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Abstract

Obesity is associated with chronic adipose dysfunction characterized by oxidative stress,
inflammation, senescence, and fibrosis, which can promote tumor progression. In prostate
cancer, periprostatic adipose tissue may directly influence the prostate microenviron-
ment. Radiation therapy is widely used in prostate cancer, but radiation-induced adipose
dysfunction in obesity and its impact on the prostate microenvironment remain poorly
understood. In the present study, we investigated the impact of obese and irradiated
obese adipose microenvironments on prostate stromal remodeling, as well as the activa-
tion of prostate fibroblasts mediating prostate cancer progression. We utilized a high-fat
diet obesity model with localized adipose irradiation in animal and in vitro studies us-
ing obese and irradiated obese adipocytes. Prostates from obese and irradiated obese
mice exhibited epithelial hyperplasia, increased stromal activation markers, oxidative
damage, and senescence. Interestingly, radiation maintained the obesity-induced patho-
logical behavior in the prostate, rather than elevating it. The conditioned media from
obese and irradiated obese adipocytes induced stromal activation markers, senescence,
extracellular H,O, production, pro-survival signaling, and inflammation. Notably, the
only significant changes observed with the addition of radiation to obesity were enhance-
ment of fibrosis-associated features and infiltration of CD4* T cells. Functionally, prostate
myofibroblasts or senescent fibroblasts promoted prostate cancer migration and induced
epithelial-to-mesenchymal transition and elevated pro-tumorigenic pathways. Cytokine
profiling identified elevated levels of CXCL10 and CXCL11 from myofibroblasts, and
pharmacological inhibition of CXCR3 significantly reduced prostate cancer migration,
implicating this signaling axis in activated fibroblast-driven tumor-promoting crosstalk.
Collectively, these findings demonstrate obesity-associated adipose dysfunction repro-
grams the prostate microenvironment toward a pro-tumorigenic state, while radiation
sustains rather than markedly amplifies these pathological changes, identifying obese
adipose-stromal crosstalk and the CXCL10/CXCL11-CXCR3 axis as potential therapeutic
targets to inhibit prostate cancer progression.

Keywords: obesity; adipose tissue; radiation; tumor microenvironment; fibroblast activation;
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Cells 2026, 15, 1387

https://doi.org/10.3390/cells15151387


https://crossmark.crossref.org/dialog?doi=10.3390/cells15151387&domain=pdf&date_stamp=2026-07-31
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0009-0009-9740-7475
https://orcid.org/0000-0002-0391-142X
https://doi.org/10.3390/cells15151387

Cells 2026, 15, 1387

20f27

1. Introduction

Obesity is a major health concern globally and is a risk factor for various diseases,
including cardiovascular disease, cancer, metabolic syndromes, poor bone health, and
diabetes [1-3]. During obesity, adipose tissue undergoes chronic remodeling characterized
by oxidative stress, inflammation, extracellular matrix deposition, and immune infiltra-
tion [4-6]. Worldwide, approximately 3.6% of cancers (481,000 new cases annually) are
linked to elevated body mass [7]. Indeed, studies have shown the role of obesity in promot-
ing cancers, including breast, renal, prostate, and colorectal cancers [8-13]. Mechanistically,
obesity promotes carcinogenesis by altering the tumor microenvironment (TME) through
systemic inflammation, endocrine disturbances, immune dysregulation, metabolic remod-
eling, and oxidative stress, all of which promote cancer [2,14]. Subsequently, dysfunctional,
oxidatively stressed obese adipose tissue secretes chemokines or cytokines that can influ-
ence neighboring organs [15,16]. Anatomically, prostates are surrounded by periprostatic
adipose tissue, and we speculate that the altered obese adipose tissue can influence the
microenvironment of the prostate promoting epithelial hyperplasia or stromal remodeling
that supports prostate cancer progression [17].

Radiation therapy is a standard treatment for various cancers such as prostate, head
and neck, anal, breast, and rectal cancer [18-24]. It is an effective treatment since it delivers
the maximum dose to the tumor, and its impact is more deleterious to fast-dividing cells
such as cancer [25,26]. Unfortunately, radiotherapy in pelvic cancers, such as prostate
cancer, can have a detrimental impact on the surrounding normal tissues or organs. Recent
studies from our lab show that radiation enhances the tissue dysfunction of the surrounding
adipose tissue present in the pelvic region of normal or obese mice [4,27]. Thus, these find-
ings suggest that obese dysfunctional adipose tissue alone or in the presence of radiation can
sustain a pathological microenvironment that could promote disease progression. Patients
with obesity who have pelvic cancer, such as prostate cancer, undergoing radiation treat-
ment suffer increased likelihood of tumor recurrence and higher metastatic potential [28,29].
Despite these observations, the combined effect of obesity and radiation-induced adipose
dysfunction on the prostate microenvironment remains poorly understood.

The TME plays a major role in the progression and development of cancer and thera-
peutic resistance [30-32]. Stromal fibroblasts are abundant and are key regulators of tissue
remodeling and cancer progression [30,32]. Activated fibroblasts acquire a myofibroblast
phenotype that is characterized by elevated expression of stromal markers [33]. In addi-
tion, persistent oxidative stress or growth factors drive fibroblast activation, which in turn
enhances cellular senescence, inflammation, and fibrotic remodeling leading to a tumor-
promoting niche [33]. These activated fibroblasts also promote tumor progression through
the secretion of chemokines and extracellular matrix proteins that support the survival,
proliferation, and migration of cancer cells [34-36]. For instance, activated fibroblasts, or
myofibroblasts, promote different cancers including prostate, hepatocellular, glioblastoma,
pancreatic, and colon cancer by secreting chemokines, such as CXCL11, CCL5, CCL2,
CXCL10, and CCL12 [37-41]. However, the role of dysfunctional obese adipose in the
context of radiation in promoting a pro-tumor microenvironment, particularly in driving
prostate remodeling or fibroblast activation, is not known. Given the close anatomical
proximity between adipose tissue and the prostate gland, it is important to determine the
consequences of obesity-associated adipose dysfunction along with radiation on prostate
tissue remodeling.

In this study, we investigated the influence of obesity and radiation-induced adipose
dysfunction on the prostate microenvironment and the mouse prostate fibroblast. Using
in vitro and in vivo models, we have demonstrated that obesity-associated adipose dysfunc-
tion promotes stromal remodeling, oxidative stress, fibroblast activation, and senescence
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leading to a pro-inflammatory and pro-fibrotic stromal niche within the prostate microenvi-
ronment. Overall, radiation exposure of obese adipose tissue sustains these pathological
changes without further exacerbating them. Furthermore, prostate fibroblasts that transi-
tioned into myofibroblasts under obesity-associated or radiation-induced obese adipose
conditions enhanced prostate cancer migration by secreting pro-inflammatory chemokines,
indicating that normal prostate fibroblasts, once transitioned into myofibroblasts, are key
drivers of prostate cancer progression.

2. Material and Methods
2.1. Primary Prostate Fibroblast Isolation and Cell Culture

C57BL/6 mice (4-5 weeks old from Jackson Laboratories, Bar Harbor, ME, USA)
were used for the isolation of mouse primary fibroblasts (MPFs), as previously de-
scribed [33,42,43]. Isolated prostates were minced thoroughly with a scalpel and digested
in 5 mg/mL collagenase typel (Cat. 17100017, Thermo Fisher, Waltham, MA, USA) at
37 °C for 30 min. Tissue fragments and liberated cells were then cultured in the Dul-
becco Minimal Essential media (DMEM) containing 1% non-essential amino acids (NEAA),
1% penicillin/streptomycin (P/S), and 10% fetal bovine serum (FBS) for 2-3 weeks at
37 °C. After culturing the cells for 5-6 days, only fibroblasts remained. Normal immortal-
ized human prostate fibroblast cells (HPFs), P3158 cells, were maintained in RPMI-1640
(Cat#SH30027.01) media containing 10% FBS, and 1% P/S. P3158 were a kind gift from Dr.
J Tyson McDonald and were immortalized by the pPBABE-hygro-hTERT plasmid cat #1773
(Addgene, Watertwon, MA, USA).

2.2. Cell Culture Radiation and Collection of the Conditioned Media

3T3-L1, mouse embryonic fibroblast-derived preadipocyte cell line was purchased
from ATCC (CL-173, Manassas, VA, USA). To mimic obese conditions, we exposed differen-
tiated 3T3-L1 to the fatty acid cocktail containing 0.75 mM oleic acid (Cat# O3008, Millipore
Sigma, St. Louis, MO, USA), 0.75 mM linolenic acid (Cat# L9530, Millipore Sigma), and
0.5 mM palmitic acid (Cat# P5585, Millipore Sigma), as described previously from our
laboratory study and by others [4,44]. The obese 3T3-L1 adipocytes were sham (0 Gy) or
radiated with 3 Gy for 3 consecutive days (fractionated exposure, 1.2 Gy/min, 160 KV)
using an irradiator box (RadSource 2000 X-ray, Buford, GA, USA). The CM was collected
from obese or irradiated obese 3T3-L1 adipocytes 48 h post-radiation. The collected CM was
centrifuged at 500x g for 5 min to remove any debris and stored at —80 °C. The fatty acid
cocktail was replaced with 0.2% FBS containing DMEM media in obese 3T3-L1 adipocytes
before radiation. The RadSource 2000 X-ray Box Irradiator is calibrated annually using an
ion chamber.

2.3. Diet Induced Obesity Model and In Vivo Radiation Treatments

4-5-week-old C57BL/6 male mice were randomly divided into two groups and fed
with either normal diet (ND 7012 Teklad, Inotiv, Madison, WI, USA) or 60% high-fat diet
(HFD) [D12492i Research Diets, 60% kcal lard fat, with macronutrient composition of
protein (Lactic Cystine L, Casein), fiber (Solka Floc FCC200), carbohydrate (sucrose fine
granulated, Lodex 10), and vitamin (Choline Bitartrate)] as described in our previous
study [4]. The ND and HFD fed mice were housed in accordance with the Guide for the
Care and Use of Laboratory Animals by the National Institute of Health at the University
of Nebraska Medical Center (UNMC). The mice were exposed to a 12 h light/dark cycle
and fed ad libitum. All experiments were approved by UNMC Institutional Animal Care
and Use Committee (IACUC; original 23-039-00-FC was renewed to 25-100-02-FC on 2
February 2026). This study was conducted in compliance with the ARRIVE guidelines.
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After 16 weeks of ND or HFD, the mice were randomly divided into three groups using a
random number generator: ND n = 5, HFD n = 6, and HFD mice that received radiation
directly at both the fat pads n = 8. For radiation treatments, the mice were anesthetized
by isoflurane and irradiated using a small animal radiation research platform (SARRP,
Xstrahl Life Sciences, Suwanee, GA, USA) irradiator and HFD mice were radiated directly
at both fat pads using a 5 mm x 5 mm collimator based on CT imaging with 7.5 Gy of
radiation for 5 consecutive days (total dose of 37.5 Gy, 3 Gy/min X-rays) only a small
portion of each fat pad was irradiated. Mice were monitored weekly until the end of the
experiment. Two months post-radiation, the adipose and prostate tissues were collected
from all three groups. Investigators were blinded during IHC image capturing, analysis,
and pathological assessments.

2.4. Isolation of Mouse Primary Adipocytes

Primary adipocytes were isolated from fat pads as reported previously [33]. C57BL/6
mice exposed to either ND or HFD for 16 weeks or HFD mice that received radiation
directly at the fat pads were used to isolate the gonadal fat pads. The fat tissue from the
respective groups was agitated until the solution turned cloudy at 37 °C for 45 min in
collagenase I. The cells were then centrifuged at 400x g for 5 min. The lipid layer after
centrifugation was discarded and pelleted cells were cultured in DMEM supplemented
with 10% FBS, 1% P/S, and 1% NEAA in a 6-well plate in a humidified incubator at 37 °C.
The next day the floating fat cells were moved to a new well by agitation. The following
day, the fat floating on top was removed from each group and at this time the mature
cells (primary adipocytes) had settled to the bottom of the well. Fresh media (DMEM
containing 0.2% FBS, 1%P/S, and 1%NEAA) were added to these mature cells, and the CM
was collected 48 h later from these cells, as described in Figure 4A. The collected CM was
centrifuged at 400 x g for 5 min to remove particulate debris and stored at —80 °C.

2.5. Cell Size Estimation

The isolated normal mouse prostate fibroblasts were seeded at a concentration of
50,000 cells per well. The following day, fibroblasts were exposed to conditioned media
(CM) collected from the cultured adipose isolated from ND, HFD, and HFD mice that
received radiation directly at the fat pads for 4 days, with media replenishment on day 2
(48 h). At the end of the experiment, 3-5 images were captured per group using the Leica
inverted phase-contrast microscope. The cell size was measured from the captured images
by marking the cell borders using Image]J software (Image] 1.54f, National Institute of
Health, USA). The larger cell area correlates with prostate fibroblast activation. GraphPad
Prism v10 software was used to analyze the cell size in the respective groups.

2.6. Senescence Assay

HPFs or MPFs (50,000/ per well) were seeded in a 6-well plate. The next day, the
respective seeded cells were exposed to either the CM collected from ex vivo adipose
tissue from ND, HFD, and HFD mice that received radiation directly at the fat pads or
the CM collected from obese or irradiated obese 3T3-L1 adipocytes (3 Gy) for 4 days, with
media replacement on day 2. On day 4, 4% paraformaldehyde in PBS was used to fix
cells for 5-6 min. After fixation, cells were washed with PBS 2-3 times before incubation
with senescence-associated beta galactosidase (SA-[3-Gal) staining solution as previously
reported [4,33]. After 72 h of incubation, images of cells were taken using a brightfield
Olympus IX81 inverted microscope (Olympus America Inc., Melville, NY, USA) at 200 x. A
total of 3-5 images were taken per group. Cells exhibiting a green-blue staining (positive
[3-Gal cells) were counted per image and the data are represented as the positive number of
cells per image in each group.
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2.7. Cell Viability

HPFs were seeded in a 6-well plate at a concentration of 50,000 cells/per well for
24 h. The next day, HPFs were incubated with CM from obese or irradiated obese 3T3-L1
adipocytes for 4 days, with media replenishment on day 2. On day 4, the media and
trypsinized cells were combined and centrifuged at 400x g for 5 min. The pellet was
resuspended in 200 pL of fresh RPMI media, and a small aliquot was mixed at a 1:1 ratio
with trypan blue. The dead and living cells were counted using a hemocytometer.

2.8. Amplex Red Assay

50,000 HPFs were seeded per well in a 6-well plate. The next day, the cells were
exposed to CM from obese or irradiated obese 3T3-L1 adipocyte CM for 4 days, with
a media replacement at 48 h. On day 4, once the HPFs became activated, the CM was
removed and cells were washed thoroughly 3 times with PBS. Twenty-four and 48 h after
adding the fresh media, the CM was collected from the HPFs. The Amplex Red H,O; assay
(Cat #A36006, Invitrogen, Carlsbad, CA, USA) was used to estimate the extracellular HyO,
in the freshly collected CM. Absorbance was read from 570 to 590 nm.

2.9. Immunofluorescence

PC3 cells were incubated in standard RPMI media, CM of normal MPF, MPF incu-
bated in obese or irradiated obese 3T3-L1 adipocyte CM for 48 h. After 48 h, PC3 cells
were trypsinized and cytospun onto glass slides. The cells were fixed for 10 min in 4%
paraformaldehyde and incubated in 0.5% triton-X in PBS for 10 min. Following fixation,
the permeabilized cells were washed in PBS three times for 5 min and blocked in 10% goat
serum for 1 h at room temperature. Next, cells were incubated with primary antibodies
against vimentin (1:100, Cat. #5741S), Cell Signaling Technology (CST, Danvers, MA, USA)
or E-cadherin (1:100, Cat#3195S, CST) at 4 °C. The following day, cells were washed in PBS
three times for 5 min and incubated for 1 h in secondary antibody anti-rabbit 488 (1:1000,
Cat#A-11008, Invitrogen) at room temperature. At least 5-6 images were captured for each
replicate and averaged for quantification. ImageJ software was used to measure the mean
fluorescence intensity.

2.10. Immunohistochemistry and Histology

Isolated tissues were sectioned and then H&E or immunohistochemical staining
was performed as described previously [4,45]. Briefly, slides with paraffin-embedded
tissue were deparaffinized by xylene twice and then rehydrated in the graded alcohols,
followed by antigen retrieval at 95 °C in sodium citrate buffer (0.01 M sodium citrate, pH
6, for 20 min). The slides were then washed, blocked, and incubated at 4 °C overnight
with primary antibodies. The next day slides were washed with PBS 3 times for 10 min.
Washed slides were incubated at room temperature for 2 h with secondary antibodies in
the dark. Fluorescent secondary antibodies used in the present study are anti-rabbit 488
(1:1000, Cat#A-11008, Invitrogen), anti-donkey goat AlexaFluor 555 (1:1000, Cat#A21432,
Invitrogen), and anti-mouse AlexaFluor 488 (1:1000, Cat#A11001, Invitrogen).

Primary antibodies used: To measure oxidative stress mouse anti-4-hydroxynonenal
(1:400, Cat#BS-6313R, Thermo Fisher Scientific, Waltham, MA, USA) and mouse anti-
DNA/RNA damage (1:400, Cat#AB15A3, Abcam, Cambridge, UK) were used. A Mouse
on Mouse kit (Vector Laboratories, Newark, CA, USA, FMK-2201) was utilized to minimize
non-specific staining. Stromal remodeling activation markers were quantified by staining
the prostate tissue sections with a-SMA (1:200, Cat#NB300-978 Invitrogen), fibroblast acti-
vation protein (FAP) (1:200, Cat#66562ST, CST), and vimentin (1:200, Cat#5741S, CST). For
immune infiltration and fibrosis, anti-F4/80% (1:50, Cat# 111101, Abcam), anti-CD4 (1:1000,
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Cat#11089; Abcam), and Collal (1:200, Cat#72026S, CST) were used. Cellular senescence
was determined by staining the prostate tissue slides with p21 (1:500, Cat#109199, Abcam)
and p16 (1:500, Cat#51243, Abcam).

2.11. Western Blot

HPFs (50,000 cells/per well) were seeded in a 6-well plate. The next day, the cells
were incubated with CM from obese and irradiated obese 3T3-L1 adipocytes for 96 h, with
media replenishment at 48 h. After 96 h, the cells were lysed in lysis buffer containing
120 mM NaCl, 5 mM EDTA, 50 mM Tris-HCl, 1% NP-40 to prepare the whole cell extracts
with complete protease inhibitor tablets (cat # 11697498001 Roche, Basel, Switzerland,
1 tablet/50 mL) as previously described [46,47]. The protein concentration was determined
using a BCA kit and the quantified samples (20-30 pg per well) were resolved on a 4-12%
BisTris gel (Cat # NW04120BOX, Thermo Fisher Scientific). The gel was then transferred
to a nitrocellulose membrane (Cat # IB23002, Life Technologies, Carlsbad, CA, USA) and
blocked with non-fat dry milk prepared in Tris-buffered saline with 0.1% Tween 20 (TBST).
The blocked membranes were incubated at 4 °C with primary antibodies overnight. The
next day, the membranes were washed three times with TBST and subsequently incubated
with secondary antibodies (1:10,000 dilution) conjugated with horseradish peroxidase
(HRP) for 1-2 h at room temperature. Blots were developed using chemiluminescence
ECL (Thermo Fisher Scientific) and exposed to film. For loading control, Ponceau staining
was done on total protein of each blot and the protein expression was normalized to its
respective Ponceau staining. Protein expression was quantified using Image]. The following
primary antibodies were used at the following concentrations: «-SMA (1:1000, Cat#NB300-
978 Invitrogen), vimentin (1:1000, Cat#5741S, CST), FAP (1:1000, Cat#66562ST, CST), and
Bcl-2 (1:1000, Cat#27476S, CST).

2.12. Quantitative RT-gPCR

HPFs (50,000 cells/per well) incubated in the presence or absence of the obese or irra-
diated obese 3T3-L1 adipocyte CM for 96 h, with media replacement at 48 h were collected
for RNA isolation. Total RNA was isolated using an RNA isolation kit from Qiagen (Venlo,
74104, The Netherlands) as described previously [4]. The isolated RNA (1 ng) was converted
into cDNA using an applied biosystems kit (Cat#4368814, Applied Biosciences, Waltham,
MA, USA). RT-qPCR was performed using a SYBR Green Master Mix, and the following
cycle conditions were used: 95 °C for 5 min, 30 s for 95 °C, 58 °C for 1 min, and 30 s at 72 °C
for 39 cycles. The gene expression was normalized to RPLPO (housekeeping gene) (F-5'-
GTCCTCGTGGAAGGCCC-3/, R-5'-AGGAGAGACAGGGAGCTCAG-3'). The data is pre-
sented as fold change as compared to respective control. The primers used in this study are:
Colla2 (F-5'-ACCATGGTGACCAGCGATAC-3'; R-5'-ACAAGGCATTCGTGGCGATA-3'),
Col6a2 (F-5'-CTCCTCGGGACCAGGACTT-3; R-5'-GGTGTCCAGCACGAAGTACA-3),
and Col3al (F-5-TGTGTTTCGTGCAACCAT-3’; R-5'-CTTCTCTCCAGCCGAGCTTC-3').

2.13. Transwell Migration Assay

All transwell migration experiments were performed using 8 um tissue culture hang-
ing inserts for tissue culture plate (Cat#PTE06H48, Millipore Sigma). 1.5 x 10° MPFs, HPFs
or prostate cancer cells (PC3, C42B) were seeded in 2% serum supplemented RPMI or
DMEM media in the inserts for 48 h. In the lower chamber, there were normal MPFs or
activated MPFs from obese or irradiated obese microenvironment in a 6-well plate. After
48 h, the migrated cells from the insert were trypsinized and the cells were scraped gently
from the insert using a scraper and added to the media collected beneath the insert. The
cells were centrifuged at 500 x g for 5 min. The pellet was resuspended in 100 pL of fresh
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media and a small aliquot was mixed with trypan blue at a 1:1 ratio. The migrated cells
were then counted using a hemocytometer.

2.14. Cytokine Array

Culture supernatants were collected from the MPFs treated with CM from obese or
irradiated obese 3T3-L1 and from the normal MPFs (control), respectively. The collected
CM from the respective conditions were centrifuged to eliminate debris at 500 x g for 5 min
and incubated with a pro-inflammatory cytokine array (Cat#ARY006, R&D Biosystems,
Minneapolis, MN, USA) as per the manufacturers protocol.

2.15. ELISA

The conditioned media were collected from the normal prostate fibroblasts and fibrob-
lasts exposed to obese or irradiated obese 3T3-L1 adipocyte CM. The CM was centrifuged
to remove debris at 500x g for 5 min. The CM was diluted at a 1:1 ratio with the diluent
provided in the ELISA kit of CXCL10 (Cat#ab260067, Abcam) and CXCL11 (Cat#ab204519,
Abcam) and subsequent steps were performed as per the manufacturer’s protocol.

2.16. Bioinformatic Analysis

For bioinformatic analysis, the OncoDB platform (https://oncodb.org/) was used to
perform correlation analyses of CXCL10, CXCL11, and CXCR3 gene expression in patients
with prostate adenocarcinoma (PRAD). OncoDB is a publicly available cancer multiomics
database that integrates data from The Cancer Genome Atlas (TCGA). The PRAD dataset
included 505 tumor samples with gene expression data.

2.17. Statistical Analysis

For statistical analysis, GraphPad Prism v10 was utilized. The graphical data is
represented as mean £+ SEM unless otherwise indicated. For in vitro experiments, the
experiments were repeated three to four times independently for statistical analysis. For
changes in oxidative stress, senescence, inflammation, and fibrosis assuming a coefficient
of variation of 0.4, alpha = 0.05 to detect a twofold change with 85% power, we estimated
that we needed 5 mice. For in vivo experiments, at least five mice were included in each
group and statistical analysis was done on the mean value obtained from the five mice per
group. For statistical analysis, one-way ANOVA followed by Tukey’s post hoc multiple-
comparisons test or unpaired Student’s f-test was used to determine the significance
between multiple groups.

3. Results
3.1. Obesity Alone or in Combination with Radiation Induces Oxidative Stress and Inflammation

Previously, we demonstrated that whole pelvic radiation exacerbates obesity-associated
pathology, leading to the accumulation of chronic tissue damage [4]. For this study, we
wanted to elucidate the role that obese and irradiated obese adipose microenvironments
play in contributing to a pro-tumorigenic niche. To this end, C57BL/6 mice were main-
tained on either a normal diet (ND) or a high-fat diet (HFD) for 16 weeks, after which a
small portion of gonadal adipose tissue was locally irradiated using a SARRP irradiator
in some of the HFD mice. Mice received 7.5 Gy of X-rays for 5 consecutive days (total
dose of 37.5 Gy, 3 Gy/min) (Figure 1A). Two months post-radiation, body weights were
recorded to assess systemic metabolic alterations. Notably, no significant differences in
body weight were observed between the adipose-irradiated HFD mice and the HFD mice
(Figure 1B), indicating that adipose radiation did not alter overall body mass under these
conditions. Next, we determined the effects that obesity and irradiation had on adipose tis-
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sue remodeling and markers associated with damage. Adipose tissue from normal or obese
mice was stained with 8-hydroxy-2-deoxyguanosine (8-OHdG) to measure DNA /RNA
oxidation and 4-hydroxynonenal (4-HNE) to study lipid peroxidation. Elevated staining of
8-OHdG and 4-HNE was observed in HFD mice alone as compared to ND mice and HFD
mice following irradiation as compared to ND mice (Figure 1C,D). Interestingly, 8-OHdG
and 4-HNE staining were similar between HFD mice alone and HFD mice 2 months after
radiation (Figure 1C,D), suggesting that obesity-induced persistent oxidative stress is not
further exacerbated by radiation. Constant accumulation of oxidative stress contributes
to a pro-inflammatory and fibrotic microenvironment [48-52]. Increased weight gain is
known to induce phenotypic alterations in adipocytes, characterized by immune cell infil-
tration and the formation of crown-like structures, as previously reported [4]. To evaluate
macrophage and immune cell infiltration, adipose tissues from unirradiated ND or HFD
and irradiated HFD mice were stained for total macrophages using the F4/80* marker
and T helper cells with the CD4" marker. We observed a significant increase in F4/80*
macrophages in both HFD and irradiated HFD adipose tissues as compared to ND controls
(Supplementary Figure S1A). CD4* T cell infiltration was elevated in HFD adipose and
irradiated HFD adipose tissue as compared to ND (Supplementary Figure S1B). Again, no
significant differences were detected between HFD mice alone and irradiated HFD mice
for either F4/80* or CD4* staining, suggesting that obesity-induced immune infiltration
is sustained but not further enhanced with radiation (Supplementary Figure S1A,B). Acti-
vated macrophages secrete pro-inflammatory cytokines, chemokines, and growth factors
that amplify immune cell recruitment and establish a chronic inflammatory milieu [53-55].
Collectively, these findings indicate that obese and irradiated obese adipose tissues exhibit
sustained oxidative damage and chronic inflammation.

A ND HFD HFD+RAD B i
% % X X |
) ot 2 60— 5
» DN
) ) 5 7 O 40-]
‘| \ 1 B
\ “.» :'.}L < 20+
[ [l T

HFD and ND RAD 7.5Gy 2 months
mice x5days harvest

ND
ND

HFD

HFD

HFD+RAD
HFD+RAD

Staining control

- |

Staining control

Figure 1. Obesity alone or in combination with radiation induces oxidative stress markers in adipose
tissues. (A) Schematic representation of ND and HFD mice receiving direct irradiation of adipose
tissue (7.5 Gy x 5 days) before harvest at 2 months post-radiation (ND, n = 5; HFD, n = 6; HFD+RAD,
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n = 8). (B) Weight of ND, HFD, and HFD mice at 2 months post-radiation. (C) Left, adipose tissue
sections were stained with 8-OHdG (green color), an indicator of DNA/RNA oxidation. Right,
quantification of 8-OHdG staining. (D) Left, representative staining of 4-HNE (green color), a marker
of lipid peroxidation on adipose tissue from ND, HFD, and obese mice receiving direct radiation.
Right, quantification of 4-HNE staining. A minimum of 5-6 images were captured and averaged
for quantification per mouse, n = 5 mice/group. No primary antibody was used as a negative
staining control. The data represents the mean + SEM, statistical analysis was performed using
one-way ANOVA followed by Tukey’s multiple-comparisons test. Statistical analysis between the
HFD and the HFD+RAD groups was also performed using Student’s ¢-test. Images were taken at
200 x magnification, and the white bar represents 100 pm. ** p < 0.01, *** p < 0.001, *** p < 0.0001.

3.2. Obesity and Irradiation-Driven Adipose Remodeling Promote Benign Prostate Hyperplasia and
Stromal Fibroblast Remodeling

Myofibroblasts are an abundant part of the reactive stroma in the tumor microenviron-
ment (TME), and influence cancer cell progression [34,56]. Cancer associated fibroblasts
(CAFs) can directly interact with cancer cells through secreted cytokines and indirectly
influence cancer progression by remodeling the ECM [37,57-61]. Given the established role
of adipose-derived inflammatory and fibrotic mediators in stromal reprogramming [62],
we wanted to determine the role of oxidatively stressed obese and irradiated obese adipose
in promoting a pro-tumor microenvironment within the prostate. The H&E staining of
prostate tissue from HFD and adipose-irradiated HFD mice demonstrated increased folding
and multilayered epithelium along with enlarged acini, which are indicators of epithelial
hyperplasia and early benign prostatic hyperplasia (BPH) as compared to prostates from
ND mice (Figure 2A). BPH is accompanied by stromal remodeling [63]. Therefore, we
evaluated myofibroblasts and fibroblast activation markers including «-smooth muscle
actin (a-SMA, a myofibroblast marker), FAP (fibroblast activation marker), and vimentin (a
myofibroblast marker) within the prostate tissue section from ND, HFD, and HFD mice
that received radiation directly to the fat pads. We found elevated staining of x-SMA and
FAP in the prostates from HFD mice alone, and irradiated HFD mice compared to ND mice;
however, only FAP staining was significantly elevated (Figure 2B). Next, we also found in-
creased vimentin staining in the prostate tissue section of irradiated HFD mice as compared
to ND (Figure 2C). There was no significant difference in the fibroblast markers in prostate
tissue of HFD and irradiated HFD mice (Figure 2B,C). The immunohistochemical analysis
was performed on whole prostate tissue sections, and these markers cannot be attributed
conclusively to prostate fibroblasts. Therefore, to investigate the role that obesity and
radiation has on fibroblasts directly, we used normal MPF or immortalized human prostate
fibroblast (HPFs). We found that CM from obese and irradiated obese adipocytes were able
to chemoattract HPFs or MPFs within 48 h (Figure 2D). These changes are associated with
fibroblast activation [64]. Subsequently, we also found that immortalized HPFs exposed to
the CM from obese and irradiated obese adipocytes for 96 h expressed upregulated -SMA,
FAP, and vimentin (Figure 2E,F). Overall, these results indicate that an obese microenviron-
ment can promote stromal remodeling within the prostate and promote a myofibroblast-like
phenotype, likely via secreted factors from the obese adipocytes. However, irradiation
of obese adipose tissue does not further amplify the stromal remodeling in prostate or
prostate associated fibroblast markers in vitro but does maintain these phenotypes.
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Figure 2. The obese or irradiated obese adipose microenvironment promotes benign prostate hy-
pertrophy and stromal remodeling in vitro and in vivo. (A) Left, H&E images of prostate tissue
from unirradiated and irradiated adipose of ND and HFD. Right, quantification of the percentage
of mice with benign prostate hyperplasia (BPH). (B) Left, prostate tissue sections were stained with
fibroblast activation markers including «a-SMA (red color) and FAP (green color). Right, quantifica-
tion of x-SMA and FAP. At least 5-6 images were taken per mouse and averaged for quantification
(n =5 mice/group). Data represents mean + SEM. (C) Left, vimentin staining (green color), marker of
mesenchymal cells on prostate tissue sections. Right, quantification of vimentin. (D) Normal mouse
primary fibroblasts (MPFs) or human immortalized prostate fibroblasts P3158 cells were placed in
the upper part of a Boyden chamber with conditioned media (CM) from obese and irradiated obese
adipocytes placed in the bottom chamber to determine fibroblast motility. (E) Left, Western blot
analysis of fibroblast activation markers in vitro on HPFs exposed to CM from unirradiated and
irradiated obese 3T3-L1 CM for 96 hours (h). Ponceau was used as the loading control. Expression of
«-SMA, FAP, and vimentin was normalized to their respective ponceau. Supplementary Figure S4
presents the original Western blot membranes. (F) Optical densitometry quantification of Western
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blot. Control conditions represent fibroblasts maintained in the standard RPMI or DMEM media.
Data represents mean + SEM from 3—4 biological independent experiments. Statistical analysis was
determined using one-way ANOVA followed by Tukey’s multiple-comparisons test and Student’s
t-test was also performed between the HFD and HFD+RAD groups. For immunohistochemical
experiments, at least 5-6 images were captured per mouse and averaged for quantification, n =5
mice/group. Images were captured at 200x magnification. The white bar represents 100 pm.
*p <0.05,** p <0.01, ** p < 0.001.

3.3. Obesity and Irradiation Promote Oxidative Stress and Survival of Prostate Fibroblasts In Vitro
and In Vivo

Obese or irradiated obsess adipose tissue enhances oxidative stress (Figure 1). Fibrob-
lasts become activated either by secretory factors from the microenvironment or exposure
to reactive oxygen species, which can promote a tumorigenic niche, including chronic tissue
dysfunction, cellular senescence, inflammation, and fibrosis [42,64-66]. In our previous
study, we reported that obese and irradiated obese adipocytes in vitro and in vivo are oxida-
tively stressed, release free fatty acids and hydrogen peroxide, and secrete pro-inflammatory
adipokines including, C-X-C motif chemokine ligand 12 (CXCL12), interleukin-1 alpha
(IL-1«), C-C chemokine ligand 2 (CCL2), tumor necrosis factor o (TNF-ct), and transform-
ing growth factor 3 (TGF-f3) [4]. Therefore, we investigated whether the normal prostate
tissue or prostate fibroblasts when exposed to obese or irradiated obese adipose tissue also
become oxidatively stressed. We performed 8-OHdG and 4-HNE staining in the prostate
tissue of unirradiated ND, HFD, and irradiated HFD mice. Elevated staining of 8-OHdG
in HFD and adipose-irradiated HFD mice was observed in normal prostate tissue when
compared to ND (Figure 3A). We observed no significant difference between the staining
of 8-OHdG in HFD alone and irradiated HFD in the normal prostate tissue (Figure 3A). We
also found enhanced 4-HNE staining in the HFD and irradiated HFD prostate as compared
to ND (Figure 3B). Again, the staining of 4-HNE was similar between HFD and irradiated
HFD mice (Figure 3B). These results suggest that prostates exposed to obese or irradiated
obese adipose microenvironments are oxidatively stressed. However, as these analyses
were performed on whole tissue sections, they do not specifically indicate whether prostate
fibroblasts are oxidatively stressed. To address this, we performed in vitro experiments
exposing normal MPFs to the CM from obese and irradiated obese adipocytes for 96 h, with
media replenishment at 48 h. We determined the extracellular HyO, production using an
Amplex Red assay from the conditioned media of MPFs after 96 h exposure to the respective
CM. We found a significant increase in the extracellular levels of HyO, in the media of
MPFs grown in an obese and adipose-irradiated obese microenvironment at 48 h but not
at 24 h as compared to the CM from untreated MPFs (Figure 3C). Moderate or sustained
extracellular HyO, can promote stress adaptation and support cellular survival [67,68].
To examine this, we exposed normal immortalized human prostate fibroblasts to the CM
from obese and irradiated obese adipocytes. After 96 h, cell viability was analyzed by
trypan blue exclusion staining. Notably, the viability of HPFs treated either with obese
or irradiated obese adipocyte CM was not altered (Figure 3D). Next, we examined the
pro-survival protein Bcl-2 by Western blot. Consistent with the stress-adaptive phenotype,
we observed HPFs exposed to the CM from obese and irradiated obese adipocytes for
96 h, showed higher expression of Bcl-2 as compared to normal HPFs (Figure 3E). The
higher expression of Bcl-2 suggests pro-survival signaling that enables activated fibroblasts
to withstand oxidative stress without undergoing cell death. Next, we validated these
findings in vivo by staining the prostate tissue for Bcl-2. Immunohistochemical analysis
revealed elevated Bcl-2 expression in both HFD and irradiated HFD groups compared to
ND controls (Figure 3F). Overall, these results further support the notion that irradiated
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and obese adipose microenvironments enable a pro-survival phenotype in the prostate
tissue and specifically in the prostate fibroblasts.
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Figure 3. Prostate fibroblasts and prostate tissues are oxidatively stressed and express pro-survival
factors in obese or irradiated obese adipose microenvironments in vitro and in vivo. (A,B) Left,
prostate tissue sections from ND mice and HFD mice whose adipose was unirradiated or irradiated
were stained for markers of oxidative stress including 8-OHdG (green color) and 4-HNE (green
color). Right, quantification of the staining. (C) MPFs isolated from C57BL/6 mice were incubated
with CM from irradiated or sham-control obese 3T3-L1 adipocytes for 96 h. The CM was replaced
with fresh CM after 48 h. After 96 h exposure to CM from obese and irradiated obese 3T3-L1
adipocytes, MPFs were washed and incubated in fresh media for 24 h and 48 h for the estimation of
H,O; in vitro. A two-way ANOVA followed by a multiple-comparison test was used to determine
statistical significance. (D) Immortalized human prostate fibroblasts were treated for 96 h with CM
collected from sham control or irradiated obese 3T3-L1 adipocytes. CM was replenished after 48 h. At
96 h, cell viability and cell death were assessed by trypan blue exclusion assay. (E) Left, immunoblot
of Bcl-2, a cell survival marker, in HPFs after 96 h of treatment with CM from obese and irradiated
obese 3T3-L1 adipocytes, with media replaced after 48 h. Ponceau is used as loading control. Right,
densitometry of immunoblot showing Bcl-2 expression normalized to the ponceau. Supplementary
Figure S5 presents the original Western blot membrane. (F) Left, representative immunohistochemical
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images of Bcl-2 (green color) in prostate tissue sections of ND, and HFD mice alone and 2-months post-
radiation of HFD mice. Right, quantification of the staining. For immunohistochemical experiments,
at least 5-6 images were captured per mouse and averaged for quantification, n = 5 mice/group. HPF
incubated in standard RPMI media served as the control condition. Images were captured at 200 x

magnification, and the white bar represents 100 um. Data represents mean + SEM from 3—4 biological
independent experiments (in vitro) and statistical significance was determined by one-way ANOVA
followed by Tukey’s multiple-comparisons test. Student’s t-test was also performed between the HFD
and HFD+RAD groups to determine the statistical differences. * p < 0.05, ** p < 0.01, *** p < 0.001,
% p < 0.0001.

3.4. Prostate Fibroblasts Exhibit a Senescent-like Phenotype In Vitro and In Vivo When Exposed to
Obese and Adipose Irradiated Obese Microenvironment

We have shown that prostate fibroblasts under obese and irradiated obese microenvi-
ronment maintain viability despite elevated oxidative stress. Therefore, we hypothesize
that normal prostate fibroblasts might undergo stress adaptation in the form of cellular
senescence rather than apoptosis or cell death. Previously, we have shown that whole
pelvic radiation elevates senescence in obese and normal adipose tissues [4,27]. Senescence
is characterized by the irreversible growth arrest of cells accompanied by altered secretory
and metabolic state [69-73]. Therefore, we investigated markers of senescence in prostate
fibroblasts when exposed to obese or irradiated obese microenvironment. We isolated
mature fat cells directly from the adipose tissue of ND, HFD, and HFD mice that received
direct radiation to the fat pads (Figure 4A). The CM was collected from the mature fat cells
respectively (Figure 4A) and was then added to the normal prostate fibroblasts for 96 h,
with media replenishment at 48 h (Figure 4B). We found MPFs exposed to the CM of HFD
adipose or adipose-irradiated HFD adipocytes showed an increase in cell size along with
increased (-gal staining as compared to either MPFs exposed to CM of normal adipocytes
or standard culture media (control) (Figure 4B,C). Increased in the size of the fibroblasts
demonstrates differentiation of fibroblasts to myofibroblasts and (3-galactosidase staining
indicates senescence [74]. Next, we validated these findings from the CM collected directly
from obese and irradiated obese adipocytes. The MPFs incubated with the CM from obese
and irradiated obese adipocytes also showed similar results as above with a significant
increase in the MPFs cell size (Figure 4D,E) and f3-gal staining as compared to the control
(Figure 4D,E). Thus, suggesting prostate fibroblasts exposed to obese or irradiated obese
adipocyte-derived CM acquire a senescence-like phenotype. Subsequently, we also vali-
dated these findings by performing immunohistochemical staining of senescent markers,
including p16 and p21, on the whole prostate tissue sections of ND, HFD, and irradiated
HEFD adipose. Elevated staining of p16 and p21 was observed in the HFD and adipose-
irradiated HFD prostates, as compared to control (ND) (Figure 4F). We did not observe
any significant difference in the staining of p16 and p21 between the HFD and irradiated
HFD prostates of obese and irradiated obese adipose microenvironments (Figure 4F). Since
this analysis was performed on whole tissue sections, we cannot identify the specific cell
type undergoing senescence. Collectively, these results indicate that obesity reprograms the
prostate toward a senescent-like phenotype that can promote the maintenance of a tumor
permissive microenvironment.
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Figure 4. Prostate fibroblasts and prostate tissues become senescent in vitro and in vivo when exposed
to an obese or irradiated obese adipose microenvironment. (A) Schematic of ex vivo collection of
CM from adipose microenvironment isolated from unirradiated and irradiated obese mice. (B) Top,
representative images showing the area of normal MPFs exposed to the ex vivo CM collected from
the adipose of ND, HFD and irradiated HFD for 96 h to assess fibroblast activation. The ex vivo
CM was replaced after 48 h. Bottom, representative images of MPFs showing the 3-galactosidase
staining after 96 h incubation with CM of ex vivo adipose from ND, HFD, and HFD+RAD groups.
(C) Quantification of the MPF area and (3-galactosidase-positive cells per image in each group. Area
was calculated by tracing the borders of the images in Image]J. 3-5 images were captured per biological
replicate, n = 3. (D) Top, representative images of the area of normal MPF cultured with CM collected
from unirradiated or irradiated obese 3T3-L1 adipocytes. CM was harvested 48 h after irradiation
and applied to MPF for 96 h, with medium replacement at 48 h. Bottom, (3-galactosidase staining of
MPFs incubated with CM from obese and irradiated obese 3T3-L1 adipocytes for 96 h, with media
replaced after 48 h. (E) Quantification of the area and number of (3-galactosidase-positive cells of
MPF per image in each group. 3-5 images were captured per biological replicate, n = 3. MPF cultured
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in DMEM media served as a control. (F) Left, representative images of cellular senescence markers
(green color) in prostate tissue sections from unirradiated ND and HFD mice, as well as from irradi-
ated HFD mice two months after radiation. Right, quantification of p16 and p21. At least 5-6 images
were captured per mouse and averaged for quantification and statistical significance was calculated
using one-way ANOVA followed by Tukey’s multiple-comparisons test. A statistical analysis be-
tween the HFD and HFD+RAD groups was also performed using Student’s t-test. Images were
taken at 200 x magnification, and the white bar represents 100 pm. Data represents the mean £ SEM.
*p <0.05,** p <0.01, *** p < 0.0001.

3.5. Prostate Fibroblasts Exposed to Obese or Irradiated Obese Adipose Microenvironments Acquire
Pro-Inflammatory and Pro-Fibrotic Phenotypes In Vitro and In Vivo

Senescent stroma secretes inflammatory cytokines, chemokines, and extracellular
remodeling factors that enforce chronic inflammation and fibrosis, which promote a pro-
tumor microenvironment [75-77]. We then examined the whole prostate tissue section
from ND, HFD, and irradiated HFD adipose microenvironment with NF-«B activation
and immune cell infiltration markers, such as F4/80% and CD4*. Activation of NF-kB is a
central mediator of inflammatory signaling that recruits immune cells [53,78-80]. Increased
staining of p-NF-«kB was observed in the prostates of obese and adipose irradiated obese
mice as compared to ND mice (Figure 5A). However, we did not observe a significant
difference in the p-NF-kB staining between prostates from obese and adipose irradiated
obese mice (Figure 5A). Elevated staining of F4/80" was found in the prostate tissue of
HEFD as compared to ND prostate (Figure 5B). We observed a significant increase in the
CD4* staining in irradiated HFD prostate as compared to ND, but HFD did not induce a
significant change as compared to ND (Figure 5B). Again, we found no significant differ-
ence in F4/80" and CD4" staining in the HFD and irradiated HFD prostates (Figure 5B).
These results suggest that obesity with or without radiation creates pro-inflammatory
stromal remodeling in the prostate. Chronic inflammation is a well-established driver
of a fibrotic microenvironment [81-83]. Therefore, we measured fibrotic remodeling by
immunohistochemical analysis and RT-qPCR. HPFs were exposed to either CM from obese
or irradiated obese adipocytes for 96 h, with media replenishment at 48 h. A significant in-
crease in the expression of Col6a2, Colla2, and Col3al was observed in fibroblasts exposed
to irradiated obese adipocyte CM as compared to normal HPFs (Figure 5C). However, no
significant increase was found in Col6a2 or Colla2 in HPFs exposed to obese adipocyte CM,
although Col3al was significantly elevated (Figure 5C). Next, fibrotic remodeling within
prostate tissue sections were evaluated by immunohistochemical staining for Colla and
x-SMA (Figure 2B). Elevated Collal expression was observed in the whole prostate tissue
sections of adipose-irradiated HFD mice as compared to ND (Figure 5D). We did not find
any significant difference in the Collal staining within prostates from HFD or irradiated
HFD mice consistent with the above immunohistochemical results (Figure 5D). Although
elevated inflammatory and fibrotic markers were observed in the whole prostate tissue
sections, these analyses do not allow the definitive identification of the specific cell type
responsible for these changes. However, our in vitro data strongly supports that prostate
fibroblasts which have transitioned into myofibroblasts, acquire a pro-fibrotic phenotype
under obese and irradiated obese adipocyte conditions. Overall, these results suggest that
the irradiated obese microenvironment enhances inflammation and fibrosis as compared to
normal conditions.
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Figure 5. Prostate tissues from obese or irradiated obese adipose mice or prostate fibroblasts exposed
to obese or irradiated obese CM exhibit pro-inflammatory and fibrotic phenotypes. (A) Representative
images of p-NF-kB from the prostate tissue of unirradiated ND and unirradiated and irradiated
adipose of HFD mice. Right, quantification of the p-NF-kB expression. (B) Representative images of
prostate tissue from unirradiated ND and unirradiated and irradiated adipose of HFD mice stained
with inflammation markers including F4/80* (green color) and CD4* (green color). Right, quantifica-
tion of the F4/80" and CD4*. For immunohistochemistry, 5-6 images were captured per mouse and
were averaged for quantification. Statistical significance was calculated using a one-way ANOVA
followed by Tukey’s multiple-comparisons test. Data represents the mean 4+ SEM (1 = 5 mice/group)
(C) RT-gPCR analysis of pro-fibrotic markers on HPFs treated with CM from obese and irradiated 3T3-
L1 adipocytes for 96 h, with media replenishment after 48 h. Gene expression levels were normalized
to housekeeping controls and expressed relative to control conditions. HPFs cultured in RPMI media
served as the control condition. (D) Representative immunohistochemical images of Collal staining
(green color), a pro-fibrotic marker, in prostate tissue sections from ND and HFD mice alone and
2 months post-radiation, demonstrating increased fibrotic remodeling under obese and irradiated
conditions. Bottom, quantification of Collal staining. For immunohistochemical experiments, at
least 5-6 images were captured per mouse and averaged for quantification, n = 5 mice/group. The
white bar represents 100 um. Images were captured at 200x magnification. For in vitro experiments,
all the data were repeated 3—4 times independently. Data represents the mean 4+ SEM. Statistical
significance was calculated using a one-way ANOVA followed by Tukey’s multiple-comparison test.
Student’s ¢-test was also performed to compare the HFD and HFD+RAD groups. * p < 0.05, ** p <
0.01, *** p < 0.001.
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3.6. Prostate Fibroblasts Exposed to Obese or Irradiated Obese Adipose Microenvironment Promote
Prostate Cancer Progression

Myofibroblasts are known to promote different cancers including pancreatic, lung,
colon, and prostate cancer through the secretion of growth factors and inflammatory
mediators [41,84-86]. Given our findings that normal prostate fibroblasts transition to
myofibroblasts under obese and irradiated obese conditions, we next investigated whether
these prostate myofibroblasts promote prostate cancer progression. Therefore, we per-
formed a transwell migration assay and found that prostate cancer cells (PC3 and C42B)
exhibited enhanced migration toward the CM of prostate fibroblasts incubated with obese
and irradiated obese adipocytes, as compared to the normal prostate fibroblasts (Figure 6A).
However, no significant differences in the migratory responses were observed between
fibroblasts incubated with obese versus irradiated obese conditions (Figure 6A). Although
prostate fibroblasts under obese and irradiated obese conditions did not alter the viability of
PCa cells (Figure 6B), we observed a non-significant trend of elevated pro-survival protein
expression of Bcl-2 in PCa cells exposed to the CM from prostate fibroblasts that transi-
tioned into myofibroblasts as compared to normal prostate fibroblasts and cells incubated
in standard culture media (control), suggesting a potential survival advantage (Figure 6C).
Because prostate fibroblasts exposed to obese and irradiated obese adipocytes enabled PCa
migration, we next examined whether they induce epithelial-to-mesenchymal transition
(EMT) changes in PCa cells. Incubation of C42B cells with CM from prostate fibroblasts
that had been exposed to CM from obese adipocytes, irradiated obese adipocytes, and
normal prostate fibroblasts for 48 h resulted in decreased in the expression of E-cadherin, an
epithelial cell marker, as compared to control and normal prostate fibroblasts (Figure 6D,E).
We also observed a significant upregulation in the mesenchymal marker, vimentin, under
irradiated obese activated MPF CM as compared to PCa cells incubated in standard culture
media (Figure 6D,E). Similarly, a decrease in E-cadherin and an increase in vimentin was
observed in PC3 cells incubated with CM from MPFs that transitioned into myofibrob-
lasts when exposed to obese and irradiated obese adipocytes as compared to standard
culture media or normal prostate fibroblasts (Supplementary Figure S2). Moreover, CM
from prostate fibroblasts exposed to obese and irradiated obese adipocytes significantly
increased the phosphorylation of Akt (p-Akt), which is implicated in cell migration and
tumor progression, compared with control conditions (Figure 6D,E). Collectively, these
findings suggest that prostate fibroblasts under obese and irradiated obese conditions
promote EMT-associated reprogramming and Akt elevation in PCa cells. To identify fac-
tors contributing to enhanced PCa migration, we performed a pro-inflammatory cytokine
array using CM collected from normal and prostate fibroblasts exposed to an obese and
irradiated obese adipocyte. Prostate fibroblasts incubated with obese and irradiated obese
conditions displayed increased secretion of pro-inflammatory cytokines including CXCL11,
CXCL10, IL-13, TREM1, and TNF-¢, all of which are known to induce different cancers
including hepatocellular carcinoma, colon cancer, and gastric cancer [37,40,87-89]. Because
CXCL10 and CXCL11 were among the most highly upregulated factors secreted by prostate
fibroblasts exposed to obese and irradiated obese adipocyte conditions, we validated
these findings by performing ELISAs. Notably, we found higher secretion of CXCL10 and
CXCL11 from fibroblasts exposed to obese and irradiated obese adipocyte CM as compared
to normal prostate fibroblasts (Figure 6G). Therefore, we focused on their potential role in
mediating fibroblast-driven PCa migration. As a member of the CXC chemokine family,
CXCL10 and CXCL11 exert their function by binding to the CXCR3 receptor, and we found
both CXCL11 and CXCL10 displayed a positive correlation with CXCR3 (Supplementary
Figure S3). This positive interaction has been implicated in cellular processes such as
tumor progression and cell migration of various cancers including prostate, colon, and
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head and neck cancer [90-93]. To validate the functional role of CXCL10/CXCL11-CXCR3
paracrine signaling axis, PCa cells were pre-treated with the CXCR3 inhibitor, AMG-487,
prior to migration assays. AMG487 has been extensively characterized and widely used
as a selective CXCR3 inhibitor in previous studies [40,94]. Pharmacologic inhibition of
CXCR3 markedly reduced the migration of both PC3 and C42B cells toward CM from
fibroblasts exposed to obese and irradiated obese conditions (Figure 6H), supporting a
paracrine role for this signaling axis in promoting PCa cell motility. Together, these findings
demonstrate that prostate fibroblasts that exhibit a myofibroblast-like phenotype under
obese and irradiated obese adipose microenvironments enhance PCa migratory potential,
promote EMT-associated signaling, and may drive tumor-promoting paracrine communi-
cation through the CXCL10/CXCL11-CXCR3 axis (Figure 7). These results identify that
this pathway may serve as a therapeutic target against CXCL10/CXCL11-driven prostate
cancer tumor progression.
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Figure 6. Prostate fibroblasts exposed to an obese or irradiated obese adipose microenvironment
promote prostate cancer progression. (A) Migration assay of PC3 and C42B toward the MPF exposed
to obese and irradiated obese 3T3-L1 adipocyte CM and normal MPF CM for 48 h. (B) Cell viability of
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PC3 and C42B when exposed to MPF CM incubated in obese and irradiated obese 3T3-L1 adipocytes
for 48 h. (C) Top, Western blot analysis of the cell survival marker, Bcl-2, on C42B cells incubated with
normal MPF CM and MPF CM exposed to obese and irradiated obese 3T3-L1 adipocytes for 48 h.
Ponceau staining was used as the loading control. Bottom, densitometry of immunoblot showing Bcl-
2 expression normalized to the corresponding Ponceau staining. Supplementary Figure S6 represents
the original Western blots. (D) Western blot analysis of EMT markers and p-Akt in C42B cells after
48 h of exposure to CM from MPFs incubated in obese and irradiated obese 3T3-L1 adipocytes and
from normal MPFs. Ponceau was utilized as loading control. Supplementary Figure S7 represents the
original membranes of Western blot. (E) Densitometry of EMT markers and p-Akt in C42B normalized
to ponceau. (F) Cytokine array of culture supernatants collected from the MPF exposed to obese and
irradiated obese 3T3-L1 adipocytes for 96 h, with media replenishment at 48 h. After 96 h, the CM
from obese and irradiated obese adipocytes was removed from MPFs from the respective conditions
and washed with PBS 3 times. After 24 h of culture, the fresh MPF medium was collected from
the respective treated conditions and normal conditions # = 1. The original membrane of cytokine
array is represented in Supplementary Figure S8. (G) CXCL11 and CXCL10 ELISAs performed on
the CM collected from normal MPF and fibroblasts exposed to obese and irradiated obese 3T3-L1
adipocytes. (H) Transwell migration assay of PC3 and C42B demonstrating the functional role of
CXCRS3 signaling in PCa migration toward the MPF exposed to obese and irradiated obese 3T3-L1
adipocytes. All in vitro data are presented as mean + SEM from four or more biological independent
experiments except (F). PCa cells incubated in standard RPMI culture served as a control. Statistical
significance was determined by one-way ANOVA followed by a Tukey’s multiple-comparison test.
*p <0.05,* p <0.01, ** p < 0.001, **** p < 0.0001.
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Figure 7. Overview of obesity and radiation associated adipose dysfunction promotes a pro-
tumorigenic prostate microenvironment. This stress-adapted phenotype is characterized by enhanced
survival signaling, oxidative stress, chronic inflammation, senescence-associated remodeling, and
ECM remodeling, collectively establishing a tumor-permissive stromal niche. The obese and irradi-
ated obese adipose microenvironment differentiates prostate fibroblasts toward myofibroblasts and
senescent fibroblasts. In turn, myofibroblasts or senescent fibroblasts under obese and irradiated
obese adipose microenvironments secrete pro-inflammatory chemokines, including CXCL10 and
CXCL11, which promote prostate cancer migration through CXCR3-mediated paracrine signaling. Ra-
diation exposure sustains obesity-associated pathological state within the prostate microenvironment
and prostate fibroblasts.

4. Discussion

Obesity is recognized not only as a metabolic disorder but, importantly, there is
growing evidence that obesity is associated with cancer incidence, recurrence, and enhanced
mortality [95]. A major component of the tumor microenvironment includes stromal
fibroblasts, which are principal contributors to cancer progression [96]. When stromal
fibroblasts acquire a myofibroblast phenotype, they secrete chemokines and growth factors
contributing to the metastatic potential of various cancers [34,56,97]. Radiation therapy is
the first line of treatment for various cancers. However, normal tissues surrounding pelvic
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cancer receiving radiotherapy are not spared from the detrimental effects of radiation. We
have previously shown that abdominal irradiation promotes the damage to the adipose
tissue present within the pelvic region of obese mice [4]. Specifically, abdominal irradiation
in the HFD mice reduced the body weight and increased oxidative stress, senescence,
inflammation, and fibrosis in the adipose tissue. In contrast, in the present study, the direct
and partial radiation to the gonadal fat pad did not alter the body weight of irradiated
HFD mice and did not elevate the oxidative stress and inflammation within adipose tissue;
rather, it maintained the obesity-induced adipose dysfunction.

This is the first study to investigate the role of radiation and obesity in promoting adi-
pose dysfunction that reshapes the prostate microenvironment toward a pro-tumorigenic
environment, at least in part through myofibroblasts. Our findings demonstrate that obesity
and radiation influence the neighboring prostate tissue through chronic tissue remodeling
characterized by the establishment of senescence, oxidative stress, inflammation, and fibro-
sis. We additionally observed that obesity and radiation increased epithelial hyperplasia
and stromal associated markers.

Notably, the obese and irradiated obese adipocytes in vitro induced robust changes
in the prostate fibroblasts, including elevation in «-SMA, FAP, vimentin, and senescence.
Radiation exposure in the obese adipocytes did not further elevate myofibroblast markers
in prostate fibroblasts and senescence. This is probably due to the fact that once fibroblasts
differentiate into myofibroblast or senescent fibroblast by obesity, radiation cannot further
differentiate these cells. However, in vivo, the irradiated obese adipose microenvironment
did elevate the ECM remodeling, and infiltration of CD4" T-helper cells as compared to
normal conditions that were not altered by obesity. This indicates that radiation may further
contribute to the pro-tumor microenvironment in vivo.

A key translational finding in this study is that MPFs exposed to obese or irradiated
obese adipose conditions promote PCa cell migration, EMT, and AKT signaling. These
findings align with previous studies demonstrating that myofibroblasts support tumor pro-
gression via paracrine communication and extracellular remodeling [37,41,98,99]. Because
senescent fibroblasts exhibited similar phenotypes under obese and irradiated obese condi-
tions, their effects on cancer progression were also similar. Mechanistically, we identified
the CXCL10/CXCL11-CXCR3 signaling axis as a major pathway mediating myofibroblast-
induced PCa migration, highlighting a direct link between adipose dysfunction, fibroblast
phenotypic changes, and tumor progression.

Some limitations of this study are that, although our in vivo analyses demonstrate
stromal remodeling within the prostate tissue, several markers assessed by IHC cannot
exclusively be attributed to fibroblasts. Even though our in vitro studies address this
limitation by demonstrating fibroblast specific responses to adipocyte-derived factors we
did not show this conclusively in vivo. Secondly, we have addressed that irradiated obese
adipocytes activate MPFs, but what adipocyte-derived factors or specific ROS that cause
this phenotype has not been elucidated and requires mechanistic investigation. Third,
we only focused on the effect of white adipose tissue on the prostate microenvironment,
other fat tissues may respond differently to obesity and radiation and might show different
pathological effects on the prostate microenvironment. Fourth, while our data implicates
oxidative stress, senescence, inflammation, and fibrosis as interconnected processes within
prostate microenvironment, it is important to determine the relationship of these pathways.
Fifth, how CXCL10/CXCL11 is elevated during obesity or radiation in obese conditions
requires further investigation. Sixth, future studies are required to incorporate localized
irradiation to the gonadal fat pad of ND mice to determine the independent contribution
of radiation alone on adipose tissue. Seventh, in the present study, only a small portion
of obese adipose tissue was irradiated using the 5 x 5 mm collimator. Since the adipose
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tissue in HFD mice is triple the size of that in ND mice, the irradiated field in the HFD mice
represented a small proportion of the total adipose depot. In our previous studies, HFD
mice that received pelvic radiation showed more robust phenotypic changes as compared
to unirradiated HFD mice, suggesting that irradiating a larger adipose area may produce
more pronounced phenotypic effects. Therefore, future studies are required to irradiate
a larger area of adipose tissue in HFD mice to accurately determine the role of radiation
in promoting a pro-tumor microenvironment and disease progression in obesity. We also
acknowledge that the CM from normal adipocytes would strengthen the experimental
framework and align the in vitro observations with the in vivo comparison between ND
and HFD. Lastly, our irradiation model to adipose tissue does not recapitulate the clinical
setting of prostate radiotherapy where both the surrounding tissue and prostate receive
radiation exposure.

In conclusion, our findings demonstrate that obesity-associated adipose dysfunction
induces persistent oxidative stress, inflammatory signaling that drives changes in prostate
fibroblast including myofibroblast differentiation, survival adaptation, senescence, and
fibrotic signaling in vitro and pro-tumorigenic remodeling within the prostate. Prostate
fibroblasts exhibiting a myofibroblast-like or senescent phenotype establish a chronic in-
flammatory and fibrotic microenvironment that promotes prostate cancer progression
through paracrine signaling, particularly via the CXCL10/CXCL11-CXCR3 axis. An inter-
esting finding from our study is that radiation exposure of obese adipose tissues does not
significantly enhance these effects within the prostate microenvironment and on prostate
fibroblasts but rather sustains the pre-existing pathological state. These results help us to
explain the previously established evidence of association of obesity with poor outcomes
and recurrence following radiotherapy [100,101]. Overall, these findings identify obese
adipose-stromal crosstalk as an important regulator of prostate tumor-promoting microen-
vironments and suggest targeting fibroblast mediated paracrine signaling, particularly the
CXCL10/CXCL11-CXCR3 axis. Further, in vivo studies are needed to determine whether
targeting this pathway limits PCa tumor progression and improves therapeutic responses.

5. Conclusions

Obesity-associated adipose dysfunction drives pathological changes within the
prostate microenvironment and differentiates prostate fibroblasts to myofibroblasts that are
characterized by elevated survival signaling, oxidative stress, senescence, inflammation,
and fibrotic remodeling. Radiation exposure to the obese adipose microenvironment does
not further enhance the pro-tumorigenic microenvironment and differentiation of prostate
fibroblasts to myofibroblasts rather, it sustains the obesity-associated pathological state.
Additionally, prostate fibroblasts exhibiting myofibroblast-like or senescent phenotype
under obese and irradiated obese adipose microenvironment promote prostate cancer
progression through the CXCL10/CXCL11-CXCR3 signaling axis. Overall, our findings
highlight obese adipose-stromal crosstalk as an important regulator of the prostate tumor
microenvironment and could be a potential target to treat prostate cancer.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cells15151387/s1. Figure S1: Obesity alone or combined with radiation
induces pro-inflammatory stress markers; Figure S2: Conditioned media from fibroblasts incubated
with obese or irradiated obese adipocytes promoted EMT in PC3; Figure S3: Correlation analysis of
CXCR3 with CXCL10/CXCL11; Figure S4: Original blots and loading control of Figure 2E; Figure S5:
Original blots and loading control of Figure 3E; Figure S6: Original blots and loading control of
Figure 6C; Figure S7: Original blots and loading control of Figure 6D; Figure S8: Original blot of
Figure 6F.
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Abbreviations

The following abbreviations are used in the manuscript.

TME tumor microenvironment
MPF mouse prostate fibroblast
HPF human prostate fibroblast
NPF normal prostate fibroblast
HFD high-fat diet

M conditioned media

PCa prostate cancer

NEAA non-essential amino acids
P/S penicillin/streptomycin
ND normal diet

BPH benign prostate hyperplasia
a-SMA alpha smooth muscle actin
ECM extracellular matrix

FAP fibroblast activation protein

8-OHdG  8-hydroxy-2-deoxyguanosine
4-HNE 4-hydroxynonenal

EMT epithelial-to-mesenchymal transition
DMEM Dulbecco minimal essential media
FBS fetal bovine serum

CST cell signaling technology

IACUC Institutional Animal Care and Use Committee
SA-B-Gal senescence-associated beta galactosidase

p-Akt phosphorylation of Akt

SARRP small animal radiation research platform
CXCL12  C-X-C motif chemokine ligand 12

IL-1x interleukin-1 alpha

CCL2 C-C chemokine ligand 2

TNF-« tumor necrosis factor o (TNF-)

TGE- transforming growth factor (3

https://doi.org/10.3390/cells15151387


https://doi.org/10.3390/cells15151387

Cells 2026, 15, 1387 23 of 27

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Fosam, A.; Perry, R.J. Current mechanisms in obesity and tumor progression. Curr. Opin. Clin. Nutr. Metab. Care 2020, 23, 395-403.
[CrossRef] [PubMed]

Chen, T.; Zhai, W.; Song, J.; Liu, W.; Wu, Z.; Yang, E.; Wang, L. Obesity Paradox in Cancer: A Complex Interplay Between Risk
and Therapeutic Outcomes. MedComm 2025, 6, €70494. [CrossRef] [PubMed]

WHO Consultation on Obesity; World Health Organization. Obesity: Preventing and Managing the Global Epidemic. Report of a WHO
Consultation; World Health Organization Technical Report Series 894; WHO: Geneva, Switzerland, 2000; Volume, i—xii, pp. 1-253.
Takkar, S.; Kosmacek, E.A.; McDowell, J.A.; Liermann-Wooldrik, K.T.; Chatterjee, A.; Oberley-Deegan, R.E. Irradiated obese
adipocytes are prone to oxidative stress, inflammation, senescence, and fibrosis. Sci. Rep. 2025, 15, 39844. [CrossRef] [PubMed]
Jones, J.E.C.; Rabhi, N.; Orofino, J.; Gamini, R.; Perissi, V.; Vernochet, C.; Farmer, S.R. The Adipocyte Acquires a Fibroblast-Like
Transcriptional Signature in Response to a High Fat Diet. Sci. Rep. 2020, 10, 2380. [CrossRef] [PubMed]

de Sousa Neto, I.V; Durigan, J.L.Q.; da Silva, A.S.R.; de Cassia Marqueti, R. Adipose Tissue Extracellular Matrix Remodeling in
Response to Dietary Patterns and Exercise: Molecular Landscape, Mechanistic Insights, and Therapeutic Approaches. Biology
2022, 11, 765. [CrossRef] [PubMed]

Arnold, M.; Pandeya, N.; Byrnes, G.; Renehan, P.A.G,; Stevens, G.A.; Ezzati, PM,; Ferlay, J.; Miranda, ].J.; Romieu, I; Dikshit, R.;
et al. Global burden of cancer attributable to high body-mass index in 2012: A population-based study. Lancet Oncol. 2015, 16,
36—46. [CrossRef] [PubMed]

Williams, A.E.; Hoffmann, E.J.; Inman, D.R.; Gari, M.K.; Zhou, C.; Burkel, B.M.; Haidar, N.; Pan, Y.; Halambeck, M.; Moore, B.N.;
et al. Obesity and breast density enhance immune exclusion in the primary tumor microenvironment and promote breast cancer
metastasis. Oncogene 2026, 45, 1057-1064. [CrossRef] [PubMed]

Chen, X.; Wang, Q.; Zhang, Y.; Xie, Q.; Tan, X. Physical Activity and Risk of Breast Cancer: A Meta-Analysis of 38 Cohort Studies
in 45 Study Reports. Value Health 2019, 22, 104-128. [CrossRef] [PubMed]

Ungyvari, Z.; Fekete, M.; Varga, P.; Lehoczki, A.; Fekete, ].T.; Ungvari, A.; Gyorffy, B. Overweight and obesity significantly
increase colorectal cancer risk: A meta-analysis of 66 studies revealing a 25-57% elevation in risk. GeroScience 2025, 47, 3343-3364.
[CrossRef] [PubMed]

Gonzalez-Gutierrez, L.; Motino, O.; Barriuso, D.; de la Puente-Aldea, J.; Alvarez-Frutos, L.; Kroemer, G.; Palacios-Ramirez, R.;
Senovilla, L. Obesity-Associated Colorectal Cancer. Int. J. Mol. Sci. 2024, 25, 8836. [CrossRef] [PubMed]

Aurilio, G.; Piva, E; Santoni, M.; Cimadamore, A.; Sorgentoni, G.; Lopez-Beltran, A.; Cheng, L.; Battelli, N.; Nole, F; Montironi,
R. The Role of Obesity in Renal Cell Carcinoma Patients: Clinical-Pathological Implications. Int. J. Mol. Sci. 2019, 20, 5683.
[CrossRef] [PubMed]

Saha, A.; Kolonin, M.G.; DiGiovanni, J. Obesity and prostate cancer—Microenvironmental roles of adipose tissue. Nat. Rev. Urol.
2023, 20, 579-596. [CrossRef] [PubMed]

Iyengar, N.M.; Gucalp, A.; Dannenberg, A.J.; Hudis, C.A. Obesity and Cancer Mechanisms: Tumor Microenvironment and
Inflammation. J. Clin. Oncol. 2016, 34, 4270-4276. [CrossRef] [PubMed]

Manna, P; Jain, S.K. Obesity, Oxidative Stress, Adipose Tissue Dysfunction, and the Associated Health Risks: Causes and
Therapeutic Strategies. Metab. Syndr. Relat. Disord. 2015, 13, 423-444. [CrossRef] [PubMed]

Makki, K.; Froguel, P.; Wolowczuk, I. Adipose tissue in obesity-related inflammation and insulin resistance: Cells, cytokines, and
chemokines. ISRN Inflamm. 2013, 2013, 139239. [CrossRef] [PubMed]

Passos, G.R.; Ghezzi, A.C.; Antunes, E.; de Oliveira, M.G.; Monica, FZ. The Role of Periprostatic Adipose Tissue on Prostate
Function in Vascular-Related Disorders. Front. Pharmacol. 2021, 12, 626155. [CrossRef] [PubMed]

Petit, C.; Lacas, B.; Pignon, J.P; Le, Q.T.; Gregoire, V.; Grau, C.; Hackshaw, A.; Zackrisson, B.; Parmar, M.K.B.; Lee, ].W.; et al.
Chemotherapy and radiotherapy in locally advanced head and neck cancer: An individual patient data network meta-analysis.
Lancet Oncol. 2021, 22, 727-736. [CrossRef] [PubMed]

Wang, H.; Xue, J.; Chen, T.; Qu, T,; Barbee, D.; Tam, M.; Hu, K. Adaptive radiotherapy based on statistical process control for
oropharyngeal cancer. J. Appl. Clin. Med. Phys. 2020, 21, 171-177. [CrossRef] [PubMed]

Kishan, A.U.; Wang, X.; Sun, Y.; Romero, T.; Michalski, ] M.; Ma, T.M.; Feng, FY.; Sandler, H.M.; Bolla, M.; Maingon, P.; et al.
High-dose Radiotherapy or Androgen Deprivation Therapy (HEAT) as Treatment Intensification for Localized Prostate Cancer:
An Individual Patient-data Network Meta-analysis from the MARCAP Consortium. Eur. Urol. 2022, 82, 106-114. [CrossRef]
[PubMed]

Chinniah, S.; Stish, B.; Costello, B.A.; Pagliaro, L.; Childs, D.; Quevedo, F,; Lucien, F,; Bryce, A ; Park, S.S.; Orme, ].J. Radiation
Therapy in Oligometastatic Prostate Cancer. Int. |. Radiat. Oncol. Biol. Phys. 2022, 114, 684—692. [CrossRef] [PubMed]

van As, N.; Griffin, C.; Tree, A.; Patel, J.; Ostler, P.; van der Voet, H.; Loblaw, A.; Chu, W.; Ford, D.; Tolan, S.; et al. Phase 3 Trial of
Stereotactic Body Radiotherapy in Localized Prostate Cancer. N. Engl. |. Med. 2024, 391, 1413-1425. [CrossRef] [PubMed]
Hanna, C.R;; Slevin, F,; Appelt, A.; Beavon, M.; Adams, R.; Arthur, C.; Beasley, M.; Duffton, A.; Gilbert, A.; Gollins, S.; et al.
Intensity-modulated Radiotherapy for Rectal Cancer in the UK in 2020. Clin. Oncol. 2021, 33, 214-223. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15151387


https://doi.org/10.1097/MCO.0000000000000690
https://www.ncbi.nlm.nih.gov/pubmed/32868685
https://doi.org/10.1002/mco2.70494
https://www.ncbi.nlm.nih.gov/pubmed/41267926
https://doi.org/10.1038/s41598-025-23533-7
https://www.ncbi.nlm.nih.gov/pubmed/41233454
https://doi.org/10.1038/s41598-020-59284-w
https://www.ncbi.nlm.nih.gov/pubmed/32047213
https://doi.org/10.3390/biology11050765
https://www.ncbi.nlm.nih.gov/pubmed/35625493
https://doi.org/10.1016/S1470-2045(14)71123-4
https://www.ncbi.nlm.nih.gov/pubmed/25467404
https://doi.org/10.1038/s41388-026-03718-8
https://www.ncbi.nlm.nih.gov/pubmed/41764344
https://doi.org/10.1016/j.jval.2018.06.020
https://www.ncbi.nlm.nih.gov/pubmed/30661625
https://doi.org/10.1007/s11357-024-01375-x
https://www.ncbi.nlm.nih.gov/pubmed/39379738
https://doi.org/10.3390/ijms25168836
https://www.ncbi.nlm.nih.gov/pubmed/39201522
https://doi.org/10.3390/ijms20225683
https://www.ncbi.nlm.nih.gov/pubmed/31766196
https://doi.org/10.1038/s41585-023-00764-9
https://www.ncbi.nlm.nih.gov/pubmed/37198266
https://doi.org/10.1200/JCO.2016.67.4283
https://www.ncbi.nlm.nih.gov/pubmed/27903155
https://doi.org/10.1089/met.2015.0095
https://www.ncbi.nlm.nih.gov/pubmed/26569333
https://doi.org/10.1155/2013/139239
https://www.ncbi.nlm.nih.gov/pubmed/24455420
https://doi.org/10.3389/fphar.2021.626155
https://www.ncbi.nlm.nih.gov/pubmed/33643052
https://doi.org/10.1016/S1470-2045(21)00076-0
https://www.ncbi.nlm.nih.gov/pubmed/33862002
https://doi.org/10.1002/acm2.12993
https://www.ncbi.nlm.nih.gov/pubmed/32770651
https://doi.org/10.1016/j.eururo.2022.04.003
https://www.ncbi.nlm.nih.gov/pubmed/35469702
https://doi.org/10.1016/j.ijrobp.2022.07.014
https://www.ncbi.nlm.nih.gov/pubmed/35878715
https://doi.org/10.1056/NEJMoa2403365
https://www.ncbi.nlm.nih.gov/pubmed/39413377
https://doi.org/10.1016/j.clon.2020.12.011
https://www.ncbi.nlm.nih.gov/pubmed/33423883
https://doi.org/10.3390/cells15151387

Cells 2026, 15, 1387 24 of 27

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Parikh, A.R.; Szabolcs, A.; Allen, ].N.; Clark, ].W.; Wo, ].Y.; Raabe, M.; Thel, H.; Hoyos, D.; Mehta, A.; Arshad, S.; et al. Radiation
therapy enhances immunotherapy response in microsatellite stable colorectal and pancreatic adenocarcinoma in a phase II trial.
Nat. Cancer 2021, 2, 1124-1135. [CrossRef] [PubMed]

Gao, Q.; Zhou, G; Lin, S.J.; Paus, R.; Yue, Z. How chemotherapy and radiotherapy damage the tissue: Comparative biology
lessons from feather and hair models. Exp. Dermatol. 2019, 28, 413—418. [CrossRef] [PubMed]

Huang, R.X.; Zhou, PX. DNA damage response signaling pathways and targets for radiotherapy sensitization in cancer. Signal
Transduct. Target. Ther. 2020, 5, 60. [CrossRef] [PubMed]

Liermann-Wooldrik, K.T.; Kosmacek, E.A.; McDowell, J.A.; Takkar, S.; Murthy, D.; Singh, PK.; Schott, M.B.; Ponnusamy, M.P,;
Oberley-Deegan, R.E. Radiation Promotes Acute and Chronic Damage to Adipose Tissue. Int. J. Mol. Sci. 2025, 26, 5626. [CrossRef]
[PubMed]

Avgerinos, K.I; Spyrou, N.; Mantzoros, C.S.; Dalamaga, M. Obesity and cancer risk: Emerging biological mechanisms and
perspectives. Metabolism 2019, 92, 121-135. [CrossRef] [PubMed]

Wilson, R.L.; Taaffe, D.R.; Newton, R.U.; Hart, N.H.; Lyons-Wall, P.; Galvao, D.A. Obesity and prostate cancer: A narrative review.
Crit. Rev. Oncol. Hematol. 2022, 169, 103543. [CrossRef] [PubMed]

Wang, Q.; Shao, X.; Zhang, Y.; Zhu, M.; Wang, EX.C.; Mu, J.; Li, J.; Yao, H.; Chen, K. Role of tumor microenvironment in cancer
progression and therapeutic strategy. Cancer Med. 2023, 12, 11149-11165. [CrossRef] [PubMed]

Jin, M.Z_; Jin, W.L. The updated landscape of tumor microenvironment and drug repurposing. Signal Transduct. Target. Ther. 2020,
5,166. [CrossRef] [PubMed]

de Visser, K.E.; Joyce, ].A. The evolving tumor microenvironment: From cancer initiation to metastatic outgrowth. Cancer Cell
2023, 41, 374-403. [CrossRef] [PubMed]

Kosmacek, E.A.; Oberley-Deegan, R.E. Adipocytes protect fibroblasts from radiation-induced damage by adiponectin secretion.
Sci. Rep. 2020, 10, 12616. [CrossRef] [PubMed]

Yang, D.; Liu, J.; Qian, H.; Zhuang, Q. Cancer-associated fibroblasts: From basic science to anticancer therapy. Exp. Mol. Med.
2023, 55, 1322-1332. [CrossRef] [PubMed]

Joshi, R.S.; Kanugula, S.S.; Sudhir, S.; Pereira, M.P,; Jain, S.; Aghi, M.K. The Role of Cancer-Associated Fibroblasts in Tumor
Progression. Cancers 2021, 13, 1399. [CrossRef] [PubMed]

Takkar, S.; Sharma, G.; Kaushal, ].B.; Abdullah, K.M.; Batra, S.K.; Siddiqui, ].A. From orphan to oncogene: The role of GPR35 in
cancer and immune modulation. Cytokine Growth Factor Rev. 2024, 77, 56-66. [CrossRef] [PubMed]

Liu, G; Sun, J.; Yang, Z.F; Zhou, C.; Zhou, PY;; Guan, R.Y,; Sun, B.Y.; Wang, Z.T.; Zhou, J.; Fan, ].; et al. Cancer-associated
fibroblast-derived CXCL11 modulates hepatocellular carcinoma cell migration and tumor metastasis through the circUBAP2/miR-
4756/1FIT1/3 axis. Cell Death Dis. 2021, 12, 260. [CrossRef] [PubMed]

Zuo, M.; Zhang, S.; Chen, S.; He, Y,; Li, ].; Xiang, Y,; Yuan, Y; Li, T.; Yang, W.; Wang, Z.; et al. Cytokine CCL2 secreted by
cancer-associated fibroblasts augments temozolomide resistance in glioblastoma through ERK1/2 signaling. Oncogene 2025, 44,
4657-4670. [CrossRef] [PubMed]

Zhang, T; Ren, Y,; Yang, P.; Wang, J.; Zhou, H. Cancer-associated fibroblasts in pancreatic ductal adenocarcinoma. Cell Death Dis.
2022, 13, 897. [CrossRef] [PubMed]

Sun, E.G.; Choi, J.N.; Park, M.R,; Kim, D.H.; Sung, M.; Shim, H.].; Hwang, J.E.; Bae, WK; Jung, C.; Kim, YK,; et al. FGFR4
promotes CAF activation through the CXCL10-CXCR3 axis in colon cancer. Cell Death Dis. 2025, 16, 424. [CrossRef] [PubMed]
Xiong, Z.; Yu, S.L.; Xie, Z.X.; Zhuang, R.L.; Peng, S.R.; Wang, Q.; Gao, Z.; Li, B.H.; Xie, ].J.; Huang, H.; et al. Cancer-associated
fibroblasts promote enzalutamide resistance and PD-L1 expression in prostate cancer through CCL5-CCRb5 paracrine axis. iScience
2024, 27, 109674. [CrossRef] [PubMed]

Chatterjee, A.; Kosmacek, E.A.; Oberley-Deegan, R.E. MnTE-2-PyP Treatment, or NOX4 Inhibition, Protects against Radiation-
Induced Damage in Mouse Primary Prostate Fibroblasts by Inhibiting the TGF-Beta 1 Signaling Pathway. Radiat. Res. 2017, 187,
367-381. [CrossRef] [PubMed]

Kosmacek, E.A.; Chatterjee, A.; Tong, Q.; Lin, C.; Oberley-Deegan, R.E. MnTnBuOE-2-PyP protects normal colorectal fibroblasts
from radiation damage and simultaneously enhances radio/chemotherapeutic killing of colorectal cancer cells. Oncotarget 2016, 7,
34532-34545. [CrossRef] [PubMed]

Mubtasim, N.; Gollahon, L. Characterizing 3T3-L1 MBX Adipocyte Cell Differentiation Maintained with Fatty Acids as an In
Vitro Model to Study the Effects of Obesity. Life 2023, 13, 1712. [CrossRef] [PubMed]

McDowell, J.A.; Kosmacek, E.A.; Baine, M.].; Adebisi, O.; Zheng, C.; Bierman, M.M.; Myers, M.S.; Chatterjee, A.; Liermann-
Wooldrik, K.T.; Lim, A.; et al. Exogenous APN protects normal tissues from radiation-induced oxidative damage and fibrosis in
mice and prostate cancer patients with higher levels of APN have less radiation-induced toxicities. Redox Biol. 2024, 73, 103219.
[CrossRef] [PubMed]

https://doi.org/10.3390/cells15151387


https://doi.org/10.1038/s43018-021-00269-7
https://www.ncbi.nlm.nih.gov/pubmed/35122060
https://doi.org/10.1111/exd.13846
https://www.ncbi.nlm.nih.gov/pubmed/30457678
https://doi.org/10.1038/s41392-020-0150-x
https://www.ncbi.nlm.nih.gov/pubmed/32355263
https://doi.org/10.3390/ijms26125626
https://www.ncbi.nlm.nih.gov/pubmed/40565100
https://doi.org/10.1016/j.metabol.2018.11.001
https://www.ncbi.nlm.nih.gov/pubmed/30445141
https://doi.org/10.1016/j.critrevonc.2021.103543
https://www.ncbi.nlm.nih.gov/pubmed/34808374
https://doi.org/10.1002/cam4.5698
https://www.ncbi.nlm.nih.gov/pubmed/36807772
https://doi.org/10.1038/s41392-020-00280-x
https://www.ncbi.nlm.nih.gov/pubmed/32843638
https://doi.org/10.1016/j.ccell.2023.02.016
https://www.ncbi.nlm.nih.gov/pubmed/36917948
https://doi.org/10.1038/s41598-020-69352-w
https://www.ncbi.nlm.nih.gov/pubmed/32724116
https://doi.org/10.1038/s12276-023-01013-0
https://www.ncbi.nlm.nih.gov/pubmed/37394578
https://doi.org/10.3390/cancers13061399
https://www.ncbi.nlm.nih.gov/pubmed/33808627
https://doi.org/10.1016/j.cytogfr.2024.03.004
https://www.ncbi.nlm.nih.gov/pubmed/38514303
https://doi.org/10.1038/s41419-021-03545-7
https://www.ncbi.nlm.nih.gov/pubmed/33707417
https://doi.org/10.1038/s41388-025-03601-y
https://www.ncbi.nlm.nih.gov/pubmed/41136557
https://doi.org/10.1038/s41419-022-05351-1
https://www.ncbi.nlm.nih.gov/pubmed/36284087
https://doi.org/10.1038/s41419-025-07588-y
https://www.ncbi.nlm.nih.gov/pubmed/40447617
https://doi.org/10.1016/j.isci.2024.109674
https://www.ncbi.nlm.nih.gov/pubmed/38646169
https://doi.org/10.1667/RR14623.1
https://www.ncbi.nlm.nih.gov/pubmed/28225655
https://doi.org/10.18632/oncotarget.8923
https://www.ncbi.nlm.nih.gov/pubmed/27119354
https://doi.org/10.3390/life13081712
https://www.ncbi.nlm.nih.gov/pubmed/37629569
https://doi.org/10.1016/j.redox.2024.103219
https://www.ncbi.nlm.nih.gov/pubmed/38851001
https://doi.org/10.3390/cells15151387

Cells 2026, 15, 1387 25 of 27

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Chatterjee, A.; Sakallioglu, L.T.; Murthy, D.; Kosmacek, E.A.; Singh, PK.; McDonald, J.T.; Powers, R.; Oberley-Deegan, R.E.
MnTE-2-PyP protects fibroblast mitochondria from hyperglycemia and radiation exposure. Redox Biol. 2022, 52,102301. [CrossRef]
[PubMed]

Chatterjee, A.; Kosmacek, E.A.; Shrishrimal, S.; McDonald, ].T.; Oberley-Deegan, R.E. MnTE-2-PyP, a manganese porphyrin,
reduces cytotoxicity caused by irradiation in a diabetic environment through the induction of endogenous antioxidant defenses.
Redox Biol. 2020, 34, 101542. [CrossRef] [PubMed]

Masenga, S.K.; Kabwe, L.S.; Chakulya, M.; Kirabo, A. Mechanisms of Oxidative Stress in Metabolic Syndrome. Int. ]. Mol. Sci.
2023, 24, 7898. [CrossRef] [PubMed]

Zhang, Z.; Zhao, L.; Zhou, X.; Meng, X.; Zhou, X. Role of inflammation, immunity, and oxidative stress in hypertension: New
insights and potential therapeutic targets. Front. Immunol. 2022, 13, 1098725. [CrossRef] [PubMed]

Luo, J.; Li, L,; Shi, W.,; Xu, K; Shen, Y.; Dai, B. Oxidative stress and inflammation: Roles in osteoporosis. Front. Immunol. 2025, 16,
1611932. [CrossRef] [PubMed]

Luo, J.; Li, P; Dong, M.; Zhang, Y.; Lu, S.; Chen, M.; Zhou, H,; Lin, N.; Jiang, H.; Wang, Y. SLC15A3 plays a crucial role in
pulmonary fibrosis by regulating macrophage oxidative stress. Cell Death Differ. 2024, 31, 417-430. [CrossRef] [PubMed]

Mack, M. Inflammation and fibrosis. Matrix Biol. 2018, 6869, 106-121. [CrossRef] [PubMed]

Kawai, T.; Autieri, M.V,; Scalia, R. Adipose tissue inflammation and metabolic dysfunction in obesity. Am. |. Physiol. Cell Physiol.
2021, 320, C375-C391. [CrossRef] [PubMed]

Li, X.; Ren, Y,; Chang, K.; Wu, W,; Griffiths, H.R.; Lu, S.; Gao, D. Adipose tissue macrophages as potential targets for obesity and
metabolic diseases. Front. Immunol. 2023, 14, 1153915. [CrossRef] [PubMed]

El Alaa, R.S.A.; Al-Mannai, W.; Darwish, N.; Al-Mansoori, L. Adipose-Derived Stromal Cells and Cancer-Associated Fibroblasts:
Interactions and Implications in Tumor Progression. Int. |. Mol. Sci. 2024, 25, 11558. [CrossRef] [PubMed]

Guo, T.; Xu, J. Cancer-associated fibroblasts: A versatile mediator in tumor progression, metastasis, and targeted therapy. Cancer
Metastasis Rev. 2024, 43, 1095-1116. [CrossRef] [PubMed]

Masuda, H. Cancer-associated fibroblasts in cancer drug resistance and cancer progression: A review. Cell Death Discov. 2025, 11,
341. [CrossRef] [PubMed]

Wang, Z.; Guo, X.; Li, X;; Wang, J.; Zhang, N.; Amin, B.; Xu, G.; Zhu, B. Cancer-associated fibroblast-derived MMP11 promotes
tumor progression in pancreatic cancer. Cancer Sci. 2025, 116, 643—-655. [CrossRef] [PubMed]

Jin, X;; Deng, Q.; Ye, S.; Liu, S; Fu, Y,; Liu, Y.; Wu, G.; Ouyang, G.; Wu, T. Cancer-associated fibroblast-derived periostin promotes
papillary thyroid tumor growth through integrin-FAK-STAT3 signaling. Theranostics 2024, 14, 3014-3028. [CrossRef] [PubMed]

Yoshida, G.J. Regulation of heterogeneous cancer-associated fibroblasts: The molecular pathology of activated signaling pathways.
J. Exp. Clin. Cancer Res. 2020, 39, 112. [CrossRef] [PubMed]

Zhang, Z.; Yu, Y.; Zhang, Z.; Li, D.; Liang, Z.; Wang, L.; Chen, Y.; Liang, Y,; Niu, H. Cancer-associated fibroblasts-derived CXCL12
enhances immune escape of bladder cancer through inhibiting P62-mediated autophagic degradation of PDL1. J. Exp. Clin.
Cancer Res. 2023, 42, 316. [CrossRef] [PubMed]

El-Hattab, M.Y.; Nagumo, Y.; Gourronc, FA.; Klingelhutz, A.J.; Ankrum, J.A.; Sander, E.A. Human Adipocyte Conditioned
Medium Promotes In Vitro Fibroblast Conversion to Myofibroblasts. Sci. Rep. 2020, 10, 10286. [CrossRef] [PubMed]

Zhan, M; Yang, R.; Gu, Y.; Zhu, J.; Guo, M.; Pupwe, G.; Huang, X.; Xu, H.; Jia, Z.; Takehiro, K.; et al. Fibroblasts promote the
progression of benign prostatic hyperplasia through colony-stimulating factor 1 receptor-mediated RTK signaling in prostatic
epithelial cells. Mol. Biomed. 2025, 6, 126. [CrossRef] [PubMed]

Chrisochoidou, Y.; Roy, R.; Farahmand, P.; Gonzalez, G.; Doig, J.; Krasny, L.; Rimmer, E.E,; Willis, A.E.; MacFarlane, M.; Huang,
P.H.; et al. Crosstalk with lung fibroblasts shapes the growth and therapeutic response of mesothelioma cells. Cell Death Dis. 2023,
14, 725. [CrossRef] [PubMed]

Shimura, T.; Ushiyama, A. Mitochondrial reactive oxygen species-mediated fibroblast activation has a role in tumor microenvi-
ronment formation in radiation carcinogenesis. Radiat. Prot. Dosim. 2024, 200, 1590-1593. [CrossRef] [PubMed]

Farhood, B.; Khodamoradi, E.; Hoseini-Ghahfarokhi, M.; Motevaseli, E.; Mirtavoos-Mahyari, H.; Eleojo Musa, A.; Najafi, M.
TGF-beta in radiotherapy: Mechanisms of tumor resistance and normal tissues injury. Pharmacol. Res. 2020, 155, 104745. [CrossRef]
[PubMed]

Obrador, E.; Salvador, R.; Lopez-Blanch, R.; Jihad-Jebbar, A.; Alcacer, J.; Benlloch, M.; Pellicer, J.A.; Estrela, ]. M. Melanoma in the
liver: Oxidative stress and the mechanisms of metastatic cell survival. Semin. Cancer Biol. 2021, 71, 109-121. [CrossRef] [PubMed]
Priya Dharshini, L.C.; Vishnupriya, S.; Sakthivel, K.M.; Rasmi, R.R. Oxidative stress responsive transcription factors in cellular
signalling transduction mechanisms. Cell. Signal. 2020, 72, 109670. [CrossRef] [PubMed]

Ajoolabady, A.; Pratico, D.; Bahijri, S.; Tuomilehto, J.; Uversky, V.N.; Ren, J. Hallmarks of cellular senescence: Biology, mechanisms,
regulations. Exp. Mol. Med. 2025, 57, 1482-1491. [CrossRef] [PubMed]

Liu, B.; Peng, Z.; Zhang, H.; Zhang, N.; Liu, Z; Xia, Z.; Huang, S.; Luo, P.; Cheng, Q. Regulation of cellular senescence in tumor
progression and therapeutic targeting: Mechanisms and pathways. Mol. Cancer 2025, 24, 106. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15151387


https://doi.org/10.1016/j.redox.2022.102301
https://www.ncbi.nlm.nih.gov/pubmed/35358851
https://doi.org/10.1016/j.redox.2020.101542
https://www.ncbi.nlm.nih.gov/pubmed/32361681
https://doi.org/10.3390/ijms24097898
https://www.ncbi.nlm.nih.gov/pubmed/37175603
https://doi.org/10.3389/fimmu.2022.1098725
https://www.ncbi.nlm.nih.gov/pubmed/36703963
https://doi.org/10.3389/fimmu.2025.1611932
https://www.ncbi.nlm.nih.gov/pubmed/40873591
https://doi.org/10.1038/s41418-024-01266-w
https://www.ncbi.nlm.nih.gov/pubmed/38374230
https://doi.org/10.1016/j.matbio.2017.11.010
https://www.ncbi.nlm.nih.gov/pubmed/29196207
https://doi.org/10.1152/ajpcell.00379.2020
https://www.ncbi.nlm.nih.gov/pubmed/33356944
https://doi.org/10.3389/fimmu.2023.1153915
https://www.ncbi.nlm.nih.gov/pubmed/37153549
https://doi.org/10.3390/ijms252111558
https://www.ncbi.nlm.nih.gov/pubmed/39519109
https://doi.org/10.1007/s10555-024-10186-7
https://www.ncbi.nlm.nih.gov/pubmed/38602594
https://doi.org/10.1038/s41420-025-02566-x
https://www.ncbi.nlm.nih.gov/pubmed/40707476
https://doi.org/10.1111/cas.16418
https://www.ncbi.nlm.nih.gov/pubmed/39639765
https://doi.org/10.7150/thno.94207
https://www.ncbi.nlm.nih.gov/pubmed/38773979
https://doi.org/10.1186/s13046-020-01611-0
https://www.ncbi.nlm.nih.gov/pubmed/32546182
https://doi.org/10.1186/s13046-023-02900-0
https://www.ncbi.nlm.nih.gov/pubmed/38001512
https://doi.org/10.1038/s41598-020-67175-3
https://www.ncbi.nlm.nih.gov/pubmed/32581231
https://doi.org/10.1186/s43556-025-00360-w
https://www.ncbi.nlm.nih.gov/pubmed/41313502
https://doi.org/10.1038/s41419-023-06240-x
https://www.ncbi.nlm.nih.gov/pubmed/37938546
https://doi.org/10.1093/rpd/ncae027
https://www.ncbi.nlm.nih.gov/pubmed/39540472
https://doi.org/10.1016/j.phrs.2020.104745
https://www.ncbi.nlm.nih.gov/pubmed/32145401
https://doi.org/10.1016/j.semcancer.2020.05.001
https://www.ncbi.nlm.nih.gov/pubmed/32428715
https://doi.org/10.1016/j.cellsig.2020.109670
https://www.ncbi.nlm.nih.gov/pubmed/32418887
https://doi.org/10.1038/s12276-025-01480-7
https://www.ncbi.nlm.nih.gov/pubmed/40634753
https://doi.org/10.1186/s12943-025-02284-z
https://www.ncbi.nlm.nih.gov/pubmed/40170077
https://doi.org/10.3390/cells15151387

Cells 2026, 15, 1387 26 of 27

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Wang, B.; Han, ].; Elisseeff, ]. H.; Demaria, M. The senescence-associated secretory phenotype and its physiological and pathologi-
cal implications. Nat. Rev. Mol. Cell Biol. 2024, 25, 958-978. [CrossRef] [PubMed]

Marino, F.; Scalise, M.; Salerno, N.; Salerno, L.; Molinaro, C.; Cappetta, D.; Torella, M.; Greco, M.; Foti, D.; Sasso, F.C.; et al.
Diabetes-Induced Cellular Senescence and Senescence-Associated Secretory Phenotype Impair Cardiac Regeneration and Function
Independently of Age. Diabetes 2022, 71, 1081-1098. [CrossRef] [PubMed]

Rodier, F; Coppe, ].P; Patil, C.K.; Hoeijmakers, W.A.; Munoz, D.P; Raza, S.R.; Freund, A.; Campeau, E.; Davalos, A.R.; Campisi,
J. Persistent DNA damage signalling triggers senescence-associated inflammatory cytokine secretion. Nat. Cell Biol. 2009, 11,
973-979. [CrossRef] [PubMed]

Myers, M.S.; Kosmacek, E.A ; Liew, C.S.; Lushnikov, A.].; Chatterjee, A.; Marky, L.A.; Riethoven, ].M.; Oberley-Deegan, R.E.
BMX-001, a clinically relevant radioprotector, can reverse radiation-induced fibrosis when given three weeks after radiation, in
part, by restoring methylation. Redox Biol. 2026, 90, 104020. [CrossRef] [PubMed]

Takasugi, M.; Yoshida, Y.; Ohtani, N. Cellular senescence and the tumour microenvironment. Mol. Oncol. 2022, 16, 3333-3351.
[CrossRef] [PubMed]

Hwang, H.J.; Lee, Y.R.; Kang, D.; Lee, H.C.; Seo, H.R; Ryu, ].K; Kim, Y.N.; Ko, Y.G.; Park, H.J.; Lee, ].S. Endothelial cells under
therapy-induced senescence secrete CXCL11, which increases aggressiveness of breast cancer cells. Cancer Lett. 2020, 490, 100-110.
[CrossRef] [PubMed]

Liu, H.; Zhao, H.; Sun, Y. Tumor microenvironment and cellular senescence: Understanding therapeutic resistance and harnessing
strategies. Semin. Cancer Biol. 2022, 86, 769-781. [CrossRef] [PubMed]

Smolgovsky, S.; Theall, B.; Wagner, N.; Alcaide, P. Fibroblasts and immune cells: At the crossroad of organ inflammation and
fibrosis. Am. J. Physiol. Heart Circ. Physiol. 2024, 326, H303-H316. [CrossRef] [PubMed]

Mittelbrunn, M.; Kroemer, G. Hallmarks of T cell aging. Nat. Immunol. 2021, 22, 687-698. [CrossRef] [PubMed]

Incio, J.; Liu, H.; Suboj, P.; Chin, S.M.; Chen, L.X,; Pinter, M.; Ng, M.R.; Nia, H.T.; Grahovac, J.; Kao, S.; et al. Obesity-Induced
Inflammation and Desmoplasia Promote Pancreatic Cancer Progression and Resistance to Chemotherapy. Cancer Discov. 2016, 6,
852-869. [CrossRef] [PubMed]

Zhou, Y;; Zhang, H.; Yao, Y.; Zhang, X.; Guan, Y.; Zheng, F. CD4(+) T cell activation and inflammation in NASH-related fibrosis.
Front. Immunol. 2022, 13, 967410. [CrossRef] [PubMed]

Yang, A.T.; Kim, Y.O.; Yan, X.Z.; Abe, H.; Aslam, M.; Park, K.S.; Zhao, X.Y.; Jia, ].D.; Klein, T.; You, H.; et al. Fibroblast Activation
Protein Activates Macrophages and Promotes Parenchymal Liver Inflammation and Fibrosis. Cell. Mol. Gastroenterol. Hepatol.
2023, 15, 841-867. [CrossRef] [PubMed]

Lee, S.B.; Kalluri, R. Mechanistic connection between inflammation and fibrosis. Kidney Int. 2010, 78, S22-S26. [CrossRef]
[PubMed]

Mucciolo, G.; Araos Henriquez, J.; Jihad, M.; Pinto Teles, S.; Manansala, ].S.; Li, W.; Ashworth, S.; Lloyd, E.G.; Cheng, PS.W.; Luo,
W.; et al. EGFR-activated myofibroblasts promote metastasis of pancreatic cancer. Cancer Cell 2024, 42, 101-118.e11. [CrossRef]
[PubMed]

Gu, X.; Zhu, Y;; Su, J.; Wang, S.; Su, X.; Ding, X.; Jiang, L.; Fei, X.; Zhang, W. Lactate-induced activation of tumor-associated
fibroblasts and IL-8-mediated macrophage recruitment promote lung cancer progression. Redox Biol. 2024, 74, 103209. [CrossRef]
[PubMed]

Harada, A.; Yasumizu, Y.; Harada, T.; Fumoto, K.; Sato, A.; Maehara, N.; Sada, R.; Matsumoto, S.; Nishina, T.; Takeda, K_; et al.
Hypoxia-induced Wnt5a-secreting fibroblasts promote colon cancer progression. Nat. Commun. 2025, 16, 3653. [CrossRef]
[PubMed]

Chen, L.; Huang, F,; Luo, X.; Chen, Z. TREM1 promotes cancer associated malignant phenotype through activated MAPK
signaling pathway and predicts poor prognosis in gastric cancer. Heliyon 2024, 10, €26852. [CrossRef] [PubMed]

Cao, H.; Zhang, J.; Liu, H.; Wan, L.; Zhang, H.; Huang, Q.; Xu, E.; Lai, M. IL-13/STAT6 signaling plays a critical role in the
epithelial-mesenchymal transition of colorectal cancer cells. Oncotarget 2016, 7, 61183-61198. [CrossRef] [PubMed]

Jaen, M.; Martin-Regalado, A.; Bartolome, R.A.; Robles, J.; Casal, ].I. Interleukin 13 receptor alpha 2 (IL13Ralpha?2): Expression,
signaling pathways and therapeutic applications in cancer. Biochim. Biophys. Acta Rev. Cancer. 2022, 1877, 188802. [CrossRef]
[PubMed]

Kong, Y.E; Sha, W.L.; Wu, X.B.; Zhao, L.X.; Ma, L.].; Gao, Y.J. CXCL10/CXCR3 Signaling in the DRG Exacerbates Neuropathic
Pain in Mice. Neurosci. Bull. 2021, 37, 339-352. [CrossRef] [PubMed]

Ding, H.; Meng, Q.; He, K.; Chen, Z; Tang, Y.; Yang, Y.; Wang, X.; Zhao, B.; Xu, L. SOX11-mediated CXCL10/CXCR3 activation
promotes neuroendocrine prostate cancer. J. Pharmacol. Exp. Ther. 2026, 393, 104320. [CrossRef] [PubMed]

Pan, M.; Wei, X,; Xiang, X.; Liu, Y.; Zhou, Q.; Yang, W. Targeting CXCL9/10/11-CXCR3 axis: An important component of
tumor-promoting and antitumor immunity. Clin. Transl. Oncol. 2023, 25, 2306-2320. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15151387


https://doi.org/10.1038/s41580-024-00727-x
https://www.ncbi.nlm.nih.gov/pubmed/38654098
https://doi.org/10.2337/db21-0536
https://www.ncbi.nlm.nih.gov/pubmed/35108360
https://doi.org/10.1038/ncb1909
https://www.ncbi.nlm.nih.gov/pubmed/19597488
https://doi.org/10.1016/j.redox.2026.104020
https://www.ncbi.nlm.nih.gov/pubmed/41544350
https://doi.org/10.1002/1878-0261.13268
https://www.ncbi.nlm.nih.gov/pubmed/35674109
https://doi.org/10.1016/j.canlet.2020.06.019
https://www.ncbi.nlm.nih.gov/pubmed/32659248
https://doi.org/10.1016/j.semcancer.2021.11.004
https://www.ncbi.nlm.nih.gov/pubmed/34799201
https://doi.org/10.1152/ajpheart.00545.2023
https://www.ncbi.nlm.nih.gov/pubmed/38038714
https://doi.org/10.1038/s41590-021-00927-z
https://www.ncbi.nlm.nih.gov/pubmed/33986548
https://doi.org/10.1158/2159-8290.CD-15-1177
https://www.ncbi.nlm.nih.gov/pubmed/27246539
https://doi.org/10.3389/fimmu.2022.967410
https://www.ncbi.nlm.nih.gov/pubmed/36032141
https://doi.org/10.1016/j.jcmgh.2022.12.005
https://www.ncbi.nlm.nih.gov/pubmed/36521660
https://doi.org/10.1038/ki.2010.418
https://www.ncbi.nlm.nih.gov/pubmed/21116313
https://doi.org/10.1016/j.ccell.2023.12.002
https://www.ncbi.nlm.nih.gov/pubmed/38157863
https://doi.org/10.1016/j.redox.2024.103209
https://www.ncbi.nlm.nih.gov/pubmed/38861833
https://doi.org/10.1038/s41467-025-58748-9
https://www.ncbi.nlm.nih.gov/pubmed/40246836
https://doi.org/10.1016/j.heliyon.2024.e26852
https://www.ncbi.nlm.nih.gov/pubmed/38449634
https://doi.org/10.18632/oncotarget.11282
https://www.ncbi.nlm.nih.gov/pubmed/27533463
https://doi.org/10.1016/j.bbcan.2022.188802
https://www.ncbi.nlm.nih.gov/pubmed/36152905
https://doi.org/10.1007/s12264-020-00608-1
https://www.ncbi.nlm.nih.gov/pubmed/33196963
https://doi.org/10.1016/j.jpet.2026.104320
https://www.ncbi.nlm.nih.gov/pubmed/41985245
https://doi.org/10.1007/s12094-023-03126-4
https://www.ncbi.nlm.nih.gov/pubmed/37076663
https://doi.org/10.3390/cells15151387

Cells 2026, 15, 1387 27 of 27

93.

94.

95.

96.

97.

98.

99.

100.

101.

Kumaravel, S.; Singh, S.; Roy, S.; Venkatasamy, L.; White, TK.; Sinha, S.; Glaser, S.S.; Safe, S.H.; Chakraborty, S. CXCL11-CXCR3
Axis Mediates Tumor Lymphatic Cross Talk and Inflammation-Induced Tumor, Promoting Pathways in Head and Neck Cancers.
Am. |. Pathol. 2020, 190, 900-915. [CrossRef] [PubMed]

Yan, Y.; Zheng, L.; Du, Q.; Yazdani, H.; Dong, K.; Guo, Y.; Geller, D.A. Interferon regulatory factor 1(IRF-1) activates anti-tumor
immunity via CXCL10/CXCR3 axis in hepatocellular carcinoma (HCC). Cancer Lett. 2021, 506, 95-106. [CrossRef] [PubMed]
Pati, S.; Irfan, W.; Jameel, A.; Ahmed, S.; Shahid, R.K. Obesity and Cancer: A Current Overview of Epidemiology, Pathogenesis,
Outcomes, and Management. Cancers 2023, 15, 485. [CrossRef] [PubMed]

Gieniec, K.A,; Butler, L.M.; Worthley, D.L.; Woods, S.L. Cancer-associated fibroblasts-heroes or villains? Br. ]. Cancer 2019, 121,
293-302. [CrossRef] [PubMed]

Lan, X.; Li, W,; Zhao, K.; Wang, J.; Li, S.; Zhao, H. Revisiting the role of cancer-associated fibroblasts in tumor microenvironment.
Front. Immunol. 2025, 16, 1582532. [CrossRef] [PubMed]

Li, Y.; Wang, L.; Ma, W.; Wu, J.; Wu, Q.; Sun, C. Paracrine signaling in cancer-associated fibroblasts: Central regulators of the
tumor immune microenvironment. . Transl. Med. 2025, 23, 697. [CrossRef] [PubMed]

Yin, L.; Zhang, J.; Zhu, Z.; Peng, X.; Lan, H.; Ayoub, A.; Tan, M.; Zhou, B.; He, Y.; Wang, S.; et al. The FBXW7-KMT?2 axis in
cancer-associated fibroblasts controls tumor growth via an epigenetic-paracrine mechanism. Proc. Natl. Acad. Sci. USA 2025, 122,
€2423130122. [CrossRef] [PubMed]

Ma, S.J.; Khan, M.; Chatterjee, U.; Santhosh, S.; Hashmi, M.; Gill, J.; Yu, B.; Iovoli, A.; Farrugia, M.; Wooten, K ; et al. Association
of Body Mass Index with Outcomes Among Patients with Head and Neck Cancer Treated with Chemoradiotherapy. JAMA Netw.
Open 2023, 6, €2320513. [CrossRef] [PubMed]

Lysaght, J.; Conroy, M.]. The multifactorial effect of obesity on the effectiveness and outcomes of cancer therapies. Nat. Rev.
Endocrinol. 2024, 20, 701-714. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cells15151387


https://doi.org/10.1016/j.ajpath.2019.12.004
https://www.ncbi.nlm.nih.gov/pubmed/32035061
https://doi.org/10.1016/j.canlet.2021.03.002
https://www.ncbi.nlm.nih.gov/pubmed/33689775
https://doi.org/10.3390/cancers15020485
https://www.ncbi.nlm.nih.gov/pubmed/36672434
https://doi.org/10.1038/s41416-019-0509-3
https://www.ncbi.nlm.nih.gov/pubmed/31289350
https://doi.org/10.3389/fimmu.2025.1582532
https://www.ncbi.nlm.nih.gov/pubmed/40313969
https://doi.org/10.1186/s12967-025-06744-4
https://www.ncbi.nlm.nih.gov/pubmed/40551209
https://doi.org/10.1073/pnas.2423130122
https://www.ncbi.nlm.nih.gov/pubmed/40127278
https://doi.org/10.1001/jamanetworkopen.2023.20513
https://www.ncbi.nlm.nih.gov/pubmed/37368400
https://doi.org/10.1038/s41574-024-01032-5
https://www.ncbi.nlm.nih.gov/pubmed/39313571
https://doi.org/10.3390/cells15151387

	Introduction 
	Material and Methods 
	Primary Prostate Fibroblast Isolation and Cell Culture 
	Cell Culture Radiation and Collection of the Conditioned Media 
	Diet Induced Obesity Model and In Vivo Radiation Treatments 
	Isolation of Mouse Primary Adipocytes 
	Cell Size Estimation 
	Senescence Assay 
	Cell Viability 
	Amplex Red Assay 
	Immunofluorescence 
	Immunohistochemistry and Histology 
	Western Blot 
	Quantitative RT-qPCR 
	Transwell Migration Assay 
	Cytokine Array 
	ELISA 
	Bioinformatic Analysis 
	Statistical Analysis 

	Results 
	Obesity Alone or in Combination with Radiation Induces Oxidative Stress and Inflammation 
	Obesity and Irradiation-Driven Adipose Remodeling Promote Benign Prostate Hyperplasia and Stromal Fibroblast Remodeling 
	Obesity and Irradiation Promote Oxidative Stress and Survival of Prostate Fibroblasts In Vitro and In Vivo 
	Prostate Fibroblasts Exhibit a Senescent-like Phenotype In Vitro and In Vivo When Exposed to Obese and Adipose Irradiated Obese Microenvironment 
	Prostate Fibroblasts Exposed to Obese or Irradiated Obese Adipose Microenvironments Acquire Pro-Inflammatory and Pro-Fibrotic Phenotypes In Vitro and In Vivo 
	Prostate Fibroblasts Exposed to Obese or Irradiated Obese Adipose Microenvironment Promote Prostate Cancer Progression 

	Discussion 
	Conclusions 
	References

