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Simple Summary: Tumor hypoxia is a state of low oxygen tension typically occurring in most solid
tumors because the oxygen supply does not meet the metabolic demand of the tissue. Hypoxia has
been associated with increased resistance to anti-cancer therapy for decades. Reducing oxygen de-
mand with therapeutic targeting of mitochondrial oxidative metabolism can mitigate tumor hypoxia.
Here we show that pharmacological regulation of mitochondrial metabolism has a direct impact on
the levels of tumor hypoxia in murine tumor models and spontaneous canine soft tissue sarcomas.

Abstract: Background: Hypoxia is found in many solid tumors and is associated with increased dis-
ease aggressiveness and resistance to therapy. Reducing oxygen demand by targeting mitochondrial
oxidative metabolism is an emerging concept in translational cancer research aimed at reducing hy-
poxia. We have shown that the U.S. Food and Drug Administration (FDA)-approved drug papaverine
and its novel derivative SMV-32 are potent mitochondrial complex I inhibitors. Methods: We used a
dynamic in vivo luciferase reporter system, pODD-Luc, to evaluate the impact of pharmacological
manipulation of mitochondrial metabolism on the levels of tumor hypoxia in transplanted mouse
tumors. We also imaged canine patients with blood oxygen level-dependent (BOLD) MRI at baseline
and one hour after a dose of 1 or 2 mg/kg papaverine. Results: We showed that the pharmacological
suppression of mitochondrial oxygen consumption (OCR) in tumor-bearing mice increases tumor
oxygenation, while the stimulation of mitochondrial OCR decreases tumor oxygenation. In parallel
experiments in a small series of spontaneous canine sarcomas treated at The Ohio State University
(OSU) Veterinary Medical Center, we observed a significant increase in BOLD signals indicative of an
increase in tumor oxygenation of up to 10–50 mm HgO2. Conclusion: In both transplanted murine
tumors and spontaneous canine tumors we found that decreasing mitochondrial metabolism can
decrease tumor hypoxia, potentially offering a therapeutic advantage.

Keywords: tumor microenvironment; hypoxia; mitochondria; resistance; papaverine; metabolism

1. Introduction

Tumor hypoxia is highly heterogenous and is a function of local oxygen supply and
demand within the solid tumor. Hypoxia typically arises through one of two mechanisms.
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The first is known as diffusion-limited (or chronic) hypoxia, where oxygen diffuses from a
blood vessel and is consumed as it passes through cells, dropping in amount the farther
it goes and typically reaching stressful levels at 100–150 µm, as originally suggested
in [1]. The second mechanism is known as perfusion-limited (or acute) hypoxia, and is
caused by inhomogeneity in red blood cell flux through chaotic tumor blood vessels [2,3].
Cellular adaptive response to hypoxia is orchestrated by multiple mechanisms, with the
transcription factor hypoxia-inducible factor 1 (HIF-1) playing an important role [4]. The
HIF1α subunit is regulated at the protein level by oxygen tension [5]. In well-oxygenated
conditions, HIF1α is hydroxylated by prolyl hydroxylases on proline residues 402 and 564.
These modified residues are recognized by the von Hippel-Lindau (pVHL) E3 ubiquitin
ligase, and HIF1α is marked with polyubiquitin for proteasomal degradation [6]. Because
the prolyl hydroxylases use molecular oxygen as a substrate, when oxygen is low, HIF1α is
not modified, and the protein becomes stabilized [7]. Several downstream HIF1 target genes
function to bring the oxygen supply and demand back in balance, in part by suppressing
mitochondrial oxidative metabolism and upregulating the glycolytic flux [8,9]. These
complex changes in cancer cell biology promote tumor heterogeneity and are associated
with poor clinical prognosis, more aggressive tumor phenotypes, and increased resistance
to anti-cancer therapy [10–13].

Pharmacological manipulation of oxygen demand is an emerging concept in the
decades-long (and so far, unfruitful) quest to reduce tumor hypoxia and sensitize tumors
to anti-cancer therapy. Mitochondrial oxygen consumption (OCR) constitutes approxi-
mately 90% of cellular oxygen demand in oxidative phosphorylation (OXPHOS). This
process couples carbon source oxidation with ATP generation in a series of redox reactions
transferring electrons from reduced cofactors to molecular oxygen [14]. The electrons are
passed through four mitochondrial electron transport chain complexes (I–IV) to oxygen
while generating an electrochemical gradient that fuels ATP generation via F0F1 ATP
synthase [15]. Mechanistically, a decrease in mitochondrial oxygen consumption would
increase the distance of oxygen diffusion within the tumor, allowing chronically hypoxic
areas to become re-oxygenated. This principle has been explored in several preclinical
strategies supporting the model that mitochondrial OCR has a causal relationship with the
levels of tumor hypoxia [16–20].

In this study, we present data showing that biochemical manipulation of mitochon-
drial OCR modulates the expression of thepODD-Luc transgene in tumors grown in mice.
In vitro, cells expressing pODD-Luc showed increased luciferase signals when cultured in
hypoxia or with hypoxia mimetics. We also show that mice bearing tumors with pODD-
Luc expression had significantly lower level of hypoxic luciferase activity when breathing
carbogen (95% O2, 5% CO2) instead of room air. We further found that strategies that either
stabilize HIF1α or stimulate mitochondrial OCR increase pODD-Luc signals, while sup-
pression of OCR decreases pODD-Luc signals. We have previously shown that papaverine,
a U.S. Food and Drug Administration (FDA)-approved vasorelaxant with mitochondrial
complex I inhibitor activity, effectively reduces hypoxic tumor fractions in vivo [19]. Here
we show that its novel papaverine derivative SMV-32, that acts as complex I inhibitor
with reduced PDE10A effect, mediates superior OCR inhibition in both orthotopic and
heterotopic mouse tumor models. We extended these murine findings in an initial cohort
of spontaneous canine soft tissue sarcoma (STS). Patients being treated for spontaneously
arising STS at The Ohio State University (OSU) Veterinary Medical Center were recruited
to participate in a National Cancer Institute (NCI)-funded test of papaverine as an effective
anti-hypoxia agent. We determined changes in blood oxygen level-dependent (BOLD)
MRI imaging parameters [21] in these tumors after a single intravenous (I.V.) dose of
1 or 2 mg/kg papaverine. BOLD MRI detects the paramagnetic differences in oxy- versus
deoxyhemoglobin [22]. Initial analysis indicated that a fraction of tumors showed signifi-
cant increases in tumor oxygenation. These findings further establish the direct impact of
OCR manipulation on biologically significant tumor hypoxia and support the model that
mitochondrial metabolism can drive tumor oxygenation in a potentially therapeutic setting.
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2. Materials and Methods
2.1. Construction, Tumor Growth, and Visualization of pODD-Luc-Expressing Cells

HeLa (cervical cancer, RRID: CVCL_0030) and MiaPaca-2 (MP2) (pancreatic ductal
adenocarcinoma, PDAC, RRID: CVCL_0428) cancer cell lines were obtained from American
Type Culture Collection (ATCC, Manassas, VA, USA). Stable HeLa pODD and MP2 pODD
cell lines were generated by direct transfection with pLenti-pODD-Puro vector generated
by subcloning the pODD-Luc cassette from pODD-luciferase-pcDNA3 vector (Addgene
#18965, Watertown, MA, USA) into bicistronic pLenti-C-Myc-DDK-IRES-Puro Lentiviral
Gene Expression Vector (Origene #PS100069, Rockville, MD, USA). Briefly, the pODD-Luc
cassette was amplified using following primers adding AscI and PmeI restriction sites:

ODD-luciferase-AscI-F ATATAggcgcgccgaattcgccaccatggaatt
ODD-luciferase-PmeI-R ATATAgtttaaacattacacggcgatctttccg

The PCR-amplified cassette was then digested with AscI and PmeI restriction enzymes
and ligated into pLenti-C-Myc-DDK-IRES-Puro. The correct orientation and sequence were
confirmed by Sanger DNA sequencing. HeLa pODD and MP2 pODD transfectants were
selected with 2 µg/mL puromycin for 2 weeks. Stable MP2 cells constitutively express-
ing luciferase reporter gene under cytomegalovirus (CMV) promoter (MP2 CMV) were
generated by lentiviral transduction of MP2 cells with pLenti-CMV-Puro-Luc lentiviral
vector (Addgene#17477) with 2 µg/mL puromycin selection for 2 weeks. Cells were grown
in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 25 mM D-glucose, 4 mM
glutamine, and 44 mM sodium bicarbonate in 5% CO2, if not stated otherwise. The cells
were exposed to hypoxia (1% O2) in the H35 Hypoxic Workstation (Hypoxygen) with
5% CO2 at 37 ◦C. In some experiments we used the hypoxia mimetic dimethyloxalyg-
lycine (DMOG), as described. Cell counts and cellular proliferation were established using
hemocytometer to determine the cell number and trypan blue exclusion assay to establish
the fraction of viable/dead cells. All human cell lines were authenticated using short
tandem repeat (STR) profiling within the past 3 years. All experiments were performed
with mycoplasma-free cells.

2.2. Orthotopic Pancreatic Xenografts

MP2 PDAC cells (1 × 106) or the indicated derivates were implanted in immune-
deficient athymic nu/nu mice following Institutional Animal Care and Use Committee
(IACUC)-approved protocols. Briefly, an incision was placed in the right flank of anes-
thetized animals, and the spleen and pancreas were liberated. Cells were mixed 1:1 with Ma-
trigel and implanted in the tail of the pancreas in 10 µL. Incisions were sutured in 2 layers,
and the animals were given long-lasting analgesics and allowed to recover from anesthesia.
Mice were returned to housing for post-operative care and monitored daily for 4 days.
Animals were subsequently checked weekly by palpation to determine tumor growth.

2.3. Western Blotting

Proteins were extracted with 1% v/v Triton X-100, 0.5% w/v NP-40, 150 mM NaCl, and
50 mM Tris (pH 7.5), quantified using the BCA Kit (Thermo Scientific, Waltham, MA, USA),
and separated on 10% SDS-PAGE under reducing conditions. Proteins of interest were
detected using antibodies against firefly luciferase (Abcam, Cambridge, MA, USA) and
β-actin (Santa Cruz Biotech, Dallas, TX, USA). All replicates of the individual experiments
were analyzed from the respective run with appropriate loading controls.

2.4. In Vitro Luciferase Assay

Proteins were extracted using Luciferase Assay Lysis Buffer (125 mM Tris-HCl, pH 7.5,
10 mM dithiothreitol (DTT), 10 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-
tetraacetic acid (EGTA), 50% glycerol, 5% Triton X-100); 200 µL/sample were transferred
to a 96-well plate and D-luciferin was added to the final concentration of 150 µg/mL
immediately before the assay. Bioluminescence was measured on a Synergy H1 Hybrid
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Plate Reader (Biotek, Winooski, VT, USA) after a 10-min incubation period (10 s/sample,
gain = 150) in triplicates.

2.5. In Vivo Bioluminescent Imaging

All animal experiments were performed according to protocols approved by the
OSU institutional IACUC review (protocol #201200000124-R2), with daily veterinarian
observation. For heterotopic flank tumor experiments, 1 × 106 HeLa pODD or 5 × 106

MP2 cells were injected subcutaneously (s.c.) into the flanks of 6-week-old female (HeLa
pODD) or male (MP2 pODD or MP2 CMV) immunocompromised athymic nu/nu mice.
Replicate experiments with groups of 4–6 mice were used for statistical reproducibility.
Caliper measurements of opposing diameters were used to calculate the tumor volumes
using the modified ellipsoidal formula: tumor volume = 1

2 (length × width2) [23]. Upon
reaching 100 mm3, the animals were given 100 mg/kg D-luciferin intraperitoneally, and
bioluminescence images were captured using the In Vivo Imaging System (IVIS) Lumina
II (Perkin Elmer Inc., Waltham, MA, USA). Mice were anesthetized with 1.5% isoflurane,
and bioluminescence was measured every 2 min for a period of 25 min to identify the peak
response of each mouse to D-luciferin. Bioluminescent data were analyzed using Living
Image software (Perkin Elmer Inc.) and calculated as photon flux/s. Obtained individual
photon flux peak values were then normalized to baseline for each mouse and averaged per
group. Gas inhalation experiments were performed by switching medical air and carbogen
gas sources for the IVIS anesthesia vaporizer. Initial baselines were established in medical
air under anesthesia, and then the mice were subjected to 30 min of either medical air or
carbogen rebreathing in an air-tight chamber while awake. After 30 min, photon flux was
established in respective gas sources as a carrier for isoflurane anesthesia.

2.6. BOLD MRI Analysis of Canine Tumors

Canine patients with primary sarcomas were enrolled in a trial to evaluate the effects
of papaverine delivered at a dose of 1 or 2 mg/kg using blood oxygen level-dependent
(BOLD) magnetic resonance imaging (MRI). Dogs were anesthetized with isoflurane in
medical air to effect on the bed of a Philips Ingenia 3.0T MR scanner. They were first
imaged with T1- (TR: 700 ms, TE: 9 ms, resolution 0.3 × 0.3 × 3 mm) and T2-weighted (TR:
3000 ms, TE: 80 ms, resolution 0.4 × 0.4 × 3 mm) scans in transaxial, coronal, and sagittal
orientations to acquire data covering the extent of the tumor. BOLD data were acquired
as a series of 60 repeats of a volumetric echo-planar T2-weighted sequence (TR: 3000 ms,
TE: 35 ms, resolution 1.6 × 1.6 × 4 mm) collected over a period of 3 min. In addition,
a single-slice fast field echo (FFE) sequence (resolution 0.5 × 0.5 × 4 mm) was used to
acquire 8 images at echo times from 5 to 75 ms, allowing fitting of pixel T2* values. After
these acquisitions, papaverine was delivered intravenously and the BOLD and FFE data
were acquired again 1 h post-administration. All data were analyzed using the RT_Image
software package. BOLD data were registered using an affine transformation, and the
percent signal change was calculated on a per-pixel basis. T2* values were fit on a pixel-
by-pixel basis using a Levenberg–Marquardt least squares fit to a monoexponential decay
function. A three-dimensional region-of-interest spanning the tumor was defined on the
basis of the T2-weighted images and was used to calculate the median change in BOLD
signal intensity and T2* over the tumor, as well as the fraction of the tumor that exhibited
BOLD signal changes greater than 1, 2, 5, and 10% and that exhibited T2* increases of 1, 2,
5, and 10 ms.

2.7. Statistics

Data are presented as mean values ± standard deviation. Student’s t-test was used for
calculation of significance in differences for pairwise comparisons. In the figures shown, a
significance level of p ≤ 0.05 is marked with *, p ≤ 0.01 with **, and p ≤ 0.001 with ***.
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3. Results
3.1. PODD-Luc Signal Increases under Hypoxia In Vitro and In Vivo

The pODD-Luc reporter system has previously been used to monitor levels of hypoxia
in vitro and in vivo, as was first reported by the Kaelin group [24]. This reporter is a fusion
protein connecting the oxygen-dependent degradation domain (ODD) of the HIF1α protein
fused to the firefly luciferase reporter. The ODD confers oxygen lability on the luciferase
enzyme, which can be stabilized in hypoxia, similarly to the HIF1α protein. We subcloned
the original chimeric gene into a bicistronic vector with a puromycin resistance cassette
to generate pODD-Luc-Puro. This transgene was introduced into HeLa cervical (HeLa
pODD) and MiaPaca-2 pancreatic (MP2 pODD) cancer cell lines and puromycin-resistant
pools were selected. We first confirmed the function of the reporter in vitro. We found that
the activity of the pODD-Luc reporter cells increased luciferase activity after 24 h in 1%
oxygen. We observed a more than 9-fold increase in luminescence and a 10-fold increase
in reporter protein when compared to either 21% oxygen conditions or after 10 min of
reoxygenation from hypoxic treatment (Figure 1A,B and Figures S1A,B and S2). Likewise,
we tested luciferase response in cells treated with dimethyloxalyglycine (DMOG), which
inhibits the prolyl hydroxylases (PHDs) that target HIF1α for degradation. We found
that 16 h of increasing concentrations of DMOG increased pODD-Luc signals in a dose
dependent manner ranging up to 2.2× at 1 mM (Figure 1C).

We confirmed that the increase in the pODD-Luc signal by DMOG was because of
reporter stabilization as a result of PHD inhibition by generating MP2 cells expressing
constitutive luciferase reporter gene under the CMV promoter (MP2 CMV). These were
unresponsive to DMOG treatment (Figure 1D). Because HIF1α is destroyed by proteasomal
degradation, we next treated MP2 pODD cells with proteasome inhibitor MG132, and found
a dramatic 70-fold increase in pODD-Luc activity when compared to 24 h of hypoxia and a
377-fold induction when compared to normoxia, suggesting that hypoxia stabilizes only a
fraction of the expressed reporter protein in vitro (Figure 1E). Finally, to evaluate pODD-Luc
reporter activity in vivo, we implanted HeLa pODD into the flanks of immunosuppressed
athymic nu/nu mice. We found that the luciferase signal increased as the tumors grew;
however, when we normalized for tumor volume, we found that the signal per mm3 of
tumor also increased, suggesting that as the tumor grew, the amount of hypoxia with it
also increased (Figure 1F,G). To confirm that the luciferase signal was responsive to tumor
oxygenation, we measured the luciferase signal in MP2 pODD tumor-bearing animals
after 30 min of breathing either medical air or carbogen (95% O2, 5% CO2). As expected,
the animals breathing carbogen had approximately one-third the luciferase signal of the
animals breathing medical air (Figure 1H).

3.2. OCR Manipulation Modulates Levels of Luciferase Activity In Vivo

Based on our previous findings, our model predicted that biochemical modification of
oxygen consumption would affect the overall oxygenation of the tumor [19]. We therefore
grew orthotopic pancreatic and heterotopic flank MP2 pODD tumors in immunosuppressed
nu/nu mice and monitored relative levels of luciferase activity in real time using the IVIS.
To further confirm that the luciferase signal is a reflection of HIF1α protein stability in vivo,
we evaluated the impact of inhibiting either the PHDs using DMOG or the proteasome
using bortezomib on tumor luciferase activity. As reported for these agents in vitro, in
heterotopic MP2 pODD tumor-bearing mice we found that treatment with either a 4 mg
dose of DMOG or 1 mg/kg bortezomib delivered intraperitoneally resulted in a significant
increase in photon flux at 4- and 2-h post injection, respectively (Figure 2A,B).
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Figure 1. pODD-Luc signal increases under hypoxia in vitro and in vivo. (A) Representative in-
vitro luciferase assay showing a reporter signal increase in response to 24 h hypoxia and loss of 
signal after 10 min of reoxygenation in MiaPaca-2 (MP2) pODD cells; values were normalized 
against hypoxic treatment. p-values were calculated against hypoxia by t-test (n = 3 replicates). (B) 
Western blot of luciferase reporter protein levels in HeLa pODD cells (n = 3). (C) Dimethyloxaly-
glycine (DMOG) dose–response analysis in MP2 pODD cell lysates after the indicated treatments 
(n = 3). (D) Luciferase assay showing a signal increase in response to 1 mM DMOG in MP2 pODD 
and no increase in MP2 cells constitutively expressing luciferase gene under cytomegalovirus 
(CMV) promoter (MP2 CMV). p-values were calculated against control by t-test (n = 3). (E) Pro-
teasome inhibition increased MP2 pODD-Luc signals after 1 h of 10 μM MG132 (n = 3). (F) In vivo 
luciferase activity of individual HeLa pODD heterotopic flank tumors grown in nu/nu mice with 
values of photon flux/s normalized to tumor volume (n = replicates). (G) Representative in vivo 
imaging assay showing the pODD-Luc signal in HeLa pODD flank tumors (n = 4). (H) Photon flux 
in MP2 pODD flank tumors 30 min after animals breathed either medical air or carbogen as indi-
cated (n = 4 tumors). Error bars are ±SEM. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 1. pODD-Luc signal increases under hypoxia in vitro and in vivo. (A) Representative in-vitro luciferase assay
showing a reporter signal increase in response to 24 h hypoxia and loss of signal after 10 min of reoxygenation in MiaPaca-2
(MP2) pODD cells; values were normalized against hypoxic treatment. p-values were calculated against hypoxia by t-test
(n = 3 replicates). (B) Western blot of luciferase reporter protein levels in HeLa pODD cells (n = 3). (C) Dimethyloxalyglycine
(DMOG) dose–response analysis in MP2 pODD cell lysates after the indicated treatments (n = 3). (D) Luciferase assay
showing a signal increase in response to 1 mM DMOG in MP2 pODD and no increase in MP2 cells constitutively expressing
luciferase gene under cytomegalovirus (CMV) promoter (MP2 CMV). p-values were calculated against control by t-test
(n = 3). (E) Proteasome inhibition increased MP2 pODD-Luc signals after 1 h of 10 µM MG132 (n = 3). (F) In vivo luciferase
activity of individual HeLa pODD heterotopic flank tumors grown in nu/nu mice with values of photon flux/s normalized
to tumor volume (n = replicates). (G) Representative in vivo imaging assay showing the pODD-Luc signal in HeLa pODD
flank tumors (n = 4). (H) Photon flux in MP2 pODD flank tumors 30 min after animals breathed either medical air or
carbogen as indicated (n = 4 tumors). Error bars are ±SEM. * p < 0.05; ** p < 0.01; *** p < 0.001.
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lowing overnight fasting (n = 5); (D) 20 mg/kg of 2,4-dinitrophenol (2,4-DNP) I.P., heterotopic tu-
mors (n = 6); (E) 75 mg/kg of DCA I.P. (n = 4). Error bars are ±SEM. p-values were calculated 
against baseline by paired t-test. * p < 0.05; ** p < 0.01. I.P.: intraperitoneally. 

As we had seen in vitro, the effect of proteasomal inhibition caused a greater increase 
in signal than PHD inhibition. The control treatment with vehicle showed no effect on 
photon flux (Figure S1C). Next, we evaluated the effect of manipulating mitochondrial 
oxidative metabolism on the dynamic changes of tumor hypoxia. One way to suppress 
mitochondrial function is to provide cells with a bolus of glucose to produce the Crabtree 
effect [17], where metabolism shifts from oxidative to glycolytic. Indeed, in mice harbor-
ing heterotopic MP2 pODD flank tumors, a 2 g/kg intraperitoneal glucose injection (fol-
lowing an overnight fast) showed a 40% reduction of photon flux at 1 h (Figure 2C). We 
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Figure 2. Pharmacological manipulation of pODD-Luc activity in vivo. In vivo bioluminescent
image quantification of the pODD-Luc signal in heterotopic flank tumors grown from MP2 ODD
cells in immunocompromised mice, after treatment with: (A) 4 mg of dimethyloxalyglycine (DMOG)
I.P. (n = 4 tumors); (B) 1 mg/kg of bortezomib I.P. (n = 5); (C) 2 g/kg of glucose (I.P.) following
overnight fasting (n = 5); (D) 20 mg/kg of 2,4-dinitrophenol (2,4-DNP) I.P., heterotopic tumors (n = 6);
(E) 75 mg/kg of DCA I.P. (n = 4). Error bars are ±SEM. p-values were calculated against baseline by
paired t-test. * p < 0.05; ** p < 0.01. I.P.: intraperitoneally.

As we had seen in vitro, the effect of proteasomal inhibition caused a greater increase
in signal than PHD inhibition. The control treatment with vehicle showed no effect on
photon flux (Figure S1C). Next, we evaluated the effect of manipulating mitochondrial
oxidative metabolism on the dynamic changes of tumor hypoxia. One way to suppress
mitochondrial function is to provide cells with a bolus of glucose to produce the Crabtree
effect [17], where metabolism shifts from oxidative to glycolytic. Indeed, in mice harboring
heterotopic MP2 pODD flank tumors, a 2 g/kg intraperitoneal glucose injection (following
an overnight fast) showed a 40% reduction of photon flux at 1 h (Figure 2C). We then
investigated whether OCR-stimulating drugs would in turn cause an elevation of hypoxic
luciferase activity. Mitochondrial uncouplers such as 2,4-dinitrophenol (2,4-DNP) are
protonophoric compounds that dissipate the mitochondrial proton gradient and stimulate
a rapid increase of OCR. A single intraperitoneal dose of 20 mg/kg 2,4-DNP produced
a significant 1.6-fold increase in photon flux compared to baseline (Figure 2D). Finally,
dichloroacetate (DCA) is an inhibitor of pyruvate dehydrogenase kinases 1–4 (PDHKs).
Under hypoxic conditions, PDHKs add inhibitory phosphorylations to the pyruvate dehy-
drogenase PDHA1 subunit to prevent pyruvate oxidation in the tricarboxylic acid (TCA)
cycle. Inhibition of PDHKs by DCA has been shown to temporarily increase mitochondrial
OCR [8,25]. In a manner similar to 2,4-DNP, intraperitoneal treatment with 75 mg/kg DCA
caused a 1.8-fold increase in photon flux, further supporting the model that pharmacologi-
cal alteration in OCR impacts tumor oxygenation (Figure 2E).

3.3. Mitochondrial Complex I Inhibitors Papaverine and SMV-32 Effectively Reduce Hypoxia in
Orthotopic Pancreas Cancers

We have previously shown that papaverine (PPV), an FDA-approved vasorelaxant,
effectively reduces hypoxia in model breast and lung tumors by previously unrecognized
activity inhibiting mitochondrial complex I [19].

Furthermore, we designed novel derivative of PPV, SMV-32, that reduced the vasoac-
tive PDE10A inhibitor activity and enhanced pharmacokinetic parameters. To evaluate
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the pharmacodynamic properties of PPV and SMV-32 in pancreatic tumors, we grew both
orthotopic MP2 pODD and MP2 CMV tumors in immunocompromised nu/nu mice. Both
tumor models showed comparable baseline reporter signal in response to D-luciferin
(Figure 3A). To rule out non-specific activity of PPV to increase tumor luciferase activity,
we tested the oxygen-independent MP2 CMV tumor-bearing mice with a single dose of
2 mg/kg PPV or vehicle by tail vein injection and found no difference in CMV luciferase
activity up to 6 h post injection (Figure 3B). When we treated MP2 pODD mice with PPV
we observed a 45% reduction in photon flux compared to vehicle (Figure 3C). A similar
response was observed in nu/nu mice with flank MP2 pODD and HeLa pODD tumors
treated with PPV or SMV-32 (Figure 3D,E and Figure S1F). We also determined the dose and
route of delivery effects of PPV on pODD-Luc activity. Intraperitoneal delivery of 2 mg/kg
PPV did not reduce the photon flux, suggesting reduced pharmacokinetic properties of
intraperitoneal administration. However, a 4 mg/kg dose by tail vein showed greater
photon flux reduction than the 2 mg/kg dose, suggesting a dose-dependent response
(Figure S1D,E). When we compared 2 mg/kg of each SMV-32 to PPV in orthotopic MP2
pODD tumors, we found that the photon flux of SMV-32-treated mice trended towards a
longer duration of action and lower luciferase activity at 6 h when compared to PPV-treated
mice (Figure 3 C,F).
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Figure 3. Mitochondrial inhibitors papaverine (PPV) and SMV-32 show reduced pODD-Luc activity
(hypoxia) in vivo. (A) Acute in vivo imaging pODD-Luc quantification in nu/nu mice bearing
orthotopic MP2 pODD or CMV tumors in response to intraperitoneal treatment with D-luciferin
(n = 3); (B) In vivo luciferase activity of MP2 CMV in orthotopic tumors treated with 2 mg/kg PPV or
vehicle by tail vein injection (n = 4); (C) In vivo luciferase activity of MP2 pODD in orthotopic tumors
treated with PPV or vehicle by tail vein injection (n = 4), with p-values calculated against the vehicle;
(D) In vivo luciferase activity of MP2 pODD in heterotopic flank tumors treated with PPV by tail vein
injection (n = 5); (E) In vivo luciferase activity of Hela pODD-Luc in heterotopic flank tumors treated
with PPV by tail vein injection (n = 3); (F) In vivo luciferase activity of MP2 pODD in orthotopic
tumors treated with SMV-32 or vehicle by tail vein injection (n = 4), with p-values calculated against
vehicle. Error bars are ±SEM. Unless otherwise indicated, p-values were calculated against baseline
by paired t-test. * p < 0.05; ** p < 0.01; *** p < 0.001.
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3.4. Mitochondrial Complex I Inhibitor Papaverine Increases Oxygenation in Spontaneous
Canine Sarcomas

The murine models of transplanted tumors are genetically simple for both host and
tumor genomes. To better-model complex heterogeneous human cancers, we have begun
an NCI-funded animal study in client dogs being treated for cancer at the OSU Veterinary
Medical Center integrative cancer clinic. This pharmacodynamics study uses blood oxygen
level-dependent (BOLD) MRI to determine tumor oxygenation at baseline and one hour
after a clinically acceptable dose of 1 or 2 mg/kg PPV delivered intravenously (Figure 4A).
When we overlay these images, we can detect the differences in BOLD T2* relaxation signal
changes in a voxel-by-voxel analysis. The image in Figure 4B is pseudocolored to show
changes from a 0 (transparent) to 10-ms (red) increase in T2* signal. The pattern of changes
is reminiscent of the heterogenous pattern of hypoxia that has been reported to exist within
a tumor. Histogram analysis of the patient in 4B revealed a clear separation between pre-
and post-treatment T2* values (Figure 4C). Figure 4D provides a summary of the first nine
evaluable patient images (four treated with 1 mg/kg and five with 2 mg/kg). Because of
the heterogeneity seen in these images, we decided to report fractional tumor volumes
that increased T2* by either 2 ms, 5 ms, or 10 ms. This level of change is consistent with
what has been reported for T2* increases in tumor-bearing mice before and after carbogen
breathing, with median changes of only 1–2 ms but with heterogeneous regions of the
tumor increasing up to 10 ms [26].
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Figure 4. Mitochondrial inhibitor PPV increases oxygenation in spontaneous canine soft tissue sarcoma. (A) Schema for
imaging patients to determine the effect of PPV on tumor oxygenation. (B) Representative overlay image from hip sarcoma
in patient 7 with pseudocolor indicating changes of 2 ms (yellow), 5 ms (orange), or 10 ms (red). (C) Histogram showing
baseline (blue) and post-PPV (red) T2* values for patient 7. (D) Waterfall summary of the first 9 patients imaged, showing
fractional tumor volumes displaying an increase by either 2, 5, or 10 ms in T2*. The dose of PPV is indicated for each animal.

This relative change is consistent with the murine pODD-Luc data presented above,
showing a change in signal that is relatively similar between breathing carbogen (Figure 1)
and after delivery of 2 mg/kg PPV (Figure 3). Within this heterogeneous response, we
found a greater fraction of tumors responding well to the higher dose of 2 mg/kg (3/5)
than those responding well to 1 mg/kg (1/4). The signal noise was approximately 1–2 ms,
and thus the signal theory would indicate that signals with >2 ms noise would indicate
non-random increases in T2*.

4. Discussion

Non-invasive analysis of biologically significant hypoxia with ODDluciferase offers
a powerful technology to investigate oxygenation in model tumors. In this study, we
showed that the ODDluciferase signal is responsive to chemical modification of the HIF1α
degradation pathway in vitro and in vivo. These results provide confidence for its use in the
analysis of strategies that modify mitochondrial function to change hypoxia. Agents that
inhibit mitochondrial function decrease hypoxia and luciferase signals, while agents that
stimulate mitochondria increase hypoxia and luciferase signals. This paradigm appears to
hold for both homogeneous murine models and heterogenous spontaneous canine tumors
where hypoxia has been reported [27,28].
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One limitation of these imaging modalities to measure hypoxia is the heterogeneity
existing on the cellular level. While it is true that as tumors get larger they show increased
hypoxia in the core [29] (Figure 1F), this is an average of many smaller volumes that have a
range of oxygenation values. The use of hypoxia marker drugs such as pimonidazole [30]
or EF5 [31] has shown that hypoxia can be spread through the tumor in patterns indicative
of both diffusion- and perfusion-limited oxygen delivery. These regions can be at the
level of tens or hundreds of cells, far too small for imaging technology to detect, but
potentially important clinically as these resistant cells can participate in tumor regrowth
after treatment [32].

Tumor hypoxia has remained a barrier to effective anti-cancer therapy decades after be-
ing recognized as causing radiation resistance [33]. No clinical strategy has been approved
by the FDA to reduce hypoxia in order to augment standard therapies. Many attempts
have been made to increase oxygen delivery to tumors without clinical success [34]. These
failures are partly due to limitations in tumor vessel function. Tumor vessels typically
are tortuous, contain breaks and blind ends, and lack a muscular wall. For this reason,
even if more oxygen is delivered systemically, the amount that gets to the tumor core is
limited. Our alternative approach has been to reduce oxygen demand within the tumor
cells. Inhibitors of mitochondrial function appear to be a promising strategy to increase
oxygenation in model murine tumors and spontaneous canine soft tissue sarcoma. Our
previously published data show that a well-oxygenated normal gastrointestinal (GI) tract
is not radiosensitized by papaverine, suggesting that therapeutic gain may be achieved by
selectively targeting radiobiological hypoxia in tumors [19]. We have used these preclinical
data to support an initial early-phase human clinical trial of papaverine as an adjuvant to
radiation therapy that is currently underway at The Ohio State University Comprehensive
Cancer Center (NCT03824327). The phase 1 trial is designed to assess the feasibility and
tolerability of adding papaverine to stereotactic body radiation therapy in the treatment of
patients with non-small cell lung cancer.

5. Conclusions

Our findings support the model that drugs that modify mitochondrial metabolism
can regulate tumor hypoxia, potentially generating therapeutic gain.

6. Patents

A patent has been filed for the use of papaverine or its derivatives as agents to reduce
tumor hypoxia by The Ohio State University Innovation Fund. Nicholas Denko is the lead
inventor (WO 2020/023537 A1).
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