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Abstract

Background: Periprostatic adipose tissue (PPAT) has been shown to play a significant
role in prostate cancer (PCa) development and progression. This relationship is further
exacerbated by obesity, as PPAT-secreted factors increase PCa aggressiveness and have also
been implicated in chemotherapy resistance. Therefore, identifying the molecular mediators
of PPAT–prostate interorgan communication and the factors that disrupt this crosstalk is
pivotal for better disease management. Obesogens, i.e., endocrine-disrupting chemicals that
dysregulate adipose tissue towards an “obese” phenotype, have recently been implicated
in disrupting this crosstalk, with an impact on prostate cell fate. Objectives: This study
aimed to investigate whether obesogenic dysregulation of human PPAT secretory activity
affects PCa cell viability and their response to docetaxel and cabazitaxel. Methods/Results:
Through ex vivo culture of human PPAT and conditioned medium assays, we demonstrated
that exposure to the model obesogen tributyltin (TBT) induced an “obese” phenotype in
human PPAT, characterised by adipocyte enlargement and increased secretion of leptin and
C-C motif chemokine ligand 7. The TBT-treated PPAT secretome enhanced cell viability
and decreased the sensitivity of PCa cells to taxanes. Conclusions: This study provides
preliminary evidence that lays the groundwork for future investigations, dissecting the
molecular pathways underpinning prostate carcinogenesis and resistance to chemotherapy
induced by obesogen-dysregulated PPAT.

Keywords: cabazitaxel; docetaxel; endocrine-disrupting chemicals; obesogens; periprostatic
adipose tissue; prostate cancer

1. Introduction
Periprostatic adipose tissue (PPAT) is the visceral fat depot that surrounds the prostate

gland, directly contacting roughly one-third of the prostate’s anterior surface [1]. Recent
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research has demonstrated that in addition to its physiological functions related to en-
ergy storage and prostate mechanical protection [2], PPAT can significantly influence the
behaviour of prostate cells. In the context of neoplasms, evidence indicates that PPAT–
prostate inter-organ communication plays a significant role in driving prostate cancer (PCa)
development and progression [1,3], which is further amplified in obesity, as “obese” PPAT
presents heightened secretion of pro-inflammatory and tumorigenic factors [1,4], nurturing
a pro-tumorigenic niche. Adipocyte-secreted factors, including adipokines (e.g., leptin)
and chemokines (e.g., C-C motif chemokine ligand 7, CCL7), have been implicated as the
main mediators of increased PCa aggressiveness [1,3,5,6]. An elegant study from Catherine
Muller’s group demonstrated that obesity induces PPAT to secrete CCL7, which, in turn,
promotes the directed migration of PCa cells expressing the C-C motif chemokine receptor
3 (CCR3), the CCL7 receptor, thereby facilitating extraprostatic extension and metastasis
development [6].

The impactful role of PPAT in prostate carcinogenesis is underscored by evidence
showing that PPAT is more effective than other adipose tissue depots in promoting PCa cell
proliferation and migration [4]. This demonstration supports the concept of a highly spe-
cialised environment in which PPAT is biochemically and functionally adapted to sustain
prostate tumorigenesis. Moreover, the recent clinical findings showing that PPAT thickness,
as measured by magnetic resonance imaging, is associated with tumour upstaging after
radical prostatectomy, with PPAT thickness >3 mm being predictive of more advanced dis-
ease [5], further corroborate the relevance of PPAT actions in mediating PCa development.
Accordingly, a study showed that PPAT can induce chemotherapy resistance in PCa cells by
upregulating the expression of antiapoptotic and cytoskeletal proteins through insulin-like
growth factor-1 signalling [7]. This relationship is particularly relevant in the context of
castration-resistant prostate cancer (CRPC), for which chemotherapeutic drugs such as
taxanes are often the last line of treatment [8] yet frequently fail due to acquired resistance
mechanisms influenced by the tumour microenvironment [9]. Therefore, identifying the
key PPAT secretion products that trigger PCa onset, progression, and therapy resistance,
as well as the factors that can deregulate PPAT function, will be pivotal for better disease
management and improved patient clinical outcomes.

Obesogens are a subset of endocrine-disrupting chemicals (EDCs) characterised by
their ability to reprogram adipose tissue towards an “obese” phenotype [10–14]. Over recent
years, several governmental agencies and medical societies have expressed concern about
the widespread harmful effects of EDCs, and specifically obesogens, on human health,
as these chemicals can disrupt hormone signalling pathways, potentially contributing
to the development of other diseases besides obesity, namely diabetes and hormone-
dependent cancers [11,14–18]. Our research group recently demonstrated that the obesogen
model tributyltin (TBT) dysregulated rat PPAT, with an impact on the fate of prostate
cells, enhancing their survival by increasing viability, proliferation, and migration while
reducing the apoptotic rate [19]. Considering the increasing environmental exposure to
obesogens and the reported causal roles of these compounds in metabolic and cancer-
related disorders [18,20], it is essential to better understand the depth of their effects
in PPAT and beyond those observed in animal models. However, it remains unknown
whether obesogens can affect human PPAT, leading to adipocyte dysfunction and disrupted
crosstalk with prostate cells. In the present study, we aim to investigate whether obesogenic
dysregulation of human PPAT secretory activity alters the viability of CRPC cells and
affects their response to taxanes. We characterised the PPAT secretome in a set of PCa and
benign prostate hyperplasia patients and the functional changes induced by the exposure
to TBT. Thereafter, we evaluated how naïve PPAT and TBT-dysregulated PPAT (TBT-PPAT)
influence prostate cells’ viability and their sensitivity to docetaxel and cabazitaxel.
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2. Materials and Methods
2.1. Reagents

All reagents were acquired from Sigma-Aldrich (St. Louis, MO, USA) unless
stated otherwise.

2.2. Human Samples

Human PPAT (n = 7) was obtained from patients submitted to radical prostatectomy
or prostatic adenomectomy (Millin’s procedure) at the Unidade Local de Saúde Cova da Beira
and Instituto Português de Oncologia de Coimbra Francisco Gentil, between September 2023
and January 2024, after approval of the research protocols by the hospitals and University
of Beira Interior local ethics committees, and patients’ informed consent was obtained
(CE-UBI-Pj-2022-033-ID1331, 9 May 2022). All procedures were performed in accordance
with the Declaration of Helsinki. Each subject was attributed a number, and samples and
all collected data were treated anonymously. Collected PPAT samples were maintained
refrigerated in phenol red-free Dulbecco’s Modified Eagle Medium (DMEM, D1145), sup-
plemented with 10% (v/v) foetal bovine serum (FBS, P30-193039, PANBiotech GmbH,
Aidenbach, Germany) and 1% (v/v) penicillin/streptomycin/amphotericin B (A5955) until
use in ex vivo culture procedures. Patients’ histopathological diagnosis, disease stage (if ap-
plicable), age, and anthropometric and other clinical data, such as the use of anti-cholesterol
or -diabetic medication, are summarised in Table 1.

Table 1. Patients’ information.

Patient
No.

Histopathological
Diagnosis Disease Stage Age BMI

(kg/m2) Classification Diabetes Type

Anti-
Cholesterol or

-Diabetic
Medication

1 BPH N.A. 69 28.7 Overweight N.A. Rosuvastatin

2 BPH N.A. 79 31.0 Obese N.A. Simvastatin

3 BPH N.A. 65 30.7 Obese N.A. N.A.

4
Carcinoma
(GS 6, 3 + 3,

ISUP 1)
I 74 24.5 Normal weight N.A. Atorvastatin

5
Carcinoma
(GS 7, 3 + 4,

ISUP 2)
I 60 24.2 Normal weight N.A. Atorvastatin

Ezetimibe

6
Carcinoma
(GS 6, 3 + 3,

ISUP 1)
I 82 25.3 Overweight 2 Metformin Dapagliflozin

7
Carcinoma
(GS 7, 4 + 3,

ISUP 3)
I 68 28.4 Overweight 2 Metformin

BMI: body mass index, BPH: benign prostatic hyperplasia, GS: Gleason score, ISUP: International Society of
Urological Pathology grade, N.A.: not applicable.

Body mass index (BMI) was calculated, and patients were grouped as normal weight
(BMI < 25 kg/m2), overweight (25 ≤ BMI < 30 kg/m2) or obese (BMI ≥ 30 kg/m2). Blood
lipid (total cholesterol, low-density lipoprotein, LDL, and triglycerides), glucose, and
free/total prostate-specific antigen (PSA) measurements are provided in Table 2.
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Table 2. Biochemical parameters in patients’ serum.

Patient No.

Total
Cholesterol

(mg/dL,
RV < 200)

LDL
(mg/dL,

RV < 160)

Triglycerides
(mg/dL,

RV < 160)

Glucose
(mg/dL,

RV 70–110)

Total PSA
(ng/mL,
RV < 4)

Free/
Total PSA

(%)

1 144 78 97 105 3.30 14.8

2 177 83 141 98 4.45 (*) N.P.

3 201 (*) 112 190 (*) 97 4.63 (*) N.P.

4 134 82 140 90 11.06 (*) 29.8

5 135 57 132 94 8.37 (*) 19

6 154 107 84 102 6.34 (*) 18

7 157 101 105 137 (*) 3.59 N.P.

LDL: low-density lipoprotein, N.P.: not performed, PSA: prostate-specific antigen, RV: reference values. (*) out of
reference levels [21,22].

2.3. Ex Vivo Culture of PPAT and TBT Treatment

PPAT (1–3 h after collection) was used for ex vivo culture and TBT treatment. Tis-
sues were minced (2–3 mm3 fragments), washed in phosphate-buffered saline (PBS) for
removal of impurities and blood vessels, and cultured (100 ± 5 mg tissue/mL) in DMEM
without phenol red (D1145), supplemented with 10% (v/v) FBS (P30-193039, PANBiotech
GmbH) and 1% (v/v) penicillin/streptomycin/amphotericin B (A5955) for 48 h. Ex vivo
cultured PPAT was fixed in 4% paraformaldehyde (PFA, 100 ± 5 mg tissue/mL) for histo-
logical analysis. Cell culture media were collected and, upon centrifugation at 9700× g for
10 min, supernatants were stored in aliquots at −80 ◦C for posterior analysis and condi-
tioned media (CM) assays. Alternatively, PPAT was treated with 100 nM TBT (T50202,
CAS no: 1461-22-9) for 48 h in a humidified incubator at 37 ◦C with a 5% CO2-controlled
atmosphere. TBT-treated PPAT (TBT-PPAT) and its culture media were used as described
for control PPAT, i.e., histological analysis and CM assays. The chosen TBT concentration
is in line with previous studies performed by us and others in adipocytes and prostate
cells [23–25].

2.4. Histological Analysis

PFA-fixed PPAT and TBT-PPAT samples were embedded in paraffin, and sections
(3 µm) were stained with haematoxylin and eosin (H&E), imaged at 400× magnification
(Plan 40×/0.65 objective, Carl Zeiss, Gottingen, Germany) using an AxioImager A1 mi-
croscope (Carl Zeiss). To measure the size of adipocytes, the AxioVision Rel. 4.8 outline
measurement tool (Carl Zeiss) was used. A total of thirty adipocytes per section was
assessed across five random fields from each section.

2.5. Enzyme-Linked Immunosorbent Assays (ELISA)

Adipokines/chemokine levels in PPAT and TBT-PPAT culture media were measured
using leptin (KAC2281, Invitrogen, Waltham, MA, USA), adiponectin (RAB0005), and
C-C motif chemokine 7 (CCL7, RAB0078) sandwich ELISAs, following the instructions of
the manufacturer. The sensitivity of each assay is 3.5 pg/mL, 25 pg/mL, and 20 pg/mL,
respectively, for leptin, adiponectin, and CCL7. All incubation steps were performed
at room temperature. For the high and zero standards, undiluted standard and diluent
were used, respectively. Briefly, standards and samples were incubated for 2.5 h to allow
interaction with the specific capture antibodies in pre-coated plates (except for leptin,
where this step was performed simultaneously with the next), followed by a 1 h incubation
with the biotin-labelled detection antibody (2 h for leptin). Then, HRP-streptavidin was
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added and incubated for 45 min (30 min for leptin). 3,3′,5,5′-Tetramethylbenzidine (TMB)
chromogenic substrate was added in the dark and incubated for 30 min. After stopping the
reaction (stop solution), the absorbance was immediately read at 450 nm using the xMark™
Spectrophotometer (Bio-Rad, Hercules, CA, USA).

2.6. Quantification of Extracellular Metabolites

Glucose (41010, Spinreact, Girona, Spain) and free fatty acids (FFAs, MAK044) levels
in PPAT and TBT-PPAT culture media were determined spectrophotometrically using com-
mercial kits according to the manufacturer’s instructions. For glucose quantification, the
samples were mixed with the work reagent and incubated for 10 min at 37 ◦C. Absorbance
values were measured at 505 nm (xMark™ Spectrophotometer, Bio-Rad). Regarding FFA
quantification, according to the manufacturer’s protocol, samples were first incubated in
the dark at 37 ◦C for 30 min with acetyl-CoA synthetase, followed by incubation with
a reaction mix containing the fatty acid (FA) probe, enhancer, and enzyme mixture for
30 min at 37 ◦C. Absorbance values were measured at 570 nm (xMark™ Spectrophotometer,
Bio-Rad).

2.7. Human Prostate Cell Lines

Non-neoplastic (PNT1A, [26–30]), neoplastic androgen-sensitive (22Rv1, [31]), and
androgen-insensitive (DU145, brain metastasis, and PC3, bone metastasis of undifferenti-
ated grade IV prostate adenocarcinoma, [32,33]) human prostate cell lines were purchased
from the European Collection of Cell Cultures (ECACC, Salisbury, UK). Human prostate cell
lines were cultured in DMEM with phenol red (D0822), supplemented with 1% (v/v) peni-
cillin/streptomycin/amphotericin B (A5955) and 10% (v/v) FBS (P30-193039, PANBiotech
GmbH), maintained in a humidified incubator (37 ◦C, 5% CO2-controlled atmosphere). The
culture medium was replaced regularly (every 2–3 days), and subculture was performed
whenever a confluence of 80–90% was reached. All experiments were performed using
phenol red-free DMEM (D1145).

2.8. CM Assays and Chemotherapeutic Drug Treatments

Human prostate cell lines (PNT1A, 22Rv1, DU145, and PC3) were cultured for 24 h to
allow cell adhesion and growth. After reaching a confluence of 60–70%, cells were cultured
with different proportions of CM (10, 20, 30, and 60%) from untreated PPAT (PPAT-CM) or
TBT-treated PPAT (TBT-PPAT-CM) for 24 h, and cell viability was assessed compared to the
control group (standard culture media). DU145 and PC3 cells were cultured for another
24 h in the absence (control) or presence of the chemotherapeutic drugs docetaxel (7 nM)
and cabazitaxel (1.5 nM), and viability was also evaluated.

2.9. Cell Viability Assays

Prostate cell viability was measured by the Sulforhodamine B (SRB, S1402) assay. The
aminoxanthene dye SRB binds to protein basic amino acids and has been used as an indica-
tor of proliferation. After the 24 h stimuli, cells were fixed in 10% cold trichloroacetic acid,
followed by four washing steps with distilled water. After dryness at room temperature,
SRB (0.05%) was added and the plate incubated in the dark for 1 h at room temperature.
A solution of 1% acetic acid was used to remove unbound dye, while protein-bound dye
was solubilised with Tris base solution (10 mM, pH 10). The absorbance was measured
upon 10 min homogenisation at 540 nm (xMark™ Spectrophotometer, Bio-Rad), with the
absorbance values being directly proportional to cell mass.
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2.10. Gas Chromatography-Mass Spectrometry (GC-MS)

TBT levels in the TBT-PPAT-CM were determined by gas chromatography–mass spec-
trometry (GC-MS) in an HP7890B gas chromatograph coupled to a 5977A mass spectrometer
(Agilent Technologies, Waldbronn, Germany). A 5% phenylmethylsiloxane-coated capillary
column (30 m × 0.25 mm; 0.25 µm i.d., HP-5 MS, J & W Scientific, Folsom, CA, USA) was
used to separate the analytes. Procedures were performed according to a modification
described by Zachariadis and Rosenberg [34,35]. Briefly, 1.5 mL of sodium borohydride (4%,
452,882) and 6 mL of hexane were added to 500 µL of PPAT culture media (0 and 48 h of
100 nM TBT exposure) for further derivatisation and liquid–liquid extraction. For quantifi-
cation purposes, tripropyltin (TPrT, 100 µg/mL, 8.08735) was used as an internal standard
(IS). A 15 min room temperature derivatisation reaction was followed by rotation/inversion
homogenisation for another 15 min. The organic layer containing the extracted tinhydrides
was evaporated under a gentle stream of nitrogen until reaching approximately 100 µL. A
2 µL aliquot of the derivatised extracts was injected into the GC-MS system in splitless
mode. The oven temperature, initially set to 30 ◦C for 1 min, was then increased to 280 ◦C
at (30 ◦C/min), followed by a final hold at 280 ◦C (5 min). The mass spectrometer operated
in the electron ionisation mode with a filament current of 70 µA. The inlet, ion source, and
detector temperatures were maintained at 260 ◦C, 230 ◦C, and 280 ◦C, respectively. Helium
served as the carrier gas (0.8 mL/min), and data acquisition was performed in selected
ion monitoring (SIM) mode. The ions were chosen based on selectivity and abundance to
maximise the signal-to-noise ratio in matrix extracts. The selected ions (retention times)
were the following (quantifying ions italicised): 179, 235, and 121 m/z for TBT (7.15 min);
207 m/z for IS (6.92 min). DMEM media samples were prepared and analysed using the
described extraction procedure in the range of 0.49–250 ng/mL (ten calibrators) for estab-
lishing the linearity of the method. Calibration curves were obtained by plotting the peak
area ratio between TBT and IS. The acceptance criteria included a determination coefficient
value (R2) ≥ 0.99 and a ±15% variation for calibrators’ accuracy. The lowest concentration
that could be measured with adequate precision (≤20%) and accuracy ±20% variation,
i.e., the lower limit of quantification (LLOQ), was 7.81 ng/mL (23.96 nM).

2.11. Statistical Analysis

A parametric unpaired t-test, one-way analysis of variance (ANOVA) followed by
Tukey’s test, and two-way ANOVA followed by Sidak’s test were used to obtain the
statistically significant differences between the tested groups, as applicable. The results
were represented as mean ± standard error of the mean (SEM), considering the confidence
interval of 95% and p-values < 0.05 as statistically significant. Statistical analyses were
performed in the GraphPad Prism v8.0.1 software (San Diego, CA, USA).

3. Results
3.1. Characterisation of PPAT Morphology and Secretome

After collection, patients’ PPAT was analysed considering its morphological and
secretory features, which is the foundational basis for an integrative interpretation of the
results in the subsequent CM experiments.

Histological analysis showed that the size of adipocytes in the PPAT of patients
6 (P6) and 7 (P7) was significantly lower compared to other patients (P6: 1837.00 ± 173.40
and P7: 1250.00 ± 75.62 µm2 vs. 3902.00 to 5289.00 µm2 in the other patients;
Figure 1A,B). The largest adipocytes were observed in P2, P4, and P5 (P2: 5124.00 ± 303.80,
P4: 5289.00 ± 344.40 and P5: 4729.00 ± 466.30 µm2 vs. 1250.00 to 4075.00 µm2 in the other
patients; Figure 1A,B).
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Figure 1. Morphology and secretome of naïve periprostatic adipose tissue (PPAT). PPAT from patients
1 to 7 was used for histological analysis and cultured ex vivo for 48 h for adipokines, cytokines, and
metabolites quantification. (A) Adipocytes’ size measured using the AxioVision Rel. 4.6.3 (Carl Zeiss,
Gottingen, Germany) after haematoxylin and eosin staining. A total of thirty adipocytes per section
was analysed across a minimum of five random fields from each section. (B) PPAT representative
images (Zeiss Axio Imager A1, Carl Zeiss). (C–H) Leptin (C), adiponectin (D), leptin/adiponectin
ratio (E), C-C motif chemokine ligand 7 (CCL7, (F)), glucose (G), and fatty acids (H) concentra-
tion in PPAT culture medium. Data are presented as mean ± S.E.M. (triplicates of each sample,
ANOVA followed by Tukey’s test). Statistically significant when compared to patient 1 (a; a p < 0.05,
aa p < 0.01, aaaa p < 0.0001), patient 2 (b; b p < 0.05, bb p < 0.01, bbbb p < 0.0001), patient 3 (c;
cc p < 0.01, ccc p < 0.001, cccc p < 0.0001), patient 4 (d; dd p < 0.01, dddd p < 0.0001), patient 5 (e; e p < 0.05,
ee p < 0.01, eee p < 0.001, eeee p < 0.0001), and patient 6 (f; f p < 0.05, fff p < 0.001, ffff p < 0.0001). BPH:
benign prostatic hyperplasia; PCa: prostate cancer.

ELISA and colorimetric assays were used to characterise the secretome of patients’
PPAT upon culture ex vivo for 48 h. Adipokines, such as leptin and adiponectin, chemokines,
such as CCL7, and metabolites, such as glucose and FFAs, were the targets selected to
be quantified as they are key players in prostate tumorigenesis and are differentially se-
creted by adipocytes in obesity [6,36–43]. Higher leptin secretion was found in P1, P3,
and P4 PPAT (P1: 1259.00 ± 3.84, P3: 1283.00 ± 3.06, and P4: 1261.00 ± 2.60 pg/mL vs.
391.60 to 593.60 pg/mL in the other patients; Figure 1C). The lowest leptin secretion levels
were detected in the PPAT of P5 and P6 (P5: 391.60 ± 1.53 and P6: 420.60 ± 3.79 pg/mL
vs. 578.90 to 1283.00 pg/mL in the other patients; Figure 1C). Regarding adiponectin
levels, the PPAT of P7 stood out the most, with significantly lower adiponectin secre-
tion than that of other patients (181,063.00 ± 3641.00 vs. 219,963.00 to 248,330.00 pg/mL
in the other patients; Figure 1D). Therefore, the results for the leptin/adiponectin ratio
followed the differences observed in leptin secretion (P1: 5.15 × 10−3 ± 1.40 × 10−4, P3:
5.20 × 10−3 ± 9.00 × 10−5 and P4: 5.37 × 10−3 ± 6.00 × 10−5 vs. 1.58 × 10−3 to 3.28 × 10−3

in the other patients; Figure 1C,E). Marked differences were observed in the secretion of the
CCL7 chemokine, which has been implicated in the crosstalk of PPAT with prostate cells,
stimulating tumour development and invasion. PPAT from P6 and P7 presented a very
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low secretion of this chemokine (P6: 32.78 ± 1.11 and P7: 46.11 ± 1.11 pg/mL; Figure 1F),
compared with the PPAT from P1, P3, and P4 which presented the highest CCL7 secretion
(P1: 1915.00 ± 11.70, P3: 1896.00 ± 22.47, and P4: 1196.00 ± 17.46 pg/mL vs. 32.78 to
282.80 pg/mL in the other patients; Figure 1F). Glucose levels in PPAT secretome were
similar among patients, with significant differences found only between P2 and P4 (respec-
tively, 287.10 ± 21.12 vs. 447.40 ± 28.99 mg/dL; Figure 1G). The PPAT secretome from all
patients presented similar FFAs’ content, which was only higher in P7 (0.25 ± 0.01 vs. 0.18
to 0.22 nmol/µL in the other patients; Figure 1H).

3.2. PPAT Secretome Slightly Increases Prostate Cell Viability

PPAT culture supernatants were collected after 48 h of ex vivo culture and used in
CM assays to explore the ability of PPAT secretome to affect prostate cell viability. Non-
neoplastic (PNT1A) and neoplastic androgen-sensitive (22Rv1) and androgen-insensitive
(DU145 and PC3) cells were cultured with different proportions of PPAT-CM (0, 10, 20, 30,
40, and 60%) for 24 h, and cell viability was assessed by the SRB assay (Figure 2, Table 3).

Table 3. Maximal increase in the viability of human prostate cells treated with naïve periprostatic
adipose tissue secretome.

Patient No. 1 2 3 4 5 6 7

↑ Cell viability
(% relative to DMEM control)

PNT1A NS NS NS 13 10 17 13

22Rv1 16 10 14 NS 16 NS 14

DU145 13 11 12 12 13 NS NS

PC3 NS 6 11 NS NS 15 13
NS: non-significant, ↑: increase.

The secretome of PPAT from P4, P5, P6, and P7 increased PNT1A cell viability, by
13.19–13.46, 9.94–10.00, 15.50–16.64, and ~6.09–13.43%, respectively, compared to control
(Figure 2, Table 3). Regarding PCa cells, 22Rv1 cell viability was enhanced by the PPAT
secretome of all patients, except P4 and P6 (P1: ~15.54–15.56, P2: ~10.23, P3: ~11.67–14.19,
P5: ~15.62, and P7: ~10.75–13.90% higher viability than in the control; Figure 2, Table 3).
DU145 cell viability was increased upon exposure to PPAT-CM from P1, P2, P3, P4, and P5
(respectively, ~13.45, ~11.22, ~9.71–12.16, ~12.47, and ~10.36–12.52% higher viability than
in the control; Figure 2, Table 3), and in the case of PC3 cells, viability was increased in P2,
P3, P6, and P7 (P2: ~6.00, P3: ~9.17–10.90, P6: ~13.43–14.83, and P7: ~7.31–13.41% higher
viability than in the control; Figure 2, Table 3).

3.3. PPAT Secretome Reduced the Sensitivity of PCa Cells to Docetaxel and Cabazitaxel

Docetaxel and cabazitaxel were selected to investigate whether PPAT secretome con-
tributes to chemotherapeutic drug resistance, considering that docetaxel-based chemother-
apy is used in the treatment of CRPC and that, despite its initial effectiveness, most
patients eventually develop resistance, requiring other cytotoxic approaches, such as cabaz-
itaxel [44,45]. The CRPC cell lines DU145 and PC3 were cultured for 24 h in the absence
or presence of patient PPAT-CM, followed by another 24 h in the absence (control, (-))
or presence of 7 nM docetaxel or 1.5 nM cabazitaxel. Selected concentrations align with
previous studies, demonstrating the effectiveness of these two chemotherapeutic drugs in
significantly reducing DU145 and PC3 cell viability [46–48].
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Figure 2. Effect of naïve periprostatic adipose tissue (PPAT) secretome (conditioned medium, CM) on
the viability of human prostate cells. Non-neoplastic (PNT1A) and neoplastic androgen-sensitive
(22Rv1) and androgen-insensitive (DU145 and PC3) cells were cultured with different percentages (0,
10, 20, 30, and 60%) of PPAT-CM from each patient (1–7) for 24 h, and cell viability was determined
by the SRB assay. Results are expressed as a percentage relative to the DMEM control group. Error
bars indicate mean ± S.E.M. (n = 6/group, ANOVA followed by Tukey’s test). Statistically significant
differences relative to control are indicated as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

Docetaxel and cabazitaxel treatments were effective in significantly decreasing the
viability of DU145 and PC3 cells (DU145: ~50.36 and ~35.78 and PC3: ~43.57% and
~27.4% less viability than in control, respectively; Figure 3). The PPAT-CM of all patients
attenuated the docetaxel-induced reduction in PC3 cells’ viability in ~12.14, ~9.05, ~17.59,
~15.81, ~20.30, and ~16.13% for P1 to P3 and P5 to P7, respectively, while in DU145 this
was only observed for P5, P6, and P7 (~9.08, ~10.80, and ~10.27% attenuation of docetaxel
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effect; Figure 3A). Regarding cabazitaxel, the PPAT-CM from all patients, except P2, was
able to attenuate the cytotoxic effects of cabazitaxel for both cell lines (P1: ~9.14, P3: ~9.58,
P5: ~9.96, P6: ~16.22, and P7: ~18.02% attenuation of cabazitaxel effect in DU145; P1: ~8.05,
P3: ~13.61, P5: ~9.93, P6: ~19.30, and P7: ~11.61% attenuation of cabazitaxel effect in PC3;
Figure 3B).

Figure 3. Effect of naïve periprostatic adipose tissue (PPAT) secretome (conditioned medium, CM)
modulating the sensitivity of human PCa cells to chemotherapeutic drugs. DU145 and PC3 cells were
cultured with 0% or 60% PPAT-CM from each patient (benign prostatic hyperplasia, BPH: 1–3 and
prostate cancer, PCa: 5–7) for 24 h and then maintained for an additional 24 h in the absence or the
presence of (A) docetaxel (7 nM) or (B) cabazitaxel (1.5 nM). Cell viability was determined by the SRB
assay. (-) Cells treated with docetaxel or cabazitaxel without previous culture with PPAT-CM. (1–3,
5–7). Docetaxel- (A) and cabazitaxel-treated (B) cells after pre-culture with 60% PPAT-CM. Results
are normalised and expressed as percentage relative to the respective control groups, i.e., DMEM
for the (-) group (continuous line) and PPAT-CM for 1–3 and 5–7 (dashed line). Error bars indicate
mean ± S.E.M. (n = 6/group, ANOVA followed by Tukey’s test). (*) Statistically significant when
compared to the (-) group. (&) Statistically significant when compared to DMEM control group.
($) Statistically significant when compared to PPAT-CM control group. * p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001 and the same p values for & and $.

3.4. Exposure to TBT Alters PPAT Morphology and Secretome

Patients’ PPAT was cultured ex vivo in the presence or absence of 100 nM TBT
for 48 h, a concentration and exposure time known to induce obesogenic effects [47].
Adipocytes’ size and PPAT secretome were evaluated to investigate the influence of TBT on
these parameters.

Exposure to TBT promoted adipocyte hypertrophy in the PPAT of all patients, from
1.28- to 1.90-fold variation to control PPAT-CM (Figure 4A,B). Also, TBT significantly in-
creased leptin secretion in all patients’ PPAT (1.10- to 1.96-fold variation to PPAT-CM;
Figure 4C), with a highly accentuated effect in P5 (Figure 4C). TBT slightly reduced
adiponectin levels in the PPAT secretome of all patients, except for P2 and P3 (0.92- to
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0.83-fold variation to PPAT-CM; Figure 4D). Variations in the leptin/adiponectin ratio
followed that of leptin (1.13- to 2.16-fold variation to PPAT-CM; Figure 4E). Upon TBT
exposure, CCL7 levels were increased in the PPAT secretome of all patients, except P6,
whose remained unchanged (1.18- to 2.02-fold variation to PPAT-CM; Figure 4F).

Figure 4. Tributyltin (TBT)-induced alterations in the morphology and secretome of human peripro-
static adipose tissue (PPAT). Patients’ (1–7) PPAT was cultured ex vivo in the presence (100 nM) or
absence (control) of TBT for 48 h. (A) Adipocytes’ size measured using the AxioVision Rel. 4.6.3 (Carl
Zeiss, Gottingen, Germany) after haematoxylin and eosin staining. A total of thirty adipocytes per
section were analysed across a minimum of five random fields from each section. (B) PPAT representa-
tive images (Zeiss Axio Imager A1, Carl Zeiss). (C–H) Leptin (C), adiponectin (D), leptin/adiponectin
ratio (E), C-C motif chemokine ligand 7 (CCL7, F), glucose (G), and fatty acids (H) concentration in
PPAT culture medium. Results are expressed as fold variation relative to the control (dashed line).
Error bars indicate mean ± S.E.M. (triplicates of each sample, unpaired t-test). Statistically significant
differences relative to control are indicated as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
BPH: benign prostatic hyperplasia; PCa: prostate cancer.

Regarding metabolic markers, TBT enhanced the glucose levels in the PPAT-CM of
P2, P4, P6, and P7 (1.32- to 1.55-fold variation to PPAT-CM; Figure 4G). FFA secretion was
altered only in P5 (1.18-fold variation to PPAT-CM; Figure 4H).

3.5. Exposure to TBT Enhanced the Effect of PPAT Secretome in Increasing Prostate Cell Viability

PPAT culture media was collected after 48 h of culture ex vivo in the presence or
absence of 100 nM TBT (TBT-PPAT-CM) and used in 24 h CM assays to investigate whether
TBT alters the ability of PPAT secretome to stimulate cell survival.

Overall, TBT enhanced the ability of PPAT secretome to increase prostate cell viability,
except for P7 (Figure 5, Table 4).
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Figure 5. Tributyltin (TBT) effect in enhancing periprostatic adipose tissue (PPAT) secretome (con-
ditioned medium, CM)-induced viability of human prostate cells. Non-neoplastic (PNT1A) and
neoplastic androgen-sensitive (22Rv1) and androgen-insensitive (DU145 and PC3) cells were cultured
with different percentages (0, 10, 20, 30, and 60%) of PPAT-CM or TBT-PPAT-CM from each patient
(1–7) for 24 h, and cell viability was determined by the SRB assay. Results are expressed as percentage
relative to the PPAT-CM control group. Error bars indicate mean ± S.E.M. (n = 6/group, ANOVA
followed by Tukey’s test). Statistically significant differences relative to control are indicated as
* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

TBT-PPAT-CM from P1 and P3 increased PNT1A cell viability, respectively, by ~10.28%
and ~12.84–16.67% compared to PPAT-CM (Figure 5, Table 4). In the case of 22Rv1, cell
viability was increased for TBT-treated P1, P2, and P6 PPAT (respectively, ~15.21, ~18.77,
and ~17.11% higher viability than in PPAT-CM; Figure 5, Table 4). In androgen-insensitive
PCa cells, TBT enhanced the effects of PPAT-CM from P1, P2, P5, and P6 in inducing
DU145 cell viability (respectively, ~15.08, ~23.23, ~8.55, and ~11.01–16.44% higher viability
than in PPAT-CM; Figure 5, Table 4). The same response occurred in PC3 cells with the
TBT-PPAT-CM from P3, P4, and P5 (respectively, ~14.61, ~8.04, and ~10.68% higher viability
than in PPAT-CM; Figure 5, Table 4).
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Table 4. Maximal increase in the viability of human prostate cells exposed to tributyltin-treated
periprostatic adipose tissue secretome.

Patient No. 1 2 3 4 5 6 7

↑ Cell viability
(% relative to PPAT-CM)

PNT1A 10 NS 17 NS NS NS NS

22Rv1 15 19 NS NS NS 17 NS

DU145 15 23 NS NS 9 16 NS

PC3 NS NS 15 8 11 NS NS
NS: non-significant; PPAT-CM: periprostatic adipose tissue-conditioned media, ↑: increase.

To confirm that the effects observed upon exposure to TBT-PPAT-CM were driven by
the TBT-induced alterations in the PPAT secretome and not due to its residual presence, the
compound levels in the CM used for prostate cell culture were quantified by GC-MS. TBT
was not detected in the 48 h culture media of exposed PPAT (Figure 6).

Figure 6. Chromatograms for tributyltin (TBT) and internal standard (IS, tripropyltin) in the
periprostatic adipose tissue-conditioned media (PPAT-CM) in the course of the TBT experiments.
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PPAT was cultured ex vivo in the presence of 100 nM TBT for 48 h. (A) Lower limit of quantification
(LLOQ) for TBT in DMEM medium (23.96 nM). (B) TBT at 0 h of the experiment (100 nM). (C) TBT
after 48 h of culture (not detected). TBT quantifier (I. 179 m/z) and qualifier (II. 235 and III. 121 m/z)
ions are represented, as well as the quantifier ion for the IS (100 µg/mL, IV. 207 m/z).

3.6. TBT Effects on the Potential of PPAT Secretome in Reducing PCa Cells’ Sensitivity to
Docetaxel and Cabazitaxel

To investigate the capability of TBT in modulating the effect of PPAT-CM attenuating
the sensitivity to chemotherapeutic drugs, DU145 and PC3 cells were cultured for 24 h in
the absence or presence of PPAT-CM or TBT-PPAT-CM, followed by another 24 h in the
absence (control) or presence of 7 nM docetaxel or 1.5 nM cabazitaxel. Treatment with TBT
only enhanced the ability of the P2 PPAT secretome in decreasing the sensitivity of CRPC
cells to the studied chemotherapeutic drugs (Figure 7). Specifically, ~25.30% in DU145 and
~18.7% in PC3 for docetaxel, and 31.30% in DU145 for cabazitaxel (Figure 7).

Figure 7. Tributyltin (TBT) effect in modulating the influence of periprostatic adipose tissue (PPAT)
secretome (conditioned medium, CM) on the sensitivity of human PCa cells (DU145 and PC3) to
chemotherapeutic drugs. DU145 and PC3 cells were cultured with 0% or 60% PPAT-CM or TBT-PPAT-
CM from each patient (benign prostatic hyperplasia, BPH: 1–3 and prostate cancer, PCa: 5–7) for 24 h
and then maintained for an additional 24 h in the absence or the presence of (A) docetaxel (7 nM) or
(B) cabazitaxel (1.5 nM). Cell viability was determined by the SRB assay. Results are expressed as
percentage relative to the respective PPAT-CM + drug group (dashed line). Error bars indicate mean
± S.E.M. (n = 6/group, unpaired t-test). Statistically significant differences relative to the respective
PPAT-CM + drug group are indicated as ** p < 0.01.

4. Discussion
The present study aimed to investigate whether exposure to the environmental obeso-

gen TBT alters the secretome and functionality of human PPAT and whether this has an
impact on the viability of prostate cells and on their responsiveness to the chemotherapeutic
drugs docetaxel and cabazitaxel. As a starting point, we characterised the morphology
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and secretome of the naïve PPAT from study participants and their effects on the viability
and response of prostate cells to docetaxel and cabazitaxel. These analyses aimed to es-
tablish a foundational basis for an integrative interpretation of results following exposure
of PPAT to TBT. Regarding adipocyte size, P6 and P7 presented smaller adipocytes than
the other patients. This finding is consistent with previous reports showing that patients
with type 2 diabetes mellitus, as is the case of P6 and P7, exhibit a higher percentage of
small adipocytes [49]. Interestingly, in the subset of patients included in the present work,
overweight was not a determining factor for the presence of larger adipocytes or altered
adipokine secretion. A justification can lie in the tenuous discrepancy of the BMI values
between study subjects. Patients with normal weight (P4 and P5) presented a BMI close to
the limit to be considered as overweight (24.2 and 24.5 kg/m2, respectively, vs. the limit
of 25 kg/m2), and the same tendence was verified in P2 and P3 obese patients (31.0 and
30.7 kg/m2, respectively, vs. the lower limit of 30 kg/m2). Moreover, similar levels of glu-
cose and FFAs were detected in the PPAT secretome of the studied subjects, which indicates
a comparable metabolic status. Notably, patients with higher leptin levels and a higher
leptin/adiponectin ratio in PPAT secretome also showed higher CCL7 secretion (P1, P3, and
P4). Although no direct evidence exists correlating CCL7 with leptin secretion by adipose
tissue, CCL7 is a chemokine involved in recruiting monocytes to sites of inflammation,
and its secretion is influenced by pro-inflammatory stimuli, namely TNF-α [50]. Given
that leptin is strongly associated with inflammation, it is understandable that patients with
higher leptin levels in the PPAT secretome (remitting for a pro-inflammatory state) are
those that display higher CCL7 levels [51,52]. However, it is important to highlight that
the small patient sample allows us to identify only hypothetical associations with patients’
characteristics, and further investigation in comprehensive patient cohorts is needed to
establish correlations accurately.

Communication between PPAT and prostate cells, and PPAT’s influence on prostate cell
fate, have been demonstrated, with PPAT-derived factors promoting the proliferation and
invasiveness of PCa cells [4]. In general, and regardless of the different observed patterns,
the viability of non-neoplastic (PNT1A: P4, P5, P6, and P7) and neoplastic androgen-
sensitive (22Rv1: P1, P2, P3, P5, P7) and insensitive cells (DU145: P1, P2, P3, P5; PC3: P2,
P3, P6, P7) was enhanced by the secretome of human PPAT. Notably, only the secretome
of PPAT from PCa patients increased the viability of non-neoplastic prostate cells. This
outcome led us to hypothesise that not only does PPAT stimulate prostate cell growth but
a dynamic reciprocal interaction between PCa cells and PPAT can also occur. The PPAT
shaped by growing PCa cells gradually adapts its behaviour and acquires a protumoral
phenotype that could sustain cell viability and migration. Knowledge on this “reverse”
relationship is scarce; however, the existing evidence, though limited, demonstrates that the
secretome of PCa cells can modulate adipokine secretion by PPAT, indicating the pervasive
extent to which tumour cells command PPAT to produce factors that would stimulate
their aggressiveness [53].

Regarding responsiveness to chemotherapeutic drugs, PPAT-CM from all patients
attenuated docetaxel-induced suppression of PC3 cells viability. In DU145 cells, only the
PPAT-CM from patients with prostate carcinoma (P5-P7) had the same effect, worsening
the response to docetaxel, further supporting the aforementioned idea that PCa cells can
communicate bidirectionally with PPAT. Presently, there is no definitive explanation for the
broad effects observed in PC3 cells vs. DU145 cells, only with cancer-associated PPAT-CM.
However, as PC3 cells represent a more aggressive stage of PCa than DU145, they may be
more prone to drug resistance and to the actions of PPAT’s secreted factors in attenuating
docetaxel effects.



Med. Sci. 2025, 13, 322 16 of 20

In the case of cabazitaxel, the PPAT-CM of all patients, except P2, attenuated its
cytotoxic effects in both cell lines. Noteworthy, the PPAT secretome was more effective
in reducing sensitivity to cabazitaxel than to docetaxel. These results are particularly
worrisome, as cabazitaxel is used as a later-line treatment for docetaxel-resistant tumours.
The mechanism of action of cabazitaxel resembles docetaxel in binding to tubulin and
stabilising microtubules, but cabazitaxel has lower affinity for the P-glycoprotein efflux
pump [54]. Thus, resistance to docetaxel develops due to the overexpression of βIII-tubulin
and P-glycoprotein, whereas cabazitaxel remains effective in these conditions, making
it a valuable option against docetaxel-resistant tumours [54]. Our observations lead us
to hypothesise that PPAT secretome induces significant molecular alterations that could
sustain the reduction in PCa cells’ sensitivity to these chemotherapeutic agents, with a
greater magnitude in the case of cabazitaxel and likely independent of the expression of βIII-
tubulin and P-glycoprotein. This hypothesis, generated by our ex vivo study, is foundational
for establishing new research objectives to be explored in detail in future studies aimed
at clarifying the contribution of PPAT to treatment resistance in PCa. Exposure to TBT
promoted adipocyte hypertrophy and increased leptin secretion in the PPAT of all patients.
In contrast, it reduced adiponectin levels in the PPAT secretome of all patients (non-
significant in P2 and P3). In the case of energy metabolites, TBT increased glucose levels in
the PPAT-CM of P2, P4, P6, and P7 and FFA levels in P5. The alterations induced by TBT
in PPAT morphology and secretome are in line with those previously reported by us in
PPAT [19] and others in other types of visceral adipose tissue [55]. Leptin, glucose, and FFAs
are proven pro-carcinogenic molecules, with their enhanced presence in the PPAT secretome
and, consequently, in the periprostatic environment posing a risk for PCa development
and aggressiveness. Leptin, a hormone primarily produced by adipose tissue (adipokine),
has elevated levels associated with increased PCa risk and progression by stimulating cell
proliferation, migration, and invasion [56,57]. Concerning energy metabolites, increased
glucose and FFAs can also stimulate PCa development. Cancer cells often exhibit enhanced
glycolytic flux and preferentially rely on glycolysis for ATP production, and higher levels of
FFAs were found in the serum of PCa patients, with in vitro experiments demonstrating that
high FFA levels can stimulate the proliferation, migration, and invasion of PCa cells [58].

The presence of TBT also increased CCL7 levels in the PPAT secretome, an effect
observed in all patient PPATs except P6, consistent with our previous demonstration of the
capacity of this obesogen to deregulate chemokine signalling throughout the PPAT–prostate
cell communication axis [19]. CCL7 has been reported to have pro-tumorigenic actions by
facilitating the migration and invasion of prostate cells in an interplay with the PPAT [6,19].
This is mediated through the CCL7 receptor, C-C motif chemokine receptor 3 (CCR3), where
the CCL7 secreted by the PPAT creates a paracrine loop that stimulates CCR3-expressing
prostate cells to spread locally and potentially metastasise [6]. Moreover, CCL7 contributes
to shaping the immune components of the tumour microenvironment, which can further
support tumour growth and progression [59].

Conversely, adiponectin (reduced levels in TBT-PPAT-CM) is often described as a
protective factor that counteracts PCa development by directly inhibiting prostate cell
proliferation [60,61].

Indeed, TBT exposure was able to either enhance the PPAT-induced increase in prostate
cell viability (only in PCa cells, 22Rv1: P1 and P2; DU145: P1, P2, P5; PC3: P3) or stimulate
PPAT to acquire this capability (PNT1A: P1 and P3; 22Rv1: P6; DU145: P6; PC3: P4 and P5).
TBT (100 nM) was previously shown to directly enhance the proliferation of LNCaP-derived
LA16 PCa cells to the same extent as dihydrotestosterone (DHT) [24]. However, to the best
of our knowledge, this is the first study to show the potential of TBT-dysregulated human
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PPAT to increase prostate cell viability, a property previously shown only by us in rat PPAT
samples [19].

Although TBT did not affect the potential of PPAT-CM to decrease PCa cell sensitivity
to chemotherapeutic drugs in the majority of patients in the study, P2 showed significant
results for docetaxel in both DU145 and PC3 and for cabazitaxel in DU145. This observation,
once more, raises interest in further exploring the effect of TBT on PPAT-induced resistance
to chemotherapy using a larger patient dataset. Another curious observation is that P2
was the least affected by the naïve PPAT secretome in terms of chemotherapeutic drug
resistance. This evidence suggests that TBT may not only have the capability to exacerbate
pre-existing tumorigenicity but also possesses a pro-tumorigenic potential.

5. Conclusions
In conclusion, this study provides preliminary evidence that the secretome of obesogen-

dysregulated PPAT can significantly enhance the viability of prostate cells and may have a
role in PCa resistance to taxane-based chemotherapy (specifically docetaxel and cabazitaxel).
Although the conclusions of the present study must be tempered by some limitations,
namely the sample size, the obtained findings demonstrate that human PPAT is a target of
obesogenic compounds, highlighting the impact that environmental influences may have
on PCa progression. This hypothesis-generating study lays the foundational basis for future
work involving larger patient cohorts and aiming at disclosing the molecular pathways
underpinning prostate carcinogenesis and resistance to chemotherapy induced by obesogen-
dysregulated PPAT. This forthcoming research strategy will allow the identification of
new molecular targets for the development of innovative therapeutic approaches in PCa,
particularly in obese patients.

Author Contributions: Conceptualisation, S.S.; Methodology, S.S., M.F., E.G., E.K.-T. and S.C.;
Validation, S.S.; Formal Analysis, S.S., M.F., C.R., B.J.P., E.G., E.K.-T. and S.C.; Investigation, M.F.,
L.R.S.F. and G.C.; Resources, S.S. and E.G.; Writing—Original Draft Preparation, M.F.; Writing—
Review and Editing, S.S., L.R.S.F., G.C., C.V.V., C.R., B.J.P., E.G., E.K.-T. and S.C.; Supervision, S.S.,
S.C. and E.K.-T.; Project Administration, S.S.; Funding Acquisition, S.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by FEDER funds through the POCI-COMPETE 2020—
Operational Programme Competitiveness and Internationalisation in Axis I—Strengthening research,
technological development and innovation (Project No. 029114—ProMETAB), National Funds by
FCT-Foundation for Science and Technology, Portugal (Project UIDB/00709/2020, PhD fellowships
2021.07367.BD and 2021.07634.BD), and Associação Portuguesa de Urologia/Jaba Recordati (Bolsa de
Investigação em Urologia 2022).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the University of Beira Interior (CE-UBI-Pj-
2022-033-ID1331, 9 May 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors acknowledge the Fluorescence Microscopy facility, part of the
national infrastructure PPBI—Portuguese Platform of Bioimaging, for its support in sample
preparation procedures.

Conflicts of Interest: The authors declare no conflicts of interest.



Med. Sci. 2025, 13, 322 18 of 20

References
1. Estève, D.; Roumiguié, M.; Manceau, C.; Milhas, D.; Muller, C. Periprostatic adipose tissue: A heavy player in prostate cancer

progression. Curr. Opin. Endocr. Metab. Res. 2020, 10, 29–35. [CrossRef]
2. Cao, H.; Wang, Y.; Zhang, D.; Liu, B.; Zhou, H.; Wang, S. Periprostatic Adipose Tissue: A New Perspective for Diagnosing and

Treating Prostate Cancer. J. Cancer 2024, 15, 204–217. [CrossRef]
3. Moreira, A.; Pereira, S.S.; Costa, M.; Morais, T.; Pinto, A.; Fernandes, R.; Monteiro, M.P. Adipocyte secreted factors enhance

aggressiveness of prostate carcinoma cells. PLoS ONE 2015, 10, e0123217. [CrossRef] [PubMed]
4. Ribeiro, R.; Monteiro, C.; Cunha, V.; Oliveira, M.; Freitas, M.; Fraga, A.; Príncipe, P.; Lobato, C.; Lobo, F.; Morais, A.; et al. Human

periprostatic adipose tissue promotes prostate cancer aggressiveness in vitro. J. Exp. Clin. Cancer Res. 2012, 31, 32. [CrossRef]
[PubMed]

5. Uzun, E.; Polat, M.E.; Ceviz, K.; Olcucuoglu, E.; Tastemur, S.; Kasap, Y.; Senel, S.; Ozdemir, O. The importance of periprostatic fat
tissue thickness measured by preoperative multiparametric magnetic resonance imaging in upstage prediction after robot-assisted
radical prostatectomy. Investig. Clin. Urol. 2023, 65, 53. [CrossRef]

6. Laurent, V.; Guerard, A.; Mazerolles, C.; Le Gonidec, S.; Toulet, A.; Nieto, L.; Zaidi, F.; Majed, B.; Garandeau, D.; Socrier, Y.; et al.
Periprostatic adipocytes act as a driving force for prostate cancer progression in obesity. Nat. Commun. 2016, 7, 10230. [CrossRef]

7. Liotti, A.; La Civita, E.; Cennamo, M.; Crocetto, F.; Ferro, M.; Guadagno, E.; Insabato, L.; Imbimbo, C.; Palmieri, A.; Mirone,
V. Periprostatic adipose tissue promotes prostate cancer resistance to docetaxel by paracrine IGF-1 upregulation of TUBB2B
beta-tubulin isoform. Prostate 2021, 81, 407–417. [CrossRef]

8. Cassinello, J.; Carballido Rodríguez, J.; Antón Aparicio, L. Role of taxanes in advanced prostate cancer. Clin. Transl. Oncol. 2016,
18, 972–980. [CrossRef]

9. Ge, R.; Wang, Z.; Cheng, L. Tumor microenvironment heterogeneity an important mediator of prostate cancer progression and
therapeutic resistance. npj Precis. Oncol. 2022, 6, 31. [CrossRef] [PubMed]

10. Grün, F.; Blumberg, B. Environmental obesogens: Organotins and endocrine disruption via nuclear receptor signaling.
Endocrinology 2006, 147, S50–S55. [CrossRef]

11. Janesick, A.S.; Blumberg, B. Obesogens: An emerging threat to public health. Am. J. Obstet. Gynecol. 2016, 214, 559–565. [CrossRef]
12. Darbre, P.D. Endocrine disruptors and obesity. Curr. Obes. Rep. 2017, 6, 18–27. [CrossRef]
13. Birnbaum, L.S. When environmental chemicals act like uncontrolled medicine. TEM 2013, 24, 321–323. [CrossRef]
14. Gore, A.; Chappell, V.; Fenton, S.; Flaws, J.; Nadal, A.; Prins, G.; Toppari, J.; Zoeller, R. Executive summary to EDC-2: The

Endocrine Society’s second scientific statement on endocrine-disrupting chemicals. Endocr. Rev. 2015, 36, 593–602. [CrossRef]
[PubMed]

15. Diamanti-Kandarakis, E.; Bourguignon, J.P.; Giudice, L.C.; Hauser, R.; Prins, G.S.; Soto, A.M.; Zoeller, R.T.; Gore, A.C. Endocrine-
disrupting chemicals: An Endocrine Society scientific statement. Endocr. Rev. 2009, 30, 293–342. [CrossRef] [PubMed]

16. Trasande, L.; Sargis, R.M. Endocrine-disrupting chemicals: Mainstream recognition of health effects and implications for the
practicing internist. J. Int. Med. 2024, 295, 259–274. [CrossRef] [PubMed]

17. Lobstein, T.; Brownell, K.D. Endocrine-disrupting chemicals and obesity risk: A review of recommendations for obesity prevention
policies. Obes. Rev. 2021, 22, e13332. [CrossRef]

18. Mohajer, N.; Du, C.Y.; Checkcinco, C.; Blumberg, B. Obesogens: How they are identified and molecular mechanisms underlying
their action. Front. Endocrinol. 2021, 12, 780888. [CrossRef]

19. Feijó, M.; Casanova, C.R.; Fonseca, L.R.; Figueira, M.I.; Brás, L.A.; Catarro, G.; Gallardo, E.; Kiss-Toth, E.; Correia, S.; Socorro, S.
Tributyltin-dysregulated periprostatic adipose tissue enhances prostate cell survival and migration, implicating the CC motif
chemokine receptor 3. J. Environ. Sci. 2025; in press. [CrossRef]

20. Feijó, M.; Carvalho, T.; Fonseca, L.R.; Vaz, C.V.; Pereira, B.J.; Cavaco, J.E.B.; Maia, C.J.; Duarte, A.P.; Kiss-Toth, E.; Correia, S.
Endocrine-disrupting chemicals as prostate carcinogens. Nat. Rev. Urol. 2025, 22, 609–631. [CrossRef]

21. Administração Central do Sistema de Saúde: Valores Laboratoriais de Referência. Available online: https://www.acss.min-
saude.pt/wp-content/uploads/2018/09/tabela.pdf (accessed on 6 November 2024).

22. Normas de Prescrição e Determinação do Antigénio Específico da Próstata. Available online: https://normas.dgs.min-
saude.pt/wp-content/uploads/2019/09/prescricao-e-determinacao-do-antigenio-especifico-da-prostata_psa.pdf (accessed on
6 November 2024).

23. Vaz, C.; Silva, G.; Carvalho, T.; Serra, C.; Brás, L.; Fonseca, L.; Figueira, M.; Cardoso, H.; Duarte, A.; Socorro, S. Human neoplastic
and non-neoplastic prostate cells are sensitive to metabolic (de) regulation induced by endocrine disrupting chemicals and dietary
factors. Eur. Urol. Suppl. 2019, 18, e3151. [CrossRef]

24. Yamabe, Y.; Hoshino, A.; Imura, N.; Suzuki, T.; Himeno, S. Enhancement of androgen-dependent transcription and cell
proliferation by tributyltin and triphenyltin in human prostate cancer cells. Toxicol. Appl. Pharmacol. 2000, 169, 177–184. [CrossRef]

https://doi.org/10.1016/j.coemr.2020.02.007
https://doi.org/10.7150/jca.89750
https://doi.org/10.1371/journal.pone.0123217
https://www.ncbi.nlm.nih.gov/pubmed/25928422
https://doi.org/10.1186/1756-9966-31-32
https://www.ncbi.nlm.nih.gov/pubmed/22469146
https://doi.org/10.4111/icu.20230215
https://doi.org/10.1038/ncomms10230
https://doi.org/10.1002/pros.24117
https://doi.org/10.1007/s12094-015-1480-y
https://doi.org/10.1038/s41698-022-00272-w
https://www.ncbi.nlm.nih.gov/pubmed/35508696
https://doi.org/10.1210/en.2005-1129
https://doi.org/10.1016/j.ajog.2016.01.182
https://doi.org/10.1007/s13679-017-0240-4
https://doi.org/10.1016/j.tem.2012.12.005
https://doi.org/10.1210/er.2015-1093
https://www.ncbi.nlm.nih.gov/pubmed/26414233
https://doi.org/10.1210/er.2009-0002
https://www.ncbi.nlm.nih.gov/pubmed/19502515
https://doi.org/10.1111/joim.13748
https://www.ncbi.nlm.nih.gov/pubmed/38037246
https://doi.org/10.1111/obr.13332
https://doi.org/10.3389/fendo.2021.780888
https://doi.org/10.1016/j.jes.2025.06.015
https://doi.org/10.1038/s41585-025-01031-9
https://www.acss.min-saude.pt/wp-content/uploads/2018/09/tabela.pdf
https://www.acss.min-saude.pt/wp-content/uploads/2018/09/tabela.pdf
https://normas.dgs.min-saude.pt/wp-content/uploads/2019/09/prescricao-e-determinacao-do-antigenio-especifico-da-prostata_psa.pdf
https://normas.dgs.min-saude.pt/wp-content/uploads/2019/09/prescricao-e-determinacao-do-antigenio-especifico-da-prostata_psa.pdf
https://doi.org/10.1016/S1569-9056(19)33392-5
https://doi.org/10.1006/taap.2000.9067


Med. Sci. 2025, 13, 322 19 of 20

25. Pereira-Fernandes, A.; Vanparys, C.; Hectors, T.L.; Vergauwen, L.; Knapen, D.; Jorens, P.G.; Blust, R. Unraveling the mode of
action of an obesogen: Mechanistic analysis of the model obesogen tributyltin in the 3T3-L1 cell line. Mol. Cell. Endrocinol. 2013,
370, 52–64. [CrossRef]

26. Cussenot, O.; Berthon, P.; Berger, R.; Mowszowicz, I.; Faille, A.; Hojman, F.; Teillac, P.; Le Duc, A.; Calvo, F. Immortalization of
human adult normal prostatic epithelial cells by liposomes containing large T-SV40 gene. J. Urol. 1991, 146, 881–886. [CrossRef]

27. Cardoso, H.J.; Figueira, M.I.; Carvalho, T.M.; Serra, C.D.; Vaz, C.V.; Madureira, P.A.; Socorro, S. Androgens and low density
lipoprotein-cholesterol interplay in modulating prostate cancer cell fate and metabolism. Pathol. Res. Pract. 2022, 240, 154181.
[CrossRef] [PubMed]

28. Silva, G.R.; Vaz, C.V.; Catalão, B.; Ferreira, S.; Cardoso, H.J.; Duarte, A.P.; Socorro, S. Sweet cherry extract targets the hallmarks of
cancer in prostate cells: Diminished viability, increased apoptosis and suppressed glycolytic metabolism. Nutr. Cancer 2020, 72,
917–931. [CrossRef]

29. Avancès, C.; Georget, V.; Térouanne, B.; Orio, F., Jr.; Cussenot, O.; Mottet, N.; Costa, P.; Sultan, C. Human prostatic cell line
PNT1A, a useful tool for studying androgen receptor transcriptional activity and its differential subnuclear localization in the
presence of androgens and antiandrogens. Mol. Cell. Endrocinol. 2001, 184, 13–24. [CrossRef]

30. Tamarindo, G.H.; Ribeiro, D.L.; Gobbo, M.G.; Guerra, L.H.; Rahal, P.; Taboga, S.R.; Gadelha, F.R.; Góes, R.M. Melatonin and
docosahexaenoic acid decrease proliferation of PNT1A prostate benign cells via modulation of mitochondrial bioenergetics and
ROS production. Oxid. Med. Cell Longev. 2019, 2019, 5080798. [CrossRef]

31. Sramkoski, R.M.; Pretlow, T.G.; Giaconia, J.M.; Pretlow, T.P.; Schwartz, S.; Sy, M.-S.; Marengo, S.R.; Rhim, J.S.; Zhang, D.;
Jacobberger, J.W. A new human prostate carcinoma cell line, 22Rv1. In Vitro Cell Dev. Biol. Anim. 1999, 35, 403–409. [CrossRef]
[PubMed]

32. Stone, K.R.; Mickey, D.D.; Wunderli, H.; Mickey, G.H.; Paulson, D.F. Isolation of a human prostate carcinoma cell line (DU 145).
Int. J. Cancer 1978, 21, 274–281. [CrossRef] [PubMed]

33. Kaighn, M.; Narayan, K.S.; Ohnuki, Y.; Lechner, J.F.; Jones, L. Establishment and characterization of a human prostatic carcinoma
cell line (PC-3). Investig. Urol. 1979, 17, 16–23.

34. Zachariadis, G.; Rosenberg, E. Speciation of organotin compounds in urine by GC–MIP-AED and GC–MS after ethylation and
liquid–liquid extraction. J. Chromatogr. B Biomed. Appl. 2009, 877, 1140–1144. [CrossRef] [PubMed]

35. Yáñez, J.; Riffo, P.; Santander, P.; Mansilla, H.D.; Mondaca, M.A.; Campos, V.; Amarasiriwardena, D. Biodegradation of tributyltin
(TBT) by extremophile bacteria from Atacama Desert and speciation of tin by-products. BECT 2015, 95, 126–130. [CrossRef]

36. Al-Hamodi, Z.; Al-Habori, M.; Al-Meeri, A.; Saif-Ali, R. Association of adipokines, leptin/adiponectin ratio and C-reactive
protein with obesity and type 2 diabetes mellitus. Diabetol. Metab. Syndr. 2014, 6, 99. [CrossRef]

37. Diamond, J.; Frank, B.; Cuthbertson, D.; Hanna, S.; Eichler, D. Correlates of adiponectin and the leptin/adiponectin ratio in obese
and non-obese children. JPEM 2004, 17, 1069–1076. [CrossRef] [PubMed]

38. Gao, Q.; Zheng, J. Adiponectin-induced antitumor activity on prostatic cancers through inhibiting proliferation. Cell Biochem.
Biophys. 2014, 70, 461–465. [CrossRef]

39. Lee, S.Y.; Park, S.J.; Jang, I.H.; Myung, S.C.; Kim, T.H. The effects of adiponectin and leptin in the proliferation of prostate cancer
cells. Korean J. Urol. 2009, 50, 493–497. [CrossRef]

40. Frankenberry, K.A.; Somasundar, P.; McFadden, D.W.; Vona-Davis, L.C. Leptin induces cell migration and the expression of
growth factors in human prostate cancer cells. Am. J. Surg. 2004, 188, 560–565. [CrossRef]

41. Gorrab, A.; Pagano, A.; Ayed, K.; Chebil, M.; Derouiche, A.; Kovacic, H.; Gati, A. Leptin promotes prostate cancer proliferation
and migration by stimulating STAT3 pathway. Nutr. Cancer 2021, 73, 1217–1227. [CrossRef]

42. Xu, C.-J.; Dong, L.-L.; Kang, X.-L.; Li, Z.-M.; Zhang, H.-Y. Leptin promotes proliferation and inhibits apoptosis of prostate cancer
cells by regulating ERK1/2 signaling pathway. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 8341–8348. [CrossRef]

43. Fidelito, G.; Watt, M.J.; Taylor, R.A. Personalized medicine for prostate cancer: Is targeting metabolism a reality? Front. Oncol.
2022, 11, 778761. [CrossRef] [PubMed]

44. Gallardo, E.; Arranz, J.Á.; Maroto, J.P.; León, L.Á.; Bellmunt, J. Expert opinion on chemotherapy use in castration-resistant
prostate cancer progressing after docetaxel. Crit. Rev. Oncol. Hematol. 2013, 88, 357–367. [CrossRef]

45. Heidenreich, A.; Pfister, D. Cabazitaxel in the Management of Metastatic Castration-resistant Prostate Cancer Progressing After
Docetaxel-based Chemotherapy. Eur. Oncol. Haematol. 2012, 13, 1165–1173. [CrossRef]

46. Cancino-Marentes, M.E.; Hernández-Flores, G.; Ortiz-Lazareno, P.C.; Villaseñor-García, M.M.; Orozco-Alonso, E.; Sierra-Díaz, E.;
Solís-Martínez, R.A.; Cruz-Gálvez, C.C.; Bravo-Cuellar, A. Sensitizing the cytotoxic action of Docetaxel induced by Pentoxifylline
in a PC3 prostate cancer cell line. BMC Urol. 2021, 21, 38. [CrossRef]

47. Mohammadian, J.; Sabzichi, M.; Molavi, O.; Shanehbandi, D.; Samadi, N. Combined treatment with stattic and docetaxel alters
the Bax/Bcl-2 gene expression ratio in human prostate cancer cells. APJCP 2016, 17, 5031. [CrossRef] [PubMed]

48. Cevik, O.; Acidereli, H.; Turut, F.A.; Yildirim, S.; Acilan, C. Cabazitaxel exhibits more favorable molecular changes compared to
other taxanes in androgen-independent prostate cancer cells. J. Biochem. Mol. Toxicol. 2020, 34, e22542. [CrossRef]

https://doi.org/10.1016/j.mce.2013.02.011
https://doi.org/10.1016/S0022-5347(17)37953-3
https://doi.org/10.1016/j.prp.2022.154181
https://www.ncbi.nlm.nih.gov/pubmed/36327818
https://doi.org/10.1080/01635581.2019.1661502
https://doi.org/10.1016/S0303-7207(01)00669-4
https://doi.org/10.1155/2019/5080798
https://doi.org/10.1007/s11626-999-0115-4
https://www.ncbi.nlm.nih.gov/pubmed/10462204
https://doi.org/10.1002/ijc.2910210305
https://www.ncbi.nlm.nih.gov/pubmed/631930
https://doi.org/10.1016/j.jchromb.2009.02.065
https://www.ncbi.nlm.nih.gov/pubmed/19299208
https://doi.org/10.1007/s00128-015-1561-1
https://doi.org/10.1186/1758-5996-6-99
https://doi.org/10.1515/JPEM.2004.17.8.1069
https://www.ncbi.nlm.nih.gov/pubmed/15379417
https://doi.org/10.1007/s12013-014-9941-4
https://doi.org/10.4111/kju.2009.50.5.493
https://doi.org/10.1016/j.amjsurg.2004.07.031
https://doi.org/10.1080/01635581.2020.1792946
https://doi.org/10.26355/eurrev_202008_22630
https://doi.org/10.3389/fonc.2021.778761
https://www.ncbi.nlm.nih.gov/pubmed/35127483
https://doi.org/10.1016/j.critrevonc.2013.06.008
https://doi.org/10.17925/EOH.2012.08.01.42
https://doi.org/10.1186/s12894-021-00807-6
https://doi.org/10.22034/APJCP.2016.17.11.5031
https://www.ncbi.nlm.nih.gov/pubmed/28032735
https://doi.org/10.1002/jbt.22542


Med. Sci. 2025, 13, 322 20 of 20

49. Fang, L.; Guo, F.; Zhou, L.; Stahl, R.; Grams, J. The cell size and distribution of adipocytes from subcutaneous and visceral fat is
associated with type 2 diabetes mellitus in humans. Adipocyte 2015, 4, 273–279. [CrossRef]

50. Kabir, S.M.; Lee, E.-S.; Son, D.-S. Chemokine network during adipogenesis in 3T3-L1 cells: Differential response between growth
and proinflammatory factor in preadipocytes vs. adipocytes. Adipocyte 2014, 3, 97–106. [CrossRef]

51. Dessie, G.; Ayelign, B.; Akalu, Y.; Shibabaw, T.; Molla, M.D. Effect of leptin on chronic inflammatory disorders: Insights to
therapeutic target to prevent further cardiovascular complication. Diabetes Metab. Syndr. Obes. 2021, 14, 3307–3322. [CrossRef]
[PubMed]

52. Vilariño-García, T.; Polonio-González, M.L.; Pérez-Pérez, A.; Ribalta, J.; Arrieta, F.; Aguilar, M.; Obaya, J.C.; Gimeno-Orna, J.A.;
Iglesias, P.; Navarro, J. Role of leptin in obesity, cardiovascular disease, and type 2 diabetes. Int. J. Mol. Sci. 2024, 25, 2338.
[CrossRef]

53. Ribeiro, R.J.; Monteiro, C.P.; Cunha, V.F.; Azevedo, A.S.; Oliveira, M.J.; Monteiro, R.; Fraga, A.M.; Príncipe, P.; Lobato, C.; Lobo, F.
Tumor cell-educated periprostatic adipose tissue acquires an aggressive cancer-promoting secretory profile. Cell. Physiol. Biochem.
2012, 29, 233–240. [CrossRef] [PubMed]

54. Chen, Y.; Pan, Y.; Hu, D.; Peng, J.; Hao, Y.; Pan, M.; Yuan, L.; Yu, Y.; Qian, Z. Recent progress in nanoformulations of cabazitaxel.
Biomed. Mat. 2021, 16, 032002. [CrossRef] [PubMed]

55. Bertuloso, B.D.; Podratz, P.L.; Merlo, E.; de Araújo, J.F.; Lima, L.C.; de Miguel, E.C.; de Souza, L.N.; Gava, A.L.; de Oliveira, M.;
Miranda-Alves, L. Tributyltin chloride leads to adiposity and impairs metabolic functions in the rat liver and pancreas. Toxicol.
Lett. 2015, 235, 45–59. [CrossRef]

56. Noda, T.; Kikugawa, T.; Tanji, N.; Miura, N.; Asai, S.; Higashiyama, S.; Yokoyama, M. Long-term exposure to leptin enhances the
growth of prostate cancer cells. Int. J. Oncol. 2015, 46, 1535–1542. [CrossRef]

57. Philp, L.K.; Rockstroh, A.; Sadowski, M.C.; Fard, A.T.; Lehman, M.; Tevz, G.; Libério, M.S.; Bidgood, C.L.; Gunter, J.H.; McPherson,
S. Leptin antagonism inhibits prostate cancer xenograft growth and progression. Endocr. Relat. Cancer 2021, 28, 353–375. [CrossRef]

58. Cardoso, H.J.; Carvalho, T.M.; Fonseca, L.R.; Figueira, M.I.; Vaz, C.V.; Socorro, S. Revisiting prostate cancer metabolism: From
metabolites to disease and therapy. Med. Res. Rev. 2021, 41, 1499–1538. [CrossRef]

59. Lee, Y.S.; Cho, Y.B. CCL7 Signaling in the Tumor Microenvironment in Tumor Microenvironment; Advances in Experimental Medicine
and Biology; Springer: Cham, Switzerland, 2020; Volume 1231, pp. 33–43.

60. Bub, J.D.; Miyazaki, T.; Iwamoto, Y. Adiponectin as a growth inhibitor in prostate cancer cells. BBRC 2006, 340, 1158–1166.
[CrossRef] [PubMed]

61. Zakikhani, M.; Dowling, R.J.; Sonenberg, N.; Pollak, M.N. The effects of adiponectin and metformin on prostate and colon
neoplasia involve activation of AMP-activated protein kinase. Cancer Prev. Res. 2008, 1, 369–375. [CrossRef]

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/10.1080/21623945.2015.1034920
https://doi.org/10.4161/adip.28110
https://doi.org/10.2147/DMSO.S321311
https://www.ncbi.nlm.nih.gov/pubmed/34305402
https://doi.org/10.3390/ijms25042338
https://doi.org/10.1159/000337604
https://www.ncbi.nlm.nih.gov/pubmed/22415092
https://doi.org/10.1088/1748-605X/abe396
https://www.ncbi.nlm.nih.gov/pubmed/33545700
https://doi.org/10.1016/j.toxlet.2015.03.009
https://doi.org/10.3892/ijo.2015.2845
https://doi.org/10.1530/ERC-20-0405
https://doi.org/10.1002/med.21766
https://doi.org/10.1016/j.bbrc.2005.12.103
https://www.ncbi.nlm.nih.gov/pubmed/16403434
https://doi.org/10.1158/1940-6207.CAPR-08-0081

	Introduction 
	Materials and Methods 
	Reagents 
	Human Samples 
	Ex Vivo Culture of PPAT and TBT Treatment 
	Histological Analysis 
	Enzyme-Linked Immunosorbent Assays (ELISA) 
	Quantification of Extracellular Metabolites 
	Human Prostate Cell Lines 
	CM Assays and Chemotherapeutic Drug Treatments 
	Cell Viability Assays 
	Gas Chromatography-Mass Spectrometry (GC-MS) 
	Statistical Analysis 

	Results 
	Characterisation of PPAT Morphology and Secretome 
	PPAT Secretome Slightly Increases Prostate Cell Viability 
	PPAT Secretome Reduced the Sensitivity of PCa Cells to Docetaxel and Cabazitaxel 
	Exposure to TBT Alters PPAT Morphology and Secretome 
	Exposure to TBT Enhanced the Effect of PPAT Secretome in Increasing Prostate Cell Viability 
	TBT Effects on the Potential of PPAT Secretome in Reducing PCa Cells’ Sensitivity to Docetaxel and Cabazitaxel 

	Discussion 
	Conclusions 
	References

