Vitamin C

SUMMARY

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

BACKGROUND INFORMATION

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

Function

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

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

of Sciences. All rights reserved.



CH,0H
HOGH o o
H\__
0 OH

Ascorbate (AH-)

CHZOH
HOCH

@) @)

2,3-Diketogulonate

o. O
HOCH>r:Zi

VITAMIN C

CHOH
HOCH

o__0O

O O

-e/-H*

+e/+H*

Ascorbyl Radical (Ae-)
-e" || +e

?HQOH

HOCH o .0

+H 0
2 H

O O

Dehydroascorbate

FIGURE 5-1 Chemical structure of ascorbic acid.

97

volves either monooxygenase or dioxygenase activities (Levine et

al., 1996b).

As a cofactor for hydroxylase and oxygenase metalloenzymes, as-
corbic acid is believed to work by reducing the active metal site,
resulting in reactivation of the metal-enzyme complex, or by acting
as a co-substrate involved in the reduction of molecular oxygen. The

of Sciences. All rights reserved.



98 DIETARY REFERENCE INTAKES

best known of these reactions is the posttranslational hydroxylation
of peptide-bound proline and lysine residues during formation of
mature collagen. In these reactions, ascorbate is believed to reacti-
vate the enzymes by reducing the metal sites of prolyl (iron) and
lysyl (copper) hydroxylases (Englard and Seifter, 1986; Tsao, 1997).

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

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

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

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

Physiology of Absorption, Metabolism, and Excretion

Absorption and Transport

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

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

Metabolism and Excretion

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

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

Body Stores

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

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

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

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

SELECTION OF INDICATORS FOR ESTIMATING THE
REQUIREMENT FOR VITAMIN C

Antioxidant Functions

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

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

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

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

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

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

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

Antioxidant Functions in Leukocytes

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

Biomarkers of Lipid Oxidation in Humans

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

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

0 LDL = low-density lipoprotein.

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

peroxidation.

¢ VLDL = very low-density lipoprotein.

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

2.0-fold (500)

2.0-fold (750 and

1,000)

and 1,000 mg/d

& MDA = malondialdehyde.

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

JP = plain.

k SR = slow release.

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

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

Mannick et al., 1996

Satarug et al., 1996

84 patients with Helicobacter pylori 2,000
infection

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

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

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

Reference

Subjects

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

Hornig et al., 1998

Taddei et al., 1998

Timimi et al., 1998

10 chronic smokers
10 control subjects

46 coronary artery disease patients
(20 placebo)

10 type II diabetic patients
10 control subjects

20 smokers
20 control subjects

22 hypertensive patients

11 hypercholesterolemic patients
12 healthy control subjects

15 chronic heart failure patients
8 healthy control subjects

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

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

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

4 wk ! Gastric mucosa DNA® adduct formation

4 wk T 06—a1ky1transferase DNA repair enzyme

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

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

1d 0 In vivo nitrosation by urinary nitrosoproline products

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

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

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

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

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

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

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

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

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

Duthie et al., 1996

Anderson et al., 1997

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

Rehman et al., 1998

50 male smokers

50 nonsmokers

48 nonsmokers
(24 females)

30 healthy subjects
(16 females and
14 males)

10 healthy subjects

10 healthy subjects

5a
10 or 20¢
60 or 250%

100

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

100

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

60
6,000

500

60

+14 mg/d Fe
260

+14 mg/d Fe

@ Intake from controlled diet; no supplemental doses given.

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

dDNA = deoxyribonucleic acid.

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

mating the vitamin C requirement.
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Duration Findings

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

No changes in lymphocyte 8-oxodG or DNA strand breaks

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

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

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

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

) Leukocyte 8-oxoade (GC-MS)

T Leukocyte 5-OH cytosine (GC-MS)

T Leukocyte thymine glycol (GC-MS)

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

¢ 8-oxogua = 8-oxoguanine.

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

SOURCE: Adapted from Carr and Frei (1999).

Urinary Markers of DNA Damage

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

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

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

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

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

16 females

@ Intake from controlled diet; no supplemental doses given.

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

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

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

Ex Vivo Damage

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

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

28 d

28 d

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

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

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

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

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

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

Cancer Biomarkers

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

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

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

Panayiotidis and
Collins, 1997

Crott and Fenech, 1999

(24 females)

6 nonsmokers
6 smokers

11 male nonsmokers

1,000 or 3,000

2,000

@ DNA = deoxyribonucleic acid.

0 H9oO9 = hydrogen peroxide.

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

TABLE 5-7 Vitamin C Intake and Colorectal Polyps

Reference

Subjects

Vitamin C Dose (mg/d)

DeCosse et al., 1975

Bussey et al., 1982

McKeown-Eyssen
et al., 1988

Cahill et al., 1993

Greenberg et al., 1994

Hofstad et al., 1998

5 patients with
familial polyps

36 patients with
colon polyps

137 patients with
colon polyps

40 patients with
colon polyps,
20 normal subjects

380 patients with
diagnosed colon
adenomas

116 patients with
colon polyps

3,000

3,000

400 + 400 mg/d vitamin E

750

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

25 mg P-carotene

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

Summary

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

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

Immune Function

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

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

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

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

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

furunculosis (boils)

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

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

Other Indicators
Collagen Metabolism

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

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

2 wk ! Ex vivo bactericidal activity of leukocytes

5 wk No change in leukocyte ascorbate concentration or function

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

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

response to skin antigens

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

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

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

with low baseline PMN functions

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

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

Periodontal Health

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

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

Cardiovascular Disease

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

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

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

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

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

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

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

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

dysplasia.

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

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

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

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

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

Cataract

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

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

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

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

Asthma and Obstructive Pulmonary Disease

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

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

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

Common Cold

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

Cognitive Function and Memory

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

Summary

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

FACTORS AFFECTING THE VITAMIN C REQUIREMENT

Bioavailability

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

Nutrient-Nutrient Interactions

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

Glutathione

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

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

Iron and Copper

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

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

of Sciences. All rights reserved.



130 DIETARY REFERENCE INTAKES

Smoking

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

Vitamin C Turnover

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

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

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

Endothelial and Hemostatic Dysfunction

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

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

Environmental Tobacco Smoke

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

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

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

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

Method Used to Set the Adequate Intake

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

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

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

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

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

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

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

DIETARY REFERENCE INTAKES

Reference

Stage of Lactation
(mg/d)

Vitamin C Content
in Milk (mg/L)

Maternal Vitamin C
Intake (mg/d)

Thomas et al.,
1979

Thomas et al.,
1980°¢

Sneed et al.,
1981

Bates et al.,
1982

Salmenpera,
1984

Byerley and
Kirksey, 1985°¢

Udipi et al.,
1985

Karra et al.,
1986

1 and 6 wk pp?

6 mo pp

1 and 6 wk pp

Not Reported

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

7-13 wk lactation

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

7-12 mo lactation

680
730

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

570
68°

34
45

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

83.3
104.1
114.7

90°
95
105°
120°
115%

90°

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

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

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

No diet intake data
reported
35 as supplement

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

<100
100-999
>1,000

198, range 60-270
(extradietary
intake only)

Not reported

@ pp = postpartum.

bValues were estimated from graphs.

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

d SD = standard deviation.
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Methods

n = 17 healthy women, aged 18-35y

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

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

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

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

n = 168 Gambian women

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

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

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

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

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

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

Vitamin C Al Summary, Ages O through 12 Months

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

Children and Adolescents Ages 1 through 18 Years

Evidence Considered in Estimating the Average Requirement

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

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

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

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

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

Adults Ages 19 through 50 Years

Evidence Considered in Estimating the Average Requirement

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

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

Antioxidant Protection

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

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

SOURCE: Adapted from Anderson and Lukey (1987).

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

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

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

Depletion-Repletion Study

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

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

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

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

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

Subject mg mg mg? mg mg mg mg mg

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

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

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

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

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

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

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

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

0 SD = standard deviation.

SOURCE: Levine et al. (1996b).

Relevancy of Above EAR to Other Possible Vitamin C Biomarkers

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

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

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

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

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

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

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

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

Adults Ages 51 Years and Older

Evidence Considered in Estimating the Average Requirement

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

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

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

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

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

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

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

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

Pregnancy

Evidence Considered in Estimating the Average Requirement

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

Vitamin C EAR and RDA Summary, Pregnancy

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

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

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

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

Special Considerations

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

Lactation

Evidence Considered in Estimating the Average Requirement

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

Vitamin C EAR and RDA Summary, Lactation

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

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

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

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

Special Considerations
Smokers

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

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

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

Passive Smokers

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

Exercise and Stress

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

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

Dietary Intake

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

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

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

TOLERABLE UPPER INTAKE LEVELS

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

Hazard Identification

Adverse Effects

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

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

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

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

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

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

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

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

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

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

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

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

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

Summary

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

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

Dose-Response Assessment
Adults

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

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

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

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

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

UL

Vitamin C UL Summary, Ages 19 Years and Older

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

Other Life Stage Groups

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

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

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

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

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

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

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

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

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

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

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

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

Special Considerations

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

Intake Assessment

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

Risk Characterization

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

RESEARCH RECOMMENDATIONS FOR VITAMIN C

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

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

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

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

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