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14 Pharmacologic ascorbate treatment (P-AscH�, high-dose,
15 intravenous vitamin C) results in a transient short-term increase
16 in the flux of hydrogen peroxide that is preferentially cytotoxic
17 to cancer cells versus normal cells. This study examines whether
18 an increase in hydrogen peroxide is sustained posttreatment and
19 potential mechanisms involved in this process. Cellular bioe-
20 nergetic profiling following treatment with P-AscH� was exam-
21 ined in tumorigenic and nontumorigenic cells. P-AscH�

22 resulted in sustained increases in the rate of cellular oxygen
23 consumption (OCR) and reactive oxygen species (ROS) in
24 tumor cells with no changes in nontumorigenic cells. Sources
25 for this increase in ROS and OCR were DUOX 1 and 2, which

26 are silenced in PDAC, but upregulated with P-AscH� treatment.
27 An inducible catalase system, to test causality for the role of
28 hydrogen peroxide, reversed the P-AscH�–induced increases in
29 DUOX, whereas DUOX inhibition partially rescued P-AscH�–
30 induced toxicity. In addition, DUOX was significantly down-
31 regulated in pancreatic cancer specimens compared with normal
32 pancreas tissues. Together, these results suggest that P-AscH�–
33 induced toxicity may be enhanced by late metabolic shifts in
34 tumor cells resulting in a feed-forward mechanism for gener-
35 ation of hydrogen peroxide and induction of metabolic stress
36 through enhanced DUOX expression and rate of oxygen
37 consumption.

38 Introduction
39 Pharmacologic ascorbate (P-AscH�, high-dose, intravenous vita-
40 min C) has made a resurgence as an adjuvant therapy in cancer
41 treatment. It is currently utilized in clinical trials as an adjuvant to
42 chemotherapy and radiotherapy for the treatment of pancreatic ductal
43 adenocarcinoma (PDAC) and several other types of cancer (1–6).
44 Anticancer effects of pharmacologic ascorbate are achieved when
45 levels reach supraphysiologic concentrations (10–20 mmol/LQ5 ) in the
46 plasma through intravenous administration (7, 8). Most investigations
47 have studied the immediate effects of P-AscH�, i.e., events occurring
48 within the first 24 hours after exposure (8–13). Principal findings are
49 that P-AscH� generates hydrogen peroxide (H2O2), which ultimately
50 leads to more cell death in tumor cells compared with normal cells.
51 We hypothesized that the initial production of H2O2 produced
52 directly by the oxidation of P-AscH� may not be entirely responsible
53 for the cytotoxic effects of P-AscH�. One possibility for later gener-
54 ation of H2O2 would be through the NADPH oxidase (NOX) family of
55 enzymes, which is made up of 7 members [NOX1-5 and Dual Oxidase

57(DUOX 1 and 2)]. These enzymes were first noted for their ability to
58produce reactive oxygen species (ROS) independent of detoxification
59processes. NOX family members have been associated with various
60forms of cancer; they are implicated in the development and progres-
61sion of cancer. Despite these reports, data on the expression and
62distribution of these isoforms in cancer are far from conclusive. The
63function of NOXs in the development and progression of cancer is
64poorly understood. TheNOX family of enzymes is characterized by the
65ability to reduce molecular oxygen to superoxide (O2

.�) or hydrogen
66peroxide (H2O2) using NADPH as a source of reducing equiva-
67lents (14). Although most NOX family members produce O2

�, NOX4
68and DUOX1-2 produce H2O2. DUOX1 and 2 contain a peroxidase-
69like domain that contributes to the ability of these proteins to produce
70H2O2 andmakes them distinct from other NOX family members (15).
71These plasma membrane–associated DUOX proteins can produce
72single- to double-digit nanomolar concentrations of hydrogen
73peroxide (16–18). DUOX not only produces H2O2 but can also be
74activated by H2O2 (18). In addition to being highly expressed in the
75thyroid and lung, these proteins are also expressed in other epithelial
76cell types including those of the kidney, testis, inner ear, heart, and
77pancreas (19–22). Studies in lung and hepatocellular cancers suggest
78that DUOXs may be silenced in cancer; however, their expression in
79pancreatic cancer has not been studied (21, 23, 24). In addition, it is
80unknown if their expression can be induced by exogenous ROS (18).
81Compared with normal pancreatic ductal epithelial cells, we found
82that bothDUOX1 and 2 are decreased in pancreatic cancer cell lines as
83well as tissue specimens from human pancreatic cancer. P-AscH�

84induces sustained oxidative stress that leads to cytotoxicity by enhanc-
85ing DUOX expression and increased production of oxidants and
86oxygen consumption rate (OCR). Metabolic shifts in PDAC that result
87in a feed-forward mechanism of H2O2 generation and induction of
88metabolic stress via enhanced DUOX expression and increased OCR
89contribute to P-AscH�–induced toxicity. The DUOX enzymesmay be
90potential targets for an adjuvant therapy.
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93 Materials and Methods
94 Cell culture and reagents
95 Human pancreatic ductal adenocarcinoma cell lines MIA PaCa-2
96 and PANC-1 were cultured in DMEM (Gibco, 11965) supplemen-
97 ted with 10% FBS (Gibco, 26140) and 1% penicillin–streptomycin
98 antibiotic (Gibco, 15140). The human patient-derived pancreatic
99 ductal adenocarcinoma cell lines, 339 and 403, were cultured in
100 DMEM/F-12 media (Gibco, 11320) supplemented with 10% FBS,
101 insulin (Gibco, 12585), EGF (Gibco, PHG0311), hydrocortisone
102 (Sigma, H0888), bovine pituitary extract (Gibco, 13028), and 1%
103 penicillin–streptomycin antibiotic. The human non–small cell lung
104 carcinoma cell line overexpressing catalase, H1299T-CAT, was
105 generated as previously described (25, 26) and cultured in RPMI
106 (Gibco, 11875) supplemented with 10% FBS. Nontumorigenic
107 HPV16-E6E7–immortalized cell line derived from normal pancre-
108 atic ductal epithelium (H6c7) with near normal genotype and
109 phenotype of pancreatic duct epithelial cells is utilized for com-
110 parison. H6c7 cells were cultured in Serum Free Keratinocyte
111 media (Gibco, 10724) supplemented with EGF (1 ng/mL), bovine
112 pituitary extract (50 mg/mL), and 1% penicillin–streptomycin
113 antibiotic. Human cell lines (MIA PaCa-2, PANC-1, H1299, and
114 H6c7) were purchased directly from the American Type Culture
115 Collection and passaged for fewer than 6 months after receipt.
116 No additional authentication was performed. The H1299T cells
117 were characterized and verified by IDEXX-RADIL. Mycoplasma
118 testing was performed routinely every 6 months. The patient-
119 derived cell lines (339 and 403) were obtained from the Medical
120 College of Wisconsin surgical oncology tissue bank (27, 28).
121 HEK293 cells were a gift from Dr. William Nauseef at the Uni-
122 versity of Iowa. Regardless of varying cell type and media compo-
123 nents, all cells were treated in fresh 10% DMEM media with
124 ascorbate for 1 hour at 37�C. After the 1-hour treatment,
125 media were replaced, i.e., ascorbate was removed, and cells were
126 allowed to incubate for 48 hours. Ascorbate came from a stock
127 solution of 1 mol/L (pH 7) made under argon and stored with a
128 tight-fitting stopper at 4�C. Ascorbate concentration was verified
129 at 265 nm, e ¼ 14,500 M-11 cm�1 (29). To enhance rigor and
130 reproducibility, final concentrations were calculated in units of
131 moles-per-cell to account for variation in media, cell density, and
132 cellular metabolism (30, 31).

133 Measurement of pro-oxidants
134 Bovine catalase (Sigma, C40) was utilized in the media at 100 mg/
135 mL immediately prior to P-AscH� treatment (MIA PaCa-2, 1
136 mmol/L/5 picomole cell�1; PANC-1, 2 mmol/L/11 picomole cell�1)
137 for 1 hour, and fresh media were replaced. Cells were allowed
138 to proliferate for 48 hours prior to the DCFH-DA (5-(and-6)-
139 carboxy-20,70-dichlorodihydrofluorescein diacetate;Molecular Probes,
140 C400) assay. Cells were incubated at 37�C and protected from light in
141 15 mmol/L DCFH-DA for 15 minutes in HBSSQ6 . They were then
142 harvested, resuspended in 1x PBS, and filtered before taking to Flow
143 Cytometry. A CBD LSRII cytometer (BD Biosciences) was used to
144 measure DCFH-DA oxidation at 504/529 nm. Data sets were analyzed
145 using FlowJo Software.

146 Clonogenic survival
147 Approximately 2.5 � 105 cells were seeded 3 days prior to assay.
148 Cells were treated with P-AscH� for 1 hour and allowed to proliferate
149 48 hours prior to being plated. Cells were trypsinized with TrypLE
150 Express (Gibco, 12604) to form a single-cell suspension and counted

152using a Countess II automated cell counter (Thermo Fisher) to
153determine the number of cells plated into each well. Cells formed
154colonies for 10 to 14 days before being fixed and stained for analysis.
155Colonies containing ≥ 50 cells were scored. Surviving fraction was
156defined as:
157SF ¼ number of colonies counted/number of cells seeded. Each
158experimental condition was normalized to their own control to
159determine a normalized surviving fraction (9, 12, 13). Each condition
160was done in triplicate, and experiments were performed at no less than
161n ¼ 3.

162Propidium iodide exclusion assay
163Forty-eight hours following P-AscH� treatment, cells were trypsi-
164nized and centrifuged to form pellets. These pellets were then resus-
165pended in ice-cold PBS. Propidium iodide (PI) was added at a
166concentration of 1 mg/mL and incubated for 5 minutes on ice prior
167to analysis. Flow cytometry was utilized to measure PI incorporation
168into these cells as a measure of the percentage of viable cells following
169P-AscH� treatment compared with control. The percentages of PI-
170positive (nonviable) and PI-negative (viable) cells were calculated
171using FlowJo software.

172Cellular bioenergetics
173To probe for potential changes in OCR (DOCR) upon exposure to
174P-AscH�, a Clark electrode oxygenmonitor (YSI Inc.) connected to an
175ESA Biostat multielectrode system (ESA Products, Dionex Corp.) was
176employed. PANC-1, MIA PaCa-2, and H6C7 cells were treated with
1772 mmol/L, 1 mmol/L, and 2 mmol/L P-AscH� for 1 hour. OCR was
178measured 48 hours after P-AscH� exposure at 24�C. Changes in OCR
179after treatment with P-AscH� were determined by subtracting the
180untreated basal OCR from the increase following P-AscH� treatment
181to get DOCR after P-AscH�.
182More detailed information on cellular bioenergetics was obtained
183using a Seahorse XF96 Extracellular Flux Analyzer (Seahorse Bio-
184science). The Cell Mito Stress Test medium was utilized supple-
185mented with 2 mmol/L GlutaMax, 1 mmol/L sodium pyruvate, and
18625 mmol/L glucose. The assay was run according to the manufac-
187turer's recommendations 48 hours after the 1-hour treatment with
188P-AscH�. Cells were plated immediately after P-AscH� treatment
189onto a Seahorse XF 96 analyzer plate; 2.5� 104 or 3.0� 104 for MIA
190PaCa-2 and PANC-1 cells, respectively. Actual number of cells per
191well was determined immediately after the Seahorse extra cellular
192flux experiment was completed. Results were normalized on a cell�1

193s�1 basis (32). Cellular bioenergetics were examined using the
194Seahorse Cell Mito Stress Test. OCR measurements were performed
195in real time in control and P-AscH�–treated PANC-1 cells at basal
196levels and following sequential addition of mitochondrial respira-
197tion inhibitors. Oligomycin, an inhibitor of ATP synthase, was used
198to distinguish between OCR due to synthesis of ATP (ATP-linked
199respiration) and OCR from other processes. Carbonyl cyanide-
200para-trifluoromethoxyphenyl-hydrazone treatment collapses the
201proton gradient and disrupts the mitochondrial membrane poten-
202tial, which allows measurements of the maximal uncoupled respi-
203ration (Maximal Respiration). A combination treatment of rote-
204none, a complex I inhibitor, and antimycin A, a complex III
205inhibitor, was used to shut down all mitochondrial OCR, which
206enabled us to distinguish between the mitochondrial (basal respi-
207ration) and nonmitochondrial (nonmitochondrial OCR) form of
208respiration. The difference between maximal and basal respiration
209constitutes the Spare Capacity.
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212 qRT-PCR
213 Total cellular RNA was isolated using Trizol reagent (Invitrogen,
214 15596026) in conjunction with the Direct-zol RNA Miniprep Kit
215 (Zymo Research) according to the manufacturer's protocol. RNA was
216 quantified using a ND1000 Nano-Drop spectrophotometer (Nano-
217 drop). cDNA was synthesized using the high-capacity cDNA archive
218 kit (Applied Biosystems). qRT-PCR assays were performed using 2x
219 Power SYBR green real-time master-mix (Applied Biosystems,
220 4368702) under the following set up: 95�C for 10 minutes, followed
221 by 40 cycles of 95�C for 15 seconds and 60�C for 1 minute (StepOne
222 plus Sequence Detection System, Applied Biosystems). Primers were
223 ordered from Integrated DNA Technology.
224 Primers sequences:

225 DUOX1 Forward-GGATGCTGAGATCCTTCATCGAGA.
226 DUOX1 Reverse-ACCTCCACCCCTTTGACACAGAG.
227 DUOX2 Forward-TGTGTATGAGTGGCTGCCCAGC.
228 DUOX2 Reverse-ACTGCTCAGAGGCCACCACAAA229

230 Western blotting
231 Protein samples were isolated and prepared in phosphosafe
232 buffer (EDM Millipore, 71296) containing protease inhibitor cock-
233 tail (Sigma Aldrich). Protein content was measured using a Brad-
234 ford Protein assay. Total protein (50–100 mg) was loaded on a 4%–
235 20% SDS-PAGE gradient gel. Protein was transferred to Immun-
236 Blot PVDF membrane (Bio-Rad). Membranes were blocked in 5%
237 BSA in TBS-T. Primary antibodies included: DUOX1 (Santa Cruz
238 Biotechnology, H-9, 1:200), DUOX2 (Santa Cruz Biotechnology, E-
239 8, 1:200), Tubulin (1:2,000), actin (1:2,000), and GAPDH (1:5,000).
240 Appropriate horseradish peroxidase–linked secondary antibodies
241 were used at a concentration of 1:15,000 to 30,000. Blots were
242 visualized using ECL 2 or Pico West substrate (Thermo Scientific,
243 34579) on x-ray film.

244 Catalase activity assay
245 Catalase activity was determined using UV-Vis spectroscopy
246 by following the rate of removal of hydrogen peroxide due to
247 catalase (33, 34). Activity was normalized to the protein content
248 of the sample as determined by the DC Protein Assay (Bio-Rad,
249 5000111) protein assay on a plate reader, which is based on the
250 Lowry assay (35).

251 In vivo experiments
252 The animal protocols were reviewed and approved by the Animal
253 Care and Use Committee of The University of Iowa. Thirty-day-old
254 athymic nude mice (Foxn1nu) were obtained from Envigo. Animals
255 acclimated in the unit for 1 week before any manipulations were
256 performed. For experiments growing xenografts withMIAPaCa-2 and
257 H1299T-CAT cells (2–3� 106), tumorswere delivered subcutaneously
258 into each flank region of nude mice with a 1-mL tuberculin syringe
259 equipped with a 25-gauge needle. Tumors grew to approximately
260 5mm in diameter before experimental treatment began, andmicewere
261 treated twice daily with I.P. P-AscH� (4 g/kg) or saline (1 mol/L)
262 for 5 days. Mice were euthanized by CO2 asphyxiation, and tumors
263 were harvested and processed for experimental analyses. In separate
264 groups of animals determining catalase levels utilizing the catalase
265 activity assay in H1299T-CAT tumors, mice were injected with 106
266 H1299T-CAT cells. When tumors were palpable, mice were random-
267 ized into treatment groups and treated with control (1% sucrose) or
268 doxycycline (2 mg/mL and 1% sucrose) in drinking water (changed
269 every 2–3 days). On days 3, 7, and 10, 2 mice from each group were

271euthanized, and tumors were collected in DETAPAC buffer and tested
272for catalase activity.

273Immunofluorescent staining
274The same protocol was used for ex vivo staining of both patient-
275derived normal pancreas and PDAC tumor samples and the matched
276patient-derived PDAC tumor and nontumor adjacent pancreas sam-
277ples. The matched patient samples were provided by the University of
278Iowa Gastrointestinal Molecular Epidemiologic Resource (GIMER).
279Tissues were paraformaldehyde fixed and imbedded in paraffin.
280Tissues were sectioned at 6 to 10 mm, placed on SuperFrost Plus
281slides, and baked overnight at 42�C–45�C. Slides were deparaffinized
282and were either subject to hematoxylin and eosin staining or were
283further processed for IHC. Immunofluorescent samples were subject
284to antigen unmasking protocol at 95�C for 15minutes, cooled to room
285temperature, washed with double distilled water, and allowed to dry.
286Tissues were circled with a PAP pen and then samples were blocked
287with 5% normal goat serum prior to incubation with DUOX1 (1:10)
288and DUOX2 (1:10) primary antibodies in 1% normal goat serum at
2894�C for 24 hours. Slideswerewashed 3 times inPBS for 5minutes. Goat
290anti-mouse secondary (1:400) conjugated to FITC in 1% normal goat
291serum at 4�C overnight. Slides were washed 3 times with PBS for 5
292minutes. Nuclear staining was performed using Topoisomerase-3
293(1:1,000) for 15 minutes, and samples were washed once with PBS.
294Coverslips were mounted on slides with immunofluorescence mount-
295ing medium and visualized using a Zeiss Confocal Microscope 40x oil
296objective. Quantification was performed using only DUOX1 or
297DUOX2 staining images. ImageJ was used to quantify the fluorescence
298for each image, and values were normalized to adjacent normal DUOX
299expression.

300Statistical methods
301Data are presented as the mean � SEM. For statistical analyses of
302two groups, unpaired two-tailed Student t tests were utilized. To study
303statistical differences between multiple comparisons, significance was
304determined using one-way ANOVA analysis with Tukey multiple-
305comparisons test. All analyses were performed in GraphPad Prism
306(GraphPad Software, Inc.).

307Results
308Previous studies have demonstrated late ROS accumulation in
309radiation-induced oxidative stress, which results in toxicity to human
310cancer (pancreas, glioma, and head and neck) and normal
311cells (36–39). To determine if there were similar sustained effects of
312P-AscH� on the production of ROS, a time course (24–72 hours) for
313the oxidation of DCFH-DA was undertaken in PANC-1 PDAC cells.
314Even though P-AscH� treatment was for only 1 hour and the ascorbate
315removed, mean fluorescence intensity (MFI) for the oxidation of
316DCFH-DA was increased 48 hours after exposure (Fig. 1A). These
317studies were repeated at 48 hours in both PANC-1 and MIA PaCa-2
318cell lines as seen in Fig. 1B and C with the addition of catalase to the
319media. Pretreatment with catalase completely reversed the increase in
320the MFI of ascorbate-induced oxidation of DCFH-DA at 48 hours
321suggesting that sustained production of H2O2 occurs after short-term
322treatment with P-AscH� (Fig. 1B and C).
323To further investigate the role of P-AscH� in the toxicity to PDAC
324cells, MIA PaCa-2 and PANC-1 cells were treated during exponential
325growth for only 1 hour with 1 mmol/L and 2 mmol/L P-AscH�,
326respectively, and then incubated for 48 hours before experiments were
327performed. P-AscH� concentrations were chosen based on previous
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330 studies that demonstrated that some cell lines are more susceptible to
331 P-AscH� based on the expression level of the H2O2 detoxifying
332 enzyme, catalase (30). In both PANC-1 and MIA PaCa-2 cells, there

334were no changes in the number of intact and viable cells at 48 hours
335compared with controls (Fig. 1D and E). However, despite these cells
336being intact and viable at 48 hours, they displayed decreased doubling

Figure 1.

P-AscH� increases ROS production
48 hours after exposure, resulting in
clonogenic cell death. PDAC cell lines
were treated with P-AscH� for 1 hour
for all experiments. Assays were per-
formed 48 hours after exposure,
unless stated otherwise. Presented
are mean � SEM for each set, n ¼ 3;
� , P < 0.05 vs. control for all experi-
ments. For A–C and F–G, ANOVA with
Tukey multiple comparisons were
used. For D–E, 2-tailed Student t test
was used. A, Time course (24–72
hours) for the oxidation of DCFH-DA
in PANC-1 cells treated with 2 mmol/L
ascorbate. Data are represented
as MFI that is normalized to control.
B and C, PANC-1 and MIA PaCa-2
cells treated with P-AscH� (2 mmol/
L or 1 mmol/L, respectively) exhibit
increased DCFH-DA oxidation
48 hours after treatment that is res-
cued by 100 mg/mL of bovine catalase
in the medium. D and E, PANC-1
and MIA PaCa-2 cells treated with
2 mmol/L or 1 mmol/L ascorbate
respectively exhibited no changes
in viability using the PI exclusion assay
(P > 0.05). F and G, PANC-1 and
MIAPaCa-2 cells treatedwith P-AscH�

(2 mmol/L or 1 mmol/L, respectively)
exhibit significant decreases in clono-
genic survival.Q7
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Cancer Res; 2020 CANCER RESEARCH4



339 time and decreased clonogenic survival with P-AscH� treatment. In
340 MIA PaCa-2, doubling time increased from 18.8 � 0.6 hours in
341 controls to 23.4 hours � 1.9 with ascorbate treatment (5 picomole
342 cell�1, mean� SEM, P < 0.05 vs. control), and from 20.7� 1.0 to 33.1
343 � 5.1 hour in PANC-1 cells (16 picomole cell�1, mean � SEM, P <
344 0.05 vs. control). This same trend was seen in clonogenic survival in
345 both PANC-1 (Fig. 1F) and MIA PaCa-2 cells (Fig. 1G) compared
346 with controls. This suggests that P-AscH� may initiate sustained
347 oxidant formation after the initial insult, which may contribute to
348 prolonged oxidative stress and cell death.
349 To investigate possible sources for this increased oxidant formation,
350 as seen by the increase in the oxidation of DCFH-DA in Fig. 1A–C, a

352Clark electrode was used to determine possible changes in the basal
353OCR. Cellular OCR in MIA PaCa-2 and PANC-1 cells was signifi-
354cantly increased 48 hours after exposure to P-AscH�, whereas the basal
355OCR of the nontumorigenic H6c7 pancreatic ductal epithelial cells
356showed little if any change (Fig. 2A).
357To gain greater understanding of the increase in OCR we observed
358in PDAC cell lines, a mitochondrial stress test was performed using a
359Seahorse XF96 analyzer to measure alterations in OCR as well as
360glycolytic flux following exposure to P-AscH�. Both PANC-1
361(Fig. 2B) andMIAPaCa-2 (Supplementary Fig. S1) cells demonstrated
362significant alterations in their bioenergetic profiles, consistent with an
363increase in energy demand, as seen in the basal OCR at 48 hours after

Figure 2.

P-AscH� treatment results in increased basal OCR, ATP-linked, maximal respiration, and proton leak in PDAC cell lines. A, PANC-1, MIA PaCa-2, and H6c7 cells were
treated with P-AscH� for 1 hour, and basal OCR was measured 48 hours after treatment using a Clarke Electrode. Changes in OCR after P-AscH� treatment were
determined by subtracting the untreated basal OCR from the increase following P-AscH� treatment to get DOCR. PANC-1 cells treated with 2 mmol/L P-AscH�, MIA
PaCa-2 cells treated with 1 mmol/L P-AscH�, and H6c7 cells treated with 2mmol/L P-AscH� (mean� SEM, n¼ 3, � , P < 0.05 vs. control, ANOVAwith Tukeymultiple
comparisons). B, Example data from Seahorse XF96 instrumentation showing that PANC-1 cells treated with P-AscH� (2 mmol/L) have alterations in the
mitochondrial stress test curves 48 hours after exposure.C–H, PANC-1 cells demonstrate an increase in (C) basal respiration, (D) ATP production, (E) proton leak, (F)
maximal respiration, (G) spare capacity, and (H) nonmitochondrial respiration 48 hours after treatment (means� SEM, n¼ 9 C–G and n¼ 3 H, P < 0.05 vs. control,
2-tailed Student t test).
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366 P-AscH� treatment. The mitochondrial stress test determined overall
367 changes in mitochondrial function. First, there is a significant increase
368 in basal respiration (Fig. 2C) in PANC-1 cells similar to the change in
369 OCR observed in Fig. 2A. In addition, there were also significant

371increases in ATP-linked OCR (Fig. 2D), proton leak (Fig. 2E), and
372maximal respiration (Fig. 2F). These data suggest sustained alterations
373to mitochondrial function and sustained oxidative stress induced by
374P-AscH� treatment. Finally, we observed that there were increases in

Figure 3.

DUOX1 andDUOX2mRNAexpression is decreased in
PDAC cell lines compared with ductal epithelium
in vitro and is increased in a dose-dependentmanner
after exposure to P-AscH�. MIAPaCa-2, PANC-1, and
H6c7 ductal epithelial cells were exposed to varying
doses of P-AscH� for 1 hour. mRNA expression was
tested 24 hours after exposure to P-AscH�. For A–B
and E–J: mean � SEM, ANOVA with Tukey multiple
comparisons used. A and B, DUOX1 and DUOX2
mRNA expression is decreased in PDAC cell lines
MIAPaCa-2, PANC-1, 339, and403 as comparedwith
nontumorigenic H6c7 cells (n ¼ 3, � , P < 0.05 vs.
H6c7). C andD, DUOX1 and DUOX2 immunoreactive
protein is decreased in PDAC cell lines as compared
with nontumorigenic H6c7 cells. Representative
blots shown. E and F, DUOX1 and DUOX2 mRNA
expression is increased in MIA PaCa-2 by increasing
doses of P-AscH� (n¼ 3–5, � ,P<0.05 vs. 0mmol/L).
G and H, DUOX1 and DUOX2 mRNA expression is
increased in PANC-1 by increasing doses of P-AscH�

(n ¼ 6–7, � , P < 0.05 vs. 0 mmol/L). I and J, DUOX1
and DUOX2mRNA expression is unchanged in non-
tumorigenic H6c7 cells by increasing doses of
P-AscH� (n ¼ 3–4, P > 0.05 vs. 0 mmol/L).
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377 spare capacity (Fig. 2G) as well as nonmitochondrial respiration
378 (Fig. 2H) in PANC-1 cells with similar results observed in MIA
379 PaCa-2 cells (Supplementary Fig. S1B–S1G). The increase in non-
380 mitochondrial OCR (Fig. 2G; Supplementary Fig. S1G) suggests that
381 there may be an additional source of oxygen consumption in cells
382 treated with P-AscH�.
383 One potential mechanism for the increase in sustained oxidative
384 stress could be the production of H2O2 or O2

� from nonmitochon-
385 drial sources. NOX family members can generate increased fluxes of
386 ROS, whereas DUOX expression can be induced by exogenous
387 H2O2 (18). Because P-AscH� is a prodrug for the delivery of
388 H2O2 (11) in addition to the sustained increase in nonmitochon-
389 drial OCR, we hypothesized that there may be alterations in the
390 expression of NOX family members following treatment with

392P-AscH�. First, PDAC cell lines were compared with nontumori-
393genic pancreatic ductal cells by qRT-PCR to determine the baseline
394mRNA expression of the DUOX genes. DUOX expression is sig-
395nificantly decreased in all PDAC cell lines tested in comparison with
396the pancreatic ductal epithelial cell line, H6c7 (Fig. 3A and B).
397These results were also confirmed in Western blot analysis that
398showed a dramatic reduction in DUOX1 and DUOX2 immunore-
399active protein in all the PDAC cell lines as compared with the
400nontumorigenic H6c7 cells (Fig. 3C and D). These results suggest
401that DUOX expression may be altered from PDAC to normal
402pancreatic ductal epithelium.
403Because expression of both DUOX1 and DUOX2 was decreased in
404all PDAC cell lines tested, we next sought to determine if their
405expression can be affected by treatment with P-AscH�. We observed

Figure 4.

DUOX1 and DUOX2 expression is increased in a time-dependent manner after exposure to P-AscH� in PDAC cells. �MIA PaCa-2, PANC-1, and H6c7 ductal epithelial
cellswere exposed to P-AscH� andDUOXexpression determined at 0–72 hours. ForA–B,D–E, andG–J: mean� SEM,ANOVAwith Tukeymultiple comparisons used.
A and B, DUOX1 and DUOX2 mRNA expression is increased following P-AscH� (5 mmol/L) in MIA PaCa-2 cells (n ¼ 3, � , P < 0.05 vs. 0 h). C, DUOX1 and DUOX2
immunoreactive protein is increased in MIA PaCa-2 cells after P-AscH� (5 mmol/L). Representative blots shown. D and E, DUOX1 and DUOX2mRNA expression is
increased following P-AscH� (5 mmol/L) in PANC-1 cells (n ¼ 4–5, � , P < 0.05 vs. 0 h). F, DUOX1 and DUOX2 immunoreactive protein is increased in PANC-1 after
P-AscH� (5mmol/L). Representative blots shown.G andH,DUOX1 andDUOX2mRNAexpression is increased followingP-AscH� (1mmol/L) inMIAPaCa-2 cells and is
reversed by pretreatment with 100 mg/mL bovine catalase. (n ¼ 4, � , P < 0.05 vs. control).

Pharmacologic Ascorbate Induces Dual Oxidases

AACRJournals.org Cancer Res; 2020 7



408 that DUOX1 and DUOX2 mRNA is enhanced by treatment with
409 P-AscH� in both dose- and time-dependent manners. We observed
410 that DUOX expression was increased in a dose-dependent manner in
411 MIA PaCa-2 cells (Fig. 3E and F). In addition, PANC-1 cells showed a
412 similar trend with DUOX1 and DUOX2 mRNA being significantly

414increased at doses of 2 to 10 mmol/L 24 hours after treatment with
415P-AscH� (Fig. 3G and H). In contrast, increasing doses of P-AscH�

416did not alter mRNA expression of DUOX1 and DUOX2 in the
417nontumorigenic cell line H6c7 (Fig. 3I and J). Temporal experiments
418indicate that P-AscH� induces DUOX1 and DUOX2 expression in

Figure 5.

DUOX enhances P-AscH�–induced cyto-
toxicity in PDAC cell lines. A and B,
PANC-1 and MIA PaCa-2 cells were pre-
treated with DPI (5 mmol/L) for 1 hour
prior to P-AscH� treatment (2 mmol/L
and 1 mmol/L, respectively), and a clono-
genic survival assay was performed
48 hours later (mean � SEM, n ¼ 4,
� , P < 0.05 vs. P-AscH�, ANOVA
with Tukey multiple comparisons). C
and D, DUOX1 and DUOX2 mRNA
expression is increased in H1299T-CAT
cells 48 hours following P-AscH� treat-
ment (5 mmol/L) for 1 hour (mean �
SEM, n ¼ 4, � , P < 0.05 vs. control,
2-tailed Student t test). E, H1299T-
CAT cells were treated with 2 mmol/L
P-AscH� for 1 hour and 2 mg/mL doxy-
cycline for 48 hours before being plated
in clonogenic survival assays. Overex-
pression of catalase demonstrated a
partial reversal of P-AscH� toxicity
(mean � SEM, n ¼ 9, � , P < 0.05 vs.
P-AscH�, ANOVA with Tukey multiple
comparisons). F, Catalase overexpres-
sing H1299T-CAT were tested for cata-
lase activity following 48-hour treat-
ment with 2 mg/mL doxycycline
(mean � SEM, n ¼ 3, � , P < 0.05 control
vs. Control þ Dox and P-AscH� vs.
P-AscH� þ Dox, ANOVA with Tukey
multiple comparisons). G, DUOX1
and DUOX2 overexpressing HEK 293
cells show increased DUOX1 and DUOX2
mRNA expression compared with con-
trol wild-type HEK 293 cells (mean �
SEM, n ¼ 3, � , P < 0.05 vs. WT, ANOVA
with Tukey multiple comparisons).
H,WT, DUOX1, and DUOX2 overexpres-
sing cells were treated with P-AscH�

(0–4 mmol/L) for 1 hour, and a clono-
genic survival assay was performed
(mean � SEM, n ¼ 3, � , P < 0.05 vs.
WT, ANOVA with Tukey multiple
comparisons).
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421 MIAPaCa-2 (Fig. 4A andB);Western blotting (Fig. 4C) demonstrates
422 increases in protein expression 48 to 72 hours after P-AscH� treat-
423 ment. Similarly, P-AscH� increased DUOX in PANC-1 cells 24 to
424 72 hours after treatment (Fig. 4D–F). As mentioned above, DUOX1
425 expression can be induced by exogenous H2O2 (19). To determine if
426 H2O2 generated by P-AscH

� induced increases in DUOX, catalase was
427 introduced to the cell culture medium and DUOX expression was
428 determined 48 hours after treatment with P-AscH�. Figure 4G andH
429 demonstrate increases in DUOX expression that is reversed with
430 catalase. Similar results were seen in the PANC-1 cell lines where the

431 presence of catalase reversed P-AscH�–induced increases in DUOX
432 expression (Supplementary Fig. S2A and S2B). This suggests that
433 generation of H2O2 by P-AscH� leads to the observed increases in
434 DUOXexpression. In addition, the otherNOXenzymes did not show a
435 time-dependent increase in expression when PANC-1 cells were
436 treated with P-AscH� (Supplementary Fig. S3). As a control, we
437 treated cells with ascorbate-2-phosphate, which does not oxidize and
438 thus does not generate H2O2, but is taken up by cells increasing the
439 level of intracellular ascorbate (40) Ascorbate-2-phosphate did not
440 change expression of either DUOX 1 or 2 in either pancreatic cancer
441 cell line (Supplementary Fig. S4).
442 To determine if the DUOX-induced increases in H2O2 contribute
443 to P-AscH�–induced cytotoxicity, we used diphenyleneiodonium
444 (DPI), an inhibitor of flavin-containing proteins, to inhibit the
445 activity NOX proteins prior to treatment with P-AscH� in both
446 MIA PaCa-2 and PANC-1 PDAC cell lines (Fig. 5A and B). DPI
447 treatment partially ameliorated the P-AscH�–induced decreases in
448 clonogenic survival in both PANC-1 and MIA PaCa-2 cells. We
449 repeated these studies and treated the cells with DPI, 48 hours after
450 treatment with P-AscH�. P-AscH� treatment decreased clonogenic
451 survival to 57 � 6%, whereas addition of DPI partially reversed this
452 decrease to 78 � 9% (mean � SEM). To determine the role of
453 DUOX-induced generation of H2O2 that occurs 48 hours after
454 P-AscH� treatment, we first incubated cells with catalase 24 after
455 P-AscH� treatment and then left the catalase on for another
456 24 hours. P-AscH� decreased clonogenic survival to 46 � 2%
457 which changed little to 65� 2% (mean� SEM) with later treatment
458 of catalase. Secondly, we used the doxycycline-inducible catalase
459 (H1299T-CAT) cell line that has an induction of catalase 24 to
460 48 hours after exposure to doxycycline. Figure 5C and D demon-
461 strated that H1299T-CAT showed a similar increase in DUOX1 and
462 DUOX2 when treated with P-AscH� (5 mmol/L). P-AscH� treat-
463 ment (2 mmol/L) also decreased clonogenic survival of the H1299T-
464 CAT cell line (Fig. 5E), and the decrease was partially reversed in
465 cells exposed to doxycycline for 48 hours. Because doxycycline has
466 been shown to have antioxidant properties (41), we treated the
467 parental H1299T cells with P-AscH�, doxycycline alone or
468 P-AscH� þ doxycycline (Supplementary Fig. S5A) which demon-
469 strated that doxycycline did not reverse P-AscH�–induced
470 decreases in clonogenic survival. Activity assays for catalase on the
471 H1299T-CAT cells that were exposed to doxycycline displayed
472 significant increases in intracellular catalase activity (Fig. 5F). As
473 seen by the RT-qPCR data in Fig. 3A and B, the baseline levels
474 of DUOX 1 and 2 are very low in all the PDAC cell lines examined.
475 We hypothesized that inhibiting DUOX 1 or 2 would not have
476 much of a detectable effect if these enzymes are nearly undetectable
477 without the induction of expression shown with P-AscH�. Because
478 both DUOX1 and 2 are induced by P-AscH�, we utilized the
479 HEK293 cell line that stably overexpresses either DUOX 1 or 2
480 and then treated these cells with P-AscH� (1–4 mmol/L). We
481 hypothesized that increase of either DUOX1 or 2 expression leading

483to increased generation of H2O2 would add to P-AscH�–induced
484decreases in clonogenic survival. Overexpression of DUOX 1 and 2
485further decreased clonogenic survival when treated with P-AscH
486(Fig. 5G and H).
487Next, we sought to determine if these results could be recapitulated
488in vivo. To this end, we used MIA PaCa-2 tumor xenografts in
489an athymic nude mouse model. Following formation of tumor xeno-
490grafts to approximately 5 mm in diameter, mice were treated with
491either 1mol/LNaCl or P-AscH 4 g/kg b.i.d. for 6 days. After treatment,
492mice were euthanized, tumors excised, and processed for Western
493blots. DUOX1 and DUOX2 expression was significantly enhanced
494in vivo by P-AscH treatment compared with controls (Fig. 6A and B).
495To determine if the H2O2 produced during exposure to P-AscH�

496would lead to increased DUOX protein in vivo, H1299-CAT tumor
497xenografts were treated with twice daily P-AscH� 4 g/kg b.i.d. for
4986 days. Mice received either sucrose (2%) or sucrose þ doxycycline
499(2 mg/mL) in the drinking water. After treatment, mice were eutha-
500nized, and tumors excised for Western blots to probe for immuno-
501reactive DUOX1 and DUOX2 expression. Figure 6C demonstrates an
502increase in both DUOX1 and DUOX2 in the H1299T-CAT cell line
503consistent with what was seen in theMIA PaCa-2 cell line (Fig. 6A). In
504mice that received doxycycline in the drinking water, catalase was
505significantly induced (Fig. 6C) and there was little to no expression of
506DUOX1 or DUOX2 in tumor xenografts when compared with mice
507that were treated with P-AscH� alone. In a separate series of in vivo
508experiments, catalase was shown to be effectively overexpressed in
509tumors grown in mice receiving doxycycline, and the induced catalase
510levels were maintained throughout the experimental time course and
511varying tumor volumes (Supplementary Fig. S5B–S5D). These data are
512consistent with the in vitro results in Fig. 4G and H demonstrating
513increases in DUOX expression that are reversed with catalase. Com-
514bined, these results suggest that treatment with P-AscH� results in
515nonmitochondrial responses, including enhanced DUOX1 and
516DUOX2 expression both in vitro and in vivo. These changes may
517contribute to cytotoxicity, potentially through a feed-forward mech-
518anism of H2O2 production.
519DUOX expression can be induced by H2O2 but is silenced in several
520forms of cancer (23, 24). To determine the levels of DUOX expression
521in PDAC, patient-derived PDAC tumors and matched nontumor
522adjacent samples were obtained for immunofluorescent analysis of
523DUOX1 and DUOX2. Hematoxylin and eosin staining demonstrated
524morphologic differences between the normal adjacent tissue and the
525PDAC (Fig. 7A). In addition, there were significant decreases in
526DUOX1 and DUOX2 expression in PDAC compared with normal
527adjacent pancreatic tissue (Fig. 7B and C, respectively). To further
528confirm that DUOX expression is increased in normal pancreas,
529immunofluorescent staining on normal pancreas samples from non-
530tumor-related pancreatic resections was compared with separate
531PDAC resections. Consistent with our previous observations, we
532observed that DUOX1 expression is greater in normal pancreas
533compared with PDAC (Supplementary Fig. S6).

534Discussion
535These results indicate that P-AscH� results in toxicity through
536mechanisms beyond those involving the oxidation of P-AscH� to
537produceH2O2 (9, 11). P-AscH

�–treated cells are viable at 48 hours, but
538are unable to form clones.We observed that these viable cells appear to
539have increased ROS generation, which may be due in part to a shift in
540metabolism from glycolysis to mitochondrial oxidative phosphor-
541ylation. ROS can be generated from exogenous sources including
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544 radiation, as well as endogenous sources including the mitochon-
545 drial electron transport system and oxygen-metabolizing enzymes
546 such as Dual Oxidases 1 and 2. P-AscH� readily undergoes pH-
547 dependent oxidation producing H2O2. In vitro, the mechanism for
548 the toxicity of high-dose ascorbate centers on the generation of
549 H2O2 by its oxidation (9–11). The oxidation of ascorbate, when at

551millimolar levels, will generate considerable amounts of H2O2,
552especially in the presence of catalytic metals (8, 42). Because cells
553rapidly and efficiently remove extracellular H2O2 via peroxipor-
554ins (30, 43), observed toxicities or cell killing induced by ascorbate is
555a function of the activities of intracellular antioxidant enzymes
556involved in the removal of H2O2, such as catalase, glutathione
557peroxidase, and the peroxiredoxins.
558Numerous studies have demonstrated that P-AscH� induces
559selective oxidative stress and cytotoxicity in cancer cells versus
560normal cells (10–13). Concomitant administration of the catalase
561inhibitor amino-1,2,4-triazole has been shown to enhance ascorbate
562toxicity to Ehrlich ascites cells in vitro (44). In these studies, the
563addition of various forms of both extracellular and intracellular
564catalase, which remove H2O2, completely reverses P-AscH�–
565induced cytotoxicity in a variety of cancer cell lines, whereas normal
566cells are resistant. Others have shown that adding glutathione and
567pyruvate directly to cell culture medium provides protection for the
568consequences of P-AscH� (45). However, greatly underappreciated
569is that these substances react directly with the H2O2 (30). Using
570conservative rate constants for the reaction of these substances with
571H2O2 (at pH 7.4 kGSH ¼ 0.3 M�1 s�1; kpyruvate ¼ 2 M�1 s�1) and a
572reasonable estimates for the cellular rate constant for the removal of
573extracellular H2O2 (kcell ¼ 3 � 10�12 s�1 L cell�1), millimolar levels
574of these substances will remove >95% of the H2O2 formed compared
575with the cells (<5%), thereby protecting the cells from extracellular
576H2O2 (30). These results provide evidence supporting a fundamen-
577tal role for H2O2 in P-AscH�–induced toxicity. Although these
578reports support the hypothesis that H2O2 generated transiently
579upon exposure to P-AscH� could control cytotoxicity, the initial
580production of H2O2 may not be entirely responsible for the long-
581term biological effects of P-AscH� treatment. In our current study,
582we demonstrate that there is an increase in ROS measured by DCFH
583fluorescence, 48 hours after treatment P-AscH� (Fig. 1A), which
584may be attributed to induction of the DUOX enzymes as seen
585in Figs. 3 and 4.
586Although most of the NOX family members produce superoxide,
587the DUOX members were originally discovered to produce H2O2 in
588the thyroid. This H2O2 production is required for thyroid hormone
589biosynthesis and since their initial discovery in the thyroid DUOX
590expression has been reported in other tissue types including the
591pancreas (19, 21). This correlates with our present study where we
592demonstrated that DUOX 1 and 2 are expressed in normal pancreas
593and the expression is significantly diminished in PDAC (Fig. 7;
594Supplementary Fig. S6). In addition, DUOX production of H2O2 in
595the PDAC cells clearly contributes to P-AscH� toxicity because
596inhibiting the DUOX enzymes with diphenyleneiodonium, an inhib-
597itor of flavin-containing proteins, partially reversed the P-AscH�–
598induced decrease in clonogenic survival as seen in Fig. 6A. Likewise,
599later induction of catalase using the doxycycline-inducible catalase
600vector also partially reversed the P-AscH�–induced decrease in clo-
601nogenic survival (Fig. 6E and F) and in orthotopic tumors as seen
602in Fig. 6.
603Looking at the bioenergetic data of Fig. 2 quantitatively, there is an
604increase from approximately 100 to 150 amol cell�1 s�1, �50%, in
605basal OCR after exposure to P-AscH�. Although the fraction of
606mitochondrial OCR that leaks to form superoxide is unknown (46),
607if at most it is a generous 0.1%, then the rate of production of
608superoxide will be ≤�0.001 � 150 amol cell�1 s�1 or 0.15 amol
609cell�1 s�1. Assuming superoxide dismutase captures most of this
610superoxide, then the rate of mitochondrial production of H2O2 will
611be ≤�0.07 amol cell�1 s�1. Nonmitochondrial OCR increased from

Figure 6.

P-AscH� treatment increases DUOX1 and DUOX2 expression in vivo.A, Athymic
nudemice with heterotopic MIA PaCa-2 xenografts were treated for 5 dayswith
4 g/kg i.p. ascorbate b.i.d. Western blotting was performed to analyze protein
levels of DUOXs in xenograft tumors that were excised from control and
P-AscH�–treatedmice. DUOX1 andDUOX2 immunoreactive protein is increased
in tumors of P-AscH�–treated mice compared with saline-treated mice (rep-
resentative blots shown). B, Quantification of densitometric evaluation of
Western blots (mean � SEM, n ¼ 9, � , P < 0.05 vs. controls, 2-tailed Student
t test). C, Athymic nude mice with heterotopic H1299T-CAT xenografts were
treated for 5 dayswith 4 g/kg i.p. ascorbate b.i.d. All mice were given 1% sucrose
in their drinking water � doxycycline (2 mg/mL). Tumors were excised, and
Western blotting was performed to analyze protein levels of DUOXs and
catalase in xenografts. DUOX1 and DUOX2 immunoreactive protein is increased
in tumors of P-AscH�–treated mice compared with mice in the P-AscH� þ
doxycycline group. Catalase immunoreactive protein is increased in tumors from
the P-AscH� þ doxycycline group compared with the P-AscH� group (repre-
sentative blots shown, n ¼ 4 mice per group).
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614 17 to 30 amol cell�1 s�1, a change of 13 amol cell�1 s�1. This is about
615 9% of basal OCR (150 amol cell�1 s�1). Thus, this nonmitochondrial
616 OCR from DUOX enzymes is consistent with the potential of DUOX
617 enzymes to introduce an intracellular flux of H2O2.
618 NOX family members have been associated with various forms of
619 cancer, and they have been implicated in the development and
620 progression of cancer. However, the expression and function of
621 NOXs in the development and progression of cancer are not well
622 understood. Studies in lung and hepatocellular cancer suggest that
623 decreased DUOX expression results in a more aggressive phenotype
624 and facilitates epithelial to mesenchymal transition (EMT;
625 refs. 21, 24). Restoration of DUOX1 results in growth arrest and
626 inhibition of colony formation through G2–M cell cycle arrest and
627 increased ROS generation in liver cancer (24). Reports in lung
628 cancer indicate that DUOX silencing induces characteristic EMT
629 alterations in cell phenotype, whereas restoration of DUOX via

631overexpression causes cancer cells to revert to a more epithelial
632morphology and decrease ability to grow colonies (23). Combined,
633these studies suggest that the loss of DUOX leads to the initiation of
634EMT leading to invasive and metastatic disease. The function of
635DUOX expression in PDAC is unknown. Our current study indi-
636cates that DUOX is expressed in the pancreatic ductal epithelial
637cells, but expression is significantly decreased in PDAC cell lines as
638seen in Fig. 3A–D. In addition, treatment with P-AscH� increased
639DUOX expression and led to inhibition of clonogenic survival,
640consistent with previous studies demonstrating a less aggressive
641phenotype with restoration of DUOX expression (23, 24). This
642suggests that loss of DUOX expression may give cancer cells an
643advantage, which allows them to evade apoptosis or other modes of
644cell death.
645In the presence of catalytic metal ions, P-AscH� exerts a pro-
646oxidant effect (8). Ascorbate is an excellent one-electron reducing

Figure 7.

Resections for PDAC demonstrate
differential expression of DUOX1 and
DUOX2. A, Hematoxylin and eosin
staining performed on matched nor-
mal adjacent pancreas and PDAC
from pancreaticoduodenectomy spe-
cimens demonstrated changes in
morphology between normal adja-
cent and PDAC. Representative
images shown. B and C, DUOX1 and
DUOX2 immunofluorescence staining
was performed on nontumor adjacent
pancreas and PDAC in matched
patient samples. Samples were visu-
alized using a Zeiss Confocal Micro-
scope 40x oil objective. Results show
decreased DUOX1 and DUOX2 fluo-
rescence in PDAC and increased
DUOX1 and DUOX2 fluorescence in
normal adjacent pancreas. Green
staining is DUOX1/DUOX2, and blue
staining is for nuclear Toppiosmer-
ase-3. Representative images shown
along with quantification demon-
strating normalized MFI (mean �
SEM, n ¼ 8, � , P < 0.05 vs. adjacent
normal, 2-tailed Student t test).
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649 agent that can reduce ferric (Fe3þ) to ferrous (Fe2þ) iron, while being
650 oxidized to ascorbate radical. Depending on coordination environ-
651 ment, Fe2þ can readily react with O2, reducing it to superoxide radical,
652 which in turn dismutes to H2O2 and O2. This initial, large amount of
653 H2O2 generated by P-AscH� is the main mediator of P-AscH�–
654 induced toxicity in cancer cells as seen in Fig. 1F and G (9–13). The
655 current study demonstrates that late ROS accumulation enhances
656 P-AscH�–induced toxicity in PDAC cells, and DUOXs among other
657 members of redox enzymes have a role in this process. Pharmacologic
658 levels of ascorbate, which can only be achieved parenterally, create an
659 environment of oxidative distress in PDAC. Furthermore, P-AscH�

660 has been shown to be safe and tolerable in phase I clinical trials with
661 suggestions of efficacy (1, 47, 48). Phase II trials are currently underway
662 to further advance P-AscH� as a potential standard-of-care adjuvant
663 treatment.
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