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Abstract

Pharmacological ascorbate (AscH−) selectively induces cytotoxicity in pancreatic cancer cells vs. 

normal cells via the generation of extracellular hydrogen peroxide (H2O2), producing double-

stranded DNA breaks and ultimately cell death. Catalytic manganoporphyrins (MnPs) can enhance 

ascorbate-induced cytotoxicity by increasing the rate of AscH− oxidation and therefore the rate of 

generation of H2O2. We hypothesized that combining MnPs and AscH− with the 

chemotherapeutic agent gemcitabine would further enhance pancreatic cancer cell cytotoxicity 

without increasing toxicity in normal pancreatic cells or other organs. Redox active MnPs were 

combined with AscH− and administered with or without gemcitabine to human pancreatic cancer 

cell lines, as well as immortalized normal pancreatic ductal epithelial cells. The MnPs MnT2EPyP 

(Mn(III)meso-tetrakis(N-ethylpyridinium-2-yl) porphyrin pentachloride) and MnT4MPyP 

(Mn(III)tetrakis(N-methylpyridinium-4-yl) porphyrin pentachloride) were investigated. 

Clonogenic survival was significantly decreased in all pancreatic cancer cell lines studied when 

treated with MnP + AscH− + gemcitabine, whereas non-tumorigenic cells were resistant. The 

concentration of ascorbate radical (Asc•−, an indicator of oxidative flux) was significantly 

increased in treatment groups containing MnP and AscH−. Furthermore, MnP + AscH− increased 

double stranded DNA breaks in gemcitabine treated cells. These results were abrogated by 

extracellular catalase, further supporting the role of the flux of H2O2. In vivo growth was inhibited 

and survival increased in mice treated with MnT2EPyP, AscH−, and gemcitabine without a 
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concomitant increase in systemic oxidative stress. These data suggest a promising role for the use 

of MnPs in combination with pharmacologic AscH− and chemotherapeutics in pancreatic cancer.

INTRODUCTION

Recent studies have demonstrated that high-dose intravenous (but not oral), pharmacological 

ascorbate (AscH−) induces cytotoxicity and oxidative stress selectively in pancreatic cancer 

cells vs. normal cells, suggesting a promising new role as a therapeutic agent (1–4). At 

physiologic concentrations, ascorbate functions as a reducing agent and donor antioxidant 

(5). However, at pharmacological concentrations or in the presence of redox-active metal 

catalysts, AscH− can act as a pro-oxidant by donating an electron to oxygen, ultimately 

generating hydrogen peroxide (H2O2) (6–8). Indeed, pharmacologic ascorbate has been well 

established as a pro-drug for the delivery of H2O2 to tumors (1–3, 9, 10). Studies have also 

demonstrated that pharmacologic ascorbate synergizes with gemcitabine, a nucleoside 

analogue that has been used for advanced pancreatic cancer (11). Furthermore, recent phase 

I clinical trials have demonstrated pharmacologic ascorbate to be safe and well tolerated in 

combination with standard of care chemotherapeutics (gemcitabine + erlotinib and 

gemcitabine alone) for the treatment of pancreatic cancer (12, 13).

It has been proposed that that the selectivity of AscH−-induced cytotoxicity toward cancer 

cells is a result of three major factors. First, due to a variety of factors, including increased 

neovascular permeability and a localized lower pH surrounding tumors, there is an increased 

concentration of redox active labile metal ions that can act as catalysts for the oxidation of 

AscH− in the extracellular space (1, 14–18); this lower pH also increases the catalytic 

efficiency of these metal ions (19). Second, low levels of antioxidant enzymes and high 

levels of endogenous ROS in cancer cells may make them more susceptible to H2O2-

induced oxidative damage (10, 20–22). Third, erythrocytes act as a sink for ascorbate radical 

(Asc•−) (23) and H2O2 (24–26) due to redundant catabolic pathways relative to the 

extracellular fluid, thereby preventing accumulation of H2O2 in the blood and delivery to 

healthy tissues, while ensuring H2O2 delivery to the extracellular milieu.

Manganoporphyrins (MnPs) are being developed as superoxide dismutase (SOD) mimetics; 

however, some MnPs can also increase the flux of AscH−-generated H2O2 in vitro (27–29). 

Recently, our laboratory has also demonstrated that MnPs can increase the rate of AscH− 

oxidation and steady-state levels of Asc•− independent of their SOD-like mechanism in 

vitro, in vivo, and ex vivo. We have demonstrated that MnPs synergistically enhance AscH−-

induced cytotoxicity in pancreatic cancer both in vitro and in vivo (30). Furthermore, at 

doses relevant to clinical use in humans, these compounds have not revealed any indication 

of manganese toxicity or specific target organ toxicity, including those classically associated 

with heme porphyrins in the kidneys, liver, CNS, and heart (31).

Given that ascorbate can synergize with both gemcitabine and MnPs independently, we 

hypothesized that a triple therapy combining AscH−, MnPs, and gemcitabine would further 

enhance pancreatic cancer cell cytotoxicity without increasing toxicity in normal pancreatic 

cells or other systemic tissues. In contrast to our previously published data, this study 

investigates the biological effects of combining MnPs and AscH− treatment with the 
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standard of care chemotherapeutic agent gemcitabine in human pancreatic cancer cell lines, 

and highlights the treatment’s selectivity for cancer and the relative resistance of 

immortalized normal pancreatic ductal epithelial cells. We extend our experiments in vivo to 

mouse pancreatic cancer xenografts and additionally look for evidence of systemic oxidative 

stress as a result of these treatments, which has previously not been done.

MATERIALS AND METHODS

Cell Culture

The human pancreatic cancer cell lines MIA PaCa-2, Panc-1, and AsPC-1 were purchased 

from the American Type Culture Collection (Manassas, VA, USA) and passaged for fewer 

than 6 months after receipt. Cells were maintained as previously described (32). H6c7 is an 

immortalized cell line derived from normal pancreatic ductal epithelium with near normal 

genotype and phenotype of pancreatic duct epithelial cells (33) and were maintained in 

keratinocyte serum-free medium that was supplemented with epidermal growth factor and 

bovine pituitary extract. The H6c7 cells were characterized by IDEXX-RADIL (Columbia, 

MO, USA).

Reagents

Mn(III)tetrakis(N-methylpyridinium-4-yl) porphyrin pentachloride (MnT4MPyP), was 

purchased from Axxora LLC (Farmingdale, NY). Mn(III)meso-tetrakis(N-

ethylpyridinium-2-yl) porphyrin pentachloride (MnT2EPyP) was from Dr. James D. Crapo 

(National Jewish Medical and Research Center, Denver, CO). The solids were stored at −20 

°C, or in solution at 4 °C in colored vials to minimize photooxidation (34). A stock solution 

of 1.0 M ascorbate (pH 7.0) was made under argon and stored in screw top sealed test-tubes 

at 4 °C. Ascorbate concentration was verified using, ε265 = 14,500 M−1 cm−1 (35). The 

solution can be kept for several weeks without significant oxidation due to the lack of 

oxygen (35). A 1 mM gemcitabine (Gem) stock solution was prepared in Nanopure™ water 

and stored at 4 °C. Dilutions were prepared as needed.

Clonogenic Survival Assays

Clonogenic survival assays were performed as previously described (3). Briefly, for all cell 

types, treatments were performed for 1 h in DMEM + 10% FBS at 37 °C and 21% O2, 48 h 

after initial seeding. The dishes were maintained in a 37 °C, 21% O2, 5% CO2 incubator for 

10–14 days to allow colony formation. The colonies were then fixed with 70% ethanol, 

stained with Coomassie blue (10% acetic acid, 50% methanol, and 0.1% Coomassie Blue 

G-250), and counted (colonies containing >50 cells were scored).

Oxygen Consumption Assay

The rate of oxygen consumption (OCR, −d[O2]/dt) was determined using a Clark electrode 

oxygen monitor (YSI Inc.) connected to an ESA Biostat multielectrode system (ESA 

Products, Dionex Corp.) in Dulbecco’s Modified Eagle’s Medium (DMEM) + 10% FBS. 

The effect of MnT2EPyP and MnT4MPyP on the OCR of Gem + AscH− was then 

determined. Accumulation of H2O2 was demonstrated by the addition of catalase (Sigma) to 

the system, with subsequent oxygen return being a direct result of the action of catalase on 
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the H2O2 that accumulated in the medium during the experiment. OCR represents the rate of 

production of H2O2; these data were combined with volume of media and number of cells to 

determine the flux of H2O2, mol cell−1 s−1.

γH2AX Immunofluorescence

MIA PaCa-2 cells were seeded onto eight-well (0.8 cm2/well) glass Lab-Tek Chamber slides 

at a density of 30,000 cells/well. After 48 h, cells were exposed to various combinations of 

AscH−, MnPs, and Gem. When specified, cells were pretreated with catalase (50 U/mL) 

before the addition of the above reagents. Forty-five minutes after treatment, cells were 

fixed in 3% paraformaldehyde and rinsed in Dulbecco’s PBS (pH 7.4). Cells were then 

incubated in RNAse (0.5 μg/mL) at 37 °C for 30 min; 10% normal goat serum was applied 

overnight for blocking of non-specific protein. Cells were incubated in anti-phospho-histone 

γH2AX primary antibody (1:200, Millipore) for 1.5 h. A goat anti-mouse secondary 

antibody conjugated to Alexa Fluor® 488 (1:500) was used as a fluorescent tag. Slides were 

mounted in Vectashield® with DAPI to stain the nuclei. Slides were then imaged on a Bio-

Rad Radiance 2100 combination confocal and multi-photon microscope with laser sharp 

software. Z-plane images of each treatment were captured. The intensity of fluorescence was 

quantified on ImageJ ® using a maximum intensity Z-projection with identical threshold 

values to calculate the mean fluorescence intensity for individual cells. The mean intensity 

of each cell was then normalized to the area of the cell and an average intensity/area was 

determined. A two-tailed t-test was then performed to assign statistical significance.

In vivo Studies

All protocols were reviewed and approved by the Animal Care and Use Committee of The 

University of Iowa. MIA PaCa-2 tumor cells (2 × 106) were delivered subcutaneously into 

the hind legs of 30-day old athymic nude mice and allowed to grow until they reached 

between 3–5 mm in greatest dimension (10 days after injection). At that time mice were 

divided into 6 treatment groups, with 8 to 12 mice in each group. Treatment was then 

initiated and mice were treated daily for 21 days. The groups included “controls” (12 mice) 

that received NaCl (1 M) intraperitoneally (i.p.), daily; “gemcitabine only” (8 mice) that 

received gemcitabine (60 mg/kg i.p.) every 4 days; “Low MnP + Asc” (8 mice) - ascorbate 

(4 g/kg/d i.p.) + MnT2EPyP (0.2 mg/kg/d subcutaneously (s.c.)); “High MnP + Asc” (8 

mice) - ascorbate (4 g/kg/d i.p.) + MnT2EPyP (2.0 mg/kg/d s.c.); “Low MnP Triple 

Therapy” (8 mice) - ascorbate (4 g/kg/d i.p.) + MnT2EPyP (0.2 mg/kg/d s.c.) + gemcitabine 

(60 mg/kg q 4d i.p.); and “High MnP Triple Therapy” (8 mice) - ascorbate (4 g/kg/d i.p.) + 

MnT2EPyP (2.0 mg/kg/d s.c.) + gemcitabine (60 mg/kg q 4d i.p.). During and after 

treatment, tumor size was measured every 6 to 7 days as previously described (36). Animals 

were sacrificed by CO2 asphyxiation when the tumors reached 1,000 mm3. Survival is 

defined as the total number of days from the first day of treatment until the time of sacrifice 

when the tumor volume endpoint (1,000 mm3) was reached.

Electron paramagnetic resonance (EPR) spectra were obtained with a Bruker EMX ESR 

spectrometer (Bruker BioSpin), using an ER 4119HS cavity for the detection of Asc•−. EPR 

instrumentation settings were optimized for the detection of Asc•−: center field, 3507.62 G; 

sweep width, 10.00 G; receiver gain, 5.02 × 104; modulation amplitude, 0.70 G; microwave 
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frequency, 9.85 GHz; and nominal microwave power, 10.0 mW. To determine [Asc•−], 3-

carboxy-PROXYL (3-CxP; CAS No. 2154-68-9; Sigma-Aldrich) radical was used as a 

standard, taking into account saturation effects (37). In separate mice that were treated for 5 

days (3 mice in each treatment group), blood was drawn from the still-beating heart after a 

fatal dose of ketamine 1 hour after the last intraperitoneal dose of Asc, and used to: obtain 

EPR spectra; complete blood counts; and total glutathione (tGSH = GSH + 2GSSG), using 

the plate-reader based assay described in (38).

To determine systemic oxidative stress to normal organs, 4-hydroxy-2-nonenal-(4HNE)–

modified protein were measured using the method described in (39). 20 mg of mouse heart, 

liver and kidney were washed and homogenized in 300 μL 500 mmol/L potassium 

phosphate, 50 mmol/L EDTA buffer pH 7.0 with Complete Mini-protease inhibitor (Roche 

Diagnostics). Protein (25 μg) was placed in an equal volume with Nanopure™ H2O and 

blotted onto pre-wetted polyvinylidene difluoride (PVDF) membranes (Bio-Rad) and using 

a vacuum manifold and allowed to dry. After rewetting in methanol, the membrane was 

incubated in 250 mM sodium borohydride in 100 mM MOPS, pH 8.0 for 15 min to 

chemically reduce the Schiff base adduct to reveal the Michael addition product for antibody 

recognition. The membrane was then washed 3 times each with Nanopure™ H2O followed 

by PBS and blocked for 30 min in 5% milk in PBS + Tween 20. The blot was incubated 

with the primary antibody recognizing the Michael addition product of 4HNE-modified 

cellular proteins (40) diluted 1/2,000 overnight at 4 °C, followed by 1.5 h in secondary 

antibody, horseradish peroxidase-conjugated goat anti-rabbit polyclonal antibody 

(1/25,000), and chemiluminescence detection (ECL Plus Western Blotting Detection 

System, GE Healthcare) with X-ray film. Immunoreactive protein on the dot blot was 

analyzed using integrated densities determined using ImageJ software.

RESULTS

MnP-Catalyzed Ascorbate Oxidation Enhances Gemcitabine-Induced Pancreatic Cancer 
Cytotoxicity in vitro

We hypothesized that the addition of MnPs and AscH− to gemcitabine would further 

increase pancreatic cancer cell cytotoxicity, either synergistically or in an additive manner. 

To examine this, we combined two MnPs (0.25 μM MnT2EPyP or MnT4MPyP - structures 

in Fig. S1) with 0.25 mM AscH−. At these concentrations, the individual compounds do not 

effect clonogenic survival in any pancreatic cell lines, but when combined they decreased 

clonogenic survival in a synergistic manner (30). In the pancreatic cancer cell line MIA 

PaCa-2, MnT4MPyP + AscH− significantly enhanced gemcitabine toxicity, decreasing 

clonogenic survival at both 50 and 500 nM gemcitabine from 39.7 ± 5.0% and 35.9 ± 1.3%, 

to 6.7 ± 0.9% and 1.0 ± 0.4%, respectively, vs. the equivalent doses of gemcitabine alone (*, 

P < 0.01, Fig 1A). Furthermore, the addition of MnT4MPyP + AscH− to gemcitabine 

significantly decreased clonogenic survival at both 50 and 500 nM gemcitabine vs. 

MnT4MPyP + AscH− alone (*, P < 0.01). As previously shown, combination of 

MnT4MPyP + AscH− without added chemotherapy can also significantly decreasing 

clonogenic survival vs. controls (#, P < 0.01).
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Next, we investigated the affect of adding MnT2EPyP + AscH− to gemcitabine on 

clonogenic survival, again in MIA PaCa-2 cells. MnT2EPyP + AscH− appeared to have 

greater cytotoxicity when combined with gemcitabine compared to MnT4MPyP + AscH− + 

gemcitabine, completely eliminating clonogens at both 50 and 500 nM gemcitabine (*, P < 

0.01, Fig. 1B). Again, the addition of MnT2EPyP + AscH− to gemcitabine significantly 

decreased clonogenic survival at both 50 and 500 nM gemcitabine vs. MnT2EPyP + AscH− 

alone (*, P < 0.01). To establish a dose response, the experiment was repeated using 

MnT2EPyP (0.1 μM) + AscH− (1 mM). Under these conditions, the normalized clonogenic 

survival was significantly reduced, but not eliminated at both 50 and 500 nM gemcitabine, 

from 23.3 ± 1.8% and 19.0 ± 0.3%, to 1.3 ± 0.9% and 0.4 ± 0.2%, respectively, vs. the 

equivalent doses of gemcitabine alone (*, P < 0.01, Fig. 1B). Even at the lower dose, 

MnT2EPyP + AscH− and gemcitabine significantly decreased clonogenic survival at both 50 

and 500 nM gemcitabine vs. MnT2EPyP + AscH− alone (*, P < 0.01). In both sets of 

concentrations combination MnT2EPyP + AscH− without chemotherapy also statistically 

reduced clonogenic survival vs. controls (#, P < 0.01).

To determine if the increase in cytotoxicity upon the addition of MnPs + AscH− to 

gemcitabine can be explained by a resulting increase in the production of H2O2, oxygen 

consumption rate (OCR) was determined (Fig. S1). OCR measured in DMEM (10% FBS) 

was significantly increased upon the addition of MnPs to AscH− (≈2-fold increase for both 

MnT4MPyP and MnT2EPyP). The addition of gemcitabine before (Fig. S1A), or after (Fig. 

S1B) MnP + AscH− had no effect on OCR, suggesting a cytotoxic mechanism independent 

of H2O2 flux.

We then extended our findings in MIA PaCa-2 cells to two additional pancreatic cancer cell 

lines, PANC-1 and AsPC-1. Again, the addition of MnPs + AscH− to gemcitabine 

significantly reduced the clonogenic survival compared to gemcitabine alone (*, P < 0.01 

using MnT4MPyP + AscH− in PANC-1, Fig. 1C, and *, P < 0.01 using MnT2EPyP + 

AscH− in ASPC-1, Fig. 1D). Of note, whereas the addition of MnT2EPyP + AscH− to 

gemcitabine significantly decreased clonogenic survival at both 50 and 500 nM gemcitabine 

vs. MnT2EPyP + AscH− alone in AsPC-1 cells (*, P < 0.01), the addition of MnT4MPyP + 

AscH− to gemcitabine did not significantly decrease clonogenic survival when compared to 

MnT4MPyP + AscH− without gemcitabine in PANC-1 cells. In both AsPC-1 and PANC-1 

cell lines, the combination of MnP + AscH− without gemcitabine was enough to statistically 

decrease clonogenic survival vs. controls (#, P < 0.01).

Catalase Rescues MnP + AscH− + Gemcitabine - Induced Cytotoxicity

Pharmacologic ascorbate has been well established as a pro-drug for the delivery of peroxide 

to tumors (1–3, 10) and MnPs can act as catalysts to increase the rate of H2O2 production 

(30). To determine if H2O2 flux mediates MnP + AscH− cytotoxicity when combined with 

gemcitabine in vitro, we pretreated cells with extracellular catalase which reversed the 

decrease in clonogenic survival observed (*, P < 0.01, Fig. 1E). These data support H2O2 as 

the mediator of the enhanced pancreatic cell cytotoxicity induced by MnP + AscH−.
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Non-tumorigenic Cells Are Resistant to MnP + AscH−-Enhanced Gemcitabine Cytotoxicity 
in vitro

To investigate whether MnP + AscH− and gemcitabine would also selectively cause 

pancreatic cancer cell death, we repeated clonogenic survival assays on MIA PaCa-2 and 

H6c7 cells. H6c7 is an immortalized cell line derived from normal pancreatic ductal 

epithelium with near normal genotype and phenotype of pancreatic duct epithelial cells (33). 

Cells were treated with 50 and 500 nM gemcitabine, 0.25 μM MnP (MnT4MPyP or 

MnT2EPyP) + 0.25 mM AscH−, or a combination of MnP (0.25 μM) + AscH− (0.25 mM) + 

gemcitabine (50 and 500 nM). In both the control group and gemcitabine (50 nM) group, 

there was no significant difference in plating efficiency between MIA PaCa-2 and H6c7 

cells. However, when cells were treated with MnT4MPyP (0.25 μM) + AscH− (0.25 mM) 

with or without gemcitabine (50 and 500 nM), there was significantly more cytotoxicity in 

MIA PaCa-2 cells vs. H6c7 cells, i.e. normal cells were much more resistant to treatment (*, 

P < 0.01, Fig. 2A). The same sensitivity was observed in cells treated with MnT2EPyP (*, P 

< 0.01, Fig. 2B). Interestingly, when cells were treated with 500 nM gemcitabine alone, 

H6c7 cells were significantly more sensitive to treatment than MIA PaCa-2 cells at that dose 

(*, P < 0.01, Fig. 2A,B).

MnP + AscH− and Gemcitabine Increase DNA Damage

Ascorbate-induced cell death occurs via H2O2-mediated DNA damage and increased 

oxidative stress (3). It is hypothesized that this increase in DNA damage and reactive 

oxygen species triggers autophagy, a fusion of autophagosomes and lysosomes resulting in 

the formation of consumptive autophagolysosomes, followed by caspase-independent cell 

death (41, 42). Gemcitabine acts as a nucleoside analogue and chain terminator. It mediates 

its potent anti-tumor effect via p53 and PUMA in a transcription-dependent manner (43). 

We hypothesized that a combination of MnP + AscH− + gemcitabine, would induce DNA 

damage in tumor cells to a greater degree than either treatment alone. To visualize and 

quantitate DNA damage we performed immunohistochemistry for γH2AX. It has been well 

established as a marker for double-stranded DNA breaks (44).

MnP + AscH− and MnP + AscH− + gemcitabine-treated MIA PaCa-2 cells had significantly 

more γH2AX fluorescence present than cells treated with gemcitabine, MnP or Asc alone. 

Overall, there was an increase in green fluorescent puncta observed in cells treated with 

MnT4MPyP + AscH− or MnT4MPyP + AscH− + gemcitabine (Fig. 3A), and MnT2EPyP + 

AscH− or MnT2EPyP + AscH− + gemcitabine (Fig. 3C), indicating an increase in the 

amount of double stranded DNA breaks present. Indeed, when the fluorescence per area was 

quantified, MnT4MPyP + AscH− and MnT4MPyP + AscH− + gemcitabine showed 

significant increases in γH2AX fluorescence compared to control, gemcitabine, 

MnT4MPyP, and AscH− treated cells (P < 0.01, Fig. 3B), though no difference between 

MnT4MPyP + AscH− and MnT4MPyP + AscH− + gemcitabine was observed. There was 

also a clear visual increase in γH2AX fluorescence in cells treated with MnT2EPyP + 

AscH− and MnT2EPyP + AscH− + gemcitabine (Fig. 3C). When quantified, an increase in 

γH2AX fluorescence was observed in cells treated with MnT2EPyP + AscH− or MnT2EPyP 

+ AscH− + gemcitabine vs. control, gemcitabine and MnT2EPyP-treated cells, with only 

MnT2EPyP + AscH− treated cells showing significantly increased γH2AX fluorescence 
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compared to AscH− alone (P < 0.05, Fig. 3D). Again, there was no difference observed as 

the result of the addition of MnT2EPyP + AscH− to gemcitabine.

Taken collectively, these data indicate that MnPs + AscH− increase the amount of DNA 

damage observed when combined with gemcitabine, vs. gemcitabine therapy alone. 

However, while MnT2EPyP + AscH− + gemcitabine does significantly decrease clonogenic 

survival vs. MnT2EPyP + AscH− (Fig. 1), there is no difference in double stranded DNA 

breaks observed between MnT2EPyP + AscH− and MnT2EPyP + AscH− + gemcitabine. 

This observation can likely be explained by gemcitabine’s mechanism of transcriptional 

chain termination vs. AscH−-induced, H2O2-mediated double stranded DNA damage, which 

does not recruit γH2AX in the same way. This is supported by the fact that there were no 

differences in γH2AX fluorescence in gemcitabine-only treated cells vs. controls, whereas 

an increase in γH2AX fluorescence was observed with AscH− treatment.

To demonstrate H2O2 flux as the primary determinant of MnP + AscH− + gemcitabine-

induced cytotoxicity, γH2AX immunohistochemistry was repeated with both MnPs in the 

presence and absence of catalase (Fig. 3E). When treated with catalase, the green fluorescent 

puncta observed in MnT4MPyP + AscH− + gemcitabine and MnT2EPyP + AscH− + 

gemcitabine-treated cells were absent, which was confirmed by quantification of the 

fluorescence (P < 0.01, Fig. 3F).

MnP + AscH− Enhances Gemcitabine-Induced Pancreatic Cancer Cytotoxicity in vivo

To determine if the MnP and AscH− with gemcitabine would be effective in vivo, we treated 

mice with pre-established MIA PaCa-2 human pancreatic tumor xenografts. As it was 

unknown if the combination of MnT2EPyP (MnP) + AscH− + gemcitabine would be toxic to 

the mice, we created both a high and low dose MnT2EPyP + AscH− treatment group, with 

and without gemcitabine. Throughout the course of the experiment there were no significant 

changes in weight among the 6 treatment groups, and none of the animals had to be 

sacrificed for weight loss or cachexia.

MnP + AscH− + gemcitabine significantly inhibited tumor growth when high dose MnP was 

used, as compared to mice treated with saline (controls), gemcitabine alone (*, P < 0.01, Fig. 

4A), or the combination of “Low MnP + AscH−” (#, P < 0.01), Fig. 4A). Mice were 

sacrificed once tumors reached a volume of 1000 mm3 (a pre-determined endpoint that 

complies with requirements set by the Animal Care and Use Committee of The University 

of Iowa). Day-27 of the study was the first time point at which mice began to reach the 

tumor volume requiring sacrifice; analysis of tumor volume was performed at that time. On 

day 27, the control group had a mean tumor volume of 649 ± 88 mm3 whereas the 

gemcitabine group had a mean tumor volume of 525 ± 131 mm3. In mice treated with a 

combination of MnP + AscH−, mean tumor volumes were 520 ± 91 mm3 with “Low MnP + 

AscH−,” and 384 ± 94 mm3 with “High MnP + AscH−”. In mice treated with MnP + AscH− 

+ gemcitabine triple therapy, tumor growth was further inhibited with mean tumor volumes 

of 242 ± 40 mm3 and 108 ± 22 mm3, with “Low” and “High MnP,” respectively (means ± 

SEM). While a statistically significant inhibition of tumor growth can be demonstrated on 

day 27 of the experiment, no conclusions can be drawn about the duration of this inhibitory 

effect beyond day 27. We next examined the time for mice in the different treatment groups 
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to reach the experimental endpoint (tumor volume of 1000 mm3). Mice treated with “High 

MnP + AscH− + gemcitabine” had a significantly increased number of mice with tumors 

smaller than 1000 mm3 vs. control mice (*, P < 0.01), Fig. 4B), with 71% at day 69 vs. 33% 

of control mice, 12.5% of gemcitabine only mice, 25% of “Low MnP + AscH−” mice, 33% 

of “High MnP + AscH−” mice, and 37.5% of “Low MnP + AscH− + gemcitabine” animals.

In order to determine the effect of treatment on [Asc• −], a direct correlate for the rate of 

AscH− oxidation and rate of H2O2 production (and therefore the potential for cancer cell 

cytotoxicity), we also obtained whole blood from separate groups of mice treated with the 

compounds used above. As expected, Asc• − was below the limit of detection in whole blood 

drawn from mice treated with saline (Fig. 4C); when MnT2EPyP (0.2 mg/kg) was 

administered subcutaneously, EPR detectable Asc• − in the blood was increased from 

undetectable to 34 ± 2 nmol/L. Following intraperitoneal administration of AscH− (4 g/kg), 

EPR detectable Asc• − further increased to 99 ± 11 nmol/L. In mice treated with MnT2EPyP 

and AscH−, Asc• − in the blood significantly increased to 239 ± 17 nmol/L. Finally, in mice 

treated with MnT2EPyP + AscH− + gemcitabine (60 mg/kg i.p. q 4 days) triple therapy, 

Asc• − in the blood was increased to 160 ± 35 nmol/L. Therefore, while MnT2EPyP + 

AscH− + gemcitabine significantly increased [Asc• −] vs. control (P < 0.01) and MnT2EPyP-

treated mice (P < 0.05), there was no difference in [Asc• −] when compared to MnT2EPyP + 

AscH−-treated mice. These data are consistent with γH2AX immunohistochemistry findings 

in vitro (Fig. 3). As [Asc• −] increases, H2O2 flux increases, leading to increased double 

stranded DNA breaks from increased oxidative stress, as seen with the γH2AX fluorescence.

Combination MnP + AscH− and Gemcitabine Does Not Alter Systemic Oxidative Stress

To assess systemic oxidative stress in vivo, immunoreactive 4-hydroxy-2-nonenal-(4HNE) 

modified protein levels were analyzed in the hearts, livers and kidneys of mice treated with 

MnT2EPyP, AscH−, MnT2EPyP + AscH−, or MnT2EPyP + AscH− + gemcitabine. A 

representative dot blot analysis of heart homogenates harvested from mice treated for 5 

consecutive days (as described above), is shown in Fig. 5A. Similar dot blots were also 

performed for liver and kidney homogenates. Quantification of the integrated density of 

each blot revealed no differences in 4HNE-modified protein in the heart, liver, or kidneys of 

mice treated with MnT2EPyP + AscH− + gemcitabine vs. controls (Fig. 5B). These data 

support the hypothesis that a combination of MnT2EPyP + AscH− + gemcitabine can 

effectively increase tumor specific cytotoxicity without causing increased systemic oxidative 

damage via lipid peroxidation in normal tissues or end organs.

We hypothesize that the selectivity of AscH−-induced cytotoxicity to tumor vs. normal tissue 

is in part due to the ability of erythrocytes to act as a sink for Asc• − and H2O2 in the 

systemic circulation (23–26). Thus, due to abundant and robust catabolic pathways present 

in red blood cells (RBC) relative to the extracellular fluid, peroxide buildup in the blood and 

delivery to healthy tissues is minimized. To investigate the effect of MnP + AscH− therapy 

on hematologic cells, mice were treated as described above before blood was harvested for 

complete blood counts (CBC) and differential analysis. Examination of the CBCs did not 

reveal significant differences in RBC or WBC counts, leukocyte or lymphocyte percentages, 

or hemoglobin concentration (Fig. 6A). Indeed, the only abnormality noted was a 
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hemoconcentration effect observed in mice receiving AscH− alone or AscH− in combination 

with MnT2EPyP (hematocrit, P < 0.05, Fig. 6A). Though not significant, hemoglobin 

concentrations also trended toward increasing after a treatment that included AscH−. This 

can be explained by the large hyperosmolar load that results from the administration of 

pharmacological ascorbate.

To investigate the effect of treatment on the reducing capacity of erythrocytes, the 

intracellular glutathione concentration was measured in RBCs harvested from mice 

following 5 days of treatment. Erythrocyte glutathione (GSH) represents the largest 

antioxidant pool in the body, and is likely responsible for the consumption of excess Asc• − 

and H2O2 produced after the administration of AscH−. Interestingly, intracellular [GSH] was 

significantly lower in all treatment groups vs. controls (*, P < 0.01, #, P < 0.05, Fig. 6B) 

indicating an overall global consumption of glutathione in RBCs after introduction of a pro-

oxidant agent. This was most surprising in the case of MnT2EPyP, as this compound alone 

had little to no effect on [Asc• −] (Fig. 4C), γH2AX fluorescence (Fig. 3A,B), or clonogenic 

survival (data not shown) when administered alone. However, these data and the high 

capacity of RBCs to remove extracellular H2O2 (kcell = 2.9 × 10−12 s−1 cell−1 L (36)) 

support the hypothesis that erythrocytes may act as a systemic buffer to H2O2 and oxidative 

stress. Furthermore, when considered in combination with 4HNE-modified protein analysis 

(Fig. 5), these data suggest that the “erythrocyte sink” may be robust enough to prevent 

systemic oxidative damage from treatment with MnP + AscH− + gemcitabine triple therapy.

DISCUSSION

Pharmacologic ascorbate induces cytotoxicity selectively in pancreatic cancer cells in vitro 

and in vivo and has been determined as safe and well-tolerated in clinical trials (1, 2, 10, 13, 

41, 45). Millimolar plasma concentrations of AscH− and the presence of catalytic metal ions 

are keys for promoting the pro-oxidative effects of AscH− in the extracellular fluid, where 

ascorbate acts as a pro-drug for the generation of H2O2. High levels of AscH− can also 

increase the level of labile iron in tumors (46). Increased oxidation of AscH− results in a 

higher flux of H2O2, ultimately resulting in greater tumor toxicity. Alternatively, hindering 

the removal of H2O2 by the peroxide-removal system can also increase tumor cytotoxicity 

(47). Therefore, agents that either enhance the oxidation rate of AscH− or inhibit the 

removal of H2O2 (thereby increasing steady-state levels of H2O2 in tumor tissue) are 

desirable for increased efficacy in ascorbate-based therapeutic strategies.

Manganoporphyrins are redox active catalysts, have been studied extensively in vitro and in 

vivo, and are well suited for this purpose (27, 48–50). Gemcitabine, adjuvant chemotherapy 

for advanced pancreatic cancer, has previously been shown to act synergistically with 

pharmacological ascorbate (11). Because MnPs and gemcitabine each individually synergize 

with pharmacologic ascorbate, we reasoned that a triple therapy combination of MnP + 

AscH− + gemcitabine would further enhance pancreatic cancer cytotoxicity. Indeed, we have 

demonstrated that MnPs and ascorbate work synergistically with gemcitabine to enhance 

cytotoxicity vs. MnP + AscH− alone in pancreatic cancer in vitro, and in vivo. The cytotoxic 

mechanism of action of ascorbate promoting H2O2 flux and double-stranded DNA breaks 

was demonstrated using catalase rescue of clonogenic plating efficiency and γH2AX 
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immunohistochemistry. However, the synergism of MnP + AscH− + gemcitabine does not 

seem to result from an increase in the oxidation rate of AscH− alone, as the OCR and 

[Asc• −] resulting from the addition of gemcitabine was not significantly different from MnP 

+ AscH− without gemcitabine. Intuitively, this is not unexpected, as gemcitabine is a known 

nucleoside analogue and does not affect the rate of AscH− oxidation or H2O2 production 

itself. We therefore propose that the enhanced cytotoxicity observed with MnP + AscH− + 

gemcitabine triple therapy is the result of two independent biological insults imparted upon 

tumor cells: increased oxidative damage from H2O2 and reactive oxygen species as a result 

of MnP-promoted AscH− oxidation and the inhibition of DNA synthesis and cancer 

proliferation as a result of the chain terminating effects of gemcitabine.

Our laboratory has previously demonstrated that MnPs enhance AscH−-induced cytotoxicity 

in pancreatic cancer both in vitro and in vivo in a synergistic manner (30). We concluded 

that the combination of MnPs and AscH− may be effective as a cancer therapy. In this new 

study, we present an extension of those results by demonstrating the potential efficacy of a 

clinically relevant chemotherapeutic regimen by combining MnPs, AscH− and gemcitabine 

to achieve enhanced cytotoxicity in pancreatic cancer in vitro, and in vivo. (28–30). Of note, 

in our previously published paper (30), the MnP + AscH− treatment was more effective at 

inhibiting tumor growth than observed in the current study (Fig. 4A). This may be explained 

by the fact that in our current experiment, mice were treated with MnT2EPyP and in our 

previous study the mice were treated with MnT4MPyP. The MnT4MPyP compound 

generates H2O2 at a faster rate (the slope of O2 consumption is much steeper in vitro (Fig. 

S1)). Therefore, this may translate into a greater effect in vivo as MnT4MPyP produces a 

greater flux of H2O2 per cell which is the determining factor in MnP + AscH− induced 

cytotoxicity.

In the current study, we have demonstrated the selectivity of MnP + AscH− + gemcitabine 

therapy to cancer cells by demonstrating the resistance of normal tissues using immortalized 

pancreatic ductal epithelial cells in clonogenic survival assays, as well as the absence of 

increased systemic oxidative stress in vivo using 4HNE modified protein analysis. 

Additionally, there was no revealed immunosuppression or anemia in treatment groups, 

though erythrocyte levels of glutathione were decreased in all treatments compared to 

control mice. Collectively, these data suggest that while an overall increase in tumor 

oxidative stress may result from treatment, the ability of the blood to remove excess H2O2 

and buffer the oxidative insult prevents damage to normal tissues.

Whereas these results are promising, it must be remembered that the use of mouse 

xenografts for in vivo analysis of antitumor therapy is an imperfect model. For one, tumor 

microenvironment and stromal elements play an essential role in in tumor genetic and 

epigenetic changes, metastatic transformation, and response to therapy in pancreatic cancer 

(51). Certainly, the tumor environment of a pancreatic tumor xenograft in the mouse hind 

limb does not fully reflect tumor behavior in the pancreas. This can be addressed through the 

development of orthotopic models for pancreatic cancer, though these are not without their 

own difficulties - including cost, specialized skill required for tumor engraftment, and tumor 

growth monitoring. Therefore, though the data presented in this paper are encouraging, 
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further studies are necessary to determine the efficacy of MnP, AscH−, and gemcitabine 

therapy and ultimately human trials will be required.

In summary, combination MnP, AscH−, and gemcitabine may provide an enhanced 

cytotoxic therapy for the treatment of pancreatic cancer and occurs without causing an 

increase in systemic oxidative stress. Furthermore, MnPs, and AscH− + gemcitabine have 

independently been deemed safe in clinical trials. Therefore, we conclude that there is a 

promising role for the use of MnPs in combination with pharmacologic AscH− and standard 

of care chemotherapeutics in the treatment of pancreatic cancer, and phase I clinical trials of 

this triple therapy are justified.
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Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Manganoporphyrins act synergistically with ascorbate to increase hydrogen 

peroxide flux

• Combination gemcitabine, MnPs, AscH− increases cytotoxicity in vitro

• Combination gemcitabine, MnPs, AscH− inhibits pancreatic cancer growth in 

vivo

• Double stranded DNA breaks are increased with MnP, AscH−, and gemcitabine 

therapy

• Triple therapy does not increase systemic oxidative stress in vivo
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Figure 1. MnP-catalyzed ascorbate oxidation enhances gemcitabine-induced cytotoxicity
(A). Addition of MnT4MPyP (MnT4, 0.25 μM) and AscH− (0.25 mM) significantly 

enhances gemcitabine cytotoxicity, decreasing clonogenic survival in MIA PaCa-2 cells (*, 

P < 0.01 vs. the equivalent dose of gemcitabine (Gem) alone, and P < 0.01 vs. the equivalent 

dose of MnT4 + AscH− without Gem). MnT4MPyP (0.25 μM) and AscH− (0.25 mM) 

without Gem also significantly decreases clonogenic survival (#, P < 0.01 vs. Control); n = 

3. Approximate H2O2 flux per cell under these conditions is 100 amol cell−1 s−1 for controls 

and gem (50 and 500 nM), and 490 amol cell−1 s−1 for Gem + MnT4 (0.25 μM) + AscH− 

(0.25 mM) at 0, 50 and 500 nM Gem.

(B) Addition of MnT2EPyP (MnT2, 0.1 μM) and AscH− (0.1 mM) significantly enhances 

Gem cytotoxicity in MIA PaCa-2 cells (*, P < 0.01 vs. the equivalent dose of Gem alone, 

and P < 0.01 vs. the equivalent dose of MnT2 + AscH− without Gem). MnT2EPyP (0.1 μM) 

and AscH− (0.1 mM) without Gem also significantly decreases clonogenic survival (#, P < 

0.01 vs. Control); n = 3. Increasing the amount of MnT2 (0.25 μM) and AscH− (0.25 mM) 

completely eliminates all clonogenic survival at both 50 and 500 nM Gem (*, P < 0.01 vs. 

the equivalent dose of Gem alone, and P < 0.01 vs. the equivalent dose of MnT2 + AscH− 

without Gem). Again, MnT2EPyP (0.25 μM) and AscH− (0.25 mM) without Gem also 

significantly decreases clonogenic survival (#, P < 0.01 vs. Control); n = 3. Approximate 

H2O2 flux per cell under these conditions is 70 amol cell−1 s−1 for controls and Gem (50 and 

500 nM), and 450 amol cell−1 s−1 for Gem + MnT2 (0.25 μM) + AscH− (0.25 mM) at 0, 50 

and 500 nM Gem.
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(C) The addition of MnT4 (0.25 μM) and AscH− (0.25 mM) significantly enhances Gem 

cytotoxicity in PANC-1 cells (*, P < 0.01 vs. the equivalent dose of Gem alone). MnT4 

(0.25 μM) and AscH− (0.25 mM) without Gem also significantly reduces clonogenic 

survival (#, P < 0.01 vs. Control); n = 3. Approximate H2O2 flux per cell under these 

conditions is 150 amol cell−1 s−1 for controls and Gem (50 and 500 nM), and 670 amol 

cell−1 s−1 for Gem + MnT4 (0.25 μM) + AscH− (0.25 mM) at 0, 50 and 500 nM Gem.

(D) The addition of MnT2 (0.25 μM) and AscH− (0.25 mM) enhances Gem cytotoxicity in 

AsPC-1 cells (*, P < 0.01 vs. the equivalent dose of Gem alone, and P < 0.01 vs. the 

equivalent dose of MnT2 + AscH− without Gem). MnT2EPyP (0.25 μM) and AscH− (0.25 

mM) without Gem also significantly decreases clonogenic survival (#, P < 0.01 vs. Control); 

n = 3. Approximate H2O2 flux per cell under these conditions is 85 amol cell−1 s−1 for 

controls and Gem (50 and 500 nM), and 550 amol cell−1 s−1 for Gem + MnT2 (0.25 μM) + 

AscH− (0.25 mM) at 0, 50 and 500 nM Gem.

(E) H2O2 mediates MnP + AscH−-enhanced gemcitabine cytotoxicity. Clonogenic survival 

assay demonstrates that catalase completely rescued any decrease in clonogenic survival for 

all treatment conditions (*, P < 0.01); n = 3.
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Figure 2. MnP + AscH−-enhanced gemcitabine cytotoxicity selectively targets pancreatic cancer 
cells
(A) When cells were treated with MnT4MPyP (MnT4, 0.25 μM) + AscH− (0.25 mM), with 

or without gemcitabine (Gem, 50 and 500 nM), clonogenic survival was significantly 

reduced in MIA PaCa-2 cells vs. H6c7 cells (*, P < 0.01); n = 3. For MIA PaCa-2 cells, the 

approximate H2O2 flux per cell under these conditions is 99 amol cell−1 s−1 for controls and 

Gem (50 and 500 nM), and 489 amol cell−1 s−1 for Gem + MnT4 (0.25 μM) + AscH− (0.25 

mM) at 0, 50 and 500 nM Gem. For H6c7 cells, the approximate H2O2 flux per cell under 

these conditions is 90 amol cell−1 s−1 for controls and Gem (50 and 500 nM), and 460 amol 

cell−1 s−1 for Gem + MnT4 (0.25 μM) + AscH− (0.25 mM) at 0, 50 and 500 nM Gem.

(B) When cells were treated with MnT2EPyP (MnT2, 0.25 μM) + AscH− (0.25 mM), with 

or without Gem (50 and 500 nM), clonogenic survival was again significantly reduced in 

MIA PaCa-2 cells vs. H6c7 cells (*, P < 0.01); n = 3. In both experiments, H6c7 cells were 

significantly more sensitive to Gem (500 nM) than MIA PaCa-2 cells (*, P < 0.01). For MIA 

PaCa-2 cells, the approximate H2O2 flux per cell under these conditions is 69 amol cell−1 

s−1 for controls and Gem (50 and 500 nM), and 450 amol cell−1 s−1 for Gem + MnT2 (0.25 

μM) + AscH− (0.25 mM) at 0, 50 and 500 nM Gem. For H6c7 cells, the approximate H2O2 

flux per cell under these conditions is 65 amol cell−1 s−1 for controls and Gem (50 and 500 

nM), and 420 amol cell−1 s−1 for Gem + MnT2 (0.25 μM) + AscH− (0.25 mM) at 0, 50 and 

500 nM Gem.
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Figure 3. γH2AX immunohistochemistry reveals increased DNA damage following treatment 
with MnP + AscH− and gemcitabine
(A) In MIA PaCa-2 cells, MnT4 + AscH− and MnT4 + AscH− + Gem demonstrated 

increased γH2AX fluorescence. Blue fluorescence = DAPI nuclear staining. Green 

fluorescence = γH2AX protein.

(B) Quantification of fluorescence per area in images in Figure 3A. MnT4 + AscH− and 

MnT4 + AscH− + Gem showed significant increases in γH2AX fluorescence compared to 

control, Gem, MnT4, and AscH− treated cells (P < 0.01). No difference between MnT4 + 

AscH− and MnT4 + AscH− + Gem was observed.

(C) There is an increase in γH2AX fluorescence in MIA PaCa-2 cells treated with MnT2 + 

AscH− and MnT2 + AscH− + Gem.

(D) Quantification of fluorescence per area in images in Figure 3C. An increase in γH2AX 

fluorescence was observed in cells treated with MnT2 + AscH− and MnT2 + AscH− + Gem 

vs. control, Gem and MnT2-treated cells (P < 0.05). There was no difference observed as the 

result of the addition of MnT2 + AscH− to Gem.

(E) γ-H2AX immunohistochemistry on MIA PaCa-2 cells demonstrates increased γH2AX 

fluorescence following combination treatments, which was reversed by catalase 

pretreatment.
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(F) Quantification of fluorescence per area in images in Figure 3E. When treated with 

catalase, γH2AX fluorescence observed in MnT4 + AscH− + Gem and MnT2 + AscH− + 

Gem-treated cells is absent (P < 0.01).
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Figure 4. MnP + AscH− enhances gemcitabine-induced cytotoxicity in vivo
(A) Linear mixed effects regression models were used to estimate and compare group 

specific tumor growth curves from MIA PaCa-2 tumor xenografts in 30 day old athymic 

nude mice. Tumor growth was significantly inhibited in mice treated with high dose MnP + 

AscH− + Gem vs. control mice, mice treated with Gem alone (*, P < 0.01) and mice treated 

with the combination of “Low MnP + AscH−” (#, P < 0.01). Furthermore, tumor growth was 

significantly inhibited in mice treated with low dose MnP + AscH− + Gem vs. control mice 

and mice treated with the combination of “Low MnP + AscH−” (#, P < 0.01). Controls, n = 

12; Gemcitabine, n = 8; Low MnP + AscH−, n = 8; High MnP + AscH−, n = 8; Low MnP + 

AscH− + Gem, n = 8; High MnP + AscH− + Gem, n = 8.

(B) Kaplan-Meier style plots demonstrating the fraction of mice remaining in each treatment 

group with tumors smaller than 1000 mm3 as function of time. The log-rank test was used 

for pairwise treatment group comparisons and demonstrated a significant increase in the 

fraction of mice with tumors smaller than 1000 mm3 at day 69 in the group receiving high 

dose MnP + AscH− + Gem vs. control mice (*, P < 0.01).

(C) In separate groups of athymic nude mice that were treated for 5 days, whole blood was 

collected after a fatal dose of ketamine, 1 hour after the final intraperitoneal dose, and was 

used to obtain EPR spectra. In control mice, [Asc• −] is below the limit of detection (< 10 

nM). [Asc• −]ss increases to 34 nmol/L upon treatment with MnT2 (0.2 mg/kg i.p.). After 

injection of pharmacologic AscH− (4 g/kg i.p.), [Asc• −]ss increased to 99 nmol/L. 

Combining both MnT2 and AscH− increased [Asc• −]ss to 239 nmol/L. (P < 0.01 vs. control, 
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AscH−, and MnT2). When MnT2 and AscH− were combined with gemcitabine, [Asc• −]ss 

was 160 nmol/L (P < 0.01 vs. control, P < 0.05 vs. MnT2); n = 3 mice for each 

determination.
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Figure 5. MnP + AscH− and gemcitabine does not alter systemic levels of 4HNE-modified 
proteins in vivo
(A) Representative 4HNE dot blot. Purified bovine serum albumin (BSA) was reacted with 

excess purified 4-HNE to create a positively labeled protein control seen in the upper panel. 

Negative control is unreacted purified BSA. Blot for 4-HNE modified proteins in cardiac 

muscle showed no changes in immunoreactive protein after any of the treatments when 

compared to controls.

(B) Quantification of dot blots for 4-HNE modified proteins in mouse heart, liver and kidney 

homogenates demonstrated no difference in immuno-reactive protein after any of the 

treatments when compared to controls; n = 3.
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Figure 6. Effects of combination MnP + AscH− and gemcitabine on circulating hematologic cells
(A) Complete blood counts and differential in control mice and those treated with AscH−, 

MnT2, and AscH− + MnT2. Hematocrit (Hct) was increased in mice treated with ascorbate 

(P < 0.05 vs. controls), there were no significant changes in all other measures compared to 

controls; n = 3.

(B) Total erythrocyte glutathione (tGSH) constitutes the largest redox buffer pool. Blood 

was collected from separate groups of mice after treatments and assayed for the intracellular 

concentration of GSH in RBCs. All treatments resulted in decreased tGSH vs. controls (P < 

0.01 for MnT2 and AscH− + MnT2; P < 0.05 for AscH− and gem + MnT2 + AscH−); n = 3.
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