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Abstract

One of the most striking features of the adipose depot surrounding the prostate [periprostatic adipose tissue (PPAT)] is
that its accumulation is independent of body mass index. Its volume varies considerably between individuals, with some
patients exhibiting abundant PPATs, which have been correlated to the occurrence of aggressive prostate cancer (PCa).
However, abundant PPAT is not well defined at the biological level. We used a new statistical approach to define abundant
PPAT by normalizing PPAT volume to prostate volume in a cohort of 351 patients using a linear regression model. Applying
this definition, we confirmed the link between abundant PPAT and PCa aggressiveness, thereby validating our approach. At
the biological level, we showed that abundant PPAT exhibited extensive extracellular matrix remodeling, notably of the
collagen network, decreasing the mechanical constraints in hypertrophic adipocytes, leading to inflammation-free
expansion. Degradation of the most abundant collagen in adipose tissue (AT), collagen VI, was associated with increased
production of endotrophin, a signaling peptide derived from AT that was also elevated in the urine of patients with
abundant PPAT confirming the clinical relevance of our results. These results highlight a unique mechanism of expansion
of an adipose depot and open new mechanistic avenues to explain its role in prostate-related disorders.
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cells, and immune cells, all of which are embedded in the
extracellular matrix (ECM) [2,3]. Also, asa WAT, PPAT is
an active metabolic and secretory organ [4]. Accordingly,
PPAT can impact various prostate-related diseases, includ-
ing benign prostate hyperplasia (BPH), erectile and urethral
dysfunctions, and prostate cancer (PCa), although its phys-

Introduction

Periprostatic adipose tissue (PPAT) is a white adipose
tissue (WAT) that surrounds the prostate. Although it
shares common vasculature with the prostate, it is sepa-
rated from it by a fibromuscular sheet called the prostate

capsule. Nevertheless, one-third of the anterior zone of
the prostate is in direct contact with this tissue [1]. Like
other WAT, PPAT consists mainly of adipocytes and
other cell types in the stromal vascular fraction (SVF),
including adipose progenitor cells, fibroblasts, endothelial

iological roles remain mainly uncharacterized [5-7].

One of the most striking features of PPAT is that its
accumulation is independent of body mass index (BMI),
which is, to our knowledge, a unique feature among
adipose depots [6,8]. By comparison with abdominal

© 2026 The Pathological Society of Great Britain and Ireland. www.pathsoc.org


https://orcid.org/0000-0003-0680-3392
https://orcid.org/0009-0004-6933-628X
mailto:muller@ipbs.fr
mailto:milhas@ipbs.fr
http://wileyonlinelibrary.com
http://www.pathsoc.org
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpath.70033&domain=pdf&date_stamp=2026-02-19

pelvic adipose tissue, which behaves like a typical
WAT, we found that PPAT (in both healthy and
cancer-bearing patients) had a sparse vascular network
responsible for a chronic hypoxic state leading to a dense
collagen network typical of fibrosis in lean patients [8]. In
opposition to the control AT, no increase in this collagen
network was observed in PPAT between lean individuals
and individuals with obesity [8]. We proposed that this
obesity-like organization of the ECM in PPAT does not
adapt to external signals but provides an important physical
constraint on PPAT expansion [8]. A recent study demon-
strated that obesity was not associated with adipocyte
hypertrophy in PPAT [9], consistent with the idea that
PPAT is in a state of maximum expandability in most
individuals.

However, the volume of PPAT varies considerably
between patients, highlighting that PPAT has the capacity
to expand upon uncharacterized mechanisms [8,10,11].
Recent clinical studies demonstrated that patients with
large amounts of PPAT had more aggressive PCa [6].
PPAT abundance correlates with prostate tumors with high
Gleason scores and local and distant dissemination [6,10—
16]. Taken together, these studies suggest that the expan-
sion of PPAT may be far more important than obesity in
determining the progression of PCa and its outcome for the
patient. The role of abundant PPAT on other prostate-
related disorders has not yet been investigated. The biolog-
ical mechanisms that result in the expansion of this AT in
patients with abundant PPAT are still unknown, limiting
our ability to formulate hypotheses regarding its role in
PCa progression.

In this study, we first developed a more refined definition
of abundant PPAT that takes into account the correlation
between PPAT and prostate volume demonstrated in previ-
ous studies [17,18]. Using this definition, we validated the
notion that PPAT abundance correlated with PCa aggressive-
ness, as described in previous studies [6,10-16], and used
these validated samples to characterize their biological char-
acteristics. We showed that abundant PPAT exhibited exten-
sive ECM remodeling, notably of the collagen network,
decreasing the mechanical constraints in hypertrophic
adipocytes, leading to an inflammation-free expansion.
Degradation of the most abundant collagen in AT, col-
lagen VI (COL6), was associated with increased produc-
tion of endotrophin (ETP), a signaling peptide derived
from AT [19]. We further confirmed that ETP was ele-
vated in the urine of patients with abundant PPAT,
showing that ECM remodeling exists at the clinical level.
This first functional and structural biological characteriza-
tion of PPAT points to an unusual mechanism of AT
expansion based on the reshaping of the ECM and opens
new avenues to explain its role in prostate disorders.

Materials and methods

Study approval

The study was conducted in accordance with the guide-
lines and with the full approval of the National Ethics
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Committee (AC-2020-4031). Participants provided
written informed consent before being included in the
study, which was conducted in accordance with the
Declaration of Helsinki principles as revised in 2000.

Patients, prostate, and fat measurements

Between September 2016 and July 2021, patients with
localized PCa diagnosed by prostate biopsies undergo-
ing radical prostatectomy (RP) were recruited. Patients
with metastatic PCa (as assessed by computerized tomo-
graphy and/or bone scan) or prior treatment (radiotherapy,
hormonal, or high-intensity ultrasound treatment) were
excluded. All patients underwent preoperative 1.5T
multiparametric magnetic resonance imaging (mpMRI),
including anatomic three-dimensional (3D) fast spin echo
T2-weighted MRI, functional diffusion-weighted MRI,
and dynamic contrast-enhanced MRI, after injection
with 20 mg butyl scopolamine (Buscopan; Boehringer-
Ingelheim, Paris, France). mpMRI data were anonymized,
then the PPAT and prostate volume and the subcutane-
ous and perirectal AT areas were measured using a
semiautomated segmentation technique on contiguous
3-mm T2-weighted axial slices and Olea Sphere software
(Olea medical, La Ciotat, France). The subcutaneous AT
area was determined by measuring the perpendicular dis-
tance between the skin and the anterior upper border of the
symphysis pubis on a selected T2-weighted axial slice
where it was maximum. The perirectal AT area was deter-
mined by segmenting the fat around the rectum at the level
of the apex of the prostate (supplementary material,
Table S1). Twenty patients with negative mpMRI results
(named ‘no cancer’) were included for comparison of
PPAT and prostate volume. All segmentations and mea-
surements were performed by three trained observers
blinded to the clinical and pathological data. The PPAT
was segmented from the level of the prostate base to the
apex (Figure 1A) (mean 14 slices per patient) as previously
described [8]. Clinical data, including age, BMI, serum
prostate-specific antigen (PSA) concentration, and patho-
logical parameters of the tumor on RP pieces: tumor vol-
ume, Gleason score, International Society of Urological
Pathology (ISUP) group (histological score reflecting the
differentiation of PCa determined by a trained pathologist
according to the 2016 World Health Organization classifi-
cation and ISUP recommendations), percentage of high-
grade lesions (defined as the percentage of a tumor with a
Gleason score >4), pathological T (pT) stage, and
extraprostatic extension, were acquired from medical
records. Preoperative biopsy Gleason and ISUP scores
were also recorded. Full clinical characteristics of the
cohort are provided in supplementary material, Table S2.

PPAT collection and tissue processing

PPATSs were removed from patients undergoing RP, and
the samples were anonymized. Charred samples were
excluded from the study. Samples were transported in
DMEM (Thermo Fisher Scientific, Courtaboeuf, France)
to the research lab within 1 h, weighed, and processed
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Figure 1. A new statistical approach to defining abundant PPAT relative to prostate volume. (A) Left panel: representative 3D projection and
reconstruction of axial sections from T2-weighted mpMRI signals and regions of interest delineating prostate (pink) and PPAT (green); right
panel: single axial MRI sections from base, middle, and apex of the prostate. The localization of PPAT, prostate (P), and the anatomical limits
of PPAT are shown on single axial MRI section (B, bladder; OM, obturator muscle; P, prostate; PPAT, Periprostatic Adipose Tissue; PS, pubic
symphysis; R, rectum; SV, seminal vesicle; orange dotted lines indicate Denonvillier's fascia). Segmented area represents the region of interest
delineating the prostate (pink) and the PPAT (green) for each single MRI section presented. (B) Correlation between prostate weight recorded
after prostatectomy and prostate volume measured on mpMRI (n = 351). Linear regression was used to draw the slope of best fit, and linear
correlation coefficient (%) and p value are indicated (p). (C) Lack of correlation between prostate volume and BMI of patient (n = 371);
patients without PCa are indicated in red. (D) Correlation between PPAT and prostate volume (n = 371); patients without PCa are indicated in
red. Linear regression was used to draw the slope of best fit, and linear correlation coefficient () and pvalue are indicated (p). (E) Scatter plot
of patients ranked according to PPAT abundance showing patients with low, mid, and high PPAT abundance. PPAT abundance was calculated
from residual value for each patient with respect to linear regression model in panel D (n = 371); patients without PCa are indicated in red.
(F) PPAT volume measured on MRI according to abundance quartile (n = 86-87 per quartile). (G) Prostate volume of patients in each
abundance quartile (n = 86-87 per quartile). (H) BMI of patients in each abundance quartile (n = 86-87 per quartile). (I) Distribution of
patients’ age in each abundance quartile (n = 86-87 per quartile). Individual patient's data are indicated by dots, bars indicate means
+ SEM. Statistical differences between groups were evaluated by ANOVA followed by a post-test for linear trend and for nonnormally
distributed data, the Kruskal-Wallis test with Dunn's multiple comparisons post hoc test was applied (*p < 0.01; **p < 0.001).
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for downstream applications. For RT-qPCR analysis and
measurement of MMP9 activity and of hydroxyproline
content, PPATSs were snap-frozen in liquid nitrogen and
stored at —80 °C. For 3D microscopy, samples were
fixed with 4% paraformaldehyde at room temperature
(RT) for 24 h. Some of the samples were also used to
isolate adipocytes and the SVF after collagenase diges-
tion or to prepare PPAT-conditioned medium as previ-
ously described [8].

Flow cytometry analysis

Isolation of SVF and flow cytometry were performed as
described previously [20]. The antibodies used are listed
in supplementary material, Table S3.

ELISA assays

A panel of secreted adipokines was assessed in PPAT-
conditioned medium using an ELISA kit as described
previously [8]. ETP was quantified in plasma collected
before prostate massage and urine collected after pros-
tate massage using a homemade ELISA as described
previously [21].

RNA extraction and RT-qPCR

RNA extraction and RT-qPCR were performed as
described previously [8]. The primers used are listed in
supplementary material, Table S4.

Sample preparation for proteomic analysis

Proteins were extracted from 500 pl of adipocytes washed
in PBS with 500 pl 1x RIPA buffer (Sigma-Aldrich, Saint
Quentin Fallavier, France) supplemented with complete
antiprotease tablet (Sigma-Aldrich) with a Precellys tissue
homogenizer and ceramic beads (CKl14) (Bertin
Technologies, Montigny-le-Bretonneux, France). After
centrifugation, the extract was recovered, with the top layer
not containing the lipids, and centrifuged again. Protein
concentration was determined using DC protein assay kit
(Biorad, Marnes-la-Coquette, France) following the man-
ufacturer’s instructions. Then 40 pg proteins were digested
for characterization by mass spectrometry using an S-Trap
micro-spin column (ProtiFi, NY, USA).

LC-MS/MS analysis

Peptides were analyzed by liquid chromatography—tandem
mass spectrometry (LC-MS/MS) using an Orbitrap Q
Exactive HF-X mass spectrometer (Thermo Fisher
Scientific, Illkirch-Graffenstaden, France). The mass spec-
trometer was operated in data-dependent acquisition mode
with Xcalibur software. Full technical details are provided
in Supplementary materials and methods.

Bioinformatic MS data analysis

Raw MS and MS/MS data were analyzed using Mascot
(version 2.6.1, http:/matrixscience.com) against the Human
UniProtKB database (Swiss-Prot/TrEmbl, 556,568 entries).

© 2026 The Pathological Society of Great Britain and Ireland. www.pathsoc.org
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Proline software (version 1.6, http://proline.profiproteomics.
fr/) was used for the validation of identifications and the
label-free quantification of identified proteins [22] (detailed
in Supplementary materials and methods). Differential
analysis was performed with limma (version 3.40.6) from
Bioconductor and FactoMineR (version 2.4) package in
R (version 3.6). Gene Ontology (GO) term enrichment
analysis was performed with the Molecular Signature
Database on differentially represented proteins (version
7.4 MSigDB). The MS proteomics data were deposited at
the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD038514. Protein
abundances from proteomic data are available in supple-
mentary material, Table S9, and a list of the Top 10 under-
and over-represented proteins identified by spectrometry-
based proteomics in high PPAT relative to low PPAT is
presented in supplementary material, Table S10.

3D confocal microscopy and quantification

For immunofluorescence staining, PPATs (250 mg)
were fixed and stained as described previously [8]. For
Fluorescent Collagen Hydridizing Peptides (F-CHPs),
fixed ATs were incubated with 20 pm F-CHPs overnight
at 4 °C and washed with PBS. Z-stack images were
acquired using an LSM710 confocal microscope with
40x objective. Staining was quantified using Imaris
software (version 9.2). Picrosirius Red staining was
performed as described previously [8]. The antibodies
used are listed in supplementary material, Table S5.

Hydroxyproline quantification

Hydroxyproline quantification was performed as
described previously [8].

MMP9 activity

Active MMP9 levels were quantified in 200 pg total
protein using the Human Active MMP-9 Fluorokine E
assay kit (FOMO00O; R&D Systems, Noyal Chatillon sur
Seiche, France) following the manufacturer’s instruc-
tions. Fluorescence was quantified using the FLX800
fluorimeter with excitation at 340 nm and emission mea-
sured at 405 nm.

Statistics

Univariate statistical analysis of clinical data was
performed using ANOVA for continuous variables or
using the chi-squared test for qualitative variables within
Prism (version 5.04). Linear regression was computed with
Prism version 5.04, and residuals were calculated
according to the fitted linear model. Multivariate analysis
was performed by multiple logistic regression using the
glm function in R (version 3.6) to predict patients having an
ISUP score above or equal to 3. For experimental data,
statistical analysis was performed using Student’s #-test
after testing for normality using a Kolgomorov—Smirnov
test for comparison between two groups. For comparisons
among three or more groups, ANOVA followed by a test
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for linear trends was used when normality was assumed,
whereas the Kruskal-Wallis test with Dunn’s post hoc test
was applied for nonparametric data. Statistical differences
were considered significant if the p value < 0.05.

Results

A new statistical approach to defining
abundant PPAT

As PPAT volume has been reported to correlate with
prostate volume, recent studies have used the ratio of
PPAT volume to prostate volume in an individual — the
normalized periprostatic fat volume (NPFV) — to com-
pare PPAT abundance between individuals in order to
better define the relative fat volume in the periprostatic
area [17,18]. To improve this definition, we developed a
measure that expresses the volume of PPAT with respect
to the volume of the prostate normalized to a population
rather than to an individual. We first used a cohort of
351 patients awaiting prostatectomy for PCa using pre-
operative mpMRI, from which we measured prostate
and PPAT volume within well-defined anatomical limits
(supplementary material, Table S1 and Figure 1A). We
found a strong correlation between the volume of the
prostate determined by mpMRI before prostatectomy
and its weight after prostatectomy (Figure 1B), validat-
ing the accuracy of the measurement method. A group of
20 patients that underwent mpMRI for nononcological
pathologies were also included in the study. In all
patients (with or without cancer), PPAT volume was
independent of BMI (Figure 1C) and correlated with
prostate volume (Figure 1D).

As expected, both subcutaneous AT area (supplemen-
tary material, Figure S1A) and perirectal AT area (sup-
plementary material, Figure S1B) correlated with BMI in
the cohort. Of note, the correlation between BMI and
subcutaneous AT area was stronger than with perirectal
AT area, as already described for visceral AT [23]. Based
on this strong correlation between PPAT volume and
prostate volume, we modeled the expected PPAT volume
according to the prostate volume using a linear regression
model and calculated PPAT abundance with the residual
values from this model. The residual values represent the
difference between the volume of PPAT quantified by
mpMRI and the amount of PPAT predicted by the model
(Figure 1E). The cohort was divided into quartiles
according to residual values, allowing the identification
of patients with the least PPAT in the first quartile (low
PPAT) and patients with the most PPAT in the fourth
quartile (high PPAT) (Figure 1E,F). Patients in the second
and third quartiles were classified as having a mid PPAT
abundance (Figure 1E,F). No differences were observed
between patients in the four quartiles when we analyzed
prostate volume (Figure 1G) and BMI (Figure 1H), but
there was a significant trend toward older age in the fourth
quartile compared to the first and second (Figure 11I).

In our PCa cohort, NPFV only partially reflected
PPAT abundance as estimated by our regression model

© 2026 The Pathological Society of Great Britain and Ireland. www.pathsoc.org

(supplementary material, Figure S2A). Patient ranking
by NPFV frequently diverged from PPAT grouping,
with ~30% of patients classified differently by the two
methods (supplementary material, Figure S2A). To exam-
ine this further, patients were divided into NPFV quartiles
(first = low, second and third = mid, fourth = high).
PPAT volumes did not differ across quartiles (supple-
mentary material, Figure S2B), whereas prostate volume
decreased with increasing NPFV (supplementary mate-
rial, Figure S2C). Thus, large NPFVs are due primarily
to small prostate volumes rather than large PPAT vol-
umes, unlike our model.

We then validated in our cohort (whose clinical and
biological parameters are presented in supplementary
material, Table S2) the relationship between PPAT
abundance, as defined earlier, and PCa aggressiveness.
Of note, this cohort included only patients who had
undergone prostatectomy, since the structural and func-
tional characterization of abundant compared to low
PPAT was the goal of our study. Therefore, the cohort
was rather homogeneous in the aggressiveness of cancers,
according to prostatectomy indications [24]. Most patients
in our PCa cohort were graded 2 or 3 on the ISUP scale
(supplementary material, Table S2). Nevertheless, the pro-
portion of patients with an ISUP grade >3 increased with
PPAT abundance and was significantly different between
the low- and high-PPAT groups (supplementary material,
Figure S3A and Table S6). In addition to the ISUP score,
the percentage of high-grade lesions in the tumors of
patients in the high-PPAT group was significantly greater
than in patients in the low-PPAT group (supplementary
material, Figure S3B and Table S6). Moreover, there was a
significant association between the abundance of PPAT
and the concentration of prostate-specific antigen in the
blood of patients with PCa prior to surgery (supplementary
material, Table S6). Multivariate analysis using a logistic
regression model found that PPAT abundance was an
independent risk factor for PCa with an ISUP score 23
(supplementary material, Figure S3C), whereas NPFV
was not (supplementary material, Figure S2D). Therefore,
these results, in accordance with the literature [6,10-16],
validated our ranking of PPAT abundance. We then char-
acterized its biological characteristics.

PPAT expands by adipocyte hypertrophy with no
associated inflammation

AT expands in response to surplus energy by two main
mechanisms: adipocyte enlargement, or hypertrophy,
and adipocyte hyperplasia, in which new adipocytes
are recruited by adipogenesis from progenitors [25].
The balance between hypertrophy and hyperplasia
depends on the adipose depot concerned [25]. Paraffin-
embedded PPAT sections stained with H&E were
used to assess the diameter of adipocytes using a
semiautomated method, Adiposoft (https://imagej.net/
plugins/adiposoft) (Figure 2A). The adipocyte size dis-
tribution curve was shifted toward larger cells in PPAT
from patients in the high-PPAT group compared with
those in the low-PPAT group, and the mean adipocyte
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diameter was larger (Figure 2B), indicating adipocyte
hypertrophy. To quantify adipose progenitors in the SVF,
cells were immunostained with antibodies against the
markers CD45, CD34, and CD31 and analyzed by flow
cytometry. The percentage of cells in this fraction that were
progenitor cells (defined as CD45—/CD34+/CD31— cells)
was similar in PPAT from patients in the various groups

D Estéve et al

(Figure 2C). Furthermore, when additional markers
(MSCAL1 and CD271) were used to characterize the sub-
populations of adipose progenitors [20], the propor-
tions of the various progenitor subsets (the adipogenic
MSCA1l+, myofibrogenic MSCA1—/CD271+, and
immature MSCA1/CD271— subsets) were similar in
all groups (supplementary material, Figure S4A),
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Figure 2 Legend on next page.

© 2026 The Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol 2026
www.thejournalofpathology.com

85UBD 17 SUOWILIOD BAIFeR1D) 3|edlidde auy Ag pausenob a/e S VO ‘35N JO S3INJ 104 ARIGIT 8UIIUO 43| 1M UO (SUOTIPUOD-pUe-SWLBH IO A3 | 1M AReaq 1 BU1|UO//SANY) SUORIPUOD PUe SWie L 8L} 885 *[9202/20/02] U0 AfelqiTauliuo A8|IM ‘eiusd [ea1ps N URSSMUINGS 1N Ad 8002 Ued/200T 0T/10p/wo0 A8 M Aeiq1jpulU0's feuIno bosyted;/sdiy wouy papeojumoq ‘0 ‘9686960T


http://www.pathsoc.org
http://www.thejournalofpathology.com

ECM remodeling as a unique mechanism of PPAT expansion 7

indicating no increase in progenitors in abundant
PPAT. We conclude that adipocyte hypertrophy rather
than hyperplasia was the mechanism of PPAT expan-
sion in patients with abundant PPAT.

Adipocyte hypertrophy during AT expansion is usu-
ally associated with changes in secretion related to AT
dysfunction [2,3]. Key among these changes is increased
secretion of leptin and, in parallel, decreased secretion of
adiponectin  [2,3]. The decrease in the ratio
of adiponectin/leptin secretion has been proposed as a
marker of dysfunctional AT in metabolic disorders and
inflammation [2,3]. Despite the adipocyte hypertrophy
we saw in PPAT from patients in the high-PPAT group,
more adiponectin was secreted by this PPAT than by
PPAT from patients in the low-PPAT group (Figure 2D),
whereas leptin secretion by both tissues was similar
(Figure 2E). Accordingly, the adiponectin/leptin secre-
tion ratio was greater in high than in low PPAT
(Figure 2F). Thus, the adipocyte hypertrophy observed
in high PPAT is not associated with the changes in
secretion that are usually observed in dysfunctional AT.

The proportion of immune system cells in AT gener-
ally increases as the tissue expands, and this is associated
with the onset of chronic low-grade inflammation [26].
We measured the proportion of immune cells in PPAT
from patients in the three groups by immunostaining the
cells in the SVF with antibodies against CD45 and other
specific markers of immune population subsets and ana-
lyzed them by flow cytometry. The proportion of CD45+
leukocytes in this fraction was similar in the various
groups of patients (Figure 2G), as was the proportion
of total lymphocytes (defined as CD45+/low side scat-
ter) (Figure 2H) and of various lymphocyte subsets
(supplementary material, Figure S4B). The proportion
of macrophages (defined as CD45+/CD14+ cells),
including the subpopulations that express or do not
express CD206, were also similar in the various groups
(Figure 2I). These data indicate that PPAT expansion is
not associated with increased immune cell infiltration.

To further characterize the inflammatory state of
abundant PPAT, we quantified secretion of several
proinflammatory cytokines by PPAT from patients in
the various groups. No significant differences were seen
between the amounts of TNFa, IL6, or MCP-1 secreted
(Figure 2J-L), and the tissue from patients in the high

PPAT group secreted slightly less IL1f than the others
(Figure 2M). Thus, the PPAT from patients in the high-
PPAT group does not secrete more proinflammatory
cytokines than the PPAT from the patients in the mid-
and low-PPAT groups. Together, these data indicate
that, although PPAT expands by adipocyte hypertrophy,
this expansion does not cause the inflammation observed
in other ATs that expand by this mechanism.

Under-representation of mechano-sensing proteins
in adipocytes from abundant PPAT

According to our findings described earlier, adipocytes
are the main cell type that changes in the PPAT from
patients in the high-PPAT group. Adipocytes from high-
and low-PPAT groups were isolated and analyzed by
proteomic approaches. Principal component analysis of
the proteomic dataset separated patients according to the
abundance of their PPAT (Figure 3A). Component
1, which separated the patients according to their
PPAT groups, explained 52% of the variance in the
proteomic dataset (Figure 3A). Whereas the low-PPAT
patients grouped closely on the scatter plot, those with
high PPAT spread widely (Figure 3A). Of the 4,033
proteins identified by proteomic analysis, statistical anal-
ysis found 352 whose abundance differed in PPAT from
patients in the high- and low-PPAT groups: 157 were
over-represented and 195 were under-represented in the
samples from the high-PPAT group compared to those
from the low-PPAT group (Figure 3B). Hierarchical
clustering using Ward’s method on differentially
represented proteins grouped the samples according to
their abundance status (Figure 3C).

To further characterize the differences between adi-
pocytes in the PPAT of patients in the high- and low-
PPAT groups, we used GO enrichment analysis of the
proteomic dataset to identify cellular components and
molecular functions. We found large differences in the
abundance of proteins involved in cytoskeletal organi-
zation, cell-ECM interactions, and, to a lesser extent,
lipid metabolism (Figure 3D). From this analysis, the
main characteristics of adipocytes from abundant
PPAT can be described as having, above all, an under-
representation of proteins involved in mechano-
transduction and sensing stiffness (ontology terms in

Figure 2. PPAT expands by adipocyte hypertrophy with no associated inflammation. (A) Representative images of PPAT sections stained with
H&E and used to quantify adipocyte diameter in PPAT from patients in low and high groups. The corresponding quantification mask is shown.
Scale bars, 250 pum. (B) Size distribution (left panel) and mean diameters (right panel) of adipocytes in PPAT from patients in low (n = 12) and
high (n = 14) groups. (C) Percentage of progenitor cells (CD45—/CD34+/CD31—) in SVF of PPAT from patients in low (n = 8), mid (n = 16),
and high (n = 11) groups, as quantified by flow cytometry. (D-F) Quantification of concentration of adiponectin (D) and leptin (E) in
conditioned medium of PPAT from patients in low (n = 9), mid (n =9), and high (n = 11) groups, and adiponectin-to-leptin ratio (F).
(G) Percentage of cells in SVF of PPAT from patients in low (n = 8), mid (n = 15), and high (n = 11) groups that are CD45+ leukocytes.
(H) Percentage of cells as in (G) that are low FSC/low SSC/CD45+/CD3+ T cells in low (n = 8), mid (n = 15), and high (n = 11) groups.
() Percentage of cells as in (G) that are CD45+/CD14+ macrophages (all macrophages), CD45+/CD14+/CD206— recruited macrophages
(CD206—), or CD45+/CD14+/CD206+ resident macrophages (CD206+) in low (n=8), mid (n = 15), and high (n = 11) groups. All
percentages in (G)-(I) were quantified by flow cytometry. (J-M) Quantification of concentrations of TNFa (J), IL6 (K), MCP1 (L), and IL1B
(M) in conditioned medium of PPAT from patients in low, mid, and high groups (n = 8-10). Bars indicate means + SEM. Two-way ANOVA
followed by Bonferroni post-test was used to analyze adipocyte diameter. Other statistical differences were evaluated by ANOVA with post-
test for linear trend (*p < 0.05; *p < 0.01).
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bold in Figure 3D). Among them, yes-associated protein
1 (YAP1) is the most under-represented protein in the
PPAT of patients in the high-PPAT group (log2 fold-
change = —5.8) compared with the low-PPAT group
(Figure 3E). YAPI is a key mechano-transducer that
senses mechanical stimuli and relays them to regulate
transcription and, thus, many aspects of cell behav-
ior [27]. ZYXIN [28] and PACSIN?2 [29], proteins that
participate in the nuclear translocation and activation of
YAP1 upon mechanical stress, were also significantly
under-represented in the most abundant PPAT, as was
ROCK?2, a target of the YAP/TEAD transcriptional
complex [27] (Figure 3E). We confirmed by immuno-
fluorescence microscopy that PPAT from patients in the
high-PPAT group contained much less YAP1 than that
from patients in the low-PPAT group (Figure 3F).

The second important characteristic of adipocytes
from abundant PPAT identified by pathway enrichment
analysis was under-representation of several tubulin
isoforms (Figure 3G), which was accompanied by
altered microtubule organization seen by immunofluo-
rescence microscopy (Figure 3H). Proteins involved in
cytoskeletal organization, such as cortactin (CTTN), an
actin nucleation factor that influences the stability of
actin filaments, and members of the vinexin family
(SORBS-1 and SORBS-3), which are involved in con-
tractile force generation in response to mechanical
stress [30], were also under-represented (Figure 31).

A third notable characteristic of adipocytes from the
high-PPAT group was the abundance of proteins
involved in lipid metabolism (Figure 3D), which may
explain, at least in part, the observed adipocyte hyper-
trophy. Several key proteins involved in lipolysis
were under-represented in PPAT from patients in
the high-PPAT group, including adipocyte triglyceride
lipase (encoded by PNPLA2), hormone-sensitive lipase
(encoded by LIPE), perilipinl (encoded by PLINT), and
abhydrolase domain-containing protein 5 (encoded by
ABHDYS) (supplementary material, Figure S5A). For
PNPLA2 and LIPE, a downward trend regulation at
mRNA levels according to abundance status was con-
firmed by RT-qPCR, whereas the level of MGLL
(encoding monoacylglycerol lipase) was unchanged
(supplementary material, Figure S5B). By contrast,
adiponectin (encoded by ADIPOQ) and several lipid
transporters that take up fatty acids like CD36 or
FABP4 (fatty acid binding protein 4) were over-
represented (supplementary material, Figure S5A).
Regulation of their mRNA levels according to abun-
dance status was confirmed by RT-qPCR, and similar
differences were also observed for the long-chain fatty
acid transport protein 4 (encoded by SLC27A4) (supple-
mentary material, Figure S5C).

The collagen network in abundant PPAT is
relatively loose
The under-representation of proteins involved in

mechano-sensing and cytoskeletal contractile force gen-
eration in abundant PPAT suggest that these PPATs

© 2026 The Pathological Society of Great Britain and Ireland. www.pathsoc.org

D Estéve et al

might be subject to fewer mechanical constraints by
ECM than less abundant PPAT, which may account for
its expansion without inflammation. To investigate this
hypothesis, we stained the collagen fibers using
Picrosirius Red, imaged the staining by 3D confocal
microscopy, and reconstructed images of the fiber net-
work in 3D. In the reconstructions, the signal from
collagen fibers was weaker in PPAT from patients in
the high-PPAT group than it was in the patients in the
low-PPAT group (as shown by the maximum intensity
projection), and the collagen network was substantially
less dense and had thinner fibers (Figure 4A). These
observations were verified using Imaris software to
quantify the volume and length of the collagen fibers
as well as the total number of branches seen in the 3D
reconstructions (Figure 4B-D). To further confirm our
findings, we used a different approach based on quanti-
fication of hydroxyproline, a component of collagen that
comprises around 13.5% of its amino acid composition.
Consistent with the imaging analysis of the collagen
fiber network, we found significantly less hydroxypro-
line in PPAT from patients in the high-PPAT group than
in patients in the low-PPAT group (Figure 4E). Taken
together, these analyses indicate that abundant PPAT has
a looser collagen network than less abundant PPAT,
supporting the hypothesis that mature adipocytes in
abundant PPAT are subject to fewer mechanical con-
straints than those in less abundant PPAT.

Abundant PPAT exhibits increased collagen
degradation likely by MMP9

Our findings indicate that abundant PPAT contains less
collagen, organized in a looser network, than in less
abundant PPAT. To determine whether this reflects less
collagen synthesis or more degradation of the proteins,
we used RT-qPCR to compare the expression of the
genes encoding the major fibrillar collagens (COLIAI
and COL3A1I) as well as the three different alpha chains
of the most abundant nonfibrillar collagen, collagen
VI [31] (COL6AI, COL6A2, and COL6A3) in PPAT
from patients in the high- and low-PPAT groups. We
saw no differences between them (Figure 5A),
suggesting that the smaller amount of collagen and
looser network in abundant PPAT is not due to less
synthesis but may be due to increased degradation. To
investigate this hypothesis, we stained PPAT samples
with a fluorescent peptide (F-CHP) that binds specifi-
cally to denatured collagen strands [32] and imaged the
staining by 3D confocal microscopy. The images
showed a punctate staining located alongside fibrillar
structures in PPAT from patients in the high-PPAT
group, whereas very weak signals were seen in PPAT
from patients in the low-PPAT group (Figure 5B, left
panel). Quantification of the signals from F-CHP after
3D reconstruction confirmed the substantial increase in
collagen degradation in PPAT from the high-PPAT
group compared with the low-PPAT group (Figure 5B,
right panel).
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Matrix metalloproteinases (MMP) are the main
enzymes involved in collagen degradation. To investi-
gate the potential involvement of various MMP in the
degradation of collagen in high PPAT, we quantified the
expression of the main metalloproteinase genes
expressed in AT (MMP2, MMP9, MMPI11, MMP14,
and BMP1) by RT-qPCR. Significantly more MMP9
mRNA was found in PPAT from patients in the high-
PPAT group than in PPAT from patients in the low-
PPAT group (Figure 5C). This was confirmed by analy-
sis of the proteomics data from isolated adipocytes
(Figure 5D), and it was reflected in elevated MMP9
activity (Figure SE). However, MMPY activity and
mRNA expression in abundant PPAT seem bimodal,
suggesting that in some patients, ECM remodeling could
be independent of MMP9. MMP activity is tightly reg-
ulated by the balance between the expression of the
genes encoding MMPs and their endogenous inhibitors,
the tissue inhibitors of metalloproteinases (TIMPs).
Therefore, we analyzed the expression of the genes
encoding various TIMP isoforms as well as those
encoding the lysyl oxidases LOX and LOXL1, which
cross-link ECM proteins. All of these genes were
expressed at similar levels in the high- and low-PPAT
groups (supplementary material, Figure S6). We con-
clude that the smaller amount of collagen in abundant
PPAT than in less abundant PPAT and its disorganiza-
tion is due to enhanced degradation that likely
involves MMPO9.

COLVI remodeling is associated with high ETP
production in abundant PPAT

Collagen VI is a highly enriched ECM component of
AT [31]. We investigated whether COLVI was also
subjected to degradation in abundant PPATSs by immu-
nofluorescence staining and 3D confocal microscopy.
As seen in Figure 6A, the COLVI staining was weaker
in the high-PPAT group than in the low-PPAT group, it
was punctiform, and the COLVI microfibrils were
clearly disorganized, confirming that COLVI is
degraded in abundant PPAT. The proteolytic cleavage
of the C-terminal part of COL6A3 generates a bioactive
fragment called ETP that promotes a wide range of

D Estéve et al

cellular and tissular responses leading to abnormal tissue
remodeling, fibrosis, and inflammation or tumor pro-
gression [19]. We then investigated whether ETP gener-
ation was increased in abundant PPAT. Tissues were
stained with an antibody specific for ETP [21,33] and
imaged by immunofluorescence microscopy (Figure 6B).
Expression of ETP was increased in the high- compared to
the low-PPAT group (Figure 6B). To investigate the
clinical relevance of our findings, we quantified ETP
in biological fluids from patients that had undergone
mpMRI for PCa diagnosis (see supplementary material,
Tables S7,S8 for descriptions of the new cohort). The
patients were classified into the low-, mid-, and high-
PPAT groups defined previously. ETP plasma levels were
similar in all patients regardless of their PPAT abundance
status (Figure 6C). By contrast, the ETP concentration in
urine collected after prostate massage, which promotes the
exfoliation of epithelial and stromal cells, as well as the
release of prostate-derived proteins and other biomolecules
into urine [34], was greater in patients in the high-PPAT
group than it was in patients in the low-PPAT group
(Figure 6D). These results confirm the clinical relevance
of our findings on ECM remodeling in PPAT from pros-
tatectomy specimens.

Discussion

In this work, we first developed a new approach to define
PPAT abundance using mpMRI, the gold standard for
imaging prostate and surrounding tissues, to measure
both prostate and PPAT volume rather than fat thickness
or the area of the tissue at a single point. Slice-by-slice
segmentation was applied as in our previous work [8].
Consistent with earlier studies [17,18], PPAT volume
correlated with prostate size. As prostate size is highly
variable between individuals and often increases with
age [35], it is important to take this parameter into
account to accurately define the relative fat volume in
the periprostatic area. Previous studies used NPFV, but
this can bias results toward smaller prostates [17], as we
also observed in our study. To overcome this, we applied
a linear regression model that normalizes PPAT

Figure 3. Under-representation of mechano-sensing proteins in adipocytes from abundant PPAT. (A) Principal component analysis of
proteomics datasets from adipocytes isolated from PPAT of individual patients (each indicated by a dot and a label) in low and high groups
(n = 6 or 7 per group). Ellipses indicate grouping according to PPAT abundance. (B) Volcano plot representing log2 fold-change of relative
protein representation in proteomics dataset and —log10 of p value calculated using limma differential expression analysis (n = 6-7 per
group), showing under-represented (pink) and over-represented (green) proteins. (C) Hierarchical clustering of differentially under-
represented (pink) and over-represented (green) proteins in PPAT of patients in low (gray) and high (black) quartiles. (D) Cellular components
and biological functions of over-represented (black) and under-represented (gray) proteins in PPAT of patients in high quartile, as determined
by Gene Ontology enrichment terms. The —log10 of the g value are represented on x-axis, and percentage of proteins that were differentially
expressed in the pathways are indicated in red on side of each bar plot. (E) Quantification of indicated proteins in PPAT of patients in low and
high quartiles (n = 6-7 per group) by mass spectrometry. (F) Whole PPAT from patients in low and high groups were stained with anti-YAP1
antibody and phalloidin (to stain actin and facilitate cell visualization) and DAPI (to stain DNA). Panels show merged images. White arrows
indicate nuclei of adipocytes. Representative maximum intensity projection of images obtained by 3D confocal microscopy are shown. Scale
bars, 50 um. (G) Quantification of indicated isoforms of tubulin, as in (E) (n = 6-7 per group). (H) Whole PPAT from patients in low and high
groups were stained with anti-B-tubulin antibody and DAPI, as in (F). (I) Quantification of indicated proteins, as in (E) (n = 6-7 per group).
Bars indicate means + SEM. Statistical differences were calculated using Student's t-test. *p < 0.05; **p < 0.01; **p < 0.001.
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Figure 4. The collagen network in abundant PPAT is relatively loose. (A) Whole PPAT from representative patients in low and high groups were
stained with Picrosirius Red to show collagen fibers, imaged in 3D by confocal microscopy (top), reconstructed in 3D (middle), and the
reconstructed collagen fiber images were isolated and color-coded according to their diameter (bottom). Scale bars, 50 um. (B-D) Various
morphometric parameters were quantified in 3D images of PPAT from patients in low and high groups after collagen fiber reconstruction
(n = 9-16): total collagen volume (B), length of collagen fibers (C), and number of branches per collagen fiber (D). (E) Quantification of
hydroxyproline concentration in PPAT from patients in low (n = 18) and high groups (n = 11). Bars indicate means + SEM. Statistical
differences were calculated using Student's t-test. *p < 0.05; **p < 0.0.

abundance by comparing the residual value of PPAT  no difference in prostate size between groups and
volume to the linear relationship between PPAT and  patients in the highest quartile had the most aggressive
prostate volume computed from the whole cohort.  PCa (higher ISUP scores and more high-grade lesions),
When we ranked patients into quartiles, we observed  validating our approach. We then investigated whether
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Figure 6. COLVI remodeling is associated with high ETP production in abundant PPAT. (A) Representative confocal images of PPAT from three
patients in low quartile (Nos. 1-3) and high quartile (Nos. 4-6) stained with anti-collagen VI antibody that recognizes all collagen VI forms
(pan collagen VI). Maximum intensity projections of Z-stacked images at low magnification are shown (left panels) and at higher
magnification (Zoom). The areas corresponding to the Zoom images are indicated by the blue lines. Scale bars, 50 pum. (B) Representative
confocal immunofluorescence microscopy images of PPAT stained with anti-pan collagen VI (pink) and anti-ETP (green) antibodies. 3D views
of Z-stacked images (left). Scale bars, 50 pum. ETP staining was quantified on 3D images (right panel; n = 8-9). (C) ETP concentration in
plasma from patients with PCa, as quantified by ELISA (low, n = 20; mid, n = 42; high, n = 20). (D) ETP concentration in urine from patients
with PCa collected after prostate massage, as quantified by ELISA (low, n = 17; mid, n = 32; high, n = 13). Bars indicate means + SEM.
Statistical differences were calculated using Student's t-test (*p < 0.05 for B) and ANOVA with post-test for linear trend (*p < 0.01 for
Cand D).

Figure 5. Abundant PPAT exhibits increased collagen degradation likely by MMP9. (A) Relative expression of genes encoding indicated
collagen isoforms in whole PPAT from patients in low (n = 13) and high groups (n = 11). (B) Representative confocal images of PPAT stained
with fluorescent collagen-hybridizing peptide (F-CHP). The maximum intensity projection of Z-stacked images (left panel) at low magni-
fication and at higher magnification image (Zoom). The areas corresponding to the Zoom images are indicated by the white squares. Scale
bars, 50 um. F-CHP staining in 3D images was quantified (right panel; n = 6-7). (C) Relative expression of genes encoding indicated
metalloproteinase (MMP) isoforms in PPAT from patients in low (n = 11) and high (n = 10) quartiles. (D) Relative MMP9 protein expression
quantified in isolated mature adipocytes by mass spectrometry (n = 6-7 per quartile). (E) MMP9 enzyme activity in protein extracts of PPAT
from patients in low (n = 13) and high quartiles (n = 12). Bars indicate means + SEM. Statistical differences were calculated using Student's
t-test. *p < 0.05; **p < 0.001.
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PPAT characteristics between the different groups dif-
fered in their histology, transcriptomes, and proteomes
in order to understand how abundant PPATs expand,
which was the primary goal of our study.

The most important finding of this study is that abun-
dant PPAT contains a loose meshwork of fibrillar and
nonfibrillar collagens, explaining expansion without
added inflammation or secretory dysfunction. We previ-
ously demonstrated that PPAT exhibited fibrosis
preventing its expansion in obese patients, and therefore
reshaping the ECM is an essential step for its enlarge-
ment [8]. In fact, fibrosis, by generating a mechanical
stress on adipocytes, plays a central role in limiting the
expandability of AT [31]. A key difference between
high- and low-PPAT groups involved COLVI, the most
abundant nonfibrillar collagen in AT. In high PPAT,
COLVI staining was weak and punctiform and the fila-
ment network was disorganized. COLVI interacts with
many ECM proteins, including fibronectin and collagen
types I, II, and IV, bridging cells to the surrounding
connective tissue and organizing the 3D tissue architec-
ture [36]. Thus, the overall loss of collagen may result
from initial extensive degradation of COLVI, which
probably involves MMP9, which was more abundant in
most patients with high PPAT. Degradation of COLVI by
MMP9 has been described previously [37], as well as by
MMP2 [37], MMP11 [38], and MMP14 [39]. Expression
of the latter MMPs and TIMPs was similar in both groups,
suggesting that MMP?9 is the main enzyme responsible for
COLVI degradation in the most abundant PPATS. In addi-
tion, this is consistent with a report showing that in vitro
MMP?9 activity, along with MMP2 and MMP16, is key to
producing active ETP [40]. We do not yet know what
initiates ECM remodeling to allow PPAT expansion. The
correlation between the volume of PPAT and the volume
of the prostate suggests that steroid hormones might be
involved. Consistent with this, MMP9 expression is regu-
lated by androgens [41], and sex hormones influence the
metabolism, endocrine functions, and angiogenesis of cer-
tain other ATs [42]. This hypothesis deserves further inves-
tigation such as comparing PPAT abundance with
circulating steroid levels in large clinical cohorts.

This loose collagen network in abundant PPAT will be
permissive to adipocyte enlargement, and we observed
adipocyte hypertrophy, likely due to increased lipid uptake
and decreased lipolysis. PPAT expansion occurs without
inflammation or adipocyte dysfunction, and ECM degra-
dation was associated with a decreased expression of pro-
teins involved in mechano-transduction and stiffness
sensing. The observed changes in lipid metabolism could
be linked to altered mechano-transduction since the two
processes have been found to be interconnected [43]. This
expansion in a context of decreased mechanical constraints
led to a ‘stress-free’ expansion, allowing the adipocytes to
enlarge without cell death, which prevents accumulation of
macrophages and, subsequently, the occurrence of an
inflammatory microenvironment. Evidence from mouse
models deficient in ECM (lack of COLVI) [44] or
overexpressing ECM remodeling proteins (MMP14) [39]
supports our interpretation. In both cases, the decrease in
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the ECM stiffness of AT, which released the mechanical
stress, led to healthy AT expansion upon exposure to a
high-fat diet [44]. Taken together, our results demonstrate
that PPAT expands by a unique mechanism that protects it
from further dysfunction.

Extensive ECM remodeling in abundant PPAT results
in features known to favor PCa and other prostate disor-
ders. ECM binds growth factors and cytokines released
during remodeling, which can act on nearby normal and
PCa cells [45]. ECM also interacts directly with epithelial
cells through integrins, regulating adhesion, proliferation,
or survival [45]. Among ECM-derived components, ETP,
a COLVI fragment, was highly expressed in abundant
PPAT. Adipocyte-derived ETP favors breast tumor pro-
gression and resistance to therapy in genetically engineered
mice [46] and in xenografted human tumors [21]. Finally,
collagen degradation may also serve as a nutrient source
through proline release [47]. Deciphering these mecha-
nisms requires a model capable of reproducing the inter-
action between abundant PPAT and normal or tumoral
epithelial cells. While explant culture leads to rapid
dedifferentiation [48], alternatives like the ‘sandwiched
AT’ model [49] could provide more stable experimental
systems.

In conclusion, we have deciphered for the first time
the original mechanism that allows human PPAT to
expand and demonstrated that it relies on ECM
reshaping that is, to our knowledge, a unique mechanism
of expansion among adipose depots. This work opens
new avenues to decipher the role of abundant PPAT in
PCa at both fundamental and clinical levels.
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