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A B S T R A C T

Radiation is a common anticancer therapy for many cancer patients, including prostate cancer. Diabetic prostate
cancer patients suffer from increased lymph node metastasis, tumor recurrence and decreased survival as
compared to non-diabetic prostate cancer patients. These patients are also at increased risk for enhanced ra-
diation-induced normal tissue damage such as proctitis. Diabetics are oxidatively stressed and radiation causes
additional oxidative damage. We and others have reported that, MnTE-2-PyP, a manganese porphyrin, protects
normal prostate tissue from radiation damage. We have also reported that, in an in vivo mouse model of prostate
cancer, MnTE-2-PyP decreases tumor volume and increases survival of the mice. In addition, MnTE-2-PyP has
also been shown to reduce blood glucose and inhibits pro-fibrotic signaling in a diabetic model. Therefore, to
investigate the role of MnTE-2-PyP in normal tissue protection in an irradiated diabetic environment, we have
treated human prostate fibroblast cells with MnTE-2-PyP in an irradiated hyperglycemic environment. This
study revealed that hyperglycemia causes increased cell death after radiation as compared to normo-glycemia.
MnTE-2-PyP protects against hyperglycemia-induced cell death after radiation. MnTE-2-PyP decreases expres-
sion of NOX4 and α-SMA, one of the major oxidative enzymes and pro-fibrotic molecules respectively. MnTE-2-
PyP obstructs NF-κB activity by decreasing DNA binding of the p50-p50 homodimer in the irradiated hy-
perglycemic environment. MnTE-2-PyP increases NRF2 mediated cytoprotection by increasing NRF2 protein
expression and DNA binding. Therefore, we are proposing that, MnTE-2-PyP protects fibroblasts from irradiation
and hyperglycemia damage by enhancing the NRF2- mediated pathway in diabetic prostate cancer patients,
undergoing radiotherapy.

1. Introduction

It is reported that 8%–18% of all cancer patients have pre-existing
diabetes and diabetic cancer patients have a 42% increased mortality
rate and a 21% increased rate of tumor recurrence as compared to non-
diabetic patients [1,2]. Although the occurrence of prostate cancer may
be lower compared to other cancers among diabetic individuals, pros-
tate cancer patients with diabetes have more than a thirty percent in-
crease in mortality as compared to non-diabetic prostate cancer patients
[3,4]. Hyperglycemia is also responsible for increased growth of pros-
tate tumors [5]. Due to altered insulin/IGF-1 signaling, diabetic pros-
tate cancer patients have elevated androgen receptor signaling, which
itself increases androgen dependent growth and also causes failure of

androgen deprivation therapy [6]. Diabetic prostate cancer patients
also have significantly increased risk of lymph node metastasis [7].
Radiation therapy is one of the major anti-cancer therapies for prostate
cancer. Diabetic prostate cancer patients suffer from increased failure to
control tumor growth with radiotherapy. Diabetics are also more prone
to radiation damage. Specifically, diabetics have significantly higher
incidence of radiation-induced proctitis and gastrointestinal and geni-
tourinary complications as compared to non-diabetic prostate cancer
patients [8–10]. Radiation-induced acute side effects can be so severe
that radiation therapy has to be halted, which leads to suboptimal
treatment of the tumor, reduced quality of life and early death. To date,
there are no radioprotectors used clinically to protect diabetic normal
tissues from radiation damage.
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Major antidiabetic agents in clinics are insulin and metformin.
Diabetic prostate cancer patients taking insulin experience increased
toxicity and inferior outcomes after radiotherapy [11]. Although met-
formin has shown some protective effects on normal tissue after
radiotherapy [12,13], there were no survival benefits reported after use
of metformin [14]. In a hyperglycemic environment it is also reported
that, metformin is unable to inhibit the growth of PC-3 cells, an ag-
gressive prostate cancer cell [15]. Therefore, to achieve better treat-
ment outcomes and quality of life, diabetic prostate cancer patients who
are undergoing radiotherapy need additional therapy, which will pro-
tect from radiation-mediated normal tissue damage and promote the
anti-cancer effect of radiation to reduce clinical complications.

Radiation is recognized as a classic model of oxidant radical pro-
duction, a property exploited for cancer cell killing, but also results in
the damage of normal tissues. Diabetics are oxidatively stressed due to
high levels of reactive oxygen species (ROS) from oxidases and mi-
tochondrial leakage [16–19]. Due to already elevated ROS, when dia-
betic cancer patients undergo radiation therapy, they are more prone to
radiation mediated normal tissue damage as compared to non-diabetics.
Therefore, suppression of ROS generated by hyperglycemia and irra-
diation can be a fruitful therapeutic strategy to protect normal tissue
damage in diabetic prostate cancer patients.

MnTE-2-PyP is a ROS scavenger and potent radioprotector that re-
duces normal tissue fibrosis through the scavenging of superoxide and
inhibition of NADPH oxidase 4 (NOX4)-TGFβ signaling in irradiated
normal tissues and cells, including prostate fibroblasts [20–23]. It is
previously reported that in macrophages, MnTE-2-PyP is present in
both the nucleus and cytosol [24]. We and others have also shown that,
MnTE-2-PyP does not obstruct radiation mediated cancer cell death.
Rather, it enhances radiation mediated prostate tumor reduction in in
vivo models [25]. In the context of diabetes, MnTE-2-PyP protects from
high glucose-induced pancreatic β cell apoptosis, enhances glucose
absorption rate, decreases insulin resistance and reduces NF-κB medi-
ated pro-inflammatory signaling [26,27]. MnTE-2-PyP also inhibits the
expression of PAI-1, a crucial player in tissue fibrosis and cardiovas-
cular disease in diabetics [28]. Taken together, we hypothesize that
MnTE-2-PyP has the potential to significantly reduce hyperglycemia
and radiation-induced damage of normal tissues in a diabetic irradiated
environment.

To mimic a diabetic irradiated environment, we have irradiated
(3 Gy of X-rays) human prostate fibroblast cells in a hyperglycemic
environment (20 mM glucose) in the presence or absence of MnTE-2-
PyP. This study revealed that MnTE-2-PyP protected from irradiation
and hyperglycemia-induced cell death and suppressed NOX4 and α-
SMA expression, two major regulators of pro-fibrotic signaling. In ad-
dition, MnTE-2-PyP reduced the DNA binding of NF-κB, a major pro-
inflammatory molecule, in irradiated hyperglycemic cells. MnTE-2-PyP
enhanced the cytoprotective antioxidant signaling by enhancing NRF2
expression and activity.

Radiation and high glucose-induced cellular damage is caused by
inflammation and dysfunctional antioxidant signaling, which leads to
fibrosis. This is the first study to demonstrate that MnTE-2-PyP treat-
ment can reduce all of these damaging pathways and protect the normal
fibroblast cells during irradiation in a hyperglycemic environment. This
study intensely advocates that diabetic cancer patients need more
therapeutic care as compared to non-diabetics for reducing radiation-
mediated complications and that MnTE-2-PyP would be an excellent
agent for enhancing the quality of life of these patients after radiation.

2. Materials and methods

2.1. Cell culture and treatment conditions

P3158 cells were used for every experiment in this study. P3158
cells are cultured from primary prostate tissue collected from the
prostate of a heathy male and immortalized using a pBABE-hygro-

hTERT plasmid (Addgene, plasmid #1773) and the immortalized cells
were obtained from Dr. McDonald J. Tyson. P3158 cells were cultured
in RPMI-1640 (Hyclone, catalog number: SH30027.01) media, supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin/strepto-
mycin. This media contains 11.1 mM glucose, or 200 mg/dL. Cells
cultured in this media are referred to as control or normo-glycemic
condition in this study. For mimicking hyperglycemia in diabetes, we
have added an extra 20 mM glucose in the media, which corresponds to
360 mg/dL, for a total of 559.8 mg/dL. This condition is referred as the
high glucose (HG) condition in this study. P3158 cells were seeded with
20 mM glucose (for HG) and/or 30 μM Manganese (III) Meso-Tetrakis-
(N-ethylpyridinium-2-yl) (referred as MnTE-2-PyP or T2E), which was a
kind gift from Dr. James Crapo, National Jewish Health, Denver, CO.
Twenty four hours later, half of the cells were irradiated with 3 Gy of X-
rays using the Rad Source RS-2000 (referred as RAD). Then the cells
were incubated in 37 °C in a 5% CO2 environment. Unless otherwise
indicated, on the fifth day after radiation, cells were harvested for all
the assays. If not otherwise specified, we had eight groups for each
study- 1. Control, 2. HG, 3.T2E, 4. HG + T2E, 5. RAD, 6. RAD + HG, 7.
RAD + T2E and 8. RAD + HG + T2E.

2.2. Cell viability measurement

Trypan blue exclusion method was used to determine the number of
viable cells. In brief, 1 × 105 cells were seeded for each experimental
condition either with HG, 20 mM mannitol (as an osmolality control for
20 mM glucose), RAD, T2E or in combinations. On the fifth day post-
radiation, cells were trypsinized, pelleted and 1 mL of media was used
to resuspend the cells. Cells were then mixed with trypan blue at a 1:1
ratio and loaded in a cell counting chamber slide and enumerated with
a Countess II cell counter (Life Technologies). The number and per-
centage of live, dead and total cells were calculated.

2.3. Quantitative real time PCR

Five days after radiation, total RNA was isolated using a Quick-
RNA™ MiniPrep (cat #R1055) kit by Zymo Research following the
manufacture's protocol. Infinite M200Pro plate reader (Tecan) was used
to measure the concentration and quality of RNA. Total RNAs having a
260/280 ratio ~2.0 were used for further experiments. RNA (40 ng)
was used to amplify NOX2 and NOX4 transcripts using Power SYBR
Green RNA-to-Ct kit (Applied Biosystem, part number: 4389986). The
same amount of RNA was used to study the expression of 18S rRNA
gene as an internal control using manually designed primers. All PCR
experiments were performed in a Bio-Rad CFX96 real time thermal
cycler. The primer sequences for NOX2 transcript were-forward: 5΄-
GTGCACAGCAAAGTGATTGG-3΄ and reverse: 5΄-GGCTTCCTCAGCTAC
AACATCT-3΄. The primer sequences for NOX4 transcript were-forward:
5΄-AACACCTCTGCCTGTTCATC-3΄ and reverse: 5΄-GATACTCTGGCCCT
TGGTTATAC-3΄.

2.4. Western blot

1.5 × 106 cells/T75 flask were seeded. After 24 h, cells were either
sham irradiated or exposed to 3 Gy of radiation. Five days later, the
cells were collected and used for preparing whole cell, nuclear, cyto-
solic or mitochondrial extracts. For whole cell extract preparation, cell
pellets were lysed using a cell lysis buffer [120 mM NaCl, 50 mM Tris-
HCl, 5 mM EDTA, 1% NP-40 and complete protease inhibitor cocktail
tablets (Roche, cat # 11697498001; 1 tablet/50 ml)]. After incubation
for 30 min on ice, cell lysates were sonicated with 8 pulses at 40%
amplitude. After sonication, lysates were centrifuged at 4°C for 15 min
at 15,000g and supernatants were collected. CelLytic NuCLEAR
Extraction kit (Sigma Aldrich, NXTRACT-1KT) was used for preparing
nuclear and cytosolic extracts. For mitochondrial extract preparation,
Mitochondria Isolation Kit for Mammalian Cells (Thermo Scientific,
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reference number: 89874) was used. All the protein extracts were as-
sayed for total protein concentrations by a Bradford reagent (Amresco)
using bovine serum albumin as a standard. Proteins were loaded on to
Bolt 4–12% Bis-Tris Plus gels (Thermo Fisher Scientific) and transferred
to nitrocellulose membranes (Life Technologies). After incubation with
5% nonfat milk in TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.5%
Tween 20) for 2 h, the membranes were incubated with primary anti-
bodies overnight. Membranes were then washed with TBST and in-
cubated with a 1:10,000 dilution of HRP-conjugated secondary anti-
bodies for 1–2 h at room temperature. Blots were then washed with
TBST and developed with an ECL detection system (Thermo Fisher
Scientific) and exposed to film. Films were scanned and the densito-
metry analyses of the scanned images were performed using ImageJ.
Ponceau stained total protein was used as the loading control for each
blot. Primary and secondary antibodies used in this study are listed as
follows. α-SMA (Abcam, cat # ab5694, 1:3000 dilution), NOX1
(Abcam, cat # ab55831, 1:1000 dilution), NOX4 (Abcam, cat #
ab133303, 1:1000 dilution), NOX2 (Abcam, cat # ab129068, 1:2000
dilution), Thioredoxin (Abcam, cat # ab26320, 1:2000 dilution), NFκB
(Santa Cruz biotechnology, cat # sc-372, 1:500 dilution), NRF2
(Abcam, cat # ab62352, 1:1000 dilution), NQO1 (Novus biologicals, cat
# NB200-209, 1:1000 dilution), TOMM20 (Abcam, cat # ab56783,
1:1000 dilution), Histone1 (Abcam, cat # ab125027, 1:1000 dilution),
GAPDH (Cell Signaling Technology, cat # 2118S, 1:1000 dilution).
Secondary goat anti-rabbit antibody (Invitrogen, reference number:
A24537) and secondary goat-anti mouse antibody (Invitrogen, re-
ference number: A24524) were used.

2.5. Superoxide measurement

In order to measure overall superoxide production in the cell,
1.5 × 106 cells/T75 flask were seeded with HG and T2E as described
before. After 24 h, cells were either sham irradiated or radiated with
3 Gy of X-rays. Five days after radiation, the cells were harvested. After
staining with 10 μM Dihydroethidium (DHE), cells were subjected to
flow cytometric analysis using LSRII Green 532 Flow Cytometer (BD
Biosciences). To specifically measure superoxide, 405/570 nm excita-
tion/emission wavelengths were used. FACSDiVa analysis software (BD
Biosciences) were used to analyze the data.

2.6. Nuclear ROS measurement

To measure the nuclear ROS, P3158 cells were seeded at a con-
centration of 1 × 105 cells/well on the coverslip in one well of a 6 well
plate with HG and T2E as described before. After 24 h, cells were either
sham irradiated or irradiated with 3 Gy of X-rays. Five days after ra-
diation, the cells were washed with PBS and then stained with 10 μM of
DHE (Invitrogen, D11347) for 15 min at 37°C in the dark. After in-
cubation, the cells were washed in HBSS once and the coverslips were
mounted on a slide with DAPI and immediately imaged with a Zeiss 710
Confocal Laser Scanning Microscope. In order to measure ROS pro-
ducts, 488/540 nm excitation/emission wavelengths were used. The
images were analyzed using ImageJ. DAPI stained nuclear areas were
marked and the mean florescence DHE intensity were measured only in
those areas.

2.7. Electrophoretic mobility shift assay (EMSA)

For studying the DNA binding activity of NF-κB, NRF2, AP-1 and
AP-2, 1.5 × 106 P3158 cells were seeded and irradiated as described
before. Five days after radiation, nuclear protein extracts were har-
vested. Nuclear protein (10 μg) was used for each DNA binding assay
(Promega Gel Shift Assay Core System, Cat# E3050). For NF-κB, AP-1
and AP-2 we used the consensus oligonucleotide from Promega (NFκB
Cat# E329B, AP-1 Cat# E320B, AP2 Cat# E321B). For NRF2 consensus
oligonucleotide, we have used NF-E2 Gel Shift Oligonucleotides from

Santa Cruz Biotechnology (Cat# sc-2527). In brief, for each reaction, 35
pmole of each consensus oligonucleotide were labelled with 32P-ATP by
T4 polynucleotide kinase according to the Promega protocol. After
purification of labelled consensus oligonucleotides, 10 μg of nuclear
protein were incubated with the oligonucleotides and electrophoresed
in a 6% TBE gel (Life Technologies, cat # EC6265BOX) according to the
Promega gel shift assay system protocol. Then the gel was air dried
overnight using a Model 583 gel dryer backing cellophane (BIO-RAD,
cat # 1650963) and a gel drying cassette. The dried gels with the cel-
lophane were then exposed to film. Films were scanned and the den-
sitometry analyses of the scanned images were performed using ImageJ.

2.8. NOX2 level measurement after proteasome inhibition

P3158 cells were seeded with HG and T2E as described above.
Twenty four hours after seeding, cells were treated with 0.5 μM MG132
or equal volume of DMSO. After 30 min of MG132 treatment, cells were
either sham irradiated or irradiated by 3 Gy of X-rays. Then the cells
were incubated for five days. Then whole cell extract were prepared
and subjected to western blot analysis for NOX2 as described above.

2.9. Thioredoxin (Trx) redox western blot

1 × 106 cells/T75 flask were seeded. After 24 h, cells were either
sham irradiated or exposed to 3 Gy of radiation. Five days later, the
cells were collected and lysed with hypotonic lysis buffer (Sigma
Aldrich, NXTRACT-1KT) in the presence of 50 mM iodoacetic acid.
After centrifugation, the nuclear pellet was collected and lysed with G-
lysis buffer (6 M Guanidine –HCl, 3 mM EDTA, 50 mM Tris-Cl, 0.5%
Triton X-100, pH adjusted to 8.3 with NaOH) in the presence of pro-
tease inhibitor cocktail and 50 mM of iodoacetic acid. Samples were
then purified using a G-25 column (GE healthcare, Life science). Two
different flasks of cells were used as oxidation and reduction controls by
treating with 5 mM H2O2 or 5 mM DTT respectively for 20 min prior to
cell collection. Protein (50 μg) was run on a 20% native polyacrylamide
gel for 90 min and transferred by a semi-dry transfer system (Life
Technologies). Then redox isoforms of Trx was visualized by Trx anti-
body (Abcam, cat # ab26320, 1:2000 dilution) and HRP-conjugated
secondary antibody. Blots were then developed with an ECL detection
system as described above in the western blot section.

2.10. NRF2 knockdown by siRNA treatment

In one well of a 6 well plate, 75,000 cells were seeded with 25 nM
control siRNA (Ambion, cat # 4390843) or NRF2 siRNA (Ambion, cat#
4392420). Twenty four hours later, HG and T2E were added in re-
spective wells and incubated for another 24 h followed by radiation
(3 Gy). Four days post-radiation, cells were harvested and whole cell
lysates were prepared for western blot analysis.

2.11. Immunofluorescence assay

After treatment with HG, T2E and RAD, cells were incubated for five
days after radiation, as indicated in the previous section. Then the cells
were washed with PBS once and fixed by formalin for 10 min. After
fixation, cells were washed thrice with PBS and permeabilized with
0.5% Triton X in PBS for 8 min. The cells were washed with PBS and
blocked by 5% goat serum in PBS for 1 h. Cells were then incubated
with a primary antibody for 2 h at room temperature followed by
washing with PBS. Cells were incubated with florescence tagged sec-
ondary antibodies for 1 h. Finally cells were washed with PBS, mounted
with a coverslip by ProLong Gold anti-fade reagent with DAPI
(Invitrogen, cat #P36931) and imaged.

Antibodies used for these experiments are: NRF2 (Abcam, cat # ab
ab62352, 1:2000 dilution) and Alexa fluor 488 goat-anti rabbit flores-
cence secondary antibody (Life Technologies # A11008, 1:500
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dilution).

2.12. Measurement of prostate cancer cell death induced by conditioned
media from human prostate fibroblast cells

We have selected PC-3 cells as a representative of advanced neu-
roendocrine type prostate cancer and LNCaP cells as a representative of
early androgen sensitive prostate cancer. To study the role of HG, RAD
and T2E treated fibroblasts on prostate cancer cell death, PC-3 and
LNCaP cells were treated with conditioned media from HG, RAD and
T2E treated human prostate fibroblast (P3158) cells. In brief,
P3158 cells were seeded and treated with HG, T2E and RAD as men-
tioned above. Five days post-radiation, the conditioned media from
P3158 cells were collected and centrifuged to spin down any cells. Then
3 mL of the conditioned media was added to the PC-3 or LNCaP cells,
which were seeded (24 h before addition of conditioned media) in 6
well plates at 1 × 105 cells/well seeding density, in 3 mL of normal
growth media (for PC-3: RPMI-1640, 10% FBS and 1% penicillin/
streptomycin; for LNCaP: RPMI-1640, 5% FBS and 1% penicillin/

streptomycin). Therefore, the final conditioned media concentration
was 50%. As internal control conditions, PC-3 and LNCaP cells were
cultured in their respective normal media, media with 20 mM glucose
and in their respective conditioned media as well. Then PC-3 and the
LNCaP cells were incubated for 4 days at 37°C in 5% CO2 and collected
for counting. A trypan blue assay was used to measure cell viability as
previously discussed in the Cell Viability Measurement section.

2.13. Measurement of prostate cancer cell death in irradiated hyperglycemic
condition

In 6 well plates, PC-3 and LNCaP cells (1 × 105 cells/well) were
cultured in their respective normal media, media with 20 mM glucose
in the presence or absence of MnTE-2-PyP (30 μM). After 24 h of
seeding, the cells were either sham irradiated or irradiated with 3 Gy of
X-rays. Four days after radiation, a trypan blue assay was used to
measure cell viability, as previously discussed in the Cell Viability
Measurement section.

Fig. 1. MnTE-2-PyP protected from radiation and hyperglycemia-induced normal cell death, oxidative stress and pro-fibrotic signaling. Human prostate
fibroblast cells were treated with 20 mM glucose (HG) or 20 mM mannitol (MAN) and/or 30 μM MnTE-2-PyP (T2E) followed by 3 Gy of X-rays (RAD). A. Percentage
of fibroblast cell death. HG alone, RAD alone and the combination of HG and RAD significantly increased cell death as compared to control. Mannitol did not induce
any significant cell death. B. Percentage of fibroblast cell death. T2E (30 μM) significantly decreased cell death in the irradiated group both in the presence and
absence of HG as compared to PBS treated irradiated cells. C. The percentage of superoxide producing cells. Superoxide was significantly increased in HG, RAD and
RAD + HG groups as compared to control. T2E treatment significantly reduced superoxide production. D. α-SMA protein expression. α-SMA was significantly
increased in HG, RAD and RAD + HG groups as compared to control. T2E treatment significantly reduced α-SMA expression in HG, RAD and RAD + HG groups.
n ≥ 3. (*) denotes a significant difference as compared to control, ($) denotes a significant difference as compared to HG, (#) denotes a significant difference as
compared to RAD and (@) denotes a significant difference as compared to RAD + HG group.
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2.14. Statistical analyses

GraphPad Prism 6 Software version 6.0.5 for windows was used for
all the statistical analyses. Unless otherwise indicated, values are the
mean and standard deviation from three or more independent experi-
ments. A statistically significant difference was determined by unpaired
two-tailed t-test between two groups and one way ANOVA followed by
post hoc Tukey's test were used for multiple comparisons.

3. Results

1. MnTE-2-PyP protected against radiation and hyperglycemia-in-
duced normal cell death, oxidative stress and pro-fibrotic signaling

First, effects of hyperglycemia and radiation on fibroblast cell death
were measured. In this study, 20 mM glucose was used to induce hy-
perglycemia and cells were irradiated with 3 Gy of X-rays. Patients
often receive 2–3 Gy of irradiation for cancer therapy. In a previous
study, we showed that 3 Gy radiation activates the human prostate fi-
broblasts (P3158) and decreased NRF2 signaling, which was recovered
by MnTE-2-PyP in a normo-glycemic environment [23]. Therefore, to
investigate the molecular mechanism of prostate fibroblast activation in
irradiated hyperglycemia; we continued to use 3 Gy of radiation for this
study.

There is a large range (5.5 mM–75 mM, or 99 mg/dL −1350 mg/
dL) of glucose concentrations reported in the literature including,
20 mM, that were added to the basal glucose levels of the media to
induce hyperglycemic stress in fibroblasts [29–33]. We have used
20 mM, which corresponds to 360 mg/dL of glucose, because it was a
sub lethal dose for the fibroblasts but induced hyperglycemic stress. A
blood glucose greater than 200 mg/dL is considered diabetic, so the
360 mg/dL of glucose reflects uncontrolled blood glucose levels. We
wanted a model of hyperglycemic stress to determine the role of MnTE-
2-PyP in regulating this condition.

In Fig. 1A, high glucose alone, radiation alone, or the combination
of radiation and high glucose significantly increased death of the
human prostate fibroblast cells as compared to control cells. The
combination of radiation and high glucose also caused significantly
higher cell death as compared to high glucose only treated cells. To
confirm that the cytotoxic effect of high glucose was not due to the
increased osmotic pressure in the media, cells were treated with 20 mM
mannitol as a control. Mannitol has a comparable molecular weight of
glucose and elicits similar osmotic changes as compared to glucose.
Mannitol did not cause cell death in the presence or absence of radia-
tion, indicating that the effects of high glucose were not due to osmotic
changes (Fig. 1A).

We have previously published that MnTE-2-PyP (T2E) is a potent
radioprotector, but we wanted to determine whether this compound
could be beneficial in preventing radiation damage in a hyperglycemic
environment. High glucose alone, radiation alone and the combination
of high glucose and radiation exposure significantly increased cell death
as compared to control and MnTE-2-PyP (30 μM) significantly de-
creased the cell death (Fig. 1B). Therefore, MnTE-2-PyP protects from
radiation-induced cell death in a hyperglycemic environment.

We have also published that MnTE-2-PyP reduces superoxide pro-
duction after radiation [20]. Radiation and hyperglycemia are both
potent oxidative stressors. Therefore, we tested the overall superoxide
scavenging capacity of MnTE-2-PyP in irradiated, hyperglycemic cells.
High glucose alone, radiation alone and the combination of high glu-
cose and radiation exposure significantly enhanced the percentage of
overall superoxide producing cells as compared to control. MnTE-2-PyP
(30 μM) decreased superoxide production in irradiated cells, sig-
nificantly in the high glucose treated cells (Fig. 1C). Therefore, MnTE-2-
PyP protects from overall oxidative stress in a hyperglycemic environ-
ment.

Alpha-smooth muscle actin (α-SMA) is a major pro-fibrotic molecule

and is downstream of the TGFβ/NOX4 pro-fibrotic signaling pathway.
Normal fibroblasts express basal levels of α-SMA but when fibroblasts
become activated, these cells express significantly more α-SMA. These
activated fibroblasts are thought to be responsible for laying down
aberrant extracellular matrix leading to fibrosis. There was a significant
increase in α-SMA in cells treated with high glucose alone, radiation
alone or the combination of radiation and high glucose as compared to
control cells. The addition of MnTE-2-PyP significantly inhibited α-SMA
expression in the cells treated with high glucose or radiation alone or in
combination (Fig. 1D). Thus, MnTE-2-PyP significantly decreased α-
SMA expression in irradiated normal prostate fibroblast cells exposed to
hyperglycemia, indicating that MnTE-2-PyP treatment inhibits fibro-
blast activation even in an irradiated high glucose environment.

2. MnTE-2-PyP inhibited NOX4 expression and restored NOX2 ex-
pression after radiation

As high glucose and radiation-induced superoxide levels were re-
duced by MnTE-2-PyP, we next investigated the expression level of
NOX enzyme proteins. NOX1 protein level was not altered in any of our
experimental conditions (Supplementary Fig. 1A). NOX4 is one of the
major ROS producing NOX enzymes in response to radiation. NOX4 has
also been shown to regulate α-SMA levels in fibroblasts in response to
TGF-β stimulation [34]. Therefore, NOX4 expression levels were in-
vestigated in human prostate fibroblasts in normo-glycemic or hy-
perglycemic conditions in the presence or absence of irradiation. Our
study revealed that high glucose alone, radiation alone, or the combi-
nation of high glucose and radiation, significantly increased NOX4
mRNA levels as compared to controls (Fig. 2A). NOX4 mRNA expres-
sion was also significantly increased in the combination group (radia-
tion and high glucose) as compared to high glucose or radiation only
groups. Conversely, MnTE-2-PyP treatment significantly decreased
NOX4 mRNA expression in all conditions tested (Fig. 2A).

Interestingly, NOX4 protein levels did not follow the NOX4 mRNA
expression. Radiation alone was the only condition that significantly
elevated NOX4 protein levels and this was only a 2 fold induction
(Fig. 2B). The combination of radiation and high glucose produced only
slightly elevated NOX4 protein levels, which was not significant.
However, the addition of MnTE-2-PyP significantly reduced NOX4
protein levels in cells exposed to radiation or cells exposed to the
combination of radiation and high glucose (Fig. 2B).

NOX2 is a vital ROS producing NOX enzyme and high glucose alone,
radiation alone and the combination of high glucose and radiation
significantly increased NOX2 mRNA levels as compared to controls. In
fact, NOX2 mRNA levels were increased 15-fold when treated with
radiation and high glucose as compared to control groups. MnTE-2-PyP
treatment significantly decreased NOX2 mRNA expression in both high
glucose or radiated alone conditions (Fig. 2C). However, MnTE-2-PyP
treatment did not have any effect on NOX2 mRNA expression in the
combination of radiation and high glucose (Fig. 2C).

NOX2 protein expression also did not follow NOX2 mRNA levels.
High glucose appeared to have no effect on NOX2 protein levels, while
radiation alone or in combination with high glucose significantly re-
duced NOX2 protein levels (Fig. 2D). The addition of MnTE-2-PyP
tended to enhance NOX2 levels back towards control levels in radiated
samples in the presence or absence of high glucose; however, these
changes were not statistically significant (Fig. 2D).

3. MnTE-2-PyP inhibited NOX2 protein degradation and restored nu-
clear NOX2 levels after radiation without altering overall nuclear
ROS levels

One explanation as to why NOX2 mRNA levels do not follow NOX2
protein levels could be that the NOX2 protein is being degraded rapidly
in the irradiated hyperglycemic condition. Therefore, to test this hy-
pothesis, we used the proteasomal inhibitor, MG132, to inhibit protein
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degradation through the proteasome pathway. MG132 treatment sig-
nificantly increased NOX2 levels in the irradiated hyperglycemic con-
dition as compared to control or irradiated hyperglycemic condition
alone (Fig. 3A). Thus, we can conclude that NOX2 protein is being
degraded, at least in part, through the proteosomal pathway.

Restoration of NOX2 by MnTE-2-PyP in irradiated conditions
(Fig. 2D) led us to investigate the effects of MnTE-2-PyP on the sub-
cellular localization of NOX2 in the presence of radiation and high
glucose. The combination of radiation and high glucose resulted in a
significant decrease in the nuclear localization of NOX2. MnTE-2-PyP
treatment significantly increased nuclear localization of NOX2 both in
cells exposed to radiation alone and cells exposed to radiation and high
glucose (Fig. 3B). We also investigated the effects of radiation and high
glucose on NOX2 in the cytoplasmic or mitochondrial fractions and did
not observe any significant alteration in cytosolic or mitochondrial
NOX2 levels (Supplementary Fig. 1A). The purity of cytosolic, nuclear
and mitochondrial protein isolation was verified by GAPDH, Histone1
and TOMM20 western blot by using respective protein fractions
(Supplementary Fig. 1B).

Since we have shown that MnTE-2-PyP increases nuclear levels of
NOX2, we wanted to determine the effect of MnTE-2-PyP in altering the

oxidative state of the nucleus. Overall ROS were measured by dihy-
droethidium (DHE) staining using confocal microscopy. Using ImageJ
software, we quantified ROS staining co-localizing with DAPI (nuclear
staining) and found no significant change in nuclear ROS levels in any
of the groups tested (Fig. 3C). However, overall cellular ROS was sig-
nificantly enhanced in the radiation, high glucose, and combination of
radiation and high glucose and MnTE-2-PyP treatment abolished these
increases (Fig. 1C). This indicates that MnTE-2-PyP is scavenging
overall ROS but maintaining basal ROS levels in the nucleus.

4. MnTE-2-PyP decreased DNA binding of p50 subunit of NF-κB
through NOX2-mediated oxidation of nuclear thioredoxin (Trx)

We showed that NOX4 is downregulated by MnTE-2-PyP treatment
(Fig. 2). A known transcriptional regulator of NOX4 is NF-κB, which
induces inflammation. MnTE-2-PyP mediated protection from in-
flammation was reported before [23,35]. Therefore, we investigated the
effects of radiation, high glucose and MnTE-2-PyP on NF-κB expression
and activity via DNA binding. The nuclear levels of p65 subunits of NF-
κB were significantly lower in radiation and the combination of radia-
tion and high glucose as compared to control. MnTE-2-PyP treatment

Fig. 2. MnTE-2-PyP inhibited NOX4 expression and restored NOX2 expression after radiation. Human prostate fibroblast cells were treated with 20 mM
glucose (HG) in the presence or absence of 3 Gy of X-rays (RAD) and 30 μM MnTE-2-PyP (T2E). A. NOX4 mRNA expression. NOX4 mRNA was significantly increased
in HG alone, radiation alone and RAD+ HG group as compared to control. NOX4 mRNA expression was significantly higher in the RAD + HG group as compared to
HG and RAD groups. T2E treatment significantly decreased NOX4 mRNA expression after radiation. B. NOX4 protein expression. Radiation significantly enhanced
NOX4 protein expression. T2E significantly decreased NOX4 protein expression in the irradiated group. C. NOX2 mRNA expression. NOX2 mRNA was increased in
HG, RAD and RAD + HG groups as compared to control. T2E down regulated NOX2 mRNA expression in HG and RAD groups but not in RAD + HG group. D. NOX2
protein expression. NOX2 protein levels were decreased in RAD and RAD+ HG group as compared to control. n ≥ 3. (*) denotes a significant difference as compared
to control, ($) denotes a significant difference as compared to HG, (#) denotes a significant difference as compared to RAD and (@) denotes a significant difference as
compared to RAD + HG group.
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restored the p65 levels to the control in these two irradiated groups
(Fig. 4A). In contrast, nuclear levels of the p50 were significantly higher
in irradiated hyperglycemic group as compared to control, high glucose

alone, and radiation alone treatments. MnTE-2-PyP treatment sig-
nificantly decreased nuclear p50 levels in the radiation and high glu-
cose treated group (Fig. 4A).

Fig. 3. MnTE-2-PyP inhibited NOX2 protein degradation and restored nuclear NOX2 levels after radiation without altering overall nuclear ROS levels. A.
NOX2 protein stability. Human prostate fibroblast cells were treated with 20 mM glucose and 3 Gy of X-rays (RG) in the presence or absence of 30 μM MnTE-2-PyP
(T2E) and 0.5 μM MG132 (added 30 min before radiation). NOX2 levels was significantly lower in the RG group as compared to control. MG132 significantly
increased NOX2 levels. T2E treatment increased NOX2 levels in MG132 treated samples exposed to RG condition. n ≥ 3. (*) denotes a significant difference as
compared to control and ($) denotes a significant difference as compared to RG group. B. NOX2 nuclear protein expression. Human prostate fibroblast cells were
treated with 20 mM glucose (HG) in the presence or absence of 3 Gy of X-rays (RAD) and 30 μM MnTE-2-PyP (T2E). Nuclear NOX2 levels were significantly reduced
in RAD + HG group as compared to control and HG only. T2E treatment enhanced nuclear NOX2 levels in the radiated conditions. n ≥ 3. (*) denotes a significant
difference as compared to control, ($) denotes a significant difference as compared to HG, (#) denotes a significant difference as compared to RAD and (@) denotes a
significant difference as compared to RAD+ HG group. C. Cells were stained with DHE (red) and DAPI (blue). n ≥ 3. Images were analyzed by measuring DHE mean
florescent intensity in the nucleus. The scale bar = 20 μm. No significant changes were observed. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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However, nuclear localization does not necessarily correlate to NF-
κB activity. It is reported that nuclear accumulation of NOX2 oxidizes
nuclear Trx. Oxidized Trx can no longer reduce p50, and the Cys62 of
the p50 subunit of NF-κB must be in its reduced form for maintaining
optimum DNA binding [36,37]. Therefore, nuclear NOX2 oxidizes Trx,
which inhibits DNA binding of p50. It was found that nuclear Trx levels
were very low in control or cells exposed to high glucose alone, ra-
diation alone or the combination of radiation and high glucose

(Fig. 4B). However, MnTE-2-PyP increased nuclear Trx levels in every
condition tested (Fig. 4B).

The redox status of Trx was then investigated. Nuclear protein ex-
tracts from H2O2 and DTT treated cells were used as oxidized and re-
duced controls respectively. Levels of fully oxidized nuclear Trx were
significantly increased in MnTE-2-PyP treated cells both in normo-
glycemic and hyperglycemic irradiated conditions as compared to ra-
diation alone and radiation and high glucose treated conditions

Fig. 4. MnTE-2-PyP decreased DNA binding of p50 subunit of NF-κB through NOX2 mediated oxidation of nuclear Trx. Human prostate fibroblast cells were
treated with 20 mM glucose (HG) in the presence or absence of 3 Gy of X-rays (RAD) and 30 μM MnTE-2-PyP (T2E). A. Nuclear NFκB levels. NFκB p65 levels were
significantly lower in RAD and RAD + HG groups as compared to control. T2E treatment restored NFκB p65 levels. NFκB p50 levels were significantly higher in
RAD + HG group, which were suppressed by T2E. B. Nuclear thioredoxin (TRX) protein expression. T2E treatment significantly increased nuclear TRX levels in
radiated and non-radiated conditions. C. Oxidized nuclear TRX protein levels. T2E treatment significantly increased oxidized nuclear TRX levels. The fully oxidized
upper band of TRX is represented on a redox western blot. D. NFκB EMSA. DNA binding of NFκB p65-p50 heterodimer and p50-p50 homodimer. p65-p50 DNA
binding was not altered. The DNA binding of p50-p50 homodimer was significantly less in T2E treatment after radiation. n ≥ 3. (*) denotes a significant difference as
compared to control, ($) denotes a significant difference as compared to HG, (#) denotes a significant difference as compared to RAD and (@) denotes a significant
difference as compared to RAD + HG group.
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(Fig. 4C). Whereas total levels of Trx in the cytosol were not altered
significantly (Supplementary Fig. 2).

It has been reported previously that MnTE-2-PyP alters NF-κB DNA
binding by oxidizing the p50 subunit of NF-κB [26,38]. Our data also
demonstrates an accumulation of NOX2 and oxidized Trx in the nucleus
in the irradiated conditions after MnTE-2-PyP treatment. All these data
indicate that MnTE-2-PyP likely reduces the DNA binding activity of
NF-κB. First, we investigated the DNA binding activity of NF-κB by
EMSA and found no significant difference in the ability of the p65-p50
heterodimer to bind to DNA in any of the conditions (Fig. 4D). How-
ever, as expected, the DNA binding of p50-p50 homodimer was sig-
nificantly lower in irradiated conditions when MnTE-2-PyP is added as
compared to the control (Fig. 4D). Thus, in MnTE-2-PyP treated irra-
diated conditions, nuclear accumulation of NOX2 increases the oxida-
tion of nuclear Trx, which results in the oxidation and loss of optimal
DNA binding of the p50-p50 homodimer of NF-κB.

5. MnTE-2-PyP enhanced NRF2 levels

NRF2 is a transcription factor that is a master regulator of the an-
tioxidant defense system and is often upregulated during cellular stress.
We have recently shown that levels of NQO1, a NRF2 target protein, is
elevated in fibroblast cells after treatment with MnTE-2-PyP [23].
Therefore, we investigated NRF2 levels in the context of high glucose
and radiation. We observed that NRF2 levels were significantly lower in
irradiated cells and cells irradiated in the presence of high glucose as
compared to control cells (Fig. 5A). NRF2 levels are also significantly
lower in the radiation and high glucose group as compared to the high
glucose alone group. In agreement with previous findings, MnTE-2-PyP
significantly increased NRF2 levels as compared to control, high glu-
cose and radiation alone treatments (Fig. 5A). To further confirm these
results, immunostaining for NRF2 was performed and the combination
of radiation and high glucose resulted in a reduction in overall NRF2
staining, which was reversed by the addition of MnTE-2-PyP. In the
presence of radiation, MnTE-2-PyP treatment also significantly in-
creased NRF2 nuclear localization (Fig. 5B).

To activate antioxidant signaling, NRF2 needs to localize to the
nucleus to induce antioxidant response element (ARE) mediated anti-
oxidant gene expression. Therefore, we investigated the subcellular
localization of NRF2. Cytosolic NRF2 levels were significantly reduced
in the combination of radiation and high glucose as compared to high
glucose alone groups. MnTE-2-PyP treatment significantly increased
cytosolic NRF2 levels in all conditions regardless of radiation or high
glucose levels (Fig. 5C). Nuclear NRF2 levels were also significantly
lower in radiation alone or radiation and high glucose groups as com-
pared to the control (Fig. 5D). MnTE-2-PyP treatment significantly
enhanced NRF2 nuclear levels in every condition as compared to their
respective controls, indicating that the level of NRF2 is increased both
in the cytosol and nucleus with MnTE-2-PyP treatment.

6. MnTE-2-PyP enhanced NRF2 and AP-1-mediated transcriptional
activity

As nuclear localization of NRF2 was increased by MnTE-2-PyP
treatment, we investigated the DNA binding activity of NRF2. Radiation
and/or high glucose did not affect NRF2 DNA binding. In normal gly-
cemic conditions, MnTE-2-PyP, alone or in combination with radiation,
significantly increased NRF2 DNA binding when compared to controls
(Fig. 6A). Surprisingly, MnTE-2-PyP was unable to enhance NRF2 DNA
binding in high glucose treated cells both in irradiated and non-irra-
diated conditions. Thus, even though NRF2 levels were enhanced in the
cells treated with high glucose and radiation, the NRF2 was not able to
bind to the DNA in hyperglycemic conditions.

Antioxidant defense can also be achieved through the NRF2/acti-
vator protein-1 (AP-1) composite pathway, which does not need NRF2
to bind to DNA directly. The availability of NRF2 in the nucleus, along

with Trx and AP-1, results in AP-1 mediated activation of secondary
antioxidant signaling pathways [39,40]. AP-2 has also been shown to
be involved in NRF2-mediated antioxidant signaling in a promoter
specific way. Therefore, we investigated the DNA binding activity of
AP-1 and AP-2 in our study. No significant differences in AP-2 DNA
binding were observed in any of the conditions tested (data not shown).
However, in hyperglycemic conditions, MnTE-2-PyP significantly in-
creased AP-1 DNA binding as compared to control samples (Fig. 6B).
Therefore, we can conclude that, both in irradiated and non-irradiated
conditions MnTE-2-PyP increases DNA binding of NRF2 when the gly-
cemic level is normal, which directly increases NRF2 mediated anti-
oxidant signaling. While, in a hyperglycemic environment, MnTE-2-PyP
increases AP-1 DNA binding and increases the nuclear localization of
NRF2 and Trx. We hypothesize that in hyperglycemia, MnTE-2-PyP
increases the NRF2/AP-1 composite pathway to increase antioxidant
signaling. Therefore, both in normal and hyperglycemia, MnTE-2-PyP
treatment will induce antioxidant signaling. To study this hypothesis,
we have measured NQO1 protein levels. NQO1 is a direct downstream
target for NRF2 and is also a target for the NRF2/AP-1 composite
pathway. As expected, NQO1 levels were significantly lower in radia-
tion alone and radiation and high glucose groups as compared to con-
trols. MnTE-2-PyP significantly increased NQO1 levels in all conditions
as compared to control (Fig. 6C). Our investigation demonstrated that
in hyperglycemia, antioxidant signaling is activated, via NQO1 ex-
pression, not by direct DNA binding of NRF2 but likely by the combined
action of NRF2, Trx and AP-1.

We next wanted to determine how vital the role of NRF2 is in MnTE-
2-PyP mediated anti-fibrotic action in an irradiated hyperglycemic
environment. NRF2 was knocked down (Fig. 6D) by siRNA and cells
were exposed to radiation and hyperglycemia in the presence or ab-
sence of MnTE-2-PyP. In the control siRNA group, radiation and high
glucose resulted in an expected upregulation of α-SMA expression and
MnTE-2-PyP significantly downregulated α-SMA expression both in
control and combined radiation and high glucose conditions. In cells
treated with NRF2 siRNA, there was a significant upregulation of α-
SMA expression in all the conditions as compared to cells treated with
control siRNA (Fig. 6D). NRF2 knockdown increases α-SMA expression
in all the conditions and this result suggests that NRF2 is a vital reg-
ulator for α-SMA. MnTE-2-PyP was unable to reduce α-SMA levels back
to control levels when NRF2 was reduced. However, we noticed that
after NRF2 knockdown, MnTE-2-PyP decreased α-SMA expression in
radiation and high glucose treated cells as compared to PBS, radiation
and high glucose treated NRF2 knocked down cells (Fig. 6D). This
observation opens a possibility that MnTE-2-PyP is not solely dependent
on NRF2, to reduce fibrotic signaling.

7. In combination with high glucose and radiation, MnTE-2-PyP
treated prostate fibroblast cells enhanced prostate cancer cell death

In an in vivo environment, the stromal layer surrounds the prostate
glandular regions in a normal prostate. The stromal fibroblast layer
infiltrates in between the glandular region as the prostate tumor pro-
gresses [41]. During diabetic tumor progression, the stromal fibroblast
cells will be in close proximity to the cancerous epithelial cells.
Therefore, to investigate the role of prostate fibroblasts on the cancer
cells, we treated PC-3 (a representative of late neuroendocrine type
prostate cancer) and LNCaP (a representative of early state androgen
sensitive prostate cancer) cells with conditioned media from prostate
fibroblast cells treated either with high glucose alone, radiation alone,
or the combination of high glucose and radiation in the presence or
absence of MnTE-2-PyP. Cancer cell viability was measured four days
after incubation with the conditioned media from the fibroblast cells.

PC-3 cell death was significantly increased, 3–4 fold, when treated
with the conditioned media collected from MnTE-2-PyP treated irra-
diated human prostate fibroblast cells or conditioned media from
MnTE-2-PyP, high glucose and radiation treated fibroblast cells
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(Fig. 7A). Cell death of LNCaP cells was also significantly increased
when treated with conditioned media. Specifically, conditioned media
from MnTE-2-PyP treated fibroblast cells that were exposed to high
glucose alone or high glucose in combination with radiation resulted in
a significant increase in cell death (2–3 fold increases in cell death).
Interestingly, in LNCaP cells, combination of high glucose and radiation
resulted in about a 2 fold increase in cell death (Fig. 7B). However, in
PC-3 cells, the combination of high glucose and radiation had no effect
on cell death (Fig. 7A). Treatment of conditioned media from MnTE-2-
PyP treated fibroblasts (which are protected from radiation and hy-
perglycemia-induced damage) enhanced prostate cancer cell death.

To determine the direct effect that hyperglycemia, radiation and

MnTE-2-PyP have on PC-3 and LNCaP cell viability, the cancer cells
were treated directly with these conditions. We found that radiation
combined with hyperglycemia caused a significant increase in LNCaP
cell death (Fig. 7D), which is a radiosensitive cell line. PC-3 cell via-
bility was not significantly altered with any direct treatment. MnTE-2-
PyP did not show any significant effect directly on PC-3 or LNCaP cells
in any of the conditions tested (Fig. 7C and D). Therefore, the increased
cell death observed with conditioned media from MnTE-2-PyP and ra-
diation treated fibroblasts, is due to the effect of the fibroblasts and not
due to the effect of MnTE-2-PyP and radiation directly on the cancer
cells.

Fig. 5. MnTE-2-PyP enhanced NRF2 levels. Human prostate fibroblast cells were treated with 20 mM glucose (HG) in the presence or absence of 3 Gy of X-rays
(RAD) and 30 μM MnTE-2-PyP (T2E). A. Total NRF2 protein expression. T2E increased total NRF2 protein levels in whole cell extracts in irradiated and non-
irradiated conditions. B. NRF2 protein visualized by immunofluorescence. Immunofluorescence staining showed a decrease in NRF2 (green fluorescence) in irra-
diated and HG treated cells and T2E enhanced NRF2 expression. In irradiated cells, T2E treatment enhanced nuclear (blue) localization of NRF2. The scale
bar = 100 μm. C. Cytosolic NRF2 protein expression. Cytosolic NRF2 levels were significantly lower in the RAD + HG group as compared to the HG group and T2E
treatment increased cytosolic NRF2 levels. D. Nuclear NRF2 protein expression. Nuclear NRF2 levels were significantly lower in radiated conditions as compared to
control. T2E treatment significantly upregulated nuclear NRF2 levels in control, HG, RAD and RAD+HG conditions. n ≥ 3. (*) denotes a significant difference as
compared to control, ($) denotes a significant difference as compared to HG, (#) denotes a significant difference as compared to RAD and (@) denotes a significant
difference as compared to RAD + HG group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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4. Discussion

It is well established that diabetics suffer from cellular damage
caused by glucose induced stress and ROS [42,43], which results in

enhanced radiation damage [8–10]. In our in vitro model, we demon-
strated that using 20 mM glucose and 3 Gy of X-rays, mimics a diabetic
irradiated condition. Specifically, we found that radiation and high
glucose caused more fibroblast cell death, increased cellular ROS levels,

Fig. 6. MnTE-2-PyP enhanced NRF2 and AP1-mediated transcriptional activity. Human prostate fibroblast cells were treated with 20 mM glucose (HG) in the
presence or absence of 3 Gy of X-rays (RAD) and 30 μM MnTE-2-PyP (T2E). A. NRF2 EMSA. DNA binding of NRF2 was significantly increased by T2E treatment in
irradiated and non-irradiated normo-glycemic conditions [asterisk (*) indicates a weak signal for DNA binding at a higher position in RAD + HG + T2E treatment].
B. AP1 EMSA. DNA binding of AP1 was significantly increased by T2E treatment in irradiated and non-radiated hyperglycemic conditions. C. NQO1 protein
expression. Both in hyperglycemia and normoglycemia, T2E increased NQO1 expression irrespective of radiation treatment. D. Human prostate fibroblast cells were
either transfected with control siRNA or NRF2 siRNA followed by treatment with 20 mM glucose and 3 Gy of X rays (RG) in the presence or absence of 30 μM MnTE-
2-PyP (T2E). NRF2 was successfully knocked down in NRF2 siRNA treated cells. NRF2 knock down by siRNA treatment increased α-SMA expression in control and
RAD + HG (RG) treatment. T2E mediated suppression of α-SMA was inhibited by NRF2 knock down. In RG condition, T2E was able to downregulate α-SMA
expression even in the absence of NRF2 (lane 8 compared to lane 6). n ≥ 3. For A, B and C: (*) denotes a significant difference as compared to control, ($) denotes a
significant difference as compared to HG, (#) denotes a significant difference as compared to RAD and (@) denotes a significant difference as compared to RAD+ HG
group. For D: (*) denotes a significant difference as compared to control siRNA-control, ($) denotes a significant difference as compared to control siRNA -RG, (#)
denotes a significant difference as compared to control siRNA-T2E, (@) denotes a significant difference as compared to control siRNA-T2E + RG, (&) denotes a
significant difference as compared to NRF2siRNA-control and (!) denotes a significant difference as compared to NRF2siRNA-RG.
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and enhanced pro-fibrotic signaling. The addition of MnTE-2-PyP pro-
tected from cell death, reduced cellular ROS and inhibited fibrotic
signaling during hyperglycemia and/or radiation. Thus, the data in-
dicates that not only in radiation-mediated fibrosis, MnTE-2-PyP can be
a strong therapeutic candidate to combat diabetes-mediated tissue fi-
brosis irrespective of radiation. This expands the therapeutic ability of

MnTE-2-PyP beyond its activity as a radioprotector.
NOX enzymes and mitochondrial-mediated ROS increase AGE-

RAGE signaling in a diabetic environment, which creates a feed forward
loop to produce more ROS in the system [44–46]. Elevated ROS in
diabetics promotes inflammation and tissue damage over time. Upre-
gulation of the pro-inflammatory NF-κB pathway under oxidative stress

Fig. 7. Under high glucose and radiation, MnTE-2-PyP treated prostate fibroblast cells enhanced prostate cancer cell death. Human prostate cancer cells, PC-
3 and LNCaP were treated with only PBS (Control), 20 mM glucose (HG), PC-3 or LNCaP conditioned media or different combinations of conditioned media (CM)
collected from human prostate fibroblast cells (P3158). A. PC-3 cell death. CM-P3158-RAD+ T2E and CM-P3158-RAD+ HG+ T2E significantly increased PC-3 cell
death. B. LNCaP cell death. CM-P3138-T2E + HG, CM-P3158-RAD + HG and CM-P3158-RAD + HG + T2E significantly increased LNCaP cell death. PC-3 and
LNCaP cells treated directly with 20 mM glucose (HG), 3 Gy X-radiation (RAD) or both in presence or absence of 30 μM MnTE-2-PyP (T2E). C. PC-3 cell death. No
significant change in percentage of cell death was noticed in any of the conditions. D. LNCaP cell death. RAD + HG treatment significantly increased LNCaP cell
death compared to control. n = 3. (*) denotes a significant difference compared to control.
For Fig. 7A: n = 4. (*) denotes a significant difference as compared to Control, ($) denotes a significant difference as compared to HG, (#) denotes a significant
difference as compared to CM-PC3, (@) denotes a significant difference as compared to CM-P3158-Control, (&) denotes a significant difference as compared to CM-
P3158-RAD and (!) denotes a significant difference as compared to the CM-P3158-RAD + HG group.
For Fig. 7B: n = 3. (*) denotes a significant difference as compared to Control, ($) denotes a significant difference as compared to HG, (#) denotes a significant
difference as compared to the CM-LNCaP, (@) denotes a significant difference as compared to CM-P3158-Control, (&) denotes a significant difference as compared to
CM-P3158-HG and (!) denotes a significant difference as compared to CM-P3158-RAD group.
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is, in part, a causal agent for inflammation and fibrosis via TGF-β sig-
naling. Thus, the systemic environment of a diabetic is inflamed, oxi-
datively stressed, and prone to fibrosis [16–19,28]. NOX enzymes drive
damage both in diabetics as well in irradiated normal tissues. There-
fore, we studied the role of various NOX proteins, specifically NOX1,
NOX4 and NOX2 expression levels in this study. We did not find any
significant difference in NOX1 protein levels; however, NOX4 and
NOX2 protein levels were significantly altered. Specifically, the radia-
tion and high glucose condition resulted in a 1.5 fold increase in NOX4
protein expression. In contrast, MnTE-2-PyP reduced NOX4 protein
expression both in irradiated and non-irradiated conditions irrespective
of glycemic conditions (Fig. 2B). NOX4 is one of the major sources of
ROS during radiation and has been shown to upregulate α-SMA. Ac-
cordingly, α-SMA expression followed NOX4 expression and MnTE-2-
PyP inhibited both of these proteins.

NOX2 protein expression was the direct opposite of NOX4 expres-
sion. A significant downregulation of NOX2 protein expression was
observed in radiation and radiation + high glucose group as compared
to control. MnTE-2-PyP treatment increased NOX2 protein expression
in radiated conditions back to control levels. We hypothesized that
NOX2 protein was degraded, which was inhibited by MnTE-2-PyP to
maintain the NOX2 protein levels similar to control levels. To in-
vestigate this idea, we inhibited the proteasomal protein degradation
pathway by MG132. As expected, MG132 treatment protected radia-
tion + high glucose mediated degradation of NOX2 protein.

It is reported that, NOX2 protects against prolonged inflammation
[47]. To delineate the cytoprotective action of NOX2 in MnTE-2-PyP
treated cells after radiation, we investigated the subcellular localization
of NOX2 protein. Our study revealed that in the radiated conditions,
only nuclear NOX2 protein levels were decreased, which was sig-
nificantly restored to control levels by MnTE-2-PyP treatment. To
maintain normal physiological activity, nuclear ROS needs to be
maintained optimally in cells [48]. Nuclear NOX2 restoration by MnTE-
2-PyP did not alter nuclear ROS levels. It has been reported that NOX2
deficiency leads to hyper-inflammation in the case of antimicrobial host
defense [49]. One of the major inflammatory molecules regulated by
NOX2 is NF-κB, which is a vital regulator of cell survival. It is reported
that for efficient and effective DNA binding, the cysteine 62 of the NF-
κB p50 subunit must be in a reduced form [50,51]. The redox state of
cysteine 62 of the NF-κB p50 subunit is regulated by Trx1 [36]. In a pro-
inflammatory environment, the presence of Trx1 in the nucleus, the
cysteine 62 of the NF-κB p50 subunit will become reduced and allow for
efficient DNA binding. It has been reported that NOX2 regulates NF-κB
DNA binding by modifying the redox state of Trx1 [37]. The p40phox
subunit of NOX2 binds and oxidizes Trx1 to inactivate it. Therefore, in
the presence of NOX2 in the nucleus, oxidized Trx1 is unable to reduce
the p50 subunit of NF-κB. Thus, NOX2 deficiency causes reductive
stress in the cells, which causes an accumulation of reduced Trx1 in the
nucleus, which in turn enhances transcriptional activity of NF-κB [37].

Our data showed that, in irradiated conditions, MnTE-2-PyP treat-
ment increased nuclear levels of NOX2 and Trx and increased the oxi-
dation of nuclear Trx. Thus, leading to inefficient DNA binding of p50.
Increased oxidation of Trx also explains why the nuclear ROS levels
were not altered significantly despite nuclear accumulation of NOX2 in
the radiated MnTE-2-PyP treated conditions. However, it is necessary to
investigate the redox state of Trx in the nucleus in presence of MnTE-2-
PyP in a NOX2 inhibited condition. Our study also revealed that the
DNA binding of p50 was significantly reduced in MnTE-2-PyP treatment
after radiation, but the DNA binding of p65 was not altered sig-
nificantly. Therefore, after radiation, irrespective of glycemic condition,
MnTE-2-PyP suppresses p50 DNA binding specifically. MnTE-2-PyP
mediated inhibition of NF-κB p50 DNA binding has previously been
reported in a diabetic environment, where p65-p50 activity were un-
altered [27,28,52]. Batinic-Haberle et al. proposed a pro-oxidative ef-
fect of MnTE-2-PyP in the nucleus that results in reduced p50 DNA
binding [24].

We have previously shown that, MnTE-2-PyP enhances the expres-
sion of NQO1 [23], a detoxifier of quinones [53]. This study revealed
that, MnTE-2-PyP treatment also enhances the protein expression levels
of another cytoprotective antioxidant enzyme, Trx. Both NQO1 and Trx
are downstream targets of the NRF2-ARE antioxidant pathway [54].
NRF2 is one of the major transcriptional regulators of cytoprotective
antioxidant enzymes such as, NQO1, Trx, HO-1, SOD1, catalase and
GPx, against oxidative stress. During an oxidative insult, NRF2 dis-
sociates from KEAP1 avoiding degradation in the cytosol and translo-
cates to the nucleus to activate its transcriptional activity to detoxify
superoxide and hydrogen peroxide [55–58]. Under excessive oxidative
stress and an impaired antioxidant defense system such as in diabetics,
NRF2-mediated antioxidant defense is not activated resulting in oxi-
dative damage to macromolecules [56,58]. In high fat diet induced
diabetes, NRF2 maintains self-repair and function of the pancreatic β
cells [55]. Therefore, activation of NRF2 is considered an important
therapeutic target for controlling diabetes mediated oxidative stress
[56]. We have recently shown that in a normo-glycemic environment,
MnTE-2-PyP increases NRF2 activity [59]. In mouse hematopoietic
stem/progenitor cells, a similar manganese porphyrin, MnTnBuOE-2-
PyP increased NRF2 activity [60]. Our study revealed, both in normo-
glycemic and hyperglycemic conditions, total NRF2 protein levels were
significantly downregulated by radiation and MnTE-2-PyP enhanced
nuclear as well as cytosolic NRF2 levels irrespective of irradiation and
hyperglycemia. We further found that MnTE-2-PyP significantly in-
creased DNA binding of NRF2 in irradiated and non-irradiated condi-
tions in a normo-glycemic environment. To our surprise, in a hy-
perglycemic environment, MnTE-2-PyP was unable to increase NRF2
DNA binding. It is reported that NRF2 can be acetylated by p300, which
enhances its DNA binding and transcriptional activity [61]. Other
proteins like nucleosome remodelers, chromatin remodeling proteins
and sirtuins can physically interact with NRF2 to transcribe the anti-
oxidant enzymes including NQO1 and Trx1 [62–64].

Our further investigation revealed that, MnTE-2-PyP significantly
increased DNA binding of AP-1 exclusively in hyperglycemic condi-
tions. Interestingly, AP-2 DNA binding was not altered in MnTE-2-PyP
treatment. The NRF2 binding site, ARE, often overlaps with the AP-1
binding site, 12-O-tetradecanoylphorbol-13-acetate response element
(TRE) [65,66]. Therefore NRF2/AP-1 functions as a composite circuit.
Nuclear Trx is another positive component in this circuit [67–69]. Both
AP-1 and AP-2 binding sites are present in the NQO1 promoter [70,71].
AP-1 is considered as a secondary antioxidant response factor [72]. AP-
1 can act as a backup for NRF2 activity and play an equal role in an-
tioxidant defense [73]. Therefore, from our study we can conclude that,
in a normo-glycemic state, MnTE-2-PyP restores the classical NRF2
mediated antioxidant response. In hyperglycemic conditions, MnTE-2-
PyP activates the NRF2/AP-1 composite secondary antioxidant re-
sponse, in the presence of nuclear NRF2 and Trx. As a result, both in
normo-glycemic and hyperglycemic conditions, MnTE-2-PyP can acti-
vate NQO1 expression.

To determine the role of NRF2 in the protection of the fibroblast
activation in the irradiated diabetic state, NRF2 was knocked down by
siRNA. NRF2 knockdown resulted in a significant increase in α-SMA,
which indicates a vital role of NRF2 in profibrotic signaling. However,
in a NRF2 knocked down condition, radiation + high glucose mediated
increase in α-SMA level was suppressed to some extent by MnTE-2-PyP
treatment. This indicates that MnTE-2-PyP may inhibit fibrotic sig-
naling through NRF2 dependent and independent pathways. Some
NRF2 independent pathways may be the direct scavenging of super-
oxide by MnTE-2-PyP or the inhibition of the NOX4/TGFβ1 pathway,
which is coordinated but not fully dependent on NRF2 signaling [74].

To maintain the natural defense and quality control of the body,
healthy stromal cells, including fibroblasts, play a major role in reg-
ulating epithelial malignancies. PC-3 and LNCaP prostate cancer cell
growth was also shown to be inhibited by conditioned media from
healthy human gingival fibroblast cells [75]. We have previously
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reported that in an in vivo orthotopic prostate tumor model, in presence
of radiation, MnTE-2-PyP decreases tumor size and increases survival of
the mice [25]. We hypothesized that in a diabetic environment, ra-
diation causes an alteration in stromal cells, which significantly pro-
mote tumor growth and recurrence after radiation. MnTE-2-PyP treat-
ment in this situation can maintain the health of normal stromal cells
and protect against malignant epithelial cell growth. To study this hy-
pothesis, we have treated PC-3 and LNCaP cells with conditioned media
from human normal prostate fibroblasts. PC-3 represents a late endo-
crine type of prostate tumor growth. Our study revealed that for PC-
3 cells, conditioned media from both normo-glycemic and hypergly-
cemic irradiated fibroblasts, treated with MnTE-2-PyP, caused a sig-
nificant amount of cell death. LNCaP, a more radiation sensitive cell,
represents an early stage of prostate tumor growth. In the case of LNCaP
cells, conditioned media from all hyperglycemic conditions (high glu-
cose and radiation + high glucose) caused significant cell death, which
was further significantly increased by MnTE-2-PyP treatment. It is re-
ported that, hyperglycemia decreases initial androgen dependent
prostate cancer growth like LNCaP cells [76], but enhances the growth
and metastatic properties of advanced androgen independent prostate

cancer growth like PC3 cells [77]. In our current study, we have also
observed a similar effect of hyperglycemia directly on PC-3 and LNCaP
cells. Therefore, we are inferring that, in initial androgen dependent
prostate cancer growth like LNCaP cells, radiation and hyperglycemia
causes significant cancer cell death. MnTE-2-PyP did not show any
significant effect directly on PC-3 or LNCaP cells in any of the hy-
perglycemic conditions. However, MnTE-2-PyP treated fibroblast con-
ditioned media significantly increased LNCaP and PC-3 cell death in
irradiated hyperglycemic conditions. Therefore, MnTE-2-PyP treated
fibroblasts in the tumor microenvironment have an antitumor effect in
the irradiated hyperglycemic environment.

A limitation to this study is that the effect of radiation in a hy-
perglycemic environment was investigated in P3158 cells only.
Although, we have shown that the P3158 cell line behaves similarly to
mouse primary prostate cells and human primary prostate fibroblasts
[23,59], investigation on these mechanisms in other cell lines should be
conducted to confirm the results of this study.

Proper control of metabolism is advantageous for protection against
radiation toxicity. Metformin is well reported to effectively regulate the
metabolic pathways in diabetics and MnTE-2-PyP can also control

Fig. 8. Graphical summary of MnTE-2-PyP mediated normal prostate fibroblast protection mechanism. A. In the normal cellular environment, a basal
physiological level of ROS is produced by NOX4 and NOX2 by a positive feedback loop. NOX4 expression positively regulates the expression α-SMA, which maintains
the normal levels of cellular elasticity. Two redox modulators, NOX2 and Trx1 translocate to nucleus. NOX2 oxidizes Trx1 that limits the availability of reduced Trx1
in the nucleus to reduce p50 subunit of NFκB. Reduced p50 binds to DNA to maintain NFκB-p50 mediated normal survival response. B. In an irradiated and
hyperglycemic cellular environment, excess levels of ROS produces increased levels of NOX4 followed by increased levels of α-SMA, which induces pro-fibrotic
signaling and accumulates stress fibers in the cell that results in fibrosis. Excess levels of ROS inhibits nuclear localization of NOX2. Absence of NOX2 in the nucleus
allows Trx1 mediated increased reduction of p50 and increased DNA binding. This results in an increased inflammatory response in the cell. C. In the irradiated and
hyperglycemic cellular environment, MnTE-2-PyP directly reduces ROS and also promotes nuclear translocation of NOX2. Nuclear NOX2 inhibits p50 DNA binding
by limiting its reduction by Trx1. MnTE-2-PyP increases expression of NRF2 and transcriptional activity of NRF2/AP1. NRF2/AP1 mediated increased expression of
antioxidant enzymes inhibit the excess ROS load in the cell.
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metabolic pathways altered by diabetes [78]. Therefore, we can sur-
mise from this study that the combination of metformin with MnTE-2-
PyP, during radiation, may produce even more advantages in a hy-
perglycemic environment. These experiments will be the focus of future
studies.

In conclusion, from this study we can highlight that, although it is
known that there is an increased risk of radiation toxicity among dia-
betics and that diabetic prostate tumors are more resistant to treatment,
radiation is still used to treat cancers in diabetics. Besides controlling
hyperglycemia, there is also a need to protect the normal tissues from
elevated irradiation damage in diabetics. There are no effective ther-
apeutics used for diabetic individuals to reduce normal tissue injury
caused by radiation. Therefore, introducing a therapeutic molecule that
can help to control hyperglycemia and radiation-induced normal tissue
damage, without affecting the antitumor effect of radiation therapy,
would be extremely advantageous for diabetic cancer patients receiving
radiation therapy. Our data suggests that MnTE-2-PyP protects normal
cells from hyperglycemia and radiation by scavenging superoxide, de-
creasing NF-κB p50 mediated inflammation, and increasing NRF2
mediated antioxidant defense (Fig. 8).
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