
Synergistic effects of ascorbate and sorafenib in hepatocellular 
carcinoma: New insights into ascorbate cytotoxicity

Lauren Rouleau#1, Anil Noronha Antony#1, Sara Bisetto1, Andrew Newberg3, Cataldo 
Doria4, Mark Levine2, Daniel A. Monti3,**, and Jan B. Hoek1,**

1MitoCare Center, Department of Pathology, Anatomy and Cell Biology, Thomas Jefferson 
University, Philadelphia, PA 19107, USA.

2Molecular and Clinical Nutrition Section, Digestive Diseases Branch, National Institute of 
Diabetes and Digestive and Kidney Diseases, Bethesda, MD 20892, USA

3Jefferson-Myrna Brind Center of Integrative Medicine, Thomas Jefferson University Hospital, 
Philadelphia, PA 19107, USA

4Division of Transplantation, Liver Tumor Center, Thomas Jefferson University Hospital, 
Philadelphia, PA 19107, USA

# These authors contributed equally to this work.

Abstract

We investigated the mechanism of selective ascorbate-induced cytotoxicity in tumor cells, 

including Hep G2 cells, compared to primary hepatocytes. H2O2 formation was required for 

ascorbate cytotoxicity, as extracellular catalase treatment protected tumor cells. H2O2 generated by 

glucose oxidase treatment also caused cell killing, but treatment with a pharmacological dose 

(5-20 mM) of ascorbate was significantly more cytotoxic at comparable rates of H2O2 production, 

suggesting that ascorbate enhanced H2O2 cytotoxicity. This was further supported by the finding 

that ascorbate at a non-cytotoxic dose (1 mM) enhanced cell killing caused by glucose oxidase. 

Consistent with this conclusion, ascorbate treatment caused deregulation of cellular calcium 

homeostasis, resulting in massive mitochondrial calcium accumulation. Ascorbate acted 

synergistically with the chemotherapeutic sorafenib in killing Hep G2 cells, but not primary 

hepatocytes, suggesting adjuvant ascorbate treatment can broaden sorafenib's therapeutic range. 

Sorafenib caused mitochondrial depolarization and prevented mitochondrial calcium sequestration. 

Subsequent ascorbate addition further deregulated cellular calcium homeostasis promoting cell 

death. Additionally, we present the case of a patient with hepatocellular carcinoma (HCC) who 
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had prolonged regression of a rib metastasis upon combination treatment with ascorbate and 

sorafenib, indicating that these studies have direct clinical relevance.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the second leading cause of cancer death worldwide and 

the fifth deadliest cancer in men in the United States, with a 5 year survival rate of only 15% 

(1). HCC is often diagnosed at a late stage, at which point it may be unresectable. The 

current standard of care for treatment of unresectable HCC is sorafenib (2), a multikinase 

inhibitor with many targets that include different isoforms of RAF, VEGFR2/3, PDGFR-β, 

and other receptor and non-receptor tyrosine kinases (3). In HCC, as in many other cancers, 

the RAF/MEK/ERK pathway may be activated by mutations in RAF or overexpression of 

receptor tyrosine kinases in the plasma membrane leading to protection from apoptosis and 

uncontrolled proliferation (4, 5). Apoptosis appears to be a major mechanism of tumor cell 

killing by sorafenib treatment (6, 7). While sorafenib can stabilize disease, tumor regression 

is rare and has not been reported with bone metastases (8). In the 2007 SHARP trial, 

sorafenib produced a survival benefit and mean time to progression of 3 months in patients 

with Child-Pugh class A liver disease (2). Despite these modest effects, sorafenib is 

currently the most effective chemotherapeutic option for metastatic HCC. Given the limited 

treatment options and the significant economic impact of end stage HCC, there is a great 

need for new and combination therapies (9).

Interest in high-dose ascorbate as a potential cancer treatment stemmed from studies by 

Cameron and Pauling (10, 11), who reported that treatment with ascorbate increased cancer 

survival times in some patients. However, these findings could not be reproduced in 

subsequent double-blind placebo-controlled studies (12, 13). No ascorbate blood 

concentrations were reported in any of these studies. More recently, interest in ascorbate as 

an adjuvant in cancer treatment was revived based on pharmacokinetic data from healthy 

subjects showing that ascorbate concentrations in blood were tightly controlled with oral 

intake, but this control could be circumvented by intravenous administration to achieve 

plasma concentrations in humans as high as 30 mM (14-17). In the earlier cancer reports, 

ascorbate was administered orally in the double-blind studies, but both intravenously and 

orally in the Cameron-Pauling case series (18). Building on this pharmacology foundation, 

Chen et al. (19,20) discovered that only pharmacologic ascorbate ([ascorbate] > 1 mM) 

selectively targeted cancer cells through extracellular production of hydrogen peroxide 

(H2O2) mediated by the ascorbate radical (21). Degradation of extracellular H2O2 by 

addition of catalase abrogated the cytotoxic effects of ascorbate (16, 19, 22). Selective 

cytotoxicity of pharmacologic ascorbate for tumor cells compared to non-transformed cells 

was also observed in studies on different cell lines (16, 19). However, the basis for this 

selectivity has not been adequately resolved.
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The clinical efficacy of high-dose ascorbate treatment remains largely unexplored. A 

previous Phase I study from our group reported that pancreatic cancer patients treated 

intravenously with high-dose ascorbate appeared to tolerate the treatment well and there was 

overall decreased tumor burden, but the impact on clinical outcomes remains to be 

established (23). A recent report by Ma et al (22) indicated that patients with ovarian cancer 

receiving standard chemotherapy had decreased incidence of adverse side effects from 

chemotherapy upon intravenous treatment with high-dose ascorbate, although patient 

survival was not significantly affected (22). Additionally, high-dose ascorbate acted 

synergistically with standard chemotherapy in tumor cell lines and preclinical models (22, 

24, 25).

In this paper, we evaluate the mechanism(s) by which pharmacologic ascorbate selectively 

affects cell viability in Hep G2 and other tumor cell lines compared to primary hepatocytes. 

We further demonstrate that pharmacologic ascorbate acts synergistically with the standard 

of care chemotherapeutic drug sorafenib in killing Hep G2 cells through a mechanism that 

involves dysregulation of cellular calcium homeostasis. In addition, we present data 

suggesting the clinical relevance of these findings in a case study of a patient with metastatic 

HCC.

MATERIALS AND METHODS

Reagents

All cell culture reagents were purchased from Roche, ATCC, Sigma-Aldrich, and Life 

Technologies.

Hepatocyte isolation and culture

Hepatocytes were isolated from male Sprague-Dawley rats (300-400 g) by collagenase 

perfusion, as described previously (26). Hepatocytes were counted in a hemocytometer, and 

viability was determined using the trypan blue exclusion method. Viability was maintained 

at >90%. Hepatocytes were cultured in Williams's E medium (Sigma-Aldrich) supplemented 

with 1% newborn calf serum, penicillin-streptomycin solution (100 μg/mL each), 50 μg/mL 

gentamycin solution,100 nM dexamethasone, and 2 mM glutamine. Cells were cultivated in 

a humidified 5% CO2 incubator at 37 °C. All animals were used in accordance with 

mandated standards of humane care and were approved by the Thomas Jefferson University 

Institutional Animal Care and Use Committee (protocol number: 00082).

Cell culture and viability assays

Hep G2 cells [HEPG2] (ATCC® HB8065™) were grown in EMEM media containing 10% 

FBS and penicillin–streptomycin solution (100 μg/mL each). SNU-449 cells (ATCC® 

CRL2234™) were grown in RPMI media containing 10% FBS and penicillin–streptomycin 

solution (100 μg/mL each). HuH-7 cells were grown in DMEM media containing 10% FBS, 

penicillin–streptomycin solution (100 μg/mL each), and MEM non-essential amino acids 

(Invitrogen 11140050). T47D cells (ATCC® HTB133™) were cultured in RPMI-1640 

media, supplemented with 10% fetal bovine serum (FBS), 20 μg/mL bovine insulin (Sigma-

Aldrich) and penicillin–streptomycin solution (100 μg/mL each). MIA PaCa2 cells (ATCC® 
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CRMCRL1420™) were grown in DMEM media containing 20% FBS and penicillin-

streptomycin solution (100 μg/mL each). All cells were cultivated in a humidified 5% CO2 

incubator at 37 °C.

Cells were harvested by exposure to 0.25% trypsin-EDTA and seeded into 24 well BD 

Primaria Plates (BD falcon) at a density of 100,000 cells/well and allowed to attach 

overnight. If inhibitors were included in the experiment, (3-amino-1,2,4-triazole - 5 mM, 

BCNU - 100 μM; Sigma), cells were exposed for a 1 hour period prior to ascorbate 

treatment. If sorafenib (Cayman Chemical 10009644) was used, it was added during initial 

plating and remained in the media throughout. Ascorbate was dissolved in water and the pH 

was adjusted to 7.4 using NaOH. The solution was made fresh for each experiment and used 

within an hour of preparation to prevent excessive oxidation. Ascorbate treatment was 

performed for 2 hours. All incubations were done in their respective growth media in a 

humidified 5% CO2 incubator at 37°C, except for Hep G2 cells which were plated and 

incubated in RPMI-1640 medium (as opposed to EMEM medium). The cells were then 

washed twice with PBS and an ATP assay (CellTiter-Glo®) or MTT assay was performed to 

assess cell viability.

ATP viability assay: The ATP viability assay was performed using CellTiter-Glo® 

Luminescent Cell Viability Assay (Promega G7570) as per manufacturer's instructions.

MTT assay: Cells were further incubated for an additional 3 hours with media containing the 

MTT (Thiazolyl Blue Tetrazolium Bromide) reagent (0.5 mg/mL). The MTT formazan 

product was then dissolved in acid-Isopropanol (1:19 – 1N HCl:Isopropanol) and optical 

density was measured at 570 nm against background at 630 nm. Viability was calculated as 

percent of control.

Enzyme activity assays

Whole cell protein lysates were used to determine catalase and glutathione peroxidase 

(GPX) activity.

Catalase activity was measured spectrophotometrically by the method of Beers and Sizer 

(27), which monitors the decomposition of peroxide at 240 nm. This is a direct assay with 

pseudo-first-order kinetics. Catalase activity is calculated using the following expression:

The factor 3.45 corresponds to the decomposition of 3.45 μmoles of H2O2 in a 3 mL 

reaction mixture producing a decrease in the A240 nm from 0.45 to 0.40 Absorbance Units 

(AU); df is the dilution factor; min is the time taken for A240 nm to decrease from 0.45 to 

0.40 AU and 0.1 is the volume (in mL) of sample/enzyme used. One unit is defined as the 

amount of catalase that will decompose 1.0 μmole of H2O2 per minute at pH 7.0 at 25°C, 

while the H2O2 concentration falls from 10.3 mM to 9.2 mM.

GPX activity was measured by a coupled assay that relies on the NADPH-dependent 

reduction of glutathione disulfide (GSSG) formed during the enzymatic reduction of H2O2 
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by GPX. Glutathione reductase reduces the GSSG to glutathione (GSH) using NADPH as 

the electron donor and GPX activity is measured by the oxidation of NADPH at 340 nm. 

This is a modification of the assay described by Flohé and Gunzler (28) and was performed 

as previously described (29). Units of GPX activity are defined as μmole NADPH oxidized 

per min at the specified GSH concentration, using 6.22 as the millimolar extinction 

coefficient for NADPH.

H2O2 assay

H2O2 levels in cell culture medium with or without Hep G2 cells were measured by 

detecting catalase-dependent O2 formation, using a Hansatech Oxygraph Plus attached to a 

37 °C water bath similar to the method described by Du (30). The oxygen electrode was 

calibrated with air saturated RPMI-1640 media followed by the addition of sodium 

dithionite to establish zero oxygen. A calibration curve was generated in 1 mL RPMI-1640 

media and 104 units of catalase (EC 1.11.1.6, Sigma-Aldrich C3155-50MG) by injecting 

freshly prepared solutions of H2O2 into the chamber using a Hamilton syringe. 1 mL of 

sample was added to the chamber, obtained from cell cultures treated with ascorbate or 

glucose oxidase (GOX) (EC 1.1.3.4, Sigma-Aldrich G7141-50KU) at various doses or time 

points. After a stable baseline was established, catalase was injected into the chamber and 

O2 production was recorded. After a stable reading was obtained a known quantity of H2O2 

of was injected for calibration. For quantitation, O2 formation was further compared to the 

H2O2 standard curve.

Live cell epifluorescence microscopy

Preparation of coverslips for imaging—All coverslips were prepared in a biosafety 

cabinet. Coverslips were washed in 200 proof ethanol and allowed to dry. Coverslips were 

then coated with poly-D-lysine hydrobromide (Sigma-Aldrich P-6407) to assist with 

attachment. After 15 minutes the poly-D-lysine was removed and coverslips were washed 2 

times with sterile water and then exposed to UV light for 30 minutes. Hep G2 cells were 

trypsinized, counted, and plated on coverslips at a density of 40,000 cells/coverslip and 

allowed to attach overnight.

Imaging measurements were performed in a 0.25% bovine serum albumin (BSA)–imaging 

medium (IM) consisting of 121 mM NaCl, 5 mM NaHCO3, 4.7 mM KCl, 1.2 mM KH2PO4, 

1.2 mM MgSO4, 2 mM CaCl2, 10 mM glucose, and 10 mM Na-Hepes, pH 7.4, at 35°C.

Methods for HyPer/SypHer transfection and analysis by live cell 
epifluorescence microscopy—HyPer is derived from the OxyR domain of Escherichia 
coli, a selective H2O2 sensing protein, which is modified to contain the circularly permuted 

(cp) YFP fluorophore. The HyPer probe has two excitation peaks (420 and 500 nm) that 

have opposite fluorescence changes in response to H2O2, thereby allowing for ratiometric 

imaging of the fluorescence signal (which corrects for differences in HyPer expression) to 

detect changes in intracellular H2O2 in the sub- to low micromolar range (31). HyPer can be 

selectively targeted to the cytosolic space or the mitochondrial matrix and be used to detect 

H2O2 in either of these compartments. HyPercyto and HyPermito expression vectors were 

purchased from Evrogen (FP941 and FP942 respectively). SypHercyto and SypHermito 
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expression vectors were originally acquired from Damon Poburko (32). Plasmids were 

amplified in Escherichia coli DH5-Alpha and purified using the Qiagen Plasmid Midi Kit 

(12143). 2 μg of plasmid was used for the transfection, ratio 1:3 with X-tremeGENE 9 DNA 

transfection reagent (Roche 06365779001). Cells were transfected 24 hours after attaching 

to coverslips and imaged 24 hours after transfection. Coverslips were positioned in the 

imaging chamber with 1 mL of 0.25 % BSA-IM at room temperature and placed on the 

heated stage (37°C) of an inverted epifluorescence microscope (Olympus) with 40 × oil 

objective connected to a cooled CCD camera (PXL, Photometrics). Ratiometric imaging was 

performed at 495 nm and 415 nm (31, 33).

Cellular calcium measurements—Hep G2 cells on coverslips were loaded with 4 μL of 

50 μg/μL Fura-2 AM (TEFlabs 0103) for 10 min in the presence of 100 mM sulfinpyrazone 

and 0.003% (w/v) pluronic acid in 2% BSA-IM at 25°C. Coverslips were positioned in the 

imaging chamber with 3 mL of 0.25% BSA-IM and placed on the heated stage (37 °C) of an 

inverted epifluorescence microscope (Olympus) with 40 × oil objective connected to a 

cooled CCD camera (PXL, Photometrics). Ratiometric imaging of Fura-2 AM (340 nm / 380 

nm) was used to monitor [Ca2+]cyto as described previously (34-36). Cytosolic calcium 

concentrations were calculated using a calibration with 1mM CaCl2 for maximum 

fluorescence followed by 10mM Tris-EGTA pH 7.5 for minimal fluorescence.

Mitochondrial membrane potential measurements—Hep G2 cells plated on 

coverslips were loaded with 45 nM tetramethyl rhodamine ethyl ester (TMRE) (Life 

Technologies T-669) for 10 min in 0.25% BSA-IM at 25°C. After dye loading, the cells were 

rinsed with 0.25% BSA-IM, and the coverslip was mounted to a heated (37°C) incubator 

chamber in 3 mL of 0.25% BSA-IM and 5 nM TMRE. Detection of TMRE fluorescence 

(excitation - 545nm, emission – 630/60nm) was achieved using an inverted epifluorescence 

microscope (Olympus) with 40 × oil objective connected to a cooled CCD camera (PXL, 

Photometrics) and used to monitor mitochondrial membrane potential as described 

previously (37-39).

Statistics

Statistical significance was estimated as the standard error of the mean (SEM) for a 

minimum of n=3 independent experiments unless otherwise noted. Microscopic 

fluorescence signals (ratiometric where appropriate) were analyzed using at least 2 separate 

experiments on different days with n≥15 cells per experiment. The combination index (CI) 

was analyzed through a serial deletion analysis using the CompuSyn software. P values were 

calculated using an unpaired Student's t test.

RESULTS

Ascorbate induces cytotoxicity in human cancer cell lines, but not in primary rat 
hepatocytes

Ascorbate-induced cytotoxicity was analyzed in different tumor cell lines (Hep G2, HuH-7, 

SNU-449 (human hepatocellular carcinoma), T-47D (human breast carcinoma), and MIA 

PaCa-2 (human pancreatic carcinoma)). Cells were grown overnight in their recommended 
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growth medium as per ATCC and exposed to varying concentrations of ascorbate (1-20 mM) 

for a period of 2 hours. Cell viability was tested by Cell Titer Glo cell viability assay (which 

measures ATP levels) or by the MTT assay (which measures viable cells with active 

oxidative metabolism) at the end of the 2 hour period, and in some experiments after 24 

hours. Fig. 1A and B show the ascorbate-induced loss of cell viability after the 2 hour 

exposure. It should be noted that the MTT assay requires effective washout of ascorbate to 

avoid interference with the redox sensitive nature of the assay, which may account for the 

larger variability of the results. Half-maximal cell killing occurred at ascorbate 

concentrations in the range of 3-5 mM, depending on the cell line. Importantly, there was no 

apparent recovery of ATP levels after washing out ascorbate and incubating the cells for a 

further 24 hours (Supplemental Fig. S1B) indicating that the ATP decline was not due to a 

temporary increase in ATP utilization and there was no additional cell death during this 

period. Other hepatocellular carcinoma cell lines tested (HuH-7, SNU-449) were similarly 

sensitive to these concentrations of ascorbate (Supplemental Fig. S1A).

Primary rat hepatocytes cultured overnight on collagen-coated plates were tested for 

ascorbate-induced cell killing. Incubation with ascorbate for 2 hours did not affect cell 

viability over the range of concentrations tested (1-20 mM) (Fig. 1A, B). Further overnight 

culture following the 2 hour ascorbate treatment did not cause additional cell death 

(Supplemental Fig. S1C) in agreement with earlier reports that non-transformed cells are not 

affected by ascorbate treatment in vitro (19).

Extracellular H2O2 production is necessary but not sufficient to account for ascorbate-
induced cytotoxicity

Pharmacologic ascorbate concentrations result in the production of H2O2 in the extracellular 

medium, which previous studies identified as the effector for ascorbate-induced cell killing 

(19, 20). In agreement with these studies, addition of catalase (100 μg/mL, equivalent to 

5000 U/mL) to the culture medium during the 2 hour ascorbate treatment effectively rescued 

the tumor cell lines from ascorbate-induced cytotoxicity (Fig. 1C). Ascorbate-dependent 

H2O2 formation was measured directly in RPMI 1640 medium in the absence of cells using 

a Clark oxygen electrode assay (19, 40). As shown in Fig. 2A, H2O2 formation at different 

concentrations of ascorbate over a two-hour period ranged from 10-150 μM. The rate of 

H2O2 formation showed evidence of saturation at higher ascorbate concentrations and 

maximal ascorbate-dependent cell killing required the presence of serum in the medium 

(Supplemental Fig. S1D), in agreement with a catalytic role for a serum component, as 

reported previously (19).

The experiment of Fig. 1C demonstrates that H2O2 is required for ascorbate-induced cell 

killing. In further experiments, we tested whether ascorbate-induced H2O2 formation is 

sufficient to account for its cell killing or whether it exerts additional effects beyond acting 

as a pro-drug for production of H2O2. Glucose oxidase (GOX) catalyzes the oxidation of D-

glucose by molecular oxygen to generate H2O2 and D-glucono-lactone. GOX-dependent 

H2O2 formation was measured directly in RPMI 1640 medium in the absence of cells using 

the Clark oxygen electrode assay. As shown in Fig. 2A, net H2O2 formation at different 

concentrations of GOX (1-20 mU/mL) over a two-hour period ranged from 10-400 μM. 
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GOX at 1-10 mU/mL produced H2O2 at a similar rate as that produced by 1-10 mM 

ascorbate, but without saturation at higher GOX levels. The time course of H2O2 

accumulation in the cell culture medium over a two hour period was examined in the 

absence and presence of Hep G2 cells after treatment with either 10 mM ascorbate, 10 

mU/mL GOX, 1 mM ascorbate, or 10 mU/ml GOX plus 1 mM ascorbate (Figs. 2B-E). 

Ascorbate (10 mM) produced H2O2 at a linear rate during the first 30 min of incubation, but 

then gradually declined. By contrast, GOX (10 mU/mL) sustained a linear H2O2 production 

rate throughout the 2 hour incubation, resulting in a larger total H2O2 formation. However, 

when Hep G2 cells were present, H2O2 accumulation in the medium gradually approached a 

steady state of approximately 50 μM with either agent, reflecting the balance between the 

rate of formation and the cellular metabolism of H2O2. Interestingly, although 1 mM 

ascorbate produced H2O2 at a detectable rate even in the presence of Hep G2 cells, the 

addition of 1 mM ascorbate to incubations with GOX did not increase H2O2 accumulation 

over that with GOX alone.

Incubation of Hep G2 cells with GOX (1-20 mU/mL) for 2 hours was cytotoxic to tumor 

cells (Supplemental Fig. S1E, Fig. 2F). However, at comparable rates of H2O2 production, 

treatment with ascorbate was consistently more cytotoxic to Hep G2 cells than GOX. Cell 

killing after a 2 hour incubation of Hep G2 cells with 10 mM ascorbate was >90% (Fig. 1A, 

Fig 2F), whereas GOX at 10 mU/mL killed <50% of the Hep G2 cells despite maintaining a 

comparable steady state level of H2O2 in the medium. These data suggest that ascorbate has 

additional actions that contribute to cytotoxicity beyond acting as a pro-drug to produce 

extracellular H2O2. This was further confirmed by incubating cells with the combination of 

10 mU/ml GOX and 1 mM ascorbate, This concentration of ascorbate, which by itself did 

not have cytotoxic effects and did not increase H2O2 levels above those produced by GOX 

alone, significantly enhanced the cell killing by GOX (Fig. 2F).

Intracellular H2O2 disposal capacity protects against ascorbate-mediated cell killing

Because extracellular H2O2 generation by itself did not predict cell killing, we hypothesized 

that intracellular H2O2 disposal was a determinant of ascorbate-mediated cell killing. To test 

this, we used pharmacologic inhibitors of antioxidant enzymes. Among the major enzymes 

that inactivate H2O2 in cells are catalase, glutathione peroxidase, thioredoxin reductase and 

peroxiredoxins (41, 42). All isoforms of glutathione reductase and thioredoxin reductase 

depend on availability of NADPH to maintain the respective cofactors, glutathione and 

thioredoxin, in the reduced state. As shown in Figs. 3A-C, all cancer cell lines could be 

further sensitized to pharmacologic ascorbate by inhibiting these intracellular enzymatic 

activities through preincubation with the catalase inhibitor 3-amino-1,2,4-triazole (AT) or 

with carmustine (bis-chloroethyl nitrosourea, BCNU), a broad spectrum alkylating agent that 

serves as an inhibitor of glutathione and thioredoxin reductases (as well as other enzymes 

affecting thiol redox balance), which prevents the NADPH-dependent reduction of oxidized 

glutathione or thioredoxin (43,44). Importantly, primary hepatocytes, which are normally 

resistant to ascorbate-induced cell killing, could be sensitized by treatment with these 

inhibitors (Fig. 3D).
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Given the finding that inhibitors of H2O2 disposal potentiated cell killing in both Hep G2 

cells and primary hepatocytes, we measured enzymatic activities of catalase and glutathione 

peroxidase (GPX) in cancer cell lines as compared to normal rat liver and primary rat 

hepatocytes. Catalase activity in extracts from rat liver tissue and primary rat hepatocytes 

was one to two orders of magnitude higher than in any of the cancer cell lines (Fig. 3E). 

Among the cancer cell lines tested, Hep G2 cells had the highest level of catalase activity 

and expression, which was still 30-fold lower than the activity found in primary hepatocytes 

and in liver tissue extracts. Also, catalase protein levels detected by Western blotting were 

markedly higher in rat liver and primary rat hepatocytes than in any of the cancer cell lines 

(Fig. S2A-B). GPX activity showed analogous results (Fig. 3F) with rat liver tissue lysates 

and primary rat hepatocytes having a 10-15-fold higher activity than any of the tumor cell 

lines.

Intracellular H2O2 changes in ascorbate and GOX-treated Hep G2 cells

While H2O2 formation was linked to ascorbate cytotoxicity, the findings did not account for 

less efficient cell killing when H2O2 was generated by GOX as compared to ascorbate. A 

possible explanation is that ascorbate, after being transported into the cell, can react with 

intracellular H2O2 leading to formation of short-lived hydroxyl radicals (or other highly 

unstable cytotoxic reactive oxygen species (ROS)) through the Fenton reaction, provided a 

source for catalytic Fe3+ or other trace metals is available (45). Pharmacologic ascorbate 

rapidly enters cells, mediated by Na+-dependent ascorbate transporters SVCT1/2, which 

saturate at sub-millimolar concentrations of ascorbate (46). Recent evidence suggests that 

dehydroascorbic acid (oxidized ascorbate) also enters some cancer cells, where it is reduced 

to ascorbate and mediates cytotoxicity, although prior data are inconsistent (19, 47).

In either case, intracellular H2O2 concentrations by themselves may not reliably predict 

cytotoxicity in a cancer cell line. Under many conditions, even in the absence of 

extracellular challenges, the mitochondria are both the major source of ROS and a 

significant target of ROS, as disruption of mitochondrial redox homeostasis can lead to 

mitochondrial damage and cell death (48-51). To test these possibilities, we compared the 

increase in intracellular H2O2 concentrations in Hep G2 cells induced by pharmacologic 

ascorbate and by GOX.

Although a multitude of fluorescent probes have been used to detect intracellular ROS levels 

(52), the majority of these are not selective for H2O2 and do not distinguish between this and 

other forms of ROS. Therefore, we used the genetically encoded ratiometric fluorescent 

sensor HyPer transfected into Hep G2 cells to elucidate intracellular changes in H2O2 levels 

that precede the onset of cell death (33). The H2O2 selectivity of HyPer, as that of its 

bacterial parent protein OxyR results from the fact that the reactive Cys residue (Cys199 on 

OxyR) is stabilized in the thiolate form in a hydrophobic pocket that appears to be 

inaccessible to other oxidants, probably including hydroxyl radicals (53). H2O2 oxidizes 

Cys199 to the sulfenyl form, which leads to a large conformational change and 

intramolecular disulfide formation in the protein (54), which is detected in the HyPer 

homolog as a change in YFP fluorescence. As with other ROS-sensing probes, the 

fluorescence intensity of HyPer is pH sensitive (pKa 8.5). However, a corresponding probe, 
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SypHer, is available which contains the same cpYFP fluorophore with identical pH 

sensitivity, but no response to H2O2 due to a mutation in one of the active site cysteine 

residues (32). Therefore, control experiments with targeted SypHer probes allow for a 

correction of the fluorescence signal due to pH fluctuations to obtain a highly specific H2O2 

sensor response.

We used the HyPer and SypHer probes to measure intracellular H2O2 (see methods). Fig. 4A 

shows a time course of the live-cell epifluorescence microscopy images of cells expressing 

cytosolic HyPer (HyPercyto, top two rows) and mitochondrial matrix targeted HyPer 

(HyPermito, third and fourth row). The top and third rows show the response to ascorbate (10 

mM), the second and fourth rows show the response to GOX (10 mU/mL). Initial levels of 

fluorescence in HyPercyto transfected cells are somewhat variable, largely reflecting 

differences in expression level that are corrected for by ratiometric image analysis (all 

signals normalized to the zero time point). Upon addition of ascorbate or GOX, the majority 

of cells, after a brief lag phase, show an increase in HyPercyto fluorescence indicating a rise 

in cytosolic [H2O2]. However, the onset of that increase varied between individual cells (Fig. 

4A, top two rows). The selective targeting of the HyPermito probe to the mitochondrial 

matrix was evident in the punctate fluorescence pattern in these cells (bottom two rows). 

Again, addition of either ascorbate (10 mM) or GOX (10 mU/mL) caused an increase in 

mitochondrial H2O2 after an initial lag phase. However, the subsequent change in HyPermito 

fluorescence was more uniform, particularly in GOX-treated cells (bottom row). It is also 

notable that the increase in intracellular H2O2 in response to 10 mM ascorbate was less than 

with 10 mU/mL GOX in both cytosol and mitochondrial matrix, despite the identical 

extracellular steady state H2O2 levels attained with this treatment (Figs. 2B and C).

Figs. 4B-E show the individual cell ratiometric fluorescence traces (in grey) corresponding 

to the images of Fig. 4A for both the cytosolic and mitochondrial matrix targeted HyPer, in 

response to treatment with either 10 mM ascorbate (Figs. 4B and D) or 10 mU/mL GOX 

(Figs. 4C and E). The average of the fluorescence traces for all responsive cells is shown in 

red. The corresponding responses in SypHer-expressing cells (SypHercyto or SypHermito) are 

shown in the Supplemental (Fig. S3). When cells were treated with a cytotoxic concentration 

of ascorbate (10 mM) or GOX (10 mU/mL), the HyPercyto and HyPermito fluorescence 

signals indicated a delayed increase in H2O2 levels detectable after about 5-10 minutes of 

incubation in both mitochondrial and cytosolic compartments. However, in agreement with 

the images shown in Fig. 4A, there was a marked cell-to-cell variability, particularly in the 

HyPercyto response, with some cells responding early, and often transiently, and other cells 

showing a delay of 20-40 minutes or longer before an increase in H2O2 was detectable, 

which then accelerated over the subsequent incubation time to reach a steady state response 

in many cells. Given the sensing range of low micromolar concentrations for HyPer, this 

suggests that H2O2 levels in both compartments had increased towards the upper end of this 

range. No significant pH changes were detected by the SypHer probes seen in the cytosol or 

mitochondrial matrix upon ascorbate treatment, although there was a tendency towards a pH 

decline with GOX treatment (Fig. S3). The variable delay time in responding to a common 

extracellular H2O2 exposure may be partly indicative of cell-to-cell variability in the activity 

of antioxidant enzymes.
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Fig. 4F shows the ratio of the average cytoplasmic HyPer and SypHer fluorescence signals 

for 1 mM ascorbate, 10 mM ascorbate, or 10 mU/mL GOX treatment, which reflects the 

averaged pH-corrected changes in [H2O2]cyto over time. There was no detectable increase in 

[H2O2]cyto after treatment with 1 mM ascorbate (Fig. S4). The rise in H2O2 after treatment 

with 10 mM ascorbate was slower than and not as pronounced as that after treatment with 10 

mU/mL GOX, despite the fact that H2O2 formation in the extracellular milieu was 

comparable under these conditions (Fig. 2B and C). These data highlight the point that the 

higher rate of cell death in ascorbate-treated Hep G2 cells than in GOX-treated cells occurs 

despite lower levels of intracellular H2O2 accumulation, consistent with the concept that 

intracellular ascorbate enhances cytotoxicity through mechanisms that are not accounted for 

by an increase in intracellular H2O2, possibly through the efficient reaction of intracellular 

ascorbate with H2O2 to generate hydroxyl radicals through the Fenton reaction.

Cytosolic calcium changes may play a role in ascorbate and GOX-induced cell killing

Given the pivotal role of extracellular H2O2 formation in the mechanism of high dose 

ascorbate cytotoxicity and the close link between ROS and cellular calcium signaling (55, 

56), we hypothesized that intracellular calcium homeostasis would be disrupted differently 

by H2O2 generated from pharmacologic ascorbate versus H2O2 generated by GOX. To 

investigate, we monitored changes in cytoplasmic calcium concentration ([Ca2+
cyto]) with 

the ratiometric Ca2+-sensitive dye, Fura-2 AM (Fig 5A-D).

The resting [Ca2+
cyto] in untreated Hep G2 cells was approximately 100-200 nM and 

remained stable throughout the incubation period (Fig. 5A). Addition of a maximally 

effective concentration of the uncoupler carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP) (5 μM) after 60 minutes incubation caused only a 

small increase in [Ca2+
cyto] (Fig. 5A). This concentration of FCCP is sufficient to depolarize 

the mitochondria and release matrix calcium into the cytosol. Treatment with 10 mM 

ascorbate caused a marked, but heterogeneous increase in [Ca2+
cyto] in the majority of cells 

(Fig. 5B). Importantly, when FCCP was added after 60 min incubation with ascorbate, a 

massive increase in [Ca2+
cyto] occurred, likely reflecting the accumulation of calcium in the 

mitochondrial matrix during the course of ascorbate incubation. Even many of those cells 

that did not exhibit a large increase in [Ca2+
cyto] during ascorbate incubation showed FCCP-

induced calcium release. Addition of catalase (100 μg/mL) completely suppressed the 

ascorbate-induced changes in [Ca2+
cyto] indicating its dependence on the formation of 

extracellular H2O2 (Fig. 5D). Notably, the ascorbate-induced change in [Ca2+
cyto] in many 

cells occurred immediately upon addition of ascorbate, at time points before intracellular 

H2O2 was found to increase (Figs. 4B and 5B). Incubation of Hep G2 cells with GOX (10 

mU/mL) also showed a significant, though more gradual increase in [Ca2+
cyto] with less 

cell-to-cell variability. Again, FCCP addition after 60 min induced a massive release of 

mitochondrial calcium indicating the mitochondria are actively taking up calcium (Fig. 5C). 

Thus, these findings suggest that formation of extracellular H2O2 upon treatment with either 

ascorbate or GOX results in deregulation of cellular calcium homeostasis leading to 

mitochondrial calcium overload. The patterns of calcium dysregulation were different for 

pharmacologic ascorbate vs. GOX, again consistent with a distinct role of ascorbate in 

cytotoxicity.
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Mitochondrial membrane potential changes during ascorbate and GOX-induced cell killing

Mitochondrial calcium accumulation serves both as a metabolic signal to regulate energy 

metabolism and, in excessive amounts, to trigger mitochondrial damage by inner membrane 

permeabilization and ROS formation, often preceding cell death. Therefore, we measured 

mitochondrial membrane potential changes in Hep G2 cells during ascorbate and GOX 

treatment using the fluorescent membrane potential indicator tetramethyl rhodamine ethyl 

ester (TMRE). TMRE accumulates in energized mitochondria in response to the high 

membrane potential across the inner mitochondrial membrane and redistributes rapidly upon 

depolarization (38). As shown in Fig. 5E, Hep G2 cells incubated under standard conditions 

maintained a stable membrane potential throughout the 60 min incubation period. Addition 

of FCCP (5 μM) rapidly and completely depolarized mitochondria. Unexpectedly, treatment 

of the cells with 10 mM ascorbate or 10 mU/mL GOX caused a substantial, but often 

transient increase in TMRE fluorescence indicating mitochondrial hyperpolarization (Figs. 

5F and 5G). Subsequent addition of FCCP again rapidly depolarized the mitochondria 

indicating that the fluorescence increase was not due to changes in baseline fluorescence. 

Also, the concentration of TMRE (45 nM) used in these experiments was well below the 

concentration where mitochondrial accumulation of the probe would quench the 

fluorescence signal. These hyperpolarization effects are abrogated by the addition of catalase 

indicating that H2O2 is a necessary precipitating factor (Fig. 5H). Thus, these experiments 

suggest a mechanism by which formation of extracellular H2O2 initiates an increase in 

cytosolic calcium that promotes mitochondrial calcium uptake to activate oxidative 

metabolism in Hep G2 cells. However, prolonged or excessive calcium accumulation in 

individual cells induced depolarization, a phenomenon that was more prevalent in ascorbate-

treated cells than upon GOX treatment. Again, these observations are consistent with a role 

of intracellular ascorbate in enhancing cytotoxicity in these cells.

Ascorbate treatment enhances sorafenib-mediated cell killing in Hep G2 cells, but not in 
primary rat hepatocytes

Standard of care for unresectable hepatocellular carcinoma is Sorafenib, a broad spectrum 

tyrosine kinase inhibitor which targets several receptor tyrosine kinases (PDGFR, VEGFR) 

as well as serine-threonine kinases of the RAF family (C-RAF, B-RAF), which are upstream 

activators of the ERK/MAP kinase cascade important in cell proliferation (57-59). Sorafenib 

treatment of Hep G2 cells at therapeutically relevant concentrations (2.5-20 μM) caused cell 

killing over a 20 hour period with an EC50 of approximately 10 μM (Fig. 6A). Primary 

hepatocytes were equally sensitive to sorafenib-induced cell killing (Fig. 6B) measured by 

Cell Titer Glo luminescent cell viability assay, indicating that the higher antioxidant activity 

of the primary cells was not protective. We therefore tested to what extent ascorbate 

treatment could synergize with sorafenib to enhance cell killing. Figs. 6A and 6B depict 

dose response curves of the effects of ascorbate treatment on Hep G2 cells and primary 

hepatocytes pretreated with different concentrations of sorafenib (2.5-20 μM). 

Pharmacologic concentrations of ascorbate notably enhanced the cell death induced by low 

concentrations of sorafenib and conversely, sorafenib pretreatment shifted the dose-response 

curve for ascorbate-induced cell killing to the left (Fig. 6A). Notably, primary rat 

hepatocytes undergo extensive cell death when treated with > 5 μM sorafenib, but cell killing 

was not enhanced when sorafenib-treated cells were exposed to ascorbate (Fig. 6B), 
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suggesting that the synergistic effects of ascorbate and sorafenib depend on the pro-oxidant 

activity of ascorbate.

For a quantitative estimate of synergy we analyzed the cell killing after treatment with a 

constant ratio of the combination of ascorbate to sorafenib (2.5 mM/2.5 μM, 5 mM/5 μM, 

etc.) using the Cell Titer Glo luminescent cell viability assay. Isobologram construction and 

combination index (CI) calculations were done using the method of Chou and Talalay 

through the CompuSyn software (60). This analysis provides a quantitative estimate of the 

combined effects of individual agents in comparison to the effects of each agent individually. 

CI <1 indicates synergy, CI equal to 1 suggests additivity, and CI>1 indicates antagonism. 

The CIs for treatment with sorafenib and ascorbate were 0.54, 0.69, and 0.89 for EC90, 

EC75, and EC50 respectively (Fig. 6E), confirming that sorafenib and ascorbate show 

synergism in Hep G2 cell cytotoxicity in vitro. The isobologram in Fig. 6C displays these 

results graphically. Fig. 6D shows a serial deletion analysis completed on the synergy 

experiments (n=3) in order to produce a 95% confidence interval of the CI estimates. At 

effect levels above 55%, the CI is significantly below 1.

Sorafenib enhancement of ascorbate-induced cell killing in Hep G2 cells depends on 
mitochondrial depolarization

In order to assess the mechanism by which sorafenib can enhance the sensitivity to 

ascorbate-induced cell killing we analyzed cytosolic calcium changes in Hep G2 cells that 

were pretreated overnight with 5 μM sorafenib, then washed and loaded with appropriate 

indicators, and subsequently treated with a combination of moderate concentrations of 

sorafenib (5 μM) and ascorbate (5 mM) or sorafenib alone. In cells treated with sorafenib 

alone [Ca2+
cyto] was maintained in a relatively stable range, apart from a transient early 

increase (Fig. 7A). Remarkably, upon treatment with the sorafenib-ascorbate combination, 

following the initial moderate calcium elevation, there was a dramatic increase in [Ca2+
cyto] 

which extended well into the micromolar range until fluorescence was lost from individual 

cells in a heterogeneous manner (Fig. 7B). The loss of fluorescence probably reflected 

plasma membrane permeabilization and loss of calcium indicator dye, indicative of the onset 

of cell death. Addition of the uncoupler FCCP following the phase of rapid [Ca2+
cyto] 

increase did not cause any release of mitochondrial calcium into the cytosol (Supplemental 

Fig. S5); this was true even in cells that had not yet lost their calcium indicator dye. Thus, it 

appeared that the addition of sorafenib in combination with ascorbate, as in Fig. 7B 

prevented mitochondrial calcium accumulation and caused an excessive increase in cytosolic 

calcium instead. Notably (Supplemental Fig. S6), incubating cells with sorafenib and 

ascorbate in a nominally calcium-free medium prevented the large ascorbate-induced 

increase in [Ca2+
cyto] and provided protection against the associated cell death, indicating 

that calcium influx from the extracellular medium is responsible for the dramatic increase in 

[Ca2+
cyto] shown in Fig. 7B.

Figs. 7C and D demonstrate that addition of sorafenib (5 μM) leads to a rapid decline in 

mitochondrial membrane potential, both with and without the simultaneous addition of 

ascorbate (5mM). This finding indicates that sorafenib treatment suppresses mitochondrial 

energy conservation. Sorafenib has been previously reported to inhibit mitochondrial 
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Complex I activity (61, 62). Importantly, mitochondrial depolarization by sorafenib 

treatment in the absence of ascorbate did not elicit the calcium increase and cell 

permeabilization, indicating that ascorbate is required for the dramatic rise in [Ca2+
cyto] and 

the effect of sorafenib treatment and the consequent mitochondrial depolarization is to 

sensitize the cells to the specific actions of ascorbate (Fig. 7B). Polarized mitochondria 

appear to serve as a buffer to prevent excessive [Ca2+
cyto] increase and thereby protect 

against cell killing. Thus, the sensitization by sorafenib likely is due to the failure of 

depolarized mitochondria to buffer the increase in [Ca2+
cyto] initiated by ascorbate-induced 

H2O2 formation. Interestingly, the mitochondrial depolarization by sorafenib appeared to be 

readily reversible (Supplemental Fig. S7B). Overnight incubation of Hep G2 cells with 

sorafenib (5 μM) followed by incubation with imaging buffer without sorafenib showed that 

mitochondria are well-polarized, but can be rapidly depolarized again upon re-addition of 

FCCP to the imaging buffer (Supplemental Fig. S7A).

Case Study: A patient with metastatic tumor regression after treatment with the 
combination of high-dose ascorbate and sorafenib

As an initial translational step, we report on a patient with histologically confirmed 

metastatic stage IV HCC who was treated with a combination of intravenous, high-dose 

ascorbic acid in combination with standard of care therapy of oral sorafenib. The patient was 

a 61-year-old white male who presented with metastatic disease to the left 8th rib in March 

2013, confirmed by biopsy (See Supplementary Material for further details). His medical 

oncologist determined that the patient was a candidate for standard of care chemotherapy 

with sorafenib, and referred the patient to our team to additionally receive intravenous 

ascorbic acid. We treated him with 75 grams of ascorbic acid administered three times per 

week. He was also concomitantly given sorafenib 400 mg by mouth, twice a day.

On his initial, pre-treatment CT scan, the patient was observed to have a left 8th rib 

metastasis measuring 74 × 44 mm, along with a 2.8 × 2.2 cm ablation cavity from pre-

metastatic treatment in the right lobe of the liver. After his initial 8-week cycle of ascorbic 

acid and sorafenib, he underwent CT imaging to evaluate his response. Overall, the findings 

showed stable disease with no change in the cavitary liver lesion and no significant change 

in the size of the rib metastasis now measuring 74 × 45 mm. He continued on the same 

regimen for a second 8-week cycle and was re-imaged. This time the rib lesion was 

markedly smaller, now measuring 43 × 28 mm, again with no change in the liver and no 

suggestion of additional metastases. He continued on two additional cycles of the 

combination therapy during which he maintained the improvement in the rib metastasis on 

CT scan with otherwise stable disease (Fig. 8). After the 5th cycle (40 weeks) there appeared 

to be a 10-15% progression of the bone mass from the previous scan, so his oncologist took 

him off study. Of note, although regression of primary tumor from sorafenib alone has been 

reported, we are aware of no reports of regression of bony metastasis from sorafenib alone.

DISCUSSION

The data in this paper show that ascorbate in pharmacologic concentrations was cytotoxic to 

Hep G2 hepatoma cells and other tumor cells, but not to primary hepatocytes. As reported 
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previously, pharmacologic concentrations of ascorbate generate extracellular H2O2, which 

was essential for cell death. Cytotoxicity of ascorbate in primary hepatocytes was 

suppressed by the capacity of cells to dispose of H2O2, as Hep G2 cells and other cancer 

cells exhibited markedly lower levels of catalase and glutathione peroxidase than 

hepatocytes isolated from normal liver tissue and inhibition of catalase and glutathione 

reductase sensitized primary hepatocytes to ascorbate cytotoxicity and increased cytotoxicity 

of pharmacologic ascorbate in cancer cells. The decreased activity of antioxidant enzymes, 

including catalase and glutathione peroxidase in different cancer cell types has been reported 

previously (63) and may be related to the importance of ROS as signaling molecules. 

Treatment of different cancer cell types with GOX as an H2O2 generating system was less 

cytotoxic than treatment with pharmacologic ascorbate at comparable rates of H2O2 

generation, indicating that pharmacologic ascorbate had other actions in addition to 

generation of extracellular peroxide. These may be due to the formation of highly reactive, 

but short-lived hydroxyl radicals by the Fenton reaction mediated by ascorbate in the 

presence of H2O2 and Fe3+ (or other trace metal ions) (64,65). This interpretation was 

further substantiated by the observation that the addition of 1 mM ascorbate, which by itself 

was not cytotoxic to the tumor cells, significantly enhanced the cell killing caused by GOX, 

even though this treatment did not further increase the H2O2 concentration in the medium at 

steady state (Fig. 2). Our experiments do not establish whether these actions of ascorbate 

occurred in the cell interior or at its surface. The declining rate of extracellular H2O2 

production over time in incubations with 10 mM ascorbate or, to a lesser extent, with GOX 

plus 1 mM ascorbate, may reflect its reaction with accumulating H2O2 catalyzed by trace 

concentrations of Fe3+ in the medium. Conversely, the finding that intracellular H2O2 

accumulation, as detected by the H2O2 specific probe HyPer, was much lower in incubations 

with 10 mM ascorbate than with 10 mU/ml GOX (Fig. 4F) despite similar steady state levels 

of H2O2 in the medium, suggests that intracellular ascorbate can also effectively react with 

H2O2. Hydroxyl radicals are extremely short-lived (half-life in the order of nanoseconds) 

and their targets tend to be diffusion limited. The finding that ascorbate cytotoxicity was 

associated with dysregulation of cellular calcium homeostasis suggests that plasma 

membrane calcium influx was accelerated by ascorbate treatment. Indeed, cells were 

protected from ascorbate cytotoxicity when calcium was omitted from the incubation 

medium. We hypothesize that the increased net calcium influx may reflect hydroxyl radical-

mediated damage to plasma membrane calcium channels allowing their uncontrolled 

opening, or to the plasma membrane calcium pump (PMCA), which are known to be 

sensitive to oxidative damage (66). In energetically competent cells, the increased calcium 

influx caused by incubation with pharmacologic ascorbate and to a lesser extent GOX 

treatment was largely sequestered in mitochondria. This process may be protective and even 

accelerate mitochondrial energy metabolism. However, prolonged mitochondrial calcium 

accumulation in combination with exposure to H2O2 or other ROS would predispose them to 

the permeability transition and cell death.

The cytotoxic effects of ascorbate were synergistic with those exerted by the multikinase 

inhibitor sorafenib in experiments on Hep G2 cells, but not in primary hepatocytes. This 

observation is important because it suggests that pharmacologic ascorbate broadens 

sorafenib's therapeutic range and enhances its efficacy at doses that are clinically better 
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tolerated. The potential clinical relevance of this finding is indicated by the case study 

presented here of a patient with undisputable evidence of metastatic HCC with a lesion on 

the left 8th rib that showed significant regression over five 8-week cycles of combination 

treatment with intravenous ascorbate and standard of care sorafenib. Importantly, ascorbate 

infusion was well tolerated and there were no indications of significant negative side effects. 

This is the first case report with the observation that high dose ascorbate treatment in 

combination with sorafenib can be effective in reducing metastatic HCC, and it is noted that 

to our knowledge there are no reported cases of sorafenib alone reducing a bony lesion.

The mechanism by which ascorbate synergized with low dose sorafenib treatment in 

promoting cell killing highlights the protective role of mitochondrial calcium buffering. The 

data indicate that a concentration of sorafenib that is only modestly effective in killing cells 

during overnight incubation, caused marked depolarization of mitochondria, presumably as a 

result of inhibition of Complex I of the mitochondrial electron transport chain reported by 

others (61, 62). The resulting inhibition of mitochondrial calcium uptake caused a dramatic 

ascorbate-induced increase in cytosolic calcium, indicating a breakdown of the mechanisms 

that maintain cellular calcium homeostasis immediately preceding the onset of cell death.

Other mechanisms by which sorafenib treatment affects cell function may further contribute 

to the ascorbate-induced cell killing. Sustained inhibition of mitochondrial electron transport 

and loss of membrane potential could impair mitochondrial antioxidant mechanisms and 

thereby enhance mitochondrial ROS formation. Also, while ATP formation in Hep G2 cells 

is primarily dependent on oxidative glycolysis (67), mitochondrial metabolism is required 

for biosynthesis of other cell constituents, the depletion of which may make cells vulnerable 

to oxidative stress conditions. Further studies are required to evaluate such mechanisms.

In conclusion, these observations suggest a novel, complex sequence by which 

pharmacologic ascorbate treatment causes cell death in tumor cells. Our findings highlight 

the necessity of extracellular peroxide generation as the initiator of cell death. Formation of 

extracellular H2O2 is required, but not sufficient to cause cell killing. At the pharmacologic 

ascorbate concentrations used in these experiments, accumulation of H2O2, in the presence 

of trace metal ions, may facilitate the ascorbate-mediated Fenton reaction as a source of 

highly damaging hydroxyl radicals, both on the cell surface and in the cell interior, following 

uptake of ascorbate through SVCT1 and 2 (ascorbate transporters). Recent evidence 

suggests that entry of dehydroascorbic acid (oxidized ascorbate) and its intracellular 

reduction to ascorbate, either through an NADPH-dependent reductive step, or through 

ascorbate recycling through the mitochondrial electron transport chain (68) may also initiate 

tumor cell death (47). Although not tested, it is likely that extracellular dehydroascorbic acid 

formation accompanies extracellular peroxide formation. However, at the pharmacologic 

concentrations of ascorbate used in these experiments it is likely that its pro-oxidant activity 

in generating hydroxyl radicals from H2O2 remains the predominant mechanism of its 

cellular effects. Moreover, the lack of mitochondrial polarization in experiments combining 

ascorbate and sorafenib treatment provides strong evidence that sorafenib suppresses 

electron transport and prevents mitochondrial energization, which would make ascorbate 

recycling less likely to contribute to the ascorbate-induced cytotoxicity. In the data presented 

here, the resulting dysregulation of cellular calcium homeostasis, presumably through effects 
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on plasma membrane calcium transport systems, elicits an increase in cytosolic calcium, 

which is largely sequestered in the mitochondrial compartment, from which it can be 

released by the addition of uncouplers. In this manner, mitochondrial calcium uptake can 

protect against an excessive increase in [Ca2+
cyto] and thereby extend cell survival. In 

addition, the associated mitochondrial hyperpolarization may serve as an alternative energy 

source. However, excessive mitochondrial calcium overload in the presence of H2O2 may 

activate the mitochondrial permeability transition and contribute to the cell death induced by 

ascorbate treatment. When cells are treated with sorafenib, the protective effects of 

mitochondrial Ca2+ uptake are lost and cellular calcium homeostasis is more rapidly and 

dramatically deregulated upon ascorbate addition leading to plasma membrane 

permeabilization and cell death.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AA ascorbic acid

AT 3-amino-1,2,4-triazole

BCNU bis-chloroethyl nitrosourea

BSA bovine serum albumin

[Ca2+
cyto] cytosolic calcium concentration

CI combination index

DRI dose reduction index

EC effective concentration

FCCP Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone

GPX glutathione peroxidase

GOX glucose oxidase

HCC hepatocellular carcinoma

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide)

ROS reactive oxygen species

SVCT sodium-dependent vitamin C transporter

TMRE tetramethyl rhodamine ethyl ester
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Highlights

• Ascorbate in pharmacologic dose kills tumor cells by potentiating H2O2 

cytotoxicity

• Ascorbate and sorafenib exhibit synergistic cytotoxicity in Hep G2 cells

• Ascorbate deregulates cellular Ca2+ homeostasis causing mitochondrial Ca2+ 

overload

• Sorafenib depolarizes mitochondria exacerbating ascorbate-induced Ca2+ 

deregulation

• Regression of rib metastasis in HCC patient treated with ascorbate and sorafenib
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Figure 1. Ascorbate induces cytotoxicity in cancer cells, but not in primary hepatocytes
Cell viability was measured using either the CellTiter-Glo® Luminescent cell viability assay 

(Promega) (A and C) or the MTT assay (B) after two hour treatment with various 

concentrations of ascorbate (1, 3, 5, 10, or 20 mM) (A and B) and the addition of catalase 

(100 μg/mL) to the media (C). Error bars represent the SEM (n=3). Some error bars may be 

smaller than the symbol.
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Figure 2. H2O2 formation by ascorbate and GOX in the absence and presence of Hep G2 cells
(A) Various concentrations of ascorbate or GOX were added to RPMI 1640 media without 

cells and H2O2 formation was measured over a 2 hour period using a Clark Electrode. (B-E) 

Time course of H2O2 formation upon addition of 10 mM ascorbate (B), 10 mU/mL GOX 

(C), 1 mM ascorbate (D), or 10 mU/mL GOX + 1 mM ascorbate (D), added to RPMI 1640 

media in the absence or presence of Hep G2 cells. (F) Comparison of steady state 

concentrations of H2O2 and cell viability after 2 hrs of incubation of HepG2 cells with 1 

mM ascorbate, 10mM ascorbate, 10 mU GOX/mL, or 1mM ascorbate + 10mU GOX/mL. ns 
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– not significant compared to untreated, a - p<0.0001 compared to untreated, b – p<0.0001 

compared to 10mU/mL GOX, c – p<0.0001 compared to 1mM ascorbate. AA = ascorbate, 

GOX = glucose oxidase. Some error bars may be smaller than the symbol.
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Figure 3. Inhibition of antioxidant enzymes sensitizes cancer cell lines and primary hepatocytes 
to ascorbate mediated cytotoxicity
Hep G2 cells (A), T-47D cells (B), MIA PaCa-2 cells (C), and primary hepatocytes (D) were 

preincubated for one hour with no inhibitors, the catalase inhibitor 3-amino-1,2,4-triazole 

(AT) (5 mM), the glutathione reductase/thioredoxin reductase inhibitor BCNU/carmustine 

(100 μM), or both inhibitors, followed by a two hour treatment with different concentrations 

of ascorbate (1, 3, 5, 10, and 20 mM). Cell viability was measured through CellTiter-Glo 

cell viability assay. Error bars represent SEM (n=3). Activity levels of catalase (E) and 

Glutathione peroxidase (F) in rat liver tissue, primary rat hepatocytes, Hep G2, Huh-7, 

SNU-449, T-47D, and MIA PaCa-2 cells. Error bars represent SEM (n=4). Some error bars 

may be smaller than the symbol.
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Figure 4. Intracellular H2O2 in the cytosol and mitochondrial matrix of Hep G2 cells after 
treatment with ascorbate or GOX using the genetically encoded sensor HyPer as a probe
Hep G2 cells were transfected with HyPercyto or HyPermito as described in Materials and 

Methods. (A) Time course of HyPercyto and HyPermito fluorescence ratio after treatment 

with 10 mM ascorbate (first and third rows) or 10 mU/mL GOX (second and fourth rows). 

(B-C) Ratiometric fluorescent traces of individual cells expressing HyPercyto after treatment 

with 10 mM ascorbate (B) or 10 mU/mL GOX (C). Red traces represent average 

fluorescence intensity over all cells (D-E) Ratiometric fluorescence traces of individual cells 

expressing HyPermito after treatment with 10 mM ascorbate (D) or 10 mU/mL GOX (E). (F) 

Ratio of average HyPercyto to SypHercyto fluorescence signals after treatment with 1 mM 

ascorbate (blue), 10 mM ascorbate (red), or 10 mU/mL GOX (green). AA = ascorbate, GOX 

= glucose oxidase.
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Figure 5. Cytosolic calcium and mitochondrial membrane potential measurements in Hep G2 
cells after ascorbate or GOX addition
(A-D) Time course of cytosolic calcium [Ca2+

cyto] changes recorded using Fura-2 in intact 

Hep G2 cells with no additions (A), ascorbate (10 mM) (B), GOX (10 mU/mL) (C), or 

ascorbate (10 mM) plus catalase (100 μg/mL) (D). (E-H) Time course of mitochondrial 

membrane potential changes measured in parallel incubations by TMRE fluorescence. For 

all traces, an addition of FCCP (5 μM) was made at approximately 60 minutes as indicated 

by an arrow. Red traces represent average fluorescence intensity over all cells (n=15-30). 

AA= ascorbate, GOX= glucose oxidase
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Figure 6. Synergistic cell killing after combination treatment with ascorbate and sorafenib
Hep G2 cells (A) or primary hepatocytes (B) were preincubated with various concentrations 

of sorafenib (2.5, 5, 7.5, 10, and 20 μM) for 20 hours prior to treatment with various 

concentrations of ascorbate (2.5, 5, 7.5, 10, and 20 mM) for 2 hours. Viability was measured 

using the CellTiter-Glo cell viability assay. Error bars represent the SEM (n=3 and n=1 for A 

and B respectively). (C) An isobologram constructed from the calculation of the 

combination index (CI), Fa = fraction affected. (D) Serial deletion analysis to calculate 95% 

confidence intervals of the CI (n=3). (E) Calculated values of the CI and dose reduction 

index (DRI) at different effective concentration (EC) levels. (C-E) Values were based on the 

Chou-Talalay method using the CompuSyn software with a constant ratio of doses. Some 

error bars may be smaller than the symbol.
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Figure 7. Cytosolic calcium and mitochondrial membrane potential changes in Hep G2 cells after 
treatment with sorafenib or the combination of ascorbate and sorafenib
Time course of [Ca2+

cyto] recorded in Hep G2 cells loaded with Fura-2 and, in separate 

incubations, mitochondrial membrane potentials recorded in Hep G2 cells loaded with 

TMRE, upon treatment with sorafenib (5 μM) (A and C) or the combination of ascorbate (5 

mM) and sorafenib (5μM) (B and D). Arrow indicates addition of 5 μM FCCP. Red traces 

represent average fluorescence intensity over all cells. (n=15-30). AA, ascorbate.
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Figure 8. Computed tomography scan of case study patient who experienced a metastatic tumor 
regression during treatment with the combination of ascorbate and sorafenib
Transverse CT image of a patient with HCC. Arrow indicates a rib metastasis.
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