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Abstract

Background: Consumption of vitamin C is essential for life in humans because the body does not synthesize it.
Numerous studies have demonstrated that supplementation with vitamin C enhances the immune system,
avoids DNA damage, and significantly decreases the risk of a wide range of pathologies, such as cancers, and
degenerative and chronic diseases. Moreover, it has been demonstrated that modern crop production, trans-
port, and food storage severely impair the quality of food and provoke a loss in micronutrients, such as vita-
min C.

Objectives: In this paper, we report that the Recommended Daily Allowance (RDA) in vitamin C is lower than
the bodily needs. In fact, it does not seem to ensure true health protection and it appears difficult to reach an
effective dose of vitamin C only through food consumption. Furthermore, the literature shows that vitamin C
intake higher than the RDA is safe. Therefore, in order to achieve optimal health and avoid a number of dis-
eases, we suggest that, in the present situation, vitamin C supplementation is required.

Conclusions: According to the current literature, we would like to emphasize that to ensure an optimal al-
lowance of vitamin C, we advise 1 g daily intake of vitamin C supplementation, accompanied by a diet rich in

fruits and vegetables.

Introduction

Vitamin C, also known as ascorbate or ascorbic acid, is
synthesized by all animals except humans, monkeys,
guinea pigs, bats, and several bird species.! Biologically,
ascorbate is synthesized from glucose in a series of steps cat-
alyzed by enzymes. In humans, the gene that codes for the
terminal step in ascorbate synthesis, gulonolactone oxidase,
is damaged and has stopped functioning.>® The cause of this
genetic damage is unknown, although it has been suggested
that it was due to radiation exposure.? Expanding on an ear-
lier hypothesis, the gene may have been mutated by a virus:
specifically, a retrovirus has been proposed.*

The Recommended Daily Allowance (RDA) of ascorbic
acid for human adults was set by the Food and Nutrition
Board in 1943.5 Since the creation of the RDAs, numerous
studies have been conducted, even including a Nobel

prizewinner (Linus Pauling), but they have failed to agree
on daily appropriate doses of vitamin C intake that are
needed.®” The RDA for vitamin C was increased (2000) from
60 to 90 mg per day.® Many studies have demonstrated that
higher doses than the RDA for vitamin C can improve the
immune system and can prevent as well as treat a wide range
of pathologies.>”'> Moreover, over the past several decades,
the literature has shown a significant loss of micronutrients,
such as vitamin C, as a result of modern farming.!® Conse-
quently, the aim of this review is to compare the findings of
scientific studies with the RDA, while hypothesizing a ne-
cessity for vitamin C supplementation.

Functions of Vitamin C

Vitamin C is required for the maintenance of normal con-
nective tissue and wound healing. Vitamin C also is needed
for bone remodeling because of the presence of collagen in
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the organic matrix. A number of other metabolic reactions
require vitamin C to act as a cofactor. Notable among those
are the synthesis of epinephrine from tyrosine, and the syn-
thesis of the bile acids. Furthermore, vitamin C involvement
is suspected in the process of adrenal steroidogenesis. Other
putative biochemical uses of vitamin C include a role in thy-
roxine synthesis, amino acid metabolism, and aiding in the
absorption of iron.!* Vitamin C can quench aqueous reactive
species,'® plays an important role in the antioxidant defense
system and immunocompetence,'® and in strengthening re-
sistance to infection.!”/!8 In addition, vitamin C fights against
deoxyribonucleic acid (DNA) mutations!® and might be of
clinical value in the treatment of certain types of cancer and
other diseases.>29-23

Recommended Dietary Allowance of Vitamin C

People vary widely in their requirements for vitamin C.2*
The RDA for vitamin C is based on twice the amount of vi-
tamin C needed to prevent scurvy as well as on the thresh-
old of the vitamin C needed to spill vitamin C into urinary
excretion.>” Moreover, the RDA for vitamin C is based on
estimates of vitamin C absorption, on losses associated with
food preparation, and on estimated rates of depletion, turn-
over, and catabolism.3” Levine et al.® postulated in their pa-
per that to establish an RDA for a vitamin, it is necessary to
determine vitamin concentrations in plasma and tissues in
relation to vitamin dose for a wide range of doses, true
bioavailability or vitamin absorption at each dose, vitamin
urinary excretion at each dose, and potential toxicity. In the-
ory, these data could be obtained from nutrition deple-
tion-repletion studies in combination with pharmacokinetic
principles. For vitamin C, however, the information is un-
available, incomplete, or flawed. Consequently, the aim of
the work of by Levine et al.® was to measure vitamin C de-
pletion—repletion pharmacokinetics in 7 healthy inpatient
volunteers by using 7 doses of vitamin C from 30 to 2500
mg. The U.S. Food and Nutrition Board has prepared RDAs
since 1941. Initially, the RDA for vitamin C was based on the
amount needed to prevent people from getting scurvy with
a safety margin,>%8 but this may not lead to optimal health.
Consequently, Pauling suggested that the RDA might be bet-
ter called the Minimum Dietary Allowance.’ Currently, vit-
amin C RDA requirements differ between countries, with the
highest value being close to 110 mg/day.®?5 Stone?*?” con-
cluded that the optimum intake rate should be 3000-5000 mg
per day for most people based on the production of ascor-
bic acid from rats based on body weight. However, extrap-
olating the need in humans based on the amounts per kilo-
gram of another animal may not be accurate. Pauling®?*
suggested the range of 250—4000 mg as recommended daily
intake of ascorbic acid. By accounting for the differences
among people only in terms of weight, age, and sex, the
RDAs remain an anachronistic and simplistic standard.
Therefore, Challem?® concluded that the RDAs might be se-
riously inadequate guidelines for health. However, high
doses of vitamin C consumption, as proposed by previous
authors, are not supported by all the literature. Indeed, a re-
cent meta-analysis on a potential effect of vitamin C on the
common cold conducted by Douglas et al.?’ showed that
there seems no justification for routine megadose vitamin C
supplementation, 1-3 g/day, in the normal population. Nev-
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ertheless, prophylaxis may be justified in those exposed to
severe physical exercise or cold stress or both. Moreover,
without reaching the megadoses of vitamin C consumption,
numerous reviews suggest that intakes of vitamin C much
higher than the RDA may reduce the risk or risk factors for
chronic diseases such as heart disease and certain types of
cancer.”0-33 In the same way, two studies demonstrated that
current RDA for vitamin C should be reevaluated and in-
creased to 200 mg daily.>3*

Bodily Needs in Vitamin C

Vitamin C enhances the immune system.” Levine et al.®
found that white blood cells became saturated at a dose of
100 mg of vitamin C. It is important to point out that data
concerning plasma concentrations do not necessarily indi-
cate that all tissues would be saturated at this dose. Indeed,
specific transporters allow the accumulation of vitamin C by
many tissues. Different vitamin C transporters are special-
ized in the epithelial system, such as intestine, kidney, and
liver, while others are focused in the brain, eye, and other
organs.?>38 However, affinity, velocity, and other specific
properties for ascorbic acid present significant differences
between transporters.>*40 White blood cells, which have spe-
cific requirements for vitamin C in fighting infection, store
high quantities of vitamin C even when levels in the sur-
rounding plasma are low.*#? An increase in vitamin C in-
take simultaneously induced an increase in plasma and
leukocyte vitamin C concentration.!®43 In fact, vitamin C has
been defined as a stimulant of leukocyte function, especially
of neutrophil and monocyte movement.** Vitamin C sup-
plementation was shown to improve many indices of human
immune responses, such as antimicrobicidal and natural
killer cell activities, lymphocyte proliferation, chemotaxis,
and delayed-type hypersensitivity (DTH) response, and the
concentration of vitamin C is high in activated neutrophils
and macrophages.*>~*Y Indeed, vitamin C supplements (1-3
g/day, over 1 week for each dose) have been shown to en-
hance neutrophil chemotaxis in healthy adults.>! In addition,
1 g/day of ascorbic acid over 28 days was given to healthy
adults; they responded with immune system stimulation
through enhanced T-lymphocyte proliferation in response to
infection, thus increasing cytokine production and synthe-
sizing immunoglobulins.>? This study also demonstrated
that combined supplementation with vitamins C and E (1
g/day and 400 mg/day, respectively, for 28 days) has a more
prominent effect on immunity than supplementation with
either vitamin alone. Different intakes of vitamin C (5-250
mg/day for 92 days) were tested in healthy men. A deficient
diet (5-20 mg/day) showed that plasma and leukocyte vit-
amin C concentrations were decreased by about 50%, and
the DTH responses to several antigens were decreased,
whereas lymphocyte proliferation was not affected. In con-
trast, doses of 60-250 mg/day were shown to have normal-
ized the DTH responses.*> Moreover, in older people (>70
years), known to have reduced vitamin C plasma and leuko-
cyte concentrations, vitamin C supplementation (500 mg/
day for 1 month) enhanced the proliferative response of T
lymphocytes.*” Furthermore, in healthy people and patients,
with higher concentrations of ascorbate (1 g/day), white
blood cells became more active and could move toward in-
fection or inflammation more quickly.>3->°
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Glutathione deficiency can seriously impair immune func-
tion.?® Nevertheless, Lenton et al.>” demonstrated that intra-
cellular glutathione and ascorbate protected human lym-
phocytes against oxidative DNA damage. Furthermore,
glutathione and ascorbate are directly correlated in human
lymphocytes,®® and Lenton et al.>® demonstrated that 13
weeks of vitamin C supplements (500 or 1000 mg/day) in-
duced the ability of vitamin C to increase lymphocyte glu-
tathione, suggesting that vitamin C may also be of value in
the treatment of diseases or conditions involving glutathione
deficiency. For example, during aging, ascorbate and glu-
tathione in lymphocytes decreases, and low concentrations
induce a higher risk of cancer, particularly lung cancer, and
chronic illnesses such as ischemic heart disease, diabetes, cat-
aract, chronic renal failure, and leukaemia.®%-¢!

Levine et al.®2° measured the absorption, blood levels, and
excretion of vitamin C. Levine’s papers recommend 200 mg
per day for vitamin C and stipulated that doses above 400
mg provide no additional benefit. In their works, these au-
thors determined the steady-state plasma and white blood
cell concentration of vitamin C and its excretion in healthy
subjects. However, they did not investigate the effects on
function. Levine et al.® gave a dose of vitamin C, waited un-
til it had been excreted, and then measured the blood levels
and concluded that plasma vitamin C had plateau at a
plasma level of 75-80 umol/L, at the dose of 200 mg. More-
over, in that study, the authors claimed that plasma was sat-
urated at a dose around 1 g/day. However, it appeared that
plasma level of vitamin C increased for all doses. Indeed, the
subjects studied (6 samples were obtained from 7 subjects
studied) showed a rise in plasma levels with doses ranging
between 400 mg and 1000 mg, and with doses between 400
mg and 2500 mg, but only 3 samples were obtained at these
latter ranges. Furthermore, in healthy subjects, a later paper
demonstrated that oral doses of 3 g 6 times daily led to a
predicted plasma vitamin C concentration of 220 umol/L.%?
In addition, Benke®® demonstrated that vitamin C concen-
tration in plasma depended on the dosage and method of
administration. The author showed that 0.5, 1, and 2 g oral
doses of vitamin C ingested once daily increased plasma con-
centration, reaching an increase of 100% with 2 g, with a peak
value after 3 hours following the ingestion, and decreased
linearly over 24 hours. Nevertheless, if this dose is adminis-
tered at regular intervals of less than 1.5 hour, a higher av-
erage level of plasma concentration during 24 hours can be
maintained. Hence, the literature shows that frequent re-
peated oral doses (2-3 g per 14 hours) allow sustained high
plasma levels close to 220 umol/L.%>%* However, in their
works, Levine et al®?> administered half the dose chosen (30,
60, 100, 200, 400, 1000, 2500 mg) twice daily. Consequently,
we could hypothesize that this interval of vitamin C intake
and size of doses were not adequate enough to enhance
plasma vitamin C concentration from the subjects’” normal
level. Levine et al.® recommended 200 mg daily of vitamin
C, according to their results in white blood cell saturation,
calculated at 100 mg, and vitamin C bioavailability measured
at 200 mg. These authors concluded that there was no ben-
efit exceeding a vitamin C level of 400 mg. Nevertheless, their
recommendation of taking 200 mg of vitamin C daily was
determined in only 7 healthy men aged 20-26 years, which
may not represent the general population. By using the iden-
tical experimental methods, the same authors recommended
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90 mg daily for young women (n = 15).25 Consequently, they
did not include older and younger subjects, smokers, preg-
nant women, and sick people. Hickey and Roberts,%® who
analyzed Levine’s recommendations, noted that the re-
quirement for many individuals could be considerably
greater than 200 mg and might be 2500 mg to ensure that
everyone approached plasma saturation. In spite of these
limitations in their study, Levine et al.® brought a more sci-
entific approach to the recommended daily vitamin C al-
lowance and demonstrated that the official RDA is consid-
erably lower than that recommended in their paper.

Vitamin C Consumption Higher than the RDA

Vitamin C can be taken orally and intravenously. Never-
theless, oral absorption of vitamin C cannot achieve plasma
concentrations comparable to those obtained by intravenous
administration.®? Intravenous doses were administered, as
an alternative therapy, in order to treat patients with ad-
vanced cancer.620-%8 This can be explained by the fact that
intravenous doses raise plasma concentrations as high as
14,000 umol/L, with doses of 50-100 g daily, and concen-
trations of 1000-5000 wmol/L are selectively cytotoxic to tu-
mor cells but not to normal cells in vitro.*%~73 It must be spec-
ified that these latter doses cannot be tolerated by oral
consumption.®?

Higher oral doses of vitamin C (2500 mg daily) resulted
in greater vitamin C levels in the blood.®?> Presumably,
bioavailability, or gastrointestinal absorption, declined at vi-
tamin C doses above 200 mg.>3* Bioavailability was 100% up
to 200 mg but decreased to close to 33% or lower after a sin-
gle dose of 1250 mg® and could result in gastrointestinal up-
set. However, the findings by Levine et al.® also did not dem-
onstrate that more vitamin C was available with 200 mg than
with higher doses, nor does it mean that an equivalent
amount of vitamin C was available at lower doses.

High levels of vitamin C protect against damage to blood
vessels”* and very significantly reduce mortality rates in the
elderly.”® Indeed, Fletcher et al.”®> have measured that men
(mean age 80 years) with 100 mg daily vitamin C intake pre-
sented a mortality risk nearly half that compared to peer men
with a consumption of 50 mg/day. Moreover, men with low
serum ascorbate concentrations may have an increased risk
of mortality.®% A large body of evidence demonstrates that
high dietary vitamin C supplementation (between 1 and 10
g/day or more, according to some studies) can enhance re-
sistance to and improve recovery from infectious, degener-
ative diseases, and certain types of cancer,!”/182023 a5 well as
prevent and treat a wide range of diseases.!0-126876-78 Many
biological, clinical, and epidemiological studies have indi-
cated that higher intakes of vitamin C, 1-3 g daily doses, may
be required to reduce risk of chronic diseases such as car-
diovascular disease, cancer, or cataract.?>7980 Furthermore,
the oxidative stress associated with many diseases may in-
crease ascorbate requirements.3182 Large doses of ascorbate
have been found to reduce cardiovascular disease risk,
lengthen the lifespan of patients with cancer,®® and, epi-
demiologically, to lengthen lifespan in general.3* Moreover,
daily supplementation with 1000 mg of ascorbic acid results
in a significant decrease of blood-lead levels associated with
the general population.®> If these associations are related
causally, ascorbic acid intake may have public health impli-
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cations for lead neurotoxicity control.3¢ A recent study has
shown that vitamin C supplementation (1000 mg twice daily,
for a maximum of 2 months) in infertile men might improve
sperm count, sperm motility, and sperm morphology and
might have a place as an additional supplement to improve
the semen quality leading to conception.®” Researchers and
clinicians have suggested that large quantities of supple-
mental ascorbate (on average 1-10+ g/day) may compen-
sate for the lack of endogenous ascorbate.

Supplements compensate for the inability to produce en-
dogenous ascorbate, and various researchers and clinicians
have accordingly recommended the consumption of large
supplemental doses of ascorbate.3® A recent study showed
that, in a population reporting cold and flu symptoms,
hourly doses of 1000 mg of vitamin C for the first 6 hours
and 3 times daily thereafter decreased flu and cold symp-
toms by 85% compared with a control group.®” However,
Audera et al.”’ demonstrated that doses of vitamin C, 1 g or
3 g daily taken shortly after onset of a cold, did not reduce
the duration or severity of cold symptoms in healthy adults
when compared with a vitamin C dose of 30 mg/day. In the
same way, a more recent study showed that vitamin C sup-
plementation of 0.5 g/day versus 50 mg/day had no ap-
parent effect on the duration or severity of the common cold,
but significantly reduced the frequency of the latter.”! Con-
cerning the common cold, the meta-analysis by Douglas et
al.2%78 indicated that the trials in which vitamin C was in-
troduced as a therapy at the onset of colds did not show any
benefit in doses up to 4 g daily, but one large trial reported
equivocal benefit from an 8-g therapeutic dose at the onset
of symptoms.

For the moment, no one study can indicate the exact needs
of all healthy individuals. Particularly because most studies
have small subject numbers and specific subgroups studied,
it is difficult to make conclusions about standardized daily
doses for all categories of the population. The vitamin C
needs might change according to age, sex, level of activity,
and whether subjects smoked or not.

The recommended daily vitamin C allowance should
range from 250 mg to 4000 mg for an adult, as suggested by
Pauling,5 and should be 2500 mg according to the recom-
mendations of Hickey and Roberts.®® In spite of some stud-
ies concluding that vitamin C with doses of 1-3 g daily had
no prophylactic influence, specifically on common colds,?
recent reviews have demonstrated the considerable benefits
and safety of vitamin C intake greater than the RDA in
healthy adults.'%397992 Moreover, the literature has demon-
strated that men might consume more vitamin C than
women'®?3 and that the elderly might require more ascor-
bate than younger people.?*% Based on the currently avail-
able literature, we suggest that, in healthy subjects, a mini-
mum vitamin C consumption of 1 g daily is necessary, in
order to complete a prevention program for many diseases.

Vitamin C Doses in Diet Supplement and Food

Oral administration of vitamin C induced peak values of
plasma close to 220 umol/L, when 3 g 6 times daily were
used.®> However, the study by Padayatty et al.®? showed that
single supplement gram doses produced transient peak
plasma concentrations that were at most two or threefold
higher than those from vitamin C contained in five to nine
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daily servings of fruits and vegetables, which only produced
a plasma concentration of 80 umol/L.

Based on cancer prevention, the U.S. department of Agri-
culture and the National Cancer Institute recommend that
five servings of fruits and vegetables are to be eaten daily,97
even if recent analysis has suggested that this consumption
should be higher.”® If these recommendations are followed,
daily vitamin C intake will be 210 to 280 mg, depending on
food cofactors.” Furthermore, amounts >500 mg/day would
be difficult to obtain from dietary sources alone and would
require supplements.”® However, the conventional farming
system, using toxic chemical products in order to carry out
intensive production, presents a great health hazard and se-
verely decreases food quality.19-10% Indeed, analysis of fruits
and vegetables has shown a significant loss of minerals and
trace elements in modern diets compared to that of a few
decades ago.'3104105 Moreover, a considerable loss of nutri-
ents in the modern diet has been observed during food pro-
cessing, long transporting, and incorrect food storage.!06-108
Indeed, vitamin C in foods is irreversibly oxidized by expo-
sure to light, oxygen, and/or heat, and reports suggest that
fresh produce or juice may lose 50%-100% of its vitamin C
content due to handling and processing.'®-111 Hence, the in-
creased processing of the food supply may be impacting the
level of dietary vitamin C available to consumers.'!?

Safety of Vitamin C Supplementation

It has been suggested that vitamin C alone or mixed with
N-acetyl-cysteine could be toxic, acting as a pro-oxi-
dant.113114 However, the literature shows evidence that
ascorbic acid is not a pro-oxidant in vivo, even with iron co-
supplementation.?>!1% Because vitamin C assists in the ab-
sorption of dietary iron, some research has focused on
whether increased vitamin C intake inopportunely increases
iron stores. Supplementary doses of 500 mg/day have been
shown to have little effect on iron bioavailability.!'® More-
over, most published studies on the subject strongly indicate
that vitamin C doses up to 2000 mg/day do not increase
body iron stores enough to produce any clinically significant
adverse effects.!17118 The literature has also evoked the po-
tential adverse effects of high doses of vitamin C, especially
as regards the increase in oxalate and kidney stone forma-
tion.%” Indeed, Auer et al.''” demonstrated that 8 g/day, di-
vided into four doses of 2 g, for 8 consecutive days, can cause
harmful calcium oxalate crystalluria secondary to relative
hyperoxaluria in persons who have a predisposition for in-
creased crystal aggregation. Nevertheless, these authors
specified that these individual’s response to vitamin C in-
gestion is probably rare. Wandzilak et al.'?° observed a mod-
est increase in urinary oxalate after experimental adminis-
tration of high doses of vitamin C (5 and 10 g/day for 5
days). However, these results appear to be due to in vitro
conversion of ascorbate to oxalate during the analytical pro-
cedure rather than in vivo conversion. Consequently, these
authors concluded that no genuine increase in urinary ox-
alate was demonstrable despite a greatly increased ascorbate
intake. Moreover, other work by Auer et al.,'?! but using 4
g/day of ascorbic acid for 5 days, concluded that ingestion
of these doses did not affect the principal risk factors asso-
ciated with calcium oxalate kidney stone formation. Fur-
thermore, large doses of vitamin C (1.5 g or more) did not



VITAMIN C SUPPLEMENTATION

produce kidney stones and the doses of vitamin C above 1.5
g in fact reduced the risk of kidney stones.!?>7124 These au-
thors stated that the restriction of higher doses of vitamin C
because of the possibility of kidney stones is unwarranted.
Evidence indicates that high intakes of vitamin C do not in-
crease oxalate excretion or induce the potential formation of
kidney stones.30°2125 Moreover, no effect of high-dose ascor-
bic acid ingestion was found on the daily urinary excretion
of uric acid.'?® Gastrointestinal distress seems to be the most
common adverse effect of high vitamin C intakes.'?” When
these symptoms occur, the vitamin C dosage is usually >2
g/day. The symptoms generally disappear within a week or
2 with no further consequences, and may have been pro-
duced by other components such as sorbitol.'?® Harmful ef-
fects have been mistakenly attributed to vitamin C, includ-
ing hypoglycemia, rebound scurvy, infertility, mutagenesis,
and destruction of vitamin Bj,. Health professionals should
recognize that vitamin C does not produce these effects.!?
Other studies showed evidence that large doses of vitamin
C are safe 111307133 A recent review demonstrated that vita-
min C supplements of =2000 mg/day are safe for most
adults.”? These authors also supported the claim that intakes
of up to 4000 mg/day are well tolerated in the general pop-
ulation. No consistent and compelling data demonstrating
serious adverse effects of vitamin C in humans have been es-
tablished,” although the tolerable upper limit intake has
been estimated at 2 g/day.®

Conclusions

The literature has shown evidence of vitamin C benefits
in terms of prevention and treatment of a large panel of dis-
eases. However, RDA for vitamin C does not cover the need
for vitamin C in daily bodily functions. Numerous studies
have demonstrated that vitamin C consumption higher than
the RDA enhances the immune system and decreases the risk
of DNA damage. Vitamin C greater than 400 mg/day can
improve protection against oxidative stress, certain cancers,
and degenerative and chronic diseases. Nevertheless, mod-
ern farming leads to a lowering in food quality, inducing a
considerable loss of micronutrients, and not allowing a suf-
ficient intake of vitamin C simply through food consump-
tion. Consequently, even if vitamin C requirements vary
greatly among individuals, it is suggested that vitamin C
supplementation is not only totally safe but also necessary
to achieve optimal health. Therefore, in agreement with the
current literature, we advise healthy people to consume five
servings of fruits and vegetables daily, added to 1 g of vita-
min C supplementation divided in two or three doses dur-
ing the day, in order to ensure an optimal allowance in vit-
amin C.
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