I High-Dose Parenteral Ascorbate Enhanced Chemosensitivity of Ovarian
Translational

Medicine Cancer and Reduced Toxicity of Chemotherapy
AVAAAS Yan Ma et al.

Sci Transl Med 6, 222ral8 (2014);
DOI: 10.1126/scitransimed.3007154

Editor's Summary

Not-So-Sour Results for Cancer Patients

Ascorbic acid, or vitamin C, was first proposed as a cancer treatment decades ago. Unfortunately, despite
anecdotal evidence for effectiveness of intravenous ascorbate, initial clinical trials used the oral form of the drug. On
the basis of the results from these trials, ascorbate was determined to be ineffective, and its use for cancer was
largely abandoned outside of alternative medicine. However, accumulating anecdotal evidence once again led
scientists to reconsider the therapeutic potential of this compound.

Ma and colleagues investigated the use of intravenous ascorbic acid in conjunction with chemotherapy for
ovarian cancer, starting from preclinical models and culminating in a human trial. The preclinical studies provided
evidence of anticancer effects of ascorbate and demonstrated synergy with chemotherapeutic agents. The
early-phase human trial was too small to statistically confirm efficacy, but it demonstrated a significant reduction in
chemotherapy-induced adverse effects in patients receiving ascorbate. Although larger studies will be needed to
confirm a direct anticancer effect of ascorbate, its ability to decrease chemotherapy-induced adverse effects should
already make it a very valuable addition to chemotherapeutic regimens, because a reduction in toxicity would allow
patients to tolerate higher (and potentially more effective) doses of chemotherapy.
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CANCER

High-Dose Parenteral Ascorbate Enhanced
Chemosensitivity of Ovarian Cancer and
Reduced Toxicity of Chemotherapy

Yan Ma,"? Julia Chapman,® Mark Levine,* Kishore Polireddy,’? Jeanne Drisko,?* Qi Chen?*

Ascorbate (vitamin C) was an early, unorthodox therapy for cancer, with an outstanding safety profile and anecdotal
clinical benefit. Because oral ascorbate was ineffective in two cancer clinical trials, ascorbate was abandoned by
conventional oncology but continued to be used in complementary and alternative medicine. Recent studies pro-
vide rationale for reexamining ascorbate treatment. Because of marked pharmacokinetic differences, intravenous,
but not oral, ascorbate produces millimolar concentrations both in blood and in tissues, killing cancer cells without
harming normal tissues. In the interstitial fluid surrounding tumor cells, millimolar concentrations of ascorbate exert
local pro-oxidant effects by mediating hydrogen peroxide (H,0,) formation, which kills cancer cells. We investi-
gated downstream mechanisms of ascorbate-induced cell death. Data show that millimolar ascorbate, acting
as a pro-oxidant, induced DNA damage and depleted cellular adenosine triphosphate (ATP), activated the ataxia
telangiectasia mutated (ATM)/adenosine monophosphate-activated protein kinase (AMPK) pathway, and resulted in
mammalian target of rapamycin (mTOR) inhibition and death in ovarian cancer cells. The combination of parenteral
ascorbate with the conventional chemotherapeutic agents carboplatin and paclitaxel synergistically inhibited ovar-
ian cancer in mouse models and reduced chemotherapy-associated toxicity in patients with ovarian cancer. On the
basis of its potential benefit and minimal toxicity, examination of intravenous ascorbate in combination with stan-

dard chemotherapy is justified in larger clinical trials.

INTRODUCTION

Ascorbate (vitamin C) has long been used as an unorthodox therapy
for cancer, even though the underlying scientific mechanisms were
not well understood (1, 2). Some early hypotheses were that cancer
metastases spread through weakened collagen and that metastases
could be blocked by vitamin C, which made collagen stronger (3),
and ascorbate also inhibited the enzyme hyaluronidase, which other-
wise destroyed collagen (4). Later in the 1970s, Cameron and Pauling
reported that ascorbate (10 g/day) was effective in treating cancers
(5, 6), using intravenous ascorbate first and then followed by oral
ascorbate. However, clinical trials conducted by Moertel and col-
leagues in Mayo Clinic found the same dose of ascorbate ineffective,
by using it orally (7, 8). It is now recognized that oral and intra-
venous ascorbate have different pharmacokinetics, mirroring those
of vancomycin (9, 10). With oral ascorbate, plasma and tissue con-
centrations are tightly controlled as a consequence of limited absorp-
tion, tissue transport, and renal excretion (9). Plasma concentrations
rarely exceed 200 pM, even with oral supplementation of more than
100 times the recommended dietary allowance (9, 10). By contrast,
when ascorbate is injected intravenously, tight control is bypassed
and pharmacologic concentrations of ascorbate are established until
excess ascorbate is excreted by kidney. Plasma concentrations greater
than 10 mM are safely sustained in humans for ~4 hours (10-13).
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When patients have normal renal function and glucose-6-phosphate
dehydrogenase (G6PD) activity, toxicity is minimal even with intra-
venous doses as high as 1.5 g/kg, equivalent to 105 g for a 70-kg per-
son (2, 12). These data indicate that intravenous administration of
pharmacologic ascorbate doses is safe and similar to drug administra-
tion. Therefore, the effect of ascorbate in cancer treatment is worth
reexamining.

Recent studies revealed that, indeed, ascorbate could be a potential
anticancer agent, when reaching pharmacological concentrations. Phar-
macologic ascorbate concentrations, achieved through intravenous
infusion, form ascorbate radicals and produce hydrogen peroxide
(H,0,) in extracellular fluid at concentrations that are cytotoxic to
many cancer cells but not normal cells (11, 14, 15). Likely, downstream
reactive oxygen species (ROS) are also formed through trans-metal cat-
alyzed reactions exemplified by Fenton chemistry and act as effectors
(16, 17). With rodent xenograft models, the growth of several cancers
was inhibited by parenteral ascorbate treatment (11, 16-18). High-dose
intravenous ascorbate was also suggested to be effective in treating hu-
man patients, in some pathologically confirmed cancer cases (19, 20).
Two small clinical trials in pancreatic cancer demonstrated that 15 to
125 g per dose of intravenous ascorbate was well tolerated and sug-
gested some efficacy (13, 21). However, the reason for the selective
cytotoxicity of ascorbate is not known because of a lack of understand-
ing of the mechanism(s) of its actions. Given the current polarization
of thought between the skepticism that surrounds therapeutic efficacy
of vitamin C and the highly suggestive evidence in support of beneficial
effects of pharmacologic ascorbate in cancer treatment, there is a critical
need to establish a specific mechanism by which pharmacologic ascor-
bate manifests its therapeutic benefit in cancer. In the absence of such
evidence, decisions concerning adoption of this innovative strategy for
treatment of cancer will be very difficult. Here, we aimed to investigate
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the downstream mechanisms of ascorbate-induced cell death, and
conducted an early-phase clinical trial examining safety and toxicity
of high-dose intravenous ascorbate in ovarian cancer patients, com-
bined with the conventional chemotherapeutic regimen paclitaxel and
carboplatin.

RESULTS

Mechanism of ascorbate-induced cytotoxicity in

ovarian cancer cells

We selected ovarian cancer as a model because of its poor progno-
sis in patients with metastases or chemo-resistant disease, and be-
cause of previously suggested ascorbate effect on this cancer (20, 22).
First, concentration-dependent cytotoxicity was tested in seven human
ovarian cancer cell lines (Fig. 1A and table S1). All were susceptible
to ascorbate with ICsqs of 0.3 to 3 mM, concentrations easily achievable
by intravenous infusion. Meanwhile, an immortalized nontumori-
genic ovarian epithelial cell line, HIO-80, was minimally affected.
Catalase, a specific H,O, scavenger, completely reversed cytotoxicity,
confirming the necessity of H,O, in mediating ascorbate-induced
cell death.

DNA double-strand damage was observed in SHIN3 human ovar-
ian cancer cells after ascorbate treatment, as shown by robust phos-
phorylation of histone 2AX (H2AX) (Fig. 1B). Phosphorylation was
dependent on time and ascorbate concentration. DNA damage was as-
sessed by quantifying DNA emitting from cell nuclei relative to remain-
ing nuclear DNA (“Comet” assay) (23) (Fig. 1C and table S1). Ascorbate
induced severe DNA damage alone. When ascorbate was combined
with the DNA alkylating agent carboplatin, DNA damage increased.
When a poly(adenosine diphosphate-ribose) polymerase (PARP) in-
hibitor was added to inhibit DNA repair, DNA damage further increased.
DNA damage was prevented by catalase, whereas carboplatin or PARP
inhibitor alone induced only minor changes. Cell death was enhanced
when the PARP inhibitor olaparib was combined with ascorbate, com-
pared to either agent alone, and was also fully reversed by catalase (Fig. 1D,
fig. S1, and table S1).

Excessive oxidative stress can deplete cellular adenosine triphosphate
(ATP) (24). In ascorbate-treated (3 mM) SHINS3 cells, there was a sharp
ATP decrease within 1 hour, with gradual recovery after 6 hours, simi-
lar to findings with H,O, (Fig. 1E and table S1). This transient fall of
intracellular ATP is associated with cell death induced by the same con-
centration of ascorbate (Fig. 1A and table S1), and is consistent with
autophagy and lack of caspase activity in ascorbate-induced cell death
as previously reported (16, 25, 26). By contrast, in the nontumorigenic
ovarian epithelial cell HIO-80, an ATP drop was absent with the same
ascorbate treatment (Fig. 1E and table S1), and these cells were much
more resistant to ascorbate-induced death (Fig. 1A and table S1). Dif-
ferent responses between cancerous and noncancerous cells might be
explained by the Warburg effect (27). Some cancer cells rely primarily
on glycolysis for ATP production so that their ATP synthesis is in-
efficient compared with that in normal cells that use oxidative phos-
phorylation. As observed here, some cancer cells are more sensitive to
the metabolic stress induced by ascorbate, leading to selective cyto-
toxicity as a consequence of metabolic pathways characteristic of can-
cer cells.

Another key mediator of cellular response to DNA damage, pro-
tein kinase ATM (ataxia telangiectasia mutated), was activated by

phosphorylation within 15 min of ascorbate treatment in SHIN3
cells (Fig. 1B). Phosphorylation was dependent on both ascorbate
concentration and time (Fig. 1B). Phosphorylated ATM can in-
hibit mammalian target of rapamycin (mTOR), a central regulator
of protein synthesis and cell proliferation, by activating AMPK [aden-
osine monophosphate (AMP)-activated protein kinase] via phos-
phorylation, in response to challenge by ROS (28). As a cell energy
sensor, AMPK is also activated by a decreased ATP/AMP ratio
(29). After ascorbate treatment, AMPKo phosphorylation was ob-
served in a time- and concentration-dependent manner, downstream
of ATM phosphorylation (Fig. 1F). Phosphorylated mTOR (p-mTOR)
decreased in proportion to ascorbate concentration and time (Fig.
1F), consistent with ATM/AMPK activation. Ascorbate also decreased
the total concentration of mTOR in a dose- and time-dependent manner.
H,O0, induced similar effects in SHIN3 cells, stimulating phospho-
rylation of H2AX, ATM, and AMPK, and decreasing phospho-
rylation of mTOR (Fig. 1, B and F). Together, these data indicate that
pro-oxidant ascorbate induced genotoxic (DNA damage) and meta-
bolic stress (decreased ATP), with an end result of decreased mTOR
(Fig. 1G).

Synergistic action of ascorbate with carboplatin and
paclitaxel in preclinical ovarian cancer models
Building on this mechanism of action for pharmacologic ascorbate,
combination treatment approaches were designed for synergy. We ex-
amined the effect of ascorbate in combination with carboplatin, the
first-line chemotherapy for ovarian cancer. Carboplatin induces DNA
damage by reaction of the platinum molecule with nucleophilic sites
on DNA (30), a mechanism not directly based on ROS. As shown in
Fig. 1C (table S1), addition of carboplatin to ascorbate enhanced DNA
damage. To expand this finding, we examined cell survival. Using con-
stant ratio design (31), we exposed human ovarian cancer cells OVCARS,
OVCARS, and SHIN3 to ascorbate and carboplatin combinations
(AA + Cp) at three different molar ratios (Fig. 2 and table S1). For
comparison, the nontumorigenic ovarian epithelial cell HIO-80 was
treated using the same combination ratios. AA + Cp together dis-
played greater cell killing [increased fraction affected ( f,)] in all three
cancer cell lines compared to either drug alone (Fig. 2, A and B, and
tables S1 and S2). The higher the ratio of ascorbate to carboplatin was
in the combination, the larger the increase in f, (Pearson r = 0.861).
Whereas the ovarian epithelial cell HIO-80 was sensitive to carboplatin
treatment, the addition of ascorbate to carboplatin at any tested com-
bination ratio did not induce more cell death than carboplatin alone.
Because synergy was indicated specifically in cancer cells but not nor-
mal cells, combination index (CI) for the three cancer cell lines was
calculated using isobologram principles (31) to determine synergism
(CI < 1), additive effect (CI = 1), or antagonism (CI > 1). An additive
to synergistic effect was shown for ascorbate and carboplatin in
OVCARS5 and SHINS3 cells at all combination ratios, and in OVCARS
cells at a high ascorbate ratio (Fig. 2C and table S1). Fold decrease in
carboplatin dose (DRI) increased as f, increased, and also as the AA/Cp
ratio increased (Fig. 2D and table S1). These data show that when
ascorbate is added to carboplatin, the concentration of carboplatin
that produces cell killing can be decreased, and synergy favors a higher
ratio of ascorbate in the combination.

Synergy was further tested in an intraperitoneally implanted SHIN3
ovarian cancer in athymic mice (Fig. 3). High-dose parenteral ascor-
bate had no discernible adverse effects alone or with chemotherapy.
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Fig. 1. Mechanisms by which ascorbate induces ovarian cancer cell death.
(A) Cytotoxicity of pharmacologic ascorbate on human ovarian cancer cells
(OVCAR10, SKVO3, OVCAR3, A2780, OVCAR5, OVCARS, and SHIN3) and an
immortalized, nontumorigenic human ovarian epithelium cell (HIO-80). Ad-
dition of catalase (600 U/ml) before ascorbate (3.5 mM) reversed the cyto-
toxicity of ascorbate in SHIN3 cells (diamond with red circle). Cell viability was
measured at 48 hours of treatment. Data are means + SD of two to eight
independent experiments each in triplicate. (B) Western blot analysis show-
ing phosphorylation of ATM and H2AX induced by ascorbate in a dose-
dependent (left) and time-dependent (right) manner in SHIN3 cells. Vinculin
served as a loading control. Ctrl, control; H,O,, hydrogen peroxide (1 mM);
Cat, catalase (600 U/ml). (C) Grading of DNA damage (pie graphs), represent-
ative images (upper left), and percentage of cells having DNA damage (bar
graphs) from single-cell DNA electrophoresis (Comet assay) showing DNA
damage induced by ascorbate (AA; 2 mM, 3 hours), carboplatin (Cp; 0.8 mM,
3 hours), PARP inhibitor (PI; phenanthridine, 20 uM, 3 hours), catalase (Cat;
100 U/ml, 3 hours), and the indicated combinations. Tail DNA% was defined
as 100 x tail DNA intensity/cell DNA intensity and was used for grading. At

least 150 cells were graded per sample. Data in the pie graphs and the bar
graphs represent an average of three independent experiments done in trip-
licate. The P values in the bar graphs are statistical comparison (t test) of
grade 3 to 4 DNA damage. (D) PARP inhibitor enhanced ascorbate-induced
cytotoxicity in SHIN3 cells, and catalase-reversed the cytotoxicity. AA, ascorbate
(2.5 mM, 24 hours); Olap, olaparib (20 uM, 24 hours); Cat, catalase (100 U/ml,
24 hours). Data are means * SD of five repeats. Data for longer exposure
(48 hours) are shown in fig. S1. (E) Pharmacologic ascorbate depleted ATP in
SHIN3 cells but not in HIO-80 cells. Cells were treated with 3 mM ascorbate or
500 uM H,0,. ATP was analyzed by an HPLC assay coupled with ultraviolet (UV)
detection, normalized first to the total cellular protein in each sample, and then
compared to the untreated cells (Ctrl) at the respective time point to express
the result as a percentage of the control. Data are means + SD (n = 3). *P =
0.050, **P = 0.0038 at 1 hour and P = 0.0049 at 2 hours comparing AA to con-
trol by t test. (F) Western blot analysis showing the phosphorylation of AMPKo:
and decrease in both mTOR and p-mTOR by ascorbate in a dose- and time-
dependent manner. Vinculin served as a loading control. (G) Scheme of proposed
mechanisms by which pharmacologic ascorbate leads to cancer cell death.
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two to six individual experiments per cell type, each done in triplicate. (A) Fraction affected (f,) as a function of drug concentrations (Log,o[drug]).
Ascorbate concentrations ranged from 0 to 20 mM, and carboplatin concentrations ranged from 0 to 3 mM. (B) Inhibitory effects of representative
concentrations. (C and D) Combination index (Cl) (C) and dose reduction index (DRI) (D) across the fraction affected (f,) from 0.01 to 0.99, calculated
by CalcuSyn 2.1 software (Biosoft), using the equation Cl = (Dcpirany/Dcp) + (Dancrcp)y/Dan) + @ [(Dcpian)(Daaccp)/(Dcp)(Dan)l, where D is the con-
centration of carboplatin and ascorbate either alone or in combination at a given molar ratio to achieve a given f,. The more conservative assump-
tion of mutual exclusivity was adopted (o = 0). Cl < 1, Cl =1, and CI > 1 indicate synergism, additive effect, and antagonism, respectively. DRI values
for carboplatin were calculated across the f, by the equation DRI = (Dcp/Dcpian), Where D¢y, is the concentration of carboplatin alone required to
produce a given f,, and Dcp.aa is the concentration of carboplatin needed to produce the same f, when it is combined with ascorbate. DRI > 1 indicates

dose-reducing effect for carboplatin.

Compared with saline treatment controls, ascorbate alone reduced tu-
mor burden (Fig. 3A and table S1). Ascorbate and carboplatin com-
bination treatment (AA + Cp) was more effective compared to either
ascorbate or carboplatin alone. Similar potentiation was seen with an
ascorbate and paclitaxel combination (AA + Pax). Because paclitaxel
and carboplatin are often combined in treating ovarian cancer patients,
we tested AA + Cp + Pax. Triple combination treatment reduced tumor
weight by 94% compared to controls and completely abrogated ascites
formation, an effect significantly better than Cp + Pax (P = 0.0062
for tumor weight and P = 0.048 for ascites volume) (Fig. 3, A to C,
and table S1). Combinations of AA + Cp, AA + Pax, and AA + Cp + Pax
all showed improved effects compared to treatment with chemo-
therapeutic drugs alone. Inhibition of mTOR and p-mTOR in tumors
was detected when ascorbate was present in any combination group

(Fig. 3D), with the most inhibition in the AA + Cp + Pax group.
Consistently, AMPK phosphorylation was enhanced in tumors treated
with ascorbate, either alone or in combination with chemotherapeu-
tic drugs (Fig. 3D). Although Cp + Pax treatment induced p-AMPK, the
strongest induction was in the AA + Cp + Pax group. Robust increases
in H2AX (a marker for DNA damage) and its phosphorylated form
(pH2AX) were also evident in the AA + Cp + Pax group (Fig. 3D). Lack
of difference among the other groups might be due to low sensitivity in
the detection assay because tumor tissues are composed of impure cell
populations and because the time for tissue collection was limited by
euthanasia at 24 hours after the last drug administration, which was not
ideal to capture H2AX phosphorylation.

The chemotherapeutic drugs at the doses used here did not cause
observable toxicity or pathological changes in the liver, kidney, or
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n = 15), or osmotically equivalent saline (n = 18). (A to C) After 25 days of
treatment, mice were euthanized, and total tumor weight (A), volume of
ascites (B), and nonblood cell number in ascites (C) were measured. Data
are means = SEM. (D) Western blot analysis showing inhibition in mTOR
and p-mTOR in tumors of combination treatment groups. Vinculin served
as a loading control. (E) Histological analysis of major organs. Liver, kidney,
and spleen were fixed in 4% formaldehyde and sliced and subjected to
hematoxylin and eosin (H&E) staining (magnification, x200; scale bars, 100 um).
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spleen. Ascorbate alone or in combination with chemotherapy also
did not cause any pathologic changes in the liver, kidney, or spleen
(Fig. 3E).

Reduction of chemotherapy-associated toxicity by ascorbate
in ovarian cancer patients

A pilot phase 1/2a clinical trial was conducted in patients with newly
diagnosed stage III or IV ovarian cancer. High-dose intravenous ascor-
bate was added to conventional paclitaxel/carboplatin therapy, and tox-
icity was assessed. Twenty-seven participants were randomized into

is potential to improve the treatment outcome using the CAM (comple-
mentary and alternative medicine) regimen of high-dose intravenous
ascorbate as adjuvant. We investigated this possibility, and results
showed that ascorbate induced ovarian cancer cell death at concentra-
tions easily achievable clinically by intravenous infusion (10-13, 2I).
Ascorbate worked synergistically in vitro and in vivo with the first-line
chemotherapeutic drugs carboplatin and paclitaxel. In patients with
advanced ovarian cancer, treatment with ascorbate reduced toxicities
associated with chemotherapy. Because the study was not powered
for detection of efficacy, statistical improvement in survival was not

either the standard Cp + Pax arm or the
Cp + Pax + AA arm. Cp + Pax chemothera-
py was administered for the initial 6 months,
and AA treatment for 12 months. Partici-
pants were followed for survival for 5 years.
Two subjects in the Cp + Pax arm volun-
tarily withdrew because they wanted intra-
venous vitamin C, and they were excluded
from data analysis. Data on 25 participants
(12in Cp +Paxarmand 13 in Cp + Pax + AA
arm) were evaluated for untoward events
using the National Cancer Institute (NCI)
Common Terminology Criteria for Adverse
Events version 3 (CTCAEv3). No treatment-
related grade 5 toxicity (death) occurred.
Ascorbate treatment did not increase the rate
of grade 3 or 4 toxicity. Moreover, grade 1
and 2 toxicities were substantially decreased
in the Cp + Pax + AA group versus the Cp +
Pax group (Fig. 4A and tables S1 and S3).
Compared with participants treated with
Cp + Pax, participants treated with Cp +
Pax + AA had decreases in almost all the
categories of toxicity evaluated, including
neurotoxicity, bone marrow toxicity, in-
fection, hepatobiliary/pancreatic toxicity,
toxicities in the renal/genitourinary, pul-
monary, and gastrointestinal systems, and
dermatology (Fig. 4B and tables S1 and
$4). Overall survival trended toward im-
provement with ascorbate addition to stan-
dard chemotherapy (Fig. 4C and table S1),
and the median time for disease progression/
relapse was 8.75 months longer in the Cp +
Pax + AA arm than in the Cp + Pax arm
(Fig. 4D and table S1), although neither one
achieved statistical significance because
the trial was not statistically powered to de-
tect efficacy. These results might also have
improved with more frequent ascorbate
dosing (13).

DISCUSSION

Conventional chemotherapies have little
impact on the outcomes for relapsed and
chemo-resistant ovarian cancers, but there
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Fig. 4. Reduction of toxicity in ovarian cancer patients after adding ascorbate to chemotherapy.
Cp + Pax arm: participants received standard of care chemotherapy for 6 months. Cp + Pax + AA arm: in
addition to the Cp + Pax treatment, participants received intravenous AA using a dose-escalating
protocol, with final dose of either 75 or 100 g per infusion depending on peak plasma concentration of
each individual. The target peak plasma concentration of ascorbate was 350 to 400 mg/dl (20 to 23 mM).
Once the dose was determined, participants received ascorbate infusion two times per week for a total of
12 months. The first 6 months were in conjunction with the Cp + Pax chemotherapy. Fourteen subjects
were randomized to Cp + Pax arm. Two voluntarily withdrew before receiving any treatment and were
excluded from data analysis. Thirteen subjects were randomized to the Cp + Pax + AA arm. Two were
noncompliant with tobacco use and were removed from the arm, and another one was removed after
in vitro assays detected that the subject was resistant to all chemotherapy. These three subjects received
doses of chemotherapy and ascorbate, so their adverse events were counted, but they were excluded
from survival follow-up. (A) Average adverse events per encounter for all participants and all toxicity
categories. Any and all unwanted events were counted and graded for severity according to NCI CTCAEv3.
Records for adverse events include patient interviews, emergency room visits, patients’ oncologist visits,
and hospitalization records. The number of adverse events in each grade for each participant was divided
by the number of encounters of that participant, and then the adverse events per encounter were aver-
aged in the Cp + Pax arm and the Cp + Pax + AA arm, respectively. (B) Percentage of participants who had
toxicities in each arm. Toxicities were categorized by anatomic organ/system according to NCI CTCAEv3.
All grades of toxicities were counted. More detailed data on patient toxicities are included in table S1. (C)
Kaplan-Meier curves of overall survival at 60 months after diagnosis. (D) Time to disease progression or
relapse for each subject. The bars represent median time of each arm.
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observed. Given the advantage of low toxicity of ascorbate, larger
clinical trials need to be done to definitively examine the benefit of
adding ascorbate to conventional chemotherapy.

It is accepted that the antitumor effect of pharmacologic ascorbate
is mediated by generation of sustainable ascorbate radical and H,0, in
the extracellular space (11, 14, 15). However, because of the inherent
promiscuity of ROS effects on cells, it has been difficult to define a
general molecular mechanism in all types of susceptible cancer cells
(32, 33). Different studies have suggested a variety of mechanisms in
different cellular systems, including apoptosis (34-36), nonapoptotic cell
death (14, 25, 37-39), autoschizis (40-43), ATP depletion (26, 44, 45),
cell cycle arrest (46, 47), and autophagy (16, 26, 48). It remains in-
conclusive how ascorbate exerts its selective antitumor effects (49). Here,
we revealed that pharmacologic ascorbate-generated ROS induced
DNA damage and ATP depletion, and thus triggered a series of cell re-
sponses including activation of ATM/AMPK and inhibition of mTOR.
We do not exclude other molecular mechanisms because H,O, could
generate downstream ROS and affect various cellular and molecular
targets. Different cells could have different responses. Our mechanistic
data in the tested ovarian cancer cells provide new information to un-
derstand the various cellular phenomena observed previously, be-
cause it is well known that DNA damage, ATP depletion, and the
ATM/AMPK/mTOR pathways are linked to suppression of cell pro-
liferation and cell cycle arrest, as well as apoptosis, necrosis, and autoph-
agy (50-54). Enhanced understanding of the mechanism provides rationale
and strategies for synergy using pharmacologic ascorbate together with
other chemotherapeutic agents. As shown in this study, the Cp + Pax + AA
combination was tested clinically as a proof of concept. The mecha-
nisms unveiled here provide many possibilities for synergy of ascorbate
with targeted cancer therapies, such as PARP inhibitors and/or mTOR
inhibitors.

Advantages of using ascorbate as a cancer treatment include its low
toxicity and availability. The safety of high-dose intravenous ascorbate
was reported in a survey of CAM practitioners (2) and three indepen-
dent phase 1 clinical trials (12, 13, 21). Our trial demonstrated safety
of longer use for 1 year. Remarkably, addition of ascorbate reduced
toxicities induced by standard chemotherapy in almost all evaluated cat-
egories, without decreasing survival. On the basis of this information
and positive cellular and animal data showing tumor inhibition, the ef-
ficacy of ascorbate treatment in ovarian cancer is worth investigating in
larger clinical trials.

High-dose parenteral ascorbate is currently administered to thou-
sands of patients by practitioners of CAM (2). With enhanced under-
standing of anticancer action presented here, plus a clear safety profile,
biological and clinical plausibility have a firm foundation. Together,
our data here provide strong evidence to justify larger and robust clini-
cal trials for detection of efficacy combining ascorbate with conven-
tional chemotherapy.

MATERIALS AND METHODS

Clinical trial

A prospective randomized phase 1/2a pilot trial was conducted at two
sites: University of Kansas Medical Center Cancer Center in Kansas City,
Kansas, and Research Medical Center Resource Center-Gynecologic in
Kansas City, Missouri, between 2002 and 2007. The institutional review
boards for each site approved the protocol, and all participants provided

written informed consent. Oversight was provided by the U.S. Food
and Drug Administration’s Center for Drug Evaluation and Research,
Division of Oncology Drug Products, with an Investigational New Drug
assignment for injectable ascorbic acid. The trial was registered with
http://www.ClinicalTrials.gov and assigned identifier NCT00228319.
The primary objective was to determine the safety of high-dose intra-
venous ascorbate when combined with first-line chemotherapy paclitaxel
and carboplatin in the treatment of advanced-stage ovarian cancer. End-
point analysis was by NCI CTCAEv3. Patients with newly diagnosed
stage III or IV ovarian cancer were subject to eligibility screening, re-
quiring them to be ambulatory with Eastern Cooperative Oncology
Group (ECOG) performance status 0 to 2; have normal G6PD status;
have adequate renal, hepatic, and hematologic function; be able to re-
ceive first-line chemotherapy for duration prescribed; and not use to-
bacco products. Of the 27 subjects randomized, 22 completed the trial
(81.5%). Two subjects voluntarily withdrew from the Cp + Pax arm
before treatment commenced because they wanted intravenous vitamin
C, and they were excluded from data analysis. Two subjects were removed
from the Cp + Pax + AA arm because they were noncompliant with
tobacco use, and one was removed from the Cp + Pax + AA arm after
in vitro cytotoxic assays detected that her tumor cells were resistant to
all chemotherapy. These three subjects received doses of chemo-
therapy and ascorbate, so their adverse events were counted, but they
were excluded from the survival report (table S3). Double blinding was
used at enrollment and randomization, but was not maintained during
the treatment because no placebo control was used.

All participants received Cp + Pax chemotherapy according to stan-
dard of care, and all doses were administered in either the University
of Kansas Cancer Center or the oncology clinic of the oncologist co-
investigator. Ascorbate dose for the Cp + Pax + AA arm was estab-
lished via dose escalation initiated at 15 g per infusion titrated up to
a therapeutic range of 75 or 100 g per infusion, with a target peak
plasma concentration of 350 to 400 mg/dl (20 to 23 mM) (12, 13).
The ascorbate infusion was given at a rate of 0.5 g/min, and 400 mg
of magnesium chloride (Wellness Pharma) was supplemented into each
infusion. Once the therapeutic dose was established, the Cp + Pax + AA
group received ascorbate two times per week in conjunction with
chemotherapy for 6 months, and injectable ascorbate was continued
for another 6 months after chemotherapy completion.

Mouse xenografts and treatment

All procedures were conducted under an Animal Care and Use Pro-
tocol approved by the Animal Care and Use Commiittee of the Univer-
sity of Kansas Medical Center. Two million SHIN3 cells were injected
intraperitoneally into 5-week-old female NCr-nu/nu mice (National
Cancer Institute-Frederick). Two weeks after tumor inoculation, mice
were randomized into eight groups and treatment commenced with
intraperitoneal injection as follows: (i) control, saline twice daily; (ii)
AA, ascorbate at 4 g/kg twice daily; (iii) Cp, carboplatin at 20 mg/kg
once per week; (iv) Pax, paclitaxel at 5 mg/kg once per week; (v) AA + Cp;
(vi) AA + Pax; (vii) Cp + Pax; and (viii) AA + Cp + Pax. For combination
treatments, carboplatin was injected immediately after ascorbate. Paclitaxel
was injected the day after ascorbate and carboplatin injection, and ascor-
bate was skipped on the day paclitaxel was given. Twenty-five days after
the initiation of treatment, all mice were euthanized and gross necropsy
was performed, with determination of tumor weights, ascites volumes,
and the number of nonblood cells in ascites fluid. Nonblood cell counts
in ascites reflect ascites tumor cell numbers. Three major organs (liver,
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kidney, and spleen) were subjected to histological analysis using H&E stain-
ing. Frozen tumor tissues were then subjected to Western blot analysis.

In vitro drug combination evaluation

On the basis of Chou-Talalay’s median-effect plots and isobologram
principles (31), ascorbate and carboplatin combinations were exam-
ined at three molar ratios: ICsocpi(1/2 X ICs0a4)> ICs0cpICsoans and
ICs0cpi(2 x ICs0an). Cells were exposed to serial dilutions of each
single drug or their combinations at the set molar ratios. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) data
were normalized to their corresponding untreated controls for each
condition (drug, cell type) and were expressed as percentage fractional
affect ( f,). CalcuSyn 2.1 (Biosoft) was used to calculate CI values across
£2 (0.02 to 0.99) by the equation CI = (Dcpany/Dep) + (Daacp)/Daa) +
a [(Dcpran))(Daacp))/(Dep)(Daa)l, where D is the concentration of
carboplatin and ascorbate either alone or in combination at a given
molar ratio to achieve a given f,. The more conservative assumption
of mutual exclusivity was adopted (o = 0). DRI values for carboplatin
were calculated across the f, by the equation DRI = (D¢, /Dcpan)s
where D¢, is the concentration of carboplatin alone required to produce
a given f,, and Dcp.aa is the concentration of carboplatin needed to
produce the same f, when it is combined with ascorbate.

Comet assay

Comet assay was performed under neutral conditions as described (55)
with minor modifications. Briefly, 2 x 10* cells in 10 pl of phosphate-
buffered saline (PBS) buffer were mixed 1:9 with 0.5% low-melting
point agarose (Promega), pipetted onto a slide precoated with 1%
normal-melting point agarose, and allowed to solidify at 4°C. Solidified
slides were immersed in cell lysis solution [2.5 M NaCl, 0.1 M EDTA,
10 mM tris-HCI, 1% Triton X-100, and 10% dimethyl sulfoxide
(DMSO), pH 10.0] at 4°C for 1.5 hours, followed by DNA denaturation
solution (300 mM NaOH, 1 mM EDTA, pH >13) for 40 min, and tris-
base buffer (89 mM tris-base, 89 mM boric acid, 2 mM EDTA) at 4°C
for 10 min. Electrophoresis was performed for 20 min at 1 V/cm. Slides
were washed, and then gels were dehydrated in cold 70% ethanol for
5 min, air-dried, and stained with ethidium bromide (5 pug/ml). Slides
were immediately examined under an Olympus IX71 fluorescence mi-
croscope equipped with a DP71 charge-coupled device camera (Olympus).
Images were acquired using DP controller software (Olympus). At least
150 cells in 20 randomly selected fields were evaluated per sample.
DNA damage was graded by tail DNA%, which is defined as 100 X tail
DNA intensity/cell DNA intensity (grade 0 = 0%; grade 1 = 0 to 10%;
grade 2 = 10 to 30%; grade 3 = 30 to 50%; grade 4 >50%).

ATP detection

Cellular ATP was extracted by rapidly lysing cells in 0.05 M KOH and
then immediately neutralizing to pH 6 with 0.1 M KH,PO,. The super-
natant was analyzed using a gradient high-performance liquid chro-
matography (HPLC) method on a Waters €2695 HPLC with UV
detection at 254 and 340 nm (Waters 2489 diode array UV detector).
Reversed-phase chromatography was performed with an XBridge C18
column 3.5 mm (Waters). The mobile phase (pH 6) contained acetonitrile
(2% for solvent A and 30% for solvent B), 0.1 M KH,PO,, and 0.008 M
tetrabutylammonium hydrogen sulfate. The ratios of solvent A to sol-
vent B at 0, 4, 7, 12, 15, and 22 min were 100:0, 90:10, 80:20, 60:40,
0:100, and 100:0, respectively. With 8-min post-run wash, the total
run time was 30 min per sample. Empower II software (Waters) was

used for instrument control and data analysis. All values were nor-
malized to the protein content of the whole-cell lysate detected by
the bicinchoninic acid protein method (Pierce Biotechnology).

Reagents, cells, and chemosensitivity assay

Clinically used ascorbic acid injection was purchased from Mylan
(previously Bioniche Pharma). L-Ascorbic acid (Sigma-Aldrich) for lab-
oratory use was prepared as 1 M stock solution in sterile water, with
sodium hydroxide added dropwise to adjust pH to 7.0. Aliquots stored
at —80°C were thawed for single use. Catalase, carboplatin, and phen-
anthridine were purchased from Sigma-Aldrich; olaparib was from
Selleck; and paclitaxel was from LC Laboratories. All other reagents
and chemicals were obtained from Fisher Scientific unless specifically
indicated.

Human ovarian cancer cell lines OVCARS and SHIN3 were pro-
vided by P. Eck of the University of Manitoba, Canada; OVCARS3,
OVCAR5, OVCARI10, SKVO3, A2780, and HIO-80 (an immortalized,
nontumorigenic human ovarian epithelium cell line) were provided by
A. Godwin of the University of Kansas Cancer Center. All cancer cell
lines were cultured in medium recommended by the provider (RPMI
1640 or Dulbecco’s modified Eagle’s medium) supplemented with 10%
fetal bovine serum (FBS). HIO-80 was cultured in M199/MCDB105
medium (volume ratio, 1:1) containing 4% FBS, insulin (0.3 U/ml),
and 2 mM r-glutamine.

Cell viability was detected by MTT assay using 96-well plates (56).
Seeded cell density was 1 x 10* per well. Cells were treated with ascor-
bate, chemotherapeutic drugs, or a combination of the two as indicated
in each figure for 48 hours, washed with PBS, and incubated with MTT
for 4 hours. Formazan crystals that formed were dissolved in DMSO,
and absorbance at 492 nm was determined with BioTek Synergy 4 mi-
croplate reader. Inhibitory concentration (ICsy) was defined as the
median concentration of drug that inhibited cell growth by 50% relative
to the untreated control.

Western blots

Cells or mouse tumor tissues were lysed on ice in radioimmunoprecipita-
tion assay bufter [25 mM tris-HCl (pH 7.6), 150 mM NaCl, 1 mM EDTA,
1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1x Pierce protease and
phosphatase inhibitor], followed by homogenization and sonication, and
then centrifugation at 20,000¢ for 10 min at 4°C. SDS-polyacrylamide
gel electrophoresis (12%) was used, and 45 ug of protein was loaded per
sample. Antibodies were from Cell Signaling Technology except for
anti-phospho-H2AX>*"*, which was from Millipore. Dilutions were as
follows: anti-ATM, 1:1000; phospho-ATM>*"'*¥!, 1:500; H2AX, 1:500;
phospho-H2AX"'*, 1:1000; AMPKao, 1:1000; phospho-AMPKo ™72,
1:500; mTOR, 1:1000; phospho-mTOR™**#3, 1:500; vinculin, 1:1000;
and all secondary antibodies, 1:5000. Each immunoblot was performed
three times to confirm results. Images were analyzed with the National
Institutes of Health (NIH) Image] software (version 1.46).

Statistical analysis

Two-tailed Student’s ¢ test was performed for comparison of treated
groups to control group in the cell and animal experiments, as well as
for toxicity comparison between chemotherapy group and chemo-
therapy + ascorbate group. Welch’s ¢ test was used when the variances
in the two compared populations were unequal. A log-rank test (57)
was performed for comparison of the survival curves between the
chemotherapy group and the chemotherapy + ascorbate group.
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SUPPLEMENTARY MATERIALS
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Fig. S1. Effects of PARP inhibitor and catalase on ascorbate-induced cytotoxicity in ovarian
cancer cells.

Table S1. Original data (provided as an Excel file).

Table S2. ICs, of ascorbate and carboplatin as single-drug or combination treatment.

Table S3. Number of patient encounters, adverse events, and duration of adverse event record.
Table S4. Number of patients showing adverse events in each category.
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