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Abbreviations:

CHD, Coronary Heart Disease; CRP, C-Reactive Protein; CVD, Cardiovascular Diseases;
EPIC, European Prospective Investigation into Cancer and Nutrition; H. pylori, Helicobacter
pylori; MONICA, Multinational Monitoring of Trends and Determinants in Cardiovascular
Disease; NHANES, National Health and Nutrition Examination Survey; RCT, Randomized
Placebo-controlled Trial; RDA, Recommended Dietary Allowance; SU.VI.MAX,
Supplementation en Vitamines et Mineraux Antioxydants; SVCT, Sodium-dependent Vitamin

C Transporter.

Definitions:

Phase 11 Randomized Placebo-controlled Trial: Short-term (weeks or months) intervention
study performed on groups of 20-400 subjects designed to assess the safety and efficacy of a
drug in lowering risk factors or intermediary markers of disease, e.g., hypertension, vascular

dysfunction, chronic inflammation, or Helicobacter pylori infection.

Phase 111 Randomized Placebo-controlled Trial: Long-term (years) intervention study
performed on groups of more than 400 subjects, usually in the thousands at multiple study
centers, designed to assess the safety and efficacy of a drug in lowering (chronic) disease

incidence or mortality.
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ABSTRACT: The recommended dietary allowance (RDA) of vitamin C has traditionally
been based on the prevention of the vitamin C deficiency disease, scurvy. While higher
intakes of vitamin C may exert additional health benefits, the limited Phase 111 randomized
placebo-controlled trials (RCTs) of vitamin C supplementation have not found consistent
benefit with respect to chronic disease prevention. To date, this has precluded upward
adjustments of the current RDA. Here we argue that Phase 111 RCTs—designed principally to
test the safety and efficacy of pharmaceutical drugs—are ill suited to assess health benefits of
essential nutrients; and the currently available scientific evidence is sufficient to determine the
optimum intake of vitamin C in humans. This evidence establishes biological plausibility and
mechanisms of action for vitamin C in the primary prevention of coronary heart disease,
stroke, and cancer; and is buttressed by consistent data from prospective cohort studies based
on blood analysis or dietary intake and well-designed Phase 11 RCTs. These RCTs show that
vitamin C supplementation lowers hypertension, endothelial dysfunction, chronic
inflammation, and Helicobacter pylori infection, which are independent risk factors of
cardiovascular diseases and certain cancers. Furthermore, vitamin C acts as a biological
antioxidant that can lower elevated levels of oxidative stress, which also may contribute to
chronic disease prevention. Based on the combined evidence from human metabolic,
pharmacokinetic, and observational studies and Phase Il RCTs, we conclude that 200 mg per
day is the optimum dietary intake of vitamin C for the majority of the adult population to
maximize the vitamin’s potential health benefits with the least risk of inadequacy or adverse

health effects.
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I. INTRODUCTION

Vitamin C is an essential nutrient for humans because we cannot synthesize ascorbic
acid in our bodies. The dietary intake recommendations for vitamin C set by health agencies
around the world have traditionally been intended to prevent the vitamin C deficiency disease,
scurvy. However, the recommended dietary allowance (RDA) for vitamin C set by different
health agencies differs widely (1-5), ranging from 40 mg/day for adults in the UK (6) to 75
and 90 mg, respectively, for adult women and men in the US, to 110 mg/day in France and
Belgium (7, 8). In addition, some countries have set higher RDAs for certain subpopulations,
such as smokers and pregnant or lactating women. Some health agencies, e.g., in France (7)
and the US (1, 9), have also started to consider additional health benefits of vitamin C beyond
the prevention of scurvy and, therefore, have recently increased their RDA for vitamin C.

The currently available evidence from metabolic, pharmacokinetic, and epidemiologic
studies strongly suggests that vitamin C intakes above current RDAs can contribute to the
prevention of chronic diseases, in particular cardiovascular diseases (CVD)—principally
coronary heart disease (CHD) and stroke—and certain cancers (reviewed in [10, 11]).
However, large Phase 111 randomized placebo-controlled trials (RCTs) (see Definitions),
currently considered the “gold standard” for establishing efficacy of dietary supplements in
chronic disease prevention, have been disappointing, showing little or no beneficial effect of
vitamin C supplementation on CVD or cancer incidence (12-16). However, we (17-19) and
others (20, 21) have argued that current Phase |11 RCTs—designed principally to test safety
and efficacy of pharmaceutical drugs in disease treatment—are ill suited to demonstrate
efficacy in disease prevention of substances endogenously present in the human body and
required for normal metabolism, such as vitamins and other essential nutrients. Even if study
designs were improved, additional Phase 111 RCTs of vitamin C as primary intervention of

CVD, cancer, and other chronic diseases will likely be cost—prohibitive and not be funded by
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federal agencies or private industry, and, hence, will not be conducted in the foreseeable
future.

We believe that the lack of apparent proof of benefit from Phase 111 RCTs should not
prevent further adjustments of the RDA for vitamin C, and that the current scientific evidence
from human studies is sufficient to justify an increase in recommended intake levels. This
paper will review this evidence and conclude with a recommendation for the optimum intake

of vitamin C in humans.

Il. BIOLOGICAL FUNCTIONS OF VITAMIN C

Vitamin C has several well-known biological functions required for normal
metabolism and cell function, including its role as an electron donor for at least nine
monooxygenase and dioxygenase enzymes involved in pro-collagen hydroxylation, carnitine
and norepinephrine biosynthesis, amidation of peptide hormones, tyrosine metabolism, and
hydroxylation of hypoxia inducible factor-1a (22-24). Based on these enzymatic and other
biological functions of vitamin C, beneficial cause-and-effect relationships between vitamin C
intake and a range of health effects are known to date, including normal energy-yielding
metabolism, collagen synthesis, non-heme iron absorption, and normal functioning of the
nervous system (2, 24, 25).

The classical symptoms of scurvy are largely related to impaired collagen synthesis,
such as impaired wound healing, gingivitis, perifollicular hemorrhages, ecchymoses, and
petechiae (1). The principal symptoms of inadequate vitamin C intake without the classical
symptoms of scurvy are malaise and fatigue or lethargy, which may be difficult to detect
clinically (1, 26, 27). These latter symptoms may result from diminished levels of carnitine,
which is needed for fatty acid transport and subsequent $-oxidation in mitochondria for ATP

synthesis, and from decreased synthesis of the neurotransmitter, norepinephrine.
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In addition, vitamin C is a strong antioxidant, acting as an effective scavenger of free
radicals and other reactive oxygen and nitrogen species under physiological conditions (11,
24, 28-31). While the cause-and-effect relationship between vitamin C’s antioxidant functions
and related health effects remains to be established, such a relationship is suggested by the
protection of biological macromolecules from oxidative damage that might otherwise causally
contribute to the pathogenesis of numerous chronic and acute diseases (2). Therefore, it is
plausible that vitamin C, through its antioxidant actions and other biological mechanisms,
plays a role in preventing certain cancers, enhancing immune function, and ameliorating
chronic inflammatory conditions, such as atherosclerosis and resulting CVD (10). The
possible role of vitamin C in chronic disease prevention will be further discussed below

(section IV.).

1. VITAMIN C STATUS OF THE GENERAL POPULATION

While the vitamin C deficiency disease scurvy nowadays is thought to be rare in the
developed world (32), several surveys suggest that a substantial proportion of the general
population does not meet current estimated average requirements (33-36). Consistently, recent
studies in Europe, Canada, and the US (37-41) have shown that blood levels of vitamin C in
Western populations are far from optimal, with a high prevalence of both severely deficient
(<11 pmol/L) and marginally deficient (11-23 or 28 umol/L) vitamin C plasma levels 42).
Severely deficient vitamin C plasma levels correlate with clinical features of scurvy, while
marginally deficient levels may be associated with early signs of scurvy, such as gingival
inflammation, fatigue, and—in infants—bone abnormalities (1, 42). In the MONICA
(Multinational Monitoring of Trends and Determinants in Cardiovascular Disease) project,
24% of the study population exhibited marginal vitamin C deficiency (<22.7 pumol/L) and

20% had severe deficiency (<11.4 umol/L) (38). In a French population survey from 1988, 3-
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46% of the population was marginally deficient (11-23 pmol/L) and 3-12% severely deficient
(<11 pmol/L) (39). Similarly, a recent study showed that 33% of young Canadians had
marginal (11-28 pmol/L) and 14% deficient (<11 pmol/L) vitamin C plasma levels (40).
Finally, in the 2003-2004 National Health and Nutrition Examination Survey (NHANES), 7%
of the general population in the US was vitamin C deficient (<11.4 pumol/L) (41).

The RDA is defined as “the dietary intake level that is sufficient to meet the nutrient
requirement of nearly all (97 to 98 percent) healthy individuals in a particular life stage and
gender group” (1), and hence represents the nutritional needs of the general population.
However, some subgroups may have increased vitamin C needs due to decreased absorption
or increased utilization or excretion. Smokers, for example, have lower plasma levels of
vitamin C than non-smokers, even after adjustment for dietary vitamin C intake (1, 23, 38,
43); this is thought to be due to increased oxidative stress in smokers (1, 44). In the MONICA
study, 36% of male smokers and 23% of female smokers exhibited severe vitamin C
deficiency (38). Pregnant women also have an increased need for vitamin C, especially in the
last trimester, to meet the needs of the growing fetus (1, 45). Furthermore, during lactation, up
to 20 mg/day of vitamin C is secreted in breast milk, requiring an increased vitamin C intake
to meet both the mother’s and infant’s needs (45).

Other subpopulations that appear to have an increased need for vitamin C are older
adults, children, and exercisers. Older adults may have lower intestinal absorption of vitamin
C than younger subjects (46, 47), although other studies have suggested that older subjects
have normal plasma vitamin C levels when dietary vitamin C intake is adequate (39, 48-50).
However, there is agreement that older individuals often do not get enough vitamin C from
their diet. An adequate intake of vitamin C also is important for children to ensure normal
functioning of the immune system, normal growth of bones and other collagen-containing

structures, and normal energy metabolism. Related to the latter function of vitamin C in
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energy-yielding fat metabolism, vitamin C needs might be higher in people undergoing

strenuous physical exercise or suffering from emotional or other types of stress (2).

IV. POTENTIAL HEALTH BENEFITS ASSOCIATED WITH VITAMIN C
INTAKES EXCEEDING CURRENT RDAs
A. Epidemiologic Evidence
1. Observational Studies

In addition to the well-known biological and metabolic functions of vitamin C and
related health effects described above, an increasing body of evidence suggests that there are
additional health benefits associated with above-RDA intakes of vitamin C. Epidemiologic
studies have found inverse associations between plasma or serum levels of vitamin C and
incidence or risk of chronic diseases, in particular CVD (51-58) and cancer (59-62). Although
many epidemiologic studies based on dietary intake of vitamin C exist supporting these
results from studies based on blood analysis, this review focuses mainly on the latter, because
plasma or serum levels of vitamin C is a much more accurate indicator of body vitamin C
status than dietary intake estimated from food frequency questionnaires or food diaries.
Dietary intake studies are inherently imprecise due to human recall error, and also because
they neither take into account vitamin C loss during food storage and preparation (63, 64) nor
polymorphisms affecting vitamin C bioavailability and metabolism, such as sodium-
dependent vitamin C transporter 1 (SVCT1), glutathione S-transferases, and haptoglobin

genotype (40, 63, 65).

a. Cardiovascular Diseases
With respect to observational studies based on blood analysis that support a role of

vitamin C in CVD prevention (Table 1), an investigation of participants in NHANES I1
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(n=8,453) concluded that individuals with normal or high serum vitamin C levels (45.4 and
79.5 pmol/L, respectively) had a “marginally” significant 21-25% lower risk of CVD-related
deaths and a significant 25-29% lower risk of all-cause mortality, compared to participants
with low serum levels of vitamin C (<0.4 mg/d1 [<~23 umol/L]) (55). Furthermore, a
prospective nested case-control study found a 33% lower risk of developing CHD in subjects
with the highest plasma vitamin C levels (mean, 77.1 umol/L) compared to those with the
lowest levels (mean, 27.6 umol/L) over an average of six years of follow-up (51). The
European Prospective Investigation into Cancer and Nutrition (EPIC)-Norfolk study found
that plasma vitamin C concentrations in 8,860 men and 10,636 women were inversely related
to mortality from all causes and CVD (66). In this study, each 20 umol/L increase in plasma
vitamin C was associated with about a 20% and 30% reduction, respectively, in risk of all-
cause and CVD mortality (66). Several other studies also support the association of increased
vitamin C plasma or serum levels (mean values ranging from 49.5 to 85.2 umol/L) and
decreased CVD risk (56-58) (Table 1). Consistent with these findings, in young type 1
diabetic patients, a poor vitamin C status was found to be associated with an increase in
several early cardiovascular risk markers (67).

Many studies have shown an association between higher vitamin C plasma
concentrations with a reduced risk of stroke or stroke-related mortality (Table 1). Gale et al.
(52) observed a 30% lower risk of death from stroke in old adults with vitamin C levels >27.8
umol/L at baseline compared to those with vitamin C levels <27.8 pmol/L. This association
has been confirmed among 20,649 participants in the EPIC-Norfolk study, where the risk of
stroke over 10 years of follow-up was 42% lower in subjects with baseline plasma vitamin C
levels >66 umol/L compared to those with vitamin C levels <41 umol/L (53). Similarly, in a
Japanese cohort, subjects with vitamin C levels >64 pmol/L had a 41% lower risk of stroke

than those with vitamin C <40 umol/L over 20 years of follow-up (54). A Finish study
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reported a more than two-fold increased risk of stroke in subjects with plasma levels <28.4
umol/L compared to subjects with vitamin C levels >65.0 umol/L (68). In addition, Polidori et
al. (69) observed that plasma vitamin C levels were decreased in patients with intracranial
hemorrhage or head trauma (mean, 29.0 and 31.3 umol/L, respectively) compared to healthy
young or older adult subjects (56.9 and 51.6 pumol/L, respectively). Plasma vitamin C levels in
hemorrhagic stroke and head trauma patients also were inversely correlated with brain lesion
size (69).

It has been suggested that plasma or serum levels of vitamin C are merely a marker of
fruit and vegetable intake and, hence, the observed inverse associations with CVD risk may
be due to increased fruit and vegetable consumption, not vitamin C per se (53, 66). However,
the association between fruit and vegetable intake and CHD or stroke risk appears to be
considerably weaker than the association with vitamin C plasma levels. Two recent meta-
analyses by He and colleagues (70, 71) found that the pooled relative risk for CHD and
stroke, respectively, was 17% and 26% lower in subjects consuming more than 5 daily
servings of fruits and vegetables compared to those consuming less than 3 servings per day. In
part, this weak association may be explained by the fact that many commonly consumed fruits
and vegetables contain little vitamin C, such as apples, bananas, tomatoes, potatoes, and
carrots. In contrast, data from the EPIC-Norfolk study showed that the relative CHD risk was
68% and 93% lower, respectively, in men and women in the top quintile of mean plasma
vitamin C concentration (72.6 pmol/L in men and 85.1 pumol/L in women) compared to those
in the lowest quintile (20.8 pumol/L and 30.3 pmol/L, respectively); and the relative risk for
stroke was 42% lower in subjects in the top (78.1 pmol/L) compared to the bottom (28.2
pmol/L) quartile of plasma vitamin C (53, 66). In addition, the Nurses’ Health Study found an
inverse association between CVD risk and vitamin C supplement use, which was strongest

and statistically significant among women who took >400 mg/day and for more than 10 years
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(29% and 30% lower relative risk, respectively) (72). Therefore, it is very likely that vitamin
C is one of the main cardioprotective factors in fruits and vegetables and by itself exerts health

benefits in CHD and stroke.

b. Cancer

With regard to vitamin C and cancer chemoprevention, among participants of
NHANES II, men with the lowest serum vitamin C levels (<28.4 pumol/L) had a 62% higher
risk of cancer-related deaths and a 57% higher risk of all-cause mortality after 12-16 years of
follow-up than men with the highest vitamin C levels (>73.8 umol/L) (59). In a case-control
study nested within the EPIC study (EPIC-EURGAST), subjects with the highest plasma
vitamin C levels (=51.0 umol/L) had a 45% lower risk of gastric cancer than those with the
lowest plasma vitamin C levels (<29.0 umol/L) (60). The EPIC-Norfolk study found a 53%
lower cancer mortality among men with vitamin C plasma levels in the highest compared to
the lowest quintile (mean, 72.6 pumol/L vs. 20.8 umol/L), while women in the highest Vvs.
lowest quintile had a 27% decreased risk, although the trend across quintiles was not
significant (66).

Several case-control studies also have found significantly lower plasma or serum
levels of vitamin C in cancer patients compared to healthy controls, e.g., in patients with
multiple myeloma (61). Among 50 patients with advanced cancer, almost one-third were
observed to have severe vitamin C deficiency, which was associated with shorter survival and
increased levels of inflammatory markers (62). In the latter two studies (61, 62) the lower
plasma vitamin C levels in cancer patients may have been a consequence rather than a
contributing cause of the disease, a well-recognized limitation of case-control studies. This
limitation does not apply, however, to all the prospective cohort studies and nested case-

control studies discussed above and listed in Table 1 (73).
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2. Phase 11l Randomized Placebo-controlled Trials

The consistent associations between high plasma or serum vitamin C status and
decreased risk of CHD, stroke, and cancer in the observational epidemiologic literature (Table
1) have prompted a number of intervention studies in which the potential health benefits of
vitamin C were explored alone or, much more often, in combination with other “antioxidant
vitamins,” i.e., vitamin E and (3-carotene, or as part of a multivitamin-mineral (Table 2). In
fact, of the 16 Phase 111 RCTs listed in Table 2, only five used vitamin C as a single
intervention (15, 16, 77, 82, 83).

In contrast to the consistent findings from observational studies based on blood
analysis or dietary intake, most Phase 111 RCTs investigating CVD, cancer, or other disease
morbidity or mortality as endpoints have been unable to show a positive effect of vitamin C
supplementation (12-16, 74-84). While the studies did not find harmful effects of vitamin C
either, the lack of evidence from Phase 111 RCTs confirming the observational findings has
been detrimental to any further considerations to increase the RDA for vitamin C.

In a recent comprehensive review, we have pointed out several important design issues
that have been neglected in the majority of the relevant clinical trials of vitamin C
supplementation ([17] and references therein). One predominant issue is that none of the
Phase 111 RCTs has used high plasma vitamin C levels at baseline as an exclusion criterion.
Pharmacokinetic studies in humans have shown that plasma and cellular levels of vitamin C
are saturable (Figs. 1 and 2) (26, 27). Hence, vitamin C supplementation of subjects who
already have high or saturating plasma and body vitamin C status cannot be expected to
provide additional health benefits (17). This is a particular problem for Phase 11l RCTs, as

they tend to recruit health-conscious, self-motivated subjects who already eat a healthful diet—
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—likely high in vitamin C—and have lower disease rates than the general population; a
phenomenon known as the “healthy enrollee effect” (19, 85).

Other important limitations of applying a study design traditionally used for testing
safety and efficacy of pharmaceutical drugs to testing health benefits of essential nutrients
have been identified and discussed in detail (10, 17-21). For example, in Phase Il RCTs of
vitamins, even subjects who receive placebo have a life-long exposure to the vitamin and
continue to ingest it from their diet throughout the study; hence, there is no true placebo
control group in these RCTs, just a “lower-dose” group. This severely limits the statistical
power of the study and should be taken into consideration in study design and data
interpretation.

In addition, Phase 111 RCTs of drugs are usually conducted in diseased individuals
(secondary prevention) or individuals with elevated risk factors, whereas primary disease
prevention studies using supplemental micronutrients are generally conducted in healthy
subjects; this requires supplementation for a very long time to accumulate enough disease
endpoints. As mentioned above, the Nurses’ Health Study found an approximately 30% CVD
risk reduction that was statistically significant only in those women who took vitamin C
supplements greater than 400 mg/day for 10 years or more (72); however, only two of the 16
Phase 111 RCTs listed in Table 2 met both of those criteria (15, 16).

Finally, pharmaceutical drugs are xenobiotics that are metabolized very differently
from vitamins, for which specific transport mechanisms have evolved; drugs induce phase I-
I11 metabolism and are excreted rapidly in bile and urine, while vitamin C is required for
normal metabolism and, hence, is efficiently absorbed from the intestinal tract, reabsorbed
from the proximal tubules in the kidneys, and retained in cells and tissues at very high,

millimolar concentrations.
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These serious issues make it evident that the Phase 111 RCTs of vitamin C
supplementation conducted to date (Table 2) are neither useful for detecting benefits with
respect to primary prevention of chronic disease nor informing dietary intake
recommendations aimed at maximizing the potential health benefits of vitamin C; instead,
these recommendations should be based on human metabolic, pharmacokinetic, and
observational studies and Phase Il RCTs; with mechanistic underpinnings and biological

plausibility also derived from basic and pre-clinical animal studies.

B. Plausible Underlying Mechanisms for the Health Effects of Vitamin C in Chronic
Disease Prevention

Numerous mechanisms have been identified that may underlie vitamin C’s anti-cancer
and cardiovascular health effects suggested by the observational epidemiologic data (Table 1).
As mentioned above, vitamin C is a highly effective antioxidant that can protect biological
macromolecules from oxidative damage. Several oxidative DNA lesions are known to be
mutagenic, and redox-sensitive cell signalling pathways can activate transcription factors that
affect cell growth or apoptosis and, hence, carcinogenesis (86). Similarly, oxidative
modifications of low-density lipoprotein (LDL) and redox-imbalances in vascular cells have
been implicated in the pathogenesis of atherosclerosis (87). Vitamin C has been shown to
protect LDL from oxidation by pathophysiologically relevant types of oxidative stress, such
as activated leukocytes, leukocyte-derived reactive oxygen species, particularly hypochlorous
acid, and cigarette smoke (18, 28, 29). Human studies have found vitamin C supplementation
to lower elevated levels of F,-isoprostanes, an established in vivo marker of lipid
peroxidation, in both active and passive smokers (88, 89) and non-smokers (90, 91).
Similarly, vitamin C supplementation has been shown to lower elevated levels of 8-hydroxy-

2'-deoxyguanosine, an established marker of oxidative DNA damage, in hemodialysis patients
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(92); and baseline serum levels of ascorbic acid were inversely associated with urinary 8-
hydroxy-2'-deoxyguanosine in nonsmoking adults (93).

While the role of oxidative stress in chronic disease causation remains controversial,
primarily because of the failure of Phase III RCTs of “antioxidant vitamins” (vitamins C and
E and [3-carotene) in chronic disease prevention or treatment (ref. 1; see above for limitations
of these trials), vitamin C supplementation has been shown to positively affect risk factors or
intermediary markers of CVD and cancer. In particular, several dozen Phase Il RCTs (see
Definitions) have demonstrated that vitamin C supplementation improves endothelial function
and vasodilation in CHD patients or subjects with CVD risk factors, such as
hypercholesterolemia, hypertension, smoking, or diabetes (11, 94-97). Endothelial
dysfunction and impaired vasodilation are being increasingly recognized as an independent
CVD risk factor (98-100). The beneficial effects of vitamin C on endothelial function are
likely explained by increased activity of the enzyme, endothelial nitric oxide synthase
(eNOS), due to vitamin C-dependent recycling of its essential cofactor, tetrahydrobiopterin
(102).

Furthermore, vitamin C supplementation has been shown to lower plasma levels of C-
reactive protein (CRP), an established marker of chronic inflammation and independent risk
factor for CVD (102). Consistent with this finding from a Phase 11 RCT (102), Langlois et al.
found that serum vitamin C concentrations were low and associated with both increased CRP
levels and severity of atherosclerosis in patients with peripheral arterial disease (58). In a
recent study, plasma levels of CRP and myeloperoxidase, the enzyme that generates
hypochlorous acid in leukocytes, were inversely related to endothelial function and plasma
vitamin C levels in normal-weight and obese men (103).Importantly, vitamin C has been
demonstrated to affect hypertension, one of the most significant and prevalent risk factors of

CHD and stroke. Numerous observational studies reported that plasma levels of vitamin C are



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

16

inversely associated with systolic and diastolic blood pressure (10, 104). We found that daily
supplementation with 500 mg of vitamin C for 30 days significantly lowered systolic blood
pressure in moderately hypertensive patients (105). A recent pooled meta-analysis of 29
Phase 11 RCTs using a median dose of 500 mg/day of vitamin C, including the above study
(105), found that vitamin C supplementation significantly reduces systolic blood pressure in
both hypertensive and non-hypertensive subjects by 4.85 and 3.11 mm Hg, respectively (106).
Furthermore, vitamin C supplementation significantly reduced diastolic blood pressure in all
subjects by 1.48 mm Hg. The authors noted that such reductions in blood pressure would be
expected to significantly lower CVD risk in vitamin C supplemented subjects, but that Phase
IIT RCTs have been unable to confirm this (see also Table 2), most likely due to “limitations”
in study design. They concluded that “Long-term trials with clinical endpoints are difficult
and costly but are still needed to determine whether vitamin C supplementation reduces risk
of cardiovascular events” (106).

Vitamin C may also be important in ensuring adequate collagen content of blood
vessels and atherosclerotic plaques, thereby supporting vascular integrity and decreasing the
risk of plaque rupture (107). Finally, vitamin C has been shown to effectively inhibit cigarette
smoke or oxidized LDL-induced leukocyte adhesion to the vascular endothelium in vivo, a
critical step in the initiation and progression of atherosclerosis (108, 109).

With respect to underlying mechanisms for cancer chemoprevention, in addition to
protecting DNA from oxidative damage and lowering chronic inflammation (vide supra),
vitamin C has long been known to inhibit formation of carcinogenic N-nitroso compounds
from dietary nitrites and nitrates, which are strongly implicated in the etiology of gastric
cancer (110). In addition, a Phase 11 RCT found that high-dose vitamin C treatment eradicated
Helicobacter pylori (H. pylori) infection in 30% of patients with chronic gastritis (111).

Vitamin C has also been shown to enhance the immune response to H. pylori infection (112).
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These findings have important implications for the prevention and treatment of gastric cancer,
as H. pylori infection is now recognized as a major risk factor. Finally, it has become clear
that vitamin C plays an important role in the hydroxylation, and hence proteosomal
degradation and inactivation, of hypoxia inducible factor-1a, which prevents this transcription
factor from upregulating genes involved in angiogenesis and, hence, tumor growth and

metastasis (113).

V. RECOMMENDATION FOR AN OPTIMUM DAILY INTAKE OF VITAMIN C
The above discussed scientific literature indicates that the highest plasma levels of
vitamin C are associated with the greatest health benefits for CHD, stroke, and cancer, as well
as all-cause mortality (Table 1). In 10 of the 14 studies listed in Table 1, the mean plasma
vitamin C levels in the highest quantile or category of participating subjects were between
64.0-85.2 umol/L. These data are remarkably consistent with pharmacokinetic data in
humans, showing that steady-state levels of plasma vitamin C reach a maximum of 70-80
pmol/L (26, 27). Specifically, in healthy, young adult males and females previously depleted
of vitamin C, there is a steep, linear increase in plasma steady-state concentrations of vitamin
C from about 10 pmol/L at an intake of 30 mg/day to about 60 umol/L at 100 mg/day;
vitamin C plasma concentrations are near saturation at intakes of 200-400 mg/day and reach a
plateau of about 80 umol/L at intakes of 1,000 and 2,500 mg/day (Figure 1) (9, 26, 27, 114).
Hence, 200 mg/day is the first dose of vitamin C beyond the steep, linear part of the
sigmoid dose-response curve and is associated with a plasma concentration of approximately
70 umol/L (Figure 1). This concentration also falls within the range of 60-100 pmol/L where
the human sodium-dependent vitamin C (tissue) transporter 2 (SVCT?2) is at itS Vmax (115).
Indeed, neutrophils and other circulating cells are saturated with vitamin C at a daily intake of

200 mg (Figure 2), suggesting saturation of all tissues at this dose (9, 17, 26, 27).
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Correspondingly, when plasma levels exceed the renal threshold of about 70 pmol/L, there is
a sharp increase in the amount of vitamin C excreted in urine (114).

Therefore, a vitamin C intake of at least 200 mg/day can be considered “optimal,”
because it is the amount of vitamin C that achieves near-saturation of plasma and full
saturation of cells and—presumably—tissues. Tissue saturation of vitamin C is desirable
because it maximizes the potential health benefits of vitamin C with no risk of inadequacy or
adverse health effects (1). Additionally, as indicated above, a daily amount of 200 mg is the
first dose beyond the linear part of the sigmoid plasma concentration curve; below this dose,
small changes in intake can result in large variations of plasma levels (27, 116). Therefore,
recommended intake levels of vitamin C for the general population should not be below 200
mg/day, yet currently all RDAs of vitamin C in the US and various other countries are well
below that threshold value.

In addition to the pharmacokinetic studies of Levine et al. comparing vitamin C dose
to plasma levels (26, 27), the Supplementation en Vitamines et Mineraux Antioxydants
(SU.VI.MAX) study measured plasma levels and assessed dietary intake of vitamin C in
5,625 French subjects (14, 117). This Phase 111 RCT found that plasma vitamin C levels did
not further increase significantly above 57 and 65 pmol/L in men and women, respectively, at
dietary intakes of about 175 mg/day or higher. These data are comparable to the near-
saturation level of about 70 umol/L observed by Levine et al. at a daily dose of 200 mg (26,
27). These similarities are remarkable given the large inter-individual differences in vitamin C
bioavailability and the different study designs, i.e., depletion-repletion studies giving defined
doses of vitamin C to experimental subjects under highly controlled conditions (26, 27) versus
RCTs such as the SU.VI.MAX, which estimated vitamin C intakes of free-living subjects

using food questionnaires (117, 118).
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The SU.VI.MAX data were used to determine the most recent RDA of vitamin C in
France. Based on the premise that plasma saturation is “optimal for prevention of
degenerative pathologies,” and using the standard method for calculating RDAs, the French
RDA for vitamin C was set at 110 mg/day (117). This was based on the mean dietary intake
of vitamin C associated with plasma saturation in a sub-population of 700 men and women in
the SU.VI.MAX study, which was estimated to be 80 mg/day (117). To this value, 30% was
added—corresponding to two theoretical standard deviations—to cover the needs of 97.5% of
the total population, which resulted in an RDA of 110 mg/day. However, considering the real
standard deviation of about 60% observed in this sub-population, an estimated daily intake of
180 to 250 mg of vitamin C would be required to truly cover the needs of 97.5% of the
population (7).

Another argument supporting our proposed optimum daily intake of 200 mg is that
bioavailability of vitamin C is 100% of a 200-mg dose but declines significantly at higher
doses, with only approximately 75 and 50% bioavailable, respectively, of a 500 and 1,250-mg
dose (27). These data indicate that intestinal vitamin C transport mechanisms in humans,
primarily SVCTL1 (24), have evolved to fully absorb up to about 200 mg of vitamin C. In
addition, vitamin C is reabsorbed in the proximal renal tubules by SVCT1, which helps
maintain plasma levels at a maximum concentration of 70-80 pumol/L; this concentration is
reached in humans by an intake of about 200 mg/day of vitamin C (see above).

Finally, a daily intake of 200 mg of vitamin C may be achieved without the need for
supplementation through the consumption of the recommended five to nine servings of fruit
and vegetables. For example, a survey in France of 4,000 subjects representative of the
French socio-demographic distribution found that consuming 430 g of fruit and vegetables
provides about 100 mg of vitamin C (119). Adding a daily 200-mL glass (6.8 fl. 0z.) of

orange juice, either processed or freshly squeezed, increases the vitamin C intake by about 60
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or 100 mg, respectively. Moreover, steam cooking vegetables preserves their vitamin C
content, while frying or pan-cooking results in substantial loss (120). Therefore, a diet
including five to nine servings of fruit and raw or steam-cooked vegetables and 200 mL of
fresh orange juice could provide the 200-mg vitamin C dose proposed.

When proposing an increased intake of vitamin C, not only potential health benefits
but also potential risks need to be considered. At an intake of 200 mg/day, no safety issues
have been observed, and safety and toxicity assessments report no evidence of harm at
vitamin C intakes up to 3 g/day (1, 121, 122). Even in individuals at increased risk of toxicity,
e.g., hemochromatosis heterozygotes and subjects with thalassemia or prior kidney stones,
adverse health effects tend to occur only at doses above 1 g/day (123). Therefore, most health
agencies agree on a tolerable upper intake level of 1-2 g/day, 5 to 10-fold higher than the 200

mg/day proposed here as optimum intake (1, 8, 45).

VI. CONCLUSIONS

Recent literature has attempted to determine the intake of vitamin C in humans that
would be needed to not only prevent clinical deficiency but also help protect against chronic
disease. While randomized, placebo-controlled Phase 111 trials have found limited or no health
benefits of vitamin C supplementation for chronic disease treatment or prevention, these trials
suffer from serious limitations that make positive outcomes nearly impossible. Since it is
unlikely that further and better-designed Phase I11 RCTs of vitamin C supplementation will be
forthcoming in the foreseeable future, we contend that dietary intake recommendations for
vitamin C should be based on currently available data from human metabolic,
pharmacokinetic, and observational studies and Phase 11 RCTs.

As discussed in this perspective, a role of vitamin C in the primary prevention of

coronary heart disease, stroke, and certain cancers, in particular gastric cancer, is biologically
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plausible and strongly supported by observational epidemiologic data based on blood analysis
(51-62, 66-69) and numerous well-designed Phase Il RCTs (11, 88-92, 94-97, 102, 105, 106,
111) showing benefits of vitamin C in reducing hypertension, endothelial dysfunction,
chronic inflammation, oxidative stress, and H. pylori infection. This evidence establishes a
highly favorable benefit-to-risk ratio for vitamin C in human health promotion and chronic
disease prevention. Based on these considerations and human pharmacokinetic data, we
propose that 200 mg is the optimum daily intake of vitamin C for the majority of the adult
population. This proposed amount of vitamin C is consistent with the concept that the
recommended dietary allowance should maximize potential health benefits with the least risk

of inadequacy or adverse health effects (1).



w

SN

ACKNOWLEDGEMENTS
We thank Sara Fr6jdo, Ph.D., for her helpful discussions and skillful assistance in
preparing the manuscript. Funding for this article was provided by Danone Chiquita Fruits

SAS. BF, IBL, and JL wrote the paper. None of the authors declares a conflict of interest.

22



[

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

23

References

Institute of Medicine. Dietary Reference Intakes for Vitamin C, Vitamin E, Selenium,
and Carotenoids. Washington DC: National Academy Press, 2000.

EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). Scientific Opinion on
the substantiation of health claims related to vitamin C and protection of DNA, proteins
and lipids from oxidative damage (ID 129, 138, 143, 148), antioxidant function of lutein
(ID 146), maintenance of vision (ID 141, 142), collagen formation (ID 130, 131, 136,
137, 149), function of the nervous system (ID 133), function of the immune system (ID
134), function of the immune system during and after extreme physical exercise (ID
144), non-haem iron absorption (ID 132, 147), energy-yielding metabolism (ID 135),
and relief in case of irritation in the upper respiratory tract (ID 1714, 1715) pursuant to
Article 13(1) of Regulation (EC) No 1924/2006. EFSA Journal 2009;7(9):1226.

Cuervo M, Corbalan M, Baladia E, et al. Comparison of dietary reference intakes (DRI)
between different countries of the European Union, The United States and the World
Health Organization. Nutr Hosp 2009;24:384-414.

Deutsche Gesellschaft fiir Ernahrung (German Society of Nutrition), Osterreichische
Gesellschaft fur Erndhrung (Austrian Society of Nutrition), Schweizerische Gesellschaft
fur Erndhrungsforschung (Swiss Society of Nutrition Research), Schweizerische
Vereinigung fir Erndhrung (Swiss Union of Nutrition). Referenzwerte fir die
Nahrstoffzufuhr (Recommended Values of Nutrient Intake). Frankfurt: Umschau
2000:137-44.

Societa Italiana di Nutrizione Umana (Italian Society of Human Nutrition). Livelli di
assunzione giornalieri raccommandati di energia e nutrienti per la popolazione Italiana.

Revisione 1996. Internet: http://www.sinu.it/larn/introduzione.asp.



http://www.sinu.it/larn/introduzione.asp

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

10.

11.

12.

13.

14.

24

FSA Nutrient and Food Based Guidelines for UK Institutions. Food Standards Agency
2006.

Birlouez-Aragon I, Fieux B, Potier de Courcy G, Hercberg S. Apports nutritionnels
conseillés en vitamine C. In: Les apports nutritionnels conseillés pour la population
francaise. AFSSA Coordonnateur, A. Martin. 3" ed. Tec Doc 2001:215-30.
Publication du Conseil Supérior de la Santé No 8309. Recommandations nutritionnelles
pour la Belgique. Révision 2009.

Levine M, Rumsey SC, Daruwala R, Park JB, Wang Y. Criteria and recommendations
for vitamin C intake. JAMA 1999;281:1415-23.

Drake VJ, Frei B. Vitamin C in human disease prevention. In: Herrmann W, Obeid R,
eds. Vitamins in the Prevention of Human Diseases. Berlin, Germany: Walter de
Gruyter, 2011:347-62.

Carr AC, Frei B. Toward a new recommended dietary allowance for vitamin C based on
antioxidant and health effects in humans. Am J Clin Nutr 1999;69:1086-107.

Blot WJ, LiJY, Taylor PR, et al. Nutrition intervention trials in Linxian, China:
supplementation with specific vitamin/mineral combinations, cancer incidence, and
disease-specific mortality in the general population. J Natl Cancer Inst 1993;85:1483-
92.

Heart Protection Study Collaborative Group. MRC/BHF Heart Protection Study of
antioxidant vitamin supplementation in 20,536 high-risk individuals: a randomised
placebo-controlled trial. Lancet 2002;360:23-33.

Hercberg S, Galan P, Preziosi P, et al. The SU.VI.MAX Study: a randomized, placebo-
controlled trial of the health effects of antioxidant vitamins and minerals. Arch Intern

Med 2004;164:2335-42.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25

Cook NR, Albert CM, Gaziano JM, et al. A randomized factorial trial of vitamins C and
E and beta carotene in the secondary prevention of cardiovascular events in women:
results from the Women's Antioxidant Cardiovascular Study. Arch Intern Med
2007;167:1610-8.

Sesso HD, Buring JE, Christen WG, et al. Vitamins E and C in the prevention of
cardiovascular disease in men: the Physicians' Health Study 11 randomized controlled
trial. JAMA 2008;300:2123-33.

Lykkesfeldt J, Poulsen HE. Is vitamin C supplementation beneficial? Lessons learned
from randomised controlled trials. Br J Nutr 2010;103:1251-9.

Frei B. Efficacy of dietary antioxidants to prevent oxidative damage and inhibit chronic
disease. J Nutr 2004;134:3196S-8S.

Roberts LJ, 2nd, Traber MG, Frei B. Vitamins E and C in the prevention of
cardiovascular disease and cancer in men. Free Radic Biol Med 2009;46:1558.
Blumberg J, Heaney RP, Huncharek M, et al. Evidence-based criteria in the nutritional
context. Nutr Rev 2010;68:478-84.

Ames BN, McCann JC, Stampfer MJ, Willett WC. Evidence-based decision making on
micronutrients and chronic disease: long-term randomized controlled trials are not
enough. Am J Clin Nutr 2007;86:522-3.

Englard S, Seifter S. The biochemical functions of ascorbic acid. Annu Rev Nutr
1986,6:365-406.

Levine M. New concepts in the biology and biochemistry of ascorbic acid. N Engl J
Med 1986;314:892-902.

Michels A, Frei B. Vitamin C. In: Martha H. Stipanuk and Marie A. Caudill, eds.
Biochemical, Physiological, & Molecular Aspects of Human Nutrition. 3" ed. St. Louis,

MO: Saunders Elsevier, in press.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

26

Higdon J. Vitamin C. In: An evidence-based approach to vitamins and minerals: health
benefits and intake recommendations. New York, NY: Thieme, 2003:65-72.

Levine M, Wang Y, Padayatty SJ, Morrow J. A new recommended dietary allowance of
vitamin C for healthy young women. Proc Natl Acad Sci U S A 2001;98:9842-6.
Levine M, Conry-Cantilena C, Wang Y, et al. Vitamin C pharmacokinetics in healthy
volunteers: evidence for a recommended dietary allowance. Proc Natl Acad SciU S A
1996;93:3704-9.

Frei B. Ascorbic acid protects lipids in human plasma and low-density lipoprotein
against oxidative damage. Am J Clin Nutr1991;54:1113S-8S.

Frei B, England L, Ames BN. Ascorbate is an outstanding antioxidant in human blood
plasma. Proc Natl Acad Sci U S A 1989;86:6377-81.

Buettner GR. The pecking order of free radicals and antioxidants: lipid peroxidation,
alpha-tocopherol, and ascorbate. Arch Biochem Biophys 1993;300:535-43.

Halliwell B. Vitamin C: antioxidant or pro-oxidant in vivo? Free Radic Res
1996,;25:439-54.

Sauberlich HE. A history of scurvy and vitamin C. In: Packer L. Fuchs J, eds. Vitamin C
in health and disease. 1% ed. New York, NY: Marcel Decker, 1997:1-24.

UK Office for National Statistics. The National Diet & Nutrition Survey (NDNS): adults
aged 19 to 64 years, volume 3. 2003.

Touvier M, Lioret S, Vanrullen I, et al. Vitamin and mineral inadequacy in the French
population: estimation and application for the optimization of food fortification. Int J
Vitam Nutr Res 2006;76:343-51.

Institut Scientifique de la Santé Publique. Enquéte de consommation alimentaire en

Belgique. 2004.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

27

Elmadfa I, Weichselbaum E, et al. European Nutrition and Health Report 2004. Forum
Nutr 2005:1-220.

UK Office for National Statistics. The National Diet & Nutrition Survey (NDNS): adults
aged 19 to 64 years, volume 4. 2003.

Wrieden WL, Hannah MK, Bolton-Smith C, Tavendale R, Morrison C, Tunstall-Pedoe
H. Plasma vitamin C and food choice in the third Glasgow MONICA population survey.
J Epidemiol Community Health 2000;54:355-60.

Hercberg S, Preziosi P, Galan P, et al. Vitamin status of a healthy French population:
dietary intakes and biochemical markers. Int J Vitam Nutr Res 1994;64:220-32.

Cahill LE, EI-Sohemy A. Haptoglobin genotype modifies the association between
dietary vitamin C and serum ascorbic acid deficiency. Am J Clin Nutr 2010;92:1494-
500.

Schleicher RL, Carroll MD, Ford ES, Lacher DA. Serum vitamin C and the prevalence
of vitamin C deficiency in the United States: 2003-2004 National Health and Nutrition
Examination Survey (NHANES). Am J Clin Nutr 2009;90:1252-63.

Jacob RA. Assessment of human vitamin C status. J Nutr 1990;120:1480-1485.
Lykkesfeldt J, Christen S, Wallock LM, Chang HH, Jacob RA, Ames BN. Ascorbate is
depleted by smoking and repleted by moderate supplementation: a study in male
smokers and nonsmokers with matched dietary antioxidant intakes. Am J Clin Nutr
2000;71:530-6.

Kallner AB, Hartmann D, Hornig DH. On the requirements of ascorbic acid in man:
steady-state turnover and body pool in smokers. Am J Clin Nutr 1981;34:1347-55.

WHO. Vitamin and mineral requirements in human nutrition, 2™ ed., 2004.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

46.

471.

48.

49,

50.

51.

52.

53.

54,

28

Davies HE, Davies JE, Hughes RE, Jones E. Studies on the absorption of L-
xyloascorbic acid (vitamin C) in young and elderly subjects. Hum Nutr Clin Nutr
1984;38:469-71.

Brubacher D, Moser U, Jordan P. Vitamin C concentrations in plasma as a function of
intake: a meta-analysis. Int J Vitam Nutr Res 2000;70:226-37.

Newton HM, Morgan DB, Schorah CJ, Hullin RP. Relation between intake and plasma
concentration of vitamin C in elderly women. Br Med J (Clin Res Ed) 1983;287:1429.
Birlouez-Aragon I, Girard F, Ravelontseheno L, Bourgeois C, Belliot JP, Abitbol G.
Comparison of two levels of vitamin C supplementation on antioxidant vitamin status in
elderly institutionalized subjects. Int J Vitam Nutr Res 1995;65:261-6.

Lykkesfeldt J, Loft S, Nielsen JB, Poulsen HE. Ascorbic acid and dehydroascorbic acid
as biomarkers of oxidative stress caused by smoking. Am J Clin Nutr 1997;65:959-63.
Boekholdt SM, Meuwese MC, Day NE, et al. Plasma concentrations of ascorbic acid
and C-reactive protein, and risk of future coronary artery disease, in apparently healthy
men and women: the EPIC-Norfolk prospective population study. Br J Nutr
2006;96:516-22.

Gale CR, Martyn CN, Winter PD, Cooper C. Vitamin C and risk of death from stroke
and coronary heart disease in cohort of elderly people. Br Med J 1995;310:1563-6.
Myint PK, Luben RN, Welch AA, Bingham SA, Wareham NJ, Khaw KT. Plasma
vitamin C concentrations predict risk of incident stroke over 10 y in 20 649 participants
of the European Prospective Investigation into Cancer Norfolk prospective population
study. Am J Clin Nutr 2008;87:64-9.

Yokoyama T, Date C, Kokubo Y, Yoshiike N, Matsumura Y, Tanaka H. Serum vitamin
C concentration was inversely associated with subsequent 20-year incidence of stroke in

a Japanese rural community. The Shibata study. Stroke 2000;31:2287-94.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

29

Simon JA, Hudes ES, Tice JA. Relation of serum ascorbic acid to mortality among US
adults. J Am Coll Nutr 2001;20:255-63.

Simon JA, Hudes ES, Browner WS. Serum ascorbic acid and cardiovascular disease
prevalence in U.S. adults. Epidemiology 1998;9:316-21.

Nyyssonen K, Parviainen MT, Salonen R, Tuomilehto J, Salonen JT. Vitamin C
deficiency and risk of myocardial infarction: prospective population study of men from
eastern Finland. Br Med J 1997;314:634-8.

Langlois M, Duprez D, Delanghe J, De Buyzere M, Clement DL. Serum vitamin C
concentration is low in peripheral arterial disease and is associated with inflammation
and severity of atherosclerosis. Circulation 2001;103:1863-8.

Loria CM, Klag MJ, Caulfield LE, Whelton PK. Vitamin C status and mortality in US
adults. Am J Clin Nutr 2000;72:139-45.

Jenab M, Riboli E, Ferrari P, et al. Plasma and dietary vitamin C levels and risk of
gastric cancer in the European Prospective Investigation into Cancer and Nutrition
(EPIC-EURGAST). Carcinogenesis 2006;27:2250-7.

Sharma A, Tripathi M, Satyam A, Kumar L. Study of antioxidant levels in patients with
multiple myeloma. Leuk Lymphoma 2009;50:809-15.

Mayland CR, Bennett MI, Allan K. Vitamin C deficiency in cancer patients. Palliat Med
2005;19:17-20.

Horska A, Mislanova C, Bonassi S, Ceppi M, Volkovova K, Dusinska M. Vitamin C
levels in blood are influenced by polymorphisms in glutathione S-transferases. Eur J
Nutr 2010 [Epub ahead of print].

Henriquez-Sanchez P, Sanchez-Villegas A, Doreste-Alonso J, Ortiz-Andrellucchi A,
Pfrimer K, Serra-Majem L. Dietary assessment methods for micronutrient intake: a

systematic review on vitamins. Br J Nutr 2009;102:S10-37.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

65.

66.

67.

68.

69.

70.

71.

72.

73.

30

Michels AJ, Hagen TM, Frei B. A new twist on an old vitamin: human polymorphisms
in the gene encoding the sodium-dependent vitamin C transporter 1. Am J Clin Nutr
2010;92:271-2.

Khaw KT, Bingham S, Welch A, et al. Relation between plasma ascorbic acid and
mortality in men and women in EPIC-Norfolk prospective study: a prospective
population study. European Prospective Investigation into Cancer and Nutrition. Lancet
2001;357:657-63.

Odermarsky M, Lykkesfeldt J, Liuba P. Poor vitamin C status is associated with
increased carotid intima-media thickness, decreased microvascular function, and
delayed myocardial repolarization in young patients with type 1 diabetes. Am J Clin
Nutr 2009;90:447-52.

Kurl' S, Tuomainen TP, Laukkanen JA, et al. Plasma vitamin C modifies the association
between hypertension and risk of stroke. Stroke 2002;33:1568-73.

Polidori MC, Mecocci P, Frei B. Plasma vitamin C levels are decreased and correlated
with brain damage in patients with intracranial hemorrhage or head trauma. Stroke
2001;32:898-902.

He FJ, Nowson CA, MacGregor GA. Fruit and vegetable consumption and stroke: meta-
analysis of cohort studies. Lancet 2006;367:320-6.

He FJ, Nowson CA, Lucas M, MacGregor GA. Increased consumption of fruit and
vegetables is related to a reduced risk of coronary heart disease: meta-analysis of cohort
studies. J Hum Hypertens 2007;21:717-28.

Osganian SK, Stampfer MJ, Rimm E, et al. Vitamin C and risk of coronary heart disease
in women. J Am Coll Cardiol 2003;42:246-52.

Willett WC. Fruits, vegetables, and cancer prevention: turmoil in the produce section. J

Natl Cancer Inst 2010;102:510-1.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

74.

75.

76.

77.

78.

79.

80.

31

A randomized, placebo-controlled, clinical trial of high-dose supplementation with
vitamins C and E and beta carotene for age-related cataract and vision loss: AREDS
report no. 9. Arch Ophthalmol 2001;119:1439-52.

You WC, Chang YS, Heinrich J, et al. An intervention trial to inhibit the progression of
precancerous gastric lesions: compliance, serum micronutrients and S-allyl cysteine
levels, and toxicity. Eur J Cancer Prev 2001;10:257-63.

LiJY, Taylor PR, Li B, et al. Nutrition intervention trials in Linxian, China: multiple
vitamin/mineral supplementation, cancer incidence, and disease-specific mortality
among adults with esophageal dysplasia. J Natl Cancer Inst 1993;85:1492-8.

Correa P, Fontham ET, Bravo JC, et al. Chemoprevention of gastric dysplasia:
randomized trial of antioxidant supplements and anti-helicobacter pylori therapy. J Natl
Cancer Inst 2000;92:1881-8.

Avenell A, Campbell MK, Cook JA, et al. Effect of multivitamin and multimineral
supplements on morbidity from infections in older people (MAVIS trial): pragmatic,
randomised, double blind, placebo controlled trial. BMJ 2005;331:324-9.

Greenberg ER, Baron JA, Tosteson TD, et al. A clinical trial of antioxidant vitamins to
prevent colorectal adenoma. Polyp Prevention Study Group. N Engl J Med
1994;331:141-7.

Girodon F, Galan P, Monget AL, Boutron-Ruault MC, Brunet-Lecomte P, Preziosi P,
Arnaud J, Manuguerra JC, Hercberg S. Impact of trace elements and vitamin
supplementation on immunity and infections in institutionalized elderly patients: a
randomized controlled trial. MIN. VIT. AOX. geriatric network. Arch Intern Med

1999;159:748-54.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

81.

82.

83.

84.

85.

86.

87.

88.

89.

32

Graat JM, Schouten EG, Kok FJ. Effect of daily vitamin E and multivitamin-mineral
supplementation on acute respiratory tract infections in elderly persons: a randomized
controlled trial. JAMA 2002;288:715-21.

Salonen RM, Nyyssonen K, Kaikkonen J, et al. Six-year effect of combined vitamin C
and E supplementation on atherosclerotic progression: the Antioxidant Supplementation
in Atherosclerosis Prevention (ASAP) Study. Circulation 2003;107;947-53.

Sasazuki S, Sasaki S, Tsubono Y, Okubo S, Hayashi M, Kakizoe T, Tsugane S. The
effect of 5-year vitamin C supplementation on serum pepsinogen level and Helicobacter
pylori infection. Cancer Sci 2003;94:378-82.

Waters DD, Alderman EL, Hsia J, et al. Effects of hormone replacement therapy and
antioxidant vitamin supplements on coronary atherosclerosis in postmenopausal women:
a randomized controlled trial. JAMA 2002;288:2432-40.

Sesso HD, Gaziano JM, VanDenburgh M, Hennekens CH, Glynn RJ, Buring JE.
Comparison of baseline characteristics and mortality experience of participants and
nonparticipants in a randomized clinical trial: the Physicians' Health Study. Control Clin
Trials 2002;23:686-702.

Klaunig JE, Kamendulis LM. The role of oxidative stress in carcinogenesis. Annu Rev
Pharmacol Toxicol 2004;44:239-67.

Sugamura K, Keaney JF, Jr. Reactive oxygen species in cardiovascular disease. Free
Radic Biol Med 2011.

Reilly M, Delanty N, Lawson JA, FitzGerald GA. Modulation of oxidant stress in vivo
in chronic cigarette smokers. Circulation 1996;94:19-25.

Dietrich M, Block G, Benowitz NL, et al. Vitamin C supplementation decreases
oxidative stress biomarker F,-isoprostanes in plasma of nonsmokers exposed to

environmental tobacco smoke. Nutr Cancer 2003;45:176-84.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

90.

91.

92.

93.

94.

95.

96.

97.

33

Huang HY, Appel LJ, Croft KD, Miller ER, 3rd, Mori TA, Puddey IB. Effects of
vitamin C and vitamin E on in vivo lipid peroxidation: results of a randomized
controlled trial. Am J Clin Nutr 2002;76:549-55.

Block G, Jensen CD, Morrow JD, et al. The effect of vitamins C and E on biomarkers of
oxidative stress depends on baseline level. Free Rad Biol Med 2008;45:377-84.

Tarng DC, Liu TY, Huang TP. Protective effect of vitamin C on 8-hydroxy-2'-
deoxyguanosine level in peripheral blood lymphocytes of chronic hemodialysis patients.
Kidney Int 2004;66:820-31.

Huang HY, Helzlsouer KJ, Appel LJ. The effects of vitamin C and vitamin E on
oxidative DNA damage: results from a randomized controlled trial. Cancer Epidemiol
Biomarkers Prev 2000;9:647-52.

Antoniades C, Tousoulis D, Tountas C, et al. Vascular endothelium and inflammatory
process, in patients with combined Type 2 diabetes mellitus and coronary
atherosclerosis: the effects of vitamin C. Diabet Med 2004;21:552-8.

Frikke-Schmidt H, Lykkesfeldt J. Role of marginal vitamin C deficiency in
atherogenesis: in vivo models and clinical studies. Basic Clin Pharmacol Toxicol
2009;104:419-33.

Levine GN, Frei B, Koulouris SN, Gerhard MD, Keaney JF, Jr., Vita JA. Ascorbic acid
reverses endothelial vasomotor dysfunction in patients with coronary artery disease.
Circulation 1996;93:1107-13.

Gokce N, Keaney JF, Jr., Frei B, et al. Long-term ascorbic acid administration reverses
endothelial vasomotor dysfunction in patients with coronary artery disease. Circulation

1999;99:3234-40.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

98.

99.

100.

101.

102.

103.

104.

105.

106.

34

Gokce N, Keaney JF, Jr., Hunter LM, et al. Predictive value of noninvasively
determined endothelial dysfunction for long-term cardiovascular events in patients with
peripheral vascular disease. J Am Coll Cardiol 2003;41:1769-75.

Huang AL, Silver AE, Shvenke E, et al. Predictive value of reactive hyperemia for
cardiovascular events in patients with peripheral arterial disease undergoing vascular
surgery. Arterioscler Thromb Vasc Biol 2007;27:2113-9.

Inaba Y, Chen JA, Bergmann SR. Prediction of future cardiovascular outcomes by flow-
mediated vasodilatation of brachial artery: a meta-analysis. Int J Cardiovasc Imaging
2010;26:631-40.

Huang A, Vita JA, Venema RC, Keaney JF, Jr. Ascorbic acid enhances endothelial
nitric-oxide synthase activity by increasing intracellular tetrahydrobiopterin. J Biol
Chem 2000;275:17399-406.

Block G, Jensen CD, Dalvi TB, et al. Vitamin C treatment reduces elevated C-reactive
protein. Free Radic Biol Med 2009;46:70-7.

Mah E, Matos MD, Kawiecki D, et al. Vitamin C status is related to proinflammatory
responses and impaired vascular endothelial function in healthy, college-aged lean and
obese men. J Am Diet Assoc 2011;111:737-43.

Block G, Jensen CD, Norkus EP, Hudes M, Crawford PB. Vitamin C in plasma is
inversely related to blood pressure and change in blood pressure during the previous
year in young Black and White women. Nutr J 2008;7:35.

Duffy SJ, Gokce N, Holbrook M, et al. Treatment of hypertension with ascorbic acid.
Lancet 1999;354:2048-9.

Juraschek SP, Guallar E, Appel LJ, Miller 11l ER. Effects of vitamin C supplementation
on blood pressure: a meta-analysis of randomized controlled trials. Am J Clin Nutr

2012;95:1079-88.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

35

Nakata Y, Maeda N. Vulnerable atherosclerotic plaque morphology in apolipoprotein E-
deficient mice unable to make ascorbic acid. Circulation 2002;105:1485-90.

Lehr HA, Frei B, Olofsson AM, Carew TE, Arfors KE. Protection from oxidized LDL-
induced leukocyte adhesion to microvascular and macrovascular endothelium in vivo by
vitamin C but not by vitamin E. Circulation 1995;91:1525-32.

Lehr HA, Frei B, Arfors KE. Vitamin C prevents cigarette smoke-induced leukocyte
aggregation and adhesion to endothelium in vivo. Proc Natl Acad SciU S A
1994;91:7688-92.

Mirvish SS. Experimental evidence for inhibition of N-nitroso compound formation as a
factor in the negative correlation between vitamin C consumption and the incidence of
certain cancers. Cancer Res 1994;54:1948s-51s.

Jarosz M, Dzieniszewski J, Dabrowska-Ufniarz E, Wartanowicz M, Ziemlanski S, Reed
PIl. Effects of high dose vitamin C treatment on Helicobacter pylori infection and total
vitamin C concentration in gastric juice. Eur J Cancer Prev 1998;7:449-54.

Zhang ZW, Farthing MJ. The roles of vitamin C in Helicobacter pylori associated
gastric carcinogenesis. Chin J Dig Dis 2005;6:53-8.

Kuiper C, Molenaar 1G, Dachs GU, Currie MJ, Sykes PH, Vissers MC. Low ascorbate
levels are associated with increased hypoxia-inducible factor-1 activity and an
aggressive tumor phenotype in endometrial cancer. Cancer Res 2010;70:5749-58.
Graumlich JF, Ludden TM, Conry-Cantilena C, Cantilena LR, Jr., Wang Y, Levine M.
Pharmacokinetic model of ascorbic acid in healthy male volunteers during depletion and
repletion. Pharm Res 1997;14:1133-9.

Savini I, Rossi A, Pierro C, Avigliano L, Catani MV. SVCTL1 and SVCT2: key proteins
for vitamin C uptake. Amino Acids 2008;34:347-55.

Levine M, Eck P. Vitamin C: working on the x-axis. Am J Clin Nutr 2009;90:1121-3.



10

11

12

13

14

15

16

17

18

19

20

117.

118.

119.

120.

121.

122.

123.

124.

36

Potier de Courcy G, Guilland J-C, Birlouez-Aragon I. Nutritional Recommendations for
the French Population - Vitamins. Sciences des Aliments 2001;21:393-407.

Block G, Mangels AR, Patterson BH, Levander OA, Norkus EP, Taylor PR. Body
weight and prior depletion affect plasma ascorbate levels attained on identical vitamin C
intake: a controlled-diet study. J Am Coll Nutr 1999;18:628-37.

Etude individuelle des consommations alimentaires, INCA-2, 2006-2007, rapport
AFSSA.

Birlouez-Aragon |, Saavedra G, Tessier FJ, et al. A diet based on high-heat-treated
foods promotes risk factors for diabetes mellitus and cardiovascular diseases. Am J Clin
Nutr 2010;91:1220-6.121.

Johnston CS. Biomarkers for establishing a tolerable upper intake level for vitamin C.
Nutr Rev 1999;57:71-7.

Hathcock JN, Azzi A, Blumberg J, et al. Vitamins E and C are safe across a broad range
of intakes. Am J Clin Nutr 2005;81:736-45.

Expert Group on Vitamins and Minerals. Risk Assessment: Vitamin C. In: Safe Upper
Levels for Vitamins and Minerals. Food Standards Agency, 2003:100-7.

Gaziano JM, Glynn RJ, Christen WG, et al. Vitamins E and C in the prevention of
prostate and total cancer in men: the Physicians' Health Study 11 randomized controlled

trial. JAMA 2009;301:52-62.



37

Table 1. Observational studies reporting positive health effects associated with elevated plasma or serum levels of vitamin C

Ref. | Study population Mean vitamin C Disease Main results
level associated outcome
with health effect
(55) | 8,453 adults 45.4 umol/L CVD, all- Subjects with normal or saturating serum ascorbic acid levels (45.4 pumol/L
(normal) and 79.5 cause and 79.5 umol/L, respectively) had a “marginally” significant 21-25%
pmol/L mortality decreased risk of fatal CVD and a significant 25-29% decreased risk of all-
cause mortality compared to subjects with low serum ascorbic acid levels
(17.0 pmol/L).
(51) |979casesand 1794 | 77.1 umol/L CHD Subjects with the highest vitamin C plasma levels (highest quartile, mean,
controls 77.1 umol/L) had a 33% lower risk of CHD compared to those in the
lowest quartile (mean, 27.6 pumol/L).
(66) | 19,496 men and 72.6 pmol/L in men | CVD, cancer, | Subjects in the highest quintile of plasma ascorbic acid (72.6 pmol/L in
women and 85.1 umol/L in | all-cause men and 85.1 pumol/L in women) had about half the risk of total mortality
women mortality and a greater than 60% lower risk of CVD mortality compared to those in

the lowest quintile (20.8 umol/L and 30.3 pumol/L, respectively), using an
age and sex-adjusted Cox regression model. Mean plasma ascorbic acid by
quintiles was inversely associated with mortality from all-causes and CVD
in men and women, and from cancer in men. A 20 umol/L increase in
plasma ascorbic acid was associated with about a 20% reduction in risk of
all-cause mortality.
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(56) | 6,624 adults 85.2 umol/L Stroke, CHD | Subjects in the highest category of serum vitamin C (saturation, 85.2
pmol/L) had a 26% reduction in stroke and 27% reduction in CHD
prevalence compared to the lowest category (low to marginal, 17.0
pmol/L).

(57) | 1605 men 64.8 pmol/L Myocardial Subjects with the lowest vitamin C plasma levels (deficiency, <11.4

infarction pumol/L) had a 4-fold higher risk of myocardial infarction compared to
subjects with the highest levels (>64.8 umol/L), after adjustment for age,
season, and year of examination.

(58) | 85 patients with 51.7 pmol/L Peripheral Serum ascorbic acid concentrations were low among PAD patients
peripheral arterial (healthy) and 49.6 arterial (median, 27.8 pmol/L) despite comparable smoking status and dietary
disease (PAD), 106 | umol/L disease intake with the other groups (median, 51.7 umol/L in healthy subjects and
hypertensives (hypertensives 49.6 umol/L in hypertensive patients without PAD).
without PAD, and without PAD)

113 healthy subjects
(52) | 730 men and women | >27.8 umol/L Stroke Subjects with the highest vitamin C plasma levels (>27.8 umol/L) had a
30% lower risk of death from stroke compared to subjects with lower
vitamin C levels.
(53) | 20,649 men and 78.1 umol/L Stroke Subjects in the top quartile of baseline plasma vitamin C (78.1 pmol/L)

women

had a 42% lower risk of stroke than those in the bottom quartile (28.2
umol/L), independent of age, sex, BMI, systolic blood pressure, smoking,
alcohol consumption, cholesterol, social class, physical activity, diabetes,
myocardial infarction, or supplement use.
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(54) | 2,121 men and 64.0 pmol/L Stroke Subjects with the highest vitamin C serum levels (>64 umol/L, top

women quartile) had a 41% lower risk of all stroke than those with the lowest
levels (<40 pmol/L, bottom quartile). The corresponding risk reductions
for cerebral infarction and hemorrhagic stroke were 49% and 55%,

(68) | 2419 middle aged >65.0 pmol/L Stroke Men with the lowest plasma levels of vitamin C (<28.4 umol/L, bottom

men quartile) had a 2.4-fold higher risk of any stroke compared with men with
highest plasma levels of vitamin C (>65.0 umol/L, top quartile), after
adjustment for age and examination month.

(69) | 13 patients with 51.6 pmol/L in Intracranial ICH and HT patients had significantly lower plasma levels of vitamin C
intracranial young adult control | hemorrhage, | compared with healthy subjects (29.0-31.3 umol/L in patients compared to
hemorrhage (ICH), | subjects and 56.9 head trauma | 51.6-56.9 umol/L in healthy controls). Brain lesion size was inversely
15 patients with pmol/L in older associated with plasma ascorbic acid concentration.
head trauma (HT), control subjects
and 40 healthy
controls

(59) | 7,071 men and >73.8 umol/L in Cancer, all- Men in the lowest quartile (<28.4 umol/L) had a 57% higher risk of dying
women men, >85.2 umol/L | cause from any cause and 62% higher risk of dying from cancer than men in the

in women mortality highest quartile (=73.8 pmol/L).

(60) | 215 cases and 416 >82.0 umol/L in Gastric cancer | Plasma vitamin C levels were inversely associated with gastric cancer risk,
controls cases, >75.0 umol/L which was significant in the highest versus the lowest quartile in both

in controls

groups (5"-95™ percentile: 11.0-82.0 pmol/L in cases and 12.0-75.0
pmol/L in controls).
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(62)

50 men and women
with advanced
cancer

>11 pmol/L

Cancer
survival,
inflammatory
markers

Low dietary intake, low albumin, high platelet count, high CRP level, and
shorter survival were all significantly associated with low plasma vitamin
C concentrations (<11 pmol/L).
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Table 2. Phase I11 randomized placebo-controlled trials using vitamin C as part of the intervention

Ref.  Study population Design Supple- Vitamin C Interventions (1.), major disease
mentation dose outcomes (2.), and main results (3.)
period (yrs) (mg/day)
12 29,584 adults aged Yo(2x2x2x2) 5.25 120 1. Specific vitamin/mineral combinations of
40 yrs or older retinol+Zn; riboflavin+niacin; vitamin
C+Mo; B-carotene+Se+vitamin E
2. Cancer incidence and disease-specific
mortality
3. No effect of vitamin C+Mo supplementation
13 20,536 adults aged 2x2 5 250 1. Vitamins C+E+-carotene (antioxidant
40 yrs or older with vitamins); cholesterol-lowering therapy
CHD or other 2. Major coronary events (for overall analyses)
occlusive arterial and fatal or non-fatal vascular events (for
disease or diabetes subcategory analyses)
3. No effect of antioxidant vitamin
supplementation
14 13,017 adults aged Parallel 7.54 120 1. Vitamins C+E+p-carotene+Zn+Se
35 yrs or older (antioxidant vitamins and minerals) vs.
placebo
2. Incidence of cancer, ischemic
cardiovascular disease, and all-cause
mortality
3. No effect of supplementation with
antioxidant vitamins and minerals
15 8,171 women aged 2X2X2 9.4 500 1. Vitamin C; vitamin E; -carotene
40 yrs or older and 2. Myocardial infarction, stroke, coronary
with prior CVD or revascularization, or CVD death
high CVD risk 3. No effect of vitamin C supplementation
16, 14,641 men aged 50 2Xx2 10 500 1. Vitamin C; vitamin E
124 yrsor older 2. Cardiovascular events, myocardial
infarction, stroke, or CVD death; incidence
of prostate and total cancer
3. No effect of vitamin C supplementation
74 4,757 adults aged 55 2x2 6.3 500 1. Vitamins C+E+p-carotene (antioxidant
yrs or older vitamins); zinc
2. Age-related cataract, lens opacity, or vision
loss
3. No effect of antioxidant vitamin
supplementation
75 3,411 adults aged 2X2x2 3.25 500 1. Multivitamins; garlic; anti-Helicobacter
35-69 yrs pylori treatment
2. Gastric cancer mortality, cancer, CVD death
3. No effect of multivitamin supplementation
76 3,318 adults aged 40 Parallel 6 180 1. Multivitamins-minerals vs. placebo
yrs or older with 2. Esophageal or gastric cardia death, cancer,

esophageal
dysplasia

cerebrovascular disease
No effect of multivitamin-mineral
supplementation
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976 adults aged 29-
69 yrs with
precancerous gastric
lesions

910 men and women
aged 65 yrs or older

864 adults less than
80 yrs and with
prior colorectal
adenoma

725 men and women
aged 65 yrs or older

652 men and women
aged 60 yrs or older

520 men and women
aged 45-69 yrs

439 men and women
aged 40-69 yrs with
chronic gastritis

423 postmenopausal
women with prior
coronary stenoses
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Anti-Helicobacter pylori therapy; p-
carotene; vitamin C

Progression/regression of multifocal non-
metaplastic atrophy or intestinal metaplasia
No effect of vitamin C supplementation plus
therapy over therapy alone

Multivitamins-minerals vs. placebo
Contact with primary care physician for
infections, self-reported days of infection,
and quality of life

No effect of multivitamin-mineral
supplementation

B-Carotene; B-carotene+vitamin E; B-
carotene+vitamins C+E (antioxidant
vitamins)

Colorectal adenoma incidence

No effect of antioxidant vitamin
supplementation

Zn+Se; vitamins C+E+p-carotene
(antioxidant vitamins)

Infectious morbidity and mortality

No effect of antioxidant vitamin
supplementation, except for lower antibody
titers after influenza vaccination

Multivitamins-minerals; vitamin E
Incidence and severity of self-reported acute
respiratory tract infections

No effect of multivitamin-mineral
supplementation

Vitamin E; vitamin C

Carotid artery intima-media thickness

No overall effect of vitamin
supplementation; less atherosclerotic lesion
progression in supplemented
hypercholesterolemic men

B-Carotene; vitamin C

Serum pepsinogen (PG) level and
Helicobacter pylori infection

Favorable, significant change in PGI/II ratio
in vitamin C supplemented subjects

Estrogen; vitamins C+E (antioxidant
vitamins)

Change in minimum lumen diameter of
coronary arteries assessed by angiography
No effect of antioxidant vitamin
supplementation
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Figure Legends

Figure 1. Two hundred milligrams of vitamin C (vertical dotted line) as optimum daily intake
based on a) near-saturating plateau plasma vitamin C concentration of >70 M (shaded area)
and b) first dose beyond the steep, linear increase in plasma concentration at vitamin C

intakes of 30-100 mg/day (Adapted from [26, 27, 104]).

Figure 2. Neutrophils and other circulating cells are saturated with vitamin C at an intake
level >200 mg/day (dotted line, shaded area), as indicated by intracellular ascorbic acid

concentrations (millimolar) (Adapted from [26]).
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