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Abstract
Rationale: The antitumor activity of high-dose ascorbate has been re-evaluated recently, but the
mechanism underlying cell-specific sensitivity to ascorbate has not yet been clarified.
Methods: The effects of high-dose ascorbate on gastric cancer were assessed using cancer cell lines
with high and low expression of GLUT1 via flow cytometry and colony formation assays in vitro and
patient-derived xenografts in vivo.
Results: In this study, we demonstrated that gastric cancer cells with high GLUT1 expression were
more sensitive to ascorbate treatment than cells with low GLUT1 expression. GLUT1 knockdown
significantly reversed the therapeutic effects of pharmacological ascorbate, while enforced
expression of GLUT1 enhanced the sensitivity to ascorbate treatment. The efficacy of
pharmacological ascorbate administration in mice bearing cell line-based and patient-derived
xenografts was influenced by GLUT1 protein levels. Mechanistically, ascorbate depleted intracellular
glutathione, generated oxidative stress and induced DNA damage. The combination of
pharmacological ascorbate with genotoxic agents, including oxaliplatin and irinotecan, synergistically
inhibited gastric tumor growth in mouse models.
Conclusions: The current study showed that GLUT1 expression was inversely correlated with
sensitivity of gastric cancer cells to pharmacological ascorbate and suggested that GLUT1
expression in gastric cancer may serve as a marker for sensitivity to pharmacological ascorbate.
Key words: pharmacological ascorbate, gastric cancer, chemotherapy, reactive oxygen species, GLUT1

Introduction
Pharmacological (high-dose) ascorbate has long
been recognized as an unorthodox therapeutic
alternative in complementary medicine [1]. Cameron
and Pauling reported that intravenous ascorbate

supplementation (10 g/day) showed promising
efficacy among terminal cancer patients[2, 3].
However, previous placebo-controlled clinical trials
from the Mayo Clinic found no benefit of oral
http://www.thno.org
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ascorbate at the same dose in treating advanced
cancer[4, 5]. This discrepancy in literatures was
associated with the different pharmacokinetics
between oral and intravenous ascorbate supplementation [6, 7]. Several basic studies and clinical trials
have shown that high-dose ascorbate was effective in
several human cancers, including colorectal[8, 9],
ovarian[10], pancreatic[11, 12], brain cancer[13] and
leukemia[14, 15]. Therefore, the therapeutic potential
of high-dose ascorbate in gastric cancer treatment is
worth re-evaluating.
As the key determinant of antitumor effects,
plasma concentration of ascorbate rarely exceeds 200
μΜ with oral intake[6, 7]. By contrast, ascorbate
cytotoxicity requires much higher plasma concentrations, which could be easily established with safety
when
used
intravenously[9,
10,
16].
The
ascorbate-dependent decreases in cancer cell viability
and tumor growth were attenuated after co-treatment
with the antioxidant catalase[12] or N-acetylcysteine
(NAC)[9], and this observation was consistent with
the induction of reactive oxygen species (ROS)[8, 9,
12, 13]. Recently, Yun et al. reported that colorectal
cancer cells harboring KRAS or BRAF mutations
showed increased sensitivity to ascorbate treatment,
which is associated with ROS accumulation[9].
Co-administration of glutathione, the principal
antioxidant that protects cells against ROS,
significantly reduced the therapeutic effects of
high-dose ascorbate[17]. Interestingly, previous
studies have revealed that increased cellular
glutathione was associated with oxaliplatin or
irinotecan resistance[18]. DNA damage caused by
genotoxic agents, including oxaliplatin or irinotecan,
leads to elevated ROS levels[19-21].
In this study, we found that GLUT1 expression
affects the sensitivity of gastric cancer cells to
pharmacological ascorbate. High-dose ascorbate
significantly induced ROS elevation via depletion of
the antioxidant glutathione and suppressed gastric
cancer cells growth in vitro and in vivo. Combinational
effects of pharmacological ascorbate with oxaliplatin
were observed in the cell line-based and
patient-derived xenograft (PDX) models.

Materials and Methods
Human tissue specimens
A cohort of 209 formalin-fixed, paraffinembedded tissue samples collected from gastric
cancer patients who underwent surgery at Sun
Yat-sen University Cancer Center (Guangzhou,
China) between 2007 and 2009 were retrieved. All
patients underwent total or subtotal gastrectomy, and
none of the patients received any treatment before
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surgery and had a histological diagnosis of gastric
cancer. All patients were administered fluorouracil-,
platinum- or taxol-based adjuvant chemotherapy if
necessary. Each patient was followed-up regularly
after the operation at three-month intervals. The
median follow-up time was 49 months (range: 3 to 102
months).
All
clinicopathological
information
including age, gender, tumor size, differentiation
status, lymph node invasion, venous invasion,
perineural invasion and TNM stage were retrieved
from patients’ medical records. Fresh gastric cancer
tissues and matched adjacent noncancerous tissues
were obtained from 50 of the 209 patients and stored
in liquid nitrogen until use. Written informed consent
was obtained from each patient involved in this study
and the study protocol was approved by the ethics
committee of Sun Yat-sen University Cancer Center.
In our cohort, the paired primary tumor tissues and
lymphatic metastases of 126 patients and the paired
adjacent non-tumorous tissues, primary tumor tissues
and distant metastasis of 38 patients were available.

Cell lines and cell culture
GES1, AGS, SGC7901 (originally purchased from
American Type Culture Collection on July 2014) and
HGC27, MGC803 (originally purchased from the
Institute of Basic Medical Sciences of the Chinese
Academy of Medical Sciences on June 2014) were
cultured in RPMI-1640 or DMEM medium
(Invitrogen, Carlsbad, California, USA) supplemented
with 10% fetal bovine serum (HyClone, Logan, Utah,
USA) at 37°C with 5% CO2 according to the suppliers'
instructions. For ascorbate treatment assays, all cells
were prepared in RPMI-1640 medium supplemented
with 10% fetal bovine serum. For glucose competition
assays, glucose free RPMI-1640 medium and glucose
power (Life Technologies, Carlsbad, USA) were used.
All cells were authenticated by cell morphology and
short tandem repeat DNA fingerprinting with the
AmpF/STR Identifier Kit (Applied Biosystems) and
tested for mycoplasma and cell vitality before use at
the Medicine Lab of the Forensic Medicine
Department of Sun Yat-sen University (Guangzhou,
China). The last cell characterization with above
methods was performed on October 2016. The
passage numbers of GES1, AGS, SGC7901, HGC27
and MGC803 were 8, 12, 11, 9 and 11, respectively. All
cell lines have not been passaged for more than 6
months in our study after resuscitation.

Reagents and antibodies
Ascorbate was purchased from Sigma Aldrich
(Sigma-Aldrich, St. Louis, USA) and freshly prepared
in distilled water at 0.5M before use. Dithiothreitol,
diethylenetriamine-pentaacetic acid (DTPA) and
http://www.thno.org
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desferrioxamine (DFO) were purchased from Sigma
Aldrich (Sigma-Aldrich, St. Louis, USA). NAC,
catalase, oxaliplatin and irinotecan were purchased
from Selleck Chemicals (Houston, TX, USA).
2',7'-dichlorofluorescein diacetate (DCF-DA) was
purchased from Life Technologies (Invitrogen,
Carlsbad, California, USA) and dissolved in dimethyl
sulfoxide (Sigma-Aldrich, St. Louis, USA). Antibodies
used for immunoblotting include anti-γ-H2AX,
anti-β-Actin, anti-cleaved caspase 3 (Cell Signaling
Technology, Beverly, MA, USA), anti-GLUT1, Alexa
Fluor® 647-conjugated anti-GLUT1, anti-GLUT3,
anti-GLUT4, anti-SVCT1, anti-SVCT2, anti-Na+/K+
ATPase, anti-Vinculin and anti-Ki67 (Abcam,
Cambridge, Massachusetts, USA).

Cell apoptosis and ROS analysis
Cell apoptosis was detected with an Annexin
V/propidium iodide (PI) dual labeling kit (KeyGEN,
Nanjing, China) as previously reported[22]. The
intracellular ROS level was detected with DCF-DA.
Briefly, cells in the exponential phase were seeded in
12 well plates at a density of 200,000 to 300,000 cells
per well. After 24h, the medium was removed, and
the cells were washed with PBS before treatment with
indicated chemicals. To determine the effects of red
blood cells (RBCs) on ascorbate-induced apoptosis,
RBC were prepared by centrifugation of heparinized
human blood at 500g for 30 min. Gastric cancer cells
were mixed with red RBC at 25% hematocrit. Cell
mixtures were treated with ascorbate for 2h. After
24h, the RBCs were gently washed and cell apoptosis
was determined as above. Gastric cancer cells were
pretreated with DFO (200μM) and DTPA (1mM) for
3h before addition of ascorbate (4mM), cell apoptosis
was evaluated 24h later as described above.
For ascorbate treatment, cells were treated with
ascorbate for indicated times (2h or 1h), washed and
incubated with ascorbate-free medium for another
22h or 5h for apoptosis or ROS analysis, respectively.
After treatment, the cells were incubated with
DCF-DA at 37℃ for 30 min. Then the cells were
trypsinized and resuspended with PBS, and the data
were acquired with a Gallio flow cytometer (Beckman
Coulter, California, USA) and analyzed with Flow Jo
analytical software. Fluorescence of GLUT1 was
detected according to the manufacturer’s instructions.

Cell proliferation and colony formation assay
Cell viability was measured with MTS (Qiagen,
Hilden, German) according to the manufacturer
instructions. The absorbance was measured at a
wavelength of 490nm. Ascorbate treatment was
conducted according to a previous report[23]. Colony
formation assay was carried out as described
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previously[22]. Briefly, cells were seeded in
6-well-plates at a density of 500 cells per well. After
48h, indicated chemicals were added to the medium.
The cells were further cultured for 10-14 days and the
colonies were fixed in methanol and stained with
0.2% crystal violet.

Immunoblotting and immunohistochemistry
(IHC)
Cells were collected and lysed with
radioimmunoprecipitation (RIPA) buffer for protein
extraction and separated by SDS-PAGE as previously
described[22]. The paraffin-embedded tissue blocks
were cut into 4μm slides. A rabbit anti-GLUT1
antibody (ab115730) was used for immunostaining.
Briefly, the sections were dewaxed by xylene and
ethanol, incubated with 0.3% H2O2 solution for 10 min
to block the endogenous peroxidase activity and
heated at 95℃ for 10 min in a microwave oven for
antigen retrieval. The sections were then incubated
with antibodies against GLUT1 (1:500) at 4 ℃
overnight. The staining was performed using an IHC
kit (Dako, Copenhagen, Denmark). In the present
study, we assessed and scored both the extent and
intensity of GLUT1 immunoreactivity. The extent of
immunoreactivity ranged from 0 to 3 based on the
percentage of cells that had positive staining in each
microscopic field of view (0, <25%; 1, 25–50%; 2,
50–75%; 3, 75–100%), while the intensity scores were
as follows: 0, negative staining; 1, weak staining; 2,
moderate staining; 3, strong staining. The extent and
intensity of membranous GLUT1 scoring were also
evaluated. The total scores were obtained by
multiplying the scores of extent and intensity.

Measurement of ascorbate and
dehydroascorbate (DHA)
Intracellular measurement of ascorbate and
DHA was performed by LC/MS according to a
previous report[9]. The cells and medium were
collected immediately (T0) and 2h (T1) after ascorbate
treatment and subjected to ascorbate and DHA
measurement. The difference between values at T0
and that at T1 was considered as intracellular
ascorbate or DHA level and normalized to that of
control cells.

RNA extraction and qPCR analysis
Total RNA was obtained using TRIzol reagent
(Life Technologies, Carlsbad, USA) according to the
manufacturer’s instructions. The mRNA expression
level was measured by qPCR analysis as previously
described[24]. Specific primers were synthesized by
Thermo Fisher Scientific, and the sequences are
shown in the Supplementary Table S1.
http://www.thno.org

Theranostics 2018, Vol. 8, Issue 5

1315

Stable cell lines construction

subcutaneously inoculated into the right armpit of the
nude mice. When the mean tumor volume was
around 100mm3, the mice were randomly assigned
into the following different groups: control, PBS;
ascorbate, 4g/kg, twice per day; oxaliplatin,
10mg/kg, once per week; irinotecan, 20mg/kg, once
per week; combined, oxaliplatin, 10mg/kg, once per
week or irinotecan, 20mg/kg, once per week with
ascorbate, 4g/kg, twice per day. Tumor volumes was
measured every three days using a caliper and was
calculated using the formula V=length×width2/2 and
mouse weight were recorded twice weekly. After
treatment for three weeks, the mice were sacrificed
with cervical dislocation and the tumors were
dissected out, embedded in paraffin and sectioned.
Our animal study was approved by the Institutional
Animal Care and Use Committee of Sun Yat-Sen
University. Tumor tissues from the BALB/c nude
mice
were
stained
with
H&E
or
immunohistochemically with Ki67 and cleaved
caspase 3 using previously described protocols[22].

The shRNA targeting GLUT1 and lentivirus
expressing human cDNA encoding GLUT1 were
purchased from GenePharma (Shanghai, China). The
indicated cell lines were transfected with lentivirus
and selected with puromycin.

GSH, GSH/GSSG and NADP+/NADPH
analysis
The intracellular levels of glutathione were
measured with a GSH-Glo™ kit (Promega, Madison,
WI, USA). Briefly, cells in the exponential phase were
seeded in a 96-well plate at a density of 8,000 cells per
well. After 24h, the indicated chemicals were added.
After treatment, 100μl of 1× GSH-Glo™ Reagent was
added to the 96-well plate followed by removal of the
medium after treatment. The cells were incubated for
30 min at room temperature with slight shaking.
Then, equal volumes of reconstituted luciferin
detection reagent were added to each well, and
samples were incubated for an additional 15 min at
room temperature. Luminescence was detected with a
Synergy™ Multi-Mode Microplate Reader. The
intracellular levels of oxidized glutathione, total
glutathione, NADP+ and NADPH were measured
with a GSH/GSSG-Glo™ kit and a NADP/
NADPH-Glo™ kit (Promega, Madison, WI, USA)
according to the manufacturers’ instructions.

Glycolytic activity and ATP level analysis
The cellular glucose uptake and lactate
production levels were analyzed with a SBA40C
Biosensor (Biology Institute of Shandong Academy of
Science, Jinan, China). The cellular ATP levels were
measured using a Cell Titer-Glo® Luminescent Cell
Viability Assay kit (Promega, Madison, USA)
according to the manufacturer’s instructions. Briefly,
cells grown in the exponential phase were plated in a
96-well black plate with a clear flat bottom (Costar,
Corning, New York, USA) and treated with the
indicated chemicals. A volume of Cell Titer-Glo®
Reagent equal to that of cell culture medium present
in each well was added to induce cell lysis. The
luminescence was recorded with a Synergy™
Multi-Mode Microplate Reader. Also, caspase activity
was measured by Caspase 3/7Glo assays (Promega,
Madison, WI, USA) according to the manufacturer’s
protocol.

Animal study
For evaluation of the antitumor effects of
pharmacological ascorbate, female BALB/c nude
mice (4-5 weeks old) from the Beijing Vital River
Laboratory Animal Technology Co., Ltd (Beijing,
China) were used. AGS cells (1×107/mice) were

Generation of PDX models
Fresh gastric tumor samples were immediately
transferred into the animal center in a sterile tube
containing cold culture medium. Each sample was
sliced into 3×3×3 mm3 fragments before they were
subcutaneously inoculated into both flank of 4-week
BALB/c nude mice. Tumor growth was monitored
twice weekly and those successfully established PDX
were nominated as passage 1 (P1). When the volume
reached approximately 300mm3, the mouse was
anaesthetized and the tumor was removed, spliced
and transplanted subcutaneously into other mice to
obtain the next generation (P2, P3). The mice bearing
P3 grafts were used to test efficiency of
pharmacological ascorbate and oxaliplatin. Written
informed consent was obtained from patient
providing fresh samples and the study protocol was
approved by the ethics committee of Sun Yat-sen
University Cancer Center. Our animal study was
approved by the Institutional Animal Care and Use
Committee of Sun Yat-Sen University.

Statistical analysis
All data are presented as the mean ± S.D.
Statistical significance was assessed with Student’s
paired or unpaired t-tests or chi-square tests as
appropriate. The Kaplan-Meier method was used to
perform survival analysis, and the log-rank test was
used to compare the differences between patient
groups. Covariates with a P value less than 0.05 by
univariate analysis were subject to multivariate
analysis using the Cox proportional hazards model to
identify independent prognostic factors for gastric
http://www.thno.org
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cancer patients. For comparisons among more than
two groups, one-way ANOVA and Newman Keul’s
multiple comparison tests were used with Graph Pad
Prism software (San Diego, CA, USA). All differences
were considered statistically significant with a value
of P<0.05. CalcuSyn Biosoft (Ferguson, MO, USA) was

1316
used to calculate the combination index of different
drugs.

Results
Ascorbate induces apoptosis and inhibits
proliferation of gastric
cancer cells

Figure 1: Ascorbate induces apoptosis and inhibits proliferation of gastric cancer cells. (A) Representative
images of cell apoptosis in the indicated cells treated with ascorbate (Vitamin C, 2h) were determined by Annexin
V/propidium iodide (PI) assays. (B) Activity of caspase3/7 in the indicated cells treated with ascorbate (4mM) for 2h was
measured. (C) The cell viability of the indicated cells incubated with ascorbate (2h) was determined by MTS assays. (D)
Images (left panel) and quantification (right upper panel) of the indicated cells treated with ascorbate were analyzed in
colony formation assays. (E) Immunoblotting of γ-H2AX in the indicated cells after treatment with ascorbate for 2h.
β-Actin was used as a loading control. (F) The volume of the xenografted tumors in the nude mice and the weight of the
excised tumors were measured and recorded, and a tumor growth curve was created for each group. Weight of the mice
was also recorded. Data in B, C, D and F are presented as mean ±S.D. (n = 4 for B, C, D and n = 6 for F). *P < 0.05 versus
control.

Ascorbate at 2 mM and 4
mM induced significant apoptosis in AGS, SGC7901, and
MGC803 cells (Figure 1A). The
percentages of apoptotic cells in
the
AGS,
SGC7901,
and
MGC803 lines were 48.6%,
32.6%, and 28.8%, respectively,
after treatment with ascorbate
at 4 mM for 2 h (Figure 1A and
S1A). The increased apoptotic
percentage was accompanied
by elevated caspase 3/7 activity
(Figure 1B). Ascorbate at a
concentration range of 0-20 mM
for 2 h significantly reduced the
viability of AGS, SGC7901 and
MGC803 cells, while the
viability of HGC27 and GES1
cells was only marginally
reduced (Figure 1C), indicating
that the cytotoxic effects of
ascorbate were cell-specific.
Ascorbate reduced the intracellular ATP levels of AGS,
SGC7901 and MGC803 cells
(Figure
S1B).
Moreover,
ascorbate at relatively low
levels (25 μM, 50 μM, 100 μM)
markedly decreased colony
formation of AGS, SGC7901,
and MGC803 cells in a concentration-dependent
manner
(Figure 1D). Pharmacological
ascorbate was reported to
induce DNA damage in cancer
cells[8, 25, 26]. Expression of
γ-H2AX, a marker of DNA
double-strand
breaks,
was
elevated after exposure to
ascorbate (Figure 1E and S1C).
Furthermore, in the subcutaneous xenograft nude mouse
model, ascorbate significantly
suppressed growth of tumor
xenografts, with the tumor
weight of high-dose ascorbatehttp://www.thno.org
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treated mice significantly less than that of the
PBS-treated group (Figure 1F). The mean tumor
volume for the PBS-treated mice increased from
23.18±11.39 to 1335±457 mm3, whereas the volume for
high-dose ascorbate-treated mice increased from
24.58±10.38 to 671.45±259.85 mm3 (Figure 1F). By
contrast, there was no significant body weight loss in
the experimental animals (Figure 1F). Immunostaining of Ki67 and cleaved caspase 3 in the tumor
sections was also consistent with the in vitro results
(Figure S1D).

Ascorbate induces ROS accumulation and
depletes glutathione
We used the fluorescent probe DCF-DA to
monitor intracellular ROS levels in the presence and
absence of ascorbate. As shown in Figures 2A and
S2A, the ascorbate-treated cells had significantly
higher ROS levels than the control cells, and the levels
increased in a dose-dependent manner. As
glutathione is the major antioxidant for ROS
detoxification, we postulated that ascorbate may
deplete intracellular glutathione. To test our
hypothesis, we used spectrophotometric analysis to
evaluate the role of ascorbate in regulating cellular
glutathione level. As expected, ascorbate-treated cells
(1 mM for 1 h) displayed an approximately 30%-40%
reduction in the ratio of reduced to oxidized
glutathione (Figure 2B) and NADPH/NADP+ (Figure
S2B). However, pretreatment with NAC significantly
decreased the ROS and increased the glutathione
levels (Figure 2C and 2D). Consistently, NAC or
catalase protected cells against apoptosis (Figure S2C)
and decreased caspase 3/7 activity (Figure S2D) in
AGS and SGC7901 cells. The antitumor effects of
ascorbate have been reported to be influenced by
glucose concentration[9] or redox-active metals such
as iron[13, 16]. The percentage of apoptosis in AGS
and SGC7901 cells was inversely correlated with
glucose content in the medium (Figure 2E).
Conversely, ascorbate induced high levels of
apoptosis independent of metal chelators such as DFO
or DTPA (Figure 2F and S2E), while coculture with
RBCs completely reversed the pro-apoptotic effects of
ascorbate in AGS and SGC7901 cells (Figure 2G and
S2F).

GLUT1 affects sensitivity of gastric cancer to
pharmacological ascorbate
Colorectal cancer cells exhibiting elevated
glycolytic activity are selectively killed by ascorbate,
which is transported to the cytosol by GLUT1[9]. We
therefore analyzed the glycolytic activity and GLUT1
expression in a panel of gastric cancer cells and GES1
gastric epithelial cells. The results showed that
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glucose intake and lactate production in AGS,
SGC7901, and MGC803 cells were significantly higher
than those in GES1 and HGC27 cells (Figure S3A).
Additionally, qPCR analysis demonstrated overexpression of key metabolic enzymes participating in
glycolysis, including HK2, Aldolase, PFK1, PKM2 and
LDH-A in AGS, SGC7901 and MGC803 gastric cancer
cells compared with that in HGC27 and GES1 cells
(Figure S3B). Interestingly, the glycolysis-inactive
HGC27 cells were resistant to ascorbate treatment
(Figure S3C and S3D). Transporters of ascorbate
include GLUT1, GLUT3, SVCT1 and SVCT2. We
further analyzed the expression of these transporters
at both the mRNA and protein levels. Although
upregulated expression of SVCT1, SVCT2, GLUT3
and GLUT4 was observed in cancer cells compared
with that in GES1 cells (Figure S3E-I), only GLUT1
level in gastric cancer cells (Figure 3A and S3J)
correlated with sensitivity to ascorbate.
Overexpression of GLUT1 was observed in the
ascorbate-sensitive AGS, SGC7901 and MGC803 cells
at both the mRNA and protein levels, while the
relatively resistant GES1 and HGC27 cells had low
GLUT1 expression (Figure 3A and S3J). We further
assessed whether the difference in sensitivity to
ascorbate is dependent on GLUT1 levels. For this
purpose, AGS, SGC7901 and MGC803 cells with high
GLUT1 expression were transfected with specific
shRNAs before incubation with ascorbate, and
GLUT1 was overexpressed in HGC27 cells. Western
blot and flow cytometry analysis showed that
membranous GLUT1 was depleted in AGS, SGC7901,
and MGC803 cells and overexpressed in HGC27 cells
after artificial manipulation (Figure S4A and S4B). As
shown in Figure 3B and 3C, depletion of GLUT1 in
AGS, SGC7901 and MGC803 cells completely
reversed the elevated ROS induced by ascorbate and
attenuated the anti-proliferative effects of ascorbate.
In the subcutaneous nude mouse model, xenografts
formed by cells after knockdown of GLUT1 showed
decreased sensitivity to pharmacological ascorbate
treatment (Figure 3D). Next, we examined the effects
of GLUT1 overexpression in HGC27 cells. Enforced
GLUT1 expression in HGC27 cells resulted in elevated
ROS levels compared with those in control cells after
ascorbate
treatment
(Figure
3E).
Ascorbate
significantly suppressed colony formation (Figure
S4C) and induced DNA damage (Figure S4D) in
HGC27 cells with enforced GLUT1 expression but had
no effects on control cells. Moreover, a significant
inhibitory effect of pharmacological ascorbate on
HGC27 tumors stably expressing GLUT1 was
observed, whereas
the
growth
of
empty
vector-expressing HGC27 tumors was slightly
decreased (Figure 3F).
http://www.thno.org

Theranostics 2018, Vol. 8, Issue 5

1318

Figure 2: Ascorbate induces ROS accumulation and depleted intracellular glutathione. (A) Representative histograms of ROS contents in the presence and absence
of ascorbate (1mM or 2mM for 1h) in the indicated cells as detected by the fluorescent probe DCF-DA. (B) Intracellular ratio between reduced and oxidized glutathione in the
indicated cells treated with ascorbate (1mM or 2mM) for 1h was measured by spectrophotometric analysis. (C) DCF-DA levels in the indicated cells pretreated with or without
NAC followed by ascorbate (1mM for 1h) treatment. (D) Reversion of intracellular glutathione following NAC treatment. The indicated cells were treated with 3mM NAC for
2h, followed by ascorbate at 1mM for 1h before they were submitted to spectrophotometric analysis. (E) Apoptosis of the indicated cells treated with ascorbate (4mM, 2h) in
medium with different glucose concentrations were determined by flow cytometry. (F) Apoptosis analysis of AGS cells treated with DFO (200μM) and DTPA (1mM) for 3h
followed by 2h exposure to ascorbate (4mM) in the continued presence of these chelators. (G) Apoptosis analysis of AGS cells in the presence or absence of red blood cells
(RBC) at 25% hematocrit treated with ascorbate at 2mM for 2h. Data in B, C, D, E, F and G are presentedas mean ±S.D. (n = 4). *P < 0.05 versus control; NS, non-significant.

GLUT1 only transports DHA into cancer cells[9].
Our data showed that DHA induced significant
apoptosis in AGS and SGC7901 cells compared with
stabilized ascorbate, whose oxidation was prevented
by addition of dithiothreitol (Figure 3G). Moreover,
we tested uptake of ascorbate and DHA by gastric
cancer cells using mass spectrum analysis. The
intracellular ascorbate and DHA levels were
decreased in GLUT1 knockdown AGS, SGC7901 and
MGC803 cells (Figure 3H and 3I). Enforced GLUT1
expression in HGC27 cells resulted in increased
intracellular ascorbate and DHA (Figure 3J).
Ascorbate or DHA in the culture medium was
inversely correlated with GLUT1 level (Figure S4E
and S4F). Together, these results strongly suggest that
GLUT1 is the primary means of ascorbate uptake in
gastric cancer cells and that GLUT1 expression level
affects sensitivity of gastric cancer cells to ascorbate.

GLUT1 is overexpressed in gastric cancer
tissues and predicts poor prognosis
We further analyzed GLUT1 expression in our
patient panel. qPCR assays indicated that the mRNA
level of Glut1 in cancer tissues was approximately
2.5-fold higher than that in paired normal tissues,
which was further validated by public data from the
Oncomine database (Figure 4A). Western blot analysis
confirmed the increased expression of GLUT1 in
gastric cancer tissues compared with that in adjacent
normal tissues (Figure 4B). To evaluate the
clinicopathological significance of GLUT1 in gastric

cancer, we performed IHC analysis of 209 gastric
cancer samples. As shown in Figure 4C, GLUT1 was
predominantly located in the membrane of tumor
cells. Positive staining was observed in 141 of 209
(67.5%)
cases.
In
addition,
we
observed
overexpression of GLUT1 in tumor tissues (Figure 4C
and S5A). Expression of GLUT1 was statistically
higher in the lymph node metastases than that in the
paired primary lesions (Figure 4D and S5A).
Progressively increased expression of GLUT1 was
observed in paired non-tumor tissues, primary
tumors and distant metastasis (Figure 4E). The
patients were divided into the GLUT1 low expression
group (n=154) and the GLUT1 high expression group
(n=55) based on IHC scores. Correlations between
GLUT1
expression
and
clinicopathological
characteristics are listed in Supplementary Table S2.
High expression of GLUT1 was positively associated
with larger tumor size (P=0.007), poor differentiation
state (P<0.001), and presence of the perineural
invasion (P=0.019). Log-rank tests were performed to
assess the prognostic significance of GLUT1 in gastric
cancer. Kaplan-Meier survival curves showed that
high GLUT1 expression was associated with poor
overall survival (P=0.005, Figure 4F, Table S3) and
disease-free survival (P<0.05, Figure 4F) of patients in
stage I-IV as well as patients in stage I-II (P<0.001,
Figure S5B) or III-IV (P=0.023, Figure S5C).
Multivariate analysis showed that only TNM stage
(P<0.001) and GLUT1 expression (P<0.001) were
http://www.thno.org
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independent prognostic factors for gastric cancer
patients (Table S3). Moreover, increased membranous
GLUT1 IHC score correlated with shorter overall and
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disease-free survival in our patient cohort (Figure S5D
and S5E).

Figure 3: GLUT1 affects antitumor activity of ascorbate in gastric cancer cells. (A) Immunoblotting of GLUT1 in the indicated cells. β-Actin was used as a loading
control. (B) Attenuation of elevated intracellular ROS level induced by ascorbate (2mM, 1h) after GLUT1 knockdown in the indicated cells. (C) Effect of GLUT1 knockdown on
sensitivity of the indicated cells to ascorbate detected by colony formation assays. Gastric cancer cells with GLUT1 knockdown or control cells were plated and treated with
ascorbate at 50μM. (D) Growth curve of xenografts after ascorbate treatment in AGS cells with GLUT1 knockdown. (E) Intracellular ROS level after ascorbate treatment (2mM,
1h) in HGC27 cells with enforced GLUT1 expression. (F) Growth curve of xenografts after ascorbate treatment in HGC27 cells with enforced GLUT1 expression. (G) Apoptosis
analysis of AGS and SGC7901 cells treated with DHA or stabilized ascorbate. (H-J) Mass spectra analysis of intracellular ascorbate or DHA in gastric cancer cells after
manipulation of GLUT1 expression. Cells were treated with 4mM vitamin C for 2h before measurement of ascorbate or DHA. Data in B, C, D, E, F, G, H, I and J are presented
as mean ±S.D. (n = 3 in B, C, E, G, H, I, J and n=6 in D, F). *P < 0.05 versus control; NS, non-significant.
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Figure 4: GLUT1 is overexpressed in gastric cancer tissues and predicts poor prognosis. (A) GLUT1 mRNA expression levels in gastric cancer tissues compared
with paired normal gastric tissues and expression in multiple cancer microarray data sets available from online database (https://www.oncomine.com//). (B) GLUT1 expression
in 10 pairs of human gastric cancer tissues (T) and matched adjacent non-tumor tissues (N). (C) Representative staining showing negative, weak, moderate and strong expression
of GLUT1 protein in gastric cancer tissues. GLUT1 was located in the cell membrane (left panel). The expression of GLUT1 is significantly different between tumor and normal
tissues (right panel). (D) Scoring of GLUT1 in paired tumor tissues and lymph node metastasis. (E) Representative staining (left panel) and scoring (right panel) of GLUT1 in paired
adjacent normal tissues, primary tumor tissues and distant metastasis. (F) Kaplan-Meier analysis of overall survival and disease free survival based on GLUT1 expression in all 209
patients. Data in C, D and E are presented as mean ±S.D. Scale bar: 100μm.

Ascorbate increases cellular susceptibility to
oxidative stress
Exposure of gastric cancer cells to oxaliplatin or
irinotecan resulted in elevated ROS production
(Figure 5A). The fluorescence intensity of DCF-DA
was approximately 3.0-, 2.5- and 2.0-fold higher in
AGS, SGC7901 and MGC803 cells treated with
oxaliplatin or irinotecan at a dose of 40 μM than that
in the untreated cells, respectively (Figure 5B).
Interestingly, the intracellular ratio of reduced to
oxidized glutathione was consistently elevated after

oxaliplatin or irinotecan treatment (Figure 5C), and
these effects were reversed by co-treatment with
ascorbate (Figure 5D and S6A). The combination of
oxaliplatin or irinotecan with ascorbate in AGS and
SGC7901 cells dramatically increased intracellular
ROS levels (Figure 5E and S6B) and induced
overexpression of γ-H2AX (Figure S6C and S6D)
compared with those of either agent alone.

Ascorbate synergizes with oxaliplatin or
irinotecan in gastric cancer cells
To examine the interactions between ascorbate
http://www.thno.org
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and chemotherapeutic drugs in gastric cancer cells,
we utilized MTS assays and found that the
combination of oxaliplatin or irinotecan with ascorbate significantly suppressed cell viability compared
with that of oxaliplatin or irinotecan alone in AGS and
SGC7901 cells (Figure 6A and S7A). The combination
index calculated with CalcuSyn was less than 1,
indicating a synergistic effect between oxaliplatin or
irinotecan with ascorbate (Figure 6B and S7B). Second,
while oxaliplatin or irinotecan at 2 μM or 2.5 μM,
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respectively, significantly impaired colony formation,
addition of ascorbate almost completely abolished the
colonies formed by AGS and SGC7901 cells (Figure 6C
and S7C). Cell apoptosis in the combination group
was significantly increased compared with that
induced by either agent alone (Figure 6D and S7D).
Tumor growth as well as tumor weight in mice
treated with ascorbate plus oxaliplatin or irinotecan
was significantly suppressed compared with that of
either agent alone (Figure 6E and S7E). In contrast, no
weight loss or any other sign of toxicity was
observed in any group (Figure 6E and S7E). IHC
analysis in the excised tumor sections
demonstrated that Ki67-positive cells were
significantly decreased, while cleaved caspase
3-positive cells were significantly increased in the
combination group compared with that of either
agent alone (Figure 6F and S7F). The combination
effects of oxaliplatin or irinotecan plus ascorbate
were further validated in the MGC803 gastric
cancer cell line (Figure S8A and S8B).

The combination of high-dose ascorbate
and oxaliplatin is efficacious in PDX
models

Figure 5: Depletion of glutathione by ascorbate increases cellular susceptibility to
oxidative stress. (A) Representative histograms of ROS contents in the presence and
absence of oxaliplatin or irinotecan at 40μM for 6h in the indicated cells as detected by the
fluorescent probe DCF-DA. (B) Quantification of DCF-DA fluorescence in the indicated cells.
(C) Intracellular ratio between reduced and oxidized glutathione of the indicated cells treated
with oxaliplatin or irinotecan for 6h was measured with spectrophotometric analysis. (D)
Intracellular glutathione level of the indicated cells treated with oxaliplatin (40μM, 6h), alone
or in combination with ascorbate (1mM, 1h) was measured with spectrophotometric analysis.
(E) Representative histograms (left panel) and quantification (right panel) of ROS contents
after treatment with oxaliplatin (40μM, 6h), alone or in combination with ascorbate (1mM, 1h)
in the indicated cells as detected by the fluorescent probe DCF-DA. Data in B, C, D and E are
presented as mean ±S.D. (n = 4). *P < 0.05 versus control.

As PDX models have been suggested to
faithfully recapitulate human tumor biology and
to examine the preclinical drug response[27, 28],
we generated PDX models to test the efficiency of
pharmacological ascorbate and oxaliplatin
(Figure 7A). Overexpression of GLUT1 in the
tumor tissues from PDX#1 was observed
compared with that from PDX#2 (Figure 7B). We
found that high-dose ascorbate or oxaliplatin
alone could suppress tumor growth, while the
combination of both agents induced more potent
antitumor activity as evidenced by the
significantly decreased tumor growth and tumor
weight in PDX#1 (Figure 7C-E). By contrast,
therapeutic and synergistic effects of high-dose
ascorbate at the same concentration with
oxaliplatin were not observed in PDX#2 (Figure
7F-H). Moreover, IHC analysis of PDX samples
from the immune-compromised mice showed
substantially reduced expression of Ki67 and
increased expression of cleaved caspase 3 in the
combination group from PDX#1, while
non-significant immunostaining of Ki67 and
cleaved caspase 3 in sections from the
ascorbate-treated groups and control groups in
PDX#2 was observed (Figure 7I), which is
consistent with the results from cell line-based
xenografts.
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Figure 6: Ascorbate synergize with oxaliplatin in gastric cancer cells. (A) Cell viability of AGS and SGC7901 cells treated with oxaliplatin alone or combined with
ascorbate (1mM, 2h) at indicated concentrations was detected by MTS. (B) The combination index (CI) of oxaliplatin and ascorbate treatment in AGS and SGC7901 cells was
analyzed using a median dose-effect method with CalcuSyn software (Biosoft). CI = 1 indicates an additive effect, CI < 1 indicates a synergistic effect and CI > 1 indicates an
antagonist effect. (C) Representative images (left panel) and quantification (right panel) of colony formation assays in AGS and SGC7901 cells treated with oxaliplatin (2.0μM) and
ascorbate (25μM). The predicted value was calculated by multiplying the relative colony numbers in the oxaliplatin-treated and ascorbate -treated sample. (D) Representative
images (left panel) and quantification (right panel) of Annexin V/PI assays in the indicated cells treated with oxaliplatin (50μM, 24h) and ascorbate (2mM, 2h). (E) The volume of
the tumors and the weight of mice were measured and recorded, and a tumor growth curve was created for each group. (F) Paraffin-embedded tumor sections were stained with
anti-Ki67 or cleaved caspase 3 antibody (scale bar: 50μm), the proliferation and apoptosis index was quantified. Data in A, C, D, E and F are presented as mean ±S.D. (n = 4 for
A, C, D and n=6 for E, F). *P < 0.05 versus corresponding control.

http://www.thno.org

Theranostics 2018, Vol. 8, Issue 5

1323

Figure 7: Combination of ascorbate and oxaliplatin is efficacious in gastric PDX models. (A) Schematic illustration of PDX model generation and subsequent in vivo
analysis. (B) Immunoblotting of GLUT1 in the tumor tissues from two PDX models. β-Actin was used as a loading control. (C, F) The volume of the tumors was monitored and
a tumor growth curve was created for each group. (D, G) Weight of dissected tumors was recorded. (E, H) Photographs of dissected tumors in each group. (I) Immuno-staining
of Ki67 and cleaved caspase 3 in the paraffin-embedded tumor sections of PDX models were shown and evaluated (scale bar: 50μm). Data in C, D, F, G and I are presented as
mean ±S.D. (n = 4). *P < 0.05 versus corresponding control. NS, non-significant.
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Discussion
Gastric cancer is the fourth most common cancer
worldwide[29, 30] and currently represents the
second leading cause of cancer-related death[29].
Chemotherapy is the standard care for advanced
gastric cancer patients[31]. However, the efficacy of
systemic chemotherapy is still limited[31], and drug
resistance is frequently observed in gastric cancer [29,
32]. Therefore, novel therapeutic modalities for
patients with advanced gastric cancer and strategies
to enhance the sensitivity of gastric cancer to
conventional therapeutic drugs are urgently needed.
The antitumor activity of intravenous high-dose
ascorbate was first reported in the 1970s[2, 3].
However, these effects failed to be validated with oral
supplementation at the same dose[4, 5], which
showed a completely different pharmacokinetic
profile compared to that of intravenous administeration [6]. Recent basic studies and clinical trials have
re-evaluated the therapeutic potential of high-dose
ascorbate in several human malignancies[10, 11, 13,
33]. Ascorbate was reported to enhance regeneration
of induced pluripotent stem cells and inhibit
malignant progression of leukemia via modulation of
DNA demethylation dioxygenases[14, 15, 34].
High-dose
ascorbate
demonstrated
selective
cytotoxicity to cancer cells and enhanced sensitivity to
chemotherapy or radiotherapy[10, 13, 33]. A recent
study showed that perturbation of the intracellular
labile iron pool rather than GLUT1 expression
sensitized lung cancer and glioblastoma cells to
pharmacological ascorbate, and these effects were
completely abrogated by pretreatment with metal
chelators such as DFO or DTPA[13]. However, our
data showed that the effects of ascorbate on gastric
cancer were not influenced by chelatable metals,
which was consistent with results in lymphoma
cells[16]. Moreover, RBCs could protect cancer cells,
including HCT116, A375, SK-MEL-28 and JLP-119,
from ascorbate-induced apoptosis[16, 35]. Our data
further suggested that mitigation of ascorbate
cytotoxicity to cancer cells by RBCs highlights the
importance of G6PD enzyme activity detection before
administration of high-dose ascorbate[16, 35].
Epidemiologic studies found that common
variants in SVCT1 and SVCT2 may influence plasma
ascorbate concentration independent of dietary
intake, and polymorphisms in SVCT2 may influence
the risk of gastric cancer[36, 37]. However, our data
revealed that GLUT1 may determine the cytotoxic
effects of ascorbate based on in vitro and in vivo
analyses. These results suggest that the means of
ascorbate transportation were cell type specific.
Moreover, the preferred form of ascorbate differed
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among cancer cells[9, 38, 39]. GLUT1 and GLUT3 have
both been reported to facilitate uptake of ascorbate in
the form of DHA[40]. Hong et al. demonstrated that
the inhibitory effect of ascorbate on breast cancer cells
was dependent on SVCT2 expression level[23]. We
therefore detected expression of GLUT1 and GLUT3
as well as SVCT1 and SVCT2 in gastric cancer cells
and found that only the expression level of GLUT1
was paradoxically associated with sensitivity of
gastric cancer cells to high-dose ascorbate. Further
gain- and loss-of-function assays showed the impact
of GLUT1 on intracellular ascorbate levels and
response of cancer cells to ascorbate treatment.
Intraperitoneal injection of high-dose ascorbate (4
g/kg) significantly repressed the growth of tumors
formed by cell lines or PDX with GLUT1
overexpression but showed poor therapeutic effects
on tumors formed by cell lines or PDX with low
GLUT1 expression levels. Our data were consistent
with the results from KRAS or BRAF mutant
colorectal cancer cells[9]. However, whether other
transporters, such as GLUT3, play vital roles in
ascorbate uptake of other cancer cells requires further
investigation because only four gastric cancer cell
lines were used in our study. It should also be noted
that the effect of high-dose ascorbate on mouse tumor
growth was independent of circulating erythrocytes
as they express GLUT4 rather than GLUT1[41].
Cancer cells sensitive to pharmacological
ascorbate treatment have elevated intracellular ROS
levels[1, 9, 12, 42], and they would be expected to
become sensitized to agents that increased oxidative
stress, such as genotoxic drugs[11]. We and others
have reported that the glutathione level is associated
with the cytotoxic activity of oxaliplatin and
irinotecan[43-45]. DNA damage has been shown to
induce ROS generation through the H2AX/Nox1/
Rac1 pathway[21]. Our previous report demonstrated
that elevated ROS levels serve as a mechanism
underlying intrinsic resistance to gemcitabine, which
induces nuclear translocation of Nrf2 and feedback
activation of glutathione synthesis [24]. In this study,
treatment with the genotoxic agents oxaliplatin or
irinotecan resulted in elevated ROS production and
synthesis of the antioxidant glutathione. Excessive
ROS could exhaust the antioxidant capacity of cells
and lead to apoptosis by increasing the redox stress
level beyond its threshold[46, 47]. Several assays have
demonstrated the synergistic effects of high-dose
ascorbate with oxaliplatin or irinotecan in vitro and in
vivo.
The key findings of our present study are that
silencing of GLUT1 expression enhanced the
sensitivity of gastric cancer cells to pharmacological
ascorbate. High-dose ascorbate significantly induced
http://www.thno.org
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ROS elevation via depletion of the antioxidant
glutathione and suppressed growth of gastric cancer
cells in vitro and in vivo (Figure 8). These findings
suggest that pharmacological ascorbate, a novel
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treatment modality that relies on the GLUT1 protein
level, may be an attractive adjuvant to standard
chemotherapeutic treatment for gastric cancer.

Figure 8: Proposed working model of our study: Ascorbate transported into cytoplasm via GLUT1 disrupts redox homeostasis and enhances sensitivity to chemotherapy in
gastric cancer.
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