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Vitamin C is an antioxidant that may scavenge reactive oxygen species preventing DNA damage and other effects important in
cancer transformation. Dietary vitamin C from natural sources is taken with other compounds affecting its bioavailability and
biological effects. High pharmacological doses of vitamin C may induce prooxidant effects, detrimental for cancer cells. An
oxidized form of vitamin C, dehydroascorbate, is transported through glucose transporters, and cancer cells switch from
oxidative phosphorylation to glycolysis in energy production so an excess of vitamin C may limit glucose transport and ATP
production resulting in energetic crisis and cell death. Vitamin C may change the metabolomic and epigenetic profiles of cancer
cells, and activation of ten-eleven translocation (TET) proteins and downregulation of pluripotency factors by the vitamin may
eradicate cancer stem cells. Metastasis, the main reason of cancer-related deaths, requires breakage of anatomical barriers
containing collagen, whose synthesis is promoted by vitamin C. Vitamin C induces degradation of hypoxia-inducible factor,
HIF-1, essential for the survival of tumor cells in hypoxic conditions. Dietary vitamin C may stimulate the immune system
through activation of NK and T cells and monocytes. Pharmacological doses of vitamin C may inhibit cancer transformation in
several pathways, but further studies are needed to address both mechanistic and clinical aspects of this effect.

1. Introduction potential of vitamin C is suggested by the results of many

other laboratory studies on experimental animals and cell

Vitamin C (ascorbic acid, ascorbate) is an essential micronu-
trient that must be delivered either with the diet or as a sup-
plement as humans lost the ability to synthesize it due to
mutations in the gene encoding a terminal enzyme in the
vitamin C biosynthetic pathway [1]. Vitamin C plays a role
in many processes as a cofactor for enzymes involved in pro-
cesses and effects important for cancer transformation: anti-
oxidant defense, transcription, and epigenetic regulation of
gene expression (see [2] for review). Vitamin C is also
reported to exert beneficial effects in the immune system
and inflammation, which is crucial in fighting precancerous
and cancer cells by the host (reviewed in [3]). Anticancer

cultures (reviewed in [4]).

Not only vitamin C but also its derivatives, including
compounds with increased lipophilicity and resistance to
oxidation, are used in anticancer studies (Figure 1).

Recently, van Gorkom et al. presented a systematic
review on therapeutic application of vitamin C in cancer
patients [5]. These authors reviewed 19 papers on the clinical
use of vitamin C in patients with various malignancies in dif-
ferent settings, but they did not draw a single, definite conclu-
sion on the efficacy of vitamin C in cancer therapy. This
important work pointed out the low quality of many studies
performed so far and their multiple weak points. Therefore,
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F1GURE 1: Molecular structure of vitamin C and its derivatives displaying anticancer properties that are discussed in this work.

at present, the question on the clinically relevant positive
effects of vitamin C in cancer is still open, but due to the
importance of this problem and relative safety of the vitamin
use, studies addressing it should be continued. Research on
anticancer effects of vitamin C in randomized clinical trials
should be preceded by a careful setting of clinical design
and choice of endpoints to be evaluated.

Anticancer properties of vitamin C have been reviewed
in several recent papers (e.g., [4, 6-10]). These studies
suggest several potential targets of anticancer action of
vitamin C—some of them will be described and referenced
in the next sections. Five main vulnerabilities that can be
targeted by vitamin C are redox imbalance, epigenetic
reprogramming, oxygen sensing regulation, host immu-
nity, and collagen synthesis in regard to metastasis. This
manuscript focuses on molecular aspects of anticancer
action of vitamin C, updates some information contained
in those reviews, and distinguishes between dietary and
pharmacological vitamin C in preventive and therapeutic
interventions. A short note of natural versus synthetic
vitamin C is made.

2. Bioavailability: Natural versus Synthetic
Ascorbic Acid

The bioavailability of vitamin C ingested into the body
is its proportion, which reaches systemic circulation
and thus becomes available for physiological metabolic
processes. When dietary vitamin C is ingested, a fraction
of it is absorbed by the intestines. Vitamin C is actively

transported within the body by two sodium-dependent
transporters—SVCT1 and SVCT2—that display different
tissue specificity and kinetics of uptake [11]. An oxidized
form of vitamin C, dehydroascorbate (DHA), can be
taken up by glucose transporters GLUT1-3 and GLUTS
[12-14].

In general, vitamin C may be administered in three differ-
ent ways—with food, as a food supplement, and as a syn-
thetic product given independently of food, usually orally
or intravenously (Figure 2). Chemically, natural and syn-
thetic ascorbic acids are identical, but it is often stated that
vitamin C from natural sources is better absorbed than its
synthetic counterpart or the biological activity of natural
vitamin C is superior to its synthetic formulations. These
opinions are not supported by clinical studies that showed
similar bioavailability of ascorbic acid from different natural
sources, including oranges, broccoli, and kiwifruits, to that of
synthetic vitamin C [15-18]. Moreover, the content of
vitamin C as well as many other health-beneficial nutrients
in fruits and vegetables decreases in time as shown by Davis
et al. in their landmark publication indicating about a 60
percent decrease in vitamin C content in crops in 1999 as
compared with 1950 [19].

Doses of vitamin C up to 2000 mg/day are considered
safe for general consumption, but even so high doses are
unlikely to result in plasma concentrations higher than
80uM [20]. Concentration of vitamin C in plasma is
under control and is around 50uM, but intravenous
administration of ascorbic acid may lead to transient,
many-fold increase in that value [21, 22].
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FIGURE 2: Absorption and bioavailability of natural and synthetic
vitamin C. Vitamin C that is partly oxidized to dehydroascorbate
(DHA) in an oxygen environment is transported by two sodium-
dependent transporters SVCT1 and SVCT2, while DHA is taken
up by the glucose transporter GLUTn, where n is 1-3 or 8.
Vitamin C/DHA can be taken as either natural or synthetic
ascorbic acid, and the latter can be given orally (with or without
food) or intravenously. The final concentration of vitamin C in
circulation depends not only on the route of ingestion but also on
its excretion (not presented here) and the action of other dietary
compounds, including glucose and flavonoids. Flavonoids can
block the absorption of vitamin C, but they can also reduce some
oxidants leading to an increase in the vitamin C/DHA ratio.

In a pharmacokinetic study, Levine et al. showed that the
concentration of vitamin C in humans is under a tight
control resulting from a coordinated action of multiple
mechanisms and reached a saturation plateau of about
80 uM after oral intake higher than 250 mg/day [23]. More-
over, these studies suggest that single oral doses higher than
200mg are characterized by relatively low bioavailability,
suggesting that such high dose should be rather divided
into several subdoses [23]. When vitamin C is delivered
intravenously, several elements of that tight control can
be bypassed—the same amount of vitamin C administered
intravenously may result in its six times higher concentra-
tion than when that amount is taken orally [23, 24]. Such
a dramatic difference in actual concentration of vitamin C
may explain differences in several cohort studies in which
vitamin C pharmacokinetics was overlooked [25].

There are many problems with a reliable comparison of
the bioavailability of natural and synthetic vitamin C. The

proper experimental design in clinical trials requires an
adequately large cohort to compensate for interindividual
differences in metabolism of chemicals, digestion, and other
aspects of biotransformation of ascorbic acid from different
sources [18]. A few studies cited above were performed on
relatively small populations with low statistical power. How-
ever, when the bioavailability of a chemically pure substance
is compared with that of its natural counterpart, the latter
usually acts in the context of other substances that may
interfere with its action. Therefore, vitamin C ingested with
natural products should be always considered along with
other substances that may act synergistically with the vita-
min, enhancing or decreasing its bioavailability and health-
beneficial effects. Therefore, when vitamin C from a natural
product is extracted, intermediate products of that extraction
can induce decreasing bioavailability of the vitamin in
plasma and lower profitable effects, although the nominal
content of ascorbic acid in all these intermediates is the same
[26]. This was supported by Vissers et al. who showed that
kiwifruit provided a higher level of ascorbate in vitamin C-
deficient mice than synthetic vitamin C [27]. However, the
presence of natural components may also decrease bioavail-
ability of vitamin C. As mentioned above, the oxidized form
of ascorbic acid, DHA, can be transported by glucose trans-
porters, but DHA must compete with glucose, which can be
provided by many compounds present in natural sources of
vitamin C. Moreover, some flavonoids, plant-derived sub-
stances of general health-beneficial influences, were reported
to inhibit vitamin C and DHA transporters both in vitro and
in vivo [12, 28-30]. On the other hand, flavonoids display
antioxidant properties and their action can spare molecules
of vitamin C; otherwise, they are oxidized [31].

Not only natural vitamin C from different sources but
also its synthetic counterpart displays different bioavailability
[32, 33]. Bioavailability of vitamin C is determined not only
by its uptake but also by its renal excretion. Among many
formulations of synthetic vitamin C, the highest bioavailabil-
ity potential has slowly releasing compounds and salts of
vitamin C, at least in animal studies [34, 35].

Flavonoids may modulate bioavailability of vitamin C.
Animal studies with flavonoid-rich extracts or purified plant
flavonoids showed an enhanced uptake of vitamin C when it
was administered together with flavonoids [36, 37]. These
results were supported by studies on scorbutic guinea pig
showing a decrease in the number of hemorrhages in animals
receiving vitamin C with quercetin or rutin as compared with
vitamin C singly [38]. On the other hand, both in vitro and
in vivo studies suggest that certain flavonoids can inhibit
the uptake of vitamin C and DHA by inhibiting their trans-
porters [30]. However, the studies showed that the influence
of flavonoids on the bioavailability of vitamin C is limited by
their low plasma concentration [39]. Moreover, Lotito and
Frei showed that increased plasma antioxidant capacity was
not induced by flavonoids derived from apple consumption
but resulted from metabolic effects of fructose on urate
[40]. Therefore, the effect of flavonoids on bioavailability of
vitamin C in human is not completely known and it likely
depends on cellular metabolic status, but several works
suggest that it may be of marginal significance [15].



Animal studies suggest a higher bioavailability of natural
than synthetic vitamin C, but all human studies do not indi-
cate such a difference [41]. It may provoke a question about
research design in both kinds of studies. Animals can be stud-
ied in a more reliable way due to a more exact match of stud-
ied and control groups, strictly controlled diet and
environmental condition, and lesser ethical limitations allow-
ing obtaining tissues and organ not accessible in humans. Dif-
ference in bioavailability of natural and synthetic vitamin Cin
animal studies and a general lack of such a difference in
human studies suggest a need for more rigorous trials.

Synthetic vitamin C is reported to enhance bioavailability
of health-beneficial nutrients, including vitamin E and
nonheme iron that may increase health effects of foods that
contain vitamin C [42, 43].

To determine anticancer potential of vitamin C, it is
important to determine the difference between its bioavail-
ability in normal and cancer cells, especially that the results
of studies suggest that such a difference can depend on the
type of cancer [44-47]. Given that vitamin C transporters
SVCT1 and SVCT2 are essential in the acquisition of this
vitamin by the cell, Pena et al. showed that breast cancer sam-
ples differentially expressed a form of the SVCT?2 transporter,
systematically absent in normal breast tissue [48]. However,
these authors observed that various cancer cell lines were
not able to uptake vitamin C and acquired it by a glucose
transporter by a bystander effect. Furthermore, that specific
form of SVCT2 was absent in the plasma membrane, but it
was overexpressed in mitochondria of cancer cells. There-
fore, cancer cells may uptake vitamin C in its oxidized form
(DHA) and accumulate high concentrations of its reduced
form.

3. Human Studies

This is not the main subject of this review to present results of
human studies on vitamin C supplementation in cancer,
because in many cases, they suffer from many methodologi-
cal drawbacks. Only some studies are presented.

In a large cohort study in France—the Etude Epidémiolo-
gique aupre's de femmes de la Mutuelle Générale de 'Educa-
tion Nationale (E3N)—the association between invasive
breast cancer and vitamin C intake was analyzed in 2482
cases [49]. Data on vitamin C ingestion, both from supple-
mentation and natural products, were obtained from vali-
dated food frequency ever-never-type questionnaires
covering a few years’ periods. Ever use of vitamin C in the
form of supplements resulted in a nonsignificant pooled OR.

In a meta-analysis of 37 studies, it was concluded that the
total (dietary and supplementary) intake of vitamin C
reduced breast cancer risk by 15%, but dietary-only intake
of the vitamin reduced that risk by 23% [50]. However,
results on supplementation with vitamin C suggested a
higher risk of breast cancer, but this relationship was not rel-
evant as pooled OR became nonsignificant in all but one case.

High vitamin C intake from food was associated with a
decreased risk of breast cancer in a case-control study, but
such association was not observed in prospective epidemio-
logical studies [50].
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A weak positive association between dietary and supple-
mentary vitamin C use and breast cancer was observed in
2879 cases of invasive breast cancer in the study within the
Women’s Health Initiative Observational Study [51].
Women enrolled in that study consumed daily on average
106 mg vitamin C from the diet, and about 60% of them took
supplemental vitamin C on an average dose 350 mg per day.
There was also an association between breast cancer occur-
rence and the highest (>686 mg per day) quintile of total vita-
min C intake as compared with its lowest (<97 mg per day)
counterpart. No association between dietary vitamin and
breast cancer was observed. These studies also brought some
suggestions on association between vitamin C intake and
occurrence of hormone receptor status-specific types of
breast cancer, but those analyses were performed on much
smaller populations than the general study population.

Many studies, including a randomized clinical trial with
10-year supplementation with 500 mg vitamin C per day,
reported no association between either dietary or supplemen-
tary vitamin C intake and breast cancer [52-55].

A recent update of literature on the influence of vitamin
C on prostate cancer shows many nonconclusive findings
but in general concludes that dietary intake of vitamin C
and other elements of healthy diet is promising in the pre-
vention and therapy of prostate cancer [56]. However,
“promising” is elusive.

An initial report on anticancer action of high (pharmaco-
logical) doses of vitamin C was provided by Benade et al. in
1969, although the first evidence of this effect was docu-
mented in the 30s of the last century [57]. Then, Cameron
and Pauling observed a more than 4 times extension of sur-
vival in patients in the terminal state in various cancers
who received high concentrations of intravenously adminis-
tered ascorbic acid as compared with similar patients who
did not receive such treatment [58]. The rationale to under-
take the research was that cancer patients were characterized
by an apparent lack of ascorbic acid whose metabolism was
involved in a number of natural anticancer mechanisms
[59]. Although it was postulated that vitamin C might selec-
tively act as a prooxidant in cancer cells, these studies needed
explanation on the molecular basis.

Han et al. proposed another mechanism of anticancer
action of vitamin C [60]. They observed that the levels of this
vitamin were correlated with the mRNA expression of the
transmembrane protein with epidermal growth factor-
(EGF-) like and two follistatin-like domains 2 (TMEFF2) in
gastric cancer (GC) patients. As TMEFF2 is downregulated
in GC and correlated with tumor aggressiveness, so restoring
the physiological level of vitamin C in GC patients may limit
the progression of this malignancy, and conceptually this can
be reached by the dietary supplementation. This is in line
with an inverse relationship between dietary vitamin C intake
and GC occurrence observed in a Korean cohort study [61].

Guarnieri et al. compared the influence of a single por-
tion of natural vs. synthetic vitamin C on DNA damage
induced by hydrogen peroxide [62]. They observed similar
plasma concentrations of this vitamin in 7 volunteers, but
only natural vitamin, consumed from orange juice, decreased
the extent of H,0,-induced DNA damage in peripheral
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blood mononuclear cells. The authors concluded that this
might not be vitamin C itself that was directly responsible
for the protective effects against DNA damage, but rather
other compounds, like phytochemicals that might synergize
the action of the vitamin or act independently of it.

4. Molecular Studies

Park et al. showed that vitamin C induced phosphorylation of
extracellular signal-regulated kinases (ERK) and resulted in
the activation of its catalytic domain in AML (acute myeloid
leukemia) cells [63]. They also showed that the small G-
proteins Rafl and MAPK-activated protein kinase 2, an
upstream and a downstream regulator of ERK, respectively,
were induced by the vitamin. The minimal concentration of
vitamin C in those experiments was 100 #M, and it induced
a significant effect, so it can be speculated that these effects
could be induced by dietary vitamin C. Later studies of these
authors showed that vitamin C at high concentrations was
beneficial with no adverse effects for patients with AML or
myelodysplastic syndromes (MDS) [64]. This was confirmed
by Mastrangelo et al. who showed that high concentrations of
sodium ascorbate—0.5-7.0 mM—were cytotoxic for many
myeloid-derived cancer cell lines contrary to normal cells
derived from human cord blood [65].

Bhat et al. showed that ascorbic acid at the concentrations
from the range 100-200 uM induced oxidative DNA damage
in normal human peripheral blood lymphocytes [66]. The
damage was ameliorated by the sequestering of copper
ions (Cu(I)) suggesting that Cu(I) is an intermediate in
DNA-damaging action of ascorbic acid. These results show
that an antioxidant, which is considered to be ascorbic
acid, may act as a prooxidant in specific conditions,
including copper overload. Furthermore, this effect may
underline the anticancer action of high concentrations of
ascorbic acid observed in early experiments of Pauling
[67]. This hypothesis is supported by studies reporting a
higher concentration of copper in cancer [68-70]. Many
cancers are characterized not only by increased intratumoral
concentrations of copper but also by altered systemic distri-
bution of that element (reviewed in [71]). Copper is needed
in cancer cells to keep a rapid proliferation, as it is a cofactor
of enzymes involved in DNA replication. It also plays a role
in cancer progression.

Chen et al. demonstrated that intravenous administra-
tion of ascorbic acid at high concentrations was toxic for
many types of cancer cells in xenografts in mice with no effect
on normal cells [72]. The authors suggested that ascorbic
acid could support the formation of hydrogen peroxide in
cancer cells leading to oxidative stress and cell death. How-
ever, it was not completely clear why normal cells were resis-
tant to such cytotoxic action of vitamin C. To address this
problem, Ullah et al. showed that ascorbic acid mobilized
copper from the nuclei of human peripheral blood lympho-
cytes [73]. That copper was involved in redox cycling by
ascorbic acid or extracellular ROS and contributed to DNA
damage in cancer cells. As cancer cells contain more copper
than their normal counterparts, they are more prone to elec-
tron transfer between copper ions and ascorbic acid to gener-

ate ROS. Moreover, cancer cells may have impaired the
antioxidant system as they need a high level of ROS to prolif-
erate and promote other effects implicated in tumor growth
and progression [74].

Rawal et al. showed that catalytic manganoporphyrins
increased the ability of ascorbate to donate electron to molec-
ular oxygen to generate hydrogen peroxide and enhance its
toxicity in cancer cells [75]. Schoenfeld et al. showed that
glioblastoma and non-small-cell lung cancer cells are selec-
tively sensitive to ascorbate due to their changed redox-
active iron metabolism [76].

Ascorbate may reduce intracellular ferric (Fe(II)) ions to
ferrous (Fe(II)) ions that can react with oxygen to produce
the superoxide anion—one such anion is produced for each
molecule of ascorbate interacting with iron [77]. Superoxide,
in turn, can be involved in the production of hydrogen perox-
ide, which can be decomposed to produce hydroxyl and other
radicals. Chen et al. pointed at the fact that this chain of reac-
tions would preferentially occur in the extracellular space
than in blood where it would be inhibited by plasma and
red cell membrane proteins [78] (Figure 3). Moreover,
hydrogen peroxide in blood is decomposed by antioxidant
enzymes, primarily catalase. Hydrogen peroxide can produce
the hydroxyl radical in the Fe(II)- or Cu(I)-dependent
Fenton-like reaction. As mentioned, some malignant tumors
are rich in Cu(I), so HO could be preferentially produced in
cancer tissue. Moreover, as cancer cells have a reduced activ-
ity of antioxidant enzymes, they can be selectively killed by
the action of free radicals [79]. Other transition metals can
also catalyze the production of hydroxyl radicals. Does
dietary vitamin C have something to do with that effect? In
practice, it requires high concentrations of vitamin C due to
relatively low level of transition metals. Such high concentra-
tions of the vitamin could not be achieved by oral
administration.

This chain of reactions is supported by the results of
many in vitro studies showing selective killing of cultured
cancer cells by ROS as they often display deficient antioxi-
dant defense. However, the presence of iron determines
ROS production and its concentration can matter for the
final outcomes. This is especially important as most of the
in vitro studies on anticancer action of vitamin C are per-
formed in culture media that are poor in iron as compared
with the plasma. However, in most studies, concentration
of iron was neither measured nor taken into account. This
problem was addressed by Mojic et al. who showed that the
cytotoxic effect of vitamin C in LNCaP and PC-3 prostate
cancer cell lines as well as in primary astrocytes was abolished
by iron at physiological concentrations [80]. At low iron con-
centration, ascorbate reduces Fe(III) to Fe(II) that reacts with
molecular oxygen and produces superoxide that can be dis-
mutated to hydrogen peroxide, which can penetrate the cell
membrane and cytoplasm. At high iron concentrations,
H,0, will be decomposed before entering the cell and oxidate
ascorbate and proteins. This important study points at the
possibility of inducing/enhancing anticancer effects of vita-
min C in vivo by iron chelating. However, at present, it is
rather a complex issue as many questions must be answered,
including an optimal and still physiologically relevant iron
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FiGure 3: Vitamin C may differently produce reactive oxygen species (ROS) in blood and the extracellular space. After oral or intravenous
administration, vitamin C reaches the same concentration in blood and extracellular fluid and loses one electron (e”) to form ascorbate
radical Asc™ and reduces a protein-centered metal ion, such as Fe(IIT). Reduced metal donates an electron to oxygen forming ROS,
including superoxide (O, ) that can be dismutated to hydrogen peroxide. These reactions in blood are inhibited by plasma and red cell
membrane proteins, and hydrogen peroxide in blood is neutralized by antioxidant enzymes hardly present in extracellular fluid. Unless
H,0, is decomposed, it may produce hydroxyl radicals in the Fe(II)- or Cu(I)-catalyzed Fenton-like reaction yielding hydroxyl peroxide (HO").

concentration to produce free radicals and decompose
hydrogen peroxide. That study was supported by the recent
work of Tsuma-Kaneko et al. who showed that excess of iron
decreased the pharmacological vitamin C-induced inhibition
of survival of the human myeloid leukemia K562 cells in vitro
through a decrease in H,O, level and depletion in the apo-
ptotic pathway induced by the vitamin [81]. Moreover, iron
excess reversed anticancer effects induced by vitamin C
in vivo, so stimulation, not inhibition, of the K562 cell in
mouse transplants was observed. These data strengthen the
need for close control of iron concentration in experiments
on anticancer action of vitamin C and possible reinterpreta-
tion of some previous studies. These and other studies show
that ascorbate toxicity in vitro depends on the kind of culture
media and cannot always determine its toxicity in vivo as iron
that is critical for ascorbate-induced effects is usually seques-
tered in transferrin and ferritin in plasma and mostly redox-
inactive [82, 83].

All these experiments suggest that when the concentra-
tion of catalytic metal ions is high enough to support electron
transfer between this element and ascorbate, hydroxyl radi-
cals and other radicals can be formed to damage DNA [84].
This creates a potentially lethal state for a cell that contains
elevated level of copper and is influenced by high concentra-
tions of ascorbate. However, DNA damage in cancer cells
increases the level of genomic instability, typical of the most
if not all cancer cells, that may increase advantages of these
cells over their normal counterparts and result in tumor
growth and progression. Therefore, these anticancer effects
of high concentrations of vitamin C can have several implica-
tions for copper-oriented anticancer therapy.

Recently, Graczyk-Jarzynka et al. showed that malignant
B cells used the thioredoxin antioxidant system to scavenge
hydrogen peroxide that had been generated outside a cell
[85]. Inhibition of peroxiredoxin 1, an H,O,-removing

enzyme, increased the sensitivity of malignant B cells to vita-
min C. Moreover, auranofin, a thioredoxin inhibitor,
decreased H,O, scavenging in these cells, suggesting that it
might act synergistically with vitamin C, which was con-
firmed in further experiments. Therefore, a new mechanism
of anticancer action of vitamin C is proposed along with
the suggestion of a combined anticancer therapy with this
vitamin and auranofin.

Cu(Il) may lead to autoxidation of vitamin C, but some
flavonoids, including quercetin, morin, and catechin exerted
a protective effect in vitro against such outcome [31]. This
reaction can be mainly underlined by a strong scavenger
activity towards ROS and reactive nitrogen species, chelating
metals involved in free radical generation and activation of
antioxidant enzymes (reviewed in [86]).

Yun et al. showed that human colorectal cancer cells
(CRC) harboring mutations in either the KRAS or BRAF gene
were selectively killed by vitamin C at high concentrations
[87]. Moreover, vitamin C inhibited tumor growth in mice
bearing the G12D mutation in the KRAS gene. These effects
were attributed to the inactivation of glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) by ROS that are nor
effectively scavenged due to depletion of glutathione. Gluta-
thione was depleted by oxidative stress caused by increased
DHA uptake via the GLUT1 glucose transporter and
reduction of DHA back to vitamin C. Colorectal cancer
cells with KRAS or BRAF mutation depend more on gly-
colysis than their nonmutated counterparts, not to men-
tion normal cells. Inhibition of glucose transport in these
cells due to competition between glucose and DHA for
glucose transporters may lead to decreased ATP produc-
tion, energetic crisis, and eventually cell death. It was also
found that ROS evoked by high doses of vitamin C
induced DNA damage that activated PARP, which in turn
causes NAD™ depletion resulting in the inhibition of
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such as GLUT1. Inside the cell, DHA is reduced back to vitamin C by reduced glutathione (GSH) that is oxidized to glutathione disulfide
(GSSG) and converted back to GSH by reduced nicotinamide adenine dinucleotide phosphate (NADPH). Depletion of GSH and NADPH
results in ROS overproduction that may damage biomolecules and kill cancer cells. ROS-damaged DNA activates poly(ADP-ribose)
polymerase (PARP) that requires NAD+. ROS can also inhibit glyceraldehyde 3-phosphate dehydrogenase (GAPDH) resulting in
decreased production of pyruvate and ATP by mitochondria and finally energetic crisis and cell death [82-84].

glycolysis. This important work suggests that the oxidized
form of vitamin C, DHA, is its pharmaceutically active
agent and that high expression of the GLUT1 transporter
in cancer cells combined with mutations causing glycolytic
addiction may be responsible for a selective anticancer
effect of vitamin C (Figure 4). Although these studies were
performed on cells with specific mutations, anticancer
effect of vitamin C was underlined by switching on glycol-
ysis that is typical of most of cancers. However, these
studies were carried out on cell cultures and transgenic
mice, and it is an open question how they can be trans-
lated into humans. So high-millimolar concentrations of
vitamin C in circulation can be reached only intrave-
nously, but not with its oral administration, even in the
form of tablets or liquid [22].

These results suggest that the metabolomic profile of can-
cer cells can be important in cancer-related effects of vitamin
C. This issue was addressed by Uetaki et al. who showed that
vitamin C at high concentrations changed the profile in
human breast and colon cancer cell lines [88]. These changes
included an increase in the levels of upstream metabolites of
the glycolysis pathway and tricarboxylic cycle as well as a
decrease in adenosine triphosphate (ATP) levels and ade-
nylate energy charges. Changes in the metabolic profile
induced by vitamin C are associated with energy depletion
underlined by NAD deficiency and may ultimately lead to
cancer cell death.

Hydrogen peroxide-mediated anticancer effect of vitamin
C was confirmed by Rouleau et al. who showed that this vita-
min acted synergistically with the chemotherapeutic sorafenib
in killing the hepatocellular carcinoma (HCC) Hep G2 cells

[89]. They indirectly showed that high concentrations of
vitamin C (5-20mM) selectively produced H,O, in cancer
cells as compared with their normal counterparts. Moreover,
a lower concentration of this vitamin (1 mM) enhanced cyto-
toxic effects of H,0,-generating glucose oxidase. Vitamin C
deregulated calcium homeostasis resulting in calcium accu-
mulation in mitochondria, and sorafenib induced mitochon-
drial depolarization and prevented calcium sequestration in
mitochondria. These in vitro studies were supported by the
case of an HCC patient who displayed regression of metastasis
after combined treatment with vitamin C and sorafenib.

Vitamin C was shown to enhance the cytotoxic action
against cancer cells in vitro and in mouse xenograft models
exerted by auranofin, a redox-modulating drug targeting
simultaneously thioredoxin and glutathione antioxidant sys-
tems [90]. Such combined action was efficient in triple-
negative breast cancer and linked with the expression of
prostaglandin reductase 1 (PTGR1).

Vitamin C increased the efficacy of DNA double-strand
break (DSB) induction in 2D human lung cancer cell cultures
and 3D spheres by bleomycin, an anticancer drug [91].
Vitamin C was effective also when low concentrations of
bleomycin were combined with inhibitors of ATM (ataxia
telangiectasia mutated) and the catalytic subunit of DNA-
dependent protein kinase (DNA-PKcs) that are proteins
essential in DSB repair.

5. The Immune System

The immune system is primarily responsible for both pre-
vention of and fighting with cancer. Beneficial effects of



vitamin C for the immune system are commonly known
(reviewed in [92]). On the other hand, cytotoxic innate and
adaptive immune cells are a destructive barrier for cancer
progression, including metastasis [93]. Therefore, studies
on the role of vitamin C in the activity of the immune system
in cancer are justified and have been recently reviewed by
Ang et al. [3].

Normal concentration of vitamin C in immune cells is in
a millimolar range resulting from its plasma concentration
about 50 M corresponding to an intake of 100 mg daily by
a healthy individual [23].

Growth of solid tumors is associated with hypoxia, so
tumor cells must have tools to survive in hypoxic conditions.
One of such tools is hypoxia-inducible factor 1 (HIF-1) con-
sisting of two subunits HIF-1a and HIF-1p that regulate the
expression of genes implicated in metabolic reprogramming
with the involvement of GLUT1, angiogenesis, antiapoptotic
mechanisms, stem cell renewal, invasion, and metastasis as
well as therapeutic resistance of cancer cells [94, 95]. Hydrox-
ylation of HIF-1« in normoxia induces its proteasomal degra-
dation, but hypoxia inhibits that process leading to increased
stability and transcriptional activity of HIF-1a. Such hydrox-
ylation requires vitamin C for optimal activity of the hydrox-
ylase enzymes [96]. Many aspects of the interaction of vitamin
C with the immune system relate to HIF-1/2 [3].

Monocytes display a high intrinsic concentration of vita-
min C that can be related to HIF dependency on their func-
tionality [23]. Activation of HIF-1/2 in monocytes in cancer
led to the induction and development of tumor-associated
macrophages that are linked with the expression of immuno-
suppressive and protumor proteins that leads to an increased
tumor invasion and suppression of T cells; otherwise, it is
toxic for cancer cells [97, 98].

Cancer cells are characterized by an increased resistance
to apoptosis, which is the main kind of cancer cell
death induced by anticancer therapy. Pharmacologic
concentrations of vitamin C in fresh human monocytes and
a monocytic cell line were associated with inhibition of Fas-
induced apoptosis, reduction of the activity of caspase-3, cas-
pase-8, and caspase-10, reduced ROS levels, and increased
permeability of the mitochondrial membrane [99].

NK cells isolated from Gulo™'~ mice that are a model of
human ascorbate dependency condition, whose diet was
deprived of vitamin C for 2 weeks, displayed a decreased
in vitro killing efficacy against ovarian cancer cells as com-
pared with those from animals receiving full supplementa-
tion with vitamin C [100]. These cells secreted less
interferon gamma (IFN-y) after coculturing with cancer cells
and showed a decreased expression of perforin and granzyme
B. Gulo™'~ mice showed a shorter survival time than control
animals. It was concluded that normal plasma concentration
of vitamin C is essential for NK stimulation against cancer
cells. Therefore, natural NK activity, declined in cancer, can
be restored and maintained by dietary supplementation of
vitamin C.

NK cell stimulation by vitamin C can be important in the
reconstitution of the immune system after immunosuppres-
sion as it occurs after myeloablative chemotherapy or
allogeneic hematopoietic cancer stem cell transplantation
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(HCSCT) in leukemias as NK cell reconstitution is faster than
that of their T counterparts [101]. In this way, NK cells can
provide a transient immunity to infections. However, some
studies suggest that vitamin C supplementation leading to
increased amount and function of regulatory T lymphocytes
can decrease the graft against tumor effect occurring after
HCSCT [102].

Antioxidants, including vitamin C, induce HIF-la
degradation that may underline anticancer effects of this vita-
min [103]. Rouleau et al. demonstrated that vitamin C and its
oxidation-resistant derivative, ascorbate-2-phosphate (A2P),
downregulated HIF-1a in melanoma cells reducing their
invasive potential [89]. Fischer and Miles showed that vita-
min C and A2P downregulated HIF-1 in melanoma cells
and that this effect was associated with a decrease in malig-
nant properties of those cells, including their invasiveness
[104]. These authors did not observe such effect for the treat-
ment with DHA. Kuiper et al. showed that the concentration
of ascorbate decreased in low-grade endometrial tumors and
was associated with a high HIF-la expression and an
increased tumor size [46]. In their subsequent work, these
authors observed that high levels of ascorbate in colorectal
tumors were associated with low levels of HIF-1a and lower
expression of its downstream products [45]. However, the
authors could observe only a correlation between ascorbate
concentration and HIF-1a expression and other quantities
they investigated as the level of ascorbate could not be
manipulated. To overcome this limitation, Campbell et al.
employed C57BL/6 Gulo™~ mice whose diet was supple-
mented with 33, 330, or 3300 mg/L of ascorbate before and
during subcutaneous tumor growth of melanoma or lung
carcinoma [105]. Both tumors were characterized by a
decreased level of ascorbate. A reduction of tumor growth
was observed with increased intake of ascorbate leading to
restoration of its optimal intracellular level. These results
support the hypothesis that ascorbate is required for the
regulation of HIF-1 and such regulation is negative in tumor
tissue. Low (33mg/L) dose of ascorbate also reduced
tumor growth suggesting that restoring the optimal level
of ascorbate to inhibit tumor growth can be reached by
dietary vitamin C.

Antitumorigenic effect of vitamin C mediated by lower-
ing HIF-1 activity was confirmed by Gao et al. who showed
that this vitamin inhibited a MYC-dependent human B
lymphoma model in a prolyl hydroxylase 2 and von
Hippel-Lindau protein-dependent manner [103]. Many
studies suggest that HIF-1 can be targeted by vitamin C
to exert its anticancer effects, but not all tumors are
HIF-1-dependent [106].

Many functions of vitamin C in the mobilization of the
immune system against cancer relate to its regulation of the
epigenetic profile of immune cells.

6. Epigenetic Profile

Epigenetic modifications are changes in the genome that are
not directly related to changes in the DNA sequence. These
modifications may change the gene expression pattern and
include DNA methylation/demethylation, posttranslational
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modifications of histones, and consequences of the action of
noncoding RNAs. DNA methylation is carried out by DNA
methyltransferases or the direct action of methylating agents,
and its demethylation occurs spontaneously, passively or is
catalyzed by ten-eleven translocations (TETSs) (actively).

Vitamin C was shown to enhance anticancer action of
two epigenetic drugs decitabine and azacytidine in CRC cells
[107]. These drugs demethylate DNA, and administration of
vitamin C with either of them increased the level of 5-
hydroxymethyl-2-deoxycytidine (5-hmdC). This effect was
associated with an increased expression of the p21 tumor
suppressor and induction of apoptosis. These results suggest
that vitamin C can support anticancer therapy based on
demethylating drugs. Significant effects were observed from
10 uM vitamin C in the cell, so a dietary supplementation
of this vitamin can be considered to support the action of
epigenetic drugs in colorectal cancer.

Clear cell renal cell carcinoma (ccRCC) is associated with
aberrant hypermethylation of cytosine in DNA [108]. Shenoy
et al. showed that loss of 5-hydroxymethylcytoine (5hmC)
was associated with a more aggressive phenotype of ccRCC
suggesting that this effect could be considered a molecular
diagnostic or prognostic marker of ccRCC and potential
therapeutic target [109]. Searching for the mechanism under-
lying the observed effects, the authors noted a functional
inactivation of TETs by L-2-hydroxyglutarate (L2HG) that
was overexpressed due to deletion and resulting underex-
pression of the L2ZHG dehydrogenase gene. Vitamin C at
0.1 and 1mM decreased DNA methylation and activated
TET restoring genome-wide 5hmC levels. The increased level
of intratumoral 5hmC induced by high doses of vitamin C
was associated with reduced tumor growth. However, inter-
action of the recombinant TET2 protein with vitamin C
was also observed at relatively low concentrations of this vita-
min (10-40 uM), but it is not known whether that interaction
is clinically relevant. This work indicates another mechanism
of anticancer effect of vitamin C that is not related to its
antioxidant action. The mechanism of stimulation of TET
by vitamin C was proposed as a direct interaction of the
vitamin with the TET catalytic center with concomitant
promotion of TET folding resulting in the improvement
of Fe (II) recycling [110]. Alternatively, vitamin C may
act as a cofactor of TETs stimulating their activity by the
reduction of Fe (III) to Fe (II) [111].

Other aspects of the interaction between vitamin C and
TET important for cancer stem cells are presented in the next
section.

7. Cancer Stem Cells

Malignant tumors are characterized by intrinsic heterogene-
ity displayed in a diverse array of structurally and function-
ally different cells. A small proportion of the cells have been
identified as primary responsible for disease recurrence and
resistance to therapy. This led to the conception of cancer
stem or cancer stem-like cells that are the ultimate target in
cancer therapy [112]. Induced pluripotent stem cells (iPSCs)
have opened a new perspective in modeling human cancers
and anticancer cellular and gene therapies [113]. Although

not directly related to the subject of this review, it is worth
mentioning that vitamin C was reported to facilitate genera-
tion of iPSCs by a defined factor by the epigenetic-related
mechanisms with the upregulation of histone deacetylates
Jhdm 1a/b (Jumonji C domain-containing histone demethy-
lase 1A), JARIDIA (Jumonji, AT rich interactive domain
1A), and JMJD3 (Jumonji domain-containing protein 3) as
well as the TET proteins [114-117].

Combined treatment of CSCs with doxycycline and vita-
min C resulted in eradication of CSCs originating from the
MCEF7 breast cancer cells; otherwise, they are resistant to
doxycycline [118]. It was argued that the observed effect
was due to synthetic lethality induced by the combined treat-
ment in that doxycycline targeted mitochondrial respiration
and vitamin C—glycolysis. The effectiveness of the combined
treatment with doxycycline and vitamin C in cancer by tar-
geting mitochondria was confirmed in subsequent studies
in which azithromycin was also applied [119].

Using a metabolomics method, Agathocleous et al
showed that human and mouse hematopoietic stem cells
(HSCs) had unusually high levels of ascorbate that decreased
with differentiation [120]. Systemic reduction of vitamin C in
mice deficient in ascorbate synthesis (Gulo™") increased the
fraction and functions of HSCs underlined, at least in part,
by reduced function of the TET2 protein. Mutations inacti-
vating the TET2 gene belong to the earliest molecular events
in leukaemogenesis in humans, increasing HSCs and self-
renewal [121]. Therefore, vitamin C accumulates in HSCs
and activates the TET proteins resulting in a decrease in
HSC fraction and suppression of leukaemogenesis.

Using reversible RNAi mouse and cell cultures, Cimmino
et al. showed that TET2 deficiency resulting in aberrant self-
renewal of HSCs and progenitor cells in vivo and in vitro was
reverted by TET2 restoration [122]. Such effect was also
obtained by the treatment of HSCs and their progenitors
obtained from TET2-deficient mice with vitamin C that
increased the formation of 5-hydroxymethylcytosine
(Figure 5). Vitamin C also suppressed the colony formation
of human leukemic cells and progression of human primary
leukemia patient-derived xenografts. Vitamin C induced
DNA hypomethylation and the expression of the TET2-
dependent genes. Vitamin C treatment induced TET-
mediated DNA oxidation in leukemic cells making them
more sensitive to poly(ADP-ribose) polymerase (PARP)
inhibition. The authors typically used vitamin C at 250 uM,
but in several experiments, they observed a pronounced
effect at 125 uM, so its interpolation allows speculating that
vitamin C would exert a relevant antileukemic effect at con-
centrations that can be reached by dietary supplementation.

5-Methylcytosine may undergo induced or spontaneous
deamination resulting in its conversion to thymine and for-
mation of the G:T pair. This mispairing is targeted by thy-
mine DNA glycosylase (TDG) of the base excision repair or
mismatch repair (MMR) system that may restore cytosine
in the place of thymine. Catani et al. showed that vitamin C
upregulated the MLH1 (Mut L homologue-1) protein in
human keratinocytes [123]. The cells supplemented with
vitamin C showed greater sensitivity to apoptosis induced
by cisplatin underlined by the activation of the MLH1/c-
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FiGURE 5: Vitamin C induces the ten-eleven translocation 2 (TET2)
proteins to kill leukemic blasts. TETs are involved in active DNA
demethylation that is achieved through TET2-mediated oxidation
of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC),
5-formylcytosine (5fC), and 5-carboxylcytosine (5caC). Oxidized
5mC is progressively lost in subsequent cellular divisions or
converted to nonmethylated C by thymine DNA glycosylase
(TDG). 5mC can undergo spontaneous or activation-induced
deaminase- (AID-) mediated deamination converting it into
thymine (T) that can be replaced by C by TDG or in mismatch
repair (MMR). AID can convert 5hmC to 5-hydroxymethyluracil
(5hmU) or T. If TET2 is deficient in leukemic stem cells, their
self-renewal is disturbed leading to increased blast production and
progression of the disease. Vitamin C exerts similar effects as
restoration of TET2 that leads to increased differentiation and less
aggressive disease. Vitamin C-induced oxidation of 5mC results in
an increased sensitivity of the cells to inhibitors of poly(ADP-
ribose) polymerase (PARPi) that can induce cell death and inhibit
disease progression.

self-renewal

Abl/p73 signaling pathway. Apart from a perspective to use
vitamin C to increase the efficacy of anticancer drugs, this
work contributes to another role of this vitamin—to keep
genomic stability as MMR is a principal and in practice the
only one mechanism dealing with replication errors that were
not corrected by DNA polymerase. As genomic instability is
an essential feature of cancer transformation, vitamin C may
be involved in basic mechanisms of carcinogenesis.

Kim et al. showed that high, up to 5mM, concentrations
of vitamin C inhibited the formation of spheres, typical of
CSCs, in neural stem/progenitor cells (NSPCs) and upregu-
lated some apoptotic genes underlined by a decrease in
GSH and NAD" [124]. Undifferentiated cells were more sen-
sitive to the vitamin than their differentiated counterparts,
likely due to increased expression of the genes encoding glu-
cose transporters 1 and 3 (Glut1/3). Furthermore, vitamin C
induced more DNA damage in the form of double-strand
breaks in undifferentiated CSCs than differentiated cells.
Therefore, vitamin C showed the potential to eradicate CSCs.

Ramezankhani et al. showed that vitamin C inhibited the
expression of pluripotency factors, including OCT4A, SOX2,
and NANOG in breast cancer cell lines with an overex-
pressed embryonic stem cell-specific miR-302/367 cluster
that induces epigenetic reprogramming, which is known to
induce tumor-suppressive functions in many cancers [125].
Moreover, treatment with the vitamin increased cancero-
genic properties of breast cancer cells, including their inva-
siveness and resistance to apoptosis. These effects were
associated with downregulated expression of the TETI gene.
These results confirm that TET functions can play a role in
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anticancer strategies including reprogramming and vitamin
C. The concentration of vitamin C in these experiments
was 100 pyg/mL, nearly the range that can be achieved by die-
tary supplementation.

Opposing effects of low (5-25uM) and high (100-
1000 M) concentrations of vitamin C were observed in can-
cer stem cells (CSCs) fractionated from the human colorectal
cancer cell line HT-29 [126]. At low concentrations, vitamin
C stimulated proliferation of CSCs, but it did not affect non-
stem cancer cells and normal fibroblasts. At high vitamin C
concentration, a decrease in proliferation of both CSCs and
nonstem cancer cells and the effect were more pronounced
in the latter two lines than in CSCs. That work did not clearly
explain the reason of such differences, and further specific
characterization of CSCs related to their interaction with
vitamin C is needed.

8. Metastasis

Metastasis is responsible for most (approx. 90%) of cancer-
related deaths [127]. This process requires adhesion to and
invasion of surrounding tissues and organs by cancer cells
and their movement through bloodstream to distant sites,
where they initiate the formation of secondary tumors.
Therefore, penetrating cellular and extracellular compart-
ments by cancer cells is necessary for metastasis.

Collagen, a group of fibrous proteins fundamental in
fibrils of the extracellular matrix (ECM) and the connective
tissue, is a barrier in migration of cancer cells that must be
broken in cancer invasion [128]. Therefore, cancer progres-
sion is associated with remodeling of ECM that is performed
by a controlled degradation of ECM components with
many proteins involved in this process, including matrix
metalloproteinases (MMPs) that are a family of zinc-
dependent endopeptidases [129]. As vitamin C promotes
collagen synthesis, it can affect cancer growth, invasion,
and metastasis [130].

Dietary vitamin C in combination with proline, lysine,
and green tea extract was shown to inhibit invasion and
metastasis as well as MMP secretion in many human cancer
cell lines and animal models [131-135]. Vitamin C and its
four derivatives, Asc-6-O-palmitate (Asc6Plm), Asc-2-O-
phosphate  (Asc2P),  Asc-2-O-phosphate-6-O-palmitate
(Asc2P6PIm), and Asc-5,6-benzylidene (Asc5,6Bz), inhibited
the invasion of the human fibrosarcoma HT-1080 cells [136].
In addition, Asc2P6Plm administered intravenously inhib-
ited pulmonary metastasis in mice injected with the
B16BL6 melanoma cells. This derivative of vitamin C is more
lipophilic than the parental compound, so its bioavailability
could be higher, suggesting that synthetic lipophilic deriva-
tives of vitamin C can display a more effective anticancer
action than their natural counterparts. Although this is likely
true for every lipophobic drug, these studies provide specific
formulation and conditions of incubation that are important
in an anticancer strategy with vitamin C.

Vitamin C, DHA, and D-isoascorbic acid inhibited the
activity of testicular hyaluronidase and hyaluronan lyase,
enzymes that are involved in the degradation of high
molecular weight hyaluronan and that are secreted by some
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metastatic cells [137-139]. However, these vitamin C analogs
themselves degraded hyaluronan, but saccharic acid, another
vitamin C analog, inhibited testicular hyaluronidase, but it
did not affect physicochemical properties and stability of
hyaluronan. Therefore, hyaluronan-related anticancer effects
of vitamin C are unlikely to be induced by the natural com-
pound present in the diet.

Triple-negative breast cancer (TNBC), negative for the
estrogen and progesterone receptors as well as tyrosine-
protein kinase erbB-2 (HER2) receptor, does not respond to
hormonal or HER2-targeted therapy and has a high metasta-
tic potential and narrow therapeutic window, so treatment
innovations for TNBC are needed [140]. Mustafi et al.
showed that vitamin C synergistically improved the efficacy
of bromodomain and extraterminal inhibitors (BETi)
in vitro and in vivo [141]. Vitamin C upregulated histone
deacetylase 1 (HDACI1) resulting in the suppression of
acetylation of H3 and H4 histones. Oral supplementation
with vitamin C inhibited metastasis of the human TNBC
xenograft in mice.

Anaplastic thyroid carcinoma (ATC) is another type of
cancer difficult to cure that accounts for the majority of
deaths from thyroid carcinoma [142]. Vitamin C in combi-
nation with juglone (5-hydroxy-1,4-naphthalenedione) was
shown to inhibit migration, invasion, and angiogenesis in a
cell line derived from the ATC ARO cell line, thereby disturb-
ing epithelial-mesenchymal transition suggesting antimeta-
static properties of that combination in ATC. It was
observed that vitamin C and juglone destabilized the redox
balance by affecting catalase, glutathione reductase, and
superoxide dismutase indicating prooxidant activity of vita-
min C, and its plasma concentration (1 mM) excluded a die-
tary application to achieve these effects.

9. Conclusions and Perspectives

Human epidemiological studies and clinical trials do not
determine the role of vitamin C supplementation in cancer
prevention and therapy. Many molecular studies suggest that
vitamin C can act at least in two opposite ways: anti- and pro-
oxidant. Therefore, the dose-effect relationship for this vita-
min can be a continuous function, e.g., a U- or J-shaped
association between vitamin C intake and cancer risk. How-
ever, information on doses of vitamin C in cohort studies is
provided by an ever/never-type questionnaire.

Anticancer therapy can be applied with many com-
pounds, and it is not surprising that the interaction of vita-
min C with some of them results in a negative therapeutic
outcome. Zou et al. showed that vitamin C inactivated PS-
431 (bortezomib) that had been approved for the treatment
of multiple myeloma [143]. This inactivation resulted from
a direct interaction between vitamin C and PS-431, resulting
in the abrogation of the PS-341-induced G2/M arrest, apo-
ptosis, and inhibition of the proteasome. Therefore, it is
important to check the possibility of vitamin C to interact
with other chemicals used in cancer therapy, especially when
multiple chemotherapeutic agents are administered, as in
hematopoietic cancers.
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In their breakthrough study, Yan et al. confirmed that
vitamin C rapidly oxidized in culture media. Similar effect
must have occurred in transgenic mice these authors used.
However, the question where and how circulating vitamin
C was oxidized in vivo was not addressed in that study
[144]. The ability to control oxidation of vitamin C to DHA
is essential for its therapeutic use and requires further work.

Anticancer therapy with high doses of vitamin C requires
patients to visit the hospital frequently for several weeks, but
in fact, little is known about actual concentration of this vita-
min after injection. Nielsen et al. showed that the peak con-
centration of vitamin C in plasma of metastatic prostate
cancer patients was 20.3 mM after intravenous infusion of
60 g of the vitamin with the elimination time less than 2h
[145]. These authors concluded that it was not possible to
maintain the concentration of vitamin C in the potential
cytotoxic range after termination of infusion, and they pro-
posed a regimen with bolus loading. Welsh et al. observed
an almost 100% increase (83 vs. 44 uM) in the plasma ascor-
bate concentration in nine subjects with pancreatic cancer
receiving twice-weekly intravenous 15-125g ascorbate con-
currently with gemcitabine [146]. Similar results were
obtained by Monti et al. [147]. Hoffer et al. reported plasma
concentration of ascorbate up to 14 mM in 14 patients with
various cancers infused with 0.6 g/lkg vitamin [148]. Wang
et al. observed plasma ascorbate concentration up to 3 mM
in thirty-six gastrointestinal patients receiving once daily
0.2-1.5g/kg, 3 h infusion with ascorbate up to 3 days [149].

These problems belong to fundamental aspects of anti-
cancer therapy with high doses of vitamin C that were
recently addressed in an excellent review by Carr and Cook
[6]. These authors concluded that cancer patients had lower
concentration of vitamin C than healthy control, intravenous
infusion is the optimal route of administration of high doses
of this vitamin, and this is a patient-safe procedure. However,
several questions including optimal doses and the dosing
regime as well as interference with other chemotherapeutic
agents still wait for the answers.

Many aspects of the role of vitamin C in cancer have not
been addressed in this review. They are, among others,
microorganism-related cancers—individuals with potentially
carcinogenic H. pylori infection have lower levels of vita-
min C in both gastric acid and serum, so the vitamin
may play a role in H. pylori prevention and eradication
(reviewed in [150]). Vitamin C could enhance anticancer
action of several chemotherapeutics, but the vitamin or
its analogs may abrogate drug resistance as it was shown
for DHA at 1 and 2mM in lung cancer cells resistant to
EGFR- (epidermal growth factor receptor-) targeted ther-
apy [151]. Vitamin C may also play a role in supportive
care in cancer patients (reviewed in [152]).

In summary, some hospital-based case-control studies,
research on an animal model of vitamin C deficiency, and
experimental works on molecular levels suggest that pharma-
cological doses of vitamin C may exert anticancer effects
underlined by several different mechanisms (Table 1). Die-
tary intervention with vitamin C seems to help in fighting
cancer mainly in the cases of its pronounced deficiency in
cancer tissue.
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Anticancer effects of dietary vitamin C are largely non-
specific as it acts as other low molecular weight antioxidants.
Many anticancer mechanisms observed in vitro and in
animal models should be validated in well-designed clinical
trials for different cancers.

Conflicts of Interest

The authors declare no conflict of interest.

Acknowledgments

The authors thank Ms. Monika Kicinska for her help in
figure preparation.

References

(1]

(10]

(11]

(12]

M. Nishikimi, R. Fukuyama, S. Minoshima, N. Shimizu, and
K. Yagi, “Cloning and chromosomal mapping of the human
nonfunctional gene for L-gulono-gamma-lactone oxidase,
the enzyme for L-ascorbic acid biosynthesis missing in
man,” The Journal of biological chemistry, vol. 269, no. 18,
pp. 13685-13688, 1994.

M. Granger and P. Eck, “Dietary vitamin C in human health,”
Advances in food and nutrition research, vol. 83, pp. 281-310,
2018.

A. Ang,J. M. Pullar, M. J. Currie, and M. C. M. Vissers, “Vita-
min C and immune cell function in inflammation and can-
cer,” Biochemical Society transactions, vol. 46, no. 5,
pp. 1147-1159, 2018.

M. C. M. Vissers and A. B. Das, “Potential mechanisms of
action for vitamin C in cancer: reviewing the evidence,” Fron-
tiers in physiology, vol. 9, p. 809, 2018.

G. N.Y. van Gorkom, E. L. Lookermans, C. Van Elssen, and
G. M. J. Bos, “The effect of vitamin C (ascorbic acid) in the
treatment of patients with cancer: a systematic review,”
Nutrients, vol. 11, no. 5, p. 977, 2019.

A. C. Carr and J. Cook, “Intravenous vitamin C for cancer
therapy - identifying the current gaps in our knowledge,”
Frontiers in physiology, vol. 9, p. 1182, 2018.

L. Cimmino, B. G. Neel, and 1. Aifantis, “Vitamin C in stem
cell reprogramming and cancer,” Trends in cell biology,
vol. 28, no. 9, pp. 698-708, 2018.

A. Jain, A. Tiwari, A. Verma, and S. K. Jain, “Vitamins for
cancer prevention and treatment: an insight,” Current molec-
ular medicine, vol. 17, no. 5, pp. 321-340, 2017.

D. Mastrangelo, E. Pelosi, G. Castelli, F. Lo-Coco, and
U. Testa, “Mechanisms of anti-cancer effects of ascorbate:
cytotoxic activity and epigenetic modulation,” Blood Cells,
Molecules, and Diseases, vol. 69, pp. 57-64, 2018.
G.N.Y.van Gorkom, R. G. J. Klein Wolterink, C. Van Elssen,
L. Wieten, W. T. V. Germeraad, and G. M. J. Bos, “Influence
of vitamin C on lymphocytes: an overview,” Antioxidants,
vol. 7, no. 3, p. 41, 2018.

M. Burzle and M. A. Hediger, “Functional and physiological
role of vitamin C transporters,” Current topics in membranes,
vol. 70, pp. 357-375, 2012.

C. P. Corpe, P. Eck, J]. Wang, H. Al-Hasani, and M. Levine,
“Intestinal dehydroascorbic acid (DHA) transport mediated
by the facilitative sugar transporters, GLUT2 and GLUTS,”

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

[21]

(22]

(23]

[24]

(25]

(26]

(27]

13

The Journal of biological chemistry, vol. 288, no. 13,
pp- 9092-9101, 2013.

S. C. Rumsey, O. Kwon, G. W. Xu, C. F. Burant, I. Simpson,
and M. Levine, “Glucose transporter isoforms GLUT1 and
GLUTS3 transport dehydroascorbic acid,” The Journal of bio-
logical chemistry, vol. 272, no. 30, pp. 18982-18989, 1997.

J. C. Vera, C. I Rivas, J. Fischbarg, and D. W. Golde, “Mam-
malian facilitative hexose transporters mediate the transport
of dehydroascorbic acid,” Nature, vol. 364, no. 6432,
pp. 79-82, 1993.

A. C. Carr, S. M. Bozonet, J. M. Pullar, J. W. Simcock, and
M. C. Vissers, “A randomized steady-state bioavailability
study of synthetic versus natural (kiwifruit-derived) vitamin
C,” Nutrients, vol. 5, no. 9, pp. 3684-3695, 2013.

A. C. Carr, S. M. Bozonet, and M. C. Vissers, “A randomised
cross-over pharmacokinetic bioavailability study of synthetic
versus kiwifruit-derived vitamin C,” Nutrients, vol. 5, no. 11,
pp. 4451-4461, 2013.

A.R. Mangels, G. Block, C. M. Frey et al., “The bioavailability
to humans of ascorbic acid from oranges, orange juice and
cooked broccoli is similar to that of synthetic ascorbic acid,”
The Journal of nutrition, vol. 123, no. 6, pp. 1054-1061, 1993.
S. Yung, M. Mayersohn, and J. B. Robinson, “Ascorbic acid
absorption in humans: a comparison among several dosage
forms,” Journal of pharmaceutical sciences, vol. 71, no. 3,
pp. 282-285, 1982.

D. R. Davis, M. D. Epp, and H. D. Riordan, “Changes in
USDA food composition data for 43 garden crops, 1950 to
1999,” Journal of the American College of Nutrition, vol. 23,
no. 6, pp. 669-682, 2004.

J. N. Hathcock, A. Azzi, J. Blumberg et al., “Vitamins E and C
are safe across a broad range of intakes,” The American jour-
nal of clinical nutrition, vol. 81, no. 4, pp. 736-745, 2005.

S. T. Omaye, J. H. Skala, and R. A. Jacob, “Plasma ascorbic
acid in adult males: effects of depletion and supplementa-
tion,” The American journal of clinical nutrition, vol. 44,
no. 2, pp. 257-264, 1986.

S.]J. Padayatty, H. Sun, Y. Wang et al., “Vitamin C pharmaco-
kinetics: implications for oral and intravenous use,” Annals of
internal medicine, vol. 140, no. 7, pp. 533-537, 2004.

M. Levine, C. Conry-Cantilena, Y. Wang et al., “Vitamin C
pharmacokinetics in healthy volunteers: evidence for a rec-
ommended dietary allowance,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 93,
no. 8, pp. 3704-3709, 1996.

J. F. Graumlich, T. M. Ludden, C. Conry-Cantilena, L. R.
Cantilena Jr., Y. Wang, and M. Levine, “Pharmacokinetic
model of ascorbic acid in healthy male volunteers during

depletion and repletion,” Pharmaceutical research, vol. 14,
no. 9, pp. 1133-1139, 1997.

S. J. Padayatty and M. Levine, “Reevaluation of ascorbate in
cancer treatment: emerging evidence, open minds and seren-
dipity,” Journal of the American College of Nutrition, vol. 19,
no. 4, pp. 423-425, 2000.

R. Dominguez-Perles, P. Mena, C. Garcia-Viguera, and D. A.
Moreno, “Brassica foods as a dietary source of vitamin C: a
review,” Critical reviews in food science and nutrition,
vol. 54, no. 8, pp. 1076-1091, 2014.

M. C. Vissers, S. M. Bozonet, J. F. Pearson, and L. J.
Braithwaite, “Dietary ascorbate intake affects steady state tis-
sue concentrations in vitamin C-deficient mice: tissue



14

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

deficiency after suboptimal intake and superior bioavailabil-
ity from a food source (kiwifruit),” The American journal of
clinical nutrition, vol. 93, no. 2, pp. 292-301, 2011.

C. P. Corpe, J. H. Lee, O. Kwon et al., “6-Bromo-6-deoxy-L-
ascorbic acid: an ascorbate analog specific for Na+-dependent
vitamin C transporter but not glucose transporter pathways,”
The Journal of biological chemistry, vol. 280, no. 7, pp. 5211-
5220, 2005.

J. B. Park and M. Levine, “Intracellular accumulation of
ascorbic acid is inhibited by flavonoids via blocking of dehy-
droascorbic acid and ascorbic acid uptakes in HL-60, U937
and Jurkat cells,” The Journal of nutrition, vol. 130, no. 5,
pp. 1297-1302, 2000.

J. Song, O. Kwon, S. Chen et al., “Flavonoid inhibition of
sodium-dependent vitamin C transporter 1 (SVCT1) and
glucose transporter isoform 2 (GLUT?2), intestinal trans-
porters for vitamin C and glucose,” The Journal of biological
chemistry, vol. 277, no. 18, pp. 15252-15260, 2002.

B. Y. Beker, I. Sonmezoglu, F. Imer, and R. Apak, “Protection
of ascorbic acid from copper(II)-catalyzed oxidative degrada-
tion in the presence of flavonoids: quercetin, catechin and
morin,” International journal of food sciences and nutrition,
vol. 62, no. 5, pp. 504-512, 2011.

H. N. Bhagavan and B. I. Wolkoff, “Correlation between the
disintegration time and the bioavailability of vitamin C tab-
lets,” Pharmaceutical research, vol. 10, no. 2, pp. 239-242,
1993.

C. S. Johnston and B. Luo, “Comparison of the absorption
and excretion of three commercially available sources of vita-
min C,” Journal of the American Dietetic Association, vol. 94,
no. 7, pp. 779-781, 1994.

M. J. Bush and A. J. Verlangieri, “An acute study on the rela-
tive gastro-intestinal absorption of a novel form of calcium
ascorbate,” Research communications in chemical pathology
and pharmacology, vol. 57, no. 1, pp. 137-140, 1987.

A.J. Verlangieri, M. ]. Fay, and A. W. Bannon, “Comparison
of the anti-scorbutic activity of L-ascorbic acid and ester C®
in the non-ascorbate synthesizing Osteogenic Disorder Shio-
nogi (ODS) rat,” Life sciences, vol. 48, no. 23, pp. 2275-2281,
1991.

R. E. Hughes, R. J. Hurley, and P. R. Jones, “The retention of
ascorbic acid by guinea-pig tissues,” The British journal of
nutrition, vol. 26, no. 3, pp. 433-438, 1971.

H. K. Wilson, C. Price-Jones, and R. E. Hughes, “The
influence of an extract of orange peel on the growth and
ascorbic acid metabolism of young guinea-pigs,” Journal
of the science of food and agriculture, vol. 27, no. 7,
pp. 661-666, 1976.

A. M. Ambrose and E. F. De, “The value of rutin and querce-
tin in scurvy,” The Journal of nutrition, vol. 38, no. 3, pp. 305-
317, 1949.

S. B. Lotito and B. Frei, “Consumption of flavonoid-rich
foods and increased plasma antioxidant capacity in humans:
cause, consequence, or epiphenomenon?,” Free Radical
Biology and Medicine, vol. 41, no. 12, pp. 1727-1746,
2006.

S. B. Lotito and B. Frei, “The increase in human plasma anti-
oxidant capacity after apple consumption is due to the meta-
bolic effect of fructose on urate, not apple-derived
antioxidant flavonoids,” Free Radical Biology and Medicine,
vol. 37, no. 2, pp- 251-258, 2004.

(41]

[42]

(43]

[44]

(45]

[46]

[47]

(48]

[49]

(50]

[51]

(52]

(53]

(54]

Oxidative Medicine and Cellular Longevity

A. C. Carr and M. C. Vissers, “Synthetic or food-derived
vitamin C-are they equally bioavailable?,” Nutrients, vol. 5,
no. 11, pp. 4284-4304, 2013.

K. Beck, C. A. Conlon, R. Kruger, J. Coad, and
W. Stonehouse, “Gold kiwifruit consumed with an iron-
fortified breakfast cereal meal improves iron status in women
with low iron stores: a 16-week randomised controlled trial,”
The British journal of nutrition, vol. 105, no. 1, pp. 101-109,
2011.

K. Tanaka, T. Hashimoto, S. Tokumaru, H. Iguchi, and
S. Kojo, “Interactions between vitamin C and vitamin E are
observed in tissues of inherently scorbutic rats,” The Journal
of nutrition, vol. 127, no. 10, pp. 2060-2064, 1997.

C. G. Honegger, J. Torhorst, H. Langemann, A. Kabiersch,
and W. Krenger, “Quantitative determination of water-
soluble scavengers in neoplastic and non-neoplastic human
breast tissue,” International journal of cancer, vol. 41, no. 5,
pp. 690-694, 1988.

C. Kuiper, G. U. Dachs, D. Munn et al., “Increased tumor
ascorbate is associated with extended disease-free survival
and decreased hypoxia-inducible factor-1 activation in
human colorectal cancer,” Frontiers in oncology, vol. 4,
p. 10, 2014.

C. Kuiper, I. G. Molenaar, G. U. Dachs, M. J. Currie, P. H.
Sykes, and M. C. Vissers, “Low ascorbate levels are associated
with increased hypoxia-inducible factor-1 activity and an
aggressive tumor phenotype in endometrial cancer,” Cancer
research, vol. 70, no. 14, pp. 5749-5758, 2010.

H. Langemann, J. Torhorst, A. Kabiersch, W. Krenger, and
C. G. Honegger, “Quantitative determination of water- and
lipid-soluble antioxidants in neoplastic and non-neoplastic
human breast tissue,” International journal of cancer,
vol. 43, no. 6, pp. 1169-1173, 1989.

E. Pena, F. J. Roa, E. Inostroza et al., “Increased expression of
mitochondrial sodium-coupled ascorbic acid transporter-2
(mitSVCT2) as a central feature in breast cancer,” Free Radi-
cal Biology and Medicine, vol. 135, pp. 283-292, 2019.

C. Cadeau, A. Fournier, S. Mesrine, F. Clavel-Chapelon,
G. Fagherazzi, and M. C. Boutron-Ruault, “Vitamin C sup-
plement intake and postmenopausal breast cancer risk: inter-
action with dietary vitamin C,” The American journal of
clinical nutrition, vol. 104, no. 1, pp. 228-234, 2016.

H. Fulan, J. Changxing, W. Y. Baina et al., “Retinol, vitamins
A, C, and E and breast cancer risk: a meta-analysis and meta-
regression,” Cancer causes & control : CCC, vol. 22, no. 10,
pp. 1383-1396, 2011.

Y. Cui, J. M. Shikany, S. Liu, Y. Shagufta, and T. E. Rohan,
“Selected antioxidants and risk of hormone receptor-
defined invasive breast cancers among postmenopausal
women in the Women's Health Initiative Observational
Study,” The American journal of clinical nutrition, vol. 87,
no. 4, pp. 1009-1018, 2008.

L. H. Kushi, R. M. Fee, T. A. Sellers, W. Zheng, and A. R. Fol-
som, “Intake of vitamins A, C, and E and postmenopausal
breast cancer. The Iowa Women's Health Study,” American
journal of epidemiology, vol. 144, no. 2, pp. 165-174, 1996.
J. Lin, N. R. Cook, C. Albert et al., “Vitamins C and E and beta
carotene supplementation and cancer risk: a randomized
controlled trial,” Journal of the National Cancer Institute,
vol. 101, no. 1, pp. 14-23, 2009.

T. E. Rohan, G. R. Howe, C. M. Friedenreich, M. Jain, and
A. B. Miller, “Dietary fiber, vitamins A, C, and E, and risk



Oxidative Medicine and Cellular Longevity

(55]

(56]

(57]

(58]

(59]

(60]

[61]

(62]

(63]

[64]

[65]

[66]

[67]

(68]

[69]

of breast cancer: a cohort study,” Cancer causes & control :
CCC, vol. 4, no. 1, pp. 29-37, 1993.

S. Zhang, D. J. Hunter, M. R. Forman et al, “Dietary
carotenoids and vitamins A, C, and E and risk of breast
cancer,” Journal of the National Cancer Institute, vol. 91,
no. 6, pp. 547-556, 1999.

P. H. Lin, W. Aronson, and S. J. Freedland, “An update of
research evidence on nutrition and prostate cancer,” Urologic
oncology, vol. 37, no. 6, pp. 387-401, 2019.

L. Benade, T. Howard, and D. Burk, “Synergistic killing of
Ehrlich ascites carcinoma cells by ascorbate and 3-amino-
1,2,4,-triazole,” Oncology, vol. 23, no. 1, pp. 33-43, 1969.

E. Cameron and L. Pauling, “Supplemental ascorbate in the
supportive treatment of cancer: prolongation of survival
times in terminal human cancer,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 73,
no. 10, pp. 3685-3689, 1976.

E. Cameron and L. Pauling, “The orthomolecular treatment
of cancer I. The role of ascorbic acid in host resistance,” Che-
mico-Biological Interactions, vol. 9, no. 4, pp. 273-283, 1974.
H. Han, J. Xu, W. Ji, L. Wang, and A. Wang, “Upregulation of
TMEFF2 is involved in the antiproliferative effects of vitamin
C and tyrphostin AG490 on GES-1 and AGS cells,” Oncology
letters, vol. 17, no. 1, pp. 652-659, 2019.

B. V. Hoang, J. Lee, I. J. Choi, Y. W. Kim, K. W. Ryu, and
J. Kim, “Effect of dietary vitamin C on gastric cancer risk in
the Korean population,” World journal of gastroenterology,
vol. 22, no. 27, pp. 6257-6267, 2016.

S. Guarnieri, P. Riso, and M. Porrini, “Orange juice vs vita-
min C: effect on hydrogen peroxide-induced DNA damage
in mononuclear blood cells,” The British journal of nutrition,
vol. 97, no. 4, pp. 639-643, 2007.

S. Park, C. H. Park, E. R. Hahm et al., “Activation of Rafl and
the ERK pathway in response to l-ascorbic acid in acute mye-
loid leukemia cells,” Cellular signalling, vol. 17, no. 1,
pp. 111-119, 2005.

C. H. Park, B. F. Kimler, S. Y. Yi et al, “Depletion of L-
ascorbic acid alternating with its supplementation in the
treatment of patients with acute myeloid leukemia or myelo-
dysplastic syndromes,” European journal of haematology,
vol. 83, no. 2, pp. 108-118, 2009.

D. Mastrangelo, L. Massai, F. Lo Coco et al., “Cytotoxic effects
of high concentrations of sodium ascorbate on human mye-
loid cell lines,” Annals of hematology, vol. 94, no. 11,
pp. 1807-1816, 2015.

S. H. Bhat, A. S. Azmi, S. Hanif, and S. M. Hadi, “Ascorbic
acid mobilizes endogenous copper in human peripheral lym-
phocytes leading to oxidative DNA breakage: a putative
mechanism for anticancer properties,” The international
journal of biochemistry & cell biology, vol. 38, no. 12,
pp. 2074-2081, 2006.

L. Pauling, “Evolution and the need for ascorbic acid,” Pro-
ceedings of the National Academy of Sciences, vol. 67, no. 4,
pp. 1643-1648, 1970.

U. Carpentieri, J. Myers, L. Thorpe, C. W. Daeschner 3rd, and
M. E. Haggard, “Copper, zinc, and iron in normal and leuke-
mic lymphocytes from children,” Cancer research, vol. 46,
no. 2, pp. 981-984, 1986.

M. Ebadi and S. Swanson, “The status of zinc, copper, and

metallothionein in cancer patients,” Progress in clinical and
biological research, vol. 259, pp. 161-175, 1988.

(70]

(71]

(72]

(73]

(74]

[75]

[76]

(77]

(78]

[79]

(80]

(81]

(82]

(83]

15

D. Yoshida, Y. Ikeda, and S. Nakazawa, “Quantitative analysis
of copper, zinc and copper/zinc ratio in selected human brain
tumors,” Journal of Neuro-Oncology, vol. 16, no. 2, pp. 109-
115, 1993.

D. Denoyer, S. Masaldan, S. La Fontaine, and M. A. Cater,
“Targeting copper in cancer therapy: 'copper that cancer',”
Metallomics : integrated biometal science, vol. 7, no. 11,
pp. 1459-1476, 2015.

Q. Chen, M. G. Espey, A. Y. Sun et al., “Pharmacologic doses
of ascorbate act as a prooxidant and decrease growth of
aggressive tumor xenografts in mice,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 105, no. 32, pp. 11105-11109, 2008.

M. F. Ullah, H. Y. Khan, H. Zubair, U. Shamim, and S. M.
Hadi, “The antioxidant ascorbic acid mobilizes nuclear
copper leading to a prooxidant breakage of cellular DNA:
implications for chemotherapeutic action against cancer,”
Cancer chemotherapy and pharmacology, vol. 67, no. 1,
pp. 103-110, 2011.

P. T. Schumacker, “Reactive oxygen species in cancer cells:
live by the sword, die by the sword,” Cancer cell, vol. 10,
no. 3, pp. 175-176, 2006.

M. Rawal, S. R. Schroeder, B. A. Wagner et al., “Manganopor-
phyrins increase ascorbate-induced cytotoxicity by enhanc-
ing H202 generation,” Cancer research, vol. 73, no. 16,
pp. 5232-5241, 2013.

J. D. Schoenfeld, Z. A. Sibenaller, K. A. Mapuskar et al., “O,~
and H,0,-Mediated Disruption of Fe Metabolism Causes the
Differential Susceptibility of NSCLC and GBM Cancer Cells
to Pharmacological Ascorbate,” Cancer cell, vol. 32, no. 2,
p. 268, 2017.

M. Scarpa, R. Stevanato, P. Viglino, and A. Rigo, “Superoxide
ion as active intermediate in the autoxidation of ascorbate by
molecular oxygen. Effect of superoxide dismutase,” The Jour-
nal of biological chemistry, vol. 258, no. 11, pp. 6695-6697,
1983.

Q. Chen, M. G. Espey, A. Y. Sun et al., “Ascorbate in pharma-
cologic concentrations selectively generates ascorbate radical
and hydrogen peroxide in extracellular fluid in vivo,” Pro-
ceedings of the National Academy of Sciences of the United
States of America, vol. 104, no. 21, pp. 8749-8754, 2007.

E. Panieri and M. M. Santoro, “ROS homeostasis and metab-
olism: a dangerous liason in cancer cells,” Cell Death &Amp;
Disease, vol. 7, no. 6, p. €2253, 2016.

M. Mojic, J. Bogdanovic Pristov, D. Maksimovic-Ivanic et al.,
“Extracellular iron diminishes anticancer effects of vitamin C:
An _in vitro_ study,” Scientific reports, vol. 4, no. 1, p. 5955,
2014.

M. Tsuma-Kaneko, M. Sawanobori, S. Kawakami et al., “Iron
removal enhances vitamin C-induced apoptosis and growth
inhibition of K-562 leukemic cells,” Scientific reports, vol. 8,
no. 1, p. 17377, 2018.

M. V. Clement, J. Ramalingam, L. H. Long, and B. Halliwell,
“The in vitro cytotoxicity of ascorbate depends on the culture
medium used to perform the assay and involves hydrogen
peroxide,” Antioxidants & redox signaling, vol. 3, no. 1,
pp. 157-163, 2001.

J. Du, J. J. Cullen, and G. R. Buettner, “Ascorbic acid: chem-
istry, biology and the treatment of cancer,” Biochimica et Bio-
physica Acta (BBA) - Reviews on Cancer, vol. 1826, no. 2,
pp. 443-457, 2012.



16

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

G. R. Buettner and B. A. Jurkiewicz, “Catalytic metals, ascor-
bate and free radicals: combinations to avoid,” Radiation
research, vol. 145, no. 5, pp. 532-541, 1996.

A. Graczyk-Jarzynka, A. Goral, A. Muchowicz et al., “Inhibi-
tion of thioredoxin-dependent H,O, removal sensitizes
malignant B-cells to pharmacological ascorbate,” Redox biol-
ogy, vol. 21, p. 101062, 2019.

V. D’Amelia, R. Aversano, P. Chiaiese, and D. Carputo, “The
antioxidant properties of plant flavonoids: their exploitation
by molecular plant breeding,” Phytochemistry Reviews,
vol. 17, no. 3, pp. 611-625, 2018.

J. Yun, E. Mullarky, C. Lu et al., “Vitamin C selectively kills
KRAS and BRAF mutant colorectal cancer cells by targeting
GAPDH,” Science, vol. 350, no. 6266, pp. 1391-1396, 2015.

M. Uetaki, S. Tabata, F. Nakasuka, T. Soga, and M. Tomita,
“Metabolomic alterations in human cancer cells by vitamin
C-induced oxidative stress,” Scientific reports, vol. 5, no. 1,
p- 13896, 2015.

L. Rouleau, A. N. Antony, S. Bisetto et al., “Synergistic effects
of ascorbate and sorafenib in hepatocellular carcinoma: new
insights into ascorbate cytotoxicity,” Free Radical Biology
and Medicine, vol. 95, pp. 308-322, 2016.

E. Hatem, S. Azzi, N. El Banna et al., “Auranofin/vitamin C: a
novel drug combination targeting triple-negative breast can-
cer,” Journal of the National Cancer Institute., vol. 111,
no. 6, pp. 597-608, 2018.

B. Rubis, M. W. Luczak, C. Krawic, and A. Zhitkovich, “Vita-
min C increases DNA breaks and suppresses DNA damage-
independent activation of ATM by bleomycin,” Free Radical
Biology and Medicine, vol. 136, pp. 12-21, 2019.

A. C. Carr and S. Maggini, “Vitamin C and Immune Func-
tion,” Nutrients, vol. 9, no. 11, p. 1211, 2017.

H. Gonzalez, C. Hagerling, and Z. Werb, “Roles of the
immune system in cancer: from tumor initiation to metasta-
tic progression,” Genes & development, vol. 32, no. 19-20,
pp. 1267-1284, 2018.

N. Sadri and P. J. Zhang, “Hypoxia-inducible factors: media-
tors of cancer progression; prognostic and therapeutic targets
in soft tissue sarcomas,” Cancers, vol. 5, no. 4, pp. 320-333,
2013.

G. L. Semenza, “Hypoxia-inducible factors: mediators of
cancer progression and targets for cancer therapy,” Trends
in pharmacological sciences, vol. 33, no. 4, pp. 207-214,
2012.

C. Kuiper, G. U. Dachs, M. J. Currie, and M. C. M. Vissers,
“Intracellular ascorbate enhances hypoxia-inducible factor
(HIF)-hydroxylase activity and preferentially suppresses the
HIF-1 transcriptional response,” Free Radical Biology and
Medicine, vol. 69, pp. 308-317, 2014.

C. A. Corzo, T. Condamine, L. Lu et al., “HIF-1a regulates
function and differentiation of myeloid-derived suppressor
cells in the tumor microenvironment,” The Journal of exper-
imental medicine, vol. 207, no. 11, pp. 2439-2453, 2010.

H. Z. Imtiyaz, E. P. Williams, M. M. Hickey et al., “Hypoxia-
inducible factor 2alpha regulates macrophage function in
mouse models of acute and tumor inflammation,” The Jour-
nal of clinical investigation, vol. 120, no. 8, pp. 2699-2714,
2010.

I. Perez-Cruz, J. M. Carcamo, and D. W. Golde, “Vitamin C
inhibits FAS-induced apoptosis in monocytes and U937
cells,” Blood, vol. 102, no. 1, pp. 336-343, 2003.

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

Oxidative Medicine and Cellular Longevity

J.-E. Kim, H.-S. Cho, H.-S. Yang et al., “Depletion of ascorbic
acid impairs NK cell activity against ovarian cancer in a
mouse model,” Immunobiology, vol. 217, no. 9, pp. 873-
881, 2012.

P. Vacca, E. Montaldo, D. Croxatto et al., “NK cells and other
innate lymphoid cells in hematopoietic stem cell transplanta-
tion,” Frontiers in Immunology, vol. 7, p. 188, 2016.

V. Sasidharan Nair, M. H. Song, and K. I. Oh, “Vitamin C
facilitates demethylation of the Foxp3 enhancer in a Tet-
dependent manner,” The Journal of Immunology, vol. 196,
no. 5, pp. 2119-2131, 2016.

P. Gao, H. Zhang, R. Dinavahi et al., “HIF-dependent antitu-
morigenic effect of antioxidants in vivo,” Cancer cell, vol. 12,
no. 3, pp. 230-238, 2007.

A. P. Fischer and S. L. Miles, “Ascorbic acid, but not dehy-
droascorbic acid increases intracellular vitamin C content to
decrease Hypoxia Inducible Factor -1 alpha activity and
reduce malignant potential in human melanoma,” Biomedi-
cine & pharmacotherapy = Biomedecine ¢ pharmacotherapie,
vol. 86, pp. 502-513, 2017.

E.J. Campbell, M. C. Vissers, S. Bozonet, A. Dyer, B. A. Rob-
inson, and G. U. Dachs, “Restoring physiological levels of
ascorbate slows tumor growth and moderates HIF-1 pathway
activity in Gulo(-/-) mice,” Cancer medicine, vol. 4, no. 2,
pp. 303-314, 2015.

G. L. Semenza, “HIF-1: upstream and downstream of cancer
metabolism,” Current Opinion in Genetics & Development,
vol. 20, no. 1, pp. 51-56, 2010.

C. Gerecke, F. Schumacher, A. Edlich et al., “Vitamin C pro-
motes decitabine or azacytidine induced DNA hydroxy-
methylation and subsequent reactivation of the
epigenetically silenced tumour suppressor CDKNIA in colon
cancer cells,” Oncotarget, vol. 9, no. 67, pp. 32822-32840,
2018.

B. N. Lasseigne and J. D. Brooks, “The role of DNA methyla-
tion in renal cell carcinoma,” Molecular diagnosis & therapy,
vol. 22, no. 4, pp. 431-442, 2018.

N. Shenoy, T. D. Bhagat, J. Cheville et al, “Ascorbic
acid-induced TET activation mitigates adverse hydroxy-
methylcytosine loss in renal cell carcinoma,” The Journal
of clinical investigation, vol. 129, no. 4, pp. 1612-1625,
2019.

R.Yin, S. Q. Mao, B. Zhao et al., “Ascorbic acid enhances Tet-
mediated 5-methylcytosine oxidation and promotes DNA
demethylation in mammals,” Journal of the American Chem-
ical Society, vol. 135, no. 28, pp. 10396-10403, 2013.

T. A. Hore, F. von Meyenn, M. Ravichandran et al., “Retinol
and ascorbate drive erasure of epigenetic memory and
enhance reprogramming to naive pluripotency by comple-
mentary mechanisms,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 113, no. 43,
pp. 12202-12207, 2016.

T. Reya, S. J. Morrison, M. F. Clarke, and I. L. Weissman,
“Stem cells, cancer, and cancer stem cells,” Nature, vol. 414,
no. 6859, pp. 105-111, 2001.

P. Simara, J. A. Motl, and D. S. Kaufman, “Pluripotent stem
cells and gene therapy,” Translational research : the journal
of laboratory and clinical medicine, vol. 161, no. 4, pp. 284-
292, 2013.

W. Eid and W. Abdel-Rehim, “Vitamin C promotes pluripo-
tency of human induced pluripotent stem cells via the histone



Oxidative Medicine and Cellular Longevity

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

demethylase JARID1A,” Biological chemistry, vol. 397, no. 11,
pp- 1205-1213, 2016.

M. A. Esteban, T. Wang, B. Qin et al., “Vitamin C enhances
the generation of mouse and human induced pluripotent
stem cells,” Cell stem cell, vol. 6, no. 1, pp. 71-79, 2010.

X.B. He, M. Kim, S. Y. Kim et al., “Vitamin C facilitates dopa-
mine neuron differentiation in fetal midbrain through TET1-
and JMJD3-dependent epigenetic control manner,” STEM
CELLS, vol. 33, no. 4, pp. 1320-1332, 2015.

T. Wang, K. Chen, X. Zeng et al., “The histone demethylases
Jhdmla/lb enhance somatic cell reprogramming in a
vitamin-C-dependent manner,” Cell stem cell, vol. 9, no. 6,
pp. 575-587, 2011.

E. M. De Francesco, G. Bonuccelli, M. Maggiolini, F. Sotgia,
and M. P. Lisanti, “Vitamin C and doxycycline: a synthetic
lethal combination therapy targeting metabolic flexibility in
cancer stem cells (CSCs),” Oncotarget, vol. 8, no. 40,
pp. 67269-67286, 2017.

M. Fiorillo, F. Toth, F. Sotgia, and M. P. Lisanti, “Doxycy-
cline, azithromycin and vitamin C (DAV): a potent combina-
tion therapy for targeting mitochondria and eradicating
cancer stem cells (CSCs),” Aging, vol. 11, no. 8, pp. 2202-
2216, 2019.

M. Agathocleous, C. E. Meacham, R. J. Burgess et al., “Ascor-
bate regulates haematopoietic stem cell function and leukae-
mogenesis,” Nature, vol. 549, no. 7673, pp. 476-481, 2017.
M. Jan, T. M. Snyder, M. R. Corces-Zimmerman et al.,
“Clonal evolution of preleukemic hematopoietic stem cells
precedes human acute myeloid leukemia,” Science transla-
tional medicine, vol. 4, no. 149, p. 149ral18, 2012.

L. Cimmino, I. Dolgalev, Y. Wang et al., “Restoration of TET2
function blocks aberrant self-renewal and leukemia progres-
sion,” Cell, vol. 170, no. 6, pp. 1079-1095.€20, 2017.

M. V. Catani, A. Costanzo, I. Savini et al., “Ascorbate up-
regulates MLH1 (Mut L homologue-1) and p73: implications
for the cellular response to DNA damage,” The Biochemical
journal, vol. 364, no. 2, pp. 441-447, 2002.

T. J. Kim, J. S. Byun, H. S. Kwon, and D. Y. Kim, “Cellular
toxicity driven by high-dose vitamin C on normal and cancer
stem cells,” Biochemical and biophysical research communica-
tions, vol. 497, no. 1, pp. 347-353, 2018.

B. Ramezankhani, M. F. Taha, and A. Javeri, “Vitamin C
counteracts miR-302/367-induced reprogramming of human
breast cancer cells and restores their invasive and prolifera-
tive capacity,” Journal of cellular physiology, vol. 234, no. 3,
Pp. 2672-2682, 2019.

U. Sen, P. S. Shenoy, and B. Bose, “Opposing effects of low
versus high concentrations of water soluble vitamins/dietary
ingredients vitamin C and niacin on colon cancer stem cells
(CSCs),” Cell biology international, vol. 41, no. 10,
pp. 1127-1145, 2017.

T. N. Seyfried and L. C. Huysentruyt, “On the origin of cancer
metastasis,” Critical Reviews in Oncogenesis, vol. 18, no. 1 - 2,
pp. 43-73, 2013.

M. Miyake, S. Hori, Y. Morizawa et al., “Collagen type IV
alpha 1 (COL4A1) and collagen type XIII alpha 1 (COL13A1)
produced in cancer cells promote tumor budding at the inva-
sion front in human urothelial carcinoma of the bladder,”
Oncotarget, vol. 8, no. 22, pp- 36099-36114, 2017.

P. Lu, K. Takai, V. M. Weaver, and Z. Werb, “Extracellular
matrix degradation and remodeling in development and dis-

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

17

ease,” Cold Spring Harbor perspectives in biology, vol. 3,
no. 12, 2011.

N. Boyera, I. Galey, and B. A. Bernard, “Effect of vitamin C
and its derivatives on collagen synthesis and cross-linking
by normal human fibroblasts,” International journal of cos-
metic science, vol. 20, no. 3, pp. 151-158, 1998.

A. Niedzwiecki, M. W. Roomi, T. Kalinovsky, and M. Rath,
“Micronutrient synergy-a new tool in effective control of
metastasis and other key mechanisms of cancer,” Cancer
metastasis reviews, vol. 29, no. 3, pp. 529-542, 2010.

M. W. Roomi, B. Bhanap, A. Niedzwiecki, and M. Rath,
“Progress of tumor growth and metastasis after inoculation
of BI6FO melanoma cells in kidney of female nude mice is
inhibited by a novel nutrient mixture,” Integrative cancer
therapies, vol. 18, p. 153473541983236, 2019.

M. W. Roomi, T. Kalinovsky, M. Rath, and A. Niedzwiecki,
“A specific mixture of nutrients suppresses ovarian cancer
A-2780 tumor incidence, growth, and metastasis to lungs,”
Nutrients, vol. 9, no. 3, p. 303, 2017.

M. W. Roomi, N. W. Roomi, B. Bhanap, M. Rath, and
A. Niedzwiecki, “In vivo and in vitro antitumor effects of
nutrient mixture in murine leukemia cell line P-388,” Exper-
imental oncology, vol. 33, no. 2, pp. 71-77, 2011.

M. W. Roomi, N. W. Roomi, T. Kalinovsky, A. Niedzwiecki,
and M. Rath, “Micronutrient synergy in the fight against
hepatocellular carcinoma,” Cancers, vol. 4, no. 2, pp. 323-
339, 2012.

J. W. Liu, N. Nagao, K. Kageyama, and N. Miwa, “Anti-met-
astatic effect of an autooxidation-resistant and lipophilic
ascorbic acid derivative through inhibition of tumor inva-
sion,” Anticancer research, vol. 20, no. 1a, pp. 113-118, 2000.

C. O. McAtee, A. R. Berkebile, C. G. Elowsky et al., “Hyal-
uronidase Hyall increases tumor cell proliferation and motil-
ity through accelerated vesicle trafficking,” The Journal of
biological chemistry, vol. 290, no. 21, pp. 13144-13156, 2015.
C. O. McAtee, J. J. Barycki, and M. A. Simpson, “Emerging
roles for hyaluronidase in cancer metastasis and therapy,”
Advances in cancer research, vol. 123, pp. 1-34, 2014.

O. N. Okorukwu and K. P. Vercruysse, “Effects of ascorbic
acid and analogs on the activity of testicular hyaluronidase
and hyaluronan lyase on hyaluronan,” Journal of enzyme
inhibition and medicinal chemistry, vol. 18, no. 4, pp. 377-
382, 2003.

K. E. McCann, S. A. Hurvitz, and N. McAndrew, “Advances
in targeted therapies for triple-negative breast cancer,” Drugs,
vol. 79, no. 11, pp. 1217-1230, 2019.

S. Mustafi, V. Camarena, R. Qureshi et al., “Vitamin C sup-
plementation expands the therapeutic window of BETi for
triple negative breast cancer,” EBioMedicine, vol. 43,
pp- 201-210, 2019.

E. Molinaro, C. Romei, A. Biagini et al., “Anaplastic thyroid
carcinoma: from clinicopathology to genetics and advanced
therapies,” Nature reviews Endocrinology, vol. 13, no. 11,
Pp. 644-660, 2017.

W. Zou, P. Yue, N. Lin et al,, “Vitamin C inactivates the pro-
teasome inhibitor PS-341 in human cancer cells,” Clinical
cancer research : an official journal of the American Associa-
tion for Cancer Research, vol. 12, no. 1, pp. 273-280, 2006.
J. van der Reest and E. Gottlieb, “Anti-cancer effects of vita-

min C revisited,” Cell research, vol. 26, no. 3, pp. 269-270,
2016.



18

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

T. K. Nielsen, M. Hojgaard, J. T. Andersen, H. E. Poulsen,
J. Lykkesfeldt, and K. J. Mikines, “Elimination of ascorbic
acid after high-dose infusion in prostate cancer patients: a
pharmacokinetic evaluation,” Basic & clinical pharmacology
& toxicology, vol. 116, no. 4, pp. 343-348, 2015.

J. L. Welsh, B. A. Wagner, T. J. van't Erve et al., “Pharmaco-
logical ascorbate with gemcitabine for the control of metasta-
tic and node-positive pancreatic cancer (PACMAN): results
from a phase I clinical trial,” Cancer chemotherapy and phar-
macology, vol. 71, no. 3, pp. 765-775, 2013.

D. A. Monti, E. Mitchell, A. J. Bazzan et al., “Phase I evalua-
tion of intravenous ascorbic acid in combination with gemci-
tabine and erlotinib in patients with metastatic pancreatic
cancer,” PloS one, vol. 7, no. 1, article €29794, 2012.

L.J. Hoffer, L. Robitaille, R. Zakarian et al., “High-dose intra-
venous vitamin C combined with cytotoxic chemotherapy in
patients with advanced cancer: a phase I-II clinical trial,” PloS
one, vol. 10, no. 4, article e0120228, 2015.

F. Wang, M. M. He, Z. X. Wang et al., “Phase I study of high-
dose ascorbic acid with mFOLFOX6 or FOLFIRI in patients
with metastatic colorectal cancer or gastric cancer,” BMC
Cancer, vol. 19, no. 1, p. 460, 2019.

H. Mei and H. Tu, “Vitamin C and Helicobacter pylori
infection: current knowledge and future prospects,” Frontiers
in physiology, vol. 9, p. 1103, 2018.

M. Ye, N. Pang, T. Wan et al., “Oxidized vitamin C (DHA)
overcomes resistance to EGFR-targeted therapy of lung
cancer through disturbing energy homeostasis,” Journal of
Cancer, vol. 10, no. 3, pp. 757-764, 2019.

E. Klimant, H. Wright, D. Rubin, D. Seely, and M. Markman,
“Intravenous vitamin C in the supportive care of cancer

patients: a review and rational approach,” Current oncology,
vol. 25, no. 2, pp. 139-148, 2018.

Oxidative Medicine and Cellular Longevity



	Pro- and Antioxidant Effects of Vitamin C in Cancer in correspondence to Its Dietary and Pharmacological Concentrations
	1. Introduction
	2. Bioavailability: Natural versus Synthetic Ascorbic Acid
	3. Human Studies
	4. Molecular Studies
	5. The Immune System
	6. Epigenetic Profile
	7. Cancer Stem Cells
	8. Metastasis
	9. Conclusions and Perspectives
	Conflicts of Interest
	Acknowledgments

