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Abstract. Background/Aim: The anti-cancer effect of high
doses of intravenous vitamin C (high-dose vitamin C)
remains controversial despite growing evidence that high-
dose vitamin C exerts anti-tumorigenic activity by increasing
the amount of reactive oxygen species in cancer cells without
meaningful toxicities. Therefore, this study attempted to
demonstrate the in vitro anti-cancer activity of high-dose
vitamin C in combination with conventional treatment in
breast cancer. Materials and Methods: The pro-apoptotic
effects of high-dose vitamin C (1.25 to 20 mM) with or
without anti-cancer agents (eribulin mesylate, tamoxifen,
fulvestrant, or trastuzumab) were estimated using an MTT
assay to measure the cell viability of a variety of breast
cancer cell lines (MCF7, SK-BR3, and MDA-MB-231), as
well as normal breast epithelial cells (MCF10A). Results:
High-dose vitamin C (≥10 mM) significantly decreased cell
viability of all breast cancer cell lines, particularly of MCF-
7 cells. The catalase activities of MCF7 and MDA-MD-231
cells were also lower than those of MCF10A cells. Moreover,
cell viability of both MCF7 and MDA-MD-231 cells was
decreased further when combining high-dose vitamin C and
eribulin mesylate, and this was also true for MCF-7 cells
when combining high-dose vitamin C with tamoxifen or
fulvestrant and for SK-BR3 cells when combining high-dose

vitamin C with trastuzumab in comparison with
chemotherapy or endocrine therapy alone. Conclusion:
Combining high-dose vitamin C with conventional anti-
cancer drugs can have therapeutic advantages against breast
cancer cells. 

Breast cancer is the most commonly diagnosed type of cancer
and the second leading cause of cancer-related death in
women worldwide (1). Despite advances in early detection
and systemic treatment, including cytotoxic, hormonal, and
biological agents based on understanding breast cancer
biology, about 30% of patients experience recurrent disease
after curative surgery. Also, advanced breast cancer (ABC)
patients ultimately progress within 1 or 2 years, regardless of
their response to treatment, and the response to subsequent
agents is generally lower (2). While the ability of biological
or targeted agents to improve the efficacy and overcome
resistance to conventional agents has been explored in a
variety of cancers, there are still important obstacles related to
tumor specificity and cost. As a result, many patients,
especially in Asia, are actively considering alternative or
supplementary medicines to conventional therapies, especially
antioxidants such as vitamin C, despite a lack of definitive
evidence (3). 

However, there is growing evidence that high
(pharmacologic) concentrations of vitamin C induce dose-
dependent pro-apoptotic death of tumor cells in vitro (4, 5).
While minimal data are available for breast cancer, vitamin
C has been frequently reported to induce apoptosis in
human breast cancer cells without having a significant
impact on normal cells (6-8), for example, through the
nuclear translocation of an apoptosis-inducing factor (AIF)
(9). Furthermore, biological evidence also suggests that
high extracellular or tissue concentrations of vitamin C can
reduce the toxicity of chemotherapy (10). Interestingly,
pharmaco-kinetic studies have reported that 10 g of vitamin
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C, equal to a 6 mM plasma concentration, is toxic to cancer
cells in vitro (1-10 mM, depending on the cell line) (11,
12), suggesting that vitamin C may function as a pro-
oxidant at a high plasma concentration, while ascorbate
behaves as an antioxidant at a low or physiological dose (6,
11). In addition, since tumor tissue often lacks blood flow
and antioxidant enzymes, such as catalase, the formed
H2O2 remains active, leading to cancer cell damage and
death (13). 

Notwithstanding, limited data are available on the use of
high-dose vitamin C in breast cancer, even though vitamin C
is frequently used as a supplement without considering the
plasma concentration. Accordingly, the current study explored
the anticancer effect of high-dose vitamin C on breast cancer
cells, alone or in combination with anticancer agents.

Materials and Methods

Cell lines. The breast epithelial cell line MCF10A and breast cancer
cell lines MDA-MB-231, MCF-7, and SK-BR-3 were purchased
from the American Type Culture Collection (ATCC). MCF10A was
maintained in a Dulbecco’s Modified Eagle’s Media (DMEM)/F-
12 (1:1) medium (Lonza, Walkersville, MD, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY,
USA), 10 ng/ml epidermal growth factor, 0.5 μg/ml hydrocortisone,
100 ng/ml cholera toxin, and 10 μg/ml insulin. MDA-MB-231,
MCF-7 and SK-BR-3 were all grown in DMEM (Gibco)
supplemented with 10% FBS. The tamoxifen-resistant MCF-7 cells
(TRAM-R) and long-term estrogen-deprived MCF-7 cells (LTED)
were provided by Dr. Richard J. Santen (University of Virginia,
USA). The TRAM-R cells were continuously maintained in
DMEM containing 10% FBS and 10-7mol/l tamoxifen, while the
LTED cells were maintained in phenol-red-free DMEM containing
5% charcoal-dextran-stripped FBS.

Materials. Tamoxifen and Faslodex (ICI 182,780) were purchased
from Sigma-Aldrich (St. Louis, MI, USA) and Abcam plc (Cambridge
CB4 0FL, UK), respectively. Eribulin mesylate (Halaven®, Eisai Inc.,
Tokyo, Japan), ascorbic acid (Bio Chemical R&D, Gyeounggi-do,
Korea), trastuzumab (Herceptin®, Roche Diagnostics, Basel,
Switzerland), paclitaxel (Genexol®, Samyang Biopharm, Daejeon,
Korea), and doxorubicin hydrochloride (A.D.mycin®, Boryung co.,
Gyeonggi-do, Korea) were all kindly provided. 

Cell apoptosis assay. The cells were seeded in 48-well plates at a
density of 2×104 cells per well. After culture for 24 h, cells were
washed with PBS, medium was changed and cells were exposed to
vitamin C for 4 h. Next, plates were centrifuged, the medium was
removed and apoptotic cell death was determined using Cell Death
Detection ELISAPLUS kit (Roche, Mannheim, Germany) according
to the manufacturer’s instructions. Briefly, after lysis and
centrifugation, cell lysates were incubated with biotin-labelled anti-
histone and with peroxidase-conjugated antibodies to DNA in a
streptavidin-coated microtiter plate for 2 h at room temperature.
After incubation, peroxidase substrate was added, the plate was
incubated at room temperature for about 15 min and the peroxidase
activity was determined by ELISA reader at a detection wavelength
of 405 nm and 490 nm.

Detection of catalase activity. It has been suggested that the anti-
cancer effect of vitamin C is due to the accumulation of H2O2 due
to the insufficiency of catalase in cancer cells (14). Therefore, the
catalase activity in each breast cancer cell line was measured using
a Catalase Assay Kit (Cayman, MI, USA) following the
manufacturer’s instructions and compared with the catalase activity
in the normal breast epithelial cell line (MCF10A). The catalase
activity was calculated by normalization with the total protein
amount in the lysates. The protein concentration was estimated
using a Bradford Protein Assay Kit (Bio-Rad, CA, USA). The
experiment was repeated three times and the data presented are the
means±S.D.

Cell viability assay. The high-dose vitamin C-induced cell death in
the breast cell lines was quantified using a cell viability assay. The
cells were plated in 48-well plates at a cell density of 2×104 per
well. After culturing overnight, the cells were exposed to vitamin C
for 2 h, washed with phosphate buffered saline (PBS), and cultured
for an additional 24 h in a growth medium with ascorbic acid. 

To explore the combined effect of anti-cancer agents and vitamin
C, the cells were plated 2×104 per well in 48-well tissue culture
plates and allowed to attach overnight. The cells were then treated
with an anti-cancer agent for 24 h, treated with vitamin C for 2 h,
washed and cultured for additional 24 h, or treated with vitamin C
for 2 h on consecutive days, washed and cultured for additional
24 h after each exposure. 

Cell proliferation was estimated using an MTT assay. Briefly,
200 μl of MTT solution (2 mg/ml) were added to cells for 4 h. After
removing the MTT solution, 400 μl of dimethyl sulfoxide (DMSO)
were added to cells. The optical density was then measured at 
540 nm using an absorbance reader (BioTek Instruments Inc.,
Winooski, VT, USA).

Statistical analysis. Data was expressed as the mean±standard
deviation (SD) of three or more independent experiments.
Differences between two groups were evaluated using the Student’s
t test. Results were considered significant at p<0.05.
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Figure 1. Effects of pharmacological dose of vitamin C on human breast
cancer cell lines. High-dose vitamin C suppressed proliferation of breast
cancer cell lines (MDA-MB-231, MCF-7, and SK-BR3), but not normal
cells (MCF10A). 



Results

High-dose vitamin C inhibited proliferation of breast cancer
cells, yet not normal cells. First, the effects of high-dose
vitamin C on breast cancer cell lines (MDA-MB-231, 
MCF-7, and SK-BR-3) and a normal breast epithelial cell
line (MCF10A) were determined. As shown in Figure 1,
high-dose vitamin C inhibited the cell growth of various
breast cancer cells in a dose-dependent manner, represented
by the relative cell viability after treatment with 5, 10, 15
and 20 mM vitamin C: 52.8±14.1%, 41.2±8.9%, 34.0±8.3%,
and 35.3±6.3% in MDA-MB-231, 67.1±10.3%, 47.0±9.7%,
36.5±10.5%, and 34.4±7.6% in MCF-7, 43.2±3.8%,
33.7±4.0%, 32.7±4.1%, and 29.1±3.4% in SK-BR-3,
respectively. In contrast, minimal inhibition was observed in
the normal breast epithelial cell line, MCF10A following
treatment with high-dose vitamin C.

High dose vitamin C induced apoptosis of breast cancer
cells. To determine the effect of high dose vitamin C on the
viability of breast cancer cells, an apoptosis assay, based on
nuclear changes such as DNA fragmentation, was performed.
High Vitamin C concentrations (10 mM or 20 mM) caused
apoptosis of breast cancer cell lines, MDA-MB-231 and
MCF-7 (Figure 2). However, this apoptosis-inducing effect
was reduced in MCF10A cells. These results suggest that
high dose vitamin C has a selective apoptotic effect in breast
cancer cells.

Combination of high-dose vitamin C and anti-cancer drugs
had an additional inhibitory effect on the growth of breast
cancer cell lines. Next, it was determined whether the
combination of high-dose vitamin C and anti-cancer drugs
could induce growth inhibition of breast cancer cells. After
treatment with eribulin mesylate for 24 h, the cells were
exposed once (Figure 3A and C) or twice (Figure 3B and D)

to various concentrations of vitamin C (5, 10, and 20 mM).
As shown in Figure 3A, one treatment with vitamin C did
not significantly increase the efficacy of eribulin mesylate to
inhibit growth of MDA-MB-231cells. However, two
treatments with vitamin C produced a marked decrease in the
cell viability of MDA-MB-231 cells when compared to
eribulin mesylate alone, (18.2±2.5% with 1.25 nM eribulin
mesylate plus 20 mM vitamin C, 44.7±2.8% with 1.25 nM
eribulin mesylate) in a dose-dependent manner. Similarly,
MCF-7 cell growth was dramatically inhibited by high-dose
vitamin C combined with eribulin mesylate (Figure 3C, D). 
The effect of combination of vitamin C with selected
estrogen receptor modulators (SERMs), such as tamoxifen
or fulvestrant, in MCF-7 cells was similar to that of eribulin
(Figures 4 and 5). For example, the relative cell viability of
MCF-7 cells was significantly decreased when combining
tamoxifen and two treatments of vitamin C in a dose-
dependent manner (13.6±2.5% vs. 60.2±6.1% with 4 μM
tamoxifen + 2×20 mM vitamin C and 4 μM tamoxifen alone,
respectively, Figure 4B). In the case of fulvestrant, an
additive anti-proliferative effect was observed with one
treatment of vitamin C, yet not with two (Figure 5).
Notwithstanding, a dose-dependent inhibitory effect of
vitamin C was found with both SERMs in MCF-7 cells. 
When combined with trastuzumab, vitamin C significantly
inhibited SK-BR-3 cell proliferation compared to
trastuzumab alone (Figure 6). However, unlike MCF-7, no
dose-dependent effect of vitamin C combined with
trastuzumab was found in SK-BR-3 cells. 

When taken together, the combined treatment with high-
dose vitamin C and anti-cancer agents did further facilitate
anti-tumor activity towards breast cancer cells relative to the
single agent. Thus, the results indicate that high-dose vitamin
C can be a useful adjunctive agent with a variety of anti-
cancer drugs for managing different types of breast cancer
with minimal damage to normal cells.
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Figure 2. High-dose vitamin C induces apoptosis of breast cancer cells. *p<0.01; ***p<0.001.



High-dose vitamin C had anti-proliferation effect on anti-
cancer-drug-resistant cells. The high-dose vitamin C-
mediated anti-proliferative effects on various anticancer-
drug-resistant cell lines were also evaluated, including
tamoxifen-resistant (TAM-R) MCF-7, LTED MCF-7,
docetaxel-resistant MCF-7 and MDA-MB-231, and
doxorubicin-resistant MCF-7 and MDA-MB-231 cells. High-
dose vitamin C significantly inhibited the cell growth of
TAM-R, doxorubicin-resistant MCF-7 and LTED MCF-7, as
effectively as that of MCF-7 cells (Figure 7A). Moreover,
vitamin C only exerted a slight effect on the normal breast
epithelial cells, MCF10A (Figure 7A). In addition, anti-
proliferative effects of high-dose vitamin C were also
observed in doxorubicin-resistant MDA-MB-231 cells and
docetaxel-resistant MCF-7 cells, as effectively as in MDA-
MB-231 cells (Figure 7B). Furthermore, the catalase activity
of TAM-R MCF-7, LTED MCF-7, docetaxel-resistant MCF-
7 and MDA-MB-231, and doxorubicin-resistant MCF-7 cells
was significantly decreased compared to that of MCF10A
cells (Figure 7). Therefore, these results indicate that high-
dose vitamin C has a selective anti-proliferative effect on
chemotherapy-resistant breast cancer cells. 

Catalase activity in breast cancer cells. It has been reported
that the antitumor effects of vitamin C are mediated to the
accumulation of H2O2 due to the insufficiency of catalase in
cancer cells. To confirm the deficiency of catalase activity in
cancer cells, catalase activity was measured in breast cancer
cells. Interestingly, the catalase activity of MDA-MD-231
and MCF-7 cells was significantly decreased compared to
that of MCF10A cells (0.45±0.09 and 0.35±0.18 vs.
0.90±0.29 nmol/min/ml/μg of protein, respectively, Figure
8). In addition, low catalase activity was also observed in
drug resistant breast cell lines, TAM-R, LTED MCF-7,
docetaxel-resistant MCF-7 and MDA-MB-231, and
doxorubicin-resistant MCF-7 and MDA-MB-231 cells
(Figure 8). These results may indicate that high-dose vitamin
C exerts a selective anti-proliferative effect on breast cancer
cells with a low catalase activity.

Discussion

Based on previous reports, high-dose vitamin C exerts anti-
tumorigenic activity by increasing the amount of reactive
oxygen species (ROS) in cancer cells without meaningful
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Figure 3. Combination of high-dose vitamin C and anti-cancer drugs has an additional inhibitory effect on growth of breast cancer cell lines. After
treatment with eribulin mesylate for 24 h, the cells were exposed once (A, C) or twice (B, D) to various concentrations of vitamin C (5, 10, and 20 mM). 



toxicities in normal cells, the current study aimed to
demonstrate the in vitro anti-cancer activity of high-dose
vitamin C and high-dose vitamin C combined with
conventional treatment of breast cancer. As expected, the
catalase activity in MDA-MD-231 and MCF-7 cells was
lower than that in MCF10A cells. High-dose vitamin C
suppressed the proliferation of MDA-MB-231, MCF-7, and
SK-BR3 cells, yet not that of the normal breast cells
(MCF10A). The combination of anti-cancer drugs with high-
dose vitamin C showed a stronger inhibition of the
proliferation of breast cancer cells than a single anti-cancer

drug. Moreover, high-dose vitamin C also inhibited the cell
growth of tamoxifen-, doxorubicin-, and docetaxel-resistant
MCF-7 cells. Therefore, these findings indicate that high-
dose vitamin C is a promising anti-cancer drug for breast
cancer, without meaningful toxicity. 

Vitamin C is an antioxidant at a conventional dose,
exerting a protective role for normal cells against toxic
compounds. Cancer therapy can produce ROS, which attack
healthy cells and tissues, thereby leading to further damage
and unintended side effects (15). An increased uptake and
metabolism of glucose are characteristic of a malignant
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Figure 4. Combination effect of vitamin C with tamoxifen in MCF-7. After treatment with tamoxifen for 24 h, the cells were exposed once (A) or
twice (B) to various concentrations of vitamin C (5, 10, and 20 mM). The relative cell viability of MCF-7 was significantly decreased when combining
tamoxifen and two treatments of vitamin C in a dose-dependent manner for vitamin C (B). 

Figure 5. Combination effect of vitamin C with fulvestrant in MCF-7. After treatment with fulvestrabt for 24 h, the cells were exposed once (A) or
twice (B) to various concentrations of vitamin C (5, 10, and 20 mM). An additive anti-proliferative effect was observed with one treatment of vitamin
C (A), yet not two (B). 



transformation and the overexpression of glucose
transporters is a common event in malignancies. Therefore,
tumor cells can accumulate more vitamin C than normal cells
via glucose transporters (GLUTs), protecting them against
the negative effects of ROS (15, 16). Thus, in clinical
practice, vitamin C has been commonly used with
chemotherapy based on its protective effect for normal cells. 

However, at pharmacological concentrations, vitamin C
has pro-oxidant properties by preferentially accumulating in
tumors and reducing redox-active metals (17) and catalase

activity, and thereby maintaining cytotoxic levels of hydrogen
peroxide that kills cancer cells (18, 19). Similarly, the current
experimental results showed that high-dose vitamin C inhibits
the proliferation of breast cancer cells and particularly
treatment-resistant breast cancer cells, yet not that of normal
cells. One possible in vitro antitumor mechanism is that
vitamin C enhances the ability of cancer cells to absorb and
accumulate high levels of iron in tumors, leading to the
production of hydrogen peroxide (H2O2), which is a potent
pro-oxidant, capable of causing free radical cell damage.
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Figure 6. Combination effect of vitamin C with trastuzumab in SK-BR3. The relative cell viability of SK-BR3 was significantly decreased when
combining trastuzumab and one (A) or two (B) treatments of vitamin C without a dose-dependent effect.

Figure 7. High-dose vitamin C mediated an anti-proliferative effect on various anti-cancer-drug-resistant cells (tamoxifen-resistant (TAM-R) MCF-7,
LTED MCF-7, docetaxel-resistant (Tax-R) MCF-7 and MDA-MB-231, and doxorubicin-resistant (Dox-R) MCF-7 and MDA-MB-231 cells. (A) High-
dose vitamin C significantly inhibited the cell growth of TAM-R, Dox-R MCF-7 and LTED MCF-7 as effectively as MCF-7; (B) Anti-proliferative effects
of high-dose vitamin C were also observed in Dox-R MDA-MB-231 and Tax-R MDA-MB-231, as effectively as in MDA-MB-231. 



While normal cells have sufficient catalase to disable H2O2,
cancer cells selectively absorbing vitamin C have lower
catalase activity and therefore, accumulate higher levels of
H2O2 than normal cells and their vulnerability increases. 

Thus, the concept of high-dose vitamin C therapy has been
adopted in cancer treatment to gain sufficient vitamin C
concentrations for cancer cell toxicity, thus providing a
pharmacological advantage (11). For example, high-dose
intravenous vitamin C therapy has already been shown to
effectively reduce the progression of malignant tumors and
improved the health status of advanced cancer patients (20).
Thereafter, several trials have also explored the clinical benefits
of combining vitamin C with chemotherapy in various cancers
(21-23), although not all studies have shown positive results.

One possible explanation for inconsistent results is
determining the optimal concentration of high-dose vitamin
C to achieve the maximal cancer cell killing effect. It is likely
that higher plasma concentrations were achieved in Cameron
and Pauling’s studies (24, 25), which used both intravenous
and oral administrations, in contrast to Moertal et al.’s studies
(4, 5), who only used oral administration, which in turn may
have contributed to the discrepancies in the therapeutic
outcomes. The current study also showed that the plasma
concentration for a vitamin-C cytotoxic effect in cancer cells
was 1-10 mM. In addition, Choi et al. recently reported that
intravenous administration of high-dose vitamin C (1 g/kg)
after surgery significantly reduced the recurrence rate (6.94%
vs. 18.75%, p-value=0.028) in early breast cancer patients.

This study also showed additional anti-tumor activity
when combining high-dose vitamin C with conventional
treatment. The combination of high-dose vitamin C and anti-
cancer drugs showed an additional inhibition effect on the

proliferation of breast cancer cells over a single anti-cancer
drug in a dose-dependent manner, which is consistent with
previous reports of a synergistic or additive tumoricidal
action of vitamin C with a variety of anti-cancer drugs (23,
26, 27). Therefore, these consistent results provide strong
evidence that high-dose vitamin C potentiates the therapeutic
effect of different chemotherapy agents (28). Moreover, the
additional effect on chemotherapy-resistant breast cancer
cells observed in the current study indicates that high-dose
vitamin C has a selective and independent anti-proliferative
effect on breast cancer. Since most advanced breast cancers
ultimately develop resistance to conventional anti-cancer
therapies, high-dose vitamin C could be a new strategy for
overcoming such resistance. 

Additional studies on high-dose vitamin C therapy from
the real-world clinical applications are needed before the
exact mechanism or optimal dose of vitamin C therapy is
determined.

In conclusion, based on previous reports that high-dose
vitamin C exerts anti-tumorigenic activity by increasing the
amount of ROS in cancer cells without meaningful toxicities
to normal cells, the current study confirmed the in vitro anti-
cancer activity of high-dose vitamin C and demonstrated a
similar efficacy in treatment-resistant breast cancer cells.
Furthermore, an additive anti-cancer effect when combined
with conventional agents was also observed in the current
study, offering important evidence that high-dose vitamin C
is a promising therapeutic drug, especially when considering
that patients with advanced breast cancer ultimately develop
resistance to conventional agents. Therefore, further clinical
trials are warranted to determine the additive effect of high-
dose vitamin C in patients with advanced breast cancer.
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