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Diverse antitumor effects of
ascorbic acid on cancer cells
and the tumor
microenvironment
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Ascorbic acid has attracted substantial attention for its potential antitumor

effects by acting as an antioxidant in vivo and as a cofactor in diverse enzymatic

reactions. However, solid proof of its clinical efficacy against cancer and the

mechanism behind its effect have not been established. Moreover, cancer

forms cancer-specific microenvironments and interacts with various cells,

such as cancer-associated fibroblasts (CAFs), to maintain cancer growth and

progression; however, the effect of ascorbic acid on the cancer

microenvironment is unclear. This review discusses the effects and

mechanisms of ascorbic acid on cancer, including the role of ascorbic acid

concentration. In addition, we present future perspectives on the effects of

ascorbic acid on cancer cells and the CAFmicroenvironment. Ascorbic acid has

a variety of effects, which contributes to the complexity of these effects. Oral

administration of ascorbic acid results in low blood concentrations (<0.2 mM)

and acts as a cofactor for antioxidant effects, collagen secretion, and HIFa
degradation. In contrast, intravenous treatment achieves large blood

concentrations (>1 mM) and has oxidative-promoting actions that exert

anticancer effects via reactive oxygen species. Therefore, intravenous

administration at high concentrations is required to achieve the desired

effects on cancer cells during treatment. Partial data on the effect of ascorbic

acid on fibroblasts indicate that it may alsomodulate collagen secretion in CAFs

and impart tumor-suppressive effects. Thus, future studies should verify the

effect of ascorbic acid on CAFs. The findings of this review can be used to guide

further research and clinical trials.
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Introduction

Ascorbic acid, also known as vitamin C, is a low-molecular-

weight compound with the chemical formula C6H8O6 and a

molecular weight of 176.12 g/mol. It is an essential water-soluble

vitamin that cannot be synthesized in the human body (1).

Instead, this vitamin must be acquired by consuming food.

Inadequate provision of dietary vitamin C can lead to

deficiencies such as scurvy (2–4). Ascorbic acid acts in vivo as

an antioxidant and cofactor in various enzymatic reactions but

has also attracted substantial attention for its potential

antitumor effects (5, 6). However, the clinical efficacy of

ascorbic acid as an anticancer treatment, and the mechanism

behind its effects, have not yet been confirmed.

Cancer maintains its characteristic growth and progression

by interacting with surrounding cells, forming a cancer

microenvironment composed of various cells. Among these

cells, cancer-associated fibroblasts (CAFs) play a significant

role in cancer cell proliferation, invasion, and metastasis by

providing growth factors and nutrients to cancer cells and

reorganizing the extracellular matrix of the peri-cancer stroma

(7–11). However, the effect of ascorbic acid on the cancer

microenvironment is unclear. Moreover, the heterogeneity

phenotype of fibroblasts in the peritumoral stroma of some

carcinomas promotes tumor growth (12, 13). Therefore,

elucidation of the heterogeneity of fibroblasts is urgently

required for the effective destruction of cancer cells.

In this review, we discuss the differences between the

antioxidant and oxidant-promoting effects of ascorbic acid,

including the role of ascorbic acid concentration. Our current

understanding of the concentration-dependent actions and

processes of ascorbic acid is also explained. We then provide

future perspectives on the antitumor effects of ascorbic acid on

cancer cells and its effects on CAFs, which form a key

cancer microenvironment.
Administration route and vascular
concentration of ascorbic acid

Orally ingested ascorbic acid is absorbed by transporters of

sodium-dependent vitamin C transporters (SVCTs) and glucose

transporters (GLUTs) in the small intestine and excreted via the

kidneys (14). In vivo, ascorbic acid exists as reduced ascorbic

acid or oxidized ascorbic acid (dehydroascorbic acid (DHA)),

which are respectively taken into cells through SVCTs and

GLUTs (15–17). Rat experiments revealed variations between

the oral and intravenous administration of ascorbic acid,

whereby oral administration of 5 mg/g of body weight did not

raise blood ascorbic acid concentrations, but intravenous

administration of 5 mg/g boosted ascorbic acid concentrations

to approximately 10 mM (18). However, since mice and rats can
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synthesize ascorbic acid in their bodies (<100 mM), it is necessary

to be careful in applying the results of experiments with mice

and rats to humans, whose systems cannot synthesize ascorbic

acid. In human studies, oral administration of 400 mg or more of

ascorbic acid maintained steady-state blood concentrations of

50–80 µM (19), with oral administration of 3 g of

ascorbic acid every 4 h increasing the maximum blood

concentration to approximately 220 µM. Conversely,

intravenous administration of 50 g of ascorbic acid was

predicted to increase the maximum blood concentration to

approximately 13.4 mM (20). The half-life of ascorbic acid in

the blood is 2.0 ± 0.6 h (21). Furthermore, in a report on patients

with cancer, ascorbic acid concentrations in the blood reached

20.3–49.0 mM with intravenous administration of 60–70 g/m2

or 1.5 g/kg of ascorbic acid (21–23). In other words, blood

concentrations of ascorbic acid vary widely depending on the

route of administration. Thus, the pharmacological effects of

ascorbic acid resulting from the low concentrations achieved by

oral administration (several hundred mM) may differ from those

resulting from the high pharmacological concentrations

achieved by intravenous administration (>1 mM). As such, the

intended administration route of ascorbic acid must be

considered. Adverse effects of ascorbic acid include effects on

renal function and hemolysis caused by a deficiency of glucose-

6-phosphate dehydrogenase (G6PD). Oral doses of more than

1000 mg per day increase renal excretion of urate and oxalate

compared to lower doses, so caution should be exercised when

administering high doses (19). G6PD is required for the proper

function of glutathione peroxidase, especially in erythrocytes

(24). However, many clinical trials in which high concentrations

of intravenous ascorbic acid were administered as monotherapy

or in combination with anticancer agents have shown no serious

adverse effects (21, 25–27). Therefore, ascorbic acid is considered

a drug with very low toxicity to the human body.
In vivo effects of ascorbic acid

Recent studies have demonstrated that ascorbic acid

absorbed in vivo has both antioxidant and oxidant-promoting

effects (28, 29). Ascorbic acid also exhibits various physiological

effects by catalyzing Fe(II)- and 2-oxoglutarate-dependent

dioxygenase reactions (14).
Ascorbic acid and reactive
oxygen species

Ascorbic acid degrades reactive oxygen species (ROS) at

average blood concentrations of 40–80 mM, reducing low-

density lipoprotein oxidation associated with atherosclerosis

and lipid oxidation of cell membranes (30–32). However, high

pharmacological concentrations of ascorbic acid achieved via
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intravenous administration produce H2O2 in vivo (18, 33, 34)

and then hydroxyl radicals via the Fenton reaction (35).

Intravascularly, ROS produced by high concentrations of

ascorbic acid are degraded by catalase in serum, whereas

extravascularly, ROS accumulate without degradation by

ascorbic acid and act as a pro-oxidant. Thus, ascorbic acid is

notable for its paradoxical activity, serving as an antioxidant at

low doses and a pro-oxidant at high doses (28, 29). In addition,

oral administration of ascorbic acid does not reach the same

pharmacological concentrations as intravenous treatment (19,

20); therefore, intravenous administration of ascorbic acid is

required for pro-oxidant activity to occur. In a rat study,

intravenous administration of 0.5 mg/g of ascorbic acid

increased the H2O2 concentration in the extracellular fluid

from undetectable to 20 mM, and intraperitoneal injection of

the same dose increased H2O2 concentration to approximately 5

mM. In contrast, no increase in H2O2 concentration in the

extracellular fluid was detected after oral administration of

ascorbic acid (18). In addition, in a mouse subcutaneous

transplantation model, intraperitoneal administration of 4 mg/

g of ascorbic acid increased the H2O2 concentration in the

extracellular fluid around the tumor to approximately 150 mM
(34, 35).
Ascorbic acid as a cofactor for
dioxygenase

Members of the Fe(II) and 2-oxoglutarate-dependent

dioxygenase families catalyze many oxidation reactions

throughout biology. Ascorbic acid acts as a coenzyme that

catalyzes the reactions that produce hydroxylation products

using 2-oxoglutarate and oxygen as substrates (36).

Particularly well-known are the reactions in collagen (37) and

HIFa, which is a master regulator of the cellular hypoxia

response pathway (38). The reaction in collagen is mediated

by one of the proline hydroxylases, collagen prolyl-4-

hydroxylase (C-P4H), which hydroxylates the procollagen

proline (37). C-P4H has a high binding capacity to oxygen

and is not affected by the oxygen concentration. Conversely, in

the reactions in HIFa, ascorbic acid catalyzes two types of

reactions: PHD1-3 in proline hydroxylase (38–40) and factor

inhibiting HIF-1 (FIH-1) in asparagine hydroxylase (41–43). In

the PHD reaction, ascorbic acid degrades HIFa via

ubiquitination by pVHL proteins (44–46). In the reaction of

FIH-1, it suppresses the interaction with CBP/p300, which is a

transcriptional cofactor, and suppresses the transcriptional

activity of HIFs (42). These reactions are dependent on the

oxygen concentration; thus, ascorbic acid acts as an oxygen

sensor in the cell because the reaction is reduced in a hypoxic

environment and HIF is not degraded (36). The concentrations

of ascorbic acid necessary to sustain enzymatic activity of PHDs

and FIH-1 are 140-180 uM and 260 uM, respectively (37) and
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are well above the steady-state blood concentrations of 40–80

mM, suggesting that these reactions require sufficient blood and

tissue concentrations of ascorbic acid (14, 47). Ascorbic acid also

acts as a cofactor for ten-eleven translocations (TETs) of DNA

hydroxylases; TETs are proteins that convert 5-methylcytosine

(mC) to 5-hydroxymethylcytosine (hmC) (48, 49). Ascorbic acid

promotes DNA demethylation by accelerating the reaction of

TETs (50).
Antitumor effect of ascorbic acid

Ascorbic acid exhibits antitumor effects in various

carcinomas (5, 6, 51); however, clinical studies have not yet

produced any significant evidence of these effects (52). Ascorbic

acid exhibits antitumor effects through ROS-mediated

mechanisms and as a cofactor. The mechanisms of ascorbic

acid as a cofactor include effects on HIFa via PHDs and FIH-1

and epigenetic effects via DNA demethylases (6, 49). (Table 1)

Ascorbic acid can also modulate metabolism and epigenetic gene

expression in immune cells as well as cancer cells (64–67).

Ascorbic acid is also known to inhibit EMT of tumor cells (58,

59). Here, we discuss the known antitumor effects of

ascorbic acid.
ROS-mediated antitumor effects of
ascorbic acid

The ROS-mediated mechanism is the most well-known

mechanism of the antitumor effect of ascorbic acid in various

carcinoma. Intravenous administration of high ascorbic acid

concentrations acts as a pro-oxidant in vivo, producing ROS

through the Fenton reaction (18). H2O2, a ROS formed outside

of the cell, diffuses rapidly inside the cell (68) where it consumes

antioxidants such as reduced glutathione and NADPH. In

addition, in colorectal cancer with KRAS or BRAF mutations,

lung cancer with KRAS mutations, and pancreatic cancer,

GLUT1 expression is increased because of an accelerated

glycolytic pathway, resulting in higher DHA absorption (69–

72). ROS accumulation increases oxidative stress, such as DNA

damage, and DNA damage increases PARP activity, thereby

decreasing NAD+ levels and limiting glycolytic system processes

(73, 74). In addition, GAPDH, an enzyme of the glycolytic

system, is inhibited in its enzymatic function by the reversible

binding of oxidized glutathione to cystein152, which is reactive

to oxidative stress (75). As a result, the glycolytic pathway

produces less adenosine triphosphate (ATP), and cells suffer

apoptosis. Indeed, in a report of metabolic changes induced by

ascorbate in a colon cancer cell line with KRAS or BRAF

mutations, metabolomic analysis using LC/MS/MS showed

that upstream metabolites in the glycolytic reaction catalyzed

by NAD+ and GAPDH were accumulated, whereas downstream
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metabolites were reduced (74). Because of redox imbalance,

cancer cells are susceptible to ROS and the effects of ascorbic

acid (76). In conclusion, the pro-oxidant effect of high

doses of ascorbic acid induces cell death by generating ROS

in cancer cells and limiting ATP generation through the

glycolytic pathway.

Conversely, the balance of oxidative stress and antioxidant

activity plays a crucial role in tumor development and

progression. In melanoma, ROS are overproduced by

mitochondria or NADPH oxidase, which promotes tumor

development and progression through DNA damage-induced

mutation of oncogenes and signal transduction via NF-kB (77,

78). In addition, melanoma acquires metastatic potential due to

enhanced production of antioxidant enzymes such as catalase

and tolerance to oxidative stress (78, 79). Ascorbic acid has a

dual impact on melanoma, with high concentrations triggering

cell death and low amounts promoting tumor growth (80).

Despite the above reported antitumor effects of ascorbic acid

at high concentrations, the ROS-mediated antitumor effects of

ascorbic acid remain insufficient for the following reasons. First,

the Fenton reaction-mediated ROS-generating effect of ascorbic

acid, which is recognized in vitro, may be inhibited at in vivo

concentrations of Fe2+ and Fe3+ (81). Second, in vivo, iron ions

are always chelated, so the Fenton reaction may not occur (30).

Finally, the inhibitory effect of ascorbic acid on ATP synthesis,

even in the presence of PARP inhibitors in vitro, may be exerted

by ascorbic acid regardless of the reduction of NAD+ levels by

PARP (82). In conclusion, it is possible that in vitro results of the

ROS-mediated antitumor effects of ascorbic acid are not

compatible with its in vivo mode of action, suggesting that

alternative anticancer mechanisms may be involved.
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HIFa-mediated antitumor effects of
ascorbic acid as a coenzyme

HIFa, which is expressed in many tumors such as melanoma,

leukemia, and carcinomas, including colon, pancreatic, and lung

cancer (83–87), is involved in angiogenesis and regulation of the

glycolytic system, which are crucial processes for cancer growth

and progression, suggesting that HIFa may be a novel cancer

therapeutic strategy (88, 89). Ascorbic acid is a cofactor for Fe(II)-

and 2-oxoglutarate-dependent dioxygenases and has various

physiological effects, catalyzing the interaction of PHDs and

FIH-1 and degrading the HIFa activity (44–46). Ascorbic acid

concentrations in human tumor samples were negatively

connected with HIF1a expression in colon cancer, with higher

ascorbic acid concentrations associated with prolonged

recurrence-free survival (83). In human endometrial tumors,

patients with higher ascorbic acid levels in tumors had lower

protein expression of HIF1a, VEGF, and GLUT1 and lower

malignancy (90). In human pancreatic cancer cell lines, in vitro,

low ascorbic acid concentrations (25 mM) reduced HIF1a
expression and suppressed tumor growth under hypoxic

conditions (57). In a model of subcutaneous lung tumor

transplantation in rats, intraperitoneal injection of ascorbic acid

(1 g/kg) suppressed HIF1a expression in tumors and decreased

tumor growth and vascular density (91). In a mouse model of

human B cell lymphoma implanted subcutaneously, oral

treatment of ascorbic acid (5 g/L) reduced HIF1a expression

and prevented tumor development (92).

Thus, the activity of ascorbic acid as a coenzyme may

suppress HIFa expression and activity in tumor cells and may

inhibit tumor cell proliferation by inhibiting angiogenesis.
TABLE 1 The types and effects of Fe (II) and 2-oxoglutaric acid-dependent dioxygenases in which ascorbic acid acts as a cofactor.

Collagen prolyl hydroxylases (C-P4H) Proline
hydroxylases

Factor inhibiting HIF-1 DNA/histone demethylases
(TETs/JHDMs)

Effect Promotes collagen production by
stabilizing the three-dimensional
structure of procollagen through
hydroxylation of its proline.

Degrade HIFa
via

ubiquitination
by pVHL
proteins.

Inhibits the
transcriptional abilities

of HIF1a via the
interaction with CBP/

p300.

Promote DNA demethylation
and regulate epigenetic gene

expression.

Ascorbic acid
concentration
in previous
reports

100 mM (53–56) 25-1000 mM (36, 46, 57) 100-2000 mM (58–63)

Antitumor
effects

Not clear. Inhibit tumor cell proliferation by inhibiting
angiogenesis and suppressing the promotion of
glycolysis.

Reexpresses tumor suppressor genes
and suppresses oncogenes. Prevent
migration and metastasis by suppressing
EMT of tumor cells.
C-P4H, collagen prolyl-4-hydroxylases; TETs, ten-eleven translocation enzymes; JHDMs, Jumonji-domain histone demethylases; HIFa, hypoxia inducible factor a; pVHL protein, the von
Hippel-Lindau protein; CBP, CREB-binding protein; EMT, epithelial-mesenchymal transition.
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Ascorbic acid regulates
epigenomic modifications

Ascorbic acid catalyzes the reaction of DNA hydroxylase

TETs and Jumonji C domain-containing histone demethylases

(JHMDs), thereby having epigenetic antitumor effects (6, 49, 93).

TET is a member of the same family of iron- and 2-oxoglutarate-

dependent dioxygenases as PHDs, which convert 5-

methylcytosine (5mC) into 5-hydroxymethylcytosine, promoting

histone demethylation and contributing to oncogene suppression

and the re-expression of tumor suppressor genes (94). In

hematologic tumors such as acute myeloid leukemia and

myelodysplastic syndromes, loss-of-function mutations in TET2

are known to occur frequently, resulting in decreased and

hypermethylated 5hmC. In these hematologic tumors,

administration of several hundred mM ascorbic acid has a gene

reprogramming effect that restores TET function and increases

5hmC levels, suppressing cell proliferation and promoting

myeloid progenitor cell differentiation (60, 94). In malignant

melanoma, 5hmC is known to decrease as the disease

progresses, and administration of 100 mM ascorbic acid restores

5hmC via TET, induces apoptosis in tumor cells, and shows

antitumor effects (61, 62). For colon cancer, administration of 1

mM ascorbic acid has also been reported to increase 5hmC via

TET in vitro, showing antitumor effects when combined with an

inhibitor of isocitrate dehydrogenase (IDH) mutations (63).

JHDMs are histone demethylases that use Fe2 + and a-
ketoglutarate as cofactors to demethylate histones and regulate

gene expression (95). Isocitrate dehydrogenases (IDH) mutations

reduce a-ketoglutarate, a substrate for TETs and JHDMs, and

promote DNA methylation in cells with IDH mutations,

regulating gene expression that leads to carcinogenesis such as

glioma (96). Ascorbic acid is necessary for the proper activity of

JHDMs and may correct gene expression that promotes

oncogenesis by promoting histone demethylation (93, 97).

Essentially, ascorbic acid has antitumor effects by improving the

hypermethylation state observed in tumors via TETs and JHDMs,

and by reprogramming gene expression.
Ascorbic acid downregulates EMT

Ascorbic acid regulates the epithelial-mesenchymal transition

(EMT), which is important for metastatic tumor potential. In

vitro, ascorbic acid suppressed EMT in human pancreatic cancer

cells by decreasing Snail and increasing E-cadherin at

concentrations of 1-1.5 mM (98). Ascorbic acid, in conjunction

with 5-azacytidine (5-AZA), a potent DNA methyltransferase

inhibitor, regulated EMT inhibition and cell cycle progression in
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humanHCC cells in vitro by suppressing Snail expression via TET

(58). Interestingly, ascorbic acid produced two distinct reactions

in human breast cancer in vitro. A low dose (100 mM) of ascorbic

acid decreased E-cadherin and increased the mesenchymal

marker vimentin, while a high dose (2 mM) of ascorbic acid

conversely increased E-cadherin and decreased vimentin,

reversing TGF-b 1-induced EMT and, as a result, suppressing

the formation of lung metastases in vivo (59). Ascorbic acid at

concentrations of 1 mM or higher is thought to suppress EMT in

tumors, possibly by inhibiting the effect of TGF-b1 or by

regulating Snail expression by TETs.
Effects of ascorbic acid
on fibroblasts

Ascorbic acid is known to enhance collagen synthesis (99,

100) and wound healing (101), reduce UV-induced damage

(102, 103), and exhibit anti-inflammatory effects (104, 105);

however, these effects are primarily skin-confined. Recently, the

CAF cancer microenvironment has attracted considerable

attention (10, 11), although few studies have described the

effects of ascorbic acid on CAFs. Here, we describe the effects

of ascorbic acid on fibroblasts.
Ascorbic acid and dermal fibroblasts

Ascorbic acid acts as a cofactor for C-P4Hs when taken up

by human dermal fibroblasts and promotes collagen production

by stabilizing the three-dimensional structure of procollagen

through hydroxylation of its proline (4, 106, 107). In vitro, a low

concentration of ascorbic acid (100 mM) in human skin

fibroblasts increases the expression of type1,3,4 collagen and

SVCT2 at the mRNA level (53–55) as well as increasing

proliferation (56), suggesting a direct effect on fibroblasts. In

human clinical data, oral ascorbic acid intake with exercise

stimulation doubled the amino-terminal propeptide of

collagen I in the blood, indicating enhanced collagen

production (108). In addition, ascorbic acid concentrations as

low as 0.17 mM in human skin fibroblasts increase the

contractile phenotype of myofibroblasts in the presence of

TGF-b1 through enhancement of the expression of TGFb1-

responsive genes, but do not increase such a phenotype in the

absence of TGF-b1 (109). Ascorbic acid promotes collagen

production and proliferation of skin fibroblasts as a coenzyme.

Moreover, in these studies, ascorbic acid increases in collagen

synthesis and secretion occurred at concentrations as low as

several hundred mM.
frontiersin.org

https://doi.org/10.3389/fonc.2022.981547
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Maekawa et al. 10.3389/fonc.2022.981547
Ascorbic acid and other
fibroblast reports

According to a study on tumor stroma, intraperitoneal

administration of ascorbic acid at a high dose of 4 g/kg in an

orthotopically transplanted mouse model of human pancreatic

cancer resulted in tumor reduction, reduced metastasis, and

enhanced tumor stroma due to increased collagen secretion (98).

In the 4T1 breast cancer orthotopic model utilizing ascorbic

acid-deficient (gulonolactone oxidase knockout mouse) mice,

oral administration of ascorbic acid increased type 1 collagen to

form a capsule around the tumor, and tumor boundaries were

more clearly defined than in the control group (110). Thus,

ascorbic acid may increase collagen production in the tumor

stroma at both high and low doses. However, it is unknown

whether this effect is on tumor cells or CAFs, and further

research is needed to determine whether ascorbic acid

activates CAFs in the tumor microenvironment and increases

collagen production. In contrast, hepatic stellate cells, which are

responsible for liver fibrosis, were inhibited in vitro by low doses

of ascorbic acid (50-200 M), which decreased intracellular TGF-

1 in rat cell lines (111). In a report examining the development of

pulmonary fibrosis by paraquat treatment, intraperitoneal

administration of 150 mg/kg of ascorbic acid inhibited

pulmonary fibrosis in a mouse model by inhibiting

inflammatory cell infiltration into the bronchoalveolar lavage

fluid, suppressing apoptosis by increasing antioxidant activity in
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the lung, and inhibiting TGF-b in the lung (112). As a result,

ascorbic acid may inhibit fibrosis by inhibiting inflammatory cell

infiltration and reduction of TGF-b in tissues. In our study, we

also found that in vitro, human pancreatic-derived fibroblasts,

whose proliferation is promoted when co-cultured with cancer

cells, receive high doses (>1 mM) of ascorbic acid for growth

inhibition. (Figure 1) In conclusion, the effects of low and high

doses of ascorbic acid on CAFs, such as enhanced collagen

production and inhibition of fibrosis development, differ from

organ to organ or disease model to disease model and

remain unclear.
Clinical trials on ascorbic acid

In the 1970s, clinical trials involving ascorbic acid revealed

that a small sample of patients treated with intravenous and oral

ascorbic acid lived longer than a control group (113, 114). At

that time, the mechanism of the antitumor effect of ascorbic acid

efficacy remained unclear, and subsequent randomized, double-

blind, placebo-controlled trials with oral ascorbic acid failed to

demonstrate a survival benefit (115, 116). Therefore, the

antitumor effect of ascorbic acid was viewed unfavorably.

Multiple mechanisms of ascorbic acid’s antitumor effect were

subsequently proven in vitro, along with differences in ascorbic

acid blood levels between oral and intravenous administration

methods. Furthermore, the fact that blood levels of ascorbic acid
BA

FIGURE 1

Ascorbic acid reduces the proliferation of human-derived pancreatic fibroblasts (hPFs). (A) Proliferation of hPFs is increased in a co-culture with
a pancreatic cancer cell line (MIAPaCa2). ***P < 0.001 versus control, means ± SEM, n = 12. (B) Proliferation of hPFs is dose-dependently
reduced by high-dose ascorbic acid treatment. ****P < 0.0001 versus ascorbic acid 0 mM, means ± SEM, n = 6. Statistical analysis was
performed by GraphPad Prism 9 and significance was determined by Student’s t-test.
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were decreased in cancer patients (117, 118) and that the adverse

effects associated with ascorbic acid administration were

extremely low, led to the expectation that ascorbic acid could

be used for therapeutic applications. (Table 2) There were a few

scattered case reports showing tumor shrinkage with ascorbic

acid treatment (131, 153–158), and there were also reports of

antitumor effects in a small number of studies (25, 124, 159,

160). Ascorbic acid in combination with chemotherapeutic

agents has also been researched, and some reports of reduced

side effects and improved quality of life have been observed (21,

161, 162). In contrast, there have been no large-scale clinical

trials that have demonstrated an additional antitumor effect by

ascorbic acid (6, 76, 131, 163), and several ongoing clinical trials

of ascorbic acid alone or in combination with chemotherapeutic

agents for advanced colon cancer, pancreatic cancer, lung

cancer, and other malignancies are expected to provide results

in the near future (140, 148, 149, 151) (Table 2).

Discussion

Ascorbic acid is a medicine that has been widely investigated and

used for a long time; however, its beneficial effects against cancer have

not yet been proven by clinical trials. The contrasting in vivo effects of

ascorbic acid may explain this. That is, the oxidative-promoting

impact at high concentrations is detrimental to cancer cells, whereas

the antioxidant effect at low concentrations may promote cancer
Frontiers in Oncology 07
(164). Because of this paradoxical effect, the administration route of

ascorbic acid should be carefully considered. In addition, future

research should explain the different activities of multiple dioxylases

as cofactors, such asHIFa degradation, immune cell modulation, and

epigenetic regulation of gene expression, in relation to the cancer

microenvironment (Figure 2).

Additionally, research on the effects of ascorbic acid on

CAFs implies the existence of novel therapeutic possibilities.

Since the diversity of gene expression in fibroblasts in vivo differs

among organs and pathological conditions (165), the effects of

ascorbic acid on CAFs are also expected to vary among organs

and pathological conditions. One of the potential effects of

ascorbic acid may be the inhibition of tumor-promoting CAFs.

Tumor-promoting CAFs support cancer growth by supplying

cancer cells with nutrients and growth factors (7–11). Moreover,

tumor-promoting CAFs control ECM secretion and protease

secretion, remodel the ECM, and generate invasive routes

necessary for solid tumor invasion (166, 167). Furthermore, in

tumors with a high stromal component, such as pancreatic and

breast cancer, the stromal fluid pressure in the tumor area

increases, reducing drug delivery and indicating resistance to

treatment (168, 169). Tumor-promoting CAFs promote cancer

through cross-talk functions with cancer cells, ECM remodeling

functions, and physical drug barrier functions. Ascorbic acid has

an inhibitory effect on fibroblasts through a reduction in TGF at

low doses and an inhibitory effect on cell proliferation via a
FIGURE 2

Overview of the various dose-dependent effects of ascorbic acid on cancer. ROS, reactive oxygen species; HIFa, hypoxia-inducible factor-
alpha; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NAD+, nicotinamide adenine dinucleotide.
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TABLE 2 Clinical trials on ClinicalTrials. gov.

Studya Cancer types Phase
of

study

Design
of study

Therapy Number of
patients
(with/
without
ascorbic
acid) or
estimated
enrollment

Result or primary outcome
measures (if trials are not

reported)

Published clinical trials

NCT00954525
(25, 119)

pancreatic cancer Phase I single group
assignment

Ascorbic acid (IV 50-100 g, 3
infusions per week), gemcitabine
and erlotinib for 8 weeks per cycle

9 Seven patients were SD and 2 patients were
PD. Time to progression was 89 days
(standard deviation 77 days) and overall
survival was 182 days (standard deviation
155 days)

NCT00006021
(120, 121)

multiple myeloma Phase I/
II

single group
assignment

Ascorbic acid (IV 1 g, 5 infusions
per week) and arsenic trioxide for 5
weeks per 7 week

6 Two patients were PR, and 4 patients were
SD.

NCT00317811
(122, 123)

multiple myeloma Phase II single group
assignment

Ascorbic acid (oral 1g, days 1-4
every 2 weeks), bortezomib and
melphalan

31 Five patients were CR, 3 patients were
VCPR, 6 patients were PR, 9 patients were
MR, 6 patients were SD, and 2 patients
were PD.

NCT01049880
(124, 125)

pancreatic cancer Phase I single group
assignment

Ascorbic acid (IV 50-125 g, 2
infusions per week) and gemcitabine

9 Time to progression and overall survival
were 26 ± 7 weeks and 13 ± 2 months.
(Means ± SEM)

NCT01050621
(26, 126)

all cancer Phase I/
II

single group
assignment

Ascorbic acid (IV 1.5 g/kg, 2 or 3
infusions per week) and
chemotherapy

14 Three patients had unusually favorable
experiences that were deemed highly
unlikely to result from chemotherapy alone.

NCT01080352
(127, 128)

prostate cancer Phase II single group
assignment

Ascorbic acid (IV week 1, 5 g; week
2, 30 g; and weeks 3–12, 60 g, once
a week)

23 This treatment was not found to be
effective.

NCT01364805
(98, 129)

pancreatic cancer Phase I/
IIa

single group
assignment

Ascorbic acid (IV 75-100 g, 3
infusions per week) and gemcitabine

14 Median progression-free survival and
median overall survival were 3 months and
15.1 months.

NCT00228319
(130, 131)

ovarian cancer Phase I/
IIa

parallel
assignment,
randomized

Arm 1: carboplatin and paclitaxel
chemotherapy and ascorbic acid (IV
75-100 g, 2 infusion per week) for 6
months/Arm 2: carboplatin and
paclitaxel chemotherapy

25 (13/12) There were no statistically significant
difference in overall survival and the
median time for disease progression/relapse.

NCT02655913
(132, 133)

non-small-cell lung
cancer

Phase I/
II

parallel
assignment,
randomized

Arm 1: administration of ascorbic
acid (IV 1 g/kg, 3 infusions per
week) for total 25 times, modulated
electrohyperthermia, and supportive
care/Arm 2: supportive care

97 (49/48) Progression-free survival (3 months vs. 1.85
months, P < 0.05) and overall survival (9.4
months vs. 5.6 months, P < 0.05) were
significantly prolonged by combination
therapy compared to BSC alone.

NCT01905150
(134, 135)

pancreatic cancer Phase II parallel
assignment,
randomized

Arm 1: G-FLIP/G-FLIP-MD and
ascorbic acid (IV 75-100 g, 2
infusions per week)/Arm 2: G-FLIP/
G-FLIP-MD

26 (we could
confirm only
abstract, and
it did not
describe
details)

Ascorbic acid may avoid standard 20-40%
rates of severe toxicities.

Ongoing or unpublished clinical trials

NCT01754987
(136)

hepatocellular carcinoma Phase I/
II

parallel
assignment,
non-
randomized

Arm 1: ascorbic acid (IV 100 g, 3
infusions per week) for 16 weeks
and sorafenib/Arm 2: sorafenib only

5 (5/0) Number of participants that experience
serious adverse events. (Time Frame: 16
weeks +/- 2 weeks)

NCT03410030
(137)

pancreatic cancer Phase
Ib/II

single group
assignment

Ascorbic acid (IV ≥20 mM), nab-
paclitaxel, cisplatin, and gemcitabine

36 Disease control rate (CR+PR+SD x18
weeks) (Time Frame: approximately 63
days)

(Continued)
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TABLE 2 Continued

Studya Cancer types Phase
of

study

Design
of study

Therapy Number of
patients
(with/
without
ascorbic
acid) or
estimated
enrollment

Result or primary outcome
measures (if trials are not

reported)

Published clinical trials

NCT03964688
(138)

multiple myeloma and
lymphoma

Phase II parallel
assignment,
randomized

Arm 1: ascorbic acid (IV during
hospitalization, after oral, total 6
weeks.)/Arm 2: placebo

47 Immune recovery (Time Frame: day 14-28)

NCT02905578
(139)

pancreatic cancer Phase II parallel
assignment,
randomized

Arm 1: ascorbic acid (IV 75 g, 3
infusions per week), gemcitabine,
and nab-paclitaxel/Arm 2:
gemcitabine and nab-paclitaxel

65 Overall survival (Time Frame: Every 2
months for up to 20 years post-treatment)

NCT03146962
(140)

colorectal, lung, and
pancreatic cancer

Phase II single group
assignment

Cohort A: ascorbic acid (IV 1.25 g/
kg, 4 infusions per week) for 2-4
consecutive weeks/Cohort B:
ascorbic acid (IV 1.25 g/kg, 4
infusions per week) up to 6 months/
Cohort C: ascorbic acid (IV 1.25 g/
kg, 4 infusions per week) for 1-3
weeks and Yttrium-90
radioembolization of hepatic
metastases

78 Change in antitumor activity measured by
pathologic response based on tumor
regression grading in cohort A patients.
(Time Frame: cohort A - 8 weeks) Three-
month disease control rate will be evaluated
using RECIST v 1.1 in cohort B patients.
(Time Frame: Cohort B - 3 months)
Maximal tolerated dose of high dose
vitamin C in combination with Y90
radioembolization (Time Frame: Cohort C -
16 weeks)

NCT03418038
(141)

high grade B-cell
lymphoma with MYC
and BCL2 or BCL6
rearrangements,
recurrent diffuse large
B-cell lymphoma,
recurrent Hodgkin
lymphoma, recurrent
lymphoma, refractory
diffuse large B-cell
lymphoma, and
refractory lymphoma

Phase II parallel
assignment,
randomized

Arm A: ascorbic acid (IV) on days
1, 3, 5, 8, 10, 12, 15, 17, and 19, and
combination chemotherapy./Arm B:
placebo (normal saline) (IV) on
days 1, 3, 5, 8, 10, 12, 15, 17, and
19, and combination
chemotherapy./Arm C: ascorbic acid
(IV) on days 1, 3, 5, 8, 10, 12, 15,
17, and 19, and another
combination chemotherapy from
Arm A and B.

147 Overall response rate (Arms A and B)
(Time Frame: Up to 2 years) Overall
response rate (Arm C) (Time Frame: Up to
2 years)

NCT03433781
(142)

myelodysplastic
syndromes

Phase
Ib/IIa

single group
assignment

Ascorbic acid (continuous
intravenous infusion/24 hours 50 g,
5 infusions every 4 week)

18 Measure of serum bioavailability of ascorbic
acid in Myelodysplastic syndrome patients
with ten-eleven translocation 2 mutations
(Time Frame: 6 Months)

NCT03508726
(143)

soft tissue sarcoma Phase
Ib/II

single group
assignment

Ascorbic acid (IV 62.5 or 75 g, 3
infusions per week)

25 Tumor response as assessed by pCR rate
(Time Frame: Start of treatment up to 6
weeks after the last ascorbate infusion)

NCT03682029
(144)

myelodysplastic
syndromes, chronic
myelomonocytic
leukemia-1, and
cytopenia

– parallel
assignment,
randomized

Arm 1: ascorbic acid (oral 1000 mg,
daily) for 12 months/Arm 2:
placebo

100 Median change from baseline in variant
allele frequency at 12 months (Time Frame:
At baseline and at 12 months)

NCT03799094
(145)

non-small-cell lung
cancer

Phase I/
II

parallel
assignment,
randomized

Arm 1: ascorbic acid (IV 30 g, once
a week) and daily taking tyrosine
kinase inhibitor/Arm 2: daily taking
tyrosine kinase inhibitor

150 Progression free survival (Time Frame:
From the start date of treatment until the
date of first documented progression or
death, assessed up to 2 years)

NCT03999723
(146)

myelodysplastic
syndromes, acute
myeloid leukemia, and
chronic myelomonocytic
leukemia

Phase II parallel
assignment,
randomized

Arm 1: ascorbic acid (oral 1000 mg,
daily) and azathioprine/Arm 2:
placebo and azathioprine

196 Event-free survival (Time Frame: 0-54
months)

(Continued)
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prooxidant effect at higher doses, suggesting that it may have an

inhibitory effect on tumor-promoting CAFs.

Conversely, collagen is known to form a barrier that

physically obstructs cell migration without protease

degradation (170, 171). In a mouse model lacking -SMA-

positive fibroblasts, the tumor suppressive effects of CAFs have

been demonstrated to induce an undifferentiated tumor

phenotype and dramatically reduce survival (172). The

increase in cancer stroma, tumor shrinkage, and metastasis

inhibition effects of ascorbic acid may be attributed to the

activation of tumor suppressive fibroblasts and the formation

of collagen barriers that inhibit tumor progression.

Ascorbic acid may also affect CAFs via suppression of

HIF1a. Tumor-induced ROS-mediated “pseudo-hypoxia” in

CAFs leads to the accumulation of HIF1a and enhanced

aerobic glycolysis (173, 174). Furthermore, high expression of

HIF1a in CAFs induces protein expression in myofibroblasts in

CAFs, and inhibition or knockout of HIF1a improves their
Frontiers in Oncology 10
phenotype (175). Stimulation by TGF-b or PDGF also

suppresses IDH3 expression and decreases 2-oxoglutarate in

fibroblasts, resulting in HIF1a accumulation and regulating

fibroblast differentiation into CAFs (176). Ascorbic acid may

inhibit the accumulation of HIF1a by promoting the reaction of

2-oxoglutarate-dependent dioxygenases such as PHDs and FIH-

1, thereby suppressing fibroblast differentiation into CAFs. The

JAK1/STAT3 pathway is also an important pathway that

maintains actomyosin contractility and the CAF phenotype

(177), and methylation of the promoter of protein tyrosine

phosphatase non-receptor type 6 (SHP-1), which negatively

regulates the JAK/STAT pathway, allowing for sustained

signaling (167). For this epigenetic reorganization, DNA

demethylase-mediated effects such as TETs of ascorbic acid

may be exerted. However, CAFs have an enhanced glycolytic

system due to chronic hypoxia in the tumor microenvironment

and subsequent epigenetic reorganization by demethylation of

HIF1a and promoters of enzymes of the glycolytic system (178),
TABLE 2 Continued

Studya Cancer types Phase
of

study

Design
of study

Therapy Number of
patients
(with/
without
ascorbic
acid) or
estimated
enrollment

Result or primary outcome
measures (if trials are not

reported)

Published clinical trials

NCT04033107
(147)

hepatocellular cancer,
pancreatic cancer, gastric
cancer, and colorectal
cancer

Phase II single group
assignment

Ascorbic acid (IV 1.5 g/kg, D1-3,
every 2 weeks) and metformin

30 Progression-free survival (Time Frame: up
to 12 weeks)

NCT04046094
(148)

bladder cancer Phase I/
II

single group
assignment

Ascorbic acid (IV 25 g, 2 infusions
per week) for 4 weeks

21 Post treatment pathological staging (Time
Frame: 10 weeks)

NCT04516681
(149)

colorectal cancer Phase
III

parallel
assignment,
randomized

Arm 1: ascorbic acid (IV 1.5g/kg/
day, D1-3, every 2 weeks) and
FOLFOXIRI+/- bevacizumab/Arm
2: FOLFOXIRI+/- bevacizumab

400 Objective response rate (Time Frame: up to
5 years)

NCT04634227
(150)

sarcoma, soft tissue
sarcoma, unresectable
soft tissue sarcoma,
metastatic bone tumor,
and bone sarcoma

Early
Phase I

single group
assignment

Ascorbic acid (IV 20-30 mM) on
days 1, 2, 8, 9, 15 and 16 of a 28-
day cycle, and gemcitabine

20 Determine the 12 weeks progression free
survival at 12 weeks post treatment
initiation (Time Frame: 12 weeks post-
treatment)

NCT04801511
(151)

rectal cancer Phase II single group
assignment

Ascorbic acid (IV 24 g, 25 times)
with preoperative concurrent
intensity-modulated radiation
therapy and mFOLFOX6
chemotherapy, and then
preoperative mFOLFOX6
chemotherapy

60 pCR rate (Time Frame: 2 year From the
first subject underwent surgery to the last
subject underwent surgery.)

NCT02516670
(152)

prostate cancer Phase II parallel
assignment,
randomized

Arm 1: ascorbic acid (IV 25 g, 2
infusions per week) for 3 weeks and
docetaxel/Arm 2: placebo and
docetaxel

50 Terminated (insufficient clinical response
per DSMB)
aThis table describes clinical trials since 2000.
IV, intravenous injection; CR, complete response; VGPR, very good partial response; PR, partial response; SD, stable disease; PD, progressive; pCR, pathologic complete response; DSMB,
Data and Safety Monitoring Board.
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and there may be unexpected epigenetic effects of ascorbic acid

that should be clarified in the future. Ascorbic acid may have a

tumor suppressive effect by affecting CAFs and reprogramming

them into normal fibroblasts. (Figure 3) It is possible that the

antitumor effect of ascorbic acid can be improved by examining

the method of administration and adapting it to the expression

status of HIF in tumors and CAFs. Furthermore, elucidating the

effects of ascorbic acid targeting not only tumor cells but also

tumor microenvironments such as CAFs may help to reveal

further antitumor effects of ascorbic acid.
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FIGURE 3

Overview of the antitumor effects of ascorbic acid on cancer-associated fibroblasts. ROS, reactive oxygen species; HIFa, hypoxia-inducible
factor-alpha.
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González MJ, et al. Intravenous vitamin c as a chemotherapy agent: a report on
clinical cases. P R Health Sci J (2004) 23:115–8.

157. Seo MS, Kim JK, Shim JY. High-dose vitamin c promotes regression of
multiple pulmonary metastases originating from hepatocellular carcinoma. Yonsei
Med J (2015) 56:1449–52. doi: 10.3349/ymj.2015.56.5.1449

158. Drisko JA, Serrano OK, Spruce LR, Chen Q, Levine M. Treatment of
pancreatic cancer with intravenous vitamin c: a case report. Anticancer Drugs
(2018) 29:373–9. doi: 10.1097/CAD.0000000000000603

159. Schoenfeld JD, Sibenaller ZA, Mapuskar KA, Wagner BA, Cramer-Morales
KL, Furqan M, et al. O2·- and H2O2-mediated disruption of fe metabolism causes
the differential susceptibility of NSCLC and GBM cancer cells to pharmacological
ascorbate. Cancer Cell (2017) 31:487–500. doi: 10.1016/j.ccell.2017.02.018

160. Zhao H, Zhu H, Huang J, Zhu Y, Hong M, Zhu H, et al. The synergy of
vitamin c with decitabine activates TET2 in leukemic cells and significantly
improves overall survival in elderly patients with acute myeloid leukemia. Leuk
Res (2018) 66:1–7. doi: 10.1016/j.leukres.2017.12.009

161. Vollbracht C, Schneider B, Leendert V, Weiss G, Auerbach L, Beuth J.
Intravenous vitamin c administration improves quality of life in breast cancer
patients during chemo-/radiotherapy and aftercare: results of a retrospective,
multicentre, epidemiological cohort study in Germany. In Vivo (2011) 25:983–90.

162. Takahashi H, Mizuno H, Yanagisawa A. High-dose intravenous vitamin c
improves quality of life in cancer patients. Pers Med Univ (2012) 1:49–53. doi:
10.1016/j.pmu.2012.05.008

163. Jacobs C, Hutton B, Ng T, Shorr R, Clemons M. Is there a role for oral or
intravenous ascorbate (vitamin c) in treating patients with cancer? a systematic
review. Oncologist (2015) 20:210–23. doi: 10.1634/theoncologist.2014-0381

164. Cockfield JA, Schafer ZT. Antioxidant defenses: A context-specific
vulnerability of cancer cells. Cancers (Basel) (2019) 11:1208. doi: 10.3390/
cancers11081208

165. Buechler MB, Pradhan RN, Krishnamurty AT, Cox C, Calviello AK, Wang
AW, et al. Cross-tissue organization of the fibroblast lineage. Nature (2021)
593:575–9. doi: 10.1038/s41586-021-03549-5

166. Gaggioli C, Hooper S, Hidalgo-Carcedo C, Grosse R, Marshall JF,
Harrington K, et al. Fibroblast-led collective invasion of carcinoma cells with
differing roles for RhoGTPases in leading and following cells. Nat Cell Biol (2007)
9:1392–400. doi: 10.1038/ncb1658

167. Albrengues J, Bertero T, Grasset E, Bonan S, Maiel M, Bourget I, et al.
Epigenetic switch drives the conversion of fibroblasts into proinvasive cancer-
associated fibroblasts. Nat Commun (2015) 6:10204. doi: 10.1038/ncomms10204

168. Provenzano PP, Cuevas C, Chang AE, Goel VK, Von Hoff DD, Hingorani
SR. Enzymatic targeting of the stroma ablates physical barriers to treatment of
pancreatic ductal adenocarcinoma. Cancer Cell (2012) 21:418–29. doi: 10.1016/
j.ccr.2012.01.007

169. Nathanson SD, Nelson L. Interstitial fluid pressure in breast cancer, benign
breast conditions, and breast parenchyma. Ann Surg Oncol (1994) 1:333–8. doi:
10.1007/BF03187139

170. Liotta LA. Tumor invasion and metastases–role of the extracellular matrix:
Rhoads memorial award lecture. Cancer Res (1986) 46:1–7.

171. Egeblad M, Rasch MG, Weaver VM. Dynamic interplay between the
collagen scaffold and tumor evolution. Curr Opin Cell Biol (2010) 22:697–706.
doi: 10.1016/j.ceb.2010.08.015

172. Özdemir BC, Pentcheva-Hoang T, Carstens JL, Zheng X, Wu CC, Simpson
TR, et al. Depletion of carcinoma-associated fibroblasts and fibrosis induces
immunosuppression and accelerates pancreas cancer with reduced survival.
Cancer Cell (2014) 25:719–34. doi: 10.1016/j.ccr.2014.04.005

173. Yoshida GJ, Azuma A, Miura Y, Orimo A. Activated fibroblast program
orchestrates tumor initiation and progression; molecular mechanisms and the
associated therapeutic strategies. Int J Mol Sci (2019) 20:2256. doi: 10.3390/
ijms20092256

174. Yoshida GJ. Metabolic reprogramming: the emerging concept and
associated therapeutic strategies. J Exp Clin Cancer Res (2015) 34:111.
doi: 10.1186/s13046-015-0221-y

175. Zhang Y, Bian Y, Wang Y, Wang Y, Duan X, Han Y, et al. HIF-1a is
necessary for activation and tumour-promotion effect of cancer-associated
fibroblasts in lung cancer. J Cell Mol Med (2021) 25:5457–69. doi: 10.1111/
jcmm.16556

176. Zhang D, Wang Y, Shi Z, Liu J, Sun P, Hou X, et al. Metabolic
reprogramming of cancer-associated fibroblasts by IDH3a downregulation. Cell
Rep (2015) 10:1335–48. doi: 10.1016/j.celrep.2015.02.006
frontiersin.org

https://clinicaltrials.gov/ct2/show/NCT01905150
https://clinicaltrials.gov/ct2/show/NCT01905150
https://doi.org/10.1200/JCO.2017.35.15_suppl.e15711
https://clinicaltrials.gov/ct2/show/ NCT01754987
https://clinicaltrials.gov/ct2/show/NCT03410030
https://clinicaltrials.gov/ct2/show/NCT03410030
https://clinicaltrials.gov/ct2/show/NCT03964688
https://clinicaltrials.gov/ct2/show/NCT03964688
https://clinicaltrials.gov/ct2/show/NCT02905578
https://clinicaltrials.gov/ct2/show/NCT02905578
https://clinicaltrials.gov/ct2/show/NCT03146962
https://clinicaltrials.gov/ct2/show/NCT03418038
https://clinicaltrials.gov/ct2/show/NCT03418038
https://clinicaltrials.gov/ct2/show/NCT03433781
https://clinicaltrials.gov/ct2/show/NCT03508726
https://clinicaltrials.gov/ct2/show/NCT03682029
https://clinicaltrials.gov/ct2/show/NCT03799094
https://clinicaltrials.gov/ct2/show/NCT03999723
https://clinicaltrials.gov/ct2/show/NCT03999723
https://clinicaltrials.gov/ct2/show/NCT04033107
https://clinicaltrials.gov/ct2/show/NCT04033107
https://clinicaltrials.gov/ct2/show/NCT04046094
https://clinicaltrials.gov/ct2/show/NCT04516681
https://clinicaltrials.gov/ct2/show/NCT04516681
https://clinicaltrials.gov/ct2/show/NCT04634227
https://clinicaltrials.gov/ct2/show/NCT04634227
https://clinicaltrials.gov/ct2/show/NCT04801511
https://clinicaltrials.gov/ct2/show/NCT02516670
https://doi.org/10.1080/07315724.2003.10719284
https://doi.org/10.15761/ICST.1000219
https://doi.org/10.1503/cmaj.050346
https://doi.org/10.3349/ymj.2015.56.5.1449
https://doi.org/10.1097/CAD.0000000000000603
https://doi.org/10.1016/j.ccell.2017.02.018
https://doi.org/10.1016/j.leukres.2017.12.009
https://doi.org/10.1016/j.pmu.2012.05.008
https://doi.org/10.1634/theoncologist.2014-0381
https://doi.org/10.3390/cancers11081208
https://doi.org/10.3390/cancers11081208
https://doi.org/10.1038/s41586-021-03549-5
https://doi.org/10.1038/ncb1658
https://doi.org/10.1038/ncomms10204
https://doi.org/10.1016/j.ccr.2012.01.007
https://doi.org/10.1016/j.ccr.2012.01.007
https://doi.org/10.1007/BF03187139
https://doi.org/10.1016/j.ceb.2010.08.015
https://doi.org/10.1016/j.ccr.2014.04.005
https://doi.org/10.3390/ijms20092256
https://doi.org/10.3390/ijms20092256
https://doi.org/10.1186/s13046-015-0221-y
https://doi.org/10.1111/jcmm.16556
https://doi.org/10.1111/jcmm.16556
https://doi.org/10.1016/j.celrep.2015.02.006
https://doi.org/10.3389/fonc.2022.981547
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Maekawa et al. 10.3389/fonc.2022.981547
177. Sanz-Moreno V, Gaggioli C, Yeo M, Albrengues J, Wallberg F, Viros A,
et al. ROCK and JAK1 signaling cooperate to control actomyosin contractility in
tumor cells and stroma. Cancer Cell (2011) 20:229–45. doi: 10.1016/
j.ccr.2011.06.018
Frontiers in Oncology 16
178. Becker LM, O’Connell JT, Vo AP, Cain MP, Tampe D, Bizarro L, et al.
Epigenetic reprogramming of cancer-associated fibroblasts deregulates glucose
metabolism and facilitates progression of breast cancer. Cell Rep (2020)
31:107701. doi: 10.1016/j.celrep.2020.107701
frontiersin.org

https://doi.org/10.1016/j.ccr.2011.06.018
https://doi.org/10.1016/j.ccr.2011.06.018
https://doi.org/10.1016/j.celrep.2020.107701
https://doi.org/10.3389/fonc.2022.981547
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Diverse antitumor effects of ascorbic acid on cancer cells and the tumor microenvironment
	Introduction
	Administration route and vascular concentration of ascorbic acid
	In vivo effects of ascorbic acid
	Ascorbic acid and reactive oxygen species
	Ascorbic acid as a cofactor for dioxygenase

	Antitumor effect of ascorbic acid
	ROS-mediated antitumor effects of ascorbic acid
	HIFα-mediated antitumor effects of ascorbic acid as a coenzyme
	Ascorbic acid regulates epigenomic modifications
	Ascorbic acid downregulates EMT

	Effects of ascorbic acid on fibroblasts
	Ascorbic acid and dermal fibroblasts
	Ascorbic acid and other fibroblast reports

	Clinical trials on ascorbic acid
	Discussion
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


