake data are presented as &-TE, the & TE should be multi-
plied by 0.8:

mg of o-tocopherol in a meal =
mg of o-tocopherol equivalents in a meal X 0.8.

If diets vary considerably from what might be considered typical
in the United States and Canada, other factors may be more appro-
priate to use in place of 0.8.

Vitamun E Supplements

To determine the number of milligrams of o-tocopherol in a mul-
tiple-vitamin supplement labeled in international units (IUs), one
of two conversion factors is used. If the form of the supplement is
“natural” or RRR-0-tocopherol (historically and incorrectly labeled
d-o-tocopherol) (Horwitt, 1976), the correct factor is 0.67 mg/IU
(USP, 1999). Thus, 30 IUs of RRR-0-tocopherol (labeled as d-o-
tocopherol) in a multivitamin supplement would equate to 20 mg
of a-tocopherol (30 x 0.67). The same factor would be used for 30
IUs of either RRR-0-tocopherol acetate or RRR--tocopherol succi-
nate, because the amount in grams of these forms in a capsule has
been adjusted based on their molecular weight. If the form of the
supplement is all ract-tocopherol (historically and incorrectly la-
beled dl-o-tocopherol) (Horwitt, 1976), the appropriate factor is
0.45 mg/IU, reflecting the inactivity of the 2S$stereoisomers. Thus,
30-IU of all raco-tocopherol (labeled as dl-x-tocopherol) in a multi-
vitamin supplement would equate to 13.5 mg of a-tocopherol (30 X
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0.45). The same factor would be used for the all raco-tocopherol
acclate and succinate forms as well, Sce Table 6-1 for more informa-
tion on the derivation of these conversion factors 10 be used when
cstimating intake from these forms of g-locophcrol 1o mceet require-
maents.

mg of a-tocopherol in food, fortified food, or multivitamin
= IU of the RRR-0-tocopherol compound X 0.67.

or
=IU of the all raco-locopherol compound x 0.45.

Food Sources

The various vilamin E forms occur in diffcrent proportions in
foods. The main dictary sources of vitamin E arc cdible vegetable
oils (Dial and Eitenmiller, 1995; McLaughlin and Wcihrauch, 1979;
Sheppard ct al., 1993) (Figurc 6-8). At lcast half of the tocophcerol
content of wheat germ oil, sunflower oil, coltonsced oil, safflower
oil, canola oil, and olive oil is in the form of a-locopherol. Soybcean
and corn oils contain ahout 10 timcs as much locophcrol as o-
tocophcrol. Palm and ricec bran oils contain high proportions of o-
tocophcrol, as wcll as various tocotricnols (Dial and Eitecnmiller,
1995). Other foods providing vitamin E include unprocessed cercal
grains, nuts, fruits, vegetables, and mcats, cspccially the fauy por-
tion. As stated previously, all of the a-locophcerol present in these
unfortificd foods would be in the natural form, RRR-0-ocophcrol
and would contribute toward mccting the recommended dictary
allowancc. The other non-0-tocophcerol forms of vitamin E present
in food would not.

Dietary Intake

Dietary Surveys

According 1o the 1994 10 1996 Continuing Survey of Food Intakes
by Individuals (CSFIT) (Appcndix Table D-2), the median reported
dictary intakes of men and women aged 31 through 50 ycars arc 9.3
mg (21.6 pmol)/day and 6.8 mg (15.8 pmol) /day, respectively, of
o-TE. Using the factor (0.8) derived from NHANES 11T data to dec-
termine o-locopherol intake from o-TE, the adjusted intakes would
be 7.5 mg (17.4 pmol) /day for men (9.3 X 0.8) and 5.4 mg (12.6
pmol) /day for women (6.8 X 0.8).

Data from NHANES IIT (Appendix Tables C-3 and C-5) indicatc a
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FIGURE 6-8 The various vitamin E forms in edible vegetable oils.
SOURCE: Data obtained from Dial and Eitenmiller (1995).

mcdian total intake (including supplements) of 12.9 mg (30.0
pmol) /day of «-TE (10.3 mg [24.0 pmol]/day of t-tocopherol) and
a median dictary intake from food alonc of 11.7 mg (27.2 pmol)/
day of o-TE (9.4 mg [21.9 pmol]/day of a-locophcerol) among men
31 through 50 ycars of agc. Thus, these men arc consuming 0.9 mg
(10.3 minus 9.4 mg/day) of t-locophcrol from supplements. If the
form of thc supplement is all raco-locophcrol, the 0.9 mg (2.1
pmol) /day would be divided by 2 (scc scction on “Interconversion
of Vilamin E Units”), which would rcsult in an adjusted supplement
intake of 0.4 mg (0.9 pmol) /day of o-locophcrol. Thus, the adjusted
cstimate for total intake from food (9.4 mg) and supplements (0.4
mg) is 9.8 mg (22.8 pmol)/day of a-locophcerol. If the form of the
supplement is RRR-0-locophcerol, all of the 0.9 mg (2.1 pmol)/day
of a-tocophcrol in the multivitamin supplement contributes 1o
mccling the requirement, and the total intake is 10.3 mg (24.0
pmol) /day of a-locophcrol. For women in this age range, the medi-
an total intake (including supplements) is 9.1 mg (21.2 pmol) /day
of o-TE (7.3 mg [17.0 pmol] of o-tocophcrol) and the median di-
clary intakce is 8.0 mg (18.6 pmol) /day of o-TE (6.4 mg [14.9 pmol]/
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day of a-locophcrol) from food alone. Thus, the adjusted median
rcported intake for these women would be 0.9 mg (7.3 minus 6.4
mg/day) of a-locophcrol from supplements. If the supplement is
all rac-0-locopherol, the 0.9 mg (2.1 pmol) /day would be divided by
2 (scc scction on “Interconversion of Vitamin E Units™), resulting
in an adjustcd median intake from supplements of 0.4 mg (0.9
pmol) /day of o-locophcrol. Thus, the total adjusicd median intake
rcporied from food (6.4 mg) and supplements (0.4 mg) is 6.8 mg
(15.8 pmol) /day of a-tocophcrol. Again, if the form of the supple-
ment is RRR-0-ocopherol, all of the 0.9 mg (2.1 pmol)/day of
o-tocophcrol from the multivitamin supplement would contribute
lo mccling the requirement, and the total intake from dict and
supplements remains 7.3 mg (17.0 pmol) /day of o-tocophcrol.

Underreporting in Dietary Surveys

The above CSFIT and NHANES 11T intake cstimatcs may be low
duc to four sourccs of mecasurement crror that arc important with
rcgard lo vitamin E intake: (1) energy intake is underreported in
the national surveys (Mcriz ctal,, 1991), and fat intake (which scrves
as a major carricr for vitamin E) is likcly to be more underreported
than cnergy intake in the NHANES 11T survey (Bricfel ct al., 1997);
(2) the amount of fats and oils added during food prcparatlon (and
absorbed into the cooked product) is difficult (o asscss using dict
rccall methodologics, yeu contributes substantially 1o vitamin E in-
ltake; (3) uncertaintics about the particular fats or oils consumed,
particularly when food labels do not provide the specific fat or oil in
the product (c.g., “this product may contain partially hydrogenated
soybcan and/or coutonsced oil or vegetable 0il”) necessitate a reli-
ancc on default sclections (and thus assumptions about the relative
content of a- and ytocophcrols); and (4) becausce of the small num-
ber of samples, the vitamin E content of food sources in the CSFIT
and NHANES TIT databascs arc very variable (J. Holden, Agricultural
Rescarch Service, USDA, personal communication, April 13, 1999),

Recently, Haddad ct al. (1999) rcported vitamin E intakes of 25
vegans (dcfined as those who cxcluded all animal products from
their dicts) and 20 nonvegans belween the ages of 20 and 60 ycars.
The reported vilamin E intakes, based on 4-day food records, were
17 10 23 mg (40 1o 53 pmol) /day of t-locopherol equivalents, Using
the factor (0.8) from NHANES IIT data to adjust for a-tocophcrol
cquivalents, the above cstimated intakes would cquate 1o 13.6 o
18.4 mg (31.6 10 42.8 pmol) /day of t-locophcrol. Van het Hof ¢t al.
(1999) rcported that conventional Dutch menus contained 20.9 mg
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(48.7 pmol) /day of o-tocophcerol when these dicts were analyzed
chemically. These two studics indicale that vitamin E intakes from
thc CSFIT and NHANES IIT surveys arc probably underestimated
cven with the adjustment factor (0.8) and suggest that mean intakes
of apparcntly healthy adults in the United States and Canada arc
likcly to be above the RDA of 15 mg (34.9 pmol) /day of o-locophcerol.

Most dictary vitamin E is present in fats and its oils (Sheppard ct
al,, 1993); thercfore, changces in dictlary habits 1o decreasc fat intake
may have deleterious cffects on vitamin E intake (Adam ct al., 1995;
Bac ctal., 1993; Retzlaff ¢t al,, 1991; Sarkkinen ¢t al., 1993; Velthuis-
tc Wicrik ct al., 1996). Paticnis with coronary artery discasc, who
did not take vilamin supplements, had average dictary vitamin E
intakes of 5.8 mg (13.4 pmol)/day of o-locophcrol cquivalents
(adjusted to 4.6 mg [10.8 pmol]/day of o-tocopherol) in a 25 per-
cent fat dict containing 2,058 keal (Mandcl ct al,, 1997). This cxam-
ple demonstrates that low-fat dicts can substantlally dccrcasc vila-
min E intakes if food choices are not carcfully made 1o enhance
o-locophcerol intakes.

Dietary Vitamin E Sources

Murphy ct al. (1990) cvaluated vitamin E intakes from NHANES
I1. Fats and oils usced as sprecads, cic. contributed 20.2 percent of the
total vitamin E; vegetables, 15.1 percent; meat, poultry, and fish,
12.6 pereent; dcsscrts 9.9 pereent; breakfast cercals, 9.3 pereent;
fruit, 5.3 perceng; bread and grain products, 5.3 pereent; dalry prod-
ucts, 4.5 percent; mixed main dishes, 4.0 pereent; nuts and sceds,
3.8 pcreent; cggs, 3.2 pereent; saltly snacks, 3 percent; legumes, 2.1
percent; and soups, sauccs, and gravics, 1.7 percent,

As indicated previously, cstimation of dictary vitamin E intake is
difficult because the source of oil is often not known with certainty.,
Lehmann ct al. (1986) analyzed the foods used in a human dict
study for vilamin E content. Each menu was designed 1o contain
2,400 kcal with 35 percent fat calories and included cither 10 or 30
g/day of linolcic acid and 500 mg/day of cholesterol; the high
linolcic acid dict contained 10 g of safflower oil. As shown in Figurc
6-9, substituting various oils for the 10 g of safflower oil resulted in
vilamin E intakes that varicd from 6.9 10 13.8 mg (16 Lo 32 pmol)/
day of o-TE depending on the source of the vegelable oil (vitamin E
conicnts were cstimated from Lehmann ct al,, 1986, and Dial and
Fitenmiller, 1995),
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Intake from Supplements

Vitamin E supplement use is high in the U.S. population (Hartz
et al., 1988; Slesinski et al., 1996). Information from the Boston
Nutritional Status Survey on use of supplemental vitamin E by a
free-living population, 60 years of age and older, indicated that 38
percent of the men took a nutritional supplement and 68 percent
of these users took a vitamin E supplement. Of the women, 49 per-
cent used supplements with 73 percent of them taking a vitamin E
supplement (Hartz et al., 1992). In the earlier 1986 National Health
Interview Survey, 26 percent of all adults reported use of supple-
ments containing vitamin E (Moss et al.,, 1989). Slesinski et al.
(1996) examined supplement usage in over 11,000 adults who par-
ticipated in the 1992 National Health Interview Survey Epidemiolo-
gy Supplement and reported that diets of women utilizing supple-
ments that contained vitamin E were higher in vitamin E compared
with those of nonsupplement users. No differences in vitamin E
intake were found in the men participating in the survey.

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 for vitamin E
routinely, intake 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 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. Also, the UL is not meant to apply to individuals who are
receiving vitamin E under medical supervision.

Hazard Identification

Adverse Effects

There is no evidence of adverse effects from the consumption of
vitamin E naturally occurring in foods. Therefore, this review is
limited to evidence concerning intake of a-tocopherol as a supple-
ment, food fortificant, or pharmacological agent. RRR-0-tocopheryl
acetate (historically and incorrectly labeled d-o-tocopheryl acetate)
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Safflower oil

Sunflower oil

Canola oil

Qlive il

Soybean oil

Low 18:2 diet

0 3 6 9 12 15 18
a-Tocopherol intake (mg/day)

. Meat/dairy D Bread/cake D Fruit/vegetable D Fat

FIGURE 6-9 Varialions in ¢-locopherol content of diets containing different oils,
A sample dict contained 2,100 kcal with 35 percent [at calorics including cither 10
or 30 g/day ol linolcic acid (18:2) and 500 mg/day cholestcrol; the high linelcic
acid dict contained 10 g salllower oil. When various oils were substituted for the 10
g safflower oil, vitamin E intakes varied from 7 to 14 mg (16 to 33 pmol) /day of -
tocopherol depending on the source of the vegetable oil.

SOURCE: Lehmann et al. (1986) and Dial and Eitenmiller (1995).



VITAMIN E 251

(Horwitt, 1976) and all raco-tocopheryl acctate (historically and
incorrectly labceled dli-o-tocopheryl acctate) (Horwitt, 1976) arc the
forms of synthctic vitamin E uscd almost exclusively in supplements,
food fortification, and pharmacologic agents.

Animal studics show that a-locophcrol is nol mutagenic, carcino-
genic, or teratogenic (Abdo ct al,, 1986; Dysmsza and Park, 1975;
Krasavagce and Terhaar, 1977). Animals fed extremcly high doscs of
o-locophcrol or o-locopheryl acclale have been shown o experi-
cnce a varicly of adverse cffects, but the relevance of some of this
information to the human situation is questionable.

Litlle information c¢xists on the adverse cffects 1o humans that
might result from ingestion of other forms of tocophcrol, such as y- or
B—Locophcrol, in amounts cxcceding the levels normally found in
foods. Onc study in humans given supplements of cither all rac-o-
tocophcerol, RRR-0-locophcrol, or mixed tocopherols (o, B, and v
tocophcrol) demonstrated that all supplements yiclded the samce
plasma o~ and y-locophcrol concentrations (Chopra and Bhagavan,
1999). Somc data arc available from animal studics, however, Clement
and Bourrc (1997) found that rats fed large amounts of y-tocopherol
had incrcased concentrations of g-locophcerol in plasma and tissucs.
Although the fractional absorption of o-tocophcrol was decrcased
when  o-locopherol supplements were given o thoracic duct-
cannulated rats, no decrcasc was scen in y-locophcerol absorption
(Traber ctal., 1986). Thus, it appcars that absorption of the various
forms of viltamin E is independent and unaffected by the presence
of largc amounts of the other forms.

Plasma o-locophcrol concentrations arc not informative for asscss-
ing adverse cffects because plasma concentrations rcach a similar
platcau (approximaicly 3 to 4 times unsupplemented concentra-
tions) when humans consume supplements containing at lcast 200
mg (465 pmol) /day of cither RRR- or all rac-O-tocophcerol (Chopra
and Bhagavan, 1999; Dcvaraj ct al., 1997; Dimitrov ct al., 1991, 1996;
Jialal ct al., 1995; Mcydani ct al., 1998; Princen ct al,, 1995). How-
cver, since all forms of vilamin E arc absorbed, although arc not
maintained in the plasma (as discussed in the carlier scclion
“Absorption and Transport” [Kiyosc ct al., 1997; Mcydani ct al,,
1989; Traber and Kayden, 1989a; Traber ct al., 1992, 1994a]), they
all could contribute to vitamin E toxicity. These obscrvations sug-
gest that at doscs at which adverse cffects are obscrved, all the sierco-
isomers of o-locophcrol should be considered cquivalent. A review
of vitamin E toxicity studics concluded that humans show few side
cffects following supplemental doscs below 2,100 mg (4,885 pmol) /
day of RRR-0-locophcrol (Kappus and Diplock, 1992). However, most
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studics of the possible cffects of supplemental o-locopherol (all
forms) on human hcalth have been conducted over periods of a
few weeks 10 a few months, so the possible chronic cffects of life-
time exposurcs to high supplemental levels of g-locophcerol remain
uncertain,

Hemorrhagic Toxicity—Humans. Three large-scale intervention tri-
als, onc supplementing with 400 or 800 TU (268 or 567 mg) /day of
RRR-0-locophcrol for 1.4 yecars (Stephens ctal,, 1996), another sup-
plementing with 300 mg/day of all m(-oc-locophcrol for 3.5 ycars
(GISSI-Prevenzionce Investigators, 1999), and the third supplement-
ing with 400 TU (268 mg)/day of RRR-0-locophcrol for 4.5 ycars
(HOPE Swdy Investigators, 2000), reported no increased risk of
strokc. However, another large-scale randomized trial, the Alpha—
Tocophcrol, Beta Carotene (ATBC) Cancer Prevention Study, in
Finnish malc smokers consuming 50 mg/day of all racti-ocopherol
for 6 ycars, rcported a significant 50 percent incrcase in mortality
from hemorrhagic stroke (66 versus 44 sirokes in the supplemented
versus the control group) (ATBC Cancer Prevention Study Group,
1994). An incrcasc in hemorrhagic strokes was not obscrved in an-
othcr study that was designed to cvaluate ncurological function in
85 patients with Alzhcimer’s discasc consuming 2,000 TU/day of
supplemental all rac0-tocophcerol for 2 years (Sano ct al, 1997).
The number of subjects in this trial or the length of the mal may
have been insufficient to detect an ceffect. The unexpected result in
the ATBC study rcqulrcs confirmation or additional rcfutation from
scveral other ongoing, large-scale trials including the Women's
Hcalth Study, the Physicians’ Health Study IT, and the Women's
Antioxidant Cardiovascular Study. If most of the cvidence that de-
vclops from these ongoing randomized trials indicales an incrcased
risk of hemorrhagic stroke from o-locophcerol, the recommended
UL for o-locophcrol will have 1o be revised.

H(fmorrhagi( Toxicity—Animals. a-Tocophcrol can causc hemor-
rhagc incrcasc prothrombin time, and interrupt blood coagulation
in experimental animals, but very high doscs arc required. The hem-
orrhagic loxicily of o-tocophcrol has been obscrved in chicks
(March ct al., 1973) and rats (Abdo ct al., 1986; Mcllctie and Le-
onc, 1960; Takahashi ct al,, 1990; thldon ct al., 1983; Yang and
Desai, 1977). However, in both spccics, high doscs of 500 mg/kg/
day or morc of RRR-0-locophcryl acclale were necessary Lo induce
the cffects. Also, the hemorrhagic cffects could be reversed by the
administration of supplemental vitamin K (Abdo ct al., 1986; March
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ct al., 1973; Wheldon ct al., 1983). Presumably, these hemorrhagic
cffects scen in experimental animals are relevant 1o humans, be-
causc similar abnormal blood coagulation has been observed in a
paticnt rceciving chronic warfarin therapy, which would interfere
with vitamin K status (Corrigan and Marcus, 1974).

Platelet Iffects. Evidence suggests that o-tocophcrol inhibits plate-
let aggregation and adhcsion in vitro (Calzada ct al., 1997; Freed-
man ct al,, 1996; Higashi and Kikuchi, 1974; Stcincr and Anastasi,
1976), Howcvcr, itis not clcar that these cffects on platelet function
arc dcleterious in normal healthy individuals at any dosc. Oral ad-
ministration of up to 600 mg/day of o-locophcrol up 1o three years
did not result in any adversce blood coagulation cffects in apparently
hcalthy voluntcers (Farrcll and Bicri, 1975; Kltagawa and Mino,
1989). Howcver, spccial considceration should he given o individu-
als who arc dcficient in vitamin K or who arc on anticoagulant
thcrapy. Administration of high doscs of a-locopherol may cxacer-
batc the coagulation defects in these individuals (Corrigan and Mar-
cus, 1974),

Other Adverse Effects in Humans. Uncontrolled studics have re-
ported various other adverse cffects associated with excess intake
of o-tocophcrol. These include fatigue, ecmotional disturbanccs,
thrombophlchitis, breast soreness, crcatinuria, altered scrum lipid
and lipoprotcin levels, gastrointestinal disturbances, and thyroid
cffects (Anderson and Rceid, 1974; Bendich and Machlin, 1988;
Machlin, 1989; Tsai ct al., 1978). Howcver, nonc of these reported
cffccts have been consistently observed or shown in controlled tri-
als, Although sidc cffccts have been reported with extended in-
takes of 1,100 o 2,100 mg/day of RRR-0-locophcrol (Kappus and
Diplock, 1992) these cffects are not severe and subside rapidly upon
rcducing the dosage or discontinuing the administration of o-
tocophcrol. The lack of sysicmatic obscrvations of such cffcets in

controlled clinical trails prevents any judgments regarding the risk
of such cffcets in the normal healthy human population.

Adverse Effects in Premature Infants. In addition to the hemorrhag-
ic cffcets described previously, an increased incidence of necrotiz-
ing cnitcrocolitis (NEC) was obscrved in premature infants with
birth wcights of 1.5 kg or less who were given 200 mg/day of o-
tocopheryl acctate (Finer ct al., 1984). Johnson ct al. (1985) also
demonstrated an association between high serum vitamin E con-
centrations and increcasced incidence of sepsis and latc-onsct NEC in
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infants of less than 1.5-kg birth weight who were supplemented with
o-locopheryl acclale.

The incidence of intracranial hemorrhage in premature infants
rceeiving supplemental intravenous or oral o-locopheryl acclate has
been reported as increased (Phelps et al., 1987), unchanged (Speer
ct al., 1984), or deccrcased (Spcer ct al., 1984) depending on the
scverily of the hemorrhage. It may well be that the small premature
infant is particularly vulncrable o the toxic cffects of vitamin E and
that intravenous vitamin E is more toxic than the oral preparation.

Other Adverse Effects Seen in Animals. Many other adverse cffcets
have been noted in various animal studics. For example, Abdo ct al.
(1986) obscrved lung lesions (chronic interstitial inflammation and
adcnomatous hyperplasia) in Fischer 344 rats in all trcatment
groups rccciving o-locopheryl acclate hy gavage at doscs as low as
125 mg/kg/day for 13 wecks, It is possible that the lung lesions may
be the result of infusions into the lung from the gavage, rather than
a vitamin E cffect. However, this toxic cffccl was considered less
rclevant than the hemorrhagic effects secen because similar cffects
in the lung have not been noted in human trials or other animal
studics.

Summary

Bascd on comnsidcrations of causalily, rclevance, and the quality
and complciencess of the database, hemorrhagic cffects were sclect-
cd as the critical endpoint on which to basc the UL for vitamin E
for adults. There is some cvidence of an incrcascd incidence of
hemorrhagic effects in premature infants recciving supplemental o-
tocophcrol. However, the human data fail 1o demonstrale consis-
tently a causal association between excess O-locopherol intake in
normal, apparcntly healthy individuals and any adverse health oult-
come, The unexpected finding of an incrcasc in hemorrhagic stiroke
in the ATBC study was considered preliminary and provocative, but
nol convincing until it can be corrobhorated or rcfuted in further
large-scale clinical trials. The human data demonstrating the safety
of supplcmental o-tocopherol have been accumulated primarily in
small groups of individuals rceciving supplemental doscs of 3,200
mg/day of t-locophcrol or less (usually less than 2,000 mg/day) for
rclatively short periods of time (wecks 1o a few months). Thus, some
caution must be exercised in judgments regarding the safety of sup-
plemental doscs of o-locophcerol over multiycar periods.

The hemorrhagic effects scen in experimental animals are en-
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countcred only with very high doscs of o-locophcrol and can be
corrceled by administration of supplemental vitamin K. Similarly, it
appcars that in vitamin K-dcficient humans thesc cffects could occur
if sufficienuly high doscs were obtained (o overwhelm the protective
cffccts of vitamin K. However, there is no dircct evidence regarding
the doscs that might put normal apparcnily healthy humans at risk
for such cffccets; these data show that individuals who are deficient in
vilamin K arc at increased risk of coagulation dcfects.

Adults

Data Selection. In the absence of human data pertaining to dose-
response relationships, the data sets used to identify a no-observed-
adverse-effect level (NOAEL) for o-tocopherol include studies show-
ing hemorrhagic toxicity in rats (Abdo et al., 1986; Takahashi et al.,
1990; Wheldon et al., 1983).

Dose-Response Assessment

Identification of NOAEL and Lowest-Observed-Adverse-Effect Level
(LLOAEL). A L.OAEL of 500 mg/kg body wcight/day can be identi-
ficd bascd on a critical cvaluation by Wheldon ct al. (1983). They
fed all raco-tocopheryl acclaie o Charles River CD strain rats at
levels of 500, 1,000, or 2,000 mg/kq body wcight/day for 104 weceks.
Hemorrhages from the gut, the urmary tract, the orbit and mcmng—
¢s, and the claws were obscerved in male rats only by week 15 in the
highesi-dosc group, by week 16 in the intermediate-dosc group, and
by week 18 in the low-dosc group. Prothrombin times were pro-
longed in males of all three trcatment groups by weck 4. Howcever,
additional vitamin K supplementation of the dicts was initiated at
week 24 and prothrombin times rcturned 1o normal by weck 26.
Although this was a chronic, 104-weck study, the correction of vita-
min K levels in the dict at week 24 mceans that the combined vita-
min E-vilamin K cffcct was cvaluated only on a subchronic basis,

Takahashi ct al. (1990) supplemented the dicts of male Spraguc-
Dawley rats with 600 or 1,000 mg/kg body wcight/day RRR-o-
tocopheryl acctate for 7 days. Despite the short duration of the
feeding trial, a dose-dependent increasc in prothrombin time and
partial thromboplastin tim¢ was noted in rats recciving 600 and
1,000 mg/ kg/day. The number of animals with hemorrhages was
similar in both dosc groups. No supplementation of vitamin K was
attempted in this experiment. This study would yicld a LOAEL of
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600 mg/kg/day but is compromiscd by its short duration and by
the fact that lower doscs were not ulilized.

Abdo ctal. (1986) conducled a 13-weck study adminisicring RRR-
o-tocopheryl acclate in corn oil by gavage o Fischer 344 rats at
doscs of 125, 500, and 2,000 mg/kg body wcight/day. In malcs,
high levels of RRR-0-locopheryl acctate (2,000 mg/kg/day) causcd
prolongation of both prothrombin timc and activated pamal throm-
boplastin timc (APTT), rcliculocytosis, and a dccrcasc in hemat-
ocrit valucs and hemoglobin concentrations. APTT was also length-
cned in females at this dosc level. Hemorrhagic diathesis was
obscrved in both males and females at the highest dosage level
(2,000 mg/kg/day). However, no adverse hemorrhagic effects, oth-
cr than a minimal increasc in activated partial thromboplastin time,
were obscrved at a dosc of 500 mg/kg/day.

While some differences were encountered among the results of
these three key studics, they could be attributed to the dosage ap-
proach (gavagc versus dict), the time period of dosing, the strain of
rats, and possibly the level of vitamin K supplementation, The data
of Wheldon ct al. (1983) demonstrate that the hazard poscd by
cxcessive diclary intake of all raco-locopheryl acctlate can be over-
comc by administration of additional vitamin K. Thec Wheldon ct al.
(1983) study is considered the most definitive estimate because of
the long exposurce period of the dosage via dict. The LOAEL in this
study was 500 mg/kg/day, the lowest dosc tested. Thus, a precisc
NOAEL cannot be determined from the experiment. However, this
LOAEL is consisient with the results of the shorter-lerm feeding
study of Takahashi ct al. (1990) with a LLOAEL at 600 mg/kg/day,
the lowest dosc 1ested, and the gavage study of Abdo ct al. (1986)
with no adverse hemorrhagic cffects at 125 mg/kg/day and only a
minimal incrcasce in activated partial thromboplastin time at 500
mg/kg/day of RRR-0-locophcrol acclate.

Uncertainty Assessment. When delermining an uncertainty factor
(UF) for a-locophcrol, scveral sources of uncertainty were consid-
cred and combined into the final UF (Table 6-6). A UF of 2 was
uscd 1o extrapolate the LOAEL 1o a NOAEL. The scverity of hemor-
rhagic cffccets justifics a UF greater than 1; howcever, the results of
Abdo ctal. (1986) showing no adversc cffccts at 1256 mg/kg/day for
hemorrhagic cffects justify a UF of 2 1o extrapolate from the LOA-
EL of 500 mg/kg body wcight/day to the NOAEL of 250 mg/kg
body weight/day. A UF of 2 was sclccled 10 extrapolate from sub-
chronic to chronic inlake, and a UF of 3 was sclected 1o extrapolate
from cxpcrimental animals (0 humans because of data showing
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TABLE 6-6 Sourccs of Unccriainty Used Lo
Dctermine UL for Vitamin E

UF
LOAEL o NOAEL 2
Subchronic to chronic intake 2
Experimental animal to human 3
Interindividual variation in sensitivity 3
Final UF =2 x 2x3x3= 36

some similarities between the animal and human responses. Anoth-
er UF ol 3 was selected to account [or interindividual variation in
sensitivity. This value was deemed appropriate based on pharmaco-
kinetic data showing plasma saturation ol o-tocopherol concentra-
tions with increasingly higher intakes in humans (Dimitrov et al.,
1991, 1996; Jialal et al., 1995; Losowsky et al., 1972; Meydani et al.,
1998; Princen et al., 1995). The various UFs are combined to yield
an overall UF of 36 to extrapolate [rom the LOAEL in animals to
derive a UL for humans.

Derivation of a UL. The LOAEL of 500 mg/kg/day was divided
by the overall UF of 36 to obtain a UL value of 14 mg/kg/day [or
adult humans. The value ol 14 mg/kg/day was multiplied by the
average ol the relerence body weights [or male and [emale adults,
68.5 kg, [rom Chapter 1 (Table 1-1). The resulting UL for adults is
959 mg/day (which was rounded to 1,000 mg/day):

LOAEL _ 500 mg/ kg /day
UF 36
=14/ mg/kg/day x 68.5 kg = 1,000 mg / day.

Although adult males and females have different reference body
weights, the uncertaintics in the estimation of the UL were consid-
crable, and distinction of scparatc ULs for malc and female adults
was thercfore not auempted. This UL is consistent with the review
by Kappus and Diplock (1992) that in humans, side cffects occurred
at doscs of 1,100 o 2,100 mg (2,559 to 4,885 pmol)/day of RRR-¢-
tocophcrol. At high doscs all of the siercoisomers of d-locophcrol
arc considered cquivalent given that all forms of vitamin E arc ab-
sorbed (Kiyosc ct al., 1997; Mcydani ct al.,, 1989; Traber and Kay-
den, 1989a; Traher ct al., 1992, 1994a). Thus, the UL applics to all
cight stercoisomers of o-locopherol.

UL =
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Vitamin E UL Summary, Ages 19 Years and Older

UL for Adults
19 years and older 1,000 mg (2,326 pmol)/day of any
form of supplementary 0-tocopherol

Other Life Stage Groups

Infants. For infants, thc UL was judged not delerminable be-
causc of insufficicnt data on adverse cffccts in this age group and
concern about the infant’s ability to handle cxcess amounts. To
prevent high levels of intake, the only source of intake for infants
should be from food and formula.

Children and Adolescents. There are no reports of vilamin E toxic-
ity in children and adolescents. Given the dearth of information,
the UL valucs for children and adolescents arce extrapolated from
thosc cstablished for adults. Thus, the adult UL of 1,000 mg (2,326
pmol)/day of o-locopheryl was adjusied for children and adoles-
cents on the basis of relative body weight as described in Chapter 4
using rcference weights from Chapter 1 (Table 1-1). Values have
bhcen rounded.

Pregnancy and Lactation. There arc no reports of vitamin E toxic-
ity in pregnant or lactating women, Once woman consumed 27 mg/
day of t-tocopherol from the dict and 1,455 mg/day from supplc-
ments (Anderson and Pittard, 1985). Her milk o-tocophcerol con-
centrations were more than three times normal, which might in
thcory be dangerous for the infant, but the mother had no adverse
cffeets, Given the dearth of information, it is reccommended that
the UL for pregnant and lactating females be the same as that for
the nonpregnant and nonlactating female,

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

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

1-3 years 200 mg (465 pmol)/day of any form of
supplementary o-tocopherol

4-8 years 300 mg (698 ymol)/day of any form of
supplementary o-tocopherol

9-13 years 600 mg (1,395 pymol)/day of any form of

supplementary o-tocopherol
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UL for Adolescents
14-18 years 800 mg (1,860 pmol)/day of any form of
supplementary o-tocopherol
UL for Pregnancy
14-18 years 800 mg (1,860 pmol)/day of any form of

supplementary o-tocopherol

19 years and older 1,000 mg (2,326 pmol)/day of any form of
supplementary o-tocopherol

UL for Lactation

14-18 years 800 mg (1,860 pmol)/day of any form of
supplementary o-tocopherol

19 years and older 1,000 mg (2,326 pmol)/day of any form of
supplementary o-tocopherol

Special Considerations

Vitamin K Deficiency or Anticoagulant Therapy. The UL derived
above pertains Lo individuals in the gencral population with ade-
quatc vitamin K intake. Individuals who arc dcficient in vitamin K
or who arc on anticoagulant therapy arc at increased risk of coagu-
lation dcfects. Paticnts on anticoagulant therapy should he moni-
tored when taking vitamin E supplements as described by Kim and
White (1996).

Premature Infants. As discussed above, the small premature in-
fant is particularly vulnerable to the toxic effects of a-tocopherol.
For premature infants, the UL of 14 mg/kg/day for adults would be
equivalent to a UL of 21 mg/day for infants with birth weights of
1.5 kg. This UL seems prudent and appropriately conservative based
on the observation by Phelps et al. (1987). Furthermore, the Amer-
ican Academy of Pediatrics states that “pharmacologic doses of vita-
min E for the prevention or treatment of retinopathy of prematuri-
ty, bronchopulmonary dysplasia, and intraventricular hemorrhage
are not recommended” (AAP, 1998). While it is recognized that
hemolytic anemia due to vitamin E deficiency is frequently of con-
cern in premature infants, its management via vitamin E supple-
mentation must be carefully controlled.

Intake Assessment

Bascd on distribution data from the 1988 (o 1994 Third National
Hcalth and Nutrition Examination Survey (NHANES TIT) (Appcen-
dix Table C-5), the highest mean reported intake of vitamin E from
food and supplements for all life stage and gender groups was



260 DIETARY REFERENCE INTAKES

around 45 mg (104.7 pmol)/day of a-tocopherol cquivalents, This
was the mcan intake reported by women 51 through 70 years of age.
However, the intake distribution from food and supplements is ¢x-
tremely skewed because the median intake of these women was
about 9 mg (20.9 pmol) /day in comparison with a mcan intake of
45 mg (104.7 pmol) /day. This group also had the highest reported
intake at the nincty-ninth percentile of 508 mg (1,181 pmol) /day of
o-tocophcerol cquivalents, which is well below the UL of 1,000 mg/
day of any form of o-locophcrol. Vitamin E supplement usc is high
in the U.S. population (Hartz ct al.,, 1988; Slesinski ¢t al., 1996). In
the 1986 National Health Interview Survey, supplements containing
vitamin E were used by 37 percent of young children, 23 percent of
mcn, and 29 percent of all women in the United States (Moss ct al.,
1989).

Risk Characterization

The risk of adverse effects resulting from excess intake of o-
tocopherol from food and supplements appears to be very low at the
highest intakes noted above. Although members of the general pop-
ulation should be advised not to exceed the UL routinely, intakes
above the UL for vitamin E may be appropriate for investigation
within well-controlled clinical trials. In light of evaluating possible
benefits to health, clinical trials of doses of a-tocopherol above the
UL should not be discouraged, as long as subjects participating in
these trials have signed informed consent documents regarding pos-
sible toxicity and as long as these trials employ appropriate safety
monitoring of trial subjects. Also, the UL is not meant to apply to
individuals who are receiving vitamin E under medical supervision.

RESEARCH RECOMMENDATIONS FOR VITAMIN E

¢ Biomarkers are needed for use in assessment of vitamin E
intake and vitamin E status. What are the determinants of plasma
concentrations of o-tocopherol, and are these concentrations regu-
lated? Are plasma o-tocopherol concentrations the best parameter
for assessing adequate plasma vitamin E status in apparently healthy
individuals? Does an a-tocopherol/lipid (e.g., total lipid, triglycer-
ide, or cholesterol) ratio better reflect optimal plasma vitamin E
status?

¢ Since the Recommended Dietary Allowances (RDAs) for chil-
dren ages 1 through 18 years are extrapolated from the adult RDAs,
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it is critically important 1o conduct large-scale studics with children
using statc-of-thc-art biomarkers (o assess their vitamin E requirements,

s Valid ¢stimalcs arc nceded of vitamin E intakes, These ¢sti-
malcs require identification of the specific fats and oils consumed,
in addition to carcful tabulation of all of the foods consumeced, be-
causc the vitamin E content of various fats and oils differs widely
and bccausc vilamin E is widcly distributed in many foods. Most
individual foodstuffs consumed account for less than 1 percent of
the daily intake of o-locophcrol. Calorics are frequently underre-
ported, as is dictary fai, and the form and quantity of fat consumed
arc unknown. Betler mcthods for cstimalting vitamin E intakes arc
nccded,

* Information on the rclationship between oxidative stress and
vitamin E status is nceded. Some information is available about the
dosagce of vitamin E nceded to achicve plasma levels that protect
circulating low-density lipoprotcin (ILDL) from ¢x vivo oxidation,
Howcver, there are scant data on ussuc levels of vitamin E at differ-
cnt levels of intake. Do the large doses that confer protection of
circulating LDL also confer protection within tissucs agamst lipid
pecroxidation or other manifestations of rcactive oxygen specics gen-
cration? Arc there markers of oxidative siress that can be related (o
vilamin E status?

* Vitamin E kinclics and mctabolism arc promising arcas of
rcscarch. Can estimates of a-locophcerol requirements be made us-
ing stablc isolopces? Arc balance studics feasible that mceasurce intake
and oulpul of stable isotopc-labeled vitamin E? What is the turn-
over of o-locophcrol in various human tissucs? In which tissucs is it
dcgraded and how rapidly? What arc the major metabolic interme-
diatcs during dcgradation, and do they have biological function?

* Dctlermination of the cffccts of vitamin E intake on the pre-
vention of chronic discasc is nceded. There is a great deal of sug-
geslive or indirccet cevidence that vitamin E intakes above thosce that
can rcasonably be obtained from foods may confer health bencfits,
Before clinical intervention trials can be interpreted properly, more
knowledge about the rclationship of vitamin E dosage 1o level of
prolcclion, or level of protection o plasma cholesicrol or lipopro-
tcin levels, is necded. Additional clinical trials (o test dircctly wheth-
cr or nol supplementation with vitamin E can reduce the risk of
coronary hcart discasc arc nceded. A number of trials alrcady in
progress arc cvaluating vitamin E cffccts in well over 100,000 indi-
viduals. Howcver, whether the results are positive or negative, addi-
tional studics will be nceded. For example, if the results are nega-
tive, the question will arisc of whether treatment was instituted carly



262 DIETARY REFERENCE INTAKES

cnough and whether even longer trials starting at an carlicr age arc
neeessary (o Lest the hypolhcm properly. If the results arc positive,
the issuc of dosagc will arisc. Most of these studics are supplement-
ing with morc than 200 mg/day of a-locophcrol, but this may be
unnccessarily high, Again, if the results arc positive, indicating that
vilamin E docs indced offer protection, it will be important o de-
tlerminc if combinations of antioxidants in various dosagces can fur-
ther incrcasce the bencficial cffeet. Possible interactions belween
cholesicrol-lowering and antioxidant trcatments should be studicd
Lo find the best algorithm for preventive management.

* Morc information is nceded on the mechanisms of vitamin E
function. It is unknown whether vitamin E functions solcly as a rcla-
tively nonspccific antioxidant compound or whether it has somce
very specific modcs of action, for which the precise siructure of o-
tocophcrol is required. The mechanisms for regulation of tissuc o-
tocophcrol arc unknown. In fact, it is not known whether they arc
rcgulated at all. The rclatively uniform concentrations in tissucs
from diffcrent individuals suggest that there may be regulation, but
this may rcflcct differences in fat concentration. Additionally, the
existence of o-locopherol binding protcins in tissucs other than the
liver is being investigated. Do differences in depletion rales among
various lissucs rcflect the functions of other tissue o-locophcrol
binding protcins?

* Morc information is nceded on the other forms of vitamin E,
What is the biological polency of forms of vitamin E other than o-
tocophcrol in humans? Docs y-locopherol have a role in humans?
Docs it function to act as a nitric oxide scavenger? What is the
mctabolic falc of y-locophcrol in humans?
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Selenium

SUMMARY

Selenium [unctions through selenoproteins, several ol which are
oxidant defense enzymes. The Recommended Dictary Allowance
(RDA) for sclenium is based on the amount neceded to maximize
synthesis of the sclenoprotein glutathione peroxidasc, as asscssed
by the plateau in the activity of the plasma isoform of this enzyme.
The RDA for both men and women is 55 pg (0.7 pmol) /day. The
major forms of selenium in the diet are highly bioavailable. Sele-
nium intake varies according to geographic location, but there is
no indication of average intakes below the RDA in the United
States or Canada. A study done in Maryland reported that adults
consumed an average ol 81 pg (1.0 pmol) /day of selenium (Welsh
etal, 1981). A Canadian survey reported selenium intakes of 113
to 220 pg (1.4 to 2.8 pmol) /day (Thompson et al., 1975). The
Tolerable Upper Intake Level (UL) for adults is sct at 400 pg (5.1
pmol) /day based on sclenosis as the adverse cffect.

BACKGROUND INFORMATION

Most selenium in animal tissues is present as selenomethionine or
selenocysteine. Selenomethionine, which cannot be synthesized by
humans and is initially synthesized in plants, is incorporated ran-
domly in place of methionine in a variety of proteins obtained [rom
plant and animal sources. Selenium is present in varying amounts
in these proteins, which are called selenium-containing proteins.

284
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Sclenomethionine is not known to have a physiological function
scparatc from that of mcthioninc.

Sclenocysicine is present in animal sclenoproicins that have been
characterized (sce helow) and is the form of sclenium that accounts
for the biological aclivity of the clement. In contrast o sclenome-
thioning, there is no cvidence that sclenocysicine substitutes for
cysteine in humans,

Function

Selenium functions largely through an association with proteins,
known as selenoproteins (Stadtman, 1991), and disruption of their
synthesis is lethal for embryos (Bésl et al., 1997). A selenoprotein is
a protein that contains selenium in stoichiometric amounts. Four-
teen selenoproteins have been characterized to date in animals.
The four known selenium-dependent glutathione peroxidases des-
ignated as GSHPx 1 through 4 defend against oxidative stress (Flo-
he, 1988). Selenoproteins P and W are postulated to do so as well
(Arteel et al., 1998; Burk et al., 1995; Saito et al., 1999; Sun et al.,
1999). Three selenium-dependent iodothyronine deiodinases regu-
late thyroid hormone metabolism (Berry and Larsen, 1992). Three
thioredoxin reductases have been identified (Sun et al., 1999).
Their functions include reduction of intramolecular disulfide bonds
and regeneration of ascorbic acid from its oxidized metabolites
(May et al., 1998). The selenium-dependent isoform of selenophos-
phate synthetase participates in selenium metabolism (Guimaraes
et al., 1996). Other selenoproteins have not yet been characterized
to the same extent with respect to function (Behne et al., 1997).
Thus, the known biological functions of selenium include defense
against oxidative stress, regulation of thyroid hormone action, and
regulation of the redox status of vitamin G and other molecules.

Physiology of Absorption, Metabolism, and Excretion
Absorption

Absorption of sclenium is cfficient and is not regulaied. Morc
than 90 percent of sclenomethioning, the major dictary form of the
clement, is absorbed by the same mechanism as methionine itsclf
(Swanson ct al,, 1991). Although litle is known about sclenocys-
leinc absorption, il appears 1o be absorbed very well also.

An inorganic form of sclenium, sclenate (S¢O,?), is absorbed
almost compleltcly, but a significant fraction of it is lost in the urine
before it can be incorporated into tissucs. Another inorganic form
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of sclenium, sclenite (ScO,4%), has a more variable absorption, prob-
ably rclated o interactions with substances in the gut lumen, but it
is beller retained, once absorbed, than is sclenate (Thomson and
Robinson, 1986). Absorption of sclenile is generally greater than 50
percent (Thomson and Robinson, 1986). Although sclenate and
sclenite are not major dictary constituents, they are commonly used
Lo forlify foods and as sclenium supplements.

Body Stores

Two pools of reserve selenium are present in humans and ani-
mals. One of them, the selenium present as selenomethionine,
depends on dietary intake of selenium as selenomethionine
(Waschulewski and Sunde, 1988). The amount of selenium made
available to the organism from this pool is a function of turnover
of the methionine pool and not the organism’s need for selenium.

The second reserve pool of selenium is the selenium present in
liver glutathione peroxidase (GSIIPx-1). In rats, 25 percent of total
body selenium is present in this pool (Behne and Wolters, 1983). As
dietary selenium becomes limiting for selenoprotein synthesis, this
pool is downregulated by a reduction of GSIIPx-1 messenger ribo-
nucleic acid (RNA) concentration (Sunde, 1994). This makes sele-
nium available for synthesis of other selenoproteins.

Metabolism

Selenomethionine, derived mainly [rom plants, enters the me-
thionine pool in the body and shares the fate of methionine until
catabolized by the transsulluration pathway. The resulting [ree sele-
nocysteine is further broken down with liberation ol a reduced form
ol the element, which is designated selenide (Esaki et al., 1982).
Ingested selenite, selenate, and selenocysteine are all apparently
metabolized directly to selenide. This selenide may be associated
with a protein that serves as a chaperone (Lacourciere and Stadt-
man, 1998). The selenide can be metabolized to selenophosphate,
the precursor of selenocysteine in selenoproteins (Ehrenreich et
al., 1992) and of selenium in transfer RNA (Veres et al., 1992), or it
can be converted to excretory metabolites (Mozier et al., 1988),
some ol which have been characterized as methylated forms.

LExcretion

The mcechanism that regulates production of cxcrclory metabo-
litcs has notl heen clucidated, but excerction has heen shown 10 be
rcsponsible for maintaining sclenium homcostasis in the animal
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(Burk ct al., 1972). The excrctory metabolites appear in the urine
primarily, but when large amounts of sclenium arc being excreted,
the breath also contains volatile metabolites (c¢.g., dimethylsclenidce)
(McConncll and Portman, 1952).

Clinical Effects of Inadequate Intake

In experimental animals, selenium deficiency decreases selenoen-
zyme activities, but if the animals are otherwise adequately nour-
ished, it causes relatively mild clinical symptoms. However, certain
types of nutritional, chemical, and infectious stresses lead to serious
diseases in selenium-deficient animals. For example, induction of
vitamin E deficiency in selenium-deficient animals causes lipid per-
oxidation and liver necrosis in rats and pigs and cardiac injury in
pigs, sheep, and cattle (Van Vleet, 1980). Another example of this
phenomenon is the conversion of a nonpathogenic strain of cox-
sackie B3 virus to a pathogenic one that causes myocarditis when it
infects selenium-deficient mice (Beck and Levander, 1998).

Keshan disease, a cardiomyopathy that occurs only in selenium-
deficient children, appears to be triggered by an additional stress,
possibly an infection or a chemical exposure (Ge et al., 1983). Clin-
ical thyroid disorders have not been reported in selenium-deficient
individuals with adequate iodine intake, but based on observations
in Africa, it has been postulated that infants born to mothers defi-
cient in both selenium and iodine are at increased risk of cretinism
(Vanderpas et al., 1992).

Kashin-Beck disease, an endemic disease of cartilage that occurs
in preadolescence or adolescence, has been reported in some of
the low-selenium areas of Asia (Yang et al., 1988). It is possible that
this disease, like Keshan disease, occurs only in selenium-deficient
people. However, there has been no demonstration that improve-
ment of selenium nutritional status can prevent Kashin-Beck dis-
ease, so involvement of selenium deficiency in its pathogenesis re-
mains uncertain.

These considerations indicate that selenium deficiency seldom
causes overt illness when it occurs in isolation. However, it leads to
biochemical changes that predispose to illness associated with other
stresses.

SELECTION OF INDICATORS FOR ESTIMATING THE
REQUIREMENT FOR SELENIUM

A scarch of the litcrature revealed several indicators that could be
considered as the basis for deriving an Estimated Average Require-
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ment (EAR) for sclenium in adults. These included prevention of
Kcshan discasc or various chronic discascs; concentration of scleni-
um in blood, hair, and nails; concentration of sclenoprotcins in
blood; and urinary excrction of the clement.

Keshan Disease

Keshan discasc, a cardiomyopathy that occurs almost exclusively
in children, is the only human discasc that is firmly linked (o scleni-
um dcficicney (Keshan Discase Rescarch Group, 1979). In addition
1o a low sclenium intake, low blood and hair sclenium concentra-
tions arc associalcd with Keshan discase. The discase occurs with
varying frcquency in arcas of China where the population is scvere-
ly sclenium dcficient (Ge ctal., 1983). Bascd on these obscrvations,
the occurrence of Keshan discase in a population would indicale
that the population is sclenium deficient.

Selenium in Hair and Nails

Although the forms of sclenium in hair and nails have not heen
charactcrized, some correlations between dictlary intake of the cle-
ment and hair and nail concentrations of sclenium have been dem-
onstraled, However, the use of hair and nail sclenium as markers of
sclenium status has been limited because factors such as the form of
sclenium fed, the methionine content of the dict, and the color of
the hair affect the deposition of sclenium in these tissucs (Salbe
and Levandcer, 1990). In addition, somc shampoos in the United
States and Canada contain sclenium. Thercfore, only well-con-
trolled studics can make usc of hair and nail sclenium concentra-
tions, and these markers arc of little valuc in determining sclenium
rcquircments across population groups.

Selenium in Blood

Scveral forms of sclenium arce present in blood and in mctaboliz-
ing tissucs; thus, they can be discussed together. Physiologically ac-
tive forms include the sclenoprotcins and some as yet uncharacter-
ized forms that arc present in low abundance. These forms of
sclenium arc undcr physiological regulation. Within a specific range
of dictary sclenium intakes, sclenoproicin concentrations arc a func-
tion of sclenium intake. Above this range of intakes, sclenoprotein
concentrations become regulated only by genctic and environmen-
lal factors. This lack of sclenium cffect implics that the sclenium
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rcquircment for sclenoprotein synthesis has been met (Yang ct al.,
1987). At this platcau point, human plasma sclecnoprotcins contain
0.8 to 1.1 pmol/L (7 to 9 pg/dL) of sclenium (Hill ct al., 1996).
Thus, when tissuc concentrations of sclenium arc below the level at
which sclenoproicins have platcaucd, it can be stated with confi-
dence that sclenium supplics arc limiting. Under these conditions,
tissuc (plasma) concentrations of the clement arc uscful as indices
of nutritional sclenium status.

Above plailcau concentration, however, the chemical form of scle-
nium ingested and other factors become important in determining
the tissuc sclenium concentration. Tissuc (plasma) concentrations
of sclenium do not always corrclatc with sclenium intake under
these condilions (concentration greater than the platcau). As stat-
cd carlicr, much of the dictary sclenium supply is sclenomethion-
inc, which is synthesized by plants and appcars Lo cnter the me-
thioninc pool in animals where it is incorporated into protcin
randomly at mcthionine sites, Since sclenomethionine is not sub-
ject to homeostatic regulation, blood levels of sclenium will gener-
ally be higher when this form is consumed (Burk and Levander,
1999). The sclenium released by the catabolism of sclenomcthio-
ninc will be present as sclenocysicine in sclenoproteins.

Bascd on these considerations, plasma sclenium concentration
has ulility in asscssing sclenium intake of all forms of the clement
only when it is less than 0.8 pmol /L (7 pg/dL). Such valucs indicatc
that the synthesis of sclenoproteins has not yet platcaucd. Above
these valucs, the plasma sclenium concentration is highly depen-
dent on the chemical form of the clement ingested.

Glutathione Peroxidases and Selenoprotein P in Blood

Scveral sclenoprotceins arc present in blood. Plasma contains the
extraccllular glutathione peroxidase (GSHPx-3) and sclenoprotcin
P. Erythrocytes and platclets contain the most abundant form of
sclenium-containing glutathione pceroxidase, intraccllular gluta-
thionc pcr0x1dasc (GSHPx-1). Other sclenoproicins have not been
identified in blood. All three of these blood sclenoprotcins (GSH-
Px-3, sclenoprotcin P, and GSHPx-1) have been used 1o asscss scle-
nium status, but plasma GSHPx-3 has been preferred in recent years
bccausc its detlermination is more accuratle than the determination
of the crythrocyle enzyme GSHPx-1. Since hemoglobin interferes
with the mcasurcment of GSHPx-1 in the crythrocyle, usc of this
marker is problematic and conscquently few data arc available that
can be uscd o sct a sclenium requirement. Also studics indicate
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that plasma GSHPx-3 activity reflects the activity of tissuc sclenoen-
zymcs betier than docs GSHPx-1 activity in crythrocytes (Cohen ct
al., 1985),

The limiled information available on sclenoprotcin P indicatces
that it is the major form of sclenium in plasma and suggests that it
will be as good an indicator of sclenium status as plasma GSHPx-3
(Hill ¢t al., 1996). However, since an assay for it is not widcly avail-
ablc at present, the data for sclenoprotein P are insufficient 10 usc
it to cstimaice a dictary requircment,

Cancer

In somec animal modcls, high sclenium intakes reduce the inci-
dence of cancer (Ip, 1998). In these studics, sclenium was fed in
amounts greater than that needed 1o support maximum concentra-
tions of sclenoprotcins. In humans, some but not all obscrvational
studics have shown that individuals who sclf-sclect dicts that pro-
ducc high plasma and nail sclenium tend to have a lower incidence
of cancer (Clark ct al,, 1991),

Randomizcd trial data arc limiled (o three studics, one conducted
with poorly nourished rural Chinese (Blot ct al., 1995), another
with U.S. palicnts with a history of trcatcd nonmclanoma skin can-
cer (Clark ct al., 1996), and a third with participants in thc Health
Profcssional Follow-up Study (Yoshizawa ct al., 1999). In the China
trial, among cight combinations tcsied, subjccls assigned a daily
combination of sclenium (50 pg [0.6 pmol]), B-carotenc (15 mg),
and oc-tocophcrol (30 mg) achicved a wgmﬁcam (21 pereent) de-
creasc in gasmc cancer mortalily, resulting in a significant 9 per-
cent decline in total all-causc mortality. However, these results
cannol be attributed 1o sclenium along, because the individuals con-
sumed sclenium in combination with B-carotenc and vitamin E,

In the sccond trial, 200 pg (2.5 pmol) /day of sclenium adminis-
tered in the form of yecast showed no cffect on recurrence of non-
mclanoma skin cancer compared (o a similar placcbo group (Clark
ct al,, 1996). Although thc numbcrs of subjccts were small (1,312
patients randomly assigned to the supplement or a placebo, = 75%
malc) and the oulcomes not prespecified, significantly lower rates
of proslate, colon, and total cancer were obscrved among thosc
assigned 1o the sclenium group.

Similar prostaic cancer results were reported from a nested casc-
control design within the Health Professionals Follow-up Study; the
risk of prostatc cancer for men recciving 200 pg (2.5 pmol) /day of
sclenium was onc-third that of men recciving the placeho (Yoshiza-
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wa ct al,, 1999). The inverse association scen between the selenium
level in tocnail clippings and the risk of advanced prostate cancer
was not confounded by age, other diclary factors, smoking, body
mass indcx, geographic region, family history of prostale cancer, or
vascclomy.

Results of these three studics are compatible with the possibility
that intakes of sclenium above those needed (o maximize scleno-
prolcins have an anticancer cffect in humans, These findings sup-
port the need for large-scale trials. They can not, however, scrve as
the basis for dctermining diclary sclenium requirements at this
ume.

Other Measurements

Urine

Attempts have been made 1o use urinary sclenium excerction as an
index of sclenium status. While exerction of the clement is propor-
tional 1o sclenium status, excrclion is also sensitive 1o short-term
changcs in sclenium intake (Burk ct al., 1972). Thus, urinary cxcre-
tion in sclenium dceficiency may reflect immediate sclenium intake
morc than nutritional sclenium status, This limits the utility of uri-
nary sclenium mecasurcments,

Labeled Selenium

Uptake of sclenium-75 (“®Sc) by crythrocytes in vitro has been
studicd (Wright and Bcll, 1963) as an indicator of sclenium status,
Although this mcthod showed validitly in shcep (Wright and Bell,
1963), its valuc in other specics, including humans, has not been
demonstrated (Burk ct al., 1967).

FACTORS AFFECTING THE SELENIUM REQUIREMENT

Bioavailability

Most dictary sclenium is highly bioavailable. Sclenomethioning,
which is cstimated to account for at Icast half of the dictary scleni-
um, is ahsorbed by the same mechanism as mcthionine, and its
sclenium is madc available for sclenoprotcin synthesis when it is
calabolizcd via the transsulfuration pathway (Esaki ct al., 1982). The
bioavailability of sclenium in the form of sclenomethionine is great-
cr than 90 percent (Thomson and Robinson, 1986). The sclenium
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in sclenocystcine, another significant dictary form, is also hlghly
bioavailable (Swanson ct al., 1991). There appear Lo be some minor
dictary forms of sclenium (cspcmally present in fish) that have rcla-
tively low bioavailability, but these forms have not been identified
(Cantor and Tarino, 1982). Sclenate and sclenite, two inorganic
forms of sclenium, have roughly cquivalent bioavailability which
generally exceeds 50 pereent (Thomson and Robinson, 1986). Al-
though they arc not major dictary constitucnts, these inorganic
forms arc commonly uscd as sclenium supplements,

Gender

Earlicr reports from China (Ge ct al., 1983), from a time when
sclenium dcficiency was morce scvere than in recent years, indicated
that women of childbcaring age were susceptible to developing Kes-
han discase, wherecas men were resistant. However, cascs of the dis-
casc reported in the past 20 years appear Lo be limited to children,
with cqual prcvalcncc in boys and girls (Cheng and Qian, 1990),
Thus, a gender cffect in susceptibilily Lo this discasc may he present
at extremcly low sclenium intakes, but no such cffeet has been dem-
onstrated at current intakes., Given women’s apparently incrcascd
susceplibility to Keshan discasc, sclenium requirements for the var-
ious agc groups arc hascd on malc rcference weights.,

FINDINGS BY LIFE STAGE AND GENDER GROUP

Infants Ages O through 12 Months
Method Used to Set the Adequate Iniake

No functional crileria of sclenium status have been demonstrated
that refleet responsce Lo dictary intake in infants, Thus, recommend-
cd intakes of sclenium arc bascd on an Adcquate Intake (AI) that
rcflects the observed mean sclenium intake of infants fed principal-
ly with human milk.

Human milk is rccognized as the optimal milk source for infants
throughout at lcast the first ycar of life and is reccommended as the
sole nutritional milk source for infants during thc first 4 1o 6 months
of lifc (IOM, 1991). Thercfore, determination of the Al for scleni-
um for infants is bascd on data from infants fed human milk as the
principal fluid durmg periods 0 through 6 and 7 through 12 months
of agce. The Al is the mcan valuc of obscrved intakes as calculated
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from daia on the sclenium content of human milk and other stud-
ics which estimated the volume typically consumed as delermined
by test weighing of infants in the age calcgory. In the age group 7
through 12 months, an amount is added for the contribution to
intake of sclenium obtained from weaning foods.

Average sclenium concentrations of human milk consumed by
infants at different ages arc shown in Table 7-1. In general, the
sclenium content of human milk is highest in colostrum (33 1o 80
pg [0.4 10 1.0 pmol] /L) (Ellis ctal., 1990; Higashi ct al., 1983; Hojo,
1986; Smith ct al,, 1982), whcrcas concenirations in transitional
milk at 1 week (18 1o 29 pg [0.2 1o 0.4 pmol] /L) arc lcss than half
thosc of colostrum (Ellis ¢t al., 1990; Higashi ct al., 1983; Hojo,
1986). There is wide interindividual variation in the sclenium con-
tent of human milk (Higashi ct al,, 1983), and the sclenium con-
tent of hind milk (milk at the end of an infant feeding) is greater
than that of the fore milk (milk at the beginning of the feeding)
(Smith ct al., 1982),

Sclenium is also present in human milk in extracellular glu-
tathionc peroxidase (GSHPx-3) (Avissar ct al., 1991), but the distri-
bution of sclenium among milk protcins nccds further character-
ization. It is also likcly that a large and variable fraction of milk
sclenium is present as sclenomcthionine substituting for mecthio-
ninc as has heen described for plasma.

The average sclenium conient of mature human milk sampled
between 2 and 6 months lactation appcears Lo be relatively constant
within a population group (Dcbski ct al., 1989; Funk ct al., 1990).
Howcver, human milk sclenium varics with matcernal sclenium in-
take. Sclenium concentrations in mature human milk in Finnish
women consuming 30, 50, or 100 pg (0.4, 0.6, or 1.3 pmol)/day of
sclenium were 6, 11, or 14 pg (0.08, 0.14, or 0.18 pmol) /L. of scleni-
um, respectively (Kumpulamcn ctal., 1983, 1984, 1985). Other stud-
ics reported average sclenium conccntrations of maturc human
m11k of 10 to 23 pg/L (with a rangc of 6 10 39 pg/1.) (Cumming ct

, 1992; Dcbski ct al., 1989; Ellis ct al., 1990; Funk ct al., 1990;
H1gash1 ctal,, 1983; HOJO 1986; 1. cvandcr ctal., 1987; Marman and
Picciano, 1987 Smith ct al., 1982).

The average sclenium content of human milk from mothers in
Canada and the United States was 15 to 20 pg (0.19 to 0.25 pmol) /
L. (Levander ct al,, 1987; Mannan and Picciano, 1987; Smith ct al.,
1982). An older study analyzed human milk samples from women
living in 17 statcs in the United States. The authors reported mean
milk sclenium valucs to be 28 pg (0.35 pmol) /1. in arcas with high
soil sclenium content and 13 pg (0.16 pmol) /L. in arcas with low
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TABLE 7-1 Sclcnium Content of Human Milk

Selenium Content Malternal
Relerence ol Milk (pg/L) Stage ol Lactation Intake (3
Shearer and 18 (7-60) 17-869 d Not repo
Hadjimarkos, 1975
Smith ct al., 19827 41.2+17.8 1-4 d (colostrum), from a Not repo
dillerent sample of women
18+ 3.8 1 mo
157+ 4.6 2 mo
151 £5.8 3 mo
Higashi et al., 1983% 80 (35-152) Day 1 (colostrum) Not repo
29 (15-79) 1 wk (transitional milk) thougt
18 (9-39) 1 mo compa
17 (6-28) 3 mo Americ
18 (9-33) 5 mo
Kumpulainen ct al., 10.7 £ 1.6 (SD*) 1 mo 36+ 13
1983 58112 3 mo 3012
56+ 04 6 mo
Kumpulainen et al., 11.8x1.7 1 mo 50 (aver:
1984 10919 2 mo dietary
10,0 £ 1.9 3 mo intake,
Kumpulainen et al., 13-14 2 mo 100 (yea:
1985 supple
ITojo, 1986° 34.2 + 12.8 4 d (colostrum) Not repo
240+ 4.2 7-8 d (transitional milk)
225142 36-86 d
Levander el al., 1987 20 £ 1 (SEM¥) 1 mo 84 £ 4
15+1 3 mo 81+ 41
151 6 mo 87+ 4
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Malernal Selenium
Intake (pg/d)

Mcthods

om a
‘women

ilk)

Not rcported

Not rcported

Not reported;
thought Lo be
comparable to
Amcrican intakes

36 + 13 (6-8 wk pp)
30 £ 12 (17-22 wk pp)

50 (average Finnish
dietary selenium
intake)

100 (yeast-Se
supplement)

Not rcported

84+ 4
81+41
87+ 4

n = 241 mothers from 17 statcs, ages 17-44

n =8 human milk-fed infants and their mothers who
provided 72 milk samples

Stage of lactation and time of day had no effect on
milk Se

n = 22 Japanese healthy full-term infants and their
mothers, aged 22-34

Women were from the same geographical arca

Wide interindividual variation in milk 8¢ content

Also measured scrum level: mean serum level in
mothers at 3 mo pp =148 £ 4.7 pug/dL; level in
control subjects = 13.5 £ 1.9 pg/dL

n =13 Finnish human milk-fcd infants and their
mothers
Dielary intake based on 7-d food records

n = 46 human milk samples from 31 Finnish mothers

n = 200 Finnish healthy full-term infants and their
molhers

Three groups: no supplement, 100 pg/d yeast-Se, and
100 pg/d sclenite. Highest milk content values were
found in the yeast-Se group. In the no-supplement
group, the pecak milk content (7.2) was rcached at
6 mo ppd

n =5 Japancsc healthy [ull-term infants and their
mothers, aged 25-28

Also measured GSHPx/ levels in milk. GSHPx levels
were highest in colostrum and decreased with
increasing time ol lactation

Urinary Sc¢ was not associated with milk 8¢ or GSHPx

n = 23 laclating mothers with healthy full-term
deliverics, aged 18-36

Also examined 13 nonlactating women

Dictary intake was bascd on duplicate [ood and drink
composites and food records

continued
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TABLE 7-1 Continucd

DIETARY REFERENCE INTAKES

Selenium Content Malternal
Relerence ol Milk (pg/L) Stage ol Lactation Intake (3
Mannan and Picciano, 15.6 £ 0.4 (fore) 1, 8, 12, and 16 wk Not repa
19874 18.1 £ 0.6 (hind)
Dehski el al., 22,2 + (0.8 (SEM) Any 9 conseculive mo during 101 £ 6
1989 (vegetarians) 1-26 mo lactation (veget:
16.8+ 1.3 106 £ 5
(nonvegetarians) (nonve
Ellis et al., 1990 3284+ 3.2 3d Not repo
264116 7d
24,0 £ 1.6 21d
21.6 £ 1.6 42 d
Funk et al., 15.5 1-6 mo (rainy season) Food sca
1990 21.% 1-6 mo (dry season) Food an
17.8 15-19 mo (rainy scason) Food sca
19.7 15-19 mo (dry scason) Food aln

Cumming et al,,
1992

Jochum ct al.,
1995

11.9 + 8.5 (SD)

9.9+0.5

6-12 wk

1 mo

Informal
ARKCSET]

Not repo

2 Hind milk sclenium concentration greater than that in fore milk.

b Lack of correlation between human milk and serum sclenium concentration.
¢SD = standard deviation.

d PP = postpartum.



SELENTUM 297

Malernal Selenium
Intake (pg/d)

Mcthods

 during

On)

Not reported

101 £ 6
(vegetarians)

106 £ 5
(nonvegctarians)

Not rcported

Food scarcity
Food abundance
Food scarcity
Food abundance

Informal dietary
assessment

Not reported

n = 10 healthy mothers with normal term pregnancies,
mean age = 30

Valucs [rom wecks 4, 8, 12, and 16 were pooled

No Se supplements taken during pregnancy or lactation

Measured GSHPx in milk—similar patlern as milk Se

Also looked al plasma and erythrocyte levels of Se
and GSHPx

n = 26 vegelarian and 12 nonvegelarian healthy
lactating mothers, mean age = 29

Dictary intake based on 2-d intake records

Milk Sc content is based on undialyzed milk; valucs
for dialyzed milk samples were similar for both
vegetarians and nonvegetarians

n =10 term infants and thecir mothcers

Also examined preterm and very preterm infants

Also measured GSHPx activily and protein content
in milk

n = 55 Gambian women; multiparous

Milk Se was higher in the dry season

Milk Sc¢ was lower in the rainy scason, but only during
carly lactation (1-6 mo). The scasonal clfcet
diminished during late lactation (13-19 mo)

There was a negative correlation between parity and
milk Se during late lactation regardless of season
Protein, GSHPx, and Px were nol affected by slale of

lactation or parity

7 = 20 Australian human milkfed infants and their
mothers, aged 17-38

Hind milk 8¢ was significantly greater than fore milk Sc

Blood and scrum Sc also mcasured

n = 50 German healthy term infants exclusively fed
human milk

No change in plasma Sc [rom birth to 4 mo

Significant decrease in erythrocyte and plasma GSHPx
activity from birth to 4 mo

¢ Positive corrclation between human milk sclenium and GSHPx.
JGSIIPx = sclenium-dependent glutathione peroxidascs.
£ SEM = standard error of the mean.
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soil sclenium content, with an overall average concentration of 18
pg (0.23 pmol) /L. (Shearer and Hadjimarkos, 1975).

Ages O through 6 Months

There are no reports of full-term American or Canadian infants
exclusively and freely fed human milk who manifest signs of scleni-
um dcficiency. The Al for infants ages O through 6 months is based
on an average volume of milk intake for this age group of 0.78 1./
day (Allen ctal., 1991; Butte ct al., 1984; Heinig ct al., 1993) and an
avcrage concentration of sclcmum in human milk of 18 pg (0.23
pmol) /L (Levander ct al., 1987; Mannan and Picciano, 1987; Shcar-
cr and Hadjimarkos, 1975; Smith ct al., 1982). Using thc average
sclenium concentration of milk of well-nourished but unsupple-
mcented mothers, 18 pg (0.23 pmol) /L., the Al for infants 0 through
6 months of agc would be 18 pg/1. X 0.78 1./day = 14 pg/day, round-
cd up to 15 pg (0.19 pmol) /day.

Ages 7 through 12 Months

Onc mcthod of estimating the Al for infants in the sccond half of
the first year of life is to utilize the method described in Chapter 3
Lo extrapolate from the Al for infants ages 0 through 6 months and
roundmg By this mcthod, the Al for infants ages 7 through 12
months is 20 pg (0.25 pmol) /day.

An alternative method is 1o calculate the estimated sclenium in-
take from human milk and infant foods. The sclenium content of
maturc human milk remains relatively constant during the first ycar
of lactation (Dcbski ct al., 1989; Funk ct al., 1990). Thercfore, if 18
pg (0.23 pmol) /L sclenium is the average human milk content in
the United States and Canada (Shearer and Hadjimarkos, 1975)
and 0.6 I./day is thc usual amount of human milk consumcd by
infants 7 through 12 months of age (Dewey ct al.,, 1984), the scleni-
um intake from human milk would be 11 pg (0. 14 pmol) /day.

The sclenium content of the usual intakes of complementary
wcamng foods can he calculated as follows. The average daily calor-
ic intake in this age group is 845 kcal (Fomon and Andcrson, 1974),
Calorics provided by human milk would be 450 kcal (0.6 L. of hu-
man milk x 0,75 kcal/mlL.) (Fomon and Andcrson, 1974), Thus, the
caloric content of the usual intake of complementary weaning foods
would be 845 — 450 = 395 kcal.

There is one report in which the sclenium content of infant food
was analyzcd. The total sclenium intake of 20 apparently healthy
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German infants and children 5 to 20 months old was reported 1o be
34 pg (0.4 pmol) /day; the median sclenium content of the food was
27 ng (0.34 nmol) /g wet weight (Lombeck ct al., 1984), By using
this samc sclenium content for U.S. infant food and assuming an
avcrage of 1 kcal/g in infant foods, the average daily sclenium in-
lake from infant food in the sccond half of the first year of lifc
would be 11 pg (0.027 pg/keal x 395 keal). Thus, 11 pg (0.14 pmol)
from food + 11 rg (0.14 pmol) from human milk = 22 pg (0.28
pmol)/day. This is comparable to the value calculated above by
extrapolating from the Al for infants 0 through 6 months, and is in
the same range as the amount calculated by Levander (1976) of 28
pg (0.35 pmol)/day for a 6 month old consuming wholc milk and
wcaning foods.

Selenium AI Summary, Ages O through 12 Months

Al for Infants
0-6 months 15 pg (0.19 pmol)/day of selenium = 2.1 pg/kg
7-12 months 20 pg (0.25 pmol)/day of selenium = 2.2 pg/kg

Children and Adolescents Ages 1 through 18 Years

Evidence Considered in Lstimating the Average Requirement

No data were found on which to basc an Estimated Average Re-
quircment (EAR) for sclenium for children or adolescents. In the
abscnce of additional information, EARs and Recommended Di-
clary Allowances (RDAs) for children and adolescents have been
cstimated using the method desceribed in Chapter 3, which cxtrapo-
lates from adult valucs. As noted above, most sclcmum in the dict is
mctabolized by a mechanism similar to that of mcthionine. There-
fore, the formulas used for determining sclenium requirecments for
children arc the mctabolic formulas rather than those bascd upon
weights alone, Given the reported slightly incrcased susceptibility of
females 1o developing Keshan discase, sclenium requirements for
the various age groups arc bascd on the higher reference weights
for malcs,

The EAR is thus determined bascd on the same criteria of ade-
quacy as adults, that of sclenium intakes that would be expected o
maximizc plasma glutathionc peroxidasc activity.

It is important 1o discuss these recommendations in the context
of knowlcdge regarding the amount of dictary sclenium nccecssary
Lo prevent Keshan discase. This discasc occurs in young sclenium-
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dcficient Chinesc children, which suggests that these children have
the greatest need for sclenium of any individuals in the population.
Studics in China indicate that Keshan discase docs nol occur in
populations with a per capita adult sclenium intake of 17 pg (0.22
pmol) /day or greater (Yang ct al.,, 1987). Thus the calculatcd EARs
listcd bclow should be sufficient to prevent Keshan discase in all
children.,

Selenium EAR and RDA Summary, Ages 1 through 18 Years

EAR for Children
1-3 years 17 pg (0.22 pmol)/day of selenium
4-8 years 23 pg (0.29 pmol)/day of seleniym
EAR for Boys
9-13 years 35 pg (0.45 pmol)/day of selenivm
14-18 years 45 pg (0.57 pmol)/day of selenium
EAR for Girls
9-13 years 35 pg (0.45 pmol)/day of selenivm
14-18 years 45 pg (0.57 pmol)/day of selenium

The RDA for selenium 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 selenium; 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 selenium the RDA is 120 percent of the EAR). The calcu-
lated RDA is rounded to the nearest 5 pg.

RDA for Children
1-3 years 20 pg (0.25 pmol)/day of seleniym
4-8 years 30 pg (0.38 pmol)/day of selenivm
RDA for Boys
9-13 years 40 pg (0.51 pmol)/day of selenium
14-18 years 55 pg (0.70 pmol)/day of selenium
RDA for Girls
9-13 years 40 pg (0.51 pmol)/day of selenium
14-18 years 55 pg (0.70 pmol)/day of selenium

Adulis Ages 19 through 50 Years

Evidence Considered in Lstimating the Average Requirement

Twenty years ago, cfforts 1o cstimale human sclenium require-
ments could produce only an estimated safc and adequate daily
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intake range that was bascd on cxtrapolations from cxpcerimentally
dctermined sclenium requirements of animals (NRC, 1980b). Since
then, Keshan discasc has been reported 1o be a discasce of sclenium
dcficiency in humans, and cstimates of the sclenium intake needed
to prevent it have been made, Also, a number of sclenoproteins,
many of them cnzymes with important functions, have been identi-
ficd. Thesce sclenoproteins require sclenium for their synthesis and
for mainicnance of their actlivitics in tssucs. As discussced carlicr,
two plasma sclecnoprotcins (glutathione peroxidasc and sclenopro-
tein P) can scrve as indices of sclenium status and have been mca-
surcd in individuals consuming varying amounts of sclenium,

Surveys in China have comparced per capita daily sclenium intakes
of adults in Keshan discasc arcas with intakes in adjacent arcas that
were free of the discase (Yang and Xia, 1995; Yang ct al., 1987).
Adult subjccts living in the affected arcas were found 1o havc scleni-
um intakes of 11 pg (0.14 pmol) /day or less, while those living in
unaffected arcas had intakes of 17 pg (0.22 pmol)/day or morc,
Thus, bascd on onc Chincse study, no sclenium-responsive discasc
is known to occur in populations with adult intakes as low as 17 pg
(0.22 pmol) /day.

Additional results from China and clsewherce indicate that intakes
of 20 pg (0.25 pmol)/day and grcater protcct adults against the
devclopment of Keshan discase (Yang ct al,, 1987). In New Zcaland
and Finland, intakes by adults as low as 25 pg (0.32 pmol) /day have
been reported without the occurrence of Keshan discase (Griffiths,
1973; Varo ct al,, 1994),

Plasma glutathionc pcroxidasc and sclenoproicin P were mea-
surcd in a population in which Keshan discasc was endemic (Hill ¢t

, 1996; Xia ct al,, 1989). Survey results estimated that per capita
sclcmum intake of adults was 11 pg (0.14 pmol) /day in this popula-
tion, Table 7-2 comparcs plasma sclenium concentration, glu-
lathionc pcroxidasc aclivity, and sclenoprotcin P concentrations in
boys aged 8 to 12 ycars and adult malcs residing in a Keshan discasc
arca with corresponding valucs in a ncarby arca free of the discasc,
Males living in the discascfree arca had been supplemented with
inorganic sclenium for 14 days (100 pg [1.3 pmol] /day for the boys
and 200 pg [2.5 pmol]/day for thc men). In the endemic arca,
sclenoprotcin P concentration in boys and men was 13 percent and
23 pereent, respectively, of that in the unaffected sclenium supple-
mented arca. Glutathione peroxidasc activilics were 26 percent in
the boys and 37 percent in the men, compared to these activitics in
the boys and mcen in the unaffected arca. Plasma sclenium concen-
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TABLE 7-2 Plasma Sclcnium Indices in Boys and Mcen in Two
Arcas of China: (1) A Sclenium-Dcficient Arca Where Keshan
Discasc Was Endcemic and (2) an Arca Supplemented with
Inorganic Sclenium

Plasma
Plasma Glutathione Plasma
Sclenium Pcroxidase  Sclenoprotein P
(ng/dL)  (U/L%  (U/L)
Boys (aged 8-12)
Low-selenium area 1.3+ 0.5 290+ 15 0.10 £ 0.04
Supplemented arca 6.3+ 1.5 111+ 21 0.76 + 0.27
Low sclenium/supplemented, % 21 26 13
Mecn (aged 17 and over)
Low-selenium area 1.6 £ 0.4 5116 0.13 £ 0.04
Supplemented area 6.8 1.0 137 £ 15 0.57 £ 0.13
Low selenium/supplemented, % 24 37 23

2 Reference plasma contains 1 unit (U) sclenoprotein P/L.
SOURCES: IIill ct al. (1996); Xia ct al. (1989).

trations were 21 percent of the supplemented valucs in the boys
and 24 pcrcent in the men,

These resulls show that biochemical functions of sclenium are
compromiscd in populations in which Keshan discase occurs. The
rcsults also show that development of the discasc is possible in pop-
ulations in which plasma glutathionc peroxidasc activitics in adult
males arc as high as 37 percent of supplemented valucs. Finally,
sclenoprotcin P concentrations appcar 1o be more scverely affected
by sclenium dcficiency than is glutathione peroxidase activity.

Animal studics indicalce that plasma sclenoproteins refleet the ac-
tivitics of tissuc sclenocnzymes (Yang ct al., 1989). It can thercfore
be argucd that platcau concentrations of sclenocnzymes in tissucs
would corrclatc with plaicau concentrations of plasma sclenopro-
tcins, Xia ctal. (1989) found that Keshan discasc can occur in pop-
ulations that have a plasma glutathionc peroxidasc activity in men
that is 37 percent of maximum valucs, This would not lcave a large
margin of crror if less than 100 percent of plasma glutathionce per-
oxidasc activity is deemed acceplable. For these two reasons, pla-
lcau concentration of plasma sclenoproteins is chosen as the indi-
cator for determining the sclenium requirement.
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Intervention Studies

Two intervention studies, one in China and one in New Zealand,
have been done to assess the selenium intake required to achieve
plateau concentrations of plasma selenoproteins.

China Study. In 1983, Yang et al. (1987) conducted an interven-
tion study of selenium supplementation in China. Because the pri-
mary data from this study could not be obtained, interpretation of
the results is based on a graph in the publication. The population
consisted of men aged 18 to 42 years with dietary selenium intakes
of 11 pg (0.14 pmol) /day and plasma glutathione peroxidase activi-
ties that were approximately 35 percent of the values reached after
supplementation with the maximum amount of selenium. The men
were studied in groups of eight to nine and were given selenium
supplements of 0, 10, 30, 60, and 90 pg (0, 0.13, 0.38, 0.76, 1.14
pmol) /day as pL-selenomethionine for 8 months. Plasma glu-
tathione peroxidase activities increased in all groups supplemented
with selenium. The plasma enzyme activities in the groups given 30,
60, and 90 pg (0.38, 0.76, 1.14 pmol) /day increased and converged
after the fourth month, whereas activities in the other two groups
remained lower. This suggests that at a daily intake of 41 pg (0.52
pmol) /of selenium (11 pg [0.14 pmol] from diet plus 30 pg [0.38
pmol] from supplement), the activity of plasma glutathione peroxi-
dase reaches a plateau in adult Chinese males with an estimated
weight of 60 kg. With a weight adjustment for North American males
(41 pg (0.52 pmol)/day X 76 kg/60 kg), this value would translate
to 52 pg (0.66 pmol) /day.

New Zealand Study. A study in New Zealand examined 52 adults
(17 men and 35 women) aged 19 to 59 years with a mean selenium
intake of 28 &+ 15 pg (standard deviation [SD]) (0.35 = 0.19 pmol)/
day and initial plasma glutathione peroxidase activities that were
approximately 75 percent of the values after selenium supplemen-
tation. The subjects were given 0, 10, 20, 30, or 40 pg (0, 0.13, 0.25,
0.38, 0.51 pmol) /day of selenium as selenomethionine for 20 weeks
(with about 10 subjects per group) (Duffield et al., 1999).

An independent analysis of the study data (Duffield et al., 1999),
which were generously provided by the investigators, has been con-
ducted for this report. Regression analysis indicates that plasma glu-
tathione peroxidase activities of the supplemented groups were high-
er than those of the placebo group, although the magnitude of the
differences was small relative to the variation of values between indi-
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viduals in the same supplemented group. Sclenium supplementa-
tion incrcased the plasma glutathione peroxidasc activity because
the increasc in the activity relative o presupplementation was appar-
cnl for ncarly cvery supplemented individual. However, the incrcasc
at the lowest level tested (10 pg [0.13 pmol]/day) could not be
statistically diffcrentiated from the increasc at the highest level est-
cd (40 pg [0.51 pmol]/day). Thus, choosing to be conscrvative, an
EAR of 38 pg (0.48 pmol) (28 pg [0.35 pmol]/day from food + 10 pg
[0.13 pmol] /day from thc lowest level supplemented) was sclected.

Summary. Calculation of an EAR for sclenium is based on the
rcsults of two intervention studics that were donc in different coun-
trics but had similar decsigns. The Chinese study suggests that a
platcau of plasma glutathionc pcroxidasc activily was rcached with
a sclenium intake of 41 pg (0.52 pmol) /day. With a weight adjust-
ment for North Amcrican males, the sclenium intake was 52 pg
(0.66 pmol)/day. The New Zcaland study can be interpreled o
suggest an EAR in the vicinity of 38 pg (0.48 pmol) /day. The aver-
agce of thosc studics, 45 pg (0.57 pmol), has been chosen as the
EAR.

Selenium EAR and RDA Summary, Ages 19 through 50 Years

Bascd on the criterion of maximizing plasma glutathione peroxi-
dasc activity, the data described above support a sclenium EAR of
45 pg/day for the age group 19 through 50 ycars based on the
weights of North Amcrican men. Given the reported greater sus-
ceplibility of women to develop Keshan discase and the fact that the
data uscd 1o sct the EAR camc largely from men, sclenium require-
mcents for both males and females arc based on the higher refer-
cnce weights for malcs.

EAR for Men
19-30 years 45 pg (0.57 pmol)/day of selenium
31-50 years 45 pg (0.57 pmol)/day of selenium
EAR for Women
19-30 years 45 pg (0.57 pmol)/day of selenium
31-50 years 45 pg (0.57 pmol)/day of selenium

The RDA for sclenium is sct by assuming a cocfficient of variation
(CV) of 10 perecent (sec Chapter 1) because information is not avail-
ablc on the standard deviation of the requirement for sclenium; the
RDA is defined as cqual 1o the EAR plus twice the CV 1o cover the
nceds of 97 10 98 percent of the individuals in the group (there-
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fore, for sclenium the RDA is 120 percent of the EAR). The calcu-
latcd RDA is rounded to the ncarest 5 pg,

RDA for Men
19-30 years 55 pg (0.70 pmol)/day of selenium
31-50 years 55 pg (0.70 pmol)/day of selenium
RDA for Women
19-30 years 55 pg (0.70 pmol)/day of selenium
31-50 years 55 pg (0.70 pmol)/day of selenium

Adults Ages 51 Years and Older

Evidence Considered in Estimating the Average Requirement

Adults ages 51 years and older appear to have the same selenium
requirement as younger adults. No pathological conditions related
to selenium insulliciency have been reported in older individuals,
and markers ol selenium status in blood do not dilfer by age or
gender (Hill et al., 1996).

Selenium EAR and RDA Summary, Ages 51 Years and Older

Data [rom intervention studies support an EAR for the age group
51 years and older of 45 pg/day. The aging process does not appear
to impair selenium absorption or utilization.

EAR for Men
51-70 years 45 pg (0.57 pmol)/day of selenium
>70 years 45 pg (0.57 pmol)/day of selenium
EAR for Women
51-70 years 45 pg (0.57 pmol)/day of selenium
>70 years 45 pg (0.57 pmol)/day of selenium

The RDA for selenium 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 selenium; the
RDA is defined as equal to the EAR plus twice the GV to cover the
needs of 97 to 98 percent of the individuals in the group (there-
fore, for selenium the RDA is 120 percent of the EAR). The calcu-
lated RDA is rounded to the nearest 5 pg.

RDA for Men
51-70 years 55 pg (0.70 pmol)/day of selenium
>70 years 55 pg (0.70 pmol)/day of selenium
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RDA for Women
51-70 years 55 pg (0.70 pmol)/day of selenium
>70 years 55 pg (0.70 pmol)/day of selenium

Pregnancy

Evidence Considered in Lstimating the Average Requirement

Few studics provide information about the sclenium requirements
of pregnant women. However, the pregnancy requirement should
allow accumulation of cnough sclenium by the fetus 1o saturate its
sclenoprotcins, Based on an cstimated sclenium content of 250 pg
(3.2 pmol) /kg body weight (Schrocder ct al., 1970), a 4-kg fclus
would contain 1,000 pg (12.6 pmol) of sclcmum This nced could
be met by an additional 4 pg (0.05 pmol) /day of sclenium over the
270 days of thc pregnancy. Based on this, an additional require-
ment of 4 pg (0.05 pmol) /day during pregnancy is cstimated.

Reported sclenium intakes of uncomplicated pregnancics have
varicd considerably, Levander ct al, (1987) found that the average
sclenium intake of apparently healthy pregnant females in the Unit-
cd States was 73 pg (0.92 pmol) /day. Swanson ct al. (1983) have
shown that mcan sclenium retention in women fed a high-sclenium
dict (150 pg [1.9 pmol]/day) was 21 pg (0.27 pmol) /day in carly
pregnancy and 34 pg (0.43 pmol) /day in latc pregnancy comparcd
to 11 pg (0.14 pmol) /day for nonpregnant females. However, mean
sclenium intakes as low as 28 pg (0.35 pmol) /day have been report-
cd for pregnant women in New Zcaland withoul obvious ill cffccts
for the newhorn (Thomson and Robinson, 1980).

Selenium EAR and RDA, Pregnancy

Bascd on a fetal deposition of 4 pg (0.05 pmol) /day throughout
pregnancy, the EAR is incrcasced by 4 pg (0.05 pmol)/day during
pregnancy. Since most sclenium is highly bioavailable, no adjust-
mcent is made for absorption. No adjustment is madc for the age of
the mother.,

EAR for Pregnancy
14-18 years 49 ng (0.62 pmol)/day of selenium
19-30 years 49 ng (0.62 pmol)/day of selenium
31-50 years 49 ng (0.62 pmol)/day of selenium

The RDA for sclenium is sct by assuming a cocfficient of variation
(CV) of 10 perecent (sec Chapter 1) because information is not avail-
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ablc on the standard deviation of the requirement for sclenium; the
RDA is defined as cqual 1o the EAR plus twice the CV 1o cover the
nceds of 97 10 98 percent of the individuals in the group (there-
fore, for sclenium the RDA is 120 percent of the EAR). The calcu-
latcd RDA is rounded to the ncarest 5 pg,

RDA for Pregnancy
14-18 years 60 pg (0.76 pmol)/day of selenium
19-30 years 60 pg (0.76 pmol)/day of selenium
31-50 years 60 pg (0.76 pmol)/day of selenium

Lactation

Evidence Considered in Lstimating the Average Requirement

As previously noted, human milk sclenium concentration appcars
to be about 18 pg (0.23 pmol) /L in Canada and the United States
(Levander ct al,, 1987; Mannan and Picciano, 1987; Shcarer and
Hadjimarkos, 1975; Smith ct al,, 1982). Thc average daily milk con-
sumption in months 2 to 6 of lactation by infants is 0.78 L, so thc
avcrage amount of sclenium scereted in milk would be 14 pg (0.18
pmol) /day. Since most sclenium in human milk is present as scle-
nomcthioninc, which has a bioavailability grcater than 90 pereent
(Thomson and Robinson, 1980), no adjustment is madc for absorp-
tion. Therefore an increment of 14 pg (0.18 pmol) /day of sclenium
over the adult EAR is sct for lactation,

Although the amount of sclenium in human milk varics with the
mother’s sclenium intake, mean intakes as low as 4.7 pg (60 nmol) /
day sclenium in exclusively human milk-fed infants in Finland arc
nol associatled with sclenium dcficiency symptloms (Kumpulainen ct
al., 1983).

Selenium EAR and RDA Summary, Lactation

To cstimatc the EAR for lactation, 14 pg (0.18 pmol) /day of scle-
nium is added to the EAR of 45 pg/day for the nonpregnant and
nonlactating woman, giving an EAR of 59 pg (0.75 pmol)/day. No
distinction is madc for bioavailability or agc of the mother.

EAR for Lactation
14-18 years 59 pg (0.75 pmol)/day of selenium
19-30 years 59 pg (0.75 pmol)/day of selenium
31-50 years 59 pg (0.75 pmol)/day of selenium
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The RDA for sclenium is sct by assuming a cocfficient of variation
(CV) of 10 perecent (sec Chapter 1) because information is not avail-
ablc on the standard deviation of the requirement for sclenium; the
RDA is defined as cqual 1o the EAR plus twice the CV 1o cover the
nceds of 97 10 98 percent of the individuals in the group (there-
fore, for sclenium the RDA is 120 percent of the EAR). The calcu-
latcd RDA is rounded to the ncarest 5 pg,

RDA for Lactation
14-18 years 70 pg (0.89 pmol)/day of selenium
19-30 years 70 pg (0.89 pmol)/day of selenium
31-50 years 70 pg (0.89 pmol)/day of selenium

INTAKE OF SELENIUM

Food Sources

The sclenium content of food varics depending on the sclenium
content of the soil where the animal was raised or the plant was
grown: organ mcats and scafood, 0.4 to 1.5 pg/g; muscle meats, 0.1
1o 0.4 pg/g; cercals and grains, less than 0.1 (o greater than 0.8 pg/
g; dairy products, less than 0.1 1o 0.3 pg/g; and fruits and vegcla-
bles, less than 0.1 pg/g (WHO, 1987). Thus the samc foodstuffs
may have morce than a ten-fold difference in sclenium content.
Plants do not appcar 1o rcquire sclenium and most sclenium me-
tabolism by plants occurs through sulfur pathways in which scleni-
um substitutes for sulfur. Thus, plant content of sclenium depends
on the availability of the clement in the soil where the plant was
grown, This mcans that wheal grown in a low-sclenium soil will have
a low sclenium content, whereas the same wheat varictly grown in a
high-sclenium soil will have a high sclenium content. For this rca-
son, food tables that reflect average sclenium contents are unrcli-
able. Much plant sclenium is in the form of sclenomethionine, scle-
nocysleine, or sclenocysicine metabolites. Other organic forms of
the clement are known Lo cxist, including somc that have not yet
bcen identified.

Unlike plants, animals rcquire sclenium, Mcat and scafood arc
therefore reliable diclary sources of sclenium. Mcat and scafood
conlain sclenium in its functional form as sclenoprotcins, Virtually
all animal protcins contain sclenomethionine obtained when the
animal consumcs sclenium from plants. This mcans that meat var-
ics in its sclenium content depending largely on the sclenomethio-
ning¢ intake of the animal,
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Dietary Intake

Intake from Food

The dietary selenium intakes in the United States and Canada
have been estimated in several studies. A detailed evaluation of di-
ets consumed by 22 Maryland residents (using direct selenium anal-
ysis) indicated that selenium intake was 81 &+ 41 (SD) pg (1.0 £ 0.5
pmol) /day (Welsh et al., 1981). The Food and Drug Administration
analyzed food items purchased in different regions of the United
States over the period 1982 to 1991 and calculated dietary selenium
intake from those results (Pennington and Schoen, 1996). The me-
dian calculated intake was 87 pg (1.1 pmol) /day with a range of 79
to 104 pg (1.0 to 1.3 pmol)/day in different years. These results
support those of the Maryland study generally, but do not provide
an indication of the extremes of selenium intake in the United
States.

The Third National Health and Nutrition Examination Survey
(NHANES III) intake data (Appendix Tables C-6 and C-7) reported
higher median selenium intakes of 106 pg (1.3 pmol)/day from
food and 108 pg (1.4 pumol) /day from food and supplements for all
individuals based on dietary recall and food tables, but this method
has low accuracy as discussed earlier. Selenium intake in Canada
has been reported to be somewhat higher than U.S. intake, 113 to
220 pg (1.4 to 2.8 pmol) /day (Thompson et al., 1975).

Dietary intake of selenium varies tremendously among different
populations. Factors that affect the intake include the geographic
origin of the food items and the meat content of the diet. The
lowest selenium intakes are in populations that eat vegetarian diets
consisting of plants grown in low-selenium areas. Selenium-deficient
Chinese populations live in low-selenium areas and are generally
too poor to eat meat or to purchase food grown in other regions.
Dietary intake of selenium in the United States and Canada varies
by region but is buffered by the food distribution system. Thus,
extensive transport of food throughout Canada and the United
States prevents low-selenium geographic areas from having low di-
etary selenium intakes.

Intake from Water

Drinking water has been analyzed in the United States and several
countries and does not supply nutritionally significant amounts of
selenium (Bratakos et al., 1988; NRC, 1980a; Robberecht et al.,
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1983). Tap watcr is routincly used throughout the United States
and Canada o raisc sclenium-dcficient experimental animals. This
is cvidence that it contains very little sclenium. In specific localcs,
however, water wells have been shown to supply much greater
amounts of sclenium. This is thought 1o result from irrigation prac-
lices, mining, or the presence of sclenium-containing rocks (Valen-
tinc ct al,, 1978). Such high-sclenium water supplics appcar (o be
very limited and do not contribute to the sclenium intake of large
numbers of pcople (NRC, 1976).

Serum Concentrations

Information from NHANES IIT on scrum sclenium concentrations
in a frce-living population is given in Appendix Table F-3. Scrum or
plasma sclenium concentrations greater than the 0.8 1o 1.1 pmol /L
(7 10 9 pg/dL) platcau concentration arc associated with maximiza-
tion of plasma sclenoprotcins (Hill ¢t al., 1996). The NHANES IIT
mcdian scrum sclenium concentration was 1.4 pmol/1L. (12.4 pg/
dL) for 17,630 subjccts aged 9 to more than 70 ycars. The first
percentile was 1.1 pmol/L (9.5 pg/dL) and the nincty-ninth per-
centile was 1.9 pmol/L (16.3 pg/dL). This shows that at lcast 99
percent of these subjects should have had maximal concentrations
of plasma sclenoprotcins., Thus, the NHANES IIT scrum data and
dictary intake data (bascd on food tables) collected from 1988 (o
1992 indicate that the sclenium requirement of its participants was
being met.

Intake from Supplements

In the United States or Canada, food is gencrally not fortificd
with sclenium. An cxception is propriclary infant formula that is
designed 1o be the sole source of nutrients for the infant. Commer-
cial formula manufacturcrs typically add sclenium (o ensurc that
infants consuming them will have an adequalte sclenium intake.
Total sclenium intakes from food plus supplements reported in
NHANES IIT arc found in Appendix Table C-7.

Sclenium supplements of many sirengths and typces arc available
for purchasc, and somc popular multivitamin preparations contain
sclenium. Howcver, according to NHANES III, sclenium intake
from bhoth food (Appendix Table G-6) and food plus supplements
(Appendix Table C-7) is above the EAR for most age groups in the
United States. In the 1986 National Health Interview Survey, 9 per-
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cent of all adults reported use of supplements containing sclenium
(Moss ct al., 1989).

TOLERABLE UPPER INTAKE LEVELS

Hazard Identification

The Tolcrable Upper Intake Level (UL) is the highest level of
daily nutrient intake that is likely 1o posc no risk of adverse health
cffcets in almost all individuals. Although members of the gencral
population should be advised not 1o exceed the UL for sclenium
roulincly, intake above the UL may be appropriate for investigation
within well-controlled clinical trials. In light of cvaluatling possible
benefits 1o health, clinical trials of doses above the UL should not
be discouraged, as long as subjects participaling in thesc trials have
signcd informed consent documents regarding possible toxicity and
as long as thesc trials cmploy appropriatc safcly monitoring of trial
sublccls Also, the UL is not mcant (o apply to individuals who arc
rceeiving sclenium under medical supcrvision,

Adverse Lffects

The Tolerable Upper Intake Level (UL) for sclenium pertains to
sclenium intake from food and supplements. As discussed carlicr,
drinking watcr docs not contain nutritionally significant amounts
of sclenium. The data on chronic sclenosis, acule Loxicily, and bio-
chemical indicators of toxicitly arc reviewed.

Chronic Selenosis. Chronic toxicity of sclenium has been studied
in animals and has bcen observed in humans. The limited data
available in humans suggest that chronic loxicilics from inorganic
and organic forms have similar clinical fcaturcs but differ in rapidi-
ly of onsct and rclationship to tissuc sclenium concentrations.

The most frequently reported features of sclenosis (chronic toxic-
ity) arc hair and nail brittlencss and loss (Yang ct al., 1983). Other
rcported signs include gastrointestinal disturbanccs, skm rash, gar-
lic breath odor (causcd by sclenium compounds), fatiguc, irritabili-
ly, and ncrvous system abnormalitics (CDC, 1984; Helzlsoucer ct al.,
1985; Jensen ctal,, 1984; Yang ct al,, 1983; G.-Q, Yang ct al., 1989a),

The high prcvalcncc of sclcnosis in Enshi, South China, providcd
an opportunity to study approximatcly 380 pcoplc with high scleni-
um intakes (Yang and Zhou, 1994; G.-Q, Yang ct al., 1989a, 1989b).
Toxic cffects occurred with increasing frequency in people with a
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blood sclenium concentration greater than 12,7 pmol/L (100 pg/
dL), corrcsponding to a sclenium intake above 850 pg/day.

Acute Toxicity Effects. There are a few reports in the literature of
acute fatal or near-fatal selenium poisoning with either accidental
or suicidal ingestion of selenium, usually in the form of gun blueing
solution or sheep drench. Gun blue is a lubricant solution contain-
ing selenious acid, nitric acid, and copper nitrate (Ruta and Haid-
er, 1989). Ingestion of this liquid, which would result in ingestion
of gram quantities of selenium, is typically followed by severe gas-
trointestinal and neurological disturbances, acute respiratory dis-
tress syndrome, myocardial infarction, and renal failure (Carter,
1966; Lombeck et al., 1987; Matoba et al., 1986; Nantel et al., 1985;
Pentel et al., 1985). Autopsy revealed necrosis of gut and kidney,
cardiomyopathy, and severe pulmonary edema.

Biochemical Indicators of Selenium Toxicity. Biochemical assessment
of high sclenium intakes is more difficult than asscssment of low
intakes. The sclenoprotcins arc maximized when nutritional re-
quircments of the clement have been met and do not rise further
with additional increments in sclenium intake, Thus, mecasurcment
of sclenoprotcins is not uscful in asscssing potential Loxicity.

Mcasurcment of total sclenium concentrations in tissuc (includ-
ing plasma and blood) is hclpful in asscssing the risk of toxicily
from dictlary sclenium. Chinesc investigators have correlated blood
sclenium concentrations with dictlary intakes from high-sclenium
foodstuffs (Yang and Zhou, 1994).

High intakes of sclenium in the form of sclenomethionine, the
major form of sclenium in food, lead 1o large incrcascs in lissuc
sclenium concentrations. These increascs arce caused by the ran-
dom incorporation of sclenomcthionine into protcins in place of
mcthionine as discussed carlicr. In contrast, inorganic forms of sc-
lenium, usually present in supplements, typically do not causc such
high tissuc concentrations because these forms of sclenium cannot
cnler the methionine pool. However, inorganic sclenium can causc
loxicily at tissuc levels of sclenium much lower than scen with simi-
lar intakes of dictary sclenium as sclenomcthionine, Severe toxicity
was reported from sclenite ingestion that incrcascd blood concen-
trations by only a small amount (CDC, 1984). Thus, it is nccessary
Lo know the chemical form of sclenium heing ingested in order o
usc lthe tssuc level of the clement 1o ¢stimate sclenium intake duc
Lo rcleasc of sclenium as a result of normal protcin mctabolism.,
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Incorporation of dictary sclenomcthioninge into protcin dclays sc-
lenium toxicity. This storage has crcated the imprcssion that pro-
tcin-bound dlclary sclenium is Iess toxic than inorganic sclenium,
Although inorganic sclenium has grcater immediate toxicity than
docs sclenomcthionine, both forms arc likely Lo have similar toxici-
tics undcr conditions of chronic intake,

Mcthylated sclenium metabolites appear in the breath when large
quantitics of the clement are ingested (McConncell and Portman,
1952). These metabolites arce responsible for a garlic odor of the
brcath, Mcasurement of excrelory metabolites of sclenium, whether
urinary or breath, is subjecct to significant crror, because excerction
by these routes is a function of recent intake as well as long-term
sclenium status. For example, sclenium-deficient rats given a single
large dosc of sclenium excrete part of that dosc in the breath (Burk
ctal., 1972). In addition, quantitation of brcath sclenium cxcrction
has ncver been linked o selenium toxicity. Bascd on these consider-
ations, brcath sclenium cannot be usced as an index of sclenium
loxicily at present, and urinary sclenium excretion can he used as
an index of loxicily only under carcfully controlled conditions.

Summary

Bascd on comnsidcrations of causalily, rclevance, and the quality
and complciencss of the databasc, hair and nail britlencess and loss
were sclected as the critical endpoints on which to basc a UL. Hair
and nail hritdencss and loss have been reported more frequently
than othcer signs and symploms of chronic sclenosis. Biochemical
markers have too much variation 1o be reliable except under con-
trolled conditions,

Dose-Response Assessment
Adults

Data Selection. A uscful data sct for determining dosc-responsc of
sclenium toxicity from food sourcces was reporied by Chinesc inves-
tigators (Yang and Zhou, 1994). That report consisted of a reexam-
ination (in 1992) of five patients previously found (in 1986) 1o have
overl signs of sclenosis: hair loss and nail sloughing. Because the
samc paticnts were studied at different times while consuming the
samc food form of sclenium, blood levels of sclenium can he com-
parcd and dictlary intakes can be inferred from blood sclenium con-
centrations,
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Identification of a No-Observed-Adverse-Effect Level (NOAEL) and a
Lowest-Observed-Adverse-Effects Level (LOAEL). The lowest blood level
of sclenium mcasurced in the five subjects at initial examination was
13.3 pmol/L (105 pg/dL), corrcsponding (o a sclenium intake of
913 pg (12 pmol)/day (rangce: 913 to 1,907 pg [12 1o 24 pmol]/
day). The average blood sclenium level was 16.9 pmol/L (135 pg/
dL). At the time of rcexamination in 1992, all five patients were
described as rccovered from sclenium poisoning, although their
fingernails reporiedly appceared britlde. The mean blood sclenium
level had decrcased to 12.3 pmol/L (97 pg/dL), corresponding o a
sclenium intake of about 800 pg (10 pmol) /day (range 654 1o 952
pg [8.3 to 12 pmol]/day). The lower limit of the 95 percent confi-
dence interval was 600 pg (7.6 pmol) /day.

Yang and Zhou (1994) thercfore suggested that 913 pg (12 pmol) /
day of sclenium intake represents an individual marginal toxic daily
sclenium intake or LOAEL. They further suggesied that the mean
sclenium intake upon reexamination (800 pg [10 pmol] /day), rep-
rcsented a NOAEL, while 600 pg (7.6 pmol) /day of sclenium intake
was the lower 95 percent confidence limit for the NOAEL. These
valucs appcar rcasonable, although the number of subjccts was
small. Nevertheless, the LOAEL for sclenosis in this small data sct
appcars o be representative of the larger data sct, and the recxam-
ination of the subjccts provides valuable dosc-responsc data, Uncer-
lainty occurs because of the smallness of the dala sct and becausc
the Chincsc subjccts may not be typical (c.g., they may be more or
less sensitive Lo sclenium than other populations).

Longnccker ct al. (1991) studicd 142 ranchcers, both men and
women, from castern Wyoming and western South Dakota who were
rceruited to participate and were suspected of having high scleni-
um intakes bascd on the occurrence of sclenosis in livestock raisced
in that region. Average sclenium intake was 239 pg (3 pmol) /day.
Diclary intake and sclenium in body tissucs (whole blood, scrum,
uring, tocnails) were highly corrclated. Blood sclenium concen-
trations in this western U.S. population were rclated 1o sclenium
intake in a similar manncr to that found in the Chincse studics,
prcsumably because the form of sclenium ingesied was scleno-
mcthionine. No evidence of sclenosis was reported, nor were there
any allcrations in ¢cnzyme activitics, prothrombin times, or hematol-
ogy that could be attributed to sclenium intake. The highest scleni-
um intake in the study was 724 pg (9 pmol) /day.

It thus appcars that a UL bascd on the Chincese studics is protec-
tive for the population in the United States and Canada. Thercfore
a NOAEL of 800 pg (10 pmol)/day is sclecied.
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Uncertainty Assessment. An unccrtainty factor (UF) of 2 was sc-
lected o protect sensitive individuals, The toxic effect is not severe,
but may not be rcadily reversible, so a UF greater than 1 is needed.

Derivation of a UL. The NOAEL of 800 pg/day was divided by a
UF of 2 10 obtain a UL for adults as follows:

NOAEL _ 800 ug / day _ 400 g/ day.
UF 2

Selenium UL Summary, Ages 19 Years and Older

UL for Adults
19 years and older 400 pg (5.1 pmol)/day of selenium

Pregnancy and Lactation

Britter et al. (1996) studied the ellects of selenium intake on
metabolism of thyroid hormones in lactating mothers in seleniler-
ous regions in the [oothills of the Venezuelan Andes. Selenium in-
takes ranged [rom 170 to 980 pg (2.2 to 12.4 pmol) /day. An inverse
correlation between selenium intake and [ree triiodothyronine
(FT,) was observed, but all values were [ound to be within the nor-
mal range.

There are no reports ol teratogenicity or selenosis in infants born
to mothers with high but not toxic intakes of selenium. Therelore,
ULs for pregnant and lactating women are the same as [or nonpreg-
nant and nonlactating women (400 pg [5.1 pmol]/day).

Selenium UL Summary, Pregnancy and Lactation

UL for Pregnancy
14-18 years 400 pg (5.1 pmol)/day of selenium
19 years and older 400 pg (5.1 pmol)/day of selenium
UL for Lactation
14-18 years 400 pg (5.1 pmol)/day of selenium
19 years and older 400 pg (5.1 pmol)/day of selenium

Infants and Children

Data Selection. There are several approaches for estimating a UL
in human milkfed infants (Levander, 1989). llowever, the most
conservative approach is to use the data of Shearer and 1ladjimar-

kos (1975).
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Identification of a NOAEL. The data of Shcarcr and Hadjimarkos
(1975) showced that a human milk sclenium concentration of 60 pg
(0.8 pmol) /1. was not associated with known adverse cffects. Thus,
60 pg (0.8 pmol) /1. is the NOAEL sclected. Multiplying the NOAEL
for infants 0 through 6 months of age by the cstimated average
intake of human milk of 0.78 L./day rcsults in a NOAEL of 47 ’g
(0.6 pmol) or approximatcly 7 pg (90 nmol)/kg/day. This is in
agrcement with another swtudy by Brauer ct al, (1991).

Britter ct al, (1991) studicd cffects of sclenium intake on chil-
dren in wwo scleniferous arcas of the foothills of the Vencruclan
Andcs, using Caracas as a control. Mcan human milk sclenium con-
tent was 46 pg (0.6 pmol) /L in Caracas comparced 1o 60 and 90 pg
(0.8 and 1.1 pmol) /L in the two scleniferous arcas, Mcan sclenium
concenlrations in infant blood in the arca with the highest adult
sclenium intake were reported to he intermediate between those
scen in the scleniferous and the nonscleniferous regions.

Uncertainty Assessment. There is no evidence that maternal intake
associated with a human milk level of 60 pg (0.8 pmol) /L results in
infant or maternal toxicity (Shearer and Hadjimarkos, 1975). There-
fore, a UF of 1 is specified.

Derivation of a UL. The NOAEL of 47 pg (0.6 pmol)/day was
divided by a UF of 1, rcsulting in a UL of 47 pg (0.6 pmol) or
approximaicly 7 pg (Q() nmol)/kg/day for 2 through 6-month-old
infants. Thus, the infant UL and the adult UL are similar on a body
weight basis, Also, there is no cvidence indicating incrcased sensitiv-
ity to sclenium toxicity for any age group. Thus, the UL of 7 pg/kg
body wcight/day was adjusted for older infants, children, and ado-
lescents on the basis of rclative body weight as described in Chapter
4 using rcference weights from Chapter 1 (Table 1-1). Values have
been rounded down (o the nearest 5 pg.

Selenium UL Summary, Ages O Months through 18 Years

UL for Infants
0-6 months 45 pg (0.57 pmol)/day of selenium
7-12 months 60 pg (0.76 pmol)/day of selenium
UL for Children
1-3 years 90 pg (1.1 pmol)/day of selenium
4-8 years 150 pg (1.9 pmol)/day of selenium
9-13 years 280 pg (3.6 pmol)/day of selenium
UL for Adolescents
14-18 years 400 pg (5.1 pmol)/day of selenium
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Intake Assessment

Selenium intake is primarily in the form of food. Reliance on
foods grown in high-selenium areas causes selenosis in China (Yang
et al., 1983). There are high-selenium areas in the United States,
but the U.S. Department of Agriculture has identified them and
proscribed their use f[or raising animals for [ood. The extensive [ood
distribution system in Canada and the United States ensures that
individuals do not eat diets that originate solely [rom one locality.
This moderates the selenium content of diets, even in high-seleni-
um areas.

The study of dietary selenium intake in a high-selenium area (west-
ern South Dakota and eastern Wyoming) indicated daily intakes of
68 to 724 pg (0.9 to 9.2 pmol) in 142 subjects (Longnecker et al.,
1991). About hall the subjects were consuming more than 200 pg
(2.5 pumol)/day. No evidence ol selenosis was found, even in the
subjects consuming the most selenium.

Water selenium content is usually trivial compared to food seleni-
um content. However, irrigation runofl water has been shown to
contain significant amounts of selenium when the soil irrigated con-
tains large amounts of the element (Valentine et al., 1978).

Selenium is available over the counter in many doses but usually
under 100 pg (1.3 pmol) /dose. Some individuals may consume larg-
er quantities than are recommended by the manufacturer. At least
one manulacturing error has been reported to have led to selenium
intoxication in 13 people who took a selenium supplement contain-
ing 27.3 mg, several hundred times the amount of selenium stated
to be in the product (Helzlsouer et al., 1985).

Risk Characterization

The risk of sclenium intake above the UL for the U.S, and Cana-
dian populations appcars (o be small. There is no known sclenifer-
ous arca in the United States and Canada where there have been
rccognized cascs of sclenosis.

Spccifically as noted above, there have been no cases of sclenosis
in the high-sclenium arcas of Wyoming and South Dakota (L.ong-
nccker ct al.,, 1991). There is some potential for sclenium intake to
cxceed the UL in this arca. These authors note that sclenium intake
cxceeded 400 pg (5.1 pmol) /day in 12 subjccts, with the highcest
intake being 724 pg (9.2 pmol) /day. Since 724 pg (9.2 pmol) /day is
3.4 standard dcviations above the mcan intake, intakes this high
would he very rarc. Even at this level, oxic cffects would be unlike-
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ly, since the LLOAEL is about 900 pg (11.4 pmol)/day, and many
pcople would not be affected cven at this level of intake.

Although intakes above the UL indicate an increascd level of risk,
these intakes—if below the LOAEL—would nevertheless be unlike-
ly 1o result in obscrvable clinical discasc. This is especially truc in a
population that could sclf-sclect for high intake, so that pcople who
might cxperience symploms could alter their dicts or move. In light
of cvaluatling possible benefits to health, clinical trials at doscs of
sclenium above the UL should not be discouraged, as long as sub-
jects participating in these trials have signed informed consent doc-
uments regarding possible loxicity and as long as thesc trials em-
ploy appropriatc safcty monitoring of trial subjccts. Also, the UL is
nol mcant Lo apply to individuals who arc rceceiving sclenium under
mcdical supcrvision,

RESEARCH RECOMMENDATIONS FOR SELENIUM

* Biomarkers for usc in asscssment of sclenium status are nced-
cd o prevent sclenium deficiency and sclenium toxicity. The rela-
tionship of plasma sclenoproicin concentrations o graded scleni-
um intakes must be studied in a scvercly sclenium-deficient
population in order to cstablish a morc precise dictary sclenium
rcquircment. Plasma sclenium levels (and other measurcments of
the clement) have o be carried out in subjects fed levels of scleni-
um (both organic and inorganic forms) up to thc Tolcrable Upper
Intake Level (UL). This could validate usc of plasma sclenium con-
centrations o asscss high levels of sclenium intake.,

* Sincc the Recommended Diclary Allowances (RDAs) for chil-
dren ages 1 through 18 years arc extrapolated from the adult RDAs,
it is critically important 1o conduct large-scale studics with children
using statc-of-thc-art biomarkers to assess their sclenium require-
ments,

* Sclenium functions largely through sclenoproteins. Although
the functions of some sclenoprotcins arc known, thosc of others
arc nol. Morcover, there appear 1o be a number of sclenoproicins
that have not yct been characierized. Thercfore, the functions of
known and ncw sclenoprolieins need to be determined.

* At present the reccommendation for sclenium intake has been
sct al the amount needed 10 achicve a platcau of the plasma scleno-
protcin glulathione peroxidasc. Most residents in Canada and the
United States can rcach this level of sclenium intake with their usu-
al dict, but residents of many regions of the world have lower scleni-
um intakes. Rescarch is necded to determine the health conse-
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quences of sclenium intakes inadequate 1o allow full sclenoprotcin
expression,

* Limited cvidence has been presented that intakes of scleni-
um grcater than the amount nceded (o allow full expression of
sclenoprotcins may have chemopreventive cffects against cancer.,
Controlled intervention studics are nceded to fully evaluate scleni-
um as a canccr chemopreventive agent.
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B-Carotene and Other
Carotenoids

SUMMARY

Blood concentrations of carotenoids are the best biological markers
for consumption of fruits and vegetables. A large body of observa-
tional epidemiological evidence suggests that higher blood con-
centrations of f-carotene and other carotenoids obtained from
foods are associated with lower risk of several chronic diseases.
This evidence, although consistent, cannot be used to establish a
requirement for f-carotene or carotenoid intake because the ob-
scrved cffects may be duc to other substances found in carotenoid-
rich food, or to other behavioral correlates of increased fruit and
vegetable consumption. While there is evidence that B-carotenc is
an antioxidant in vitro, its importance to health is not known. The
one clear function of certain carotenoids that is firmly linked o a
health outcome is the provitamin A activity of some dietary caro-
tenoids (o-carotene, B-carotene, and B-cryptoxanthin) and their
role in the prevention of vitamin A deficiency. Establishment of a
requirement for carotenoids based upon vitamin A activity must
be done in concert with the evaluation ol Dietary Relerence In-
takes (DRIs) [or vitamin A, which was not included in this report,
but will be addressed in a subsequent DRI report. Although no
DRIs arc proposed for B-carotence or other carotenoids at the
present time, cxisting recommendations for increased consump-
tion of carotecnoid-rich fruits and vegctables are supported. Based
on evidence that B-carolene supplements have not been shown o
confer any benefit for the prevention of the major chronic diseases
and may cause harm in certain subgroups, it is concluded that -
carotene supplements are not advisable, other than as a provitamin
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A source and [or the prevention and control of vitamin A deficiency
in atrisk populations.

BACKGROUND INFORMATION

The most prevalent carotenoids in North American diets include
the following: o-carotene, B-carotene, lycopene, lutein, zeaxanthin,
and B-cryptoxanthin. The structures of these carotenoids are shown
in Figure 8-1. Three of these carotenoids, namely O-carotene, -
carotene, and B-cryptoxanthin, can be converted into retinol and
are thus referred to as provitamin A carotenoids. Lycopene, lutein,
and zeaxanthin have no vitamin A activity and are thus referred to
as nonprovitamin A carotenoids. Most naturally occurring caro-
tenoids are in the all-transconfiguration; but under conditions of
heating, for example, cisisomers such as 13-cisPcarotene (Figure 8-1)
are formed.

Functions and Actions

The various biological effects of carotenoids can be classified into
functions, actions, and associations. Carotenoids function in plants
and in photosynthetic bacteria as accessory pigments in photosyn-
thesis and protect against photosensitization in animals, plants, and
bacteria. In humans, the only known function of carotenoids is vita-
min A activity (provitamin A carotenoids only).

Carotenoids also are thought to have a variety of different actions,
including possible antioxidant activity, immunoenhancement, inhi-
bition of mutagenesis and transformation, inhibition of premalig-
nant lesions, quenching of nonphotochemical fluorescence, and
activity as a pigment in primate macula (Olson, 1999). Carotenoids
have also been associated with various health effects: decreased risk
of macular degeneration and cataracts, decreased risk of some can-
cers, and decreased risk of some cardiovascular events (Olson, 1999).

Ilowever, as described above, the only known function of carotenoids
in humans is to act as a source of vitamin A in the diet. This function,
as well as carotenoid actions and associations, 1s reviewed elsewhere
(Krinsky, 1993; Olson, 1989) and discussed in subsequent sections.

Physiology of Absorplion, Melabolism, and Excrelion

Absorplion
The intestinal absorption of dietary carotenoids is facilitated by
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the formation of bilc acid micclles. The hydrocarbon backbone of
the carolenoids makes them insoluble in water, and like other non-
polar lipids, thcy must be solubilized within miccelles in the gas-
trointestinal tract o allow for absorption. Miccllar solubilization
facilitates the diffusion of lipids across the unstirred watcer laycer,
The presence of fat in the small intestine stimulates the scerction of
bile acids from the gall bladder and improves the absorption of
carolcnoids by incrcasing the size and stability of micclles, thus al-
lowing morc carotenoids to be solubilized. The uptake of B-caro-
tene hy the mucosal ccll is believed 1o occur by passive diffusion
(Hollander and Ruble, 1978). Uptake by these cells, however, is not
sufficient for absorption to be completed. Once inside the mucosal
ccll, caroicnoids or their metabolic products (c¢.g., vitamin A) must
also bc incorporated into chylomicrons and rclcased into the lym-
phatics. When mucosal cells are sloughed off duce 1o ccll turnover,
spilling their contents into the lumen of the gastrointestinal tract,
carolcnoids that have been taken up by the cells but not yet incor-
porated into chylomicrons arc lost into the lumen (Boilcau ct al.,
1999).

Metabolism, Transpori, and Excretion

Carotcnoids may be cither absorbed intact, or in the casc of thosc
posscssing vilamin A aclivily, clcaved 1o form vitamin A prior (o
sccrction into lymph. Portal transport of carolcnoids is minimal
duc to the lipophilic naturc of their structurcs, Some portal trans-
port of more polar mctaboliles, such as rctinoic acid, can occur
(Olson, 1999),

Carolcnoid cleavage is accomplished cither by the intestinal mu-
cosal enzyme B-carotenc 15,15"-dioxygenase (EC 1.13.11.21) or by
noncentral cleavage mechanisms (Boilcau ct al., 1999; Olson, 1999;
Parker, 1996; Wang, 1994). The cxtent of conversion of a highly
bioavailable source of dictary B-carotenc (o vitamin A in humans
has been shown to be between 60 and 75 percent, with an addition-
al 15 percent of the B-carotene absorbed intact (Goodman ct al,,
1966). Howcver, absorption of most carotcnoids from foods is con-
sidcrably lower and can bc as low as 2 pcreent (Rodrigucz and Ir-
win, 1972). The cffects of dictary and nondictary factors on the
cfficicncy of carolenoid absorption arc reviewed later.

Noncentral (or excentric) clcavage of carotenoids yiclds a wide
varicty of mctabolic products, somc of which arc further metabo-
lized. These cleavage products include aldchydc, acid, alcohol, and
cpoxidc derivatives (Parker, 1996; Wang, 1994). Isomcrization of
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carolcnoids or their metabolic products may occur in vivo because
isomers have been found upon cxtraction of carotenoids from hu-
man tissucs (Clinton ctal., 1996). Although litle atlention has been
given o the study of carolenoid cxerclion pathways, cpoxides and
carolcnoid mectabolic products with less than 15 carbon chain
lengths would presumably have no vitamin A activity. Tt is assumed
that bilc and urinc would be excrctlion routes for metabolites (Ol-
son, 1999).

The carotenoids arc transported in blood exclusively by lipopro-
teins. The carotenoid content of individual lipoprotcin classcs is
not homogencous. In the fasied state, the hydrocarbon carotcnoids
such as O-~carolene, B-carolene, and lycopence arce carried predomi-
nantly by low-density lipoprotcin, The remaining carotenoids, in-
cluding the morc polar xanthophylls such as lutcin and zcaxanthin,
arc carricd by high-density lipoprotecin (HDL) and, to a lcsser
extent, by very low-density lipoprotcin (Johnson and Russcll, 1992;
Parker, 1996; Traber ct al., 1994). Tt is thought that B-carotene and
other hydrocarbon carotcnoids reside in the hydrophobic corc of
the particles, whercas the more polar xanthophylls reside closer 0
the surface (Parker, 1996).

B-Carotene is the most studicd carotenoid in terms of metabolism
and its polential cffects on health, Lycopene, lutein, zcaxanthin,
and o-~carolenc have rcecived increasing atlention in recent years,
Much remains 1o be lcarned, however, about the relative metabolic
cffeets of these carolenoids.

Body Stores

Recently, 34 carotenoids were identified in human scrum and
milk (Khachik ctal., 1997b). Of these, 13 were gecometrical isomers
of their alktrans parcnt structurcs and 8 were metaholites. This find-
ing is in contrast to the up 1o 50 carotenoids that have been identi-
ficd in the U.S. dict and the more than 600 found in naturc, The
most prevalent carotenoids in human scrum (Khachik ct al,, 1997b)
arc the same as those most commonly found in the dict: B-carotenc,
lycopene, and lutein (Nebeling ct al,, 1997). Cisisomcers of lyco-
pene are commonly found in the scrum and in fact have been
shown to constitule more than 50 percent of the total scrum lyco-
pene (Stahl ct al., 1992). In contrast, asisomers of B-carotenc arc
considcrably less common in scrum with the fransisomers being
morc common, In addition to these forms of o-carotenc, B-caro-
lene, lycopene, and zcaxanthin arc also major scrum carotenoids.
The concentrations of various carotcnoids in human scrum and
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tissucs arc highly variable and likcly depend on a number of factors
such as food sourccs, cfficicncy of absorption, amount of fat in the
dict, and so forth (Table 8-1),

The scrum concentration of carotenoids aficr a single dosc peaks
al 24 1o 48 hours post dosc (Johnson and Russcll, 1992). The carli-
cst posiprandial scrum appcarance of carotcnoids is in the chylomi-
cron fraction. It has been proposed thalt the incrcasce in carotenoids
in the triglyceride-rich lipoprotcin fraction (primarily chylomi-
crons) be used for quantilating carotenoid absorption (van Vlict ¢t

al.,, 1995). This would provide a more dircct measurce of absorption
bccausc lotal scrum carotenoid content is not an exclusive measure
of ncwly absorbed carotenoids.

Daita from the Third National Health and Nutrition Examination
Survey (NHANES IIT) demonstrate the variability of normal scrum
carolcnoid concentrations (Appendix Tables F-4 through F-8). This
variabilily is attributed to a varicty of life-style and physiological fac-
tors, In a recent population-based study, Brady ct al. (1996) report-
cd that lower scrum concentrations of o-carotene, B-carotenc, B-
cryploxanthin, luicin, and zcaxanthin, but not lycopenc, were
gencrally associated with male gender, smoking, younger age, lower
non-HDL cholcsicrol, grcater cthanol consumption, and higher
body mass indcx.

The dclivery of carotenoids 1o extrahepatic tissuc is accomplished
through the intcraction of lipoprotcin particles with receplors and
the degradation of lipoprotcins by cxtrahcpatlc cnzymes such as
lipoprotcin lipasc. Carolcnoids arc present in a number of human
tssucs including adiposc, liver, kidney, and adrenal, but adiposc
tissuc and liver appcear 10 be the main storage sites (Parker, 1996).
Howecver, bascd on a wet tissuc weight, the liver, adrenal gland, and
lesies contain the highest per-gram concentrations (Stahl ct al.,
1992). Similar to what is rcported in secrum, B-carotene, lutein, and
lycopenc are the main tissuc carotenoids, although o-carotenc, B-
cryptoxanthin, and zcaxanthin arc also present (Boilcau ct al.,
1999). In contrast to scrum profiles, 9-as-B-carotenc is consistently
present in storagc tissucs. In both scrum and tissuc storage, lyco-
penc gsisomers constitute greater than 50 percent of the total lyco-
pene present (Clinton ct al., 1996; Stahl ct al,, 1992).

Clinical Lffects of Inadequate Intake

If adequalce rctinol is provided in the dict, there arc no known
clinical cffcets of consuming dicts low in carotencs over the short
term, Onc study of premenopausal women consuming low-carotenc
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dicts in a mctlabolic ward reported skin lesions (Burri ct al., 1993).
Howecver, this cffect was not obscrved afier 60 days of depletion in a
subscquent B-carotence depletion study by the same group of investi-
gators (Lin ct al,, 1998). These studics of carolence-deficient dicts
were reported Lo increase various measurces of oxidative susceptibil-
ity (Dixon ct al., 1994, 1998; Lin ct al,, 1998), but as discusscd be-
low, this is of uncertain relevance with regard to clinical outcomes.

SELECTION OF POSSIBLE INDICATORS FOR ESTIMATING
THE REQUIREMENT FOR B-CAROTENE AND OTHER
CAROTENOIDS

Vitamin A Equivalency

Vilamin A cquivalency is a possible indicatlor for cstablishing re-
quircments for provilamin A carotcnoids. However, any such cs-
tablishment of requirements for carolcnoids bascd on vitamin A
aclivity must be considered in concert with the cvaluation of re-
quircments for vitamin A, This information will be presented in a
later Dictary Reference Intakes report.

Markers of Antioxidant Activity

The cffect of increasing B-carotence intake on several markers of
antioxidant activily has bcen investigated in a scrics of studics in-
volving humans. Thesc studics have examinced antioxidant marker
aclivily in apparcntly hcalthy men and women as well as in subjccts
who were physiologically challenged (i.c., smokers and paticnts with
coronary discasc or cyslic fibrosis).

Studics of the cffcct of B-carotenc intake on mcasurcs of antioxi-
dant activity arc summarized in Table 8-2. The dictary source of B-
carolene ranged from modification of dicts with normally consumed
foods lo giving supplements that provided as much as 120 mg/day
of a highly bhioavailablc preparation. In gencral, subjects in most
studics consumed B-carotenc in amounts that would be difficult 1o
achicve from foods alonc and, as a rcsult, relate 1o the pharmaco-
logical rangc of intakes.

The findings rcported in Table 8-2 indicate that B-carotenc sup-
plementation did not alter, or inconsistently alter, markers of anti-
oxidant aclivity, which were somewhat dependent on B-carotene
intake. In studics in which subjccts were fed less than 25 mg/day of
B-carotene, cither from foods or as a supplement, changes in the
markers for antioxidant activity were minimal, Exceptions noted
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TABLE 8-1 Concentrations of Sclected Carotenoids in
Human Scrum and Tissucs

Carotlenoid Serum (pmol/T.) Liver (pmol/g) Kidney (
o-Carolene 0.02-0.47 0.075-10.8 0.037-1.!
(1.0-25.3 pg/dL) (0.04-5.8 pg/g) (0.02-0.¢
B-Carotene 0.04-2.26 0.39-19.4 0.093-2.¢
(2.2-122.7 pg/dL) (0.21-6.3 pg/g) (0.05-1.F
B—Cryptoxanthin 0.03-0.70 0.037-20.0 0.019-3¢
(1.4-38.2 pg/dL) (0.05-11.0 pg/g) (0.05-2.¢
Lutein 0.10-1.23 0.10-3.0 0.037-2.
(5.8-69.8 png/dL) (0.06-6.9 pug/g) (0.05-5.¢
Lycopene 0.05-1.05 0.20-17.2 0.093-2.-
(2.7-54.6 png/dL) (0.11-11.1 pg/g) (0.05-1.:

SOURCE: Data from Schmilz et al, (1991) and Kaplan et al, (1990) for lissues
and Lowa State University Department ol Statistics (1999) for scrum.

were decreased deoxyribonucleic acid strand breaks observed when
22 mg/day of B-carotene was administered as carrot juice (Pool-
Zobel et al., 1997) and lowered copper-induced oxidation of low-
density lipoprotein when 12 or 24 mg/day of B-carotene was given
along with vitamins C and E (Mosca et al., 1997). As shown in Table
8-2, feeding B-carotene in amounts greater than 25 mg/day gener-
ally resulted in inconsistent responses of the biological markers
monitored. Administration of B-carotene to subjects with increased
oxidative stress (e.g., smoking, cystic fibrosis) was associated with
more consistent evidence of decreased lipid peroxidation compared
to studies in which subjects without known additional oxidative
stress were given (-carotene. In studies that involved depletion fol-
lowed by repletion of body stores of B-carotene, as indicated by
plasma concentrations, the biological markers that were negatively
altered as a result of depleted body stores of B-carotene were re-
stored to baseline values as a consequence of repletion (Table 8-2).

In summary, results from some studies show improvement of mea-
sures of antioxidant activity due to intake of relatively high levels of
B-carotene, while studies that investigated low to modest levels of -
carotene show no or inconsistent changes in the same activities.
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10l/g) Kidney (pmol/g) Lung (pmol/g)
8 0.087-1.5 0.1-1.0
PeE/8) (0.02—0.80 pg/g) (0.05-0.54 pg/g)
: 0.093-2.8 0.1-1.6
PeE/8) (0.05-1.5 pg /) (0.05-0.86 pg/g)
0 0.019-3.9 0.1-2.5
0 pg/g) (0.05-2.2 pg /) (0.05-1.4 pg/g)
0.037-2.1 0.1-2.3
vg/g) (0.05-5.9 pug/g) (0.05-1.3 pg/g)
5 0.093-2.4 0.1-1.0
1 pg/g) (0.05-1.3 pg/g) (0.05-2.3 ug/g)

Some benefit of feeding increased amounts of -carotene was ob-
served for several markers of antioxidant activity when body stores
were relatively low or when an oxidant-type stress was present. These
observations suggest that the lack of effect in some studies may be
due to study populations whose baseline B-carotene status was al-
ready adequate. Nevertheless, current data do not provide convinc-
ing evidence that substantially increasing B-carotene intake above
current dietary intakes has a significant effect on measures of anti-
oxidant status. Also, none of these markers has been validated to be
predictive of any known health outcomes. Therefore, these data are
inadequate for the estimation of a requirement for -carotene.

Gap Junctional Communication

Appropriate communication among cells is essential for the coor-
dination of biochemical functions in complex, multicellular organ-
isms. One theory suggests that failure of signaling is one cause of
cell overgrowth and eventually cancer. Two research groups have
demonstrated that carotenoids stimulate gap junction communica-
tion between cells in vitro (Sies and Stahl, 1997; Zhang et al., 1991).
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TABLE 8-2 B-Carotene Intake and Mcasurcs of Antioxidant
Activily in Sclected Studics

Reference,
Country Subjects B-Carotene Dose Duration
Richards ¢t al., 10 smokers, average age 33 y; 10 mg/d, Roche prep 6 wk
1990 rcccived placebo and
South Africa 20 received treatment
Mobarhan et al., 15 healthy men, aged Carotene-free diet 2 wk
1990; Gotllieh 19-30 y; randomly (depletion); 4 wk
el al,, 1993 assipned repletion levels Repletion: 15 mg/d or
United States 120 mg/d, Roche
prep
Van Poppel et al,, 143 male smokers, average 40 mg/d first 2 wk 2 wk
1992a, 1992h, age 39 y; randomly 20 mg/d next 12 wk 12 wk
1995 assigned o placeho or
ITolland treatment
Allard ¢t al., 1991 38 malec nonsmokcrs, 25 male 20 mg/d, Rochc prep 1 wk
Canada smokers, aged 20-75 y;
randomly assigned to
placebo or treatment
Calzada ct al., 12 healthy men and 7 women, 15 mg/d, Roche prep 14 d
1995 aged 21-50 y; randomly 56 d
United States assigned Lo placebo or
treatment
Caziano el al,, 4 healthy men and 12 women, 100 mg/d load dose; 6 d load;
1995 aged 25-17 y; randomly natural treatment, [ollowt
United Statcs assigned to cither synthetic 66 or 100 mg/2d; 21 d tt
(BASF) or natural (Henkel) synthetic treatment,
B-carotene 50 mg/2 d
Winklhofer-Roob CF™ patients, 32 boys and 0.5 mg/kg BW%/d, 3m
et al., 1995 girls; average age 10.8 y 3M Medica, Ltd.
Swilzerland
Clevidence et al., 5 healthy men and 7 women, 18 mg/d additional as 3 wk

1997
United Statcs

aged 27-61y

foods; kale, tomato
juice, sweet potato
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[ant
Plasma B-Carotene
e Duration (pmol/L) Findings
C prep 6 wk Bascline—0.50 No change in leukocyte sister
(27 pg/dL) chromatid cxchange
Trt?—2.06
(111 pg/dL)
iet 2 wk Baseline—0.24 { Breath pentane on 120 mg/d
4 wk (13 pg/dlL) only;
1g/d or Depletion—0,09 4 Serum lipid peroxide levels,
oche (5 pg/dL) both repletion levels
15 mg/d—3.32
(178 pg/dL)
120 mg/d—8.74
(169 pg/dL)
wk 2 wk Baseline—0.33 4 Sputum nuclei
12 wk 12 wk (18 pg/dL) No change in lymphocyte sister
Trt at 11 wk—1.36 chromatid exchange or urinary
(234 pg/dL) 8-oxod G2
C prep 1 wk Placcho/N§—0.38 4 Breath pentanc in smokers
(20 pg/dL) No change in breath pentanc in
Placebo/Sd—O.27 nonsmokers
(14 pg/dL) No change in breath ethane,
Tri/NS—3.50 RBC? MDAS or plasma Sc-
(188 pg/dL) GSIIPx# in cither group
Trt/5—3.38
(181 ng/dL)
c prep 14 d Bascline—0.87 No change in plasma
56 d (47 pg/dL) Trolox equivalent antioxidant
Tr1—3.07 aclivily
(165 pg/dL)
dose; 6 d load; Baseline—0.25 T CuZtinduced LDLY oxidation
necnt, followed by (13 pg/dL) No change in AAPHYinduced LDL
'/ 2d; 21 d treatment Both Trts—1.39 oxidation
tment, (75 pg/dL)
t/d, 3m Baseline—0.09 J Plasma MDA and Cu?'-induced
. (5 pg/dL) LDL oxidation
Tri—1.07
(57 pg/dL)
onal as 3 wk Baseline—0.29 No change in plasma ORACY,

Gmato
otato

(15 pg/dL)
Trt—0.76
(40.2 pg/dL)

plasma hydroperoxides, LDL
TBARS, or 8-oxo0dG

continued
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TABLE 8-2 Conltinucd

Reference,
Country Subjects B-Carotene Dose Duration
[lininger ct al., 11 healthy men and 10 mg/d additional as 2 wk
1997 11 females, aged 25-45 y; foods (primarily
France 11 smokers and 11 carrots)
nonsmokers
Mosca et al., 1997  Coronary artery disease 12 mg/d + vit E and 12 wk
Uniled Stales patients; 39 men and vit C; or 24 mg/d
6 women, aged 39-80 y + viL E and viL C
Pool-Zobel ct al., 23 healthy men, aged 27-40 y Low carotenoid 2 wk dep
1997 depletion food diet; 4 wk add
Germany followed by 22 mg/d conlair
as carrol juice B-caro

Wanyg et al., 1997
Japan

Dixon ¢t al., 1998;
Lin et al., 1998
United States

Rust ¢t al., 1998
Austria

Stcinberg and
Chait, 1998
United States

192 healthy men; nonsmokers
and smokers, aged 18-58 y

9 hcalthy women,
premenopausal,
aged 18-45y

21 CF paticnts and
14 agc-matched healthy
children, average age 12.8 y

8 men and 12 women who
smoked were in Trt group;
average age 29y

From foods;
subjccts grouped
by plasma levels

< 0.58 mg/d as dict or
dict + small
supplement for
depletion; repletion
5.3 mg/d, Roche prep

1 mg/kg BW/d to max
ol 50 mg/d

Vegetable-based juice
+ 30 mg B-Carotene/d
+vilt C & viLE

100 d de
20 d rep

12 wk

4 wk

51 Conversion factor used for B-carotene = pmol/L + 0.01863 = pg/dL.

aTrl = trealment,

b 8-OxodG = 8-0x0-7,8-dihydro-2’dcoxyguanosine.

NS = nonsmokcers.

4§ = smokers.

¢RBC = red blood cell.

JSMDA = malondialdehyde.

£ 8e-GSHPx = selenium glutathione peroxidase,

A TBARS = thiobarbituric acid reactive substances.
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N

Plasma B-Carotene

e Duration (pmol/L) Findings
onal as 2 wk Bascline/NS—0.95 T RBC CuZn-SOD activity;
rily (51 pg/dL) No change in plasma MDA,
Baseline/5—0.58 GSHP, GS8G, -SH groups,
(31 pg/dlL) carbonyls, or Se-GSHPx aclivily
Tri/N§—1.13
(61 pg/dL)
Trt/5—0.82
(44 pg/dl)
. and 12 wk Baseline—0.30 N Copper-induced LDL oxidation
1/d (16 pg/dlL)
L C 12 mg/d—1.99
(107 pg/dL)
24 mg/d—3.01
(162 pg/dL)
| 2 wk dcpletion; Not rcported l DNA strand breaks (COMET)
d diet; 4 wk added food and oxidized pyrimidine bases
2 myg/d conlaining in lymphocyles
c Bcarotenc
0.56 (29.8 pg/dL) No difference in lymphocyle DNA
pcd as criteria lor adducts between high and low
cls cstablishing plasma B-carotecne groups
high/low intake
dict or 100 d depletion; Bascline—0.76 Depletion T plasma MDA and LDL
20 d repletion (40.2 pg/dL) oxidation rate (carbonyl
or Depletion—0.33 production).
pletion (17.5 pg/dL) Repletion  LDL oxidation rate
che prep Repletion—1.73 below bascline
(91.5 pg/dL)
Lo max 12 wk Bascline—0.08 { Plasma MDA on high-dose BG
(4.8 pg/dL)
12 wk—0.60
(31.7 pg/dL)
1 juice 4 wk Bascline—0.23 | Brecath pentane, LDL oxidation
rotene/d (12.3 pg/dL) No change in plasma total
F, Tri—1,21 peroxyl radical trapping

(64.9 pg/dL)

iS0D = superoxide dismutase.

JGS88C = erythrocyle oxidized glutathione,

k1LDL = low-density lipoprotein.
LAAPH = 2,2 -azobis [Z-amidinopropanc]dihydrochloride.
 CF = cystic [ibrosis.

7 BW = body weight.
¢ ORAC = oxygen radical absorbance capacity.

£ GSH = glutathione,
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It is not known whether the parent carolenoids or their metabolites
arc the active factors (Hanusch ct al., 1995), nor is it known whether
carolcnoids influecnce this communication process in vivo. More
study is nceded o ascertain whether carotenoids play a dircct role
in ccll-cell communication and, if so, what hcalth oulcomes arc
influcnced by this action.

Immune Function

There has been great interest in the potential role of carotenoids
in cnhancement of the immunc response. Children with vitamin A
dcficiency suffer from compromiscd immunity and have difficulty
proteccting themsclves from infections. It is important to remember,
however, that studics conducted with provitamin A carotcnoids may
yicld rcsults that arc attributable to the conversion of carolenoids 1o
vilamin A or other rclinoids, not 1o the cffects of the intact caro-
tenoid,

Santos ct al. (1996) showced that long-term B-carotence supplemen-
tation cnhanced natural killer ccll activity in men 65 to 86 ycars of
agc, but not in men 51 o 64 years of age; enhancement by B-caro-
tene in this age group was confirmed in a subscquent study (Santos
ct al., 1998). Hughes ct al. (1997) cvaluated mcchanisms by which
B-carotene might enable immunc cells to act more cfficiently. Sub-
jects were supplemented for 26 days with cither 15 mg of B-carotence
or a placebo. Subjects receiving the B-carotene trcatment had
increases in expression of adhesion molccules by monocyles, in ex
vivo sceretion of tumor necrosis factor-ot, and in the percentage of
monocyles expressing major histocompatibility complex 11, a cell
surfacc molccule responsible for presenting antigen o T-helper
cclls.

Other immunological cffects that carotenoids arc reported (o in-
crcasc arc lymphocyle response 10 mitogens (Kramer and Burri,
1997) and total whitc blood cclls and helper T cells in human im-
munodcficicncy virus-infected humans (Coodley ct al., 1993).
Whether these and the other cffects noted are specific 1o caro-
lecnoids and arc important in overall immunity is not confirmed.
Thercfore the uscfulness of these as markers for discasc has yet (o
bhc ¢stablished.

Relationship of Carotenoid Intake to Chronic Disease

A vast numbcr of obscrvational studics, including both casc-con-
trol and cohort studics, of carotcnoids and chronic discasc risk have
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bcen conducted. Many of the swudics arc bascd upon cstimated
intake of carolenoids in the dict, while many include biochemical
cvaluation of caroicnoid concentrations in blood. Because the di-
clary intakc data arc gencrally obtained via food frequency ques-
tionnaires, they do not provide quantitative estimaices of carotenoid
intake, but rather allow for rclative ranking of carotcnoid intakes
within a population. The blood concentration data, however, arc
morc quantitative and gencrally more comparable across studics.

Prospcctive blood carotenoid concentration studics may be par-
ticularly informative because blood samples are gencerally obtained
scveral years prior (o the clinical detection of discasce. Thus, for the
purposcs of cvaluating the association belween quantitative caro-
tenoid exposurc and risk of chronic discase, the prospective blood
concentration studics arc most uscful and arc given the greatest
weight in the analysis that follows. The studics in which food intakes
were the basis for evaluating risk of discasc arc less uscful duc to the
inhcrent problems in adequatcly cstimaling caroienoid intake,
Thesc studics, however, may give support 1o the overall cvaluation
of the role of carotenoids in chronic discasc. The following scction
bricfly summarizes some key rescarch findings from obscrvational
studics of the rclationship between carotenoids and chronic discasc
risk,

Mortality

Greenberg ct al. (1996) obtained blood samples from 1,188 men
and 532 womcen cnrolled in a skin cancer prevention trial and ex-
amined the relationship between plasma B-carotenc concentrations
at entry and subscquent mortalily over a median follow-up period
of 8.2 ycars (Table 8-3). Persons in the lowest quartile of plasma B-
carolene had a significant incrcasc in their risk of dying comparcd
1o thosc with higher plasma concentrations of B-carotence. The ad-
justed rclative risk was lowest for persons with plasma B-carotenc
concenlrations in the range of 0.34 1o 0.53 pmol/L (18 10 28 pg/
dLl.) (quartile 3), with a risk reduction (comparcd 1o the lowest
quartilc) of 43 pcreent for 1otal deaths, 43 pereent for cardiovascu-
lar discasc dcaths, and 51 percent for cancer deaths, The relative
risk for ovcrall mortality was 38 pereent lower for persons who had
plasma B-carotene concentrations in the highest quartile compared
to the lowest quartile (relative risk [RR] = 0.62; 95 percent confi-
dence interval [CI] = 0.44-0.87). Thus, these results suggest that
plasma B-carotence concentrations in the range of 0.34 10 0.53 pmol/

L (18 1o 28 pg/dl.) arc associated with the lowest risk of all-causc



340 DIETARY REFERENCE INTAKES

TABLE 8-3 Conccntrations of B-Carotlenc and Total
Carotcnoids in Plasma or Scrum Associated with a Lower Risk
of Various Hcalth Qutcomes in Sclected Studics

Author Population Endpoin
Nomura et al., 1985 Japanese men Lung ca
Menkes et al., 1986 U.S. men and women Lung car
Connetl ¢t al., 1989 MRFIT? cohort men Lung car
Greenbery et al., 1996 .8, men and women, 2484 y All-cause
Jacques and Chylack, 1991 U.S. men and women, 40-70 y Cataract
Riemersma et al., 1991 British men Angina
Stahclin et al., 1991 Swiss men Total car
Lung car
Baticha ct al., 1993 U.S. women Cervical
EDCCSG, 1993 1.8, men and women Macular
Eichholzer et al., 1992; Gey et al., 1993b Swiss men Ischemic
Zhcng ct al., 1993 U.S. men and women Orophar
Morris ¢t al., 1994 U.S. men CHD*
West el al., 1994 17,8, men and women, 240y Macular
Sahyoun et al., 1996 U.S. men and women, >60 y Cancer r
CHD mo
All other
Bonithon-Kopp et al., 1997 French men, >58 y Intima-m

French women, >58 y

Intima-m

2 Concentration in the quartile/quantile where the risk reduction was of the greatest
magnitude. For studics that only report mean or median concentrations in the discased
and disease-free groups, the concentration is the level in the group that remained free
of disease. SI Conversion factor used for B-carotene and total carotenoids = 0.01863 ug/
dL. to pmol/L, with the exceplion of Greenberg et al,, 1996,

mortality in U.S. adults. Notc that these blood concentrations re-
flect levels in the absence of supplementation with B-carotence. Thus,
this prospcctive study emphasizes the inverse association between B-
carolene-rich foods and the risk of all-causc mortality.

Anothcr cohort study of carotenoids and mortality cxamined both
dictary intake of total carolcnoids and plasma concentrations of
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r Risk
B-Carotene
Concentration Total Carotenoid
Endpoint (pmol/L)* Concentration (pmol/L)#
Lung cancer 20.54 (29 pg/dL)
Lung canccr =0.54 (29 pg/dL)
Lung cancer =0.22 (12 pg/dL)* =1.84 (99 pg/dL)¢
-84y All-cause mortality 0.34-0.53 (18-28
pg/dL)
-70y Cataract >3.3 (177 pg/dL)
Angina >0.54 (29 pg/dL)?4
Total cancers =0.31 (18 pg/dL)d
Lung cancer >0.34 (18 pg/dL)?
Cervical cancer =0.26 (14 pg/dL) =21.73 (93 pg/dL)
Macular degeneration 20.74 (40 pg/dL) 22,39 (128 pg/dL)
Ischemic heart disease 20.18 (10 pg/dL)d
Oropharyngcal cancers =0.28 (15 pg/dL) =21.75 (94 pg/dL)
GHD* >3.16 (170 pg/dL)
10y Macular degeneration >0.88 (47 pg/dL)
60 y Cancer mortality >3.13 (168 pg/dL)

CHD mortality
All other causes, mortality

Intima-media thickness
Intima-media thickness

1.73-3.1% (93-168 pgr/dL)
>8.1% (168 pg/dL)

2.1 (113 pg/dL)

>3.7 (199 pg/dlL)

b MRFIT = Multiple Risk Factor Intervention Trial.

¢ Samples were stored at =50°C.

4 Assumes value given for carotene is 80% B-carotene.

¢ CHD = coronary heart disease.

total carotcnoids as predictors of mortality (Sahyoun ct al., 1996).
Results indicated that mortality from cancer and all causcs other
than coronary hcart discasc (CHD) was lowcst at a plasma concen-
tration of 3.13 pmol/I. (168 pg/dl.) tolal carolcnoids or grealer;
mortality from CHD was lowcst at plasma concentrations of 1.73 o
3.13 pmol/L (93 1o 168 pg/dL.). Ovcrall mortality was lowest at
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dictary carotcnoid intake levels of 8.6 mg/day (RR = 0.68 compared
to thosc consuming 1.1 mg/day of carotcnoids).

In thec Western Elcctric cohort study, all-causc mortality was low-
cst for men who consumed the highest tertile of dictary B-carotenc
(RR = 0.80 for morc than 4.1 mg/day of B-carotene versus less than
2.9 mg/day of B-carotenc; p for trend = 0.01) (Pandcey ct al., 1995).

Cancer

Becausc there arc literally hundreds of studics of carotenoids and
cancer risk, this scclion ecmphasizes the results of epidemiological
studics of all cancers combined, studics of carolenoids and lung
canccer, and a fecw other sclecled tumor sites for which an inverse
association with carolcnoids is commonly scen,

Observational Epidemiological Studies. The Bascl Prospcctive Study
cvaluated the relationship between plasma carotence concentrations
in blood samplcs obtained in 1971-1973 and subscquent cancer
mortality up to 1985 (Stahclin ct al., 1991). Results showed that
persons who went on o develop any cancer had significantly lower
prediagnostic carotence concentrations than persons who remained
alive and frce of cancer in 1985 (mcan plasma total carotenoid
concentration 0.34 pmol/L [18 pg/dL.] in thosc with cancer versus
0.43 pmol/L [23 pg/dL.] in thosc free of cancer). The authors state
that the reported carotenc valucs represent approximatcly 80 per-
cent Bcarotence and 20 pereent a-carotenc; thus, plasma B-carotenc
concentrations of approximaicly 0.34 pmol/1. (0.43 pmol/L. X 0.8)
(18 pg/dL [23 pg/dL. X 0.8]) were typical for the survivors of this
cohort. This concentration is within the range associated with lower
risk clscwhere as shown in Table 8-3.

Numcrous cpidemiological studics have shown that individuals
who consume a rclatively large quantity of carotenoid-rich fruits
and vegelables have a lower risk of cancer at several tumor sites
(Block ct al., 1992). The consisiency of the results from obscrva-
tional swudics is particularly striking for lung cancer, where caro-
tenoid and fruit and vegclable intake has been associated with low-
cr lung cancer risk in 8 of 8 prospcctive studics and 18 of 20
rclrospective studics reviewed (Zicgler ct al., 1996b).

Focusing on prospcctive blood analyscs studics, the study with the
largest number of cascs (n = 99) was rcported by Menkes ct al.
(1986) as part of thc Washington County, Maryland, cohort. The
risk of lung cancer incrcased in a lincar fashion with dccereasing
scrum concentrations of B-carotene, with the greatest risk at the
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lowest quintile (cutpoim not stated). The mean concentration of
scrum B-carotenc in persons who subscquently developed lung can-
cer was 0.47 pmol/L (25 pg/dL), compared o 0.54 pmol/L. (29
pg/dL) in persons who remained free of discasc,

Nomura ct al. (1985) conducted a prospective study of 6,860 men
of Japancsc ancestry in Hawaii; 74 men subscquently developed lung
cancer. Men who later developed lung cancer had lower serum B-
carolene concentrations (0.37 pmol/L [20 pg/dL]) than control
subiccls (0.54 pmol/L. [29 pg/dL]). Similar results were reported
in the Bascl Prospective Study. Men who later developed lung can-
cer (n = 68) had o- plus B-carotene scrum concentrations of 0.30
pmol/L. (16 pg/dL) versus 0.43 pmol/I. (23 pg/dL) in survivors
(Stahclin ct al., 1991). The Multiple Risk Factor Intervention Trial
(MRFIT) Cohort study had prcdiagnostic scrologic data on 66 lung
cancer cascs and 131 control subjects (Conncll ct al., 1989). Lung
cancer cascs had lower scrum f-carotence concentrations (mean of
0.17 pmol/L [9 pg/dL]) and total carolcnoid concentrations (1.62
pmol/L [87 pg/dL]) compared to the control subjects (0.22 pmol/
L [12 pg/dL] and 1.84 pmol/1. [99 pg/dL.]), respectively. The ab-
solutc carotcnoid concentrations in this study arc lower than thosc
in the previous studics, which may he a conscquence of long-tcrm
storagc of the samples at —=50°C, rather than at =70°C or colder as is
rccommendced for carolenoids.

As for dictary studics, the majority of the studics of carotenoids
and lung cancer risk have relied upon the U.S. Department of Agri-
culture (USDA) Nutricnt Databasc for Standard Reference, Relcase
13, which docs not contain cstimates of the amount of carotcnoids
in various food items, but simply contains cstimaltces of provitamin A
activity. With the releasc of a new carotenoid databasc in 1993 (Mangcls
ctal., 1993), quantitative studics rclating consumption of individual
carolcnoids to lung cancer risk arc now available. L.c Marchand ct
al. (1993) found that higher dictary intake of a-carotence, B-carotene,
and lutcin was significantly associaled with lower lung cancer risk in
both men and women. Optimal levels of intake for cach of these
three carotenoids were as follows: B-carotenc more than 4.0 mg/day
for men and morce than 4.4 mg/day for women; o-carotene morce
than 0.6 mg/day for men and morce than 0.7 mg/day for women;
and lutcin morc than 3.3 mg/day for both malcs and femalcs.
Zicgler ctal. (1996a) also found significant inverse trends for dictary
o- and B-carotenc and a marginally significant cffect for lutein and
zcaxanthin with risk of lung cancer. Optimal levels in this study
were as follows: B-carotenc 2.5-5.9 mg/day; o-carotenc more than
1.5 mg/day; and lutcin and zcaxanthin morc than 4.2 mg/day.
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As reviewed clsewhere, retrospective and prospective cpidemio-
logical studics of dict and scrum carotcnoids strongly indicate that
grcaler consumption of fruits, vegelables, and carotenoids is inverse-
ly associatcd with risk of cancers of the oral cavily, pharynx, and
larynx (Mayne, 1996; Maync and Goodwin, 1993). In a review (Block
ct al,, 1992), 13 of 13 studics indicated that fruit and vegetable
intakc was associatcd with reduced risk of cancers of the oral cavily,
pharynx, and larynx. As for prospcclive scrologic studics, Zheng ct
al. (1993) conducied a nesied case-control study of scrum micronu-
tricnts and subscquent risk of oral and pharyngcal cancer. Blood
samples were collecled and stored in 1974 from a cohort of 25,802
adults in Maryland. Over the next 15 years, 28 individuals devel-
opcd oral or pharyngcal cancer. Scrum analyses indicated that pre-
diagnostic scrum concentrations of all the major individual caro-
lenoids, particularly B-carotenc, were lower among the casc group
than among control subjects sclected from the same cohort. B-Caro-
lene concentrations in persons who later developed these cancers
were 0.21 pmol/L (11 pg/dL) versus 0.28 pmol/L (15 pg/dL) in
control subjccts (mcan; = 0.03). Adjusiment for smoking, which is
known 10 be associated with lower scrum carotlcnoid concentrations,
aticnuated the protective association slightly, The unadjusied and
adjusted relative odds of oral or pharyngcal cancer, comparing the
upper tertile of scrum B-carotene concentrations (cutpoints not giv-
cn) versus the lower tertile, were 0.50 and 0.69, respectively.

Onc recent prospective cohort study (Giovannucci ct al., 1995)
cvaluated 47,894 participants in the Health Professionals Follow-up
Study, 812 of whom were diagnoscd with prostate cancer during the
6-ycar follow-up. Intakc of tomato-bascd foods (lomato saucc, loma-
locs, and pizza—but not tomato juicc) and lycopene, which is found
precdominantly in tomato products, was associatcd with significantly
lower prostate cancer risk, Risk was lowest for thosc who were csti-
matcd o consumc morce than 6.46 mg/day of lycopene. The lack of
association for tomato juicc may reflect the fact that lycopence is
morc bioavailablc from proccssed tomato products than from fresh
tomatocs (Gariner ct al., 1997),

A prospcctive study of scrum micronutrients and prostate cancer
in Japancsc men in Hawaii, however, found no difference in pre-
diagnostic scrum lycopene concentrations in 142 cascs versus 142
matched control subjects (Nomura ct al., 1997). The lack of cffect
scen in this study could possibly rclate to the fact that scrum lyco-
pence concentrations were relatively low in this population (median
0.25 pmol/L [13 pg/dL]). This is likcly a conscquence of the fact
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that tomato products arc not widcly consumed in the Asian dict
(thus the range of exposurc may have been limited). Comprehen-
sive rcviews of the relationship between lycopence and prostate
canccer have been published clsewhere (Clinton, 1998; Giovannucci,
1999).

Consumplion of fruits and vegetables also has been reported o
be inverscely associated with cervical cancer risk in a number of stud-
ics. Baticha ct al. (1993) conducled a ncsted casc-control study,
analyzing a varicty of carotcnoids in scra stored from 50 women
who had developed cither invasive cervical cancer or carcinoma in
situ during a I5-ycar follow-up and in 99 control women pair-
maltched (o the cases. The risk of cervical cancer was significantly
higher among women with the lowest prediagnostic secrum concen-
trations of total carotenoids (odds ratio [OR] = 2.7; 95 pereent CI =
1.1-6.4), o~carotenc (OR = 3.1; 95 percent CI = 1.3-7.6), and -
carotene (OR = 3.1; 95 pereent cI - 1.2-8.1) comparcd 1o women
in the upper tertiles. Mcan scrum concentrations of B-cryptoxanthin
were also lower among cascs rclative 1o control subjects (p = 0.03).
Optimal concentrations of these carolenoids for reducing the risk
of cervical cancer were as follows: (otal carolenoids greater than
1.88 pmol/L (101 pg/dL); o-carotene greater than 0,05 pmol/L
(2.7 pg/dL); B-carotene greater than 0.26 pmol/L (14 pg/dL); and
cryptoxanthin grcater than 0.17 pmol/L (9 pg/dL).

Intervention Trials. Three major double-blind, randomized inter-
vention trials have been conducted using high-dose B-carotenc sup-
plements, cither alone or in combination with other agents, in an
allcmpt 1o cvaluaic any protcctive role in the development of lung
or olal cancers. In nonc of these studics was there any cvidence of
a protective role for supplementary B-carotene.

In current smokers participating in the Alpha-Tocophcrol, Bela-
Carolene (ATBC) Cancer Prevention Study, supplementation with
20 mg/day of B-carotene (with or without 50 mg of o-tocophcrol)
for 5 1o 8 ycars led 1o a higher incidence in lung cancer but had no
cffcct on the incidence of other major cancers occurring in this
population (prostalc, bladder, colon or rectum, or stomach) (ATBCG
Canccer Prevention Study Group, 1994). In addition, the Carotenc
and Rctinol Efficacy Trial (CARET) uscd a nutrient combination of
B-carotene (30 mg/day) plus retinyl palmitate (25,000 internation-
al units [TU]/day) versus placebo in asbestos workers and smokers
(Omenn ct al., 1996a, 1996b). This study rcporied more lung can-
cer cascs in the supplemented group. The Physicians’ Health Swdy
(PHS) of supplemental B-carotence versus placebo in 22,071 male
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U.S. physicians reported no significant cffect of 12 years of supple-
mentation of B-carotene (50 mg cvery other day) on cancer or total
mortality (Hennckens ct al., 1996).

Summary. Higher consumpltion of carotcnoid-containing fruits
and vegctables and higher plasma concentrations of scveral caro-
tenoids, including B-carolene, arc associated with a lower risk of
many diffcrent cancers, cspecially lung, oral cavity, pharyngcal,
laryngcal, and cervical cancers, These prospective blood concentra-
tion studics show that B-carotene concentrations in the range of
0.28 pmol/L (15 pg/dL) or lcss arc associated with higher risk of
many cancers (Table 8-3), whereas concentrations greater than 0.28
10 0.37 pmol/L (15 1o 20 pg/dL.) arc associated with reduced risk of
many cancers, This approximate threshold for cancer risk reduction
is concordant with that for the prevention of all-causc mortality,
given above. Furthermore, these studies show that incrcased con-
sumplion of foods containing these carotenoids, including caro-
tenoids lacking vitamin A aclivity, is associated with risk reduction,
However, in three large randomized clinical trials using high-dosc
B-carotence supplements (20 or 30 mg/day or 50 mg given cvery
other day) for 4 (o 12 ycars, no prolcction was reported with respect
Lo lung cancer, or any other cancer.

Cardiovascular Disease

Epidemiological studics, including descriptive, cohort, and casc-
control studics, suggest that carotenoid- and B-carotenc-rich dicts
arc associaled with a reducced risk of cardiovascular discase (Gaziano
and Hennckens, 1993; Kohlmcicr and Hastings, 1995; Manson ct
al., 1993). Beginning with hiochemical cpidemiological studics of
plasma carotcnoids, Gey ct al. (1993a) rcported dala from the Vita-
min Substudy of the¢ World Hcalth Organization’s Monitoring
Cardiovascular (WHO/MONICA) Projcct, in which plasma was
obtaincd from approximalcly 100 apparcntly hecalthy men from
cach of 16 study sitcs within Europc. A comparison beiween median
plasma B-carotene concentrations and ischemic heart discase mor-
tality revealed no association when all 16 study sites were consid-
cred (7 = 0.04). Howcver, a rcasonably strong inverse association
was cvident (7 = 0.50) when three study sites, all apparent outlicrs
(and all Finnish sitcs), were excluded from the analysis,

Mecn in the Bascl Prospective Study, who had low blood concen-
trations of B-carotence and vitamin G initially and who were followed
for 12 ycars, had a significantly higher risk of subscquent ischemic
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hcart discasc (RR = 1.96; p = 0.022) and stroke (RR = 4,17; p =
0.002) (Eichholzer ctal., 1992; Gey ct al., 1993h). Bascd upon these
and othcer data, Gey ct al. (1993a) proposcd that more than 0.4 1o
0.5 pmol/1L. (21 to 27 pg/dL) o-plus B-carotenc or 0.3 to 0.4 pmol/
L (16 1o 21 pg/dL) B-carotenc is needed to reduce the risk of is-
chemic heart discasc,

Total scrum carotcnoids, mcasurcd at bascline in the placcho
group of the Lipid Rescarch Clinics Coronary Primary Prevention
Trial, were inversely related to subscquent coronary heart discase
cvents (Morris ¢t al,, 1994). Mcen in the highest quartile of total
scrum carolenoids (morc than 3.16 pmol/L [172 pg/dL]) had an
adjusted relative risk of 0.64 (95 percent CI = 0.44-0.92); among
thosc who never smoked, the relative risk was 0.28 (95 percent CI =
0.11-0.73). Ricmersma ct al, (1991) reported that persons with plas-
ma carolene concentrations in the lowest quintile (less than 0.26
pmol/L. [14 pg/dL]) had 2.64 timcs the risk of angina pccloris.
Adjustment for smoking rcduced the magnitude of risk, However,
because smoking may be part of the causal path, adjustment may
nol b¢ appropriatc,

The U.S. Health Professionals Follow-up Study of over 39,000 men
rcported a relative risk for coronary heart discasce of 0,71 (95 per-
cent CI = 0.55-0.92) for thosc at the top quintile of total carotene
intake rclative 1o the lowest quintile of intake (Rimm ct al., 1993).
The cffcet of B-carotenc varicd by smoking status: among current
smokers, the relative risk was 0.30 (95 percent CI = 0.11-0.82);
among former smokers, the risk was 0.60 (95 percent CI = 0.38-
0.94), and among nonsmokers, the risk was 1.09 (95 percent CI =
0.66-1.79). A prospcctive cohort study of postmenopausal women
found that the lowest risk of coronary hcart discasc was found for
dictary carotcnoid intakes greater than 8,857 TU/day (RR = 0.77; p
= NS) (Kushi ct al,, 1996). A casc-control study in 10 Europcan
countrics found that lycopene concentrations, but not other caro-
tenoid concentrations, in adiposc tlissuc were inverscly associated
with the risk of myocardial infarction (Kohlmcicr ct al., 1997).

Cardiovascular cpidemiology studics arc now pursuing the usc of
intermediate cndpoints such as intima-mcdia thickncss, which can
be cstimated via ultrasonography as a mcasurc of athcrosclerosis.
Bonithon-Kopp ct al. (1997) rcported a deercase in the intima-me-
dia thickness of the common carotid arterics with incrcasing con-
centrations of total plasma carotenoids in both men and women,
Plasma carotcnoid concentrations in excess of 2.07 pmol/I. (111
pg/dL) were optimal for men; concentrations in cxcess of 3.73
pmol/L. (200 pg/dL.) were optimal for women. Salonen ct al. (1993)
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cvaluated the change in the intima-media thickness as a mcasurc of
athcrosclcrotic progrcssmn and rcported thal progression was 92
percent greater in the lowest (Iess than or equal 1o 0.27 pmol/L [14
pg/dL]) versus the highest (more than or cqual 1o 0.64 pmol /1. [34
pg/dL]) quartile of plasma B-carotenc.

Age-Related Macular Degeneration

Dictary carotcnoids have been suggesied o decrcasce the risk of
agce-rclated macular dcgcncrallon (AMD), thc most common causc
of irreversible blindness in people over age 65 in the United States,
Canada, and Europc (Scddon ct al., 1994; Snoddcrly, 1995). The
macula lutca (macula) is a bright ycllow spot in the center of the
rctina and is spccialized and functions (o maintain acute central
vision. Of all the carotenoids circulating in the body, only two polar
spccics, lutcin and zcaxanthin, arc contained in the macula (Bone
ct al,, 1985; Handclman ct al.,, 1988). Two groups of investigators
have suggesied pathways by which these two carolenoids arc bio-
chemically interchanged in the macula (Bone ct al,, 1993; Khachik
ct al,, 1997a),

The potential role of carotenoids in the prevention of AMD has
been comprehensively reviewed (Snodderly, 1995). Seddon ct al.
(1994) analyzcd the association between carotenoid intake and ad-
vanccd AMD in a large, multicenter, casc-control study involving
356 cascs and 520 control subjccts with other ocular conditions.
Thosc in the highest quintile of diclary carotenoid intake had a 43
pereent lower risk for macular degencration comparced with those
in the lowest (OR = 0.57; 95 percent CI = 0.35-0.92). Among the
spccific carolenoids, intake of lutcin and zeaxanthin (grouped in
the carotenoid food Composition datahasc) was most strongly associ-
ated with decrcascd risk. Thosc in the highest quintile of intake had
a 60 pereent lower risk compared to the lowest quintile of intake,

Somc, but not all, studics using blood carotcnoid concentrations
also suggcst proteclive cffects against risk of AMD. The Eyc Discasc
Casc-Control Study (EDCCSG, 1993) mcasurcd scrum carotenoids
in 391 cascs with ncovascular AMD and 577 control subjects. The
study reported protective cffects of total carotenoids, o-carotenc, B-
carolenc, B—crypmxanthin and lutcin and zcaxanthin, with odds
ralios ranging from 0.3 to 0.5 for the high group (morc than the
cighticth pereentile) versus the low group (less than the twenticth
percentile). Carolenoid concentrations associated with the lowest
risk arc shown in Tablc 8-4.
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TABLE 8-4 Examplc of Plasma Carotcnoid Concentrations
Associated with Lowcest Risk of Age-Related Macular
Dcgencration

Carolenoids Concentrations (pmol/T.)%
Total carolenoids =2.39 (128 pg/dL)
o-Carotenc 20.19 (10 pg/dL)
B-Carotene 20.74 (40 pg/dL)
B-Cryptoxanthin 20.32 (18 pg/dL)

Lulein and zeaxanthin 20,67 (38 pg/dL)
Lycopcene 20.61 (33 pg/dL)

@ 8] conversion [actor uscd for total carotcniods, o~ and P-carotene, and lycopene =
0.01863 pg/dL to pmol/L; for B—cryptoxanthin =(.01809; and for lutein and zeaxanthin
=0.01758.

SOURCE: EDCCSG (1993).

Mares-Perlman et al. {1994) examined the association between
serum carotenoid concentrations and age-related maculopathy in
167 case-control pairs and reported no association [or any of the
carotenoids, except lycopene, with persons in the lowest quintile of
lycopene having a doubling in risk of maculopathy (cutpoint not
stated). West et al. (1994) examined the relationship between plas-
ma B-carotene concentration and AMD in 226 subjects and found
the risk was lowest for the highest quartile of plasma B-carotene
(more than 0.88 nmol/L [47 pg/dL]) (OR high quartile versus low
= 0.62). Plasma lutein and zeaxanthin were not measured in this
study.

Hammond and Fuld (1992) developed an optical system that, in
situ, measures the intensity of the unique yellow color of the mac-
ula and presumably estimates the levels of lutein and zeaxanthin.
This measure is known as Macular Pigment Optical Density
(MPOD). Dietary intake of carotenoids, fat, and iron, as well as
plasma concentrations of lutein and zeaxanthin, were positively re-
lated with MPOD in men, but only plasma concentrations of lutein
and zeaxanthin were associated with MPOD values for women
(Hammond et al., 1996). In the same studies, men had significantly
higher MPOD readings than women despite similar plasma caro-
tenoid concentrations and similar dietary intake, except for fat.
These investigators also demonstrated that the MPOD of most sub-
jects could be substantially increased by the addition of relatively
small amounts of foods to the diet that are high in lutein (!/, cup
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spinach pcr day) or luitcin and zcaxanthin (1 cup of corn pcr day)
(Hammond ct al., 1997). Intcrestingly, when MPOD was enhanced
following dictary modification, it was maintaincd at that level for
scveral months despite resumption of an unmodificd dict.

In summary, results of studics that have investigated MPOD as a
biological indicator of carotenoid adequacy suggest that it has sub-
stantial polential as an indicator for csllmatmg the requirecments
for lutcin and zcaxanthin, Because of the unique mectabolism of
carolenoids in the macula, this technique will be uscful in associalt-
ing diclary intakes of lutcin and zcaxanthin with the health of the
macula. Howcever, insufficient MPOD studics have been conducted
lo datc 1o make recommendations relative o the diclary intakes of
lutcin and zcaxanthin,

Cataracts

Cataracts arc also problemalic, with cataract cxtraction heing the
most frequently performed surgical procedure in the clderly (Tay-
lor, 1993). Although thc ctiology of this condition is not known,
oxidative processcs may play a role. Calaracts arc thought to result
from photo-oxidation of lens protcins, rcsultmg in protcin damage,
accumulation, aggregation, and precipitation in the lens (Taylor,
1993). The cornca and lens filter out ultraviolet light, but visible
bluc light rcaches the rctina and may contribule to photic damage
or other oxidative insults (Scddon ct al., 1994).

Higher diclary intake of carotcnoids or higher blood concentra-
tions of carotcnoids have been found 1o be inversely associated with
the risk of various forms of cataract in some, but not all, swudics.
Jacques and Chylack (1991) reported that subjccts with low plasma
carotcnoid concentrations (thosc with concentirations Iess than the
twenticth percentile: less than 1,7 pmol/L [90 pg/dL]) had a 5.6-
fold incrcascd risk of any scnile cataract and a 7.2-fold incrcased
risk of cortical cataract, comparcd with subjccts with high plasma
lotal carolcnoid concentrations (grcater than the cighticth percen-
tile; more than 3.3 pmol/L [177 pg/dL]). Marcs-Perlman ct al.
(1995) performed a cross=scctional analysis of scrum o-carotenc, -
carolenc, B-nyptOxanLhin, lutcin and zcaxanthin, and lycopenc ver-
sus the scverily of nuclear and cortical opacitics, and found that
higher concentrations of individual or total carotenoids were not
associated with the severity of nuclear or cortical opacitics overall.
Howcver, higher serum B-carotene (highest quintile median con-
centration 0.32 pmol /L [17 pg/dL]) was associatcd with less opacity
in men, and higher concentrations of d-carolene (highest quintile
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median 0.14 pmol/L. [7.5 pg/dL]), Bcryptoxanthin (highest quin-
tile median 0.31 pmol/L [17 pg/dL]), and lutcin (highest quintile
mcdian 0.44 pmol/1. [25 pg/dL]) were associated with less nuclear
sclerosis in men who smoked. In women, howcever, higher concen-
trations of somc carotcnoids (highest quintile median 2.19 pmol/L
[118 pg/dL]) were associated with an increcased severity of nuclcar
sclerosis.

Rccently, the U.S. Health Professionals Follow-up Study reported
a rclative risk for cataract extraction in men of 0.81 (95 percent CI
= 0.65-1.01) for thosc al the top quintile of lutcin and zcaxanthin
intake (median intake of 6.87 mg/day) rclative to the lowest quin-
tile of intake (Brown ct al., 1999). Similar inverse associations for
dictary lutcin and zcaxanthm were scen in the Nurses” Health Study
cohort, with a relative risk of 0.78 (95 percent CI = 0.63-0.95) for
thosc at the top quintile of total lutcin and zcaxanthin intake (me-
dian intakc of 11.68 mg/day) rclative 1o the lowest quintile of in-
take (Chasan-Taber ct al., 1999). This dccrcased risk of calaracts
(scvere ecnough 1o require extraction) with higher intakes of lutcin
and zcaxanthin was not found with highcer intakes of other caro-
tenoids (o-carotene, B-carotenc, lycopenc, and B-cryptoxanthin) in
cither of thesc studics.

Plasma and Tissue Concentrations

As just dctailed, plasma and tissuc concentrations of carotenoids
have been associated with a varicty of hcalth outcomes; that is,
higher concentrations arc associated with a lower risk of cancer,
coronary hcart discasc, and all-causc mortality. This could be usced
as a possible indicator for cstablishing rcqulrcmcms for caro-
tenoids. However, the limitation of this approach is that it is not
clcar whether obscrved health bencefits are duc Lo carotenoids per
sc or 1o other substances found in carolenoid-rich foods.

Thus, these dala are suggestive of prudent intake levels, not re-
quired levels of intake. Recommendations have been made by a
number of federal agencics and other organizations with regard 1o
fruit and vegetable intake. Nutrient analysis of menus adhering 1o
the U.S. Dictary Guidclines and the National Cancer Institute’s
Fivc-a-Day for Beller Health Program, for cxamplc indicates that
persons following these dicts would be consuming approximaicly
5.2 10 6.0 mg/day provitamin A carotcnes on average if a varicty of
fruits and vegetables were consumed (Lachance, 1997). Similar lev-
cls would bhc obtained by following Canada’s Food Guidce for
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Hcalthy Eating which spccifics a minimum of five scrvings of vege-
tables and fruit (Health Canada, 1997). Other food-based dictary
pattcrns reccommended for the prevention of cancer and other
chronic discascs would provide approximatcly 9 1o 18 mg/day of
carotenoids (WCRF/AICR, 1997),

The current U.S. and international guidcelines encourage plant-
bascd diclary patlcrns with less emphasis on foods of animal ori-
gin, With this typc of dictary paticrn, approximaicly 90 pcreent of
the total ingested vitamin A would be in the form of provitamin A
carotcnoids (Lachance, 1997). This pattern is in stark contrast to
current intake patterns in the United States, where less than 40
percent of vitamin A in the dict is derived from provitamin A caro-
tenoids in fruits and vegetables (Figure 8-2), or to the intake pat-
terns found in nalive Amcricans in somc arclic regions of the
United States and Canada (Kuhnlein ct al., 1996).

Fruits
3.1%

Meat, poultry, fish
22.9%

Vegetables
36.4%

Dairy products

[+
18.4% Other foods

1.7%

Fats, oils
Eggs 13.2%
4.3%

FIGURE 82 Conlributors Lo Vitamin A intake in the U.S. food supply. The “other
foods” category includes grain products (0.5 percent) and miscellaneous foods
(1.2 pereent),

SOURCE: L.SRO/FASEB (1995).
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An cxamination of human studics using diclary interventions
with carotcnoid-containing foods is ncecessary 1o determine the
plasma carotence concentrations that an optimal dict would be ex-
pected o produce. In a controlled dict study (Micozzi ¢t al., 1992),
plasma B-carotenc concentrations in the men who reccived the low
carolcnoid dict (less than 2 mg/day) to which broccoli had been
addcd to provide 6 mg/day of carotenoids (3 mg of B-carotenc, 3
mg of lutcin) were raised significantly from 0.30 }nnol/I (16 pg/
dL.) at bascline 1o 0.49 pmol/1. (26 pg/dL) aficr six wecks, as were
plasma lulcin concentrations (from 0.38 pmol/I. [22 pg/dI.] o
0.63 pmol/I. [36 pg/dL.]). Plasma lycopene declined with this in-
lervention hecause the bascline dict as well as broccoli was low in
the content of lycopenc and other carolenoids.

The Minncsota Cancer Prevention Rescarch Unit feeding studics
cvaluated three experimental dicts (two of which included caro-
tenoids) and onc control dict given for 9 days cach to 23 young
nonsmoking mcn and women. Persons on the control dict had a
plasma B-carotenc concentration of 0.26 pmol/1. (14 pg/dL); 5 mg/
day B-carotence from food incrcased plasma B-carotenc to 0.37
pmol/L (19.5 pg/dL). When B-carotence from food was increased 10
42 mg/day, plasma B-carotenc incrcased further to 0.83 pmol/L
(44 pg/dL) (Martini ct al,, 1995). Yong ct al. (1994) studicd dlctary
carolcnoid intake and plasma carolcnoids cross-scclionally in pre-
mcnopausal nonsmoking women; the population had a gcometric
mcan B-carotenc intake of approximately 3 mg/day and a gcometric
mcan plasma B-carotene concentration of 0.30 pmol/L (15.8 pg/
dL). For total carotcnoids, the gecometric mean level of intake was
6.6 10 8.1 mg/day, with a tolal carotcnoid concentration in plasma
of approximatcly 1.51 pmol/L. (80 pg/dL). A randomizcd, con-
trolled trial on the cffect of increasing fruit and vegetable intake for
8 weeks on plasma micronultrient concentrations was conducted
with 87 subjects in New Zealand (Zino ct al,, 1997). B-Carotenc
intake increcased from about 2.0 mg/day at bascline to 4.7 mg/day
at week 4. This resulted in a mean plasma B-carotenc increase from
0.34 pmol/L (18 pg/dL) at basclinc to 0.48 pmol/L (25 pg/dL) at
4 wecks.

These data, although in varying populations, suggest that 3 o 6
mg/day of B-carotene from food sources is prudent 1o maintain
plasma B-carotence concentrations in the range associated with a
lowcer risk of various chronic discasc outcomes (scc Table 8-3).
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FACTORS AFFECTING CAROTENOID BIOAVAILABILITY

Bioavailability

Bioavailability of carotenoids from food, concentrated extracts, or
synthetic products is quite variable (Figure 8-3) because a complex
set of factors affects carotenoid bioavailability. Erdman et al. (1993)
and Castenmiller and West (1998) described the events necessary
for adequate absorption of carotenoids from the diet: (1) digestion
of the food matrix, (2) formation of lipid micelles in the gastrointes-

Very high bioavailability

Examples of Specific
Components or Foods

Formulated natural or
synthetic carotenoids

Food
Matrix

Formulated carotenoids in
water-dispersible beadlets

Natural or synthetic

Carotenoids—oil form

Papaya, peach, melon

Fruits

Squash, yam, sweet potato

Tubers

Tomato juice

Processed juice with fat
containing meal

Carrots, peppers

Mildly cooked yellow/
orange vegetables

Tomato

Raw juice without fat

Carrots, peppers

Raw yellow/orange vegetables

Spinach

Raw green leafy vegetables

Very low bioavailability (<10%)

FIGURE 8-3 Effect of food matrix and processing on bioavailability of carotenoids.
SOURCE: Adapted from Boileau et al (1999).
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tinal tract, (3) uplake of carotcnoids by intestinal mucosal cclls, and
(4) transport of carolenoids and their metabolic products to the
lymph or portal circulation.

Food Matrix

Of the factors that affect carotenoid bioavailability, the food ma-
trix cffccts on carotenoid absorption arc gencrally the most critical.
The absorption of B-carotenc supplements that are solubilized with
cmulsificrs and protected by antioxidants can be 70 percent or
morc. In contrast, less than 5 percent bioavailability of carotencs
has been reported from raw foods such as carrots (Rodrigucz and
Irwin, 1972). Rceently, van het Hof ¢t al. (1999) reported substan-
tial differences between the relative bioavailabilitics of B-carotenc
(14 pereent) compared to lutein (67 percent) when feeding a high-
vcgclablc dict (490 g of vegetables without supplements) and com-
paring it 1o a low-vegelable dict (130 g of vegetables) supplemented
with B-carotene (6 mg/day) or lutcin (9 mg/day), both of which
were assumed 1o be 100 percent bioavailable. These differences were
bascd on changes in plasma concentration of B-carotenc or lutein,

Daily supplementation of dark-green leafy vegetables rich in caro-
tenoids 1o lactating Indoncsian women with low vitamin A status
did not increasce vitamin A status, whercas a similar amount of B-
carolene given in a wafer supplement led to a significant incrcasc in
plasma rctinol (de Pce ct al., 1995). More recently, the same group
(de Pce ¢t al., 1998) studicd ancmic school children in Indoncsia
and calculated the relative vitamin A equivalency of B-carotenc from
diffcrent food sources. The calculated cquivalencics were as fol-
lows: 26 pg of B-carotene from lcafy vegetables and carrots corre-
sponded o 12 pg of Bcarotene from fruit, and cqualed 1 pg of
prcformed vitamin A in vitamin A-rich foods. In contrast, Mahapatra
and Manorama (1997), in a small study with vitamin A-dcficient
school children in India, concluded that B-carotenc from red palm
oil was as bioavailablc as preformed vilamin A,

B-Carotence in the form of supplements has a much higher bio-
availablity than B-carotenc from foods. Micozzi ct al. (1992) demon-
strated that 30 mg/day of supplemental all-trans B-carotenc pro-
duced more than a fivefold increase in plasma B-carotenc compared
0 29 mg/day of B-carotence from carrots. The relatively low bioavail-
ability of plant carotcnoids may be duc o the fact that they can be
bound in carolcnoprotcins and arc often associated with the plant
matrix, Typically in green leafy vegelables, carotenoids arc found
bound in chloroplasts where they play roles in photosynthesis, In
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carrot root, o~ and P-carotence arc largely in crystal forms. In both
cascs, the carolenoids arc not casily solubilized out of thesce tissucs
by the digestive process.

Cooking

The hypothesis that cooking may improve the bioavailability of
carolcnoids has been ested. The bioavailability of lycopence from
tomato juicc is vastly improved by heat trcatment in the presence of
oil (Gartner ct al,, 1997; Stahl and Sics, 1992). When subjccts con-
sumcd tomato juice (cquivalent to a single lycopene dosc of 2.5
pmol/kg body wcight) that had been heated at 100°C for 1 hour
with oil, they experienced a serum lycopenc peak at 24 1o 48 hours.
In contrast, cquivalent doscs that were not heat treated did not
rcsull in an increasc in scrum lycopence. Stcaming has also been
shown Lo incrcasc the amount of extractable carotenoids in spinach
and carrots (Dictz ct al., 1988). In contrast Lo sicaming, morc pro-
longed cxposurc 1o }mgh tempcraturcs (boﬂmg) can rcduce the
carolcnoid availability of vegclables by incrcasing the production of
isomers or oxidation products. For cxamplce, canncd carrots contain
73 percent all-trans B-carotenc, 19 percent 13-asB-carotene, and 8
percent 9-cis-B-carotenc, while fresh carrots contain 100 percent of
the B-carotenc in the all-trans configuration (Chandler and Schwartz,
1987). The rclative vitamin A valucs of ¢is isomers of B-carotenc
comparcd o all-trans B-carotenc is an active arca of rescarch,

Dietary Iat

Many rcscarch groups have shown that to optimize carolenoid
absorption, dictary fal must be consumed during the same catmg
period as the carolenoid. Rocls ¢t al, (1958) demonstrated that in
boys with vitamin A dcficiency in an African village, supplementa-
tion of their carotenc-sufficient but low-fat dicts with 18 g/day of
olive oil improved carotence absorption from 5 1o 25 percent. More
recently, Jalal et al. (1998) studicd the roles of B-carotence-rich meals
(mostly red sweetl potatocs), extra dictary fat (15 g/day), and de-
worming on scrum rctinol concentrations of children in Sumatra.
Prior to the intervention, these children all had intestinal infesta-
tions and were consuming dicts with about 7 percent of calorics
from fat. A 3-weck intervention of B-carolenc-rich mcals alonc im-
proved vilamin A status without added fat or deworming, but the
combination of all three mcasurcs—p-carotene meals, added fat,
and deworming—provided the greatest increasc in scrum retinol,
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Other Factors

Lipid-lowering drugs have been shown to decrease serum caro-
tenoids dramatically (Elinder et al., 1995). In a double-blind, ran-
domized trial, treatment with cholestyramine (a lipid-lowering res-
in) for 4 months and probucol (antioxidant and lipid-lowering drug)
for 2 months resulted in a 65 percent reduction in serum B-carotene
and a 51 percent reduction in lycopene. The reductions were attrib-
uted to reduced intestinal absorption of lipids by cholestyramine
and reduced lipoprotein particle number and size by probucol. Su-
crose polyester (olestra), the nonabsorbable fat substitute, lowered
carotenoid absorption when consumed at the same time as caro-
tenoids (Koonsvitsky et al., 1997; Weststrate and van het Hof, 1995).
Plant sterol-enriched margarines (Weststrate and Meijer, 1998) and
dietary pectin supplementation also decreased (-carotene absorp-
tion (Rock and Swendseid, 1992).

Nuirient-Nutrient Interactions

Competitive interactions among different carotenoids during the
absorptive process have been studied. Recipients of daily B-carotene
supplements in either 12-mg or 30-mg capsules for 6 weeks had
significantly lower plasma lutein concentrations than subjects who
consumed both B-carotene and lutein from food sources (Micozzi
et al., 1992). In addition, plasma B-carotene was higher in the
subjects receiving B-carotene as supplements rather than as food,
demonstrating the greater bioavailability of this source. Interactions
between B-carotene and lutein have also been described by other
investigators. When subjects were given purified crystalline B-caro-
tene and crystalline lutein in a combined dose, B-carotene signifi-
cantly reduced the serum area under the curve (AUC) value (a
measure of total absorption) for lutein (Kostic et al., 1995). Lutein
in a combined dose with f-carotene significantly enhanced -caro-
tene AUC in those subjects whose AUC for B-carotene (when dosed
alone) was the lowest.

These studies (White et al., 1994) indicate that two carotenoids
administered concurrently in controlled settings can affect the ab-
sorption of each other. Several investigators have examined the ef-
fect of daily supplementation with high-dose -carotene on plasma
concentrations of other carotenoids in participants in multiyear
cancer prevention intervention trials (Albanes et al., 1997; Mayne et
al., 1998; Nierenberg et al., 1997; Wahlqvist et al., 1994). These
studies suggest no overall adverse effect on other carotenoids with
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high-dosc supplementation of B-carotenc daily for several years.
This finding is not inconsistent with the results of the metabolic
studics, because the trials were done in free-living individuals taking
a supplement of B-carotenc cach day, which most likely is not con-
sumcd concurrently with an entire day’s intake of other carotenoids
from food.

FINDINGS BY LIFE STAGE AND GENDER GROUP

As discussed clsewhere in this document, this report docs not cstab-
lish a requirecment for B-carotenc or other carotenoids for any gender
or lifc stage group. This issuc will be considered in a subscquent
rcporl when addressing vilamin A. However, the following summa-
rizes findings regarding carotenoid status, as mcasurcd by scrum
carolcnoid concentrations, in different groups of the population.

Special Populations

If plasma carotcnoid concentrations arc considered as an indica-
tor of adequacy with regard to reducing risk of chronic discasc, it
bcecomes apparent that cerlain subgroups of the population arc
known o have notably lower circulating concentrations of caro-
tenoids. Thus, consumption of carolenoid-containing foods may
have Lo be greater in these groups in order 1o achicve plasma caro-
tcnoid concentrations that arc associated with a reduced risk of
chronic discasc (Tablc 8-3).

Adolescents

Scrum carotcnoid concentrations were mceasurced in the Third
National Health and Nutrition Examination Survey (NHANES IIT).
As shown in Appendix Table F-4, scrum B-carotenc concentrations
were lower during the period of adolescence and carly adulthood in
this U.S. population survcy. The average concentration in children
was approximatcly 0.34 pmol /L (18 pg/dL), which dropped to 0.28
pmol/L (15 pg/dL) or less in teenagers and did not return (o child-
hood concentrations until the fourth decade (the thirtics) for
women, and the fifth decade (the fortics) for men, This lower level
during adolescence is also cvident for o-carotenc (Appendix Table
F-5), Bcryptoxanthin (Appendix Table F-6), and lutcin/zcaxanthin
(Appendix Table F-7), but not lycopence (Appendix Table F-8). This
may rcflect relatively grealer consumpltion of tomato products com-
parcd (o other vegelables by adolescents in the United States.
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Smoking

Many investigators have reported that those who smoke, on aver-
age, have lower plasma carotenoid concentrations compared to in-
dividuals that don’t smoke (Brady et al., 1996; Chow et al., 1986;
Comstock et al.,, 1988; Fukao et al., 1996; Herbeth et al., 1990,
Margetts and Jackson, 1996; Pamuk et al., 1994; Stryker et al., 1988;
Witter et al., 1982). The greater the intensity of smoking (cigarettes
per day), the greater is the decrease in serum carotenoid concen-
trations. Fukao et al. (1996) studied 1,902 Japanese men in a cohort
study and showed a dose-dependent decline in geometric mean
serum B-carotene with greater smoking intensity (Table 8-5).

While smokers ingest less B-carotene than nonsmokers, it is un-
clear at present whether or not the lower serum concentrations
seen can be fully explained by the reduced B-carotene intakes of
smokers, as discussed recently by Brady et al. (1996). Many studies
find differences in serum carotenoid concentrations even after ad-
justing for intake. However, because dietary intake is necessarily
measured with some error, it is unclear whether full adjustment is
possible. Tobacco smoke is known to be highly oxidative, and the
gas phase of tobacco smoke has been shown to destroy B-carotene
and other carotenoids in in vitro studies of human plasma (Handel-
man et al., 1996). As demonstrated recently by Baker et al. (1999),
both smoke and gas-phase smoke oxidize B-carotene to carbonyls,
epoxides, and nitro derivatives. Thus, it is possible that the smoke
oxidatively degrades B-carotene in vivo and thus contributes to the
reduction in circulating levels.

TABLE 8-5 Serum B-Carotene in Men
in Relation to Smoking

Mcan® Scrum
B-Carotene (pmol/L)

Nonsmokers 0.39 (20.7 pg/dL)
Ex-smokers 0.31 (16.6 pg/dL)
Smokers
1-10 cigarcties/d 0.25 (13.6 pg/dL)
11-20 cigarcties/d 0.25 (12.1 pg/dL)
21-100 cigarcttes/d 0.20 (10.5 pg/dL)

2 Geometric mean.
SOURCE: Fukao el al, (1996),
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A first report in the arca of putative mechanisms (o explain the
incrcasc in lung cancer risk obscrved in heavy smokers taking high-
dosc supplements indicates that ferrets exposed Lo cigarctic smoke
and supplemented with B-carotene developed squamous metaplasia
in their lungs as well as altered retinoid signaling (Wang ct al.,
1999). Anothcr report suggests that oxidation products of B-caro-
tene stimulate the binding of mctabolites of benzo[a]pyrenc to
dcoxyribonucleic acid (Salgo ctal., 1999). These very new data await
confirmation and further development.

Although smoking may rcsult in a nced for higher intakes of di-
clary carotenoids 1o achicve optimal plasma carotenoid concentra-
tions, caution is warranted because B-carotence supplements, but not
B-carotene-rich foods, have been suggested as causing adverse cf-
feets in smokers (sce “Tolerable Upper Intake Levels™). Thus, any
rccommendations nced to state clearly that thosec who smoke, in
particular, may benefil from cven higher average intakes of caro-
tenoids from foods.

Alcohol Consumption

Alcohol intake, like tobacco, is inverscly associated with scrum B-
carolene and carolenoid concentrations (Brady ct al., 1996; Fukao
ctal,, 1996; Herbeth ctal., 1988, 1990; Suryker ct al., 1988). Brady ct
al. (1996) rcported that higher cthanol intake was associated with a
dccrcase in all scrum carotenoids mceasured, with the exception of
lycopene. The inverse association appears to be dose dependent as
shown by the cohort study in men of Fukao ctal. (1996) in Tablc 8-
6. It should be noted that in this study, the cffects of smoking and
alcohol consumption independently affected scrum B-carotenc con-
centrations in men,

Pcrsons who consumc large quantitics of cthanol typically con-
sume dicts that arc micronutricnt dcficient, Thercfore, as is the
casc for smoking, it is not clcar whether the observed decrements
arc fully auributable to reduced intakes or also rcflect metabolic
conscquences of chronic cthanol ingestion.

INTAKE OF CAROTENOIDS

Food Sources

A databasc of valucs for a-carotene, B-carotenc, B-cryptoxanthin,
lutcin plus zcaxanthin, and lycopenc for 120 foods has been assem-
bled (Mangcls ct al., 1993) and was rccently updated and released
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TABLE 8-6 Scrum B-Carotenc in Mcen
in Rclation to Alcohol Consumption

Mean# Serum
B-carotene (pmol/L)

Nondrinkers 0.38 (20.1 pg/dL)
Ex-drinkers 0.32 (16.9 pg/dL)
Drinkers
1-15 g ethanol/d 0.33 (17.9 pg/dL)
15-28 g cthanol/d 0.30 (16.2 pg/dL)
29-56 g cthanol/d 0.19 (10.0 pg/dL)
56-140 g cthanol/d 0.15 (8.2 pg/dL)

2 Geometric mean.
SOURCE: Fukao el al, (1996).

(Holden ct al., 1999). Using an cxpansion of the carlicr databasc
and bascd on lhc 1986 U.S. Dcpartment of Agriculture Continuing
Survey of Food Intake by Individuals (CSFIT), Chug-Ahuja ct al.
(1993) reported that carrots were the major contributor of Bcarotenc
to the dict of women of reproductive age (25 percent) with lesser
contributions from the following food calcgorics: cantaloupce, broc-
coli, vegetable beef or chicken soup, and spinach or collard greens,
Similarly, the¢ major contributors for a-carotenc, B-cryptoxanthm
lycopenc, and lutein and zeaxanthin were, respectively, carrots, fol-
lowed by the categorics of orange juice and its blends, tomatocs
and tomato products, and spinach or collard grcens,

A summary of the carolenoid content of human milk is shown in
Table 8-7. Tt should be noted that the B-carolenc content and the
concentrations of other carotenoids in human milk arc highly vari-

ablc and appcar (0 be altered casily by manipulation of the caro-
tenoid content of the mother’s dict. Most infant formulas, cither
milk or soy bascd, do not have caroicnoids added to them and, as a
result, would be expected 1o contain very low levels of B-carotenc
and other carotcnoids.

Dietary Intake

Data for intakes of carotenoids (B-carotene, o-carotenc, B-cryp-
toxanthin, lutcin and zcaxanthin, and lycopene) from the 1988—
1992 Third National Health and Nutrition Examination Survey
(NHANES IIT) bascd on an cxpandcd food composition databasc
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TABLE 8-7 Carotenoid Content in Iluman Milk?

Author, Ycar

Country

Number
of
Subjects

Stage of
Lactation®?

Maltcrnal Carotenoid Intake

Carolenc

Gebre-Medhin
et al., 1976

Butte and
Calloway,
1981

Chappell
et al., 1985

QOstrea et al.,
1986

Patton ct al.,
1990

Giuliano
el al,, 1992

Giuliano
ct al., 1994

Canlicld
ct al., 1997

Sweden

Uu.s.4

Canada

U.s.

U.s.

1.8,

66

23

24f

19/

11

18

12

0.5-1.5 mo
1.5-3.5 mo
3.5-6.5 mo

19-62 d

1d
4d
37 d

1-5d

Colostrum

1 mo

>1 mo

<6 mo

Not rcported

Suboptimal

Not reported

Not reported

Not reported

Not reported

Nol reported

Dictary intake:
B-carotene: 5.08 £ 2.5 mg/d
o-carotence: 13.0 + 0.8 mg/d
Lycopene: 2.8 £ 2.6 mg/d
B-Carotlene supplements:
Group 1: 60 mg/wk x 10 wk
Group 2: 210 mg/wk X 3 wk

B-Carotc:
B-Carote:
B-Carote:

Carotenc

Carotenc
Carotenc
Carolene

B-Carote:
day 1: 21
day 2: 11
day 3: 12
day 4: 5(
day 5: 39
a-Carole
B-Carotc:
B-Crypto

Lycopen

a-Carote
B-Carote
TLulein; 1
Lycopend

o-Carole
B-Carote
B-Crypto
Lycopen:
Initial B-

1.9+£4

2.7+

Postsupp
B-carol
1 lime:
No sig
P-crypt

or lycc
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ntake

Carotenoid Content in Milk (pg/dL)¢

Mcthods

5 mg/d
.8 mg/d
mg/d
1155

X 10 wk
k X 3 wk

B-Carotecne: 16.3 £ 7.5
B-Carotene: 17.1 £ 7.5
B-Carotene: 20.8 £ 10.2

Carotene: 19.7 + 6.3¢

Carotene: 200 £ 12
Carotene: 100 £ 4
Carotene; 25 £ 5

B-Carotene:

day 1: 218 £ 167
day 2: 117 £ 112
day 3: 120 + 63
day 4: 50 + 20
day 5: 39 + 35

a-Carolene: 16 £ 17
B-Carotene: 66 + 76
B-Cryptoxanthin: 71 & 61

Lycopene: 96 = 85

o-Carotene: 0.32 £ 0.02
B-Carotene; 1,01 £ 0,02
Tutein: 1,06 = 0.03
Lycopene: 2.73 £ 0.13

o-Carotene: 0.6 £ 0.4
B-Carotenc: 2.5 + 1.6¢
B-Cryptoxanthin: 1.1 + 0.1
Lycopene: 1.7 £ 0.9

Initial B-carotlene:
1.9 £ 0.3 (group 1)
2.7£0.9 (group 2)

Postsupplementation:
B-carolene milk concentrations were
4 times the initial for both groups.

No signilicant increascs in o-carotene,

B-cryptoxanthin, lutcin/zcaxanthin,
or lycopene noted

Spectrophotometric

Spectrophotometric

HPLCE

Spectrophotometric

'l‘L('Jh, HPLC, and spcctrophotometric

HPLC

HPIL.C

HPLC

conlinued
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TABLE 8-7 Carotlcnoid Content in Human Milk?

Number

ol Stage ol
Author, Ycar Country  Subjccts  Lactation b Maternal Carotcnoid Intake Carolenc
Johnson ct al.,, U.8. 12 1-8 mo Supplement: all-trans|
1997 64 mg alltransP-carotene prestu
+ 69 mg 9-cisP-carolene d 8 =
(1 dose/d x 7 d) 9-cisP-Cs
Fed a low-carotenoid dict prostu
d8: =
Canfield et al., TU.S. 5 >1 mo Mean dietary intake of Initial®%:
1998 B-carotene al baseline = 4.0 O-CATO]
*+ 3.6 mg/d (mcasurcd by B-carof
three 24-h dictary intake B-crypt
rccords) Lutcin
Lycope
Supplemented with 30 myg Postsupp
B-caroicne for 28 d B-caro
on ave
remair
initial)

NOTE: For Guiliano et al. (1994), Canfield et al, (1997, 1998), and Johnson et al,
(1997), milk carotenoid values were converted [rom nmol/L or pmol/L to pg/dL. The
conversion [actor used for B-carolene, o-carotene, lutein/zcaxanthin: pg/dL x 0.01863
= umol/L. The conversion factor used for B-cryptoxanthin: pg/dL x 0.01809 = umol/L.

@ Unless noted otherwise, milk content was based on studies of healthy women with
full-term pregnancies,

b pp = Postpartum.

Mean + standard deviation.

41.8. = United Statcs.

¢ Mean milk volume was reported as 634 £ 113 mL/d.

for carolcnoids arc presently being analyzed and are not available
to be included in this report. Thus, they will be included in the
appendix of the next DRI report that will include vitamin A,
Howcver, diclary recall data from 1,102 adult women participat-
ing in the 1986 Conlinuing Survey of Food Intake by Individuals
indicatc mcan intakes of P-carotene, o-carotence, lutcin, and lyco-
penc of 1.8, 0.4, 1.3, and 2.6 mg/day, rcspectively, with total caro-
tenoid intake from B-carotenc, a-carotene, f-cryploxanthin, lutein,
zcaxanthin, and lycopenc of approximatcly 6 mg/day (Chug-Ahuja
ctal,, 1993). Lalcr food frcquency data from the 8,341 adults partic-
ipating in the 1992 National Health Interview Survey indicate that
mcan intakes of B-carotene, lutcin, and lycopenc for men were 2.9,
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ntake Carotenold Gontent in Milk (pg/dL)* Mecthods
all-trans-B-Carotenc/ IIPLC
otene prestudy: = 42.9
ene d 8; = 2254
9-cisB-Carolene
lict prestudy: = 1.3
d8: =32
F Initial®®: HPLC
1€ = 4,0 o-carolene: 0.7 £ 0.2
‘cd by B-carotene: 3.6 £ 1.0
1itake B-cryptoxanthin : 1.4 £ 0.2
Lutcin/zcaxanthin: 1.2 + 0.2
Lycopene: 2.6 £ 0.3
) mg Postsupplementation:

B-carotene concentrations increased,
on average, 6.4-fold over initial and
remained elevated (=~ 2-fold over
initial) 1 mo after supplementation

JMilk samples were obtained from both preterm and full-term pregnancies,

£ HPL( = high-performance liquid chromatography.

A TLC = thinlayer chromatography.

{Largc intra- and interindividual variability in milk carotenoid concentration.

J One month after the study, milk concentrations remained higher than baseline in
the supplemented women, No changes in milk concentrations were seen in the pla-
ccho group.

kEMean milk volume was reported as 62.9 mL per human-feeding episode (Canficld
ct al., 1998).

2.2, and 2.3 mg/day, respectively, and for women 2.5, 1.9, and 2.1
mg/day, rcspectively (Nebeling et al,, 1997), Another survey, the
Nutritional Factors in Eyc Discasc Study, with 2,152 adults respond-
ing 1o a food frequency questionnaire, reported median dictlary car-
otcnoid intakes or ranges of 1.3 mg/day of B-carotenc, 0.2 mg/day
of o-carotene, 0.02-0.07 mg/day of B-cryptoxanthin, 0.7-0.8 mg/
day of lutcin and zcaxanthin, and 0.6-1.6 mg/day of lycopcne
(VandenLangenberg ct al., 1996).

Intake levels of B-carotenc for infants can be estimated using data
on human milk concentrations of B-carotene (Table 8-7). Human
milk B-carotcne concentrations obtained at more than 1 month
postpartum varicd from 1 to 21 pg/dL. Assuming that infants rc-
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cciving human milk consumc 0.78 1./day on avcrage in the first 6
months (Chapter 2); this would result in B-carotenc intake levels of
8 1o 163 pg/day.

Intake from Supplements

B-Carotene, o-carotenc, lutein and zeaxanthin, and lycopenc are
available as diclary supplements. There arc no rcliable estimates of
the amount of these dictary supplements consumed by individuals
in the United States or Canada.,

TOLERABLE UPPER INTAKE LEVELS
Hazard Identification

Adverse Lffects

No adverse cffects other than carotenodermia have been report-
cd from the Consumption of B-carotcnce or other carotcnoids in
food. Carolcnodcermia is a harmless but clearly documented biolog-
ical cffcct of high carotenoid intake. Tt is characierized by a ycllow-
ish discoloration of the skin that results from an clevation of caro-
lene concentrations.

B-Carotenc is used therapeutically, at extremely high doscs (ap-
proximaicly 180 mg/day), for the trcatment of crythropoictic pro-
loporphyria, a photoscnsitivity disorder. No toxic side cffects have
been observed at these dosces. There is no evidence that B-carotence
or other carotenoids arce teratogenic, mutagenic, or carcinogenic in
long-tcrm bioassays in experimental animals (Heywood ctal., 1985).
In addition, long-tcrm supplementation with B-carotenc 1o persons
with adecquatce vitamin A status docs not incrcasce the concentration
of scrum rctinol (Nicrcnbcrg ct al., 1997). However, two recent
clinical trials reporied an incrcase in lung cancer associated with
supplemental B-carotenc in current smokers (ATBG Cancer Preven-
tion Study Group, 1994; Omenn ct al., 1996a,b). These cffects arc
discusscd below,

Lung Cancer. The Alpha-Tocophcerol, Bela-Carotene (ATBC)
Cancer Prevention Study showed a significantly higher incidence of
lung cancer (rclative risk [RR] = 1.18; 95 pereent confidence inter-
val [CI] = 1.03-1.36) and total morlahty (RR = 1.08; 95 pereent CI =
1.01-1.16) in current smokers supplemented with 20 mg/day -
carotene (with or without 50 mg of o-tocophcerol) for 5 to 8 years
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comparcd Lo the placcho group (ATBC Cancer Prevention Study
Group, 1994). Supplemental B-carotene had no significant cffect
on the incidence of other major cancers occurring in this popula-
tion (prostale, bladder, colon or rectum, stomach). In addition, the
Carolene and Retinol Efficacy Trial (CARET), a multicenter lung
canccr prevention trial of a nutrient combination versus placeho in
asbestos workers and smokers (Omenn ct al., 1996a,b) rcported
morc lung cancer cascs in the supplemented group. The nutrient
combination uscd in CARET included supplemental B-carotenc (30
mg/day) plus rctinol (25,000 intcrnational units [TU]/day). Both
CARET and ATBC included B-carotenc in the intervention and re-
ported similar cffects on lung cancer. However, it should be noted
that CARET uscd a nutricnt combination, withoul a factorial de-
sign, and it is not clcar whether the reported cffects were attribult-
able to B-carotene, retinol, or both acting in concert.

In contrast, the Physicians’ Health Study of supplemental B-caro-
tene versus placebo in 22,071 male U.S. physicians reported no sig-
nificant cffect of 12 years of supplementation with B-carotene (50
mg cvery other day) on cancer or total mortality (Hennckens ct al.,
1996). With rcgard 1o lung cancer, there was no indication of cx-
cess lung cancer in the B-carotenc-supplemented individuals, cven
among smokers who 1ook the supplements for up 1o 12 ycars,

Onc additional trial, which was not designed as a lung cancer
prevention trial, nonctheless produced results that are of relevance
Lo the topic of lung cancer prevention. The trial tested the cfficacy
of four diffcrent nutrient combinations in inhibiting the develop-
mcent of csophageal and gastrlc cancers in 30,000 men and women
aged 40 1o 69 ycars living in Linxian County, China (Blot ct al,,
1993). Onc of the nutrient supplements was a combination of B
caroleng, sclenium, and vitamin E. Afier a 5-ycar intervention peri-
od, thosc who were given this combination had a 13 percent reduc-
tion in cancer deaths (RR = 0.87; 95 percent CI = 0.75-1.00), a 9
percent reduction in total deaths (RR = 0.91; 95 percent CI = 0.84—
0.99), a 4 percent reduction in csophageal cancer dcaths (RR =
0.96; 95 percent CI = 0.78-1.18), and a 21 percent reduction in
gastric cancer deaths (RR = 0.79; 95 percent CI = 0.64-0.99). For
lung canccr, this trial had limited statistical power, with only 31 total
lung cancer deaths (Blot ct al., 1994). Howcever, the relative risk of
dcath from lung cancer was 0.55 (95 percent CI = 0.26-1.14) among
thosc recciving the combination of B-carotenc, a-tocopherol, and
sclenium. The smoking prevalence, including individuals who had
cver smoked cigarclics for 6 or more months, was 30 percent.

At the present lime, the data pertaining 1o a possible adverse cf-
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feet of B-carotenc in smokers arc somewhat conflicting. The results
of ongoing studics may hclp rcsolve this issuc, There also appears
10 be a relationship between the adverse cffects of B-carotence and
both smoking and alcohol consumption in thc ATBC and CARET
trials. In the ATBC trial, only thos¢c men who consumed more than
11 g/day of alcohol (approximaicly onc¢ drink per day) showed an
adverse response 1o B-carotence supplementation (Albances ct al,,
1996). In the CARET study, adverse cffects were associated with the
individuals in the highest quartile of alcohol intake (Omenn ct al.,
1996a).

Carotenodermia. Carolcnodermia is characterized by yellowish dis-
coloration of the skin that rcsults from an clevation of plasma caro-
lene concentrations. This condition has heen reported in adults
taking supplements containing 30 mg/day or morc of B-carotenc
for long pcriods of lime or consuming high levels of carotenoid-
rich foods such as carrots (Bendich, 1988) and is the primary cffect
of cxcess carolenoid intake noted in infants, toddlers, and young
children (Lascari, 1981). Carolenodermia is distinguished from
jaundicc in that the ocular sclera are yellowed in jaundiced subjects
butl not in thosc¢ with carotcnodermia, Carolcnodcermia is consid-
crcd harmless and is readily reversible when carolenc ingestion is
discontinucd.

Lycopenodermia. Lycopenodermia results from high intakes of ly-
copene-rich foods such as tomatocs and is characierized hy a deep
orangc discoloration of the skin, Lycopenc is a more intenscly col-
orcd pigment than carolene and may causc discoloration at lower
concentrations than other carotenoids (Lascari, 1981).

Other Adverse Effects. Allcrgic rcactions, incrcasced incidence of
prosiatc canccer, rctinopathy, lcukopenia, and reproductive disor-
ders have heen associaled anccdotally with high carotene consump-
tion (Bendich, 1988; Kobrza ct al,, 1973; Shoenfeld ct al,, 1982),
Nonc of these cffects has been confirmed by clinical trials. There is
no cvidence of hypervitaminosis A in individuals consuming high
levels of B-carotenc or other carotenoids (up o 180 mg/day) (Lewis,
1972; Mathcws-Roth, 1986; Mathcws-Roth ct al., 1972, 1974),

Dose-Response Assessment

The data on the potential for B-carotenc to produce incrcased
lung cancer rates in smokers arc conflicting and not sufficient for a
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dosc-responsc asscssment and derivation of a Tolerable Upper In-
take Level (UL) for this endpoint. Supplements of 30 mg/day or
morc of B-carotenc for long periods of time may be associated with
carolcnodermia, but this cffect is more cosmetic than adverse and
can be considered harmless and rcadily reversible. Because of the
inconsistent data on adverse cffects of B-carotene, a UL cannot be
cstablished at this time. ULs arc not cstablished for other caro-
tcnoids duc 10 a lack of suitable data.

Intake Assessment

Data for intakes of carotenoids (B-carotene, o-carotene, f-crypto-
xanthin, lutein and zeaxanthin, and lycopene) from the 1988-1992
Third National Health and Nutrition Examination Survey
(NHANES III) based on an expanded food composition database
for carotenoids are presently being analyzed and are not available
to be included in this report. Thus, they will be included in the
appendix of the next DRI report that will include vitamin A.

Risk Characterization

A possiblc incrcasc in lung cancer incidence has been noted only
in smokers taking high-dosc supplements of B-carotene (20 mg/day
or greater). As discussed carlier, supplemental forms of B-carotenc
have markedly greater bioavailability than B-carotenc from foods.
The bioavailability of B-carotenc from supplements can also be vari-
able depending on the formulation, nutritional status of the person
or population, and dictlary intakc patlern (c.g., fat intake). Given
these substantial differences in bioavailability, it is perhaps logical
to characterize the risk as a function of plasma B-carotene concen-
tration (scc Figurc 8-4). Mcdian scrum B-carotenc concentrations
in the participants receiving 20 mg/day of B-carotenc in the Finnish
trial rosc from 0.32 pmol/1. (17 pg/dL.) at bascline 1o 5.66 pmol /L.
(300 pg/dL) aL 3 ycars; this blood concentration was associaled with
an adverse cffect (ATBC Cancer Prevention Study Group, 1994)., In
CARET, thc median postintervention plasma concentration of -
carolene was 3.96 pmol/L (210 pg/dL); this blood concentration
also was rcported Lo be associaled with an adverse cffect (Omenn ct
al., 1996a). The first 1o nincty-ninth pereentile for plasma B-caro-
tene from NHANES 11T is also indicated in Appendix Table F-4.,
These data suggcest that the concentrations associated with possible
adverse cffects on lung cancer arc well beyond the concentrations
achicved via dictary intake,
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Thus, while 20 mg/day of B-carotenc in the form of a supplement
is sufficicnt to raisc blood concentrations lo a range reported 1o be
associalcd with an increasc in lung cancer risk, the same amount of
B-carolenc in foods is not. Micozzi ¢t al. (1992) demonstrated that
30 mg/day of supplemental B-carotenc produced more than a five-
fold increase in plasma B-carotence compared to 29 mg/day of B-
carolene from carrots,

Bascd on these considerations, the existing recommendation for
consumonn of five or more scrvings of fruits and vegetables per
day is supported because this would provide 3 0 6 mg/day of B-
carotence, A UL has not been set for B-carotenc or carotenoids. In-
stead, it is concluded that B-carotence supplements arc not advisable
for the genceral population. This conclusion is bascd on a totality of
cvidence that includes scveral large-scale randomized trials of sup-
plemental B-carotenc. These trials indicate a lack of cvidence of
overall bencefit on total cancer or cardiovascular discasc and possi-
blc harm in certain subgroups such as current smokers or ashestos-
cxposcd subjects. This advisement doces not pertain o the possible
usc of supplemental B-carotenc as a provitamin A sourcc or for the
prevention of vitamin A deficiency in populations with inadequate
vilamin A nutriturc or in paticnts suffering from crythropoictic pro-
loporphyria.

RESEARCH RECOMMENDATIONS FOR B-CAROTENE AND
OTHER CAROTENOIDS

* As described carlier, B-carotence and other carotenoids have
been shown 1o modulale a varicty of intermediate endpoints. How-
cver, studics validating that changes in an intermediate endpoint
arc predictive of changes in a health outcome arc crlucally nceded,
As an example, macular pigment optical density (MPOD) is a prom-
ising intermediale marker for age-related macular degencration
(AMD), but human studics validating this endpoint prospcctively
arc nceded, as arc studics demonstrating that changes in MPOD
arc predictive of changes in risk of macular degencration,

* As a corollary, studics arc nceded on the cffects of long-lterm
depletion of B-carotenc and subscquent repletion, with an cvalua-
tion of validated intermediale endpoints.

» Significantly morc rescarch is nceded on health cffects of
dictary carotenoids other than B-carotenc. Possible associations be-
tween lycopenc and decercased prostate cancer risk, between lutein
and zcaxanthin and lowered risk of AMD, and belween o-carotlenc
or lutcin and various cancers have 1o be cvalualed in additional
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obscrvational studics, in animal modcls, and in human intervention
trials, if justificd. Studics should consider not only the other caro-
tenoids, but also the ¢is-versus fransconfiguration of the caroienoid,

* Since the data from the human intervention trials of B-caro-
tene are contradictory, additional data arc nceded from interven-
tion trials involving B-carotene, several of which arc ongoing. An
cxamination is nceded of health cffects in populations with varying
basclinc risk profiles and, in particular, of studics cvaluating inter-
ventions in populations with poor bascline nutritional status. Post-
trial follow-up of complected B-carotence trials is also needed.

* Studics aimed at the identification of corrclates of higher -
carolence intake and plasma concentrations, which might help 10
explain the lower risks of cancer associated with carotenc-rich dicts,
arc nceded.

* Additional rcscarch is nceded that largets putative mecha-
nisms (o cxplain a possible increase in lung cancer risk in hcavy
smokers taking high-dosc B-carotence supplements (animal studics,
biochemical studics, and molecular studics). In particular, confir-
mation and cxlcnsion of findings such as thosc of rccent reports
rcgarding lung mctaplasia (Wang ct al., 1999) and carotcnoid oxi-
dation products (Salgo ct al., 1999), and thcir rclevance o cancer
development in humans, arc nceded.

* Surveys arc nceded that routincely assess and report dictary
intakes of individual food carolcnoids from large, representative
population samples. Intakes from both foods and dictary supple-
ments musl be considered.

» Efforts should hc dirccled toward cvaluating cquivalency and
demonstrating cfficacy of carotenoids in foods to mecet vitamin A
nceds in vilamin A-dcficient populations, in order Lo develop sus-
lainable strategics (o cradicate this worldwide public health problem,
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