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Abstract

High-dose ascorbate (vitamin C) has shown promising anti-cancer activity. Two redox 

mechanisms have been proposed: hydrogen peroxide generation by ascorbate itself or glutathione 

depletion by dehydroascorbate (formed by ascorbate oxidation). Here we show that the 

metabolic effects and cytotoxicity of high-dose ascorbate in vitro result from hydrogen 

peroxide independently of dehydroascorbate. These effects were suppressed by selenium through 

antioxidant selenoenzymes including glutathione peroxidase 1 (GPX1) but not the classic 

ferroptosis-inhibiting selenoenzyme GPX4. Selenium-mediated protection from ascorbate was 

powered by NADPH from the pentose phosphate pathway. In vivo, dietary selenium deficiency 

resulted in significant enhancement of ascorbate activity against glioblastoma xenografts. These 

data establish selenoproteins as key mediators of cancer redox homeostasis. Cancer sensitivity to 

free radical-inducing therapies, including ascorbate, may depend on selenium, providing a dietary 

approach for improving their anticancer efficacy
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Introduction

The past decade has seen a renewed interest in the use of high-dose ascorbate (vitamin 

C) as a cancer therapy. Intravenous infusion of pharmacologic ascorbate raises the serum 

ascorbate concentration into the millimolar range, a concentration at which ascorbate 

has been shown to kill cancer cells in vitro [1–4]. Pharmacologic ascorbate has been 

shown to synergize with multiple chemotherapeutic agents in animal models and is well-

*Mailing Address: Carl Icahn Laboratory, Room 241, Washington Road, Princeton, NJ 08544, joshr@princeton.edu. 

Competing Interests
J.D.R. is a paid adviser and/or stockholder in Colorado Research Partners, Kadmon Pharmaceuticals, L.E.A.F. Pharmaceuticals, 
Rafael Pharmaceuticals and its subsidiaries, Empress, and Agios Pharmaceuticals; a paid consultant of Pfizer; a founder, director, and 
stockholder of Farber Partners and Serien Therpeutics. C.S.R.J. declares no conflicts of interest.

HHS Public Access
Author manuscript
Cancer Res. Author manuscript; available in PMC 2023 April 04.

Published in final edited form as:
Cancer Res. 2022 October 04; 82(19): 3486–3498. doi:10.1158/0008-5472.CAN-22-0408.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tolerated in human patients [1,4], motivating ongoing clinical trials. Despite its extensive 

characterization as a cytotoxic agent in vitro, the mechanism through which ascorbate 

selectively kills cancer cells remains under debate [2,3].

In its classical role as a vitamin and antioxidant, ascorbate acts as a radical scavenger and 

reducing agent. The concentration of ascorbate in normal human serum is approximately 50 

µM [5]. At higher concentrations, ascorbate can spontaneously oxidize to dehydroascorbate 

(DHA), particularly in the presence of catalytic metals such as iron that are present in serum 

and common culture media [6,7]. Inside the cell, DHA reduction consumes glutathione 

(GSH), depleting intracellular defenses against reactive oxygen species (ROS) (Fig 1a) [2,7]. 

It has been suggested that cancer cells are especially susceptible to high-dose ascorbate due 

to enhanced expression of facilitative glucose transporter GLUT1, which also carries DHA 

[2,7]. However, the role of intracellular DHA as the active cytotoxic agent has not been 

directly demonstrated, motivating further study on this potential mechanism [2,3,8].

Millimolar concentrations of ascorbate can also produce H2O2 by generating the superoxide 

radical (O2
−), a process which occurs in vivo in the extracellular space (Fig 1a) [6]. Indeed, 

the role of ascorbate as either a pro- or anti-oxidant has been suggested to depend on 

concentration, with low doses mitigating ROS and high doses generating them [8]. H2O2 

generation by ascorbate has been associated with DNA damage and subsequent PARP 

activation, which can deplete NAD and thereby inhibit glycolysis [2].

Ascorbate cytotoxicity depends on the intracellular labile iron pool (Fig 1a) [3,9]. One 

explanation for this phenomenon is that ascorbate-generated H2O2 causes toxicity through 

Fenton chemistry, the iron-dependent conversion of H2O2 into the highly reactive hydroxyl 

radical. A related possibility is that high-dose ascorbate induces cell death via ferroptosis, 

an iron-dependent form of necrotic cell death characterized by extensive lipid peroxidation 

[10,11]. Ascorbate-iron systems have been used to induce lipid peroxidation in microsomes 

in vitro [12]. Although similarities between ascorbate toxicity and ferroptosis have been 

noted, the role of lipid peroxidation in ascorbate-induced cell death has not been assessed 

[10,13].

Several enzymes that fight oxidative stress incorporate the non-canonical amino acid 

selenocysteine in their active site, and accordingly, their expression and activity depend 

on an adequate cellular supply of selenium [14,15] Among these proteins is the most 

well-established suppressor of ferroptosis, the lipid hydroperoxidase GPX4, which reduces 

lipid hydroperoxides using glutathione as an electron donor. Additional antioxidant 

selenoproteins include GPX1–3, which function as glutathione-dependent H2O2 detoxifying 

enzymes and thioredoxin reductases 1 and 2, which reduce oxidized thioredoxin using 

NADPH

Here we report that ascorbate and DHA exert distinct effects on cellular metabolism in vitro, 

with the metabolic profile of acute ascorbate administration mimicking that of H2O2. DHA 

is less cytotoxic than ascorbate itself, and genetic blockage of glutathione-dependent DHA 

reduction does not rescue cells from ascorbate toxicity. Instead, such toxicity is diminished 

by H2O2 detoxification, iron chelation, and selenium supplementation. Selenium fortifies 
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cells mainly through GPX1 rather than the ferroptosis-suppressor GPX4. In vivo, dietary 

selenium depletion enhances the antitumor effect of ascorbate. Collectively, these data 

suggest that ascorbate kills cancer cells by overwhelming their capacity to clear H2O2 and 

prevent the iron-catalyzed conversion of H2O2 to the toxic hydroxyl radical. More generally, 

they establish dietary selenium depletion as a potential means of sensitizing tumors to free 

radical stress.

Materials and Methods

Materials

Cell Culture—DMEM (Commercial, Corning 10–017-CV)

FeNO3 (Sigma F8508)

Catalase (Sigma C1345)

Sodium selenite (Sigma S5261)

Pharmacologic Compounds—Sodium ascorbate (Sigma A4034)

Ascorbic acid (Sigma A5960)

Dehydroascorbic acid (Sigma 261556)

H2O2 (VWR BDH7103)

Olaparib (Cayman 10621)

Diamide (Sigma 87751)

Deferoxamine mesylate (DFO; Cayman 14595)

Imidazole ketone erastin (IKE; Cayman 27088)

FIN56 (Cayman 25180)

RSL3 (Cayman 19288)

Auranofin (Cayman 15316)

Ferrostatin (Cayman 17729)

Liproxstatin (Cayman 17730)

Seahorse PMP Reagent (Agilent 102504-100)

MitoB (Cayman 17116)

MitoP (Cayman 17117)

MitoB-d15 (Cayman 17470)
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MitoP-d15 (Cayman 19296)

Metabolomics—LCMS water (Fisher W9500)

LCMS MeOH (Fisher A456–500)

Antibodies, Staining, and Blotting—Mouse SEPP1/Selenoprotein P ELISA Kit 

(LSBio LS-F24254-1)

Anti-GAPDH (Abcam Cat#ab8245, RRID:AB_2107448; 1:10,000)

Anti-yH2AX (Abcam Cat#ab81299, RRID:AB_1640564; 1:10,000)

Anti-GPX1 (Abcam Cat#ab108429, RRID:AB_10865045; 1:2000)

Anti-GPX2 (Abcam Cat#ab140130, RRID:AB_2910235 1:2000)

Anti-GPX3 (Abcam Cat#ab59524, RRID:AB_941788; 1:500)

Anti-GPX4 (Abcam Cat#ab125066, RRID:AB_10973901; 1:1000)

Anti-Txn1 (Abcam Cat#ab133524, RRID:AB_2910242 1:10,000)

Anti-Txn2 (Abcam Cat#ab185544, RRID:AB_2737587; 1:10,000)

Anti-TxnRd1 (Abcam Cat#ab124954, RRID:AB_10975643; 1:5000)

Anti-TxnRd2 (Abcam Cat#ab180493, RRID:AB_2732914; 1:5000)

Anti-Catalase (Abcam Cat#ab76110, RRID:AB_1310035; 1:1000)

Anti-GSTO1 (Abcam Cat#ab129106, RRID:AB_11141057; 1:1000)

Anti-Mouse (Licor IRDye 680RD Donkey anti-Mouse IgG, RRID:AB_10953628; 1:5000)

Anti-Mouse (Licor IRDye 800CW Donkey anti-Mouse IgG, RRID:AB_621847; 1:5000)

Anti-Rabbit (Licor IRDye 800CW Donkey anti-Rabbit IgG, RRID:AB_621848; 1:5000)

Anti-Goat (Licor IRDye 680RD Donkey anti-Goat IgG, RRID:AB_10956736; 1:5000)

Halt Protease and Phosphatase Inhibitor (ThermoFisher 78442)

Propidium iodide (PI, ThermoFisher P3566)

Phen Green FL Diacetate (PGFL, Thermofisher P6763)

Standards and Chemicals—GSH (Sigma G4251)

GSSG (Sigma G4501)

NEM (Thermo Scientific 23030)
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4-acetamido-4’-maleimidylstilbene-2,2’-disulfonic acid, disodium salt (AMS, Setareh 

Biotech 6508)

Enzyme Assays—Thioredoxin Reductase Colorimetric Assay Kit (Cayman 10007892)

Glutathione Peroxidase Assay Kit (Cayman 703102)

Plasmids—PX461 (Addgene #48140, RRID:Addgene_48140)

PX462 (Addgene #48141, RRID:Addgene_48141)

AIO-GFP (Addgene #74119, RRID:Addgene_74119)

AIO-mCherry (Addgene #74120, RRID:Addgene_74120)

Cell Lines—HCT116 (ATCC CCL-228, RRID:CVCL_0291)

HT29 (ATCC HTB-38, RRID:CVCL_0320)

MDA-T85 (ATCC CRL-3354, RRID:CVCL_QW84)

MDA-T120 (ATCC CRL-3355, RRID:CVCL_QW85)

Panc1 (ATCC CRL-1469, RRID:CVCL_0480)

MIA PaCa-2 (ATCC CRM-CRL-1420, RRID:CVCL_0428)

MCF7 (Celeste Nelson Lab, Princeton University; ATCC HTB-22, RRID:CVCL_0031)

MDA-MB-231 (Celeste Nelson Lab, Princeton University; ATCC CRM-HTB-26, 

RRID:CVCL_0062)

U-87 MG (ECACC 89081402 via Sigma, RRID:CVCL_0022)

U-118 MG (ATCC HTB-15, RRID:CVCL_0633)

Mouse Diet—L-Amino Acid Rodent Diet (Research Diets #A10021Bi)

L-Amino Acid Rodent Diet, No Added Selenium (Research Diets #A14042301i)

Methods

H2O2 Detection and Quantitation—H2O2 concentration was measured using the 

luminescent ROS-Glo H2O2 Assay (Promega) and cross-validated via platinum reduction 

using a YSI 2900 Biochemistry Analyzer (Xylem Analytics).

Briefly, 75 µL base media was spiked with 20 µL H2O2 substrate solution and 5 µL base 

media ± ascorbate or ± H2O2, incubated for 30 minutes in a 37 °C incubator maintained at 

5% CO2, then developed with 100 µL ROS-Glo detection solution for 20 minutes at room 

temperature and the luminescence was read using an HT Synergy Multi-Mode Plate Reader 

(BioTek).
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Alternatively, base media was spiked with ascorbate and incubated for 30 minutes. Aliquots 

were taken after 30 minutes, placed on ice, and run directly on a YSI 2900 Biochemistry 

Analyzer (Xylem Analytics) with calibration to a standard H2O2 solution performed every 5 

samples. Comparable quantitation was obtained using each method for samples prepared in 

parallel.

Cell Culture, Ascorbate, and Drug Exposure—Stock cells were maintained in 

DMEM supplemented with 10% complete (non-dialyzed) fetal bovine serum (cFBS). For 

experimental purposes, cells were seeded and grown in DMEM supplemented with 10% 

dialyzed fetal bovine serum (dFBS). Cells were seeded in at a packed-cell volume (PCV) 

of 0.25 µL/mL and grown to approximately 70–80% confluence. Comparable cell density 

was confirmed both visually under a microscope and by cell count using a Countess 

II Hemocytometer. Cells were routinely tested for mycoplasma contamination using the 

PlasmoTest Mycoplasma Detection Kit (Invitrogen).

One hour prior to ascorbate exposure, blank media was pre-equilibrated for temperature and 

pH in a 5% CO2 incubator at 37 °C. Growth media was aspirated, equilibrated media was 

spiked with ascorbate and/or other indicated compounds, and the fresh, spiked media was 

applied to cells for the time indicated.

Metabolomics—Following incubation, metabolites were extracted from cells on dry ice 

using 80% methanol ± 1 mM N-ethylmaleimide (NEM) pre-chilled on dry ice (extraction 

solvent) [16; 17]. NEM was included in the extraction buffer for all experiments shown 

except where explicitly indicated. Briefly, media was aspirated and 500 – 800 µL extraction 

solvent was applied to each well and the plate placed on dry ice. Insoluble debris was then 

scraped from each well and transferred to microcentrifuge tubes, placed on dry ice for 30 

minutes to facilitate protein precipitation, and spun down at 17,000 x g for 15 minutes at 4 

°C before the supernatant metabolite extract was transferred to a fresh tube and maintained 

on dry ice. For experiments in which intracellular ascorbate was measured, cells were rinsed 

thrice with warmed PBS prior to extraction.

Metabolite extracts were either dried under gaseous N2 and reconstituted in LC-MS-grade 

H2O, or directly injected onto the LC-MS instrument in the 80% MeOH extraction buffer. 

Metabolite extracts re-dissolved in water were analyzed via reverse-phase ion-pairing 

chromatography (RPLC) coupled to an Exactive Orbitap mass spectrometer (Thermo) as 

previously described [18]. Metabolite extracts that were directly injected were analyzed 

using the same instrument or with a Q-Exactive Orbitrap mass spectrometer (Thermo) with 

separation by hydrophilic interaction chromatography (HILIC) as previously described [19]. 

LC-MS data was analyzed using El-MAVEN [20]. In all experiments where NEM was used, 

the GSH-NEM adduct was used for quantitation.

Viability Measurements, Iron Quantification, and Flow Cytometry—Viability was 

measured after compound exposure for the indicated periods of time by propidium iodide 

(PI) fluorescence using an LSRII Flow Cytometer (BD Biosciences). Briefly, media was 

collected (containing dead/detached cells), adhered cells were trypsinized, and the fractions 

were combined. Cells were spun down, media aspirated, and cells were resuspended in 
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PBS supplemented with 10% cFBS containing 0.5 µg/mL propidium iodide. The single-cell 

suspension was then analyzed by flow cytometry and viability determined by the relative 

proportion of PI-positive and negative cells.

Relative Intracellular Labile Iron Quantitation—Relative labile iron content was 

measured using Phen Green FL Diacetate (PGFL) [21]. Cell populations at near confluence 

were treated with saline or DFO (500 µM, 12 hours) to chelate the labile iron pool. Culture 

media was replaced with HBSS containing 2 µM PGFL for 2 hours. Media was aspirated, 

then cells were trypsinized and quenched with cold HBSS containing dFBS prior to analysis 

by flow cytometry. The size of the labile iron pool was determined by calculating the 

difference between the median fluorescence intensity of control and chelated cells.

Glutathione Analytical Chemistry—Glutathione (GSH) and glutathione disulfide 

(GSSG) solutions were prepared using ice-cold water or 80% methanol ± 1 mM NEM 

on ice. Samples were run via LC-MS as described above.

Protein Extraction, Western Blotting, and Protein Quantitation—Proteins were 

extracted using RIPA buffer supplemented with Halt Protease and Phosphatase Inhibitor 

Cocktail. Cells were exposed to the indicated compounds and the media was aspirated. Cells 

were rinsed twice with PBS and protein was extracted with cold RIPA buffer on wet ice. The 

plates were scraped and transferred to microcentrifuge tubes, then sonicated and spun down 

at 4 °C. Protein content was determined for normalization using the Pierce BCA Protein 

Assay.

For blotting of serum proteins, protein was precipitated from the soluble fraction using 

methanol. Protein was precipitated on dry ice and then spun at 4 °C for 15 minutes before 

protein was extracted in RIPA buffer as described above.

For redox blotting, proteins were extracted and derivatized with 4-acetamido-4’-

maleimidylstilbene-2,2’-disulfonic acid (4-AMS) as described [22] with some modifications. 

Cells were exposed to the indicated compounds and the media was aspirated. Cells were 

rinsed twice with HBSS and protein was extracted in ice-cold 10% trichloroacetic acid 

(TCA) buffer. TCA extracts were incubated on wet ice for 30 minutes, then spun in a 

cold room. The TCA buffer was aspirated, and the pellet was re-suspended in 80% MeOH 

on dry ice and cooled for an additional 30 minutes before being spun again in a cold 

room. The 80% MeOH was aspirated, and the protein pellet was subsequently sonicated 

in a modified RIPA-AMS buffer (10 mM AMS, 1% SDS) and samples were incubated at 

room temperature for 3 hours with agitation, then spun down. The protein content of the 

supernatant was then determined via BCA assay as above.

Discontinuous poly-acrylamide gels were cast at a concentration appropriate to resolve the 

molecular weight of the target protein and loaded with 20–30 µg protein lysate using a 

reducing, denaturing loading buffer or a non-reducing, denaturing loading buffer for redox 

blotting. Protein lysates were heated at 95 °C for 10 minutes, which was necessary to reduce 

GPX proteins to their monomeric states. Western blots were performed using a wet transfer 
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to a PVDF membrane in Towbin Buffer containing 20% methanol at 4 °C on ice using a 

cooling block pre-chilled to −80 °C.

Membranes were blocked using Licor Odyssey or Intercept Blocking Buffer. Antibody 

solutions were prepared in the same buffer.

Primary antibodies were diluted in blocking buffer, and membranes were rocked overnight 

in primary antibody solution at 4 °C. Membranes were washed with PBS-T (0.1% Tween20) 

and incubated with secondary antibody at room temperature for 1 hour. Membranes were 

washed with PBS-T and PBS, then imaged using a LI-COR Odyssey Fluorescent Imaging 

System. Images were processed and quantitated using LI-COR Image Studio Software, then 

pseudocolor LUTs were adjusted using ImageJ with the Bio-Formats Plugin independent of 

any quantitation.

Selenoprotein P was quantitated by ELISA using the manufacturer’s protocol.

Respirometry and Determination of Complex-Driven Respiration in 
Permeabilized Cells—80–100,000 HCT116 cells/well were seeded to near confluence 

on a 96-well Seahorse XFe96 plate and allowed to adhere overnight in a 5% CO2 incubator 

at 37 °C. Media was aspirated and replaced with DMEM spiked with ascorbate and/or other 

compounds for 2 hours. Media was aspirated, and cells were rinsed twice with mitochondrial 

assay solution 1 (MAS-1), then permeabilized with the Seahorse Plasma Membrane 

Permeabilization Reagent (PMP, a recombinant perfringolysin) to allow mitochondria direct 

access to exogenous substrates.

Compared to respirometry using isolated mitochondria, the use of permeabilized cells 

carries the advantage of maintaining mitochondria in their native locale and avoids biasing 

the mitochondrial pool, especially when mitochondrial integrity may be compromised 

by drug treatment [23]. Oxygen consumption was measured using the Seahorse XFe96 

Analyzer (Agilent) using conditions appropriate to the indicated respiratory complex.

Baseline respiration in MAS-1 buffer was measured for 3 cycles with a 30-second mixing 

step, a 30-second waiting step, and a 2-minute measurement period. The PMP reagent was 

injected to a final concentration of 1 nM, and these measurements were repeated for 5 cycles 

to ensure respiratory decline following permeabilization. Finally, appropriate compounds 

were injected to the indicated concentration and oxygen consumption rate was measured for 

10 cycles as indicated above.

Complex I → III → IV: ADP (4 mM), 3-hydroxybutyrate (10 mM), malate (10 mM) ± 

rotenone (2 µM)

Complex II → III → IV: ADP (4 mM), succinate (10 mM), rotenone (2 µM), ± antimycin A 

(2 µM), myxothiazol (2 µM), malonate (20 mM)

Complex IV: ADP (4 mM), ascorbate (10 mM), TMPD (100 µM), antimycin A (2 µM) ± 

azide (20 mM)

Jankowski and Rabinowitz Page 8

Cancer Res. Author manuscript; available in PMC 2023 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Enzymatic Assays—TxnRd and GPX assays were performed according to the 

manufacturer’s protocol using 10 and 40 µg protein for each assay, respectively.

Xenograft Studies—Male 6–8 week-old Cd1 mice were purchased from Charles River 

and housed in the Animal Care Facility at Princeton University. All procedures were 

approved by the Princeton University Institutional Animal Care and Use Committee and 

conformed to NIH guidelines. Mice were acclimated to the facility for at least one 

week before any experimental manipulations were performed. Mice were acclimated to a 

selenium-free diet for 3 weeks prior to xenograft implantation.

HCT116 and U87 cells were cultured as described above. Cells were trypsinized, then 

suspended in DMEM (without FBS) and mixed with matrigel. 1e6 cells were injected in 200 

µL into the flanks of mice and allowed to grow until palpable (7–14 days) before ascorbate 

was administered. Ascorbate solutions were prepared from ascorbic acid, pH adjusted, and 

filter sterilized prior to administration by intraperitoneal (i.p.) injection. Tumor size was 

measured using calipers and determined according to the formula V = (W2 * L)/2 [24]. A 

humane endpoint of 2000 mm3 was used.

Statistical Analysis, Data Visualization, and Illustrations

Statistical analysis and data visualization were performed using GraphPad Prism. LD50 

values were calculated by interpolating a survival curve fitted using a four-parameter 

logistic regression. Statistical significance was assessed using a student’s t-test, ANOVA, 

and Kaplan-Meier survival analysis.

Illustrations were created using Biorender under an institutional license.

Results

Pharmacologic ascorbate damages cells via H2O2, not dehydroascorbate

Pharmacologic ascorbate exposure has been proposed to elicit cytotoxic stress through 

either H2O2 generation or dehydroascorbate (DHA)-dependent glutathione depletion (Fig 

1a) [2,3]. To help distinguish between these possibilities, we performed metabolomics on 

colorectal cancer HCT116 and glioblastoma U87-MG cells following a short exposure to 

equimolar ascorbate or DHA (Fig 1b,c; S1a,b). Compared to DHA, ascorbate more broadly 

impacted the metabolome by elevating glutathione disulfide, depleting NAD, and inducing 

an energy stress signature of low creatine phosphate and nucleotide triphosphates coupled 

with high nucleotide monophosphates and diphosphates, nucleosides, and bases (Fig 1b,c; 

S1a,b). The response to ascorbate was closely mimicked by H2O2, but not by diamide, 

a thiol-oxidizing agent (Fig 1b,c; S1a). The similarity between the ascorbate and H2O2 

responses is consistent with the reported generation of H2O2 by high concentrations of 

ascorbate [8,25] and suggests that ascorbate impacts metabolism primarily by producing 

H2O2.

One of the metabolites most strongly depleted by both ascorbate and H2O2 is NAD (Fig 

1b,c S1b). Like H2O2, ascorbate treatment has been shown to induce double-stranded DNA 

(dsDNA) breaks, activating the DNA repair enzyme poly-ADP ribose polymerase (PARP) 
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[2], which consumes NAD as a substrate. Both ascorbate and H2O2 treatment resulted 

in histone H2AX phosphorylation, a marker of dsDNA breaks, whereas the response 

to equimolar DHA was less (Fig S1c). Administration of the PARP inhibitor olaparib 

attenuated the acute metabolic response of HCT116 cells to ascorbate by sparing NAD 

(Fig S1d). The preservation of NAD mitigated the energy stress signature and prevented 

accumulation of fructose bisphosphate and dihydroxyacetone phosphate (Fig S1d), which 

are located upstream of the NAD-dependent glyceraldehyde phosphate dehydrogenase 

(GAPDH) step in glycolysis. Thus, ascorbate-induced GAPDH inhibition likely arises 

primarily from PARP-mediated NAD depletion rather than redox changes in GAPDH 

itself [2,26]. Co-administration of PARP inhibitor also prevented the accumulation of 

sedoheptulose and octulose bisphosphates, which rise when GAPDH is blocked [27,28].

High concentrations (mM) of ascorbate have been shown to generate H2O2 in vitro 
[8,25]. We confirmed that, when added to standard cell culture media, a pharmacologic 

concentration of ascorbate (10 mM) generated high levels of H2O2, whereas generation 

by DHA was substantially less (Fig S1e) [25]. We also found that ascorbate exhibited a 

much stronger cytotoxic effect in HCT116 cells compared to an equimolar dose of DHA 

(Fig 1d) and that adding the H2O2-scavenging enzyme catalase to the media prevented 

ascorbate-mediated cytotoxicity (Fig 1d). In contrast, PARP inhibition did not prevent 

ascorbate-mediated cell death (Fig 1d), implicating DNA damage itself, or other steps 

upstream of the energetic crisis, as the cause of cytotoxicity.

Although ascorbate toxicity was ultimately dependent on extracellular H2O2 generation, we 

wondered if DHA could still play a role in sensitizing cells to H2O2 by depleting reduced 

glutathione via the glutathione-dependent DHA reductase GSTO1 (Fig 1a) [29,30]. Cells 

treated with ascorbate rapidly accumulated intracellular ascorbate and DHA, with the DHA 

level at approximately 10% that of ascorbate (Fig S2a,b). To explore GSTO1’s role, we 

engineered clonal knock-out cell lines (HCT116-ΔGSTO1) (Fig S2c). These cells lacked 

DHA reductase activity (Fig S2d) but were nevertheless indistinguishable from control cells 

in both viability and metabolic response when challenged by ascorbate or DHA (Fig S2e,f), 

indicating that glutathione depletion via GSTO1 does not play a prominent role in high-dose 

ascorbate toxicity.

Abiotic oxidation of glutathione by ascorbate

Ascorbate was previously shown to profoundly decrease the cellular pool of reduced 

glutathione (GSH) [2]. However, we observed only a minimal change (Fig 1b). In attempting 

to understand this discrepancy, we noted that, in the previous work, metabolite extracts 

were dried prior to LC-MS analysis. We hypothesized that the presence of ascorbate 

in metabolite extracts was causing abiotic GSH consumption during the drying process. 

Consistent with this, we observed profound GSH loss upon drying of ascorbate-treated 

samples (Fig 2a,b). This reflects reactivity at the thiol moiety of GSH, as thiol derivatization 

with N-ethylmaleimide (NEM) prevented the loss of GSH (Fig 2b) [17]. Experiments 

where cells were extracted in the presence of NEM (which selectively reacts with GSH 

and not GSSG) (Fig S3a,b) and directly analyzed by LC-MS revealed that pharmacologic 

ascorbate treatment increases total GSSG, and thus, the GSSG/GSH ratio, but causes only 
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a mild decrease in GSH (Fig 2b,c). As GSSG readily accumulates abiotically, the effect 

of ascorbate on cellular GSSG was most clearly observed with direct analysis of NEM-

derivatized samples (Fig 2c). Thus, while ascorbate causes bona fide thiol redox stress in 

HCT116 cells, it does not cause substantial GSH depletion.

Ascorbate toxicity depends on intracellular iron

Generation of H2O2 by ascorbate has been proposed to be an iron-dependent process [3]. We 

observed that ascorbate generated H2O2 more extensively in cell culture media (DMEM), 

which contains iron, than in phosphate buffered saline (PBS). Adding iron to PBS, however, 

did not enhance H2O2 generation by ascorbate nor did the preparation of DMEM without 

iron, nor iron chelation in DMEM, decrease H2O2 generation (Fig S4a,b). Consistent with 

these observations, we found that cells exposed to ascorbate in iron-free media exhibited 

a similar degree of metabolic stress compared to cells exposed in normal media (Fig 3a). 

Thus, extracellular iron does not appear to be required for ascorbate’s effects. A previous 

report has shown that supplementing higher concentrations (5–10 µM) of iron into culture 

media (DMEM concentration approximately 230 nM) has a protective effect against high-

dose ascorbate by stimulating iron-catalyzed decomposition of peroxide in culture media, 

damaging macromolecules in the extracellular space rather than within cells [31]. Consistent 

with this mechanism, we found that supplementing 10–100 µM iron into culture media 

prevented DNA damage and subsequent energetic stress to a similar extent as catalase (Fig 

S4c,d).

In contrast to the lack of requirement of extracellular iron, intracellular iron appears to 

be critical to ascorbate cytotoxicity. Specifically, we found that pre-loading HCT116 or 

U87-MG cells with the iron-chelating agent deferoxamine (DFO) protected them from 

ascorbate’s metabolic and cytotoxic effects (Fig 3a,b; S5a). A possible explanation for 

the role of iron in ascorbate toxicity is that Fe2+ reduces H2O2 to the more reactive 

hydroxyl radical (Fig 1a; 3c). Hydroxyl radicals are known to damage enzymes in the 

respiratory chain [3]. Indeed, the activities of mitochondrial respiratory complexes I and 

II were significantly decreased following exposure to high-dose ascorbate (Fig 3d). This 

decline was not driven by a PARP-dependent decrease in NAD+ availability (Fig S1d; 

3d). Iron chelation largely rescued respiratory complex activity (Fig 3d) without decreasing 

mitochondrial H2O2 levels (Fig S5b), suggesting that respiratory complex damage is, in part, 

mediated by the hydroxyl radical formed by the reaction of H2O2 with free intracellular 

iron. We examined the relative levels of free intracellular iron in a panel of cancer cell lines 

(Fig S5c). We did not observed an obvious correlation between free intracellular iron levels 

and ascorbate sensitivity (Fig S5d), suggesting that additional factors may contribute to the 

differential sensitivity displayed by cancer cell lines.

Ferroptosis modulators do not affect ascorbate sensitivity

The dsDNA breaks observed following treatment with H2O2 or ascorbate (Fig S1c; S4c) 

likely result from the hydroxyl radical formed by the Fenton reaction between H2O2 and 

Fe2+ (Fig 1a, 3c) [32]. Iron-dependent hydroxyl radical production can cause cell death via 

lipid peroxidation in a necrotic mode of cell death termed ferroptosis [10; 11]. To assess 

whether ascorbate kills cells via ferroptosis, we tested it in combination with pro-ferroptotic 
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and anti-ferroptotic small molecules. The lipophilic antioxidants α-tocopherol, ferrostatin, 

and liproxstatin, which prevent ferroptosis, [32] failed to protect against pharmacologic 

ascorbate (Fig 3e). Moreover, the pro-ferroptotic compounds FIN56, which promotes 

degradation of the lipid hydroperoxidase GPX4 and ML210, a GPX4 inhibitor, failed to 

augment ascorbate’s activity. RSL3, another GPX4 inhibitor, and imidazole ketone erastin 

(IKE), an inhibitor of cystine uptake and glutathione synthesis, only mildly enhanced 

ascorbate activity (Fig 3e). Collectively, these observations argue that ascorbate induces 

an iron-dependent form of cell death distinct from ferroptosis.

Selenium supplementation protects cells from ascorbate

Selenium supplementation has been shown to protect cells against iron-dependent cell death 

by supporting increased expression of selenoproteins, including GPX4, which defend against 

oxidative stress [15]. Despite the minimal impact of GPX4 inhibition on ascorbate activity, 

we wondered if selenium supplementation would protect cells from ascorbate. Cultured 

cells suffer from chronic selenium deficiency and show low selenoprotein expression under 

normal culture conditions [14]. We found that cancer cell of multiple origins grown in 

medium supplemented with sodium selenite displayed a concentration-dependent resistance 

to ascorbate, with a maximal effect at approximately 30 nM selenite (Fig 4a,b; S6a–c). This 

resistance appeared to derive from increased capacity to clear intracellular ROS (Fig 4c). 

In HCT116 cells, selenium supplementation increased cellular TxnRd and GPX activities 

and GPX expression (Fig 4d; S6d,e). Increased TxnRd expression was not observed (Fig 

S6d,e), possibly because this protein can be expressed (with decreased catalytic activity) 

with cysteine, rather than selenocysteine, in its active site [33]. Consistent with an increased 

ability to detoxify ROS, selenium-supplemented cells suffered less severe oxidative damage 

in response to ascorbate (Fig S6a,b).

As selenoproteins are intimately associated with maintaining redox homeostasis, we 

wondered if the increased activity of one or more of GPX1, GPX4, TxnRd1, and/or TxnRd2 

could be responsible for the ascorbate resistance afforded by selenium supplementation. To 

investigate the role of each selenoprotein in protecting cells from pharmacologic ascorbate, 

we engineered clonal HCT116 cell lines lacking each of the four selenoproteins (Fig S6e). 

We also knocked out catalase, which detoxifies H2O2 in a selenium-independent manner 

(Fig S6e). Under both standard and selenium-supplemented conditions, HCT116-ΔGPX1 

cells were dramatically more sensitive to ascorbate than control cells (Fig 4e). HCT116-

ΔCatalase, ΔTxnRd1, and ΔTxnRd2 were also sensitized to ascorbate, whereas HCT116-

ΔGPX4 cells were not (Fig 4e; S6f). Strikingly, loss of GPX1 eliminated the protective 

effect of selenium against ascorbate. Thus, in addition to catalase, the selenoproteins 

TxnRd1, TxnRd2, and especially GPX1 protect cancer cells from ascorbate-induced 

oxidative stress.

The pentose phosphate pathway supplies NADPH that supports GPX1 and TxnRd1 activity

To further assess the roles of the thioredoxin reductase system in defending against 

ascorbate toxicity, we employed the pan-TxnRd inhibitor auranofin [34]. Auranofin co-

administration sensitized cells to ascorbate toxicity (Fig 5a) Similar to auranofin, the 

TxnRd1 inhibitor TRi-1 also synergized with ascorbate (Fig 5a) [35]. Redox analysis of 

Jankowski and Rabinowitz Page 12

Cancer Res. Author manuscript; available in PMC 2023 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cytosolic/nuclear and mitochondrial thioredoxins (Txn1 and Txn2, respectively) showed that 

Txn2, but not Txn1, was rapidly oxidized following exposure to pharmacologic ascorbate 

(Fig S7a). We wondered whether HCT116 cells maintained cytosolic Txn1 in the reduced 

state due to a robust cytosolic antioxidant metabolism.

Thioredoxin reductase enzymes require NADPH as an electron donor to reduce the oxidized 

sulfhydryl residues in thioredoxin proteins. Moreover, NADPH is critical for maintaining 

reduced glutathione, the electron donor for the GPX enzymes. To assess the importance 

of NADPH in preventing ascorbate toxicity, we employed HCT116-ΔG6PD cells, which 

cannot generate NADPH from the pentose phosphate pathway [36]. ΔG6PD cells were 

exquisitely sensitive to ascorbate under both low and high-selenium conditions (Fig 5b; 

S7b). Similarly, the small-molecule G6PD inhibitor G6PDi-1 sensitized HCT116 and U87-

MG cells to ascorbate (Fig 5a; S7c) [37]. Ascorbate depleted the reduced (active) form of 

Txn1 selectively in ΔG6PD cells and Txn2 in both control and ΔG6PD cells, though the 

KO cells were more sensitive (Fig 5c; S7a). Thus, selenoprotein activity cannot protect cells 

from ascorbate when NADPH supply is compromised.

Indeed, we found that the metabolome of HCT116-ΔG6PD cells exhibited signs of oxidative 

stress at just 50 µM ascorbate, while control cells remained insensitive at 1 mM, a 20-fold 

difference in concentration (Fig 5d). GSH was depleted by more than 4-fold in ∆G6PD 

cells challenged with 0.5 mM ascorbate, in contrast to control cells that maintained more 

than 85% of their GSH pool when challenged with 10 mM ascorbate (Fig 5d; 1b,c). 

Consistent with TxnRd1 being functionally incapacitated by lack of G6PD-derived NADPH, 

G6PD-deficient cells were not further sensitized to ascorbate by the co-administration of 

auranofin or TRi-1 (Fig S7b). Collectively, these data demonstrate that ascorbate-derived 

H2O2, in combination with intracellular iron, generates hydroxyl radicals, and that cells 

control the resulting damage using selenoproteins powered by NADPH derived from the 

pentose phosphate pathway.

Dietary selenium restriction and pharmacologic ascorbate decrease U87-MG tumor growth 
in vivo

As selenium strongly suppresses ascorbate toxicity in vitro, we wondered if restricting 

dietary selenium could sensitize tumors to pharmacologic ascorbate in vivo. To assess this 

possibility, we fed Cd1-nude mice to a selenium-deficient diet. After three weeks, mice 

exhibited a dramatic reduction in the levels of the circulating selenoproteins GPX3 and 

selenoprotein P (SELP) (Fig 6a), which account for 60–90% of circulating selenium [38,39]. 

Body weight remained unchanged (Fig S8a).

We implanted mice on selenium-replete (control) and deficient diets with HCT116 and 

U87-MG xenografts and monitored tumor growth in response to treatment with high-dose 

ascorbate, which has previously been shown to reduce tumor growth as a monotherapy 

in HCT116 xenografts and extend lifespan in combination with irradiation in U87-MG 

xenografts [2,3]. Irrespective of dietary selenium status, we observed no effect of ascorbate 

on HCT116 tumors (Fig S8b,c). In U87-MG tumors, we did observe growth suppression 

by ascorbate in both the control and selenium-deficient diet conditions (Fig 6b). Ascorbate 

was more effective at suppressing tumor growth in the context of the selenium-deficient diet. 
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Importantly, we observed significant survival benefits selectively in the mice treated with a 

combination of selenium-deficient diet and pharmacologic ascorbate (Fig 6c).

Discussion

While numerous studies have demonstrated that high-dose ascorbate is cytotoxic to cancer 

cells in vitro, the mechanism underlying this toxicity has remained unclear [1–3]. Two 

distinct models have arisen based on different features of ascorbate chemistry and cancer 

cell metabolism [2,3]. Our results support a model in which ascorbate exerts cytotoxicity 

through extracellular H2O2 generation and independent of the oxidized metabolite DHA (Fig 

7).

This toxicity depends on free intracellular iron, which acts in opposition to selenium 

bioavailability. Intracellular iron sensitizes cells to H2O2, presumably by promoting 

hydroxyl radical generation. Selenium protects cells by supporting the expression of 

antioxidant defense selenoproteins including GPX1 and thioredoxin reductase 1 and 2. 

Cancer cells become further sensitized to the pro-oxidant effects of pharmacologic ascorbate 

when the activity of any of these proteins is lost and especially when the pentose phosphate 

pathway – which provides NADPH to power these proteins – is blocked (Fig 7).

Although it has been proposed that cancer cell sensitivity may derive from elevated 

expression of the ascorbate transporter SVCT2 [40], our data suggest that in vitro ascorbate 

toxicity comes from extracellular H2O2 generation, not intracellular ascorbate accumulation 

(Fig 1a–d; S1a–e; S2a,b). H2O2 was a metabolic phenocopy for high-dose ascorbate (Fig 

1b,c; S1a), high-dose ascorbate generates H2O2 under standard culture conditions, (Fig S1e) 

and ascorbate’s cytotoxicity is blocked by extracellular catalase (Fig 1d).

Similarly, it has been proposed that cancer cell sensitivity depends on GLUT1-mediated 

uptake of dehydroascorbate, which is reduced to ascorbate by glutathione in a reaction 

catalyzed by GSTO1, potentially depleting the intracellular reduced glutathione pool. 

However, we found that ΔGSTO1 cells were not protected from either ascorbate or DHA, 

that ascorbate does not deplete glutathione markedly, and that ascorbate is the stronger 

cytotoxic agent (Fig 1b–d; S2a–f; 2a–c).

Another hypothesis regarding the sensitivity of cancer cells to ascorbate involves an 

increased intracellular labile iron pool in cancer cells, which promotes the generation of 

hydroxyl radicals from Fenton chemistry [3,41]. We confirm that sensitivity to ascorbate 

requires iron, and that toxic free radical damage accumulates in both DNA (leading to 

PARP activation) and Fe/S cluster proteins in the mitochondrial respiratory chain (Fig 3a–d). 

Based on environmental, pharmacological, and genetic modulators of ascorbate toxicity, 

the cytotoxic pathway runs through extracellular and intracellular H2O2, hydroxyl radicals, 

and thioredoxin-repairable protein oxidation (Fig 7). Lipid peroxidation and canonical 

ferroptosis inducers do not appear to be on the critical path (Fig 3e; 4e).

Selenium antagonizes the effects of ascorbate and intracellular iron by promoting expression 

of the glutathione-dependent H2O2-clearing enzyme GPX1 and thioredoxin reductase 1 and 

2 (Fig 4a–e; S6a–f). The importance of these systems is easily underappreciated in cell 
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culture due to low selenium availability. Maintenance of adequate reduced NADPH and 

glutathione to power these selenoproteins depends on the pentose phosphate pathway and its 

gating enzyme G6PD, as exemplified by the oxidation of Txn1 by ascorbate in ΔG6PD cells. 

(Fig 5a–d; S7a–c, 7)

Intravenously administered ascorbate has consistently been shown to be well-tolerated 

in cancer patients and healthy individuals [4], with the notable exception of G6PD-

deficient individuals in whom intravenous ascorbate administration causes hemolysis [42]. 

Pending the advent of selective G6PD inhibitors with suitable pharmacologic properties, 

the tolerability of acute pharmacological G6PD inhibition with ascorbate remains to be 

determined. However, our data suggest that limiting dietary selenium may be sufficient to 

sensitize tumors to ascorbate and other pro-oxidant therapies.

Overall, we observed less anticancer activity from ascorbate than prior studies in the same 

model [2; 9]. This may reflect bias towards publication of positive results [43], which 

impacts anticancer research more generally [44].

Mineral bioavailability is a key determinant for how oxidative stressors affect cells [45], 

and essential minerals have been linked to cancer in a variety of contexts. Iron has been 

linked to increased cancer risk, and iron metabolism is dysregulated in many types of cancer 

cells [41]. High serum selenium levels have been suggested to prevent some cancers [46]. 

Similarly, magnesium has been associated with decreased cancer risk [47] with its deficiency 

inhibiting primary tumor growth but promoting metastasis [48]. Manganese is indispensable 

for immune sensing of tumors and enhances the adaptive immune response [49]. Here, 

we add to these results by showing that dietary selenium deficiency sensitizes tumors to 

ascorbate (and perhaps, more generally, to oxidative damage).

Collectively, our results imply that high-dose ascorbate acts through a free radical 

mechanism. Tumor cells may be preferentially sensitive due to increased labile iron, 

enhanced endogenous oxidative stress, or higher sensitivity to DNA damage. A key, 

and until now, underappreciated, determinant of oxidative defense status is selenium 

bioavailability. To our knowledge, this is the first study to assess dietary selenium depletion 

as part of an anticancer treatment. Whether selenium or selenoprotein manipulations can be 

applied therapeutically against cancer merits further investigation.

Limitations

Our studies of ascorbate’s mode of action were largely conducted in vitro. Our in vivo 
evidence for tumor sensitization to ascorbate by selenium deficiency is limited to a 

single xenograft model. In this model, the combination of pharmacologic ascorbate and 

dietary selenium deprivation shows therapeutic benefits, but we did not assess whether 

the combination is synergistic or merely additive, nor whether its benefits occur via the 

mechanism observed in vitro by enhancing tumor oxidative stress. Further studies of 

ascorbate’s mechanism of action in vivo and of the interaction between dietary selenium 

and pharmacologic ascorbate are merited.
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Statement of Significance

Selenium restriction augments ascorbate efficacy and extends lifespan in a mouse 

xenograft model of glioblastoma, suggesting that targeting selenium-mediated 

antioxidant defenses merits clinical evaluation in combination with ascorbate and other 

pro-oxidant therapies.

Jankowski and Rabinowitz Page 19

Cancer Res. Author manuscript; available in PMC 2023 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: The metabolic phenotype of pharmacologic ascorbate mirrors H2O2 but differs from 
dehydroascorbate (DHA) or diamide
(A) Proposed mechanisms of high-dose ascorbate toxicity. Top: DHA-dependent glutathione 

depletion. Bottom: Iron-dependent ROS generation.

(B) Metabolic profiles of HCT116 cells challenged with ascorbate (10 mM), H2O2 (200 

µM), DHA (10 mM), or diamide (1 mM) for 30 minutes, quantitated by LC-MS.

(C) Bar graphs of selected metabolites from (B) highlighting the overlap in metabolic profile 

between ascorbate and H2O2 treatment.

(D) Extracellular H2O2 scavenging by catalase (10 U/mL), but not PARP inhibition (10 µM 

olaparib), protects HCT116 cells from ascorbate (10 mM). DHA (10 mM) itself is markedly 

less toxic than ascorbate.

ROS: Reactive oxygen species; DHA: Dehydroascorbate; PARP: poly (ADP-ribose) 

polymerase

For viability assays and metabolomics, n = 3 biological replicates.
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Figure 2: Glutathione oxidation by pharmacologic ascorbate is an abiotic phenomenon.
(A) Experimental workflow for preparing metabolite extracts for LC-MS.

(B) Drying metabolite extracts from ascorbate-treated cells in the absence of N-

ethylmaleimide (NEM) causes a dramatic reduction in reduced glutathione (GSH) 

abundance. In experiments where NEM was included in the extraction solvent, the GSH-

NEM adduct was measured. Otherwise, free GSH was measured.

(C) Drying metabolite extracts without NEM protection masks the true extent of oxidized 

glutathione (GSSG) accumulation in ascorbate-treated cells.

For all GSH/GSSG measurements, n = 3 biological replicates.

All data are mean ± SEM. **** p < 0.0001 by unpaired t-test.
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Figure 3: Ascorbate toxicity is iron-dependent but does not occur via ferroptosis
(A) Depletion of the intracellular labile iron pool by chelation (deferoxamine (DFO), 500 

µM, 12 h) prevents induction of energetic stress by pharmacologic ascorbate (10 mM, 30 

min). In contrast, depletion of the extracellular iron pool by exposure in iron-free media has 

a minimal effect.

(B) Deferoxamine prevents ascorbate cytotoxicity.

(C) Schematic of ROS generation by ascorbate and iron.

(D) Ascorbate (10 mM, 2h) decreases respiratory chain complex activity, in a manner 

rescuable by deferoxamine but not PARP inhibition (10 µM olaparib).

(E) Pro-ferroptotic (10 µM) and anti-ferroptotic (1 µM) small molecules have a minimal 

effect on ascorbate cytotoxicity.

For metabolomics and viability assays, n ≥ 3 biological replicates. For respiratory complex 

activity assays, n = 5 biological replicates.

All data are mean ± SEM. * p < 0.05; ** p < 0.005; *** p < 0.0005; **** p < 0.0001 by 

unpared t-test or two-way ANOVA.
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Figure 4: Selenium availability suppresses ascorbate cytotoxicity by enhancing selenoprotein 
activity.
(A) HCT116 cells grown in media supplemented with selenite are resistant to ascorbate (24 

h).

(B) HCT116 (colorectal), MDA-T120 (thyroid), and MDA-MB-231 (breast) cancer cells 

are more resistant to ascorbate when grown in DMEM supplemented with 30 nM sodium 

selenite.

(C) HCT116 cells grown in selenite-supplemented media display a reduced mitochondrial 

peroxide load over time compared to control cells exposed to pharmacologic ascorbate (1 

mM).

(D) Cells grown in selenite-supplemented media display increased activity of the antioxidant 

selenozyme sytems TxnRd and GPX. The activity assays measure gross TxnRd and GPX 

activity, reflecting the combined activities of TxnRd1/2 and multiple GPX isoforms in each 

assay.
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(E) HCT116 cells lacking GPX1, but not GPX4, are sensitized to pharmacologic ascorbate 

under low and high selenium conditions.

GPX: Glutathione peroxidase; TxnRd: Thioredoxin reductase; SeO3: selenite.

For enzymatic assays, n = 3 biological replicates. For viability assays, n ≥ 3 biological 

replicates.

All data are mean ± SEM. ^ p < 0.1; * p < 0.05; ** p < 0.005; *** p < 0.0005; **** p < 

0.0001 by unpaired t-test or two-way ANOVA.
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Figure 5: The pentose phosphate pathway defends against ascorbate via selenoproteins
(A) Inhibition of TxnRd1 by TRi-1 (10 µM) and auranofin (5 µM) sensitize HCT116 and 

U87-MG cells to ascorbate. G6PDi-1 (50 µM) also sensitized U87-MG cells.

(B) HCT116-ΔG6PD cells are highly sensitive to ascorbate even when grown with 30 nM 

selenite.

(C) Ascorbate (30 min) causes degradation of cytosolic Txn1 and oxidation of mitochondrial 

Txn2 in HCT116-ΔG6PD.

(D) Ascorbate (30 min) induces energetic stress and GSH depletion at sub-millimolar 

concentrations in HCT116-ΔG6PD cells.

For all data, n = 3 biological replicates. Representative immunoblots are shown.

All data are mean ± SEM.
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Figure 6: Dietary selenium restriction enhances ascorbate activity against U87-MG glioblastoma 
tumors.
(A) Maintaining mice on a selenium-free diet for 3-weeks prior to xenograft implantation 

decreased serum glutathione peroxidase 3 (GPX3) and selenoprotein P (SEPP) levels.

(B) Pharmacologic ascorbate (4 g/kg daily) slowed the growth of U87-MG xenografts 

in both control and selenium-free diets. Selenium restriction alone did not significantly 

decrease tumor size, but it did lead to stronger response to ascorbate.

(C) In mice harboring U87-MG xenografts, the combination of dietary selenium restriction 

and pharmacologic ascorbate (4 g/kg daily) enhanced survival.

All data, n ≥ 6 mice.

All data are mean ± SEM. * p < 0.05; ** p < 0.005; *** p < 0.0005; **** p < 0.0001 by 

unpaired t-test or Kaplan-Meier survival analysis.
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Figure 7: Iron-dependent, selenium-repressible ascorbate toxicity.
Ascorbate generates H2O2 in the extracellular space, which crosses the plasma membrane. 

Inside the cell, H2O2 reacts with free iron (Fe2+), generating the reactive hydroxyl radical 

(OH·). H2O2 is detoxified by catalase and GPX1, and selenium availability drives GPX1 

expression. The hydroxyl radical causes both protein oxidation, which is repaired by the 

thioredoxin reductase (TxnRd) system, and DNA damage, which activates PARP, consumes 

NAD, and thereby inhibits GAPDH. The cellular defense against these oxidative injuries 

ultimately relies on NADPH generated in the pentose phosphate pathway by the activity of 

glucose 6-phosphate dehydrogenase (G6PD).
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