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ARTICLE INFO ABSTRACT

Keywords: Radiation is a common anticancer therapy for prostate cancer, which transforms tumor-associated normal fi-
Radiation broblasts to myofibroblasts, resulting in fibrosis. Oxidative stress caused by radiation-mediated mitochondrial
Diabetes . damage is one of the major contributors to fibrosis. As diabetics are oxidatively stressed, radiation-mediated
xi‘;ﬁ;’;ﬁ’rgorphyrm reactive oxygen species cause severe treatment failure, treatment-related side effects, and significantly
ROS reduced survival for diabetic prostate cancer patients as compared to non-diabetic prostate cancer patients.

Hyperglycemia and enhanced mitochondrial damage significantly contribute to oxidative damage and disease
progression after radiation therapy among diabetic prostate cancer patients. Therefore, reduction of mitochon-
drial damage in normal prostate fibroblasts after radiation should improve the overall clinical state of diabetic
prostate cancer patients. We previously reported that MnTE-2-PyP, a manganese porphyrin, reduces oxidative
damage in irradiated hyperglycemic prostate fibroblasts by scavenging superoxide and activating NRF2. In the
current study, we have investigated the potential role of MnTE-2-PyP to protect mitochondrial health in irra-
diated hyperglycemic prostate fibroblasts. This study revealed that hyperglycemia and radiation increased
mitochondrial ROS via blocking the mitochondrial electron transport chain, altered mitochondrial dynamics, and
reduced mitochondrial biogenesis. Increased mitochondrial damage preceeded an increase in myofibroblast
differentiation. MnTE-2-PyP reduced myofibroblast differentiation, improved mitochondrial health by releasing
the block on the mitochondrial electron transport chain, enhanced ATP production efficiency, and restored
mitochondrial dynamics and metabolism in the irradiated-hyperglycemic prostate fibroblasts. Therefore, we are
proposing that one of the mechanisms that MnTE-2-PyP protects prostate fibroblasts from irradiation and
hyperglycemia-mediated damage is by protecting the mitochondrial health in diabetic prostate cancer patients.

Fibroblast metabolism

1. Introduction

Radiation therapy (RT) is a common anticancer therapy for prostate
cancer (PCa), but it also damages normal tissues surrounding the tumor.
RT-mediated normal tissue damage not only causes severe side effects
but also significantly contributes to enhanced radioresistant metastatic
tumor growth and therapy resistance. More than 15% of all cancer pa-
tients are diabetic, which enhances the overall mortality rate and tumor
recurrence by 42% and 21% respectively as compared to the non-

diabetic cancer patients [1,2]. Specifically, diabetic prostate cancer
(PCa) patients have increased therapy resistance, metastasis, and
RT-mediated tissue damage, which results in 30% decreased survival in
diabetic PCa patients as compared to non-diabetic PCa patients [3,4].
We and others have previously shown that radiation increases
prostate tissue fibrosis [5,6], which is a significant cause for therapy
resistance [7]. In the irradiated tumor microenvironment, fibroblasts are
the major regulators of post-RT fibrosis. Radiation exposure in diabetic
PCa patients increases reactive oxygen species (ROS) [8-10], which can
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result in mitochondrial damage. Damaged mitochondria enhance
cellular oxidative stress, which starts a vicious cycle of ROS-mediated
tissue damage after RT. Therefore, in a diabetic irradiated environ-
ment, protection against mitochondrial damage in prostate fibroblasts
may protect normal tissue after RT, maintain healthy metabolism, and
increase the survival of the diabetic PCa patients.

Radiation increases ROS-induced normal tissue damage via fibrosis,
inflammation, and loss of antioxidant defenses and mitochondrial
function. It is well reported that MnTE-2-PyP (T2E), a manganese
porphyrin, scavenges ROS and acts as a potent radioprotector for normal
cells during and after radiation. We have reported that T2E reduces
normal tissue fibrosis, inflammation, and antioxidant damage via inhi-
bition of NOX4-TGFf-mediated pro-fibrotic signaling [11], inhibition of
the NFkB-p50- mediated proinflammatory response and upregulation of
the NRF2-mediated antioxidant response [12]. Previously, we have re-
ported that T2E protects irradiated hyperglycemic prostate fibroblasts
by increasing antioxidant defenses elicited by NRF2 [12], a master
transcriptional regulator of antioxidant signaling. T2E increased total
NRF2 levels and nuclear localization of NRF2 both in hyperglycemic and
normoglycemic conditions after radiation [12]. Although DNA binding
of NRF2 was significantly higher after T2E treatment in normoglycemia,
it was not in hyperglycemic conditions. Rather, T2E increased
AP1/NRF2-mediated secondary antioxidant response in hyperglycemic
conditions by increasing DNA binding of AP1 [12]. T2E increased
cytoprotective effects against radiation both in normoglycemic and
hyperglycemic conditions. Therefore, we hypothesized that DNA bind-
ing of NRF2 was not the only mechanism for T2E-mediated cytopro-
tection in hyperglycemia. One of the major cytoprotective roles of NRF2,
besides transcriptional regulation of cytoprotective genes, is maintain-
ing mitochondrial health. NRF2 is well reported as a vital regulator for
ROS mediated mitochondrial damage protection [13,14]. NRF2 locali-
zation to the outer mitochondrial membrane was previously reported
[15,16]. PGCla, an important regulatory molecule for mitochondrial
biogenesis [17], also protects cells through NRF2 activation [18].
Therefore, to determine the potential of T2E as a mitochondrial pro-
tector, we investigated mitochondrial health, function, and cellular
metabolism in irradiated hyperglycemic prostate fibroblasts in the
presence or absence of T2E in our current study.

To mimic a diabetic irradiated environment, we have irradiated
human prostate fibroblasts in a hyperglycemic environment in the
presence or absence of T2E. This study revealed that in both radiated
and non-radiated conditions, T2E increased mitochondrial NRF2 levels
and total expression levels of PGCla irrespective of glycemic levels.
However, when NRF2 was knocked down, T2E was still able to protect
mitochondrial health, which suggests that NRF2 is not directly involved
in T2E-mediated mitochondrial protection. T2E increased mitochondrial
ATP synthase levels, total mitochondrial number, and healthy mito-
chondrial number in the irradiated hyperglycemic cells. Mitochondrial
efficiency, as measured by ATP production, was increased after T2E
treatment. In addition, there was a large increase in mitochondrial ROS
in irradiated and hyperglycemic fibroblasts, which was reduced signif-
icantly by T2E treatment. These results indicate that T2E protects from
radiation and hyperglycemia-mediated mitochondrial damage. This
study also revealed that mitochondrial damage preceeds the trans-
formation of fibroblasts to myofibroblasts, which was prevented by T2E,
in an irradiated, hyperglycemic environment. Thus, another way T2E
inhibits fibrosis is by protecting mitochondrial health of fibroblasts.
Finally, we have demonstrated the alterations of the metabolites, espe-
cially lipid changes, due to mitochondrial damage in irradiated and
hyperglycemic fibroblasts. Specifically, radiation and hyperglycemia
increased lipid oxidation, which was reduced to normal levels by T2E
treatment. This is the first study to report that T2E restores healthy
mitochondrial function and metabolic profiles in irradiated and hyper-
glycemic fibroblasts.
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2. Materials and methods
2.1. Cell culture

P3158 are normal human prostate fibroblasts that were immortal-
ized by pBABE-hygro-hTERT plasmid (Addgene, plasmid cat #1773)
and kindly gifted by Dr. J Tyson McDonald. RPMI-1640 (Hyclone, cat #:
SH30027.01) media, supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin were used to culture P3158 cells. Cells
cultured in this media (containing 11.1 mM or 200 mg/dL glucose) are
referred to as control or normo-glycemic condition in this study. To
mimic hyperglycemia in diabetics, an extra 20 mM or 360 mg/dL
glucose were added in the media, where the final glucose concentration
was 560 (200 + 360) mg/dL. This condition is referred to as high glucose
(HG) condition or hyperglycemia in this study. We have reported that
the addition of 20 mM glucose was enough to induce hyperglycemia-
associated oxidative stress without affecting osmotic pressure in
P3158 cells [12]. In the presence or absence of 20 mM glucose (for HG)
and/or 30 pM MnTE-2-PyP (referred as T2E), P3158 cells were plated.
After 24 h, half of the cells were irradiated with 3 Gy of X-ray using the
Rad Source RS-2000 irradiator (referred as RAD). Our previous study
showed that 3 Gy of radiation on the human prostate fibroblasts (P3158)
increased ROS and decreases NRF2 activity, which was recovered by
MnTE-2-PyP in normoglycemic and hyperglycemic conditions [12].
Therefore, to investigate MnTE-2-PyP-mediated mitochondrial protec-
tion in irradiated and hyperglycemic prostate fibroblasts, we have
selected 3 Gy of radiation. Cells were then incubated in 37 °C with 5%
CO,. All the assays were executed on the fifth day after radiation
exposure, if not otherwise mentioned. There were eight groups for each
study: 1. Control (CON), 2. HG, 3. T2E, 4. T2E + HG (TG), 5. RAD, 6.
RAD + HG (RG), 7. RAD + T2E (RT) and 8. RAD + HG + T2E (RGT), if
not mentioned otherwise.

2.2. Western blot

Whole cell, cytosolic, and mitochondrial protein extracts were pre-
pared by plating 2.0 x 10° cells/T75 flask. Cells were treated with HG,
T2E and RAD as mentioned above. Five days post-radiation, whole cell
extracts, cytosolic and mitochondrial extracts were prepared. Cell pel-
lets were lysed by cell lysis buffer [120 mM NacCl, 50 mM Tris- HCl, 5
mM EDTA, 1% NP-40 and complete protease inhibitor cocktail tablets
(Roche, cat # 11697498001; 1 tablet/50 ml)] to prepare the whole cell
extract. Mitochondrial and cytosolic extracts were prepared by
following the manufacturer’s instructions for the Mitochondria Isolation
Kit for Mammalian Cells (Thermo Scientific, reference # 89874). Total
protein concentrations were measured by Bradford reagent (Bio Rad, cat
# 500-0006). Samples were electrophoresed on Bolt 4-12% Bis-Tris Plus
gels (Thermo Fisher Scientific, cat # NW04120BOX) and transferred to
nitrocellulose membranes (Life Technologies, cat # 1B23002). Nonfat
milk (5%) in TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.5% Tween 20)
was used to block the membrane for 2 h before incubation of the
membrane with primary antibodies overnight. Membranes were then
washed with TBST and incubated with horseradish peroxidase (HRP)
conjugated secondary antibodies (1:10,000 dilution) for 1-2 h at room
temperature. Blots were then developed with an ECL detection system
(Thermo Fisher Scientific) and exposed to film after washing with TBST.
ImageJ was used to analyze densitometry of the scanned images from
the films. Ponceau staining of total proteins were performed as a loading
control for each blot. In some cases, TOMM20 was used as a mito-
chondrial protein loading control. We have used the following primary
antibodies in this study: a-SMA (Abcam, cat # ab5694, 1:3000 dilution),
NRF2 (Abcam, cat # ab62352, 1:1000 dilution), PGCla (Abcam, cat #
ab54481, 1:1000 dilution), TOMM20 (Abcam, cat # ab56783, 1:1000
dilution), OXPHOS complexes cocktail (Abcam, cat # ab110413, 1:1000
dilution), DRP1 (Cell Signaling Technology, cat # 8570, 1:1000 dilu-
tion), MFN1 (Cell Signaling Technology, cat # 14739, 1:1000 dilution),
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MEFN2 (Cell Signaling Technology, cat # 11925, 1:1000 dilution), OPA1
(Cell Signaling Technology, cat # 80471, 1:1000 dilution), PGAMS5
(Abcam, cat # ab244218, 1:1000 dilution), and PINK1 (Cell Signaling
Technology, cat # 6946, 1:1000 dilution). Secondary goat anti-rabbit
antibody (Invitrogen, reference # A24537) and secondary goat anti-
mouse antibody (Invitrogen, reference # A24524) were used with 1:
10,000 dilutions.

2.3. Immunofluorescence staining

Cells were treated with HG, T2E and RAD and were incubated for five
days post-radiation. Cells were then fixed in formalin for 10 min after
washing with PBS once. Then cells were washed thrice with PBS and
permeabilized with 0.5% Triton X in PBS for 8 min. Cells were blocked
with 5% goat serum in PBS for 1 h after washing thrice with PBS. Then
the primary antibodies were applied for 2 h at room temperature fol-
lowed by washing with PBS. A fluorescence tagged secondary antibody
was applied for 1 h at room temperature in the dark. Finally, cells were
washed with PBS, mounted with ProLong Gold antifade reagent with
DAPI (Invitrogen, cat #P36931), coverslipped, and imaged using a Leica
DM4000 B LED microscope.

Mitochondria were stained with 150 nM of Mitotracker Red CMXRos
(Invitrogen, Molecular probes, Cat #M7512) in serum free media for 20
min at 37 °C in 5% COy, in the dark, followed by washing with Hank’s
balanced salt solution (HBSS) buffer three times. For staining with
another antibody along with Mitotracker Red CMXRos, the above-
mentioned steps for fixation, permeabilization, blocking and immuno-
staining were followed after Mitotracker staining.

Antibodies used for these experiments are as follows: ATP synthase
Beta (Thermo Fisher Scientific, cat # A-21351, 1:250 dilution), NRF2
(Abcam, cat # ab62352, 1:250 dilution), a-SMA (Abcam, cat # ab5694,
1:500 dilution), Alexa fluor 488 goat anti-rabbit fluorescence secondary
antibody (Life technology, reference # A11008, 1:500 dilution) and
Alexa fluor 524 goat anti-rabbit fluorescence secondary antibody (Life
technology, reference # A11008, 1:500 dilution).

2.4. Mitochondrial ROS measurement

After treatment with HG, T2E and RAD, cells were incubated for five
days after radiation, as indicated in the previous section. Then cells were
trypsinized and washed with HBSS (with Ca?*, Mg?*) buffer. Cells were
then incubated in the dark with 5 pM of MitoSOX Red (Invitrogen,
Molecular probes, cat #M36008, excitation/emission wavelength 510/
580 nm) for 10 min at 37 °C in 5% CO». After washing with HBSS (with
Ca?*, Mg?") buffer, cells were subjected to flow cytometry using a LSRII
Green 532 Flow Cytometer (BD Biosciences, San Jose, CA) using the 488
excitation laser and a 575/26 with 550 long pass emission filter.

2.5. Mitochondrial oxygen consumption rate determination

Cells (0.3 x 106) were plated in a T25 flask and treated with HG, T2E
and RAD as mentioned before. Twenty-four hours after radiation, cells
were trypsinized and reseeded on XFe96 seahorse assay cell culture plate
at a density of 0.3 x 10 -> cells/well. The total media volume was 200 pl/
well. HG and T2E were added in proper concentrations after reseeding.
After 48 h of reseeding, cells were washed and replaced with fresh
Mitostress assay medium. After 1 h incubation in a non-COs incubator,
mitochondrial oxygen consumption rate (OCR) was measured using the
XFe96 analyzer (Seahorse Biosciences, Santa Clara, CA, USA). Oligo-
mycin, carbonyl cyanide-4-phenyl hydrazone (FCCP), and Rotenone/
Antimycin were used to measure basal, ATP linked, maximal, non-
mitochondrial OCR and spare capacity. OCR data was normalized to
total protein content of the cells, measured by Bradford reagent.
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2.6. Measurement of ATP levels

P3158 cells were treated with HG, RAD and T2E as previously
described. After 5 days of radiation treatment, cells were trypsinized and
counted. Sterile deionized water (1 ml), pre-heated to 135 °C, was added
to 2.0 x 10° cells, and incubated in boiling water for 3 min. The cell
suspension was then centrifuged at 12,000 g for 7 min at 4 °C. The su-
pernatant (20 pl) was added to 180 pl of the ATP measurement reaction
buffer, prepared by following the manufacture’s protocol for ATP
determination kit (Invitrogen Molecular probes, cat # A22066). Lumi-
nescence was measured to determine relative levels of ATP in experi-
mental groups by using a Tecan Infinite M200 Pro plate reader.
Deionized water (20 pl) was used to determine the background lumi-
nescence. Three technical replicates were used to read the luminescence
for each sample for every biological replicate.

2.7. Measurement of total and healthy mitochondria levels

Cells were treated with HG, T2E and RAD as described above. After 5
days post-radiation, cells were trypsinized and washed with PBS once.
Cells were treated with 100 nM of both Mitotracker Red CMXRos
(Invitrogen, Molecular probes, cat #M7512) and Mitotracker Green
(Invitrogen, Molecular probes, cat #M7514) in serum free media for 20
min at 37 °C in 5% CO; in the dark, followed by washing with HBSS
buffer three times. Cells were subjected to flow cytometry using a LSRII
Green 532 Flow Cytometer (BD Biosciences, San Jose, CA) using the Y/G
605/15 laser for Mitotracker Red CMXRos (MTR) and blue 530/30 laser
for Mitotracker Green (MTG). We have used carbonyl cyanide m-
chlorophenylhydrazone (CCCP) as a positive control for altering mito-
chondrial membrane potential. We treated P3158 cells with 10 pM CCCP
for 1 h before staining the cells with Mitotracker green and red.

2.7.1. siRNA treatment

P3158 cells (75,000 cells/well) were seeded in a 6 well plate and
transfected with 25 nM of control siRNA (Ambion, cat # 4390843) or
NRF2 siRNA (Ambion, cat# 4392420). After 24 h, cells were treated
with HG (20 mM) and T2E (30 pM) and incubated for another 24 h
followed by irradiation (3 Gy). Cells were harvested and whole cell ly-
sates were prepared for western blot analysis 4 days post-radiation.

2.8. Metabolite extraction protocol

P3158 cells (1 x 10°) were plated in 100 mm dishes and treated with
HG, T2E and RAD, as described above. Six biological replicates for each
experimental condition were collected 5 days post-radiation for the
metabolomics study. The cells were washed with 1 ml of Nanopure
water followed by pipet mixing and slow speed centrifugation. The cells
were then centrifuged at 5000 g for 10 min at 4 'C and the cell wash was
discarded. Quality control (QC) samples were prepared by combining
equal amounts from each biological replicate. The same extraction
procedure was applied to the QC and biological replicate samples. Cells
were resuspended in 1 ml of 80% methanol and submitted to mechanical
lysis with zirconia beads in a FastPrep® homogenizer (15 s at 1200 rpm
repeated three times). The samples were placed in an ice bath for 30 s
between cycles. The lysed sample was then centrifuged at 20,000 g for
20 min at 4 °C. The supernatant was collected and 1 ml of 50% methanol
and 50% Nanopure water (v:v) was added to each cell pellet and vor-
texed for 10 s. The sample was centrifuged, the supernatant was
collected and then combined with the previous supernatant. Each
fibroblast cell sample was split 60:40 to prepare an NMR and mass
spectrometry (MS) sample, respectively. Each sample was transferred to
a rotary evaporator and then lyophilized to dryness.

After extraction of the aqueous metabolites, 4 ml of 2:1:1 chloro-
form: methanol: water mixture was added to each cell pellet in a glass
vial. The pellet was then vortexed for 30 s and centrifuged at 20,000 g
for 20 min at 4 °C and the organic layer was collected. The process was
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repeated a total of three times and the organic layers were combined.
Each sample was lyophilized to dryness on a rotary evaporator. The
organic metabolome extraction was only used to prepare a MS sample.

2.9. Preparation of metabolomics samples for nuclear magnetic resonance
(NMR) and mass spectrometry (MS) analysis

After lyophilization, each dried aqueous cell extraction allocated for
NMR analysis was resuspended in 0.3 ml of a 50 mM potassium phos-
phate buffer at pH 7.2 (uncorrected) in “100%” D20 containing 50 pM of
3-(trimethylsilyl) propionic-D4 (TMSP-Dy) as a chemical shift reference.
The sample was then transferred to a 3 mm NMR tube for data collec-
tion. After lyophilization, each dried aqueous cell extract allocated for
MS analysis was resuspended in 100 pl of Nanopure water containing
0.1% of formic acid. After lyophilization, each dried organic cell extract
was resuspended in 100 pl of isopropanol containing 0.1% formic acid.

2.10. One-dimensional (1D) H NMR data acquisition

1D 'H NMR spectra were collected on a Bruker Avance III-HD 700
MHz spectrometer equipped with a quadruple resonance QCI-P cryo-
probe (*H, 13C, 1°N, 3'P) with z-axis gradients. A Bruker SampleJet
sample changer with IconNMR and auto tune and match (ATM) were
used to automate the NMR data collection. The 1D 'H NMR data were
collected at 298K with 32K data points, a spectrum width of 11 ppm, 64
scans and 4 dummy scans. The spectra were collected using excitation
sculpting [19] to remove the solvent and maintain a flat baseline.

2.11. Liquid chromatography-mass spectrometry (LC-MS) data
acquisition

LC-MS metabolomics was performed on a Waters Acquity ultra per-
formance liquid chromatography (UPLC) system coupled to a Xevo G2-
XS Q-TOF (Waters MS Technologies, Manchester, UK) equipped with an
electrospray ionization (ESI) source operating in positive ionization
mode. The metabolites were separated with an HSS T3 column (Waters,
1.0 mm x 50 mm, 1.8 pm) with a 31-min linear gradient from 0.1% to
85% mobile phase B. Mobile phase A was 0.1% formic acid in water and
mobile phase B was 0.1% formic acid in acetonitrile. The column and
autosampler temperatures were set to 40 °C and 5 °C, respectively. The
flow rate was set to 95 pl/min. The ionization source condition was set
as follows: capillary voltage of 3.2 kV, sampling cone voltage of 40 V,
and source offset voltage of 80 V. The source temperature was set to
120 °C and the desolvation temperature was set to 500 °C. The cone and
desolvation gas flows were set to 50 and 800 L/h, respectively. Data
acquisition was obtained in the MSE mode, which simultaneously re-
cords exact mass precursor ion and fragment ion information. MSE was
performed with a low collision energy of 4 eV and a high collision energy
ramped from 15 to 50 eV. The data was collected using an m/z range of
50 to 1200 with a scan time of 0.05 s. The data were acquired using an
independent reference lock mass via the LockSpray interface to ensure
accuracy and reproducibility during the MS analysis. Leucine Enkeph-
alin was used as the reference compound ([M+H]' = 556.2771).

LC-MS lipidomics was performed on a Waters Acquity UPLC system
coupled to a Xevo G2-XS Q-TOF (Waters MS Technologies, Manchester,
UK) equipped with an ESI source operating in either the positive or
negative ionization mode. The lipids were separated on a C18 column
(1.0 x 50 mm, 1.7 pm, Waters) with a 20-min linear gradient from 40%
to 99% mobile phase B. Mobile phase A was an acetonitrile and water
mixture (60:40, v/v) containing 10 mM ammonium formate and 0.1%
formic acid. Mobile phase B was an isopropanol and acetonitrile mixture
(90:10, v/v) containing 10 mM ammonium formate and 0.1% formic
acid. The column and autosampler temperatures were set to 40 °C and
5 °C, respectively. The flow rate was set to 50 pl/min. The ionization
source condition was set as follows: capillary voltage of 3.2 kV, sampling
cone voltage of 40 V, and a source offset voltage of 80 V. The source and
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desolvation temperatures were set to 120 °C and 500 °C, respectively.
The cone and desolvation gas flows were set to 50 and 800 L/h,
respectively. MSE was performed with a low collision energy of 4 eV, and
the high collision energy was ramped from 15 to 40 eV. The data was
collected using an m/z range of 100-2000, a scan time of 0.05 s, and an
independent reference lock mass via the LockSpray interface to ensure
accuracy and reproducibility during the MS analysis. Leucine Enkeph-
alin was used as the reference compound ([M+H]" = 556.2771, [M —
H]~554.2615). The EquiSplash® Lipidomics® mass spectrometry
standards (Avanti polar lipids, Inc.) were used as a quality-control
standard before collecting the experimental lipidomics samples.

2.12. NMR data processing and statistical analysis

The 1D 'H NMR spectra were processed with our MVAPACK
metabolomics  toolkit  (http://bionmr.unl.edu/mvapack.php) to
generate a data matrix [20]. The spectra were processed with a 1.0 Hz
exponential apodization function, a single round of zero-filling, and a
Fourier transformation. Spectra was referenced and aligned to TMSP-D4
[20]. Solvent signals and noise regions were excluded, and the spectra
were either aligned using the Icoshift [20] peak alignment algorithm or
binned using an adaptive intelligent binning algorithm [20]. The 1D 'H
NMR data matrix was pareto scaled and normalized with the median in
order to generate a normal gaussian distribution using Metaboanalyst
5.0. The orthogonal projection to latent structures discriminant analysis
(OPLS-DA) models was validated using permutation testing with n =
1000, R2, Q2 p-values were generated using Metaboanalyst 5.0 or
MVAPACK. Discriminatory features were identified using Chenomx
Suite 8.0 and Human Metabolome database (HMDB). A 'H chemical
shift uncertainty of 0.08 ppm was used to match experimental chemical
shifts.

2.13. LC-MS data processing and statistical analysis

The LC-MS datasets were imported into the Progenesis® QI metab-
olomics software (version 2.4, Nonlinear Dynamics, Newcastle, UK). The
chromatographic peak alignment and peak picking were performed in
an automatic manner with QC runs as references. Features were auto-
matically deconvoluted for isotopes and adducts; and then associated
with a retention time and an m/z value. For the positive ionization
mode, adducts were assigned to either an [M+H]", [M+Na]™, [M +
NH4]", [M=H20 + H]" or [M+K]™". For the negative ionization mode,
[M-H,O0-H]’, [M — HJ', or [M + FA-H] adducts were selected. Features
were selected based on coefficients of variation (CVs) relative to QC
samples where features with CVs over 30% were eliminated. Features
not detected in at least 50% of the samples were also omitted. Signal
imputation was performed using the k-nearest neighbor (knn) method
[21]. All features underwent a log2 transformation.

LC-MS metabolic features were normalized with cyclic loess, and
pareto scaled using R-packages ‘affy’, ‘limma’, and ‘Stats’ in R (4.0.3)
[22-25]. Principal component analysis (PCA) and orthogonal pro-
jections to latent structures discriminant analysis (OPLS-DA) models
were produced. Using Metaboanalyst and MVAPACK, Loading plots,
variable importance in projection (VIP) features and S-plots were
generated from the OPLS-DA model; and were employed to visualize the
relative importance of the differential variables and to acquire a list of
peak indices. Metabolites were considered differential when presenting
a discriminant p-corr value, VIP>1.0, a minimum fold change >1.0
and/or an ANOVA p-value <0.05. As previously described, the qualified
filtered variables were submitted to putative metabolite annotation
using MetaScope with theoretical fragment search against HMDB using
Progenesis QI software [26].

2.14. Enrichment pathway and network analysis

After statistical analysis and compound identification, the
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statistically significant features from both the LC-MS and NMR data sets
were subjected to enrichment pathway using Metaboanalyst 5.0
(https://www.metaboanalyst.ca/). Significantly perturbed metabolite
pathways were identified using the Pathway Analysis module by
selecting all the metabolite names identified by the NMR and MS
metabolomics data analysis.

2.15. Statistical analyses

Statistical analyses of NMR-based and LC-MS-based metabolomics
data is described as mentioned in respective sections. For all the other
experiments, statistical analyses were executed using GraphPad Prism 6
Software version 6.0.5. Mean and standard deviation from three or more
independent experiments were plotted unless otherwise indicated. Un-
paired two-tailed t-test between two groups and one way ANOVA fol-
lowed by post hoc Tukey’s test were used to determine statistically
significant differences between experimental groups and for multiple
comparisons.

3. Results
3.1. MnTE-2-PyP protects against mitochondrial damage

NRF2 is a protector of mitochondrial health [13,14]. Other than
acting as a transcription factor to express mitochondrial proteins, there
are reports showing localization of NRF2 to the outer membrane of
mitochondria [15,16]. We have previously reported that T2E upregu-
lates NRF2 in fibroblasts [12]. Thus, we studied mitochondrial locali-
zation of NRF2 in the context of hyperglycemia and radiation. In the
hyperglycemic conditions, T2E treatment significantly increased mito-
chondrial localization of NRF2 both in non-radiated and radiated groups
as compared to the HG and RG groups. In the normoglycemic condition,
T2E caused a trend of increased localization of NRF2 to the mitochon-
dria, though the increase did not reach statistical significance (Fig. 1A).
To validate this finding, we have studied NRF2 by immunofluorescence
staining, where the mitochondria are labeled with Mitotracker Red dye.
Co-localization of NRF2 and Mitotracker dye was evident in the TG and
RGT groups (Fig. 1B). We have also observed colocalization of TOMM20
and NRF2 in a high-resolution image in the RGT treated cells (Fig. 1B).
Purity of mitochondrial protein extraction was measured by the pres-
ence of TOMM20 protein in the mitochondrial extract but not in the
cytosolic extract (Supplementary Fig. 1A).

PGCla, an important regulator of mitochondrial biogenesis, main-
tains mitochondrial number and health via a mutual collaboration with
NRF2 [27]. Therefore, we investigated PGCla levels in our study. T2E
increased the total expression of PGCla in all conditions (control, HG,
RAD and RG groups). Although the increase in PGCla expression was
statistically significant only in TG and RT groups as compared to HG
only and RAD only groups (Fig. 1A). This data indicates that there is a
possibility of increased mitochondrial biogenesis in T2E treated
conditions.

Thus, it was necessary to study overall mitochondrial levels in our
study. We measured total levels of TOMMZ20, an outer membrane pro-
tein of the mitochondria. TOMM20 levels were significantly lower in
HG, RAD and RG groups as compared to the control. T2E increased
TOMMZ20 levels in TG and RGT as compared to HG and RG group
respectively (Fig. 1A).

After measuring TOMM20, we also measured the levels of a vital
functional protein, mitochondrial ATP synthase, which is an important
component of the mitochondrial electron transport chain, by immuno-
fluorescence staining (Fig. 1C). Our study revealed that ATP synthase
expression per cell was significantly lower in RAD and RG groups as
compared to controls. ATP synthase expression was significantly lower
in RG group as compared to HG only group as well. T2E treatment
significantly increased ATP synthase expression as compared to control,
HG, RAD and RG groups (Fig. 1C). In addition, we have also co-stained
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the cells with Mitotracker red to visualize mitochondrial health. Mito-
tracker intensity was also increased in T2E treated cells (Supplementary
Fig. 1B).

Therefore, our data demonstrate that in the hyperglycemic and
irradiated condition, mitochondrial localization of NRF2, and expres-
sion of PGCla, TOMM20, and mitochondrial ATP synthase were
increased by T2E treatment in prostate fibroblast cells.

3.2. MnTE-2-PyP reduces mitochondrial ROS

Damaged mitochondria produce an excess amount of ROS, which is a
major source of hyperglycemia and radiation-mediated oxidative dam-
age. Therefore, we measured mitochondrial ROS by MitoSox dye per cell
(Fig. 2A). As mitochondrial ATP synthase levels correspond to the
number of intact mitochondria, the amount of mitochondrial ROS was
also normalized by average mitochondrial ATP synthase levels per cell
(Fig. 2B). We found that RAD and RG significantly increased mito-
chondrial ROS as compared to controls. T2E treatment significantly
decreased mitochondrial ROS levels in the radiated groups (Fig. 2B).

Oxidative phosphorylation (OXPHOS) is a major source of ROS
production in mitochondria. Therefore, we measured the levels of
OXPHOS proteins to investigate the source of mitochondrial ROS in the
irradiated, hyperglycemic environment (Fig. 2C). HG, RAD and RG
downregulated the total levels of OXPHOS complex-I, II, III and IV
(Fig. 2D, 2E, 2F and 2G). This indicates both hyperglycemia and radi-
ation may reduce electron transport chain activity by reducing OXPHOS
protein complexes. The total levels of OXPHOS complex L, II and III were
restored in T2E, TG and RT groups as compared to the control, HG and
RAD groups respectively (Fig. 2D, 2E and 2F). However, after RG
treatment, T2E only restored complex III levels (Fig. 2F) but had no
effect on complex I and II (Fig. 2D and 2E). The levels of complex IV
were not restored by T2E in any experimental group. Instead, T2E
treatment downregulated complex IV levels as compared to their PBS
treated counterparts (Fig. 2G). Although total levels of complex V were
not affected by HG and/or RAD treatment, levels of complex V expres-
sion were significantly enhanced in TG, RT and RGT as compared to HG,
RAD and RG groups respectively (Fig. 2H). Due to changes in mito-
chondrial mass in HG, RAD, RG and T2E treatments, we have further
normalized the OXPHOS complex protein levels by TOMM20 protein
levels (Supplementary Fig. 2). Most complexes followed similar patterns
when normalized to either ponceau or TOMM20. However, complex IV
and V levels were significantly upregulated in RAD and RG groups when
normalized to TOMM20 but did not change when normalized to
ponceau.

These data indicate that blockage of the electron transport chain is
likely the major source of mitochondrial ROS production in the hyper-
glycemic and irradiated conditions. Blocked electrons flow back and
produce superoxide via coenzyme Q after reacting with molecular ox-
ygen. Overall downregulation of complex I, II, IIl and increase in the
levels of complex IV per cell increased ROS in RAD and RG groups. T2E
reduces mitochondrial ROS production by eliminating the blockage of
the electron transport chain and reopening the electron flow via
restoring the levels of OXPHOS complexes.

To find out the role of NRF2 in T2E-mediated mitochondrial pro-
tection, we have downregulated NRF2 in control and RG treated cells by
siRNA treatment in the presence or absence of T2E (Supplementary
Figs. 3A and 3B) and measured OXPHOS complex V and complex III, as
these proteins were restored by T2E in RG treated samples (Supple-
mentary Fig. 3C, 3D and 3E). In the control group, complex V was
significantly downregulated in the absence of NRF2 but in RG or T2E
treated groups complex V was not altered significantly (Supplementary
Figs. 3C and 3D). The T2E mediated restoration of complex III was also
not significantly affected by NRF2 knockdown (Supplementary Figs. 3C
and 3E). Therefore, NRF2 is not solely responsible for T2E mediated
mitochondrial OXPHOS protein protection.
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Fig. 1. MnTE-2-PyP protected from radiation and hyperglycemia-induced mitochondrial damage in normal prostate fibroblasts. Human prostate fibroblast
cells were treated with 20 mM glucose (HG) and 30 pM MnTE-2-PyP (T2E) followed by 3 Gy of X-rays (RAD). 5 days after radiation, cells were harvested. A.
Mitochondrial and whole cell proteins were extracted and immunoblotted for mitochondrial NRF2, total PGCla and TOMM20. Quantification of 3 independent
western blots is shown below. B. Mitochondrial localization of NRF2. Left: Representative images (20X) of human prostate fibroblasts stained with Mitotracker Red
(red) and NRF2 (green). Scale bar = 100 pm. Right: Upper two images represent Mitotracker Red (red) and NRF2 (green) in 40X magnification. RGT group but not
the control group showed co-localization of Mitotracker Red and NRF2 in yellow color (areas indicated by white arrows). Scale bar = 50 pm. Right lower panel
represents a confocal image (63X) of colocalization between (white signals, analyzed by Image J) TOMM20 (green) and NRF2 (red) in the RGT group. Scale bar = 25
pm. C. Representative images of mitochondrial ATP synthase protein expression. Mean fluorescent intensity of ATP synthase staining per cell is shown below. Scale
bar = 100 pm. All figures are representative of at least 3 independent experiments. CON = control, HG = high glucose, T2E = 30 pM MnTE-2-PyP treated, TG = T2E
+ HG treated, RAD = 3 Gy X-ray treated, RG = RAD + HG treated, RT = RAD + T2E treated and RGT = RAD + HG + T2E treated.(*), ($), (#) and (@) denote a
significant difference (p < 0.5) as compared to control, HG, RAD and RAD + HG group respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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Fig. 2. MnTE-2-PyP reduced radiation and hyperglycemia-induced mitochondrial ROS levels in normal prostate fibroblasts. Human prostate fibroblast cells
were treated with 20 mM glucose (HG) and 30 pM MnTE-2-PyP (T2E) followed by 3 Gy of X-rays (RAD). 5 days after radiation, cells were harvested. A. Mitochondrial
ROS was measured using MitoSox Red via flow cytometry. B. Mitochondrial ROS levels were normalized by average levels of ATP synthase per cell. C. Representative
western blot images of levels of oxidative phosphorylation (OXPHOS) protein complexes in whole cell extract. D. Quantification of OXPHOS complex-I (C-I). E.
Quantification of OXPHOS complex-II (C-II). F. Quantification of OXPHOS complex-III (C-III). G. Quantification of OXPHOS complex-IV (C-IV). H. Quantification of
OXPHOS complex-V (C-V). All figures are representative of at least 3 independent experiments. CON = control, HG = high glucose, T2E = 30 pM MnTE-2-PyP
treated, TG = T2E + HG treated, RAD = 3 Gy X-ray treated, RG = RAD + HG treated, RT = RAD + T2E treated and RGT = RAD + HG + T2E treated.

(), ($), (#) and (@) denote a significant difference (p < 0.5) as compared to control, HG, RAD and RAD + HG group respectively.

3.3. MnTE-2-PyP increases mitochondrial efficiency

Hyperglycemia and radiation decreased mitochondrial health and
T2E restored it. Therefore, it was expected that mitochondrial function
of the irradiated and hyperglycemia treated fibroblasts would be
reduced, which would be restored by T2E. To study the activity of
mitochondria, we measured the mitochondrial oxygen consumption rate
(OCR). By using Oligomycin, FCCP, Rotenone, and Antimycin A we have
measured mitochondrial OCR during basal respiration (Fig. 3A), ATP
production (Fig. 3B), maximal respiration (Fig. 3C), spare respiratory
capacity (Fig. 3D), proton leak (Fig. 3E), and non-mitochondrial oxygen
consumption (Fig. 3F). In non-radiated hyperglycemic cells (HG), OCR
was downregulated during all the events and T2E treatment significantly
increased OCR as compared to control and HG only treatment. We can
summarize from this data that overall mitochondrial activity was down
regulated in HG treatment and T2E treatment significantly increased

overall mitochondrial OCR, which was evident from the time dependent
OCR curve as well (Supplementary Fig. 1C).

Surprisingly, both normoglycemic and hyperglycemic irradiated
groups showed significantly higher levels of OCR for basal, ATP linked,
maximal and spare respiratory capacity as compared to control. T2E
treatment reduced the OCR to the control levels. This data was not ex-
pected as higher OCR denotes higher mitochondrial activity. However,
complex V, ATP synthase, was enhanced when normalized to TOMM20.
Therefore, to determine if the enhanced OCR could be used for enhanced
ATP production per cell in RAD and RG groups, we measured ATP levels
in each condition as mitochondrial ATP production is the final endpoint
for the mitochondrial metabolic activity. We measured total levels of
ATP in equal number of cells and normalized the total ATP levels by the
ATP linked OCR. This data revealed mitochondrial efficiency i.e., the
amount of ATP produced per unit of oxygen consumption [28]. T2E
treated cells in the irradiated group produced higher amounts of ATP
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Fig. 3. MnTE-2-PyP increased mitochondrial ATP synthesis efficiency after radiation and hyperglycemia stress in normal prostate fibroblasts. Human
prostate fibroblast cells were treated with 20 mM glucose (HG) and 30 pM MnTE-2-PyP (T2E) followed by 3 Gy of X-rays (RAD). Cells were subjected to Seahorse bio-
analyzer to measure mitochondrial oxygen consumption rate (OCR). A. Basal respiration, B. ATP linked OCR, C. Maximal respiration, D. Spare respiratory capacity,
E. Proton leak linked OCR and F. Non-mitochondrial OCR were measured. G. Total levels of ATP were measured in human prostate fibroblasts after 5 days of
radiation. H. ATP levels were normalized by average value of ATP linked OCR (Fig. 3B). Levels of ATP produced using per unit of ATP linked OCR were measured. All
graphs are representative of at least 3 independent experiments.
CON = control, HG = high glucose, T2E = 30 pM MnTE-2-PyP treated, TG = T2E + HG treated, RAD = 3 Gy X-ray treated, RG = RAD + HG treated, RT = RAD + T2E
treated and RGT = RAD + HG + T2E treated.
(*), ($), (#) and (@) denote a significant difference (p < 0.5) as compared to control, HG, RAD and RAD + HG group respectively.

(Fig. 3G) using lower amounts of oxygen (Fig. 3B) as compared to RAD OCR linked proton leakage was significantly increased in the RAD
and RG groups. Therefore, T2E significantly increases mitochondrial group as compared to the controls and T2E treatment restored proton
efficiency both in normoglycemic and hyperglycemic conditions after leakage back to control levels. In the RG group, the OCR linked proton
radiation as compared to the PBS treated irradiated cells (Fig. 3H). leak was not altered (Fig. 3E). Non-mitochondrial OCR was significantly
Mitochondrial efficiency was not altered significantly in other experi- higher in all the irradiated groups as compared to controls and T2E
mental groups. treatment did not reduce the non-mitochondrial OCR to the control
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levels (Fig. 3F).

3.4. MnTE-2-PyP maintains mitochondrial homeostasis

Balance in mitochondrial fission, fusion, mitophagy, and biogenesis
maintains mitochondrial homeostasis in the healthy cellular environ-
ment. Blockage or over representation of any of these processes reduces
the number of healthier mitochondria and increases accumulation of
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damaged mitochondria in the cells. Therefore, a disproportionate in-
crease or decrease in any of these processes contributes to increased
mitochondrial ROS and cellular damage in stressed conditions.
Therefore, we measured levels of mitochondrial fission and fusion
proteins in mitochondrial protein extracts via western blots. We
measured the levels of dynamin-related protein 1 (DRP1) as a repre-
sentative of a mitochondrial fission (Fig. 4A) protein and mitofusin-1
(MFN1), mitofusin-2 (MFN2), and optic atrophy 1 (OPA1) as markers
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Fig. 4. MnTE-2-PyP maintained mitochondrial homeostasis after radiation and hyperglycemia stress in normal prostate fibroblasts. Human prostate
fibroblast cells were treated with 20 mM glucose (HG) and 30 pM MnTE-2-PyP (T2E) followed by 3 Gy of X-rays (RAD). 5 days after radiation, cells were harvested.
Mitochondrial and cytosolic proteins were extracted. A. Representative western blots for DRP1 (mitochondrial fission protein), MFN1, MFN2 and OPA1 (mito-
chondrial fusion proteins) were measured and quantified. B. Quantification of PGAMS in the cytosolic protein extract were measured. C. Cells were harvested at 30 h
and 5 days post radiation. PINK1 protein levels were quantified in mitochondrial protein extracts. All images and graphs are representative of at least 3 independent
experiments. CON = control, HG = high glucose, T2E = 30 yM MnTE-2-PyP treated, TG = T2E + HG treated, RAD = 3 Gy X-ray treated, RG = RAD + HG treated, RT

= RAD + T2E treated and RGT = RAD + HG + T2E treated.

(*), ($), (#) and (@) denote a significant difference (p < 0.5) as compared to control, HG, RAD and RAD + HG group respectively.
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of mitochondrial fusion proteins. Our data suggests that in the non-
radiated groups there was no significant change in mitochondrial
fission or fusion processes as the levels of fission protein, DRP1, and the
fusion proteins, MFN1 and OPA1, were not altered (Fig. 4A). However,
levels of MFN2, a mitochondrial fusion protein, were significantly
reduced in the TG group as compared to the HG group (Fig. 4B). In the
normoglycemic-irradiated group mitochondrial levels of DRP1 were
significantly reduced and MFN1 and OPAl levels were increased
significantly as compared to controls (Fig. 4A). T2E restored the levels of
DRP1, MFN1 and OPA1 to control levels (Fig. 4A). We may conclude
from this data that in a normoglycemic-irradiated condition, where
mitochondrial ROS and mitochondrial damage were significantly high,
mitochondrial fission was also blocked and T2E restored it to the control
levels. It is reported that the long form of OPA1 helps in mitochondrial
fusion and the short form preserves mitochondrial bioenergetics [29,
30]; the cooperation between the two forms of OPA1 is necessary for
complete mitochondrial fusion [31]. In our study, we have separately
quantified the long and short form of OPAl and normalized the data
with the total OPA1 expression. However, we did not find significant up
or downregulation of any of the specific forms of OPA1l (data not
shown). In irradiated, hyperglycemic cells, mitochondrial fusion pro-
teins were not significantly altered.

Data from these experiments suggest that in a normoglycemic con-
dition, radiation significantly decreases mitochondrial fission and in-
creases mitochondrial fusion, which was restored by T2E. However,
under hyperglycemia, mitochondrial fission and fusion were not altered
by radiation significantly.

Blockage of mitochondrial fission can block mitophagy and increase
accumulation of damaged mitochondria inside the cells. It is reported
that mitochondrial stress can be sensed by PGAMS5, a mitochondrial
inner membrane protein [32]. Under stress, PGAM5 relocates to the
cytosol after being cleaved from the inner mitochondrial membrane.
Thus, cytosolic PGAMS5 serves as a signal for increasing mitophagy to
eliminate damaged mitochondria from cells [32,33] as well as to in-
crease mitochondrial biogenesis [34] to maintain healthy mitochondrial
levels in the cells. PGAMS5 senses mitochondrial damage and localizes to
the cytosolic side of the mitochondrial outer membrane, where PGAMS5
binds to NRF2. NRF2 localizes to the outer mitochondrial membrane via
Keapl. This PGAM5-NRF2 complex acts as a signal for mitochondrial
biogenesis and mitophagy to protect mitochondrial health [16,33,34].
Therefore, we measured the levels of cytosolic PGAMS5. As expected, T2E
significantly increased cytosolic levels of PGAM5 (Fig. 4B) without
affecting the levels of total mitochondrial PGAMS5 (Supplementary
Fig. 1D).

Since we observed increased levels of cytosolic PGAMS5, mitochon-
drial NRF2 and PGCla in T2E treated samples, we hypothesized that
T2E may increase mitophagy to eliminate damaged mitochondria and
thus reduce the source of oxidative stress from the cells. The accumu-
lation of PINK1 to the mitochondrial membrane is the first step in
mitophagy. We measured PINK1 protein levels in the mitochondrial
protein extract after 30 h and 5 days post-radiation. Thirty hours post-
radiation, T2E significantly increased PINK1 accumulation in the
mitochondria of the irradiated-hyperglycemic condition (Fig. 4C). This
data suggests that in the irradiated hyperglycemic condition, T2E may
increase the mitophagy process. However, as the number of damaged
mitochondria were decreased in T2E treated cells after 5 days of radi-
ation, T2E-mediated PINK1 accumulation in the mitochondria was also
reduced after 5 days (Fig. 4C). This data suggests that T2E reduced the
number of damaged mitochondria in irradiated and non-irradiated cells.
Cytosolic PINK1 levels were not altered (Supplementary Fig. 1E).

Therefore, these experiments suggest that overall levels of healthy
mitochondria will be restored by T2E treatment via mitochondrial
biogenesis and increased mitophagy in damaged cells after hypergly-
cemia and radiation stress.

10
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3.5. MnTE-2-PyP increases the number of mitochondria and improves
mitochondrial health

To investigate the total number and overall health of mitochondria in
cells, we stained cellular mitochondria with Mitotracker Green (MTG)
and Mitotracker CMXRos Red (MTR), which stains all the mitochondria
and mitochondria with intact membrane potential, respectively. As a
positive control for mitochondrial damage, we have treated cells with
CCCP and detected a decreased MTR intensity levels in CCCP treated
cells as compared to the control (Supplementary Fig. 4A). According to
our previous study, cell death varies from 10% —20% (highest in RG
group) in all the experimental conditions [12]. To avoid any possible
presence of dead cells in the current flow cytometry analysis, we only
collected attached cells. Additionally, we have analyzed larger and more
granular cell population only (P1), selected by forward (FSC-A) and side
scatter (SSC-A) area plot (Supplementary Fig. 4B). There were no dif-
ferences in the total percentage of cells in the P1 population among the
different groups (Supplementary Fig. 4C).

We then plotted P1 cell population by MTG intensity on the X-axis
and MTR intensity on the Y-axis (Supplementary Fig. 4D). There was no
overlap of MTG and MTR staining during detection (Supplementary
Fig. 4D, top panel). We have denoted 4 quadrants of the P1 cell popu-
lation distribution as Q1, Q2, Q3 and Q4. Q2 represents the healthy
mitochondria containing cells, as Mitotracker intensities were the
highest in Q2. Conversely, Q3 represents the damaged mitochondria
containing cells, as Mitotracker intensities were lowest in Q3. Whereas
Q1 and Q4 can be considered as semi-damaged cell populations, where
either number (MTG, in Q1) or the membrane potential (MTR, in Q4) of
cellular mitochondria were compromised. We have measured the per-
centage of cells and average intensities of MTG and MTR in all these
quadrants.

RAD and RG groups showed increased number of cells and reduced
average Mitotracker intensities in Q1 as compared to the control. In T2E,
RT and RGT groups, cell numbers were decreased and the average MTG
and MTR intensities were increased as compared to their PBS treated
counterpart (Fig. 5, panel A). This indicates T2E increases mitochondrial
number and health in this semi-damaged cell population. Most of the
cells were in Q2. The percentage of cells and the average MTR intensity
in Q2 were not altered significantly in any of the experimental groups
but average MTG intensity was increased in all the T2E treated groups
(Fig. 5, panel B). This suggests T2E increased total mitochondrial
numbers in this cell population. The Q2 population had two different
sub-populations (represented in Supplementary Fig. 4D). We have
separately analyzed the percentage of cells and average Mitotracker
intensities in those two populations. The major sub-population of Q2
showed a similar trend as compared to the whole Q2 population (data
not shown). RAD and RG treatment increased damaged cell numbers in
Q3, which were reduced to control levels by T2E treatment. MTG and
MTR intensities were decreased in RG group. T2E alone and RGT groups
increased the average MTG and MTR intensities in Q3 population (Fig. 5,
panel C). This data suggests T2E not only decreased the damaged cell
population also increased the mitochondrial health and number in this
population. All irradiated groups showed increased cell number and
decreased Mitotracker intensities in Q4 (Fig. 5, panel D).

3.6. MnTE-2-PyP mediated mitochondrial protection inhibits
myofibroblast differentiation

Under stressed conditions, such as hyperglycemia and radiation, fi-
broblasts are prone to differentiate to myofibroblasts, which results in
fibrosis. Mitochondrial damage and myofibroblast differentiation are a
cyclic process. Mitochondrial damage in a stressed condition leads to an
increase in ROS and thereby promotes myofibroblast differentiation [35,
36]. The combination of radiation and hyperglycemia exerts greater
stress on the fibroblasts as compared to radiation or hyperglycemia
alone. Therefore, we wanted to determine the initiating factor for this
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Fig. 5. MnTE-2-PyP increased the number of healthy mitochondria after radiation and hyperglycemia stress in normal prostate fibroblasts. Human
prostate fibroblast cells were treated with 20 mM glucose (HG) and 30 pM MnTE-2-PyP (T2E) followed by 3 Gy of X-rays (RAD). 5 days after radiation, cells were
harvested, stained with Mitotracker Green (MTG) and Mitotracker Red (MTR) and subjected to flow cytometry. A. Left: Fold change of percentage of cells in quadrant
1 (Q1). Middle: Average intensity of MTG staining in Q1. Intensity of MTG staining in Q1 was normalized by percentage of cells in Q1. Right: Average intensity of
MTR staining in Q1. Intensity of MTR staining in Q1 was normalized by percentage of cells in Q1. B. Left: Fold change of percentage of cells in quadrant 2 (Q2).
Middle: Average intensity of MTG staining in Q2. Intensity of MTG staining in Q2 was normalized by percentage of cells in Q2. Right: Average intensity of MTR
staining in Q2. Intensity of MTR staining in Q2 was normalized by percentage of cells in Q2. C. Left: Fold change of percentage of cells in quadrant 3 (Q3). Middle:
Average intensity of MTG staining in Q3. Intensity of MTG staining in Q3 was normalized by percentage of cells in Q3. Right: Average intensity of MTR staining in Q3.
Intensity of MTR staining in Q3 was normalized by percentage of cells in Q3. D. Left: Fold change of percentage of cells in quadrant 4 (Q4). Middle: Average intensity
of MTG staining in Q4. Intensity of MTG staining in Q4 was normalized by percentage of cells in Q4. Right: Average intensity of MTR staining in Q4. Intensity of MTR
staining in Q4 was normalized by percentage of cells in Q4. All data is representative of at least 3 independent experiments. CON = control, HG = high glucose, T2E
= 30 pM MnTE-2-PyP treated, TG = T2E + HG treated, RAD = 3 Gy X-ray treated, RG = RAD + HG treated, RT = RAD + T2E treated and RGT = RAD + HG + T2E
treated. (*) and (@) denote a significant difference (p < 0.5) as compared to control and RAD + HG group respectively.
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vicious cyclic process in hyperglycemia and radiation. We measured the
mitochondrial ATP synthase (red) and a-SMA stress fibers (green) in
prostate fibroblasts after radiation and hyperglycemia treatment in the
presence or absence of T2E consecutively for 5 days post-radiation.
Mitochondrial ATP synthase is a measure of mitochondrial health and
a-SMA stress fibers indicate myofibroblast differentiation. Representa-
tive images (Fig. 6A) show that after 5 days of radiation, the RG group,
but not the RGT group, differentiated to myofibroblasts. Mitochondrial
ATP synthase levels were higher in the RGT group as compared to the RG
group (Fig. 6A). We quantified stress fiber formation and ATP synthase
intensity levels over 5 days post-radiation and determined that from day
3 post-radiation, levels of ATP synthase started to continuously increase

Redox Biology 52 (2022) 102301

in the RGT group. In the RG group, ATP synthase levels never signifi-
cantly increased over time (Fig. 6B). a-SMA stress fiber formation started
increasing in the RG group from day 4 post-radiation. In the RGT group,
a-SMA stress fiber insignificantly increased in day 2 but from day 3
onward a-SMA staining intensity declined (Fig. 6D). We conclude that
there is a significant difference between the slopes of the lines, measured
by linear regression analysis of the means of the intensity values of ATP
synthase expression (Fig. 6C) and percentage of stress fiber containing
cells (Fig. 6E) between the RG and RGT groups (p value = 0.008 and p
value < 0.0001 respectively). Therefore, we conclude that protection of
mitochondria by T2E preceeds inhibition of o-SMA stress fiber
formation.
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Fig. 6. MnTE-2-PyP-mediated mitochondrial protection is prior to inhibition of myofibroblast differentiation after radiation and hyperglycemia stress in
normal prostate fibroblasts. Human prostate fibroblasts were treated with 20 mM glucose (HG) and 30 pM MnTE-2-PyP (T2E) followed by 3 Gy of X-rays (RAD).
1-5 days post-radiation, cells were subjected to immunofluorescence assay with mitochondrial ATP synthase (red) and a-SMA (green) antibody. A. Representative
image of human prostate fibroblasts stained with mitochondrial ATP synthase (red), a-SMA (green) antibody and DAPI (blue), 5 days after radiation. Scale bar = 100
pm. B. Intensity of mitochondrial ATP synthase per cell over time was quantified by Image J. C. Differences between the slopes of the lines were measured by linear
regression analysis of the means of the intensity values using GraphPad Prism. D. Percentage of a-SMA stress fiber containing cells over time was quantified by Image
J. E. Differences between the slopes of the lines were measured by linear regression analysis of the means of the intensity values using GraphPad Prism. All data is
representative of at least 3 independent experiments. (*) denotes a significant difference (p < 0.5) as compared to RAD + HG group. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.7. Metabolic profiles of fibroblasts exposed to radiation and
hyperglycemia stress

NMR and MS were used to identify altered metabolites and lipids in
HG, RAD, and RG groups. Metabolomics and lipidomics techniques were
also employed to assess if T2E treatment reversed the altered metab-
olome or lipidome or induced a counterbalance effect by increasing
cytoprotective metabolites or lipids to maintain an overall healthy
profile after exposure to radiation and hyperglycemic stress. To maxi-
mize the coverage of the metabolome and lipidome, we utilized a
combination of 1D 'H NMR metabolomics, LC-MS metabolomics, and
LC-MS lipidomics. A schematic outline of the metabolomics and lip-
idomics workflow is shown in Supplementary Fig. 5. NMR metabolomics
emphasized polar or aqueously soluble metabolites, while LC-MS
metabolomics, which by using a C18 column to separate aqueous
compounds from the cell lysate, primarily detected semi-polar metab-
olites. Conversely, the LC-MS lipidomics method observed a diverse
class of lipids from the organic extract of the cell lysate. The detected
lipids range from semi non-polar lipids like lyso-phospholipids to non-
polar lipids like cholesteryl esters. The two data-independent acquisi-
tion platforms, NMR and LC-MS, and the two different OMIC techniques,
lipidomics and metabolomics, were able to differentiate between the
HG, RAD, RG, and the T2E treated groups. Specifically, each experi-
mental group displayed unique metabolome and lipidome profiles as
evident from both a multivariate and univariate statistical analysis.

3.8. Overadll alteration of metabolic and lipid profiles in human prostate
fibroblasts are not overlapped after HG, RAD, RG and T2E treatment

An unsupervised principal component analysis (PCA) was used to
measure the global differences of the metabolic profiles in each stressed
condition (HG/RAD/RG) in the presence or absence of T2E as compared
to the control using the NMR and LC-MS datasets. The LC-MS spectral
data consisted of total of 1531 features (Supplementary Fig. 6A, 6B and
6C), while the 1D 'H NMR spectral data contained a total of 119 features
(Supplementary Fig. 6D, 6E and 6F), for metabolomics. Most of the PCA
models exhibited statistically relevant separations between all sets of
groups (Supplementary Table 1).

To further explore the impact of radiation and hyperglycemia stress
on fibroblasts, we also characterized changes to the lipidome. Impor-
tantly, the exact same samples used for metabolomics were also used to
analyze the lipidomes by using LC-MS spectral data. The PCA models for
the lipidome were generated from the three comparative groups for each
comparison set using RPLC-MS in the positive ionization mode with 223
lipid features (Supplementary Fig. 7A, 7B and 7C) and in the negative
ionization mode with 550 lipid features (Supplementary Fig. 7D, 7E and
7F). Both the PCA and OPLS-DA lipidomics models showed statistically
valid separation between each set of groups (Supplementary Tables 1
and 2). Average cross-permutation number was 1000 for OPLS-DA
analysis.

To identify significantly different metabolites in three types of
oxidative stresses (HG, RAD and RG) as compared to control, we have
analyzed the pairwise comparisons (HG vs control, RAD vs Control and
RG vs Control) using supervised orthogonal projections to latent struc-
tures discriminant analysis (OPLS-DA). Specifically, the OPLS model was
used to derive variable importance in projection (VIP) features. Simi-
larly, the pair-wised OPLS-DA models showed distinct group separa-
tions. The OPLS models were statistically relevant based on average R2
and Q2 values of 0.996 + 0.0003 and 0.9 + 0.1, respectively. The OPLS
model was also validated using a cross-permutation test (n = 1000) with
a resulting average p value of 0.008 + 0.008 (Supplementary Table 2).
Separate PCA and OPLS models were created for each NMR and LC-MS
dataset.

Overall, the PCA and OPLS models for the metabolomics and lip-
idomics datasets demonstrated that radiation and hyperglycemia stress
induced significant perturbations in the global cellular lipidomes
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metabolism relative to controls. Also, T2E treatment did not fully restore
the global metabolism to controls, but, instead, induced a distinct
metabolome and lipidome. The NMR and LC-MS features with VIP scores
>1.0 from the OPLS models, p values < 0.01 from a univariate Student’s
t-test, and a fold change >1.0 were selected for further detailed indi-
vidual and pathway analysis.

In the B and D parts of Figs. 7-9, we have represented those selective
metabolites, which are involved significantly in the altered pathways
and are also significantly altered by T2E.

3.9. High-glucose induced metabolic and lipidomic alterations and T2E-
mediated restoration of metabolites and lipids

A total of 17 metabolites from the NMR and LC-MS datasets were
altered due to HG treatment (Supplementary Table 3), which, not sur-
prisingly, were shown to contribute to the pathways including Warburg
effect, gluconeogenesis, and lactose degradation according to the top
three altered pathways on the metabolites sets enrichment analysis
(Fig. 7A). The effect of T2E on HG (HG + T2E) was evaluated by
comparing the relative abundance of these metabolites. Our data
revealed that levels of LysoPC, LysoPE, lactate and oleoyl tyrosine were
significantly reduced in HG treated cells as compared to the control and
T2E treatment restored the levels of these metabolites (Fig. 7B, Sup-
plementary Table 3). The lyso-glycerophospholipids, LysoPC and
LysoPE, and lactate are involved in gluconeogenesis and Warburg effect
pathways. Oleoyl tyrosine, an N-acylamide, is involved in lipid signaling
[37,38].

Furthermore, we looked at the lipid levels with the same pairwise
comparison, control versus HG treatment. Confirming that the high-
glucose alters overall lipidomic changes with statistically significant
OPLS-DA model (Supplementary Table 2). A total of 37 lipids from the
LC-MS lipidomics datasets were also altered due to HG (Supplementary
Table 4). This result suggests high glucose disrupts the lipidome to a
larger extent than the metabolome. Notably, some of the key metabolites
identified above from the metabolomics dataset are properly classified
as lipids. A pathway analysis identified oxidized glycerophospholipids,
sterol conjugates, and glycerophosphoserine as the top 3 (p value <
0.05) lipid pathways altered by HG treatment (Fig. 7C, Supplementary
Table 4). PHHdiA-PG and PHODA-PS, which are representative lipids of
the oxidized glycerophospholipids pathway, and increased in HG, were
decreased by T2E to the control levels. Notably, another oxidized
phospholipid, PKdiA-PS, was decreased in HG and remained lower in
TG. Overall, these results suggest that T2E reduced the oxidization of
phospholipids, even to levels lower than control. Interestingly, sphin-
gosines (such as, 3-ketosphingosine and glucosyl sphingosine) and
phospholipids (such as, phosphatidyl-serine) were also significantly
increased in HG and returned to control levels following a T2E treat-
ment. Conversely, sterol conjugates, another lipid pathway altered by
high glucose, did not return to control levels by T2E (Fig. 7D, Supple-
mentary Table 4).

3.10. Radiation induced metabolic and lipidomic alterations and T2E-
mediated restoration of metabolites and lipids

A total of 17 metabolites from the NMR and LC-MS metabolomics
datasets were altered due to radiation exposure (Supplementary
Table 5). A pathway enrichment analysis identified ketone body meta-
bolism, butyrate metabolism, and mitochondrial electron transport
chain, among others, as the top metabolic pathways altered by exposure
to radiation (Fig. 8A). Notably, these pathways were also among the top
7 dysregulated pathways due to HG (Fig. 7A). Radiation exposure also
resulted in a modest increase in TCA cycle metabolites (such as, succinic
acid and acetic acid), which are relevant to electron transport chain
metabolism. These TCA cycle metabolites were reduced to control levels
after T2E treatment (Fig. 8B, Supplementary Table 5). Similarly, furan
fatty acids (such as., dimethyl-pentyl-furanundecanoic acid) and
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Fig. 7. MnTE-2-PyP-mediated restoration of altered metabolic and lipid profile in hyperglycemic human prostate fibroblasts. Human prostate fibroblast
cells were treated with 20 mM glucose (HG) and 30 pM MnTE-2-PyP (T2E). After 5 days, cells were harvested and subjected to metabolomics and lipidomics analyses
A. Enriched pathways, analyzed from altered metabolites through HG treatment, were analyzed by MetaboAnalyst and are displayed with fold enrichment. B.
Representative metabolite changes from the CON, HG, and HG + T2E (TG) treatment data sets. (*) Denotes p-values < 0.05 and VIP >1.C. Enriched pathways,
analyzed from altered lipids through HG treatment, were analyzed by MetaboAnalyst and are displayed with fold enrichment. D. Representative lipid changes from
the CON, HG, and HG + T2E (TG) treatment data sets. (*) Denotes p-values < 0.05 and VIP >1. CON = control, HG = high glucose and TG = T2E + HG treated cells.
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Fig. 8. MnTE-2-PyP-mediated restoration of altered metabolic and lipid profile in radiated human prostate fibroblasts. Human prostate fibroblast cells were
treated with 30 pM MnTE-2-PyP (T2E) followed by 3 Gy of X-rays (RAD). 5 days after radiation, cells were harvested, and subjected to metabolomics and lipidomics
analyses. A. Enriched pathways, analyzed from altered metabolites through RAD treatment, were analyzed by MetaboAnalyst and are displayed with fold enrich-
ment. B. Representative metabolite changes from the CON, RAD, and RAD + T2E (RT) treatment data sets. (*) Denotes p-values < 0.05 and VIP >1. C. Enriched
pathways, analyzed from altered lipids through RAD treatment, were analyzed by MetaboAnalyst and are displayed with fold enrichment. D. Representative lipid
changes from the CON, RAD, and RAD + T2E (RT) treatment data sets. (*) Denotes p-values < 0.05 and VIP >1. CON = control, RAD = 3 Gy X-ray treated and RT =
RAD + T2E treated cells. (*) and (#) denote a significant difference (p < 0.5) as compared to control and RAD group respectively. All data is representative of at least
5 independent experiments.

pyridinoline were increased following exposure to radiation and
reduced closer to the control levels in the T2E treated irradiated cells.
Furan fatty acids (i.e., Dimethyl-pentyl-furanundecanoic acid) are anti-
oxidants that inhibit lipid peroxidation [39-41]. Pyridinoline
cross-linking is associated with fibrosis [42]. Wu et al. noted that anti-
oxidants are able to reduce the elevated levels of pyridinoline cross-links
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[43]. Thus, these data supports that T2E is acting as an antioxidant in
fibroblast cells when exposed to radiation, as has been previously re-
ported [11,12].

We next evaluated lipidomics from control, RAD and RT treatment to
see if there was any normalization effect of the drug on irradiated cells.
OPLS-DA model confirmed that the radiation alters total lipid levels
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Fig. 9. MnTE-2-PyP-mediated restoration of altered metabolic and lipid profile in radiated-hyperglycemic human prostate fibroblasts. Human prostate
fibroblast cells were treated with 20 mM glucose (HG) and 30 pM MnTE-2-PyP (T2E) followed by 3 Gy of X-rays (RAD). 5 days after radiation, cells were harvested
and subjected to metabolomics and lipidomics analyses. A. Enriched pathways, analyzed from altered metabolites through RAD + HG (RG) treatment, were analyzed
by MetaboAnalyst and are displayed with fold enrichment. B. Representative metabolite changes from the CON, RG, and RAD + HG + T2E (RGT) treatment data sets.
(*) Denotes p-values < 0.05 and VIP >1. C. Enriched pathways, analyzed from altered lipids through RAD + HG (RG) treatment, were analyzed by MetaboAnalyst
and are displayed with fold enrichment. D. Representative lipid changes from the CON, RG, and RAD + HG + T2E (RGT) treatment data sets. (*) Denotes p-val-
ues < 0.05 and VIP >1.

CON = control, RG = RAD + HG treated and RGT = RAD + HG + T2E treated cells. (*) and (@) denote a significant difference (p < 0.5) as compared to control and
RAD + HG group respectively. All data is representative of at least 5 independent experiments.

identified glycerophosphoserines, oxidized glycerophospholipids, and
fatty aldehydes, among others, as highly altered (p value < 0.05) lipid
pathways (Fig. 8C). The relative concentrations of a few representative
glycerophospholipids (Fig. 8D and Supplementary Table 6), such as,

significantly (Supplementary Table 2). A total of 52 lipids from the LC-
MS lipidomics datasets were also altered due to exposure to radiation
(Supplementary Table 6). Again, this result suggests the lipidome is
more sensitive than the metabolome to radiation. A pathway analysis
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phosphoserines, phosphoethanolamine, phosphoinositols were either
increased or decreased by radiation exposure but return to control levels
in the RT group. PHODA-PS is an oxidized phospholipid that was
increased by radiation treatment (Fig. 8D), was also increased by high
glucose (Fig. 7D), presumably due to an oxidative environment. T2E
reduced the levels of PHODA-PS in both conditions to levels lower than
control. There was also a modest but statistically significant increase in
fatty aldehydes, which are derived from lipid peroxidation [44], due to
radiation treatment. Fatty aldehydes were reversed back to control
levels by T2E (RT group) treatment.

3.11. RAD + HG treatment induced metabolic and lipidomic alterations
in the healthy fibroblast cells and T2E-mediated restoration of metabolites
and lipids

In total, 14 metabolites from the NMR and LC-MS metabolomics
datasets were altered due to an irradiated and hyperglycemic environ-
ment (Supplementary Table 7). An enrichment pathway analysis iden-
tified glucose-alanine, lactose degradation, and glutamate metabolism,
among others, as the top metabolic pathways (p value < 0.05) altered
under an irradiated, hyperglycemic condition (Fig. 9A). Glucose,
methylxanthine, TCA cycle metabolites (i.e., succinic acid and acetic
acid), glycolipids (i.e., megastigmene-diol-apiosyl-glucoside and lyso-
phosphatidic acid) were all increased in an irradiated, hyperglycemic
environment and returned towards normal levels with a T2E treatment
(Fig. 9B, Supplementary Table 7).

OPLS-DA scores plot also showed significant alteration of lipid levels
in RG treated cells (Supplementary Table 2). Alteration in 32 lipids were
identified due to RG treatment (Supplementary Table 8). A pathway
enrichment analysis identified that glycerophosphoserine, oxidized
glycerophospholipids, and sterol esters, among others, are the most
altered (p value < 0.05) lipid pathways due to an irradiated and hy-
perglycemic environment (Fig. 9C). Representatives of glycer-
ophospholipids are shown in Fig. 9D. Phosphoserines were decreased in
the RG group and returned toward original levels after T2E treatment.
PKOOA-PE, an oxidized phospholipid, increased in the RG treatment
and T2E treatment reduced the levels of PKOOA-PE; whereas the levels
of PHODA-PS did not change with the T2E treatment. Also, steroid
conjugates, such as 4-Hydroxyandrostenedione glucuronide returned to
its normal levels in the presence of T2E treatment (Supplementary
Table 8).

In summary of the results of our study, hyperglycemia and radiation
damage mitochondrial health and thereby increase mitochondrial ROS,
which alters metabolism and increases lipid oxidation. T2E restores
mitochondrial health, reduces mitochondrial ROS and oxidized lipid
levels, and restores many metabolites and lipids to control levels.

4. Discussion

Mitochondrial damage produces more ROS in the diabetic irradiated
environment, which starts a vicious cycle of oxidative stress, pathogenic
metabolic changes, and cellular damage [8-10]. Therefore, we speculate
that protection of mitochondria would be a beneficial approach to
mitigate the feedforward cycle of oxidative stress in an irradiated, dia-
betic environment. In a diabetic environment, different compounds,
such as, resveratrol [45] and melatonin [46] have been reported as
mitochondrial protectors. We have previously published that T2E acts as
a radioprotector [11,12,47]. In a diabetic environment, T2E decreases
mitochondrial ROS [48]. However, the mechanism of mitochondrial
ROS reduction and whether T2E protects mitochondrial health during
radiation and hyperglycemia has not been studied. The goal of this
current study was to determine whether T2E can protect mitochondrial
health and improve metabolic health during radiation and hyperglyce-
mia stress. T2E increased the levels of TOMM20, a mitochondrial
membrane transport protein, PGCla, the major regulator of mitochon-
drial biogenesis via coordinated action with NRF2 [27] and
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mitochondrial ATP synthase. This data suggest that T2E protects mito-
chondria from radiation and hyperglycemia mediated damage. In our
previous study, we have reported that T2E increases expression and
transcriptional activity of NRF2 [12]. Although NRF2 protects mito-
chondrial health [13,49,50], mitochondrial localization of NRF2 is not
as well studied [15,51]. Therefore, we investigated the mitochondrial
localization of NRF2 in this study and found increased localization of
NRF2 to the mitochondria after T2E treatment. We have previously re-
ported that T2E oxidizes Keapl via HyO,, which stabilizes NRF2 levels
[5]. Other reports also showed that a sublethal dose of H,O2 promotes
NRF2 localization to the outer mitochondrial membrane [15]. T2E also
increases PGAMS5 levels in the cytosolic side of the outer mitochondrial
membrane, which makes a complex with Keapl, inhibits NRF2 degra-
dation, and promotes localization to the cytosolic side of mitochondrial
outer membrane [16,32,34,51]. Therefore, we may speculate that gen-
eration of HyO, and increased levels of cytosolic PGAM5 by T2E treat-
ment are responsible for NRF2 stabilization on the mitochondrial
membrane. However, NRF2 knockdown in T2E treated cells did not fully
reverse T2E mediated mitochondrial OXPHOS complex protein protec-
tion. Therefore, other members besides NRF2 play a role in
T2E-mediated mitochondrial protection. It should be noted that we did
not investigate the role of NRF2 in other endpoints of T2E-mediated
mitochondrial protection. Therefore, NRF2 could be playing a role in
other endpoints, such as mitophagy, mitochondrial dynamics, which
were not investigated. In the future, we plan to determine the potential
role of NRF2 in these other T2E mediated mitochondrial protection
endpoints.

Mitochondrial ROS is a major indicator of overall mitochondrial
health, which was significantly increased in hyperglycemic and irradi-
ated cells. T2E significantly reduced mitochondrial ROS levels across all
conditions. T2E can enter the mitochondria [52] and directly scavenge
ROS by its antioxidant potential. Previously, we have reported that in a
normoglycemic condition, the activity of MnSOD, a major superoxide
scavenger in mitochondria, was enhanced by T2E due to altering the
acetylation status of MnSOD [5]. In addition to these T2E-mediated ROS
scavenging mechanisms in the mitochondria, another way to reduce
mitochondrial ROS levels is to block the production of mitochondrial
ROS. The source of mitochondrial ROS is the electron transport chain via
the OXPHOS complexes. In the HG, RAD and RG groups, complex I, II
and III levels were significantly reduced, and OCR was increased in the
RAD and RG groups. Therefore, there was abundant molecular oxygen to
receive free electrons and to produce superoxide in the absence of
electron acceptors, such as, complex I, II and III, which results in
increased ROS production. Complex I and II levels were restored to
control levels by T2E treatment after HG and RAD treatment but not
after RG treatment. T2E rescued the complex III levels in the RG con-
dition. It is specifically reported that the blockage of complex III in
diabetes produces mitochondrial ROS [53,54]. Electrons released from
the electron donors, NADH and FADH2, are transported to OXPHOS
complex I and II respectively. Via coenzyme Q, electrons from both the
complexes are then transferred to complex III, cytochrome-C, complex
IV, and finally to molecular oxygen. Therefore, complex III acts as a hub
to accept all the electrons to continue the electron transport process and
ATP production. This data suggests that during radiation and hyper-
glycemia, electron flow was blocked, which pushed the free electrons to
produce more superoxide by binding with molecular oxygen. T2E
released the blockage and maintained normal electron flow and reduced
mitochondrial ROS production.

Due to changes in mitochondrial mass in HG, RAD, RG and T2E
treatment, we further normalized the levels of OXPHOS complexes by
TOMMZ20. Interestingly, after normalization by TOMM20, complex-IV
was expressed at the highest levels in the RG group followed by the
RAD group (Supplementary Fig. 2D). When normalized to ponceau, this
group had low levels of complex IV expression. These two groups also
showed increased OCR (Fig. 3B). Although the reduction of complex IV
is considered a ROS producing process [55], complex IV is a rate limiting
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step for the respiratory chain via an ATP-mediated allosteric inhibition
[56,57]. Inhibition of ATP synthesis and simultaneously consumption of
higher amounts of oxygen leads to ROS production in the mitochondria.
Therefore, increased expression of complex-IV per mitochondria in RAD
and RG groups could be responsible for increased ROS production in
RAD and RG groups, which was significantly reduced by T2E, resulting
in increased ATP production, which may act as a feedback inhibitor of
complex IV [56].

The levels of ATP synthase (complex V) were also upregulated by
T2E treatment (Figs. 1C and 2H). In fact, T2E increased ATP production
more efficiently as compared to normoglycemic-irradiated and
hyperglycemic-irradiated cells (Fig. 3G and H). After normalization to
TOMMZ20 levels, Complex-V expression was increased in the RAD and
RG groups (Supplementary Fig. 2E); however, we did not observe higher
levels of overall ATP levels in these groups (Fig. 3G and H). Therefore,
we hypothesize that increases in the ATP synthase subunit (complex V)
in the RAD and RG groups, is a complementary phenomenon by the
damaged cells to meet the ATP demands in stressed conditions. There-
fore, we speculate that reduced mitochondrial efficiency (Fig. 3H),
blockage of complex-I, II, III and increase in complex-IV are responsible
factors for increased mitochondrial ROS in irradiated and hyperglyce-
mic conditions, which were restored by T2E.

Overall OCR (basal, ATP linked, maximal, spare respiratory capacity,
proton leak and non-mitochondrial oxygen consumption) was reduced
by HG and was increased by T2E (Fig. 3A-F). Levels of OXPHOS com-
plexes (Fig. 2) and overall mitochondrial protection (Fig. 1) also fol-
lowed a similar trend. Therefore, we may surmise that in moderate stress
such as hyperglycemia only, the mechanism of T2E-mediated mito-
chondrial protection is to increase OCR to reach the ATP demand
without reducing mitochondrial efficiency significantly (Fig. 3H). In the
case of severe stress, such as, RAD and RG, the mitochondrial damage
was higher. Therefore, to meet the ATP requirement, T2E significantly
increased mitochondrial efficiency by producing increased levels of ATP
while consuming less oxygen as compared to irradiated PBS treated
groups (Fig. 3H). Proton leak (Fig. 3E) and non-mitochondrial (Fig. 3F)
oxygen consumption were not altered in RGT group as compared to RG
group. However, in the radiation only group, OCR linked to proton leak
was upregulated by radiation, which was significantly reduced by T2E
(Fig. 3E), while at the same time increased production of ATP (Fig. 3G)
was observed. Additionally, ATP generated from glycolysis is also
contributing to the total ATP levels in the cells. Therefore, to get a more
accurate measure of T2E mediated mitochondrial ATP generation effi-
ciency, in the future, we would like to investigate the glycolytic capacity
and the levels and activity of uncoupling proteins (UCPs) in hypergly-
cemic and irradiated conditions.

Maintenance of healthy mitochondria in a stressed condition de-
pends on mitochondrial biogenesis and elimination of damaged mito-
chondria via mitophagy. For an energy efficient cell, if one portion of
mature tubular mitochondria is damaged and another part of it is still
active, the cell will use the active parts of the mitochondria to produce
energy. After being sliced out from tubular mitochondria via fission, the
damaged part of the mitochondria will be eliminated from the cells via
mitophagy and the remaining mitochondria will be fused with newly
made smaller mitochondria to make a mature, tubular mitochondria.
Therefore, increased mitophagy, mitochondrial biogenesis and fission
after stress restore mitochondrial homeostasis in the cell. After sensing
mitochondrial damage, PGAMS is cleaved from the inner mitochondrial
membrane and relocated to the cytosol, which then acts as a signal for
the PINK1/Parkin to relocate to the mitochondrial membrane and
initiate mitophagy [32,33]. Our data revealed that radiation signifi-
cantly decreases mitochondrial fission and increases mitochondrial
fusion, which was restored by T2E. In RAD and RG conditions, cytosolic
PGAMS levels (Fig. 4B) were decreased. Mitochondrial accumulation of
PINK1 was decreased in the RG group after radiation (30 h), which was
restored by T2E treatment. Therefore, in a normoglycemic-irradiated
condition, blockage of mitochondrial fission and in a
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hyperglycemic-irradiated condition, blockage of mitophagy also
contributed to the accumulation of damaged mitochondria and
increased ROS in the cells.

To maintain the healthy mitochondria in cells exposed to cellular
stress, cytosolic PGAMS also signals a mitochondrial biogenesis process
[34]. Cytosolic PGAM5-mediated mitochondrial biogenesis and the
mitophagy process requires NRF2 localization on the outer surface of the
mitochondrial outer membrane [16,51]. We had already observed that
along with cytosolic levels of PGAMS5 (Fig. 4B), levels of mitochondrial
NRF2 and total levels of PGCla were significantly increased by T2E
treatment (Fig. 1A). Therefore, it was expected that the total number of
mitochondria and mitochondrial health would be increased in T2E
treated samples. We measured mitochondrial number (MTG) and
mitochondrial health (MTR) (Fig. 5), which showed that not only is
there an overall increase in the number and health of mitochondria in
the healthy cells, T2E also improves the number and membrane poten-
tial of the mitochondria in the damaged cell population. This
strengthens the potential of T2E as a mitochondrial protector not only as
a preventive therapy but also as a recovery therapy after mitochondrial
stress.

Oxidative stress, mitochondrial damage and fibrosis form a vicious
cycle during stress-induced cellular damage. This study also revealed
that the mitochondrial protection (increase in ATP synthase) by T2E is a
prior event (starts from day 3 post-radiation) to myofibroblast differ-
entiation (a-SMA stress fiber formation), which starts increasing by day
4 post-radiation in irradiated hyperglycemic cells.

Mitochondria maintain normal metabolic function in cells. Regula-
tion of lipid metabolism is also one of the vital functions executed by
mitochondria. Therefore, it was expected that T2E-mediated mito-
chondrial protection in the stressed conditions would lead to a healthier
metabolic profile in fibroblasts, which may prevent fibroblasts from
differentiation into myofibroblasts. We have observed that the metab-
olite and lipid profiles were different in HG, RAD and RG groups as
compared to control. Notably, a larger number of lipids (32-52)
compared to metabolites (14-17) were dysregulated by either high
glucose or radiation exposure. Moreover, T2E treatment reversed some,
but not all, of these changes.

Metabolites involved in oxidation of branched chain fatty acid,
phytanic acid peroxisomal oxidation, caffeine metabolism and protein
metabolic pathways, such as, ketone body metabolism, butyrate meta-
bolism, and carnitine synthesis were altered in all stressed groups. That
indicates these pathways are sensitive to any kind of stress studied here
(HG, RAD and RG). We found some hyperglycemia or radiation specific
metabolic alterations also. Aspartate metabolism, phospholipid biosyn-
thesis and fatty acid biosynthesis were altered in RAD and RG groups,
but not in the HG group. Therefore, these pathways were affected by
radiation and not by hyperglycemia. As per expectations, glucose
metabolism related pathways (such as, glycolysis, citric acid cycle and
electron transport chain) were altered, especially in the hyperglycemic
groups.

This study revealed a major change in lipids metabolism, especially,
oxidation of lipids. We observed similar alterations of glycer-
ophosphoserine levels and oxidation of glycerophospholipids, sterol and
steroid conjugates, glycerophosphocholines in all the stressed conditions
(HG, RAD and RG) as compared to the control, which suggests that these
alterations also contribute to the increased oxidative stress in all these
stressed environments. T2E reduced the oxidization of phospholipids.
We observed that levels of phospholipids (LysoPC (18:0), LysoPE (20:0),
Oleoyl tyrosine), which are a major structural component of the cell
membrane, were reduced in HG treated cells and were rescued by T2E
treatment. Recently, it was reported that decreased LysoPC (18:0) is
associated with decreased insulin sensitivity in diabetic patients [58].
The association of tyrosine in insulin resistance is also reported in obese
children [59]. In our study, we also observed an HG-mediated decrease
in N-Oleoyl tyrosine, which was rescued to control levels by T2E treat-
ment. Therefore, improvement of insulin sensitivity by manganese
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porphyrin treatment in diabetic mice [60,61] can partially be explained
by rescuing LysoPC (18:0) and tyrosine levels in a hyperglycemic envi-
ronment. The most abundant phospholipids in the mitochondria are
phosphatidylethanolamine (PE) and phosphatidylcholine (PC), with the
majority of PE being produced in the mitochondria [62]. Therefore,
mitochondrial damage in HG treatment and T2E-mediated mitochon-
drial protection explained the reduced levels of PC and PE in the HG
treated cells and rescued levels in T2E + HG treated cells. Reduction of
cell membrane phospholipids, such as, PE, after radiation exposure has
been reported before [63]. Our study revealed radiation-mediated
decrease in PE that was rescued by T2E, which suggests that T2E may
restore or protect the cell membrane from radiation damage. As lipids
are one of the major components for cellular and mitochondrial mem-
branes, increased lipid oxidation by HG, RAD and RG supports the
theory of cellular and mitochondrial membrane damage after stress
[64]. Anabolic and catabolic changes in lipid and fatty acid metabolism
also enhance the possibility of ferroptosis mediated cell death and
mitochondrial membrane damage [65,66]. Glycosphingolipids are
another vital component for cell and mitochondrial membranes [67],
which are protected by T2E after stressed conditions. Oxidized phos-
pholipids are formed in many inflammatory diseases and they are a
product of non-enzymatic lipid peroxidation in the presence of oxidative
stress [68]. Some phospholipids (such as, 3-ketosphingosine and glu-
cosyl sphingosine) were downregulated back to their normal levels in
the presence of T2E after HG treatment. It was previously reported that
the sphingolipids regulate signal transduction pathways and affect cell
fate (i.e., apoptosis, cell proliferation, etc.) [69,70]. This study provides
a potential protective role of T2E against mitochondrial damage after
radiation by restoring glycolipid and phospholipid metabolism.

In an oxidatively stressed environment, prostate fibroblasts sur-
rounding the prostate tumor make the tumor microenvironment fibrotic,
which promotes tumor growth. We observed that radiation treatment
increased the levels of pyridinoline, a profibrotic metabolite [42], which
were reduced by T2E. Radioresistance is a clinical problem for PCa and
increased radioresistance was associated with increased levels of glu-
cosyl sphingolipid in different cancers including prostate tumors
[71-73]. Our study revealed that radiation significantly increased glu-
cosyl sphingosine levels (6.29-fold) as compared to the control, which
was reduced by T2E (Supplementary Table 4). We can speculate from
this data that fibroblasts in an irradiated tumor microenvironment may
enhance fibrosis and radioresistance via pyridinoline and glucosyl
sphingosine respectively, which are reduced by T2E treatment [47,74].
The combination treatment of radiation and hyperglycemia significantly
increased the levels of hydroxyandrostenedione glucuronide, a precur-
sor of an androgen receptor agonist [75]. Therefore, increased produc-
tion of this metabolite from the prostate fibroblasts in the irradiated and
hyperglycemic tumor microenvironment, may increase androgen re-
ceptor signaling in the PCa cells even after androgen deprivation ther-
apy (ADT), which may lead to ADT resistant PCa cell growth in a
diabetic irradiated PCa environment. T2E significantly decreased the
levels of hydroxyandrostenedione glucuronide. Therefore, we speculate
that T2E treatment may sensitize the PCa cells to ADT and decrease PCa
growth in a diabetic, irradiated environment. We have also observed
that levels of phosphatidylserine (PS) were increased in HG and RAD
treatment as compared to the control, but the combination treatment
(RG) decreased PS levels. In healthy cells, PS is located predominantly in
the inner part of the plasma membrane. In excess stress, such as, RG,
damaged plasma membranes release PS to the extracellular environ-
ment; therefore, we observed a significant reduction in PS levels in RG
group. Increased levels of PS in the extracellular vesicle serve as a
biomarker and a signal for immune suppression in pathologic conditions
including cancers [76-78]. Therefore, our data suggests a detailed
future study about the localization and externalization of PS in the
tumor microenvironment of diabetic irradiated PCa models in context of
immune suppression in PCa. From this study, we may surmise that in an
irradiated and hyperglycemic environment, damaged mitochondria of
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prostate fibroblast cells produce tumor promoting metabolites, which
may provide survival advantages to the PCa cells via radioresistance,
ADT-resistance, immune-suppression or enhancing profibrotic
signaling. T2E treatment protects mitochondria and reduces the tumor
promoting transformation of prostate fibroblasts that may reduce PCa
progression in a diabetic environment after radiation.

This study has some limitations. Mitochondrial protection by T2E
was investigated in P3158 cells only. We have previously published that
P3158 cells, mouse primary prostate cells and human primary prostate
fibroblasts become activated after radiation, elicit a fibrotic response
and T2E activates NRF2 in all these cell types [5,6,11,12]. Therefore,
mitochondrial protection and metabolic changes by T2E in P3158 will
most likely be reflected in the other fibroblast types also. However,
mechanisms of T2E mediated mitochondrial protection and metabolic
alterations should be conducted in other cells as well.

In the future, we would like to determine the mechanisms of T2E
mediated mitochondrial and metabolic changes. According to our pre-
vious and current investigations, T2E mediated mitochondrial protec-
tion is likely mediated by multiple pathways. Data from this study
revealed, NRF2 is not solely responsible for T2E mediated mitochondrial
protection (Supplementary Fig. 3). Previously we reported that T2E
mediated inhibition of a profibrotic response (a-SMA expression) was
not completely dependent on NRF2 [12]. We have also published before
that T2E reduces ROS by its direct ROS scavenging capacity, reduces
NOX4 expression and stabilizes NRF2 by Keap1 oxidation, which elicits
an antioxidant response. Direct ROS scavenging by T2E may be one of
the mechanisms. This study also showed that T2E enhanced cytosolic
PGAMS5, enhanced PGCla and restored cytoprotective metabolites. The
combination of all these events restores mitochondrial health and
metabolism. Further extensive studies need to be conducted to deter-
mine if these factors are causal for T2E-mediated mitochondrial pro-
tection and metabolic alterations. This study also provides significant
rationale for studying the role of lipid metabolic pathways, beta
oxidation and alteration in membrane lipids in radiation and hyper-
glycemia mediated cellular damage and T2E mediated restoration in the
future. Identification of deleterious metabolites and altered metabolic
pathways in a irradiated and hyperglycemic environment will provide
probable future targets to reduce treatment resistance and
radiation-mediated complications in diabetic PCa patients.

In conclusion, this study strongly suggests that T2E is a robust and
novel mitochondrial protector in an irradiated and hyperglycemic
environment. This study also demonstrates the mechanism of inhibition
of mitochondrial ROS by T2E by restoring OXPHOS protein levels and
maintaining normal flow of the electron transport chain. This study
indicates that use of T2E along with radiation in diabetic and non-
diabetic PCa patients will reduce mitochondrial damage, lipid oxida-
tion, and restore a healthier metabolic profile in the irradiated normal
cells, which will provide better efficacy of RT and better quality of life
after radiation treatment for these patients.
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