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Vitamin C is implicated in various bodily functions due to its unique properties in redox homeostasis. Moreover, vitamin C

also plays a great role in restoring the activity of 2-oxoglutarate and Fe  dependent dioxygenases (2-OGDD), which are

involved in active DNA demethylation (TET proteins), the demethylation of histones, and hypoxia processes. Therefore,

vitamin C may be engaged in the regulation of gene expression or in a hypoxic state.
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1. Vitamin C Properties and Redox Homeostasis

Vitamin C, a common name for l-ascorbic acid or l-ascorbate, is a six-carbon lactone. It can be synthesized from glucose

by enzyme l-gulono-1,4-lactone oxidase, which can be found in almost every mammal’s liver, with the exception of

humans, other primates, bats, and guinea pigs . Consequently, these species must provide their organisms with l-

ascorbate exogenously. Since l-ascorbate is a key factor in intensifying the activity of numerous enzymes located

throughout the human body, the external intake of vitamin C is particularly important. Its unique properties are connected

with its structure and biochemistry: ascorbic acid can be transformed into ascorbate monoanion or ascorbate dianion via

the dissociation of one or two hydrogen ions from hydroxyl groups located at carbon 2 and carbon 3. In physiological pH

ascorbate functions as a monoanion, which is its primary form. Ascorbic acid is known to be a significant reducing factor,

easily subject to the compilations of two one-electron oxidations. The first one is accomplished via ascorbate radical

generation , providing a specific chemical structure (resonance stabilization) with a stable yet not highly reactive form .

The ascorbate radical can then undergo the second one-electron oxidation to form dehydroascorbic acid (DHA) (Figure 1)

. This ability makes ascorbate a particularly good defender against other free radicals by substituting them with more

stable and less reactive compounds . Furthermore, in vitro studies demonstrated that an increased level of ascorbate

can act as a stimulus to cooperate with superoxide dismutase in the removal of superoxides .  DHA and ascorbate

radicals can also be reduced to ascorbate in a reversible manner .

Figure 1. Vitamin C redox states. Ascorbic acid undergoes two reversible hydrogen dissociations to form ascorbate

monoanions and ascorbate dianions, respectively. Then, ascorbate dianons can be subsequently subjected to one-

electron oxidation to create ascorbate radicals. These are not highly reactive components; however, they can undergo

another one-electron oxidation to form dehydroascorbic acid.

Despite its ability to act as a reducing agent, ascorbate can also perform a key role as an oxidative factor. Although the

oxidation process of ascorbate occurs mainly in the presence of catalytic metals, the process can be performed by

ascorbate itself (autooxidation) but at a significantly slower rate in neutral pH .  The effect of vitamin C oxidation is

hydrogen peroxide formation, which can affect cellular metabolism, by changing intracellular redox stability . Moreover,

vitamin C can act as a prodrug through its ability to serve as a reducing and oxidizing factor . The privileged form of

vitamin C is determined by the vitamin C concentration in plasma. In physiological concentrations, ascorbic acid

preferentially exerts its antioxidant functions, which help restore cellular 2-oxoglutarate and Fe  dependent dioxygenase

activity (2-OGDDs) . On the other hand, a higher level of ascorbic acid is linked to pro-oxidative functions .
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2. Vitamin C and Its Role in 2-OGDD Enzymes Activity

Due to its antioxidant potential, vitamin C can also serve as an enzyme cofactor. 2-OGDD enzymes require 2-oxoglutarate

(2-OG) and Fe  to maintain their catalytic activity. However, most 2-OGGDs also require ascorbate as a cofactor . The

family of 2-OGDDs consists of more than 60 enzymes that contain specific double-stranded β-helix (DSBH) motifs with

Fe  ions in their cores. Their catalytic functions relate to the hydroxylation of particular substrates with the

decarboxylation of 2-OG to succinate in the presence of oxygen . Ascorbic acid crucially increases the rate of the

reaction catalyzed by 2-OGGD by targeting its catalytic domain and regenerating iron ions from Fe  to Fe  (Figure 2)

.

Figure 2. Vitamin C’s role in 2-oxoglutarate and Fe  dependent dioxygenase (2-OGDD) activity. Legend abbreviations:

ASc—ascorbate; SCVT1—sodium dependent vitamin C transporter 1; SCVT2—sodium dependent vitamin C transporter

2; DHA—dehydroascorbic acid, TET—ten–eleven translocation proteins; JHDM—Jumonji C-domain-containing histone

demethylases; HPH—hypoxia-inducible factor prolyl hydroxylases; FIH—factor-inhibiting hypoxia-inducible factor; HIF1α

—subunit α of the hypoxia inducible factor 1; HIF2 α—subunit α of the hypoxia inducible factor 2. Ascorbate can be

engaged in restoring the activity of 2-OGDD enzymes by reducing Fe  to Fe , which can be found in the catalytic center

of those enzymes. 2-OGDD enzymes also require 2-oxoglutarate to maintain their catalytic activity. TET, JHDM, HPH and

FIH are members of the 2-OGDD family, and their main roles in cell biochemistry are based on DNA demethylation (TET

proteins), histone demethylation (JHDM proteins) and HIF1α and HIF2 α activation (HPH and FIH proteins). A more

detailed description is given in the text.

Research over the past decade has highlighted that vitamin C has a crucial function in epigenetics. In 2009, Tahiliani et al.

shed new light on the epigenetic field. The authors discovered that ten-eleven-translocation enzymes (TET: TET1, TET2,

TET3), originally considered as chromosomal translocations of the genes MLL and LCX (t(10;11)(q22;q23)) in acute

myeloid leukemia patients , are actually responsible for changing the DNA methylation pattern . Their research

indicated that TETs have the ability to induce the hydroxylation of 5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-

hmC), which leads to DNA demethylation . Later developments in this field revealed that TETs are also involved in the

further hydroxylation of 5-hmC to the other cytosine derivatives, which can be subsequently excised by DNA glycosylases

. A number of studies have found that ascorbate is an important compound for TET protein activity, since these proteins

belong to the 2-OGDD superfamily. It has been proven that ascorbic acid enhances 5-hmC generation by promoting the

hydroxylation of 5-mC provided by TET proteins . Additionally, it was conclusively demonstrated that ascorbic acid’s

impact on TET proteins is not only due to its reducing ability, as other strong oxidizing agents do not present a similar

activity . In line with this finding, vitamin C was proposed to be an agent that promotes DNA demethylation . DNA

methylation and demethylation are not only linked with cytosine modifications, but also with chromatin reorganization

through changes in the amino acids in histones. The enzymes responsible for histone demethylation are Jumonji C-

domain-containing histone demethylases (JHDMs), which also belong to the 2-OGDD superfamily . As mentioned in

the literature review, more than 20 JHDMs are capable of eliminating the methyl groups of lysines, which are located in

histones . Previous studies identified that the methylation of lysines can induce or inhibit transcription depending on
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their location in the histones. Methylation located at lysine 9 in histone H3 and at lysine 20 in histone H4 provides gene

silencing, whereas the methylation of lysine 4, lysine 36, and lysine 79 in histone H3 is linked with enhancing transcription

. A large and growing body of evidence has investigated the essential role of the impaired balance between

methylation and demethylation during cancer initiation and progression . In recent years, there has been an

increasing interest in TET or JHDM mutations in different cancers, especially hematological ones . Therefore, the

plausible effects of vitamin C in cancer therapy have been the central aim of numerous works of research.

Other members of the 2-OGDD family are the hypoxia-inducible factors prolyl hydroxylases (HPHs) and the factor-

inhibiting hypoxia-inducible factor (FIH), which are arranged during the initiation of the degradation of subunit α of the

hypoxia inducible factors HIF1 and HIF2. HIFs take part in cellular adaptation to an anaerobic state, which frequently

occurs in tumors . The tumor microenvironment is distinct from that observed in healthy tissues. Tumor cells have the

ability to divide very quickly and frequently. Thus, boosting the tumor mass generates separation from blood vessels.

Although angiogenesis is common in cancer development, the newly formed vessels are distinct from healthy ones in

terms of their structures and functions . Taken together, there is a decrease in the partial pressure of oxygen in tumor

masses compared to the pressure observed in corresponding healthy tissue . A hypoxic state in tumors can increase

the tumor’s invasiveness and ability to metastasize . HIFs are composed of two constitutively expressed subunits, α

and β. In normoxic conditions, subunit α is hydroxylated by HPH and FIH; after a multistage post-translational process,

subunit α is degraded by proteasomes . However, in a hypoxic state, subunit α is stabilized, followed by bonding with

the β subunit, which eventually facilitates the transcription of specific genes. HIF1-α and HIF2-α differ from each other via

transcription regulation: HIF1-α is responsible mainly for the regulation of genes involved in cellular metabolic changes,

and HIF2-α is responsible for the control of genes involved in cellular signaling and extracellular matrix remodeling factors

. Moreover, both factors exhibit different expressions during hypoxia: in an acute hypoxic state, HIF1-α is highly

expressed, whereas long-termed hypoxia results in HIF2-α accumulation . Given that subunit α stabilization is crucial

for the expression of HIFs, HPHs and FIH are major factors contributing to cell adaptation under an anaerobic state.

Hence, any dysregulation of these enzymes may itself be a trigger of cancer initiation.

3. Effects of Vitamin C on Cancer Cells

Due to the pleiotropic functions of vitamin C, the idea of using this compound as a potential anti-cancer drug is not new.

However, the past decade has seen increasingly rapid advances in novel approaches to cancer therapy. There is a

general agreement that cancer patients exhibit significantly lower level of vitamin C in their plasma compared to healthy

subjects . Moreover, previous studies conclusively demonstrated that ascorbate deficiency can improve the

invasiveness of cancer cells . One plausible explanation of vitamin C depletion is oxidative stress in cells and

reactive oxygen species (ROS) formation over the course of carcinogenesis. It is widely known that cancer cells exhibit

different metabolic processes as a result of the dysfunction of the cellular organelles (mainly the mitochondria). This

eventually leads to excessive ROS generation, followed by chronic inflammation . Vitamin C acts as a radical

scavenger due to its antioxidant ability and plays a pivotal role in ROS elimination, so vitamin C levels may eventually

decline when free radicals are excessively generated . Therefore, it was suggested that vitamin C may have great

value in cancer therapy. In line with this hypothesis, a considerable amount of literature has been published on vitamin C’s

ability to destroy cancer cells in vitro and in vivo, even under pharmacological concentrations . Moreover, it was

also indicated that ascorbate has the ability to inhibit cancer growth . There are several possible ways that vitamin C

can exert anti-cancer action. One of them is vitamin C’s pro-oxidant ability, which is revealed mainly at high doses and can

be accessed only via intravenous intake. Several studies provided by Chen et al. showed that vitamin C may produce

hydrogen peroxide (H O ) as an intermediate of ascorbate radical generation in cancer cells . H O , as one of

ROS, plays a key role in maintaining the cellular redox state, it may have an impact on disrupting cancer cells’ metabolism

. According to Uetaki et al., the main target for vitamin C’s anti-cancer action is the inhibition of glycolysis via a

decrease in NAD . Interestingly, vitamin C cytotoxicity is observed only in tumor cells while omitting normal ones .

This difference may be the result of an altered mode of ATP generation in cancer cells: instead of oxidative proliferation,

such cells preferentially undergo glycolysis, even in an aerobic state. This process is commonly known as the Warburg

effect . Hence, vitamin C is targeted in the process and is mainly responsible for energy production in the tumor cells.

Furthermore, some cancer-specific mutations are actually associated with the Warburg effect, as previously demonstrated

. KRAS or BRAF mutations that occur in colorectal cancer may also contribute to glucose uptake and GLUT1

overexpression . As mentioned, GLUT1 transports DHA, which is reduced to ascorbic acid directly after transferring to

the cell . A great amount of GLUT1 in KRAS and BRAF mutant cells can be a target for high doses of vitamin C, which

can ultimately lead to ROS generation and cancer cell death .
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However, abnormal cell functions during carcinogenesis are predisposed to reduced oxygen availability , and a hypoxic

state in cancer cells may restrain the cytotoxic effect of vitamin C . Therefore, there is a second explanation for the

selective attack of vitamin C on cancer cells based on vitamin C’s potential to react with iron ions, which can be found in

the catalytic centers of multiple enzymes . According to the hypothesis proposed by Ngo et al., there is an abundance of

Fe  ions in specific cancer microenvironments, which can generate H O  and •OH through a reaction with vitamin C .

Moreover, the enrichment of Fe  inside cancer cells may stimulate the diffusion of H O  from extracellular space, which

is an intermediate for vitamin C autooxidation . In both cases, an excessive amount of H O  may lead to cytotoxicity in

cancer cells.

A large and growing body of studies have demonstrated that the balance between methylation and demethylation is

disturbed in many types of cancers . It was found that 5-mC changes involve 5-hmC reductions in tumors 

. Such alterations are proven to have an impact on the transcription of key genes in the human body, including

oncogenes and tumor suppressor genes, which may provoke carcinogenesis . Moreover, it was recently detected that

the vitamin C level correlates with 5-hmC  and, since 5-hmC is potentially involved in the regulation of gene expression

, ascorbate may also be involved in this process. Ascorbate is a co-factor of TET proteins, which are members of the 2-

OGGD family. Several in vitro  and in vivo   studies have established that ascorbate has the ability to

increase 5-hmC. It is also noteworthy that vitamin C removal in vitro correlates with a remarkable decrease in the 5-hmC

level with a parallel increase in the 5-mC level . Furthermore, TET2 mutations often occur in hematological

malignancies, with approximately 10% in acute myeloid leukemia, 30% in myelodysplastic syndrome, and 50% in chronic

myelomonocytic leukemia . Notably, in the case of TET2 mutations, application of vitamin C has the ability to restore

TET2 deficiency and promote DNA demethylation . The relationship between TET2 enzymes and ascorbate therapy in

leukemic cells was also detected in a study by Zhao et al. , who found that vitamin C administration increased TET2

activity. However, in terms of TET2 expression, a similar effect was not detected . Vitamin C in cancer therapy has

other beneficial effects on the suppression of tumor growth and metastasis (discussed below) , which may be

associated with changes in the transcription and expression of genes caused by changes in DNA methylation. As

mentioned above, other enzymes regulating the epigenome that depend upon vitamin C are JHDMs connected with

chromatin changes . Several studies have identified vitamin C as a crucial agent contributing to the JHDM-dependent

chromatin demethylation that occurs during hematopoiesis and somatic cell reprogramming . Given that DNA

methylation changes are the most prevalent among the various epigenetic processes, vitamin C likely has great value in

the regulation of gene expression.

4. Vitamin C in Adjuvant Cancer Therapy

Vitamin C has been frequently prescribed as a complementary or alternative treatment for cancer patients in previous

decades. Following the report that intravenous ascorbic acid administration is safe , there has been an increasing

amount of literature on implementing ascorbic acid therapy in various cancers. However, one question that needs to be

asked is whether vitamin C influences conventional chemotherapy or radiotherapy. Vitamin C seems to be effective in

preventing the side effects of chemotherapy and radiotherapy . However, the ROS generated during radiation may

be eliminated by vitamin C, which can diminish the therapeutic effect of radiotherapy. Similarly, chemotherapeutic agents

whose pharmacological actions are based on ROS generation may also be inefficient under vitamin C supplementation

. Therefore, there is still a need for further research in this field.
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