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A B S T R A C T

In Campania Region, an area known as the ‘Land of Fires’, has been described as an open-air dump due to the 
illegal discharges of toxic substances. The dog (Canis familiaris) represents a useful sentinel for tracking envi
ronmental risks. To this aim, fifty male stray dogs were enrolled, and testicular samples were processed for 
histological, chemical and molecular analyses. The animals were classified into four groups, from normal 
spermatogenesis to intratubular seminoma. Inductively coupled plasma mass spectrometry (ICP-MS) was con
ducted to assess metal and metalloid concentrations. Collagen deposition was assessed by Masson’s trichrome 
and Picrosirius red staining. Immunohistochemistry and Western blot analyses were carried out to evaluate 17β- 
hydroxysteroid dehydrogenase (17β-HSD), Cytochrome P450 aromatase (P450), and the Proliferating Cell Nu
clear Antigen (PCNA). Chemical analysis revealed significant group differences for cadmium, nickel and uranium 
levels across all histological groups. These findings suggest a distinct testicular profile, with differential metal 
accumulation by lesion severity and altered steroidogenic and proliferative processes.

1. Introduction

Human driven pollution has influenced the environment during the 
past fifty years, affecting ecosystems and the health of living organisms 
(Fuller et al., 2022; Prüss-Üstün et al., 2016). In the last decades, male 
infertility has increasingly been associated with exposure to environ
mental pollutants such as metals and metalloids. Among these elements, 
Cadmium (Cd), Nickel (Ni), and Uranium (U) have been associated with 
reduced male fertility and male reproductive dysfunction even at very 
low concentrations (Grison et al., 2022; Legendre et al., 2025; Lov
aković, 2020; Parveen et al., 2024; Zhu et al., 2020). These substances 
are of particular concern for human and animal health, as they may 
impair testicular enzyme expression and the functions of Sertoli and 
Leydig cells (Mukherjee et al., 2022; Sharpe, 2024; Vinnikov and Syurin, 

2024; Zhu et al., 2020). Nevertheless, the biological mechanisms linking 
exposure to metals and metalloids to canine testicular diseases remain 
unclear and require further investigation. Given the ubiquitous presence 
of these substances and their reproductive toxicity in both humans and 
animals, specific investigations in polluted areas are necessary to better 
understand the effects of these elements on animal reproductive health 
(Afzal and Mahreen, 2024; Esposito et al., 2019). In light of these ob
servations, our study was developed in one of the most critical envi
ronmental contexts in Italy: ‘The Land of Fires’, an area in Campania 
Region known for its illegal waste disposal including metals and met
alloids (Alberti, 2022; Comba et al., 2006; Triassi et al., 2015). Although 
most studies have focused on mapping soil and water contamination risk 
or environment–cancer epidemiological studies (Alberti, 2022; Di 
Napoli et al., 2025; Ferrante et al., 2020; Triassi et al., 2015), to the best 
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of our knowledge, specific investigations addressing testicular accu
mulation of metals and metalloids in testicular tissue of dogs living in 
highly polluted areas in Campania Region are still lacking. From a One 
Health perspective, domestic dog (Canis familiaris) represents an excel
lent sentinel species for human environmental risks (Chen et al., 2023; 
Hampton et al., 2023; Ottaiano et al., 2025; Sumner et al., 2020). 
Indeed, humans and dogs share the same environment, resulting in 
exposure to the same contaminants. However, their shorter life expec
tancy also allows for earlier detection of the effects of chronic exposure, 
thus making them an ideal model system for investigating the effects of 
pollutants on the reproductive system (Pocar et al., 2023; Sumner et al., 
2021). However, testicular toxicity may extend beyond germ cells 
depletion to include steroidogenic dysregulation, altered proliferative 
activity, and stromal remodelling. Consequently, an integrated 
approach is needed to characterize the biological mechanisms under
lying testicular damage. In this context, 17β-hydroxysteroid dehydro
genase (17β-HSD) is a key marker of steroidogenic function and 
androgen biosynthesis, whereas cytochrome P450 aromatase (P450) 
informs on local estrogen pathway regulation and steroidogenic imbal
ance (Christin-Maitre and Young, 2022; Carreau and Hess, 2010; 
O’Donnell et al., 2001). The Proliferating cell nuclear antigen (PCNA) 
provides an index of proliferative activity and spermatogenic turnover 
(Sumner et al., 2021), while collagen deposition and changes in collagen 
fibre birefringence under polarised light reflect fibrotic remodelling of 
collagen and chronic tissue injury (Verderame et al., 2022; Rosati et al., 
2023). Therefore, the aims of our study were to quantify testicular 
concentrations of metals and metalloids in dogs living in highly polluted 
areas and to investigate their association with histological, and molec
ular alterations in canine testes.

2. Materials and Methods

2.1. Ethics statement

All procedures were conducted in accordance with the European 
Directive 2010/63/EU and approved by the Ethical Animal Care and Use 
Committee of the University of Naples Federico II (Protocol No. PG/ 
2023/0029409). Sampling was performed exclusively during routine 
castration procedures; no animal was sacrificed for research purposes or 
previously used in any clinical trials or treatments.

2.2. Area of sampling and inclusion criteria

Canine testes (total number 100) were obtained from 50 stray mixed- 
breed dogs after routine castrations performed at the Health District of 
Caivano (ASL Napoli 2 Nord DS 45 Caivano) between March 2023 and 
March 2025. All dogs included in the study originated from munici
palities within the provinces of Naples and Caserta (details in Table 1). 
Inclusion criteria for the study were as follows: 1) dogs originating from 
the provinces of Naples and Caserta, within an approximate 40-km 
radius; 2) estimated age between 1 and 5 years, evaluated by a veteri
narian; 3) adult male stray mixed-breed dogs of medium body size; 4) no 
administration of drugs or hormonal treatments known to affect sper
matogenesis prior to orchidectomy. Immediately after surgery, ten 
micro-biopsies (~0.3 g each) were collected from each testis (total ~3 g 
per testis) and stored at − 80 ◦C until use for chemical and molecular 
investigations. The remaining tissue was fixed and processed for histo
pathological analysis.

2.3. Histopathological analysis

2.3.1. Tissue processing, staining and image acquisition
Testes were cut following a longitudinal section plan and immedi

ately fixed in 10% neutral buffered formalin (05–01005Q, BioOptica, 
Milan, Italy) for 72 h. After fixation, sections were trimmed, placed into 
the cassette, dehydrated, and embedded in paraffin wax. 3–4 µm 

sections were stained with Haematoxylin and Eosin (H&E) for basic 
morphology (Piegari et al., 2024), Masson’s Trichrome (MT) (Zappulli 
et al., 2026) to assess collagen deposition, and Picrosirius-Red (PR) 
staining to assess collagen fibre birefringence (Power et al., 2026). Each 
stained cross-section was digitized and scanned with slide scanner 
(PANNORAMIC® 1000 DX, 3DHISTECH Ltd., Budapest, Hungary) and a 
free-access slide viewing software from the same firm, CaseViewer, was 
used (CaseViewer 2.3.0.99276, 3DHISTECH Ltd., Budapest, Hungary) to 
allow visualization and evaluation of the whole testis cross section 
(d'Aquino et al., 2026). Randomized pictures (fourteen images per testis) 
were taken on 10 × magnification and each picture represented at least 
6–8 whole seminiferous tubules.

2.3.2. Morphologic analysis and grading system
Histopathological assessment was carried out by two independent 

pathologists using a modified Johnsen scoring system (Johnsen, 1970). 
For each testis, 20 non-overlapping fields at high-power magnification 
(40 ×) were evaluated, and 100 seminiferous tubules were scored on a 
scale from 10 to 1 according to the presence or absence of spermatozoa, 
spermatids, spermatocytes, spermatogonia and Sertoli cells. The overall 
Johnsen score (JSC) for each testis was calculated as the mean of the 
scores of all evaluated tubules. In agreement with Sumner et al. (2021), 
which provided a baseline for defining abnormalities in canine testes, 
JSC values ≤ 7 were considered atypical. Each dog was assigned a single 
histological category based on the lesion found in most tubules observed 
in one of the testes, as follows:

Group A (normal spermatogenesis): dogs in which both testes 
showed normal spermatogenesis or only minimal disorganisation, cor
responding to JSC 10–8.

Group B (mildly altered spermatogenesis): dogs with no neoplasia 
and at least one testis showing mild-to-moderate spermatogenic 
impairment (reduced spermatozoa and/or predominance of early germ 
cells), corresponding to JSC 7–4, while the contralateral testis ranged 
from normal to mildly affected.

Group C (severely altered spermatogenesis): dogs with no neoplasia 
and both testes exhibiting moderate-to-severe degeneration (germinal 
epithelium atrophy, Sertoli cell loss, spermatogenic arrest), corre
sponding to JSC 3–1.

Table 1 
Municipalities of origin of the enrolled dogs from the Provinces of Naples and 
Caserta. The left section lists municipalities from the Province of Naples, while 
the right section lists those from the Province of Caserta.

Geographic Area (Naples) Age Geographic Area (Caserta) Age

Acerra (Na) 1 year Caserta 1 year
Acerra (Na) 2 years Caserta 3 years
Caivano (Na) 1 year Caserta 2 years
Caivano (Na) 1 year Caserta 4 years
Caivano (Na) 2 years Caserta 5 years
Caivano (Na) 3 years Francolise (Ce) 1 year
Casavatore (Na) 3 years Francolise (Ce) 1 year
Casoria (Na) 3 years Marcianise (Ce) 2 years
Frattaminore (Na) 1 year Marcianise (Ce) 2 years
Frattaminore (Na) 2 years Marcianise (Ce) 2 years
Giugliano (Na) 1 year Mondragone (Ce) 1 year
Giugliano (Na) 3 years Mondragone (Ce) 2 years
Giugliano (Na) 5 years Mondragone (Ce) 2 years
Giugliano (Na) 2 years Mondragone (Ce) 3 years
Marigliano (Na) 4 years Orta di Atella (Ce) 1 year
Melito di Napoli 4 years Orta di Atella (Ce) 3 years
Napoli 1 year Pignataro Maggiore (Ce) 1 year
Napoli 1 year Pignataro Maggiore (Ce) 1 year
Napoli 2 years Riardo (Ce) 1 year
Napoli 3 years Riardo (Ce) 2 years
Napoli 2 years Ruviano (Ce) 1 year
Napoli 4 years Ruviano (Ce) 1 year
San Giorgio a Cremano (Na) 4 years Succivo (Ce) 2 years
Sant’Antimo (Na) 4 years Succivo (Ce) 5 years
Sant’Antimo (Na) 2 years Succivo (Ce) 3 years
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Group D (neoplastic): dogs in which at least one testis displayed 
intratubular seminoma, irrespective of the condition of the contralateral 
testis.

2.4. Chemical analysis

Chemical analyses were conducted at the laboratory ACE-Analytical 
Chemistry for the Environment of the University of Naples Federico II. 
Sample and solution preparation were performed using deionised ul
trapure water, which was acquired from a Milli-Q unit (Millipore, United 
States) with resistivity ρ ≥ 18.2 MΩ⋅cm. Ultrapure nitric acid (HNO₃, 
69% v/v, Ultratrace® grade for ppb-trace analysis) obtained from 
Scharlau (Barcelona, Spain) was used. The following multi-element so
lutions were used to construct the calibration curves needed for quan
tification and instrumental controls: IMS− 120, Multielement 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) calibration 
standard 30 analytes, and IMS− 108, Multielement ICP-MS calibration 
standard 21 analytes were obtained from Ultra Scientific Italia S.r.l. 
(Bologna, Italy); single-element solutions of Hg and Sn standard for ICP- 
MS 1000 mg/L were purchased by Sigma Aldrich (Merck KGaA, Darm
stadt, Germany). Testicular tissue aliquots from the 50 recruited dogs, 
previously stored at − 80 ◦C, were allowed to thaw completely at room 
temperature. Once thawed, approximately 0.5 g of tissue was weighed 
for each sample. Subsequently, 1 mL of ultrapure HNO₃ (69% v/v) was 
added to each aliquot. Tissue samples were digested using a closed- 
vessel microwave digestion system (Milestone ETHOS™ UP) equipped 
with PTFE (Teflon) vessels. Microwave-assisted acid digestion is widely 
recognized as an effective technique for sample preparation prior to ICP- 
MS analysis, as it ensures complete decomposition of the matrix under 
controlled high temperature and pressure conditions (Remeteiová et al., 
2020). The digested samples were allowed to cool to room temperature 
and then diluted with deionised ultrapure water (whose resistivity is ≥
18.2 MΩ⋅cm) to reach a final volume of 10 mL. Each sample was sub
jected to a single digestion procedure and then analyzed by ICP-MS. The 
instrument automatically performs three consecutive readings for each 
sample (technical triplicate), and the final concentration reported cor
responds to the mean of these three instrumental measurements, 
calculated based on the calibration curve. Elemental concentrations 
were expressed on a wet-weight basis throughout the manuscript. The 
determination of metal concentrations in testicular tissue was carried 
out using an ICP-MS system (ICP-MS, iCAP RQplus, Thermo Fisher Sci
entific), operating in KED mode (Kinetic Energy Discrimination) 
(CASRN, 2007). Calibration standards were freshly prepared for each 
analytical session using certified single-elements and multi-elements 
stock solutions, diluted with nitric acid 2%, v/v. A total of 25 ele
ments were quantified: As, B, Ba, Be, Cd, Co, Cr, Cu, Fe, Hg, Li, Mn, Mo, 
Ni, Pb, Rb, Sb, Se, Sn, Sr, Te, Tl, U, V, Zn. To ensure data accuracy and 
compensate for instrumental drift and matrix effects, ⁸⁹Y, ¹ ¹⁵In, 175Lu 
and 103Rh were employed as internal standards. Internal standard re
coveries were monitored for each sample and were required to fall 
within the range of 80–120% to validate the corresponding results. For 
each analytical session, calibration curves were constructed over the 
concentration range 0.1–1000 µg/L, using at least five calibration points 
and verifying that the linear correlation coefficient (R²) was ≥ 0.996. 
Quantification was performed using external calibration curves, which 
correlate the instrumental response (counts per second, cps) with the 
analyte concentration. For each element, calibration curves were built 
using multi-element standard solutions over an appropriate concentra
tion range. Reagent and procedural blanks were included in each 
analytical batch and analyzed under the same conditions as the samples 
to monitor potential contamination. The concentrations of Ni, U, Sn, and 
V, as well as those of the other detected elements, were carefully eval
uated to exclude potential contributions from blanks, carry-over, and 
contamination sources during both digestion and ICP-MS analysis. 
Carry-over (memory effects) was minimized through appropriate rinsing 
between samples using nitric acid solutions (HNO₃ 2%, v/v), along with 

adequate wash times. Analytical reliability was ensured through method 
optimization and internal quality assurance and quality control 
(QA/QC) procedures. Different digestion mixtures (HNO₃ + H₂O₂, HNO₃ 
+ HCl, and HNO₃ alone) were systematically evaluated in terms of re
covery and potential interferences. Nitric acid alone was selected as it 
provided comparable recoveries while minimizing spectral interferences 
and ensuring a cleaner analytical background. The robustness of the 
method was further supported using blanks, internal standards, 
multi-point calibration, calibration verification standards, and instru
mental triplicate measurements. These combined approaches support 
the reliability of the dataset.

2.5. Collagen deposition

The grade of collagen deposition was evaluated on Masson's 
trichrome-stained sections using ImageJ software (version 1.53 t). Ten 
randomly selected high-power fields (HPFs, 40 ×) were analysed per 
case. For each field, the area occupied by connective tissue was quan
tified by measuring the blue pixel area using the Colour Threshold 
function (HUE 150–190; Saturation 0–255; Brightness 0–180). The blue- 
stained area was measured as a percentage of the total field area. Sub
sequently, percentage values were converted into a semi-quantitative 
fibrosis score according to Damiano et al. (2023): score 0 (absent/phy
siological, <5% area); score 1 (mild, 5–10% area); score 2 (moderate, 
10–30% area); and score 3 (severe, >30% area).

The final score for each case was obtained by averaging the scores 
recorded in the 10 HPFs for each testis and then calculating the mean 
value of the two testes; group data are expressed as mean ± standard 
error of the mean (SEM).

Polarised light observation of Picrosirius Red (PR) staining was used 
to assess collagen fibre organisation and birefringence patterns. Red/ 
orange and green/yellow-green birefringence have traditionally been 
associated with differences in collagen fibre thickness, packing, and 
organisation (Junqueira et al., 1979; Lattouf et al., 2014). However, in 
the present study, birefringence patterns were treated as optical de
scriptors rather than as direct markers of collagen subtype or definitive 
maturation stage (Dayan et al., 1989; López De Padilla et al., 2021).

For each case, five randomly selected, non-overlapping fields were 
captured at 200 × magnification using a Zeiss Axioskop microscope 
equipped with a Zeiss Axiocam 305 colour camera and Zen Blue soft
ware (Verderame et al., 2022). Each image was decomposed into hue, 
saturation, and brightness (HSB) components using the Colour 
Threshold function in ImageJ® software (version 1.53 t). The hue 
component was retained, and a histogram of hue frequency was ob
tained from the resulting 8-bit hue images containing 256 colour values. 
Hue thresholds were defined as red/orange, 0–51, and 
green/yellow-green, 52–120 (Rosati et al., 2023), following established 
principles of Picrosirius Red analysis under polarised light (Junqueira 
et al., 1979; Lattouf et al., 2014). The areas occupied by red/orange and 
green/yellow-green birefringent pixels were quantified separately as 
percentages of the total tissue area. The resulting percentages were 
converted into semi-quantitative scores as follows: 0 = absent; 1 = low 
(<10%); 2 = moderate (10–30%); and 3 = high (>30%). For each case, 
the final red/orange and green/yellow-green birefringence scores were 
obtained by averaging the scores recorded in the five fields per testis and 
then calculating the mean value of the two testes; group data were 
expressed as mean ± SEM.

2.6. Immunohistochemical examination

Immunohistochemistry was performed using a well-established 
protocol (Agnese et al., 2014; Riccio et al., 2025) to investigate the 
testicular distribution of the following proteins: 17β-hydroxysteroid 
dehydrogenase (17β-HSD), Cytochrome P450 aromatase (P450), and 
Proliferating Cell Nuclear Antigen (PCNA). Briefly, 4 µm thick sections 
were mounted on poly-L-lysine slides (Menzel-Glaser, Braunschweig, 
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Germany). Endogenous peroxidase activity was inhibited using 3% 
hydrogen peroxide (H2O2) in methanol for 20 min. Antigen retrieval 
pretreatments were executed using a heat-induced epitope retrieval 
(HIER) 10 mM citrate buffer (pH 6.0) for 10 min at 92 ◦C. Then, slides 
were treated with a protein block (MACH1, Biocare Medical LLC, 
Concord, CA, USA) for 30 min each. Slides were incubated overnight at 4 
◦C with the primary antibodies diluted in phosphate-buffered saline 
(PBS) (0.01 M PBS, pH 7.2). The primary antibodies and dilutions used 
for this study are summarized in Table 2. After incubation with the 
primary antibodies, sections were incubated for 30 min at room tem
perature (for both mouse and rabbit antibodies) with an HRP-polymer 
detection system (MACH 1, Biocare Medical, Concord, CA, USA) ac
cording to the supplier’s instructions. Finally, antibody reaction was 
visualized using the 3,3′-diaminobenzidine (DAB) chromogen diluted in 
the DAB substrate buffer; subsequently, the slides were counterstained 
with Carazzi’s Haematoxylin. For the negative control sections, the 
primary antibody was either omitted or replaced with a 1:20 dilution of 
mouse serum for mouse monoclonal antibodies and normal rabbit serum 
for rabbit antibodies (Code 011–000–120, Jackson Immuno Research, 
West Grove, PA, USA) (d’Aquino et al., 2023). Slides were digitized and 
scanned with slide Scanner (PANNORAMIC® 1000 DX, 3DHISTECH 
Ltd., Budapest, Hungary) and a free-access slide viewing software from 
the same firm, CaseViewer, was used (CaseViewer 2.3.0.99276, 
3DHISTECH Ltd., Budapest, Hungary) for descriptive evaluation. 
Cellular localization and staining pattern were assessed descriptively, 
while staining intensity and the distribution of immunopositive cells 
were evaluated semi-quantitatively by two independent observers 
blinded to the experimental groups, in accordance with previously 
described immunohistochemical scoring approaches (Bencze et al., 
2021; Vaccaro et al., 2024). For each marker and case, ten randomly 
selected, non-overlapping fields were examined using a 40 × objective. 
A composite score integrating staining intensity and the distribution of 
immunopositive cells was assigned to each field as follows: 0 = absent, 
1 = weak/focal, 2 = moderate/multifocal, and 3 = strong/diffuse 
(Bencze et al., 2021; Vaccaro et al., 2024). The final score for each case 
was calculated as the mean of the ten fields. Mean scores were converted 
into semi-quantitative categories as follows: − = absent (0), + = weak 
(>0–1.5), + + = moderate (>1.5–2.5), and + + + = strong (>2.5–3).

2.7. Western Blot analysis

Western blot analysis was performed to assess the relative protein 
expression levels of 17β-HSD, P450 aromatase, and PCNA. Frozen tissue 
samples were collected from eight dogs per group (total N = 32). For 
each animal, a single testicular sample was selected for western blot 
analysis according to the histopathological classification: normal testes 
in Group A, mildly altered testes in Group B, severely affected testes in 
Group C, and neoplastic testes in Group D. Tissue samples were ho
mogenized in ice-cold radioimmunoprecipitation assay (RIPA) buffer 

with 1 × protease cocktail inhibitors. The suspension of homogenized 
tissues was centrifuged at 14,000 rpm for 10 min at 4 ◦C for protein 
extraction. The protein concentration of samples was measured using a 
Bradford assay (Bio-Rad Laboratories Inc., Hercules, CA, USA) (Chianese 
et al., 2024; Hmidi et al., 2026). Thirty micrograms of total protein 
extracts for each sample were boiled in Laemmli buffer for 5 min at 95 ◦C 
before sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS–PAGE, 10% polyacrylamide). After electrophoresis, proteins were 
electro-transferred onto a nitrocellulose membrane. Each membrane 
was first blocked in 5% non-fat milk (in 25 mM Tris, pH 7.4; 200 mM 
NaCl; 0.5% Triton X-100, TBS/Tween) for 1 h at room temperature and 
then incubated overnight at 4 ◦C with one of the following primary 
antibodies: anti− 17β-HSD, anti-P450 aromatase, and anti-PCNA. The 
primary antibodies and dilutions used for this study are summarized in 
Table 2. The following day, after three washes with TBS-Tween, mem
branes were incubated with the appropriate secondary antibodies 
(anti-rabbit IgG or anti-mouse IgG) conjugated with horseradish 
peroxidase (HRP) and diluted 1:1000 in 2.5% non-fat milk–TBS-Tween 
for 1 h at room temperature. After the last three washes with TBS-T, 
signal detection was performed using enhanced chemiluminescence 
(ECL) (Bio-Rad Laboratories Inc., Hercules, CA, USA), and the images 
were acquired using a ChemiDoc Molecular Imager (Bio-Rad Labora
tories Inc., Hercules, CA, USA). The densitometric analysis was per
formed using ImageJ software (National Institutes of Health, Bethesda, 
Rockville, MD, USA) and normalized to GAPDH (Glycer
aldehyde− 3-phosphate dehydrogenase) to account for variations in 
loading.

2.8. Statistical analysis

Normality was assessed using the Shapiro–Wilk test. Dog age was 
compared between the Naples and Caserta subsets using a two-sided 
Mann–Whitney U test to assess geographic age imbalance. Because 
elemental concentrations and collagen scores were non-normally 
distributed, non-parametric tests were applied. For chemical analyses, 
the dog was considered the independent experimental unit. Elemental 
concentrations were primarily summarised as the mean of both testes 
per dog; sensitivity analyses were performed using one testis per dog, 
selected according to the highest histological severity category. Values 
below the limit of detection were imputed as LOD/2. P values were 
adjusted using the Benjamini–Hochberg procedure. Significant omnibus 
tests were followed by prespecified pairwise Mann–Whitney U tests 
comparing Group D with Groups A–C, with Holm–Šidák correction. Ef
fect sizes were estimated using Cliff’s delta. An exploratory heatmap 
based on log-transformed, z-standardised elemental concentrations was 
generated to visualise multi-element profiles across groups. Post-hoc 
comparisons for collagen scores were performed using Dunn’s test. 
Western blot data were analysed by one-way ANOVA followed by 
Tukey’s post-hoc test; two-sided p values < 0.05 were considered sta
tistically significant.

3. Results

3.1. Age distribution

Dogs from the Province of Naples (n = 25) and the Province of 
Caserta (n = 25) showed comparable age distributions. Median age was 
2 years in both groups (range, 1–5 years). No significant age difference 
was detected between dogs from the Naples and Caserta provinces 
(p > 0.05), indicating no marked age imbalance between the two 
geographic subsets (Fig. 1).

3.2. Morphologic evaluation

H&E sections from both testes of each dog were independently 
examined by two veterinary pathologists, and dogs were classified into 

Table 2 
List of primary antibodies for immunohistochemical analysis, including host 
species, source, and working dilution.

Primary antibody Host 
species

Source (Company, 
Location)

Dilution

17β-HSD (17β- 
hydroxysteroid 
dehydrogenase)

Mouse Santa Cruz 
Biotechnology, Santa 
Cruz, CA, USA

1:300 
(IHC); 
1:800 (WB)

Aromatase (Cytochrome 
P450)

Rabbit Santa Cruz 
Biotechnology, Santa 
Cruz, CA, USA

1:250 
(IHC); 
1:800 (WB)

PCNA (Proliferating Cell 
Nuclear Antigen)

Rabbit Elabscience, 
Bionovation Inc., 
Rome, IT

1:400 
(IHC); 
1:900 (WB)

GAPDH (Glyceraldehyde− 3- 
phosphate dehydrogenase)

Rabbit Elabscience, 
Bionovation Inc., 
Rome, IT

1:1200 
(WB)
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four histological groups (A–D) based on the predominant morphologic 
pattern observed in either testis as follows:

Group A (n = 18 dogs; 36 testes): all dogs showed bilateral normal 
spermatogenesis with preserved testicular architecture (Fig. 2A). Semi
niferous tubules exhibited complete germ cell maturation with minimal 
or no disorganisation. In detail, seminiferous tubules contained germ 
cells at all stages of differentiation, from spermatogonia at the basal 
compartment to luminal spermatozoa, in close association with Sertoli 
cells.

Group B (mildly altered, n = 10 dogs; 20 testes): in dogs belonging to 
this group, at least one testis showed mild-to-moderate spermatogenic 
impairment (Fig. 2B). Among the altered testes (11 out of 20), seven 
were completely devoid of spermatozoa, four contained only rare 
spermatids or predominantly early germ cells, while the contralateral 
testes (9 out of 20) displayed normal or near-normal morphology.

Group C (severely altered, n = 14 dogs; 28 testes): all dogs exhibited 
bilateral moderate-to-severe degenerative changes, including tubular 
atrophy, germ cell hypoplasia, Sertoli cell loss, germ cell vacuolisation, 
basement membrane thickening, and Leydig cell hyperplasia (Fig. 2C).

Group D (neoplastic, n = 8 dogs; 16 testes): at least one testis per dog 
displayed intratubular seminoma (8 neoplastic testes), characterised by 
sheets and nests of neoplastic germ cells replacing the normal tubular 
architecture (Fig. 2D). The contralateral testes (8 out of 16) ranged from 
mild to severe degenerative changes.

3.3. Chemical results

Concentrations of 25 elements were measured in both testes from 
each dog and analysed at the dog level, with the dog treated as the in
dependent experimental unit. In the primary analysis, dog-level values 
were calculated as the mean of both testes for each animal across all 
groups, including Group D. To assess the robustness of tissue-selection 
strategy, a secondary lesion-oriented sensitivity analysis was per
formed using one testis per dog, selected according to the highest his
tological severity category; in Group D, this corresponded to the 
neoplastic testis. The dataset comprised 18 dogs in Group A (36%), 10 in 
Group B (20%), 14 in Group C (28%), and 8 in Group D (16%). Values 
below the analytical limit of detection were imputed as LOD/2 for sta
tistical analyses. Inferential analyses were restricted to a primary panel 
of toxicological interest comprising As, Cd, Cu, Mo, Ni, Sn, U, and V, 
whereas all 25 quantified elements were retained for descriptive 
reporting. Descriptive statistics for all quantified elements by group are 
provided in Supplementary Material, Appendix A (Table S1).

Within the primary panel, Group D generally showed higher con
centrations and greater variability than Groups A–C, particularly for Cd, 
Ni, and U (Fig. 3). In the primary dog-level bilateral analysis, Krus
kal–Wallis tests with FDR correction identified significant overall group 
differences for Cd (p < 0.05), Ni (p < 0.01), Sn (p < 0.05), and U 
(p < 0.001), whereas As, Cu, Mo, and V were not significant after 
multiple-testing correction (p > 0.05). In the secondary sensitivity 
analysis, only Cd (p < 0.05), Ni (p < 0.01), and U (p < 0.001) remained 
significant after FDR correction, whereas Sn lost significance (p > 0.05). 
Thus, Cd, Ni, and U represented the most robust findings across tissue 
summarisation strategies. Full results of the overall group comparisons 
for both analytical strategies are reported in Supplementary Material, 
Appendix A (Table S2).

Post hoc Mann–Whitney U tests with Holm–Šidák correction were 
then performed for elements that remained significant after FDR 
correction, comparing Group D with Groups A–C. In the primary anal
ysis, Cd differed significantly between Group D and Groups A, B, and C 
(all p < 0.05); Ni differed between Group D and Groups A, B, and C 
(p < 0.001, p < 0.01, and p < 0.01, respectively); Sn differed only be
tween Group D and Group A (p < 0.05); and U differed between Group D 
and Groups A, B, and C (all p < 0.01). Consistent with the omnibus re
sults, the secondary sensitivity analysis broadly confirmed the pattern 
observed in the primary analysis, supporting Cd, Ni, and U as the most 
consistent findings across tissue summarisation strategies. For the Group 
A versus Group D comparison in the primary analysis, Cliff’s delta values 
were 0.65 for Cd, 0.80 for Ni, and 0.71 for U, indicating large effect sizes. 
Exploratory heatmap analysis of log-transformed and z-standardised 
concentrations showed a relative enrichment of higher multi-element 
burden profiles in Groups C and D (Fig. 4).

Fig. 1. Age distribution of dogs from the Province of Naples and Province of 
Caserta. No statistically significant difference was detected between the two 
geographic subsets (p > 0.05). Boxes represent the median and interquartile 
range, whiskers indicate the range, points represent individual dogs, and white 
diamonds indicate the mean.

Fig. 2. Representative H&E-stained sections of canine testes from Groups A–D. (A) Group A shows normal testicular architecture with complete spermatogenesis and 
abundant luminal spermatozoa (black arrow). (B) Group B displays mild–moderate degeneration with partial loss of germ cells and reduced luminal spermatozoa 
(black arrowhead). (C) Group C shows severe degenerative changes with marked germ cell depletion and tubular atrophy (asterisk). (D) Group D presents intra
tubular seminoma, with sheets of neoplastic germ cells replacing the normal seminiferous tubular architecture. Original magnification: 60 × ; scale bar = 20 µm.
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Fig. 3. Boxplots of log-scaled testicular concentrations of As, Cd, Cu, Mo, Ni, Sn, U and V across the four histological groups. Boxes represent the median and 
interquartile range, whiskers indicate 1.5 × the interquartile range, and points represent individual dogs.

Fig. 4. Exploratory heatmap of log-transformed and z-standardised concentrations of As, Cd, Cu, Mo, Ni, Sn, U and V across the four histological groups. Each row 
represents one dog and each column one element; warmer colours indicate relatively higher values and cooler colours relatively lower values. Samples from Groups C 
and D tended to show relatively higher multi-element profiles.
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3.4. Collagen deposition

Intratubular space alterations were quantified by assessing collagen 
content across the groups. Masson’s trichrome staining revealed no 
excess collagen deposition in Group A testes (0.06 ± 0.02; Fig. 5A); 
whereas in Group B, collagen deposition scores were low but already 
increased compared with normal testes (0.83 ± 0.29; Fig. 5B, white 
arrow). Conditions of collagen hypersecretion and therefore of a po
tential fibrotic/inflammatory state increased in Group C (1.50 ± 0.50; 
Fig. 5C, white arrow) and reached the highest values in neoplastic testes 
from Group D (2.67 ± 0.29; Fig. 5D, white arrow), consistent with a 
progressive fibrotic remodelling from normal to severely altered and 
neoplastic tissue. After assessing the overall presence of collagen with 
Masson’s trichrome staining, Picrosirius Red staining under polarised 
light was used to characterize the architectural features and spatial 
heterogeneity of collagen fibres (Fig. 5E–H).

In Group A, the peritubular compartment was characterized by thin 
fibres predominantly displaying green/yellow-green birefringence 
(1.67 ± 0.47; Fig. 5E, white asterisk). The inset illustrates an additional 
area from the same case in which scattered thick fibres with red/orange 
birefringence were also evident, highlighting heterogeneity in collagen 
fibre appearance.

Group B displayed a mixed architectural pattern, with thin green/ 
yellow-green birefringent fibres (0.67 ± 0.29; Fig. 5F, white asterisk) 
and thick red/orange birefringent fibres (0.67 ± 0.29; Fig. 5F, white 
arrowhead). Compared with Group A, the green/yellow-green compo
nent was less represented, whereas the two birefringence patterns 
showed a more balanced distribution.

In Group C, the tissue architecture was markedly altered, with 
prominent thick red/orange birefringent fibres distributed within the 
interstitial compartment (0.83 ± 0.29; Fig. 5G, white arrowhead). The 
green/yellow-green birefringent component was also increased 
compared with Group B (1.17 ± 0.47). The inset shows an additional 
area from the same case in which thin green/yellow-green birefringent 
fibres were more clearly represented (Fig. 5G).

Neoplastic testes from Group D exhibited the most pronounced 
architectural alteration, characterized by extensive stromal networks of 
thick fibres showing marked red/orange birefringence (2.67 ± 0.29; 
Fig. 5H, white arrowhead). The green/yellow-green birefringent 
component also reached its highest value in this group (2.67 ± 0.29). 
The inset in Fig. 5H shows an adjacent peritumoural area in which thick 

red/orange bundles and thin green/yellow-green fibres occurred in 
close spatial proximity, highlighting the marked heterogeneity of stro
mal remodelling.

Kruskal–Wallis analysis followed by Dunn’s post hoc tests revealed 
significant differences among groups in fibrosis severity and in both 
birefringent components. The semi-quantitative results are summarized 
in Fig. 6.

3.5. Immunohistochemical examination

In normal testes (Group A), 17β-HSD immunoreactivity showed a 
mixed nuclear and cytoplasmic distribution. Nuclear staining was 
evident in numerous germ cells within the seminiferous epithelium, 
whereas granular cytoplasmic immunoreactivity was observed in germ 
cells located in the basal compartment of the seminiferous tubules and in 
interstitial Leydig cells (Fig. 7A, black arrow and inset). In Group B, a 
comparable distribution pattern was observed, with clearly detectable 
nuclear staining and variable cytoplasmic immunoreactivity within the 
seminiferous and interstitial compartments (Fig. 7B). In testes showing 
degenerative alterations (Group C), 17β-HSD immunoreactivity was 
heterogeneous, discontinuous, and markedly reduced. Nuclear staining 
persisted in scattered residual germ cells, whereas cytoplasmic immu
noreactivity was weak and focal in a limited number of germ cells and 
residual Leydig cells (Fig. 7C, black arrow and inset). In neoplastic testes 
(Group D), weak-to-moderate cytoplasmic staining was observed in 
tumour cells and in some interstitial elements, together with focal and 
variable nuclear staining (Fig. 7D, black arrow and inset). Overall, 17β- 
HSD showed a heterogeneous distribution comprising both nuclear and 
cytoplasmic components.

P450 aromatase immunoreactivity was primarily detected in the 
cytoplasm of Sertoli cells (Fig. 7E, black arrowhead) and in spermatozoa 
(Fig. 7E, white arrow) in normal testes. In Group B, staining became 
more diffuse within the seminiferous tubules and extended to the 
interstitial compartment (Fig. 7F, black and white arrowheads). In 
Group C, P450 aromatase immunoreactivity was more intense and 
widely distributed, with evident cytoplasmic labelling in Sertoli and 
interstitial cells (Fig. 7G, black and white arrowheads). In neoplastic 
testes (Group D), immunoreactivity was intense and diffuse in the 
cytoplasm of Sertoli-like and tumour cells (Fig. 7H, black arrowhead). 
Overall, the highest P450 aromatase immunoreactivity was observed in 
Groups C and D.

Fig. 5. Representative Masson’s trichrome (A–D) and Picrosirius Red under polarised light (E–H) staining of testicular sections from Groups A–D. Masson’s trichrome 
shows progressive interstitial collagen deposition from Group A to Group D, highlighted by white arrows in panels B–D. Picrosirius Red highlights red/orange 
birefringence (white arrowheads) and green/yellow-green birefringence (white asterisks). Insets in figures E, G, and H show additional representative areas from the 
same cases to illustrate the spatial heterogeneity of collagen birefringence. Original magnification, A–D, 40 × (scale bar = 50 µm); E–H, 20 × (scale bar = 100 µm).
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Fig. 6. Semi-quantitative analysis of interstitial fibrosis and collagen fibre birefringence patterns in testes from dogs with different spermatogenic status (Groups 
A–D). Bars indicate means ± SEM. Statistical significance was assessed using the Kruskal–Wallis test followed by Dunn’s post hoc tests. Asterisks denote significant 
differences between groups (*p < 0.05; **p < 0.01; ***p < 0.001).

Fig. 7. Representative immunohistochemical staining for 17β-HSD (A–D), P450 aromatase (E–H), and PCNA (I–L) in testes from Groups A–D: Group A (A, E, I), 
Group B (B, F, J), Group C (C, G, K), and Group D (D, H, L). For 17β-HSD, both cytoplasmic and nuclear immunoreactivity are evident in spermatogonia (black 
arrows) and interstitial Leydig cells (top left insets) in Groups A–B, reduced in Group C, and present in neoplastic germ cells in Group D. P450 aromatase staining is 
observed in Sertoli cells (black arrowheads), spermatozoa (white arrow in E), and becomes more diffuse in pathological groups, including interstitial labelling (white 
arrowheads in F and G). PCNA highlights proliferating spermatogonia in non-neoplastic testes and numerous neoplastic germ cells in Group D (white arrows). Top 
right insets in panels A, E, and I show negative controls for 17β-HSD, P450 aromatase, and PCNA, respectively. Original magnification, 40 × ; scale bar = 20 µm.
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PCNA immunoreactivity was exclusively nuclear. In Groups A–C, it 
was mainly detected in spermatogonia located in the basal compartment 
of the seminiferous tubules, whereas in Group D it was also evident in 
germ-cell/tumour-cell nuclei within neoplastic tubules. In Groups A and 
B, PCNA-positive nuclei were mainly observed in the basal compartment 
of the seminiferous tubules (Fig. 7I–J, white arrows). In Group C, nu
clear immunoreactivity persisted in residual germ cells, although it was 
heterogeneously distributed in areas showing structural disorganization 
(Fig. 7K, white arrow). In neoplastic testes from Group D, a greater 
number of PCNA-positive germ-cell/tumour-cell nuclei was observed 
within neoplastic tubules (Fig. 7L, white arrow).

Negative controls for 17β-HSD, P450 aromatase, and PCNA showed 
no specific immunoreactivity (top right insets, Fig. 7A, E, and I, 
respectively). Immunoreactivity scores for 17β-HSD, cytochrome P450 
aromatase, and PCNA across the four experimental groups are summa
rized in Table 3.

3.6. Western blot analyses

Semi-quantitative blot analysis showed that the bands corresponding 
to P450 aromatase (60 kDa), 17β-HSD (36 kDa), PCNA (36 kDa) and 
GAPDH (45 kDa) were detectable in all examined groups although with 
different intensity. Overall, Western Blot analysis showed an increase in 
aromatase levels and a decrease in 17β-HSD in pathological (Group C) 
and neoplastic cases (Group D) (Fig. 8A). In detail, P450 aromatase 
levels appeared normal in Groups A and B but increased in Groups C and 
D, with statistically significant differences (Group B vs Group C: 
p < 0.001; Group A vs Group D: p < 0.05) (Fig. 8B). Conversely, Groups 
A and B showed the highest levels of 17β-HSD compared to Groups C and 
D, where levels dramatically decreased, with significant differences 
(Group A vs Group B: p < 0.05; Group A vs Group C: p < 0.01; Group B 
vs Group D: p < 0.05) (Fig. 8B). Statistically significant differences were 
observed in PCNA expression between the assessed groups: Group B vs 
Group C: p < 0.01; Group C vs Group D: p < 0.05 (Fig. 8B). GAPDH 
bands were consistently detected in all groups and were used as internal 
loading control for normalization. After normalization to GAPDH, dif
ferences in target protein expression among groups remained statisti
cally significant (p < 0.05).

4. Discussion

Over the last thirty years, growing concern has emerged in Campania 
Region regarding the health consequences of illegal waste dumping 
(Mazza et al., 2015; Comba et al., 2006). Environmental pollution rep
resents a relevant issue for both human and animal health, as suggested 
by the parallel increase in infertility and tumour incidence reported in 
humans and dogs (Di Napoli et al., 2025; Chianese et al., 2026; Ottaiano 
et al., 2025; Spampinato et al., 2024; Triassi et al., 2015; Zaccaroni et al., 
2014). Within this context, the present study found that testicular le
sions were associated with higher concentrations of selected metals and 
metalloids. Chemical analysis identified the most robust group differ
ences for Cd, Ni and U across both dog-level summarisation strategies, 
whereas Sn was retained only in the primary bilateral analysis and 
should therefore be interpreted cautiously. As, Cu, Mo and V showed 
only descriptive variation.

In detail, the elevated levels of Cd are consistent with previous evi
dence showing that cadmium exposure can lead to spermatogenic 
toxicity and steroidogenic impairment (Wanjari and Gopalakrishnan, 
2024; Zhu et al., 2020). Cadmium has been associated with blood–testis 
barrier disruption, oxidative stress, and dysfunction of Sertoli and Ley
dig cells, which may contribute to germ cell loss and steroidogenic 
imbalance (da Silva et al., 2021; De Angelis et al., 2017; Zhu et al., 
2020). Therefore, our findings are in line with previous experimental 
evidence (Marinaro et al., 2024a, b; da Silva et al., 2021). In aquatic 
species, exposure to Cd has been demonstrated to cause morphological 
and structural alterations in the testis (Marinaro et al., 2024a), while, in 
murine models, Cd toxicity affecting spermatogenesis has been shown at 
several levels, including impairment of the blood-testis barrier and 
disruption of cell junctions (da Silva et al., 2021).

Moreover, chemical analysis highlighted that nickel showed signifi
cant differences across groups, largely due to its increase in neoplastic 
testes. This finding is toxicologically relevant because nickel exposure 
has also been associated with testicular structural damage, oxidative 
imbalance, and reproductive toxicity in experimental models, thus 
supporting its possible involvement in severe testicular injury within 
this cohort (Khlifi et al., 2013; Parveen et al., 2024).

Notably, all neoplastic testes showed higher Uranium levels, a 
finding of potential toxicological interest given previous evidence 
implicating uranium in testicular injury and carcinogenesis-related 
mechanisms (Joseph et al., 2021; Lu et al., 2021; Wang et al., 2020). 
Since uranium may enter biological systems through soil–water path
ways and drinking water is considered a major route of intake (El-Taher, 
2010; Wedepohl, 1995; Singh et al., 2008; World Health Organization, 
2022), stray dogs may be particularly exposed because of scavenging 
behaviour and the use of uncontrolled water sources. Within a One 
Health framework, uranium bioaccumulation in dogs may therefore 
represent an early signal of environmental contamination relevant to 
human health, although our design does not allow inference on exposure 
sources or causality.

Overall, neoplastic testes exhibited markedly higher concentrations 
of Cd, Ni and U, with consistently large effect sizes in the comparisons 
between Group D and Groups A. These associations were confirmed in 
both the primary and the secondary sensitivity analysis (Cd: Cliff’s δ =
0.65; Ni: Cliff’s δ = 0.80–0.84; U: Cliff’s δ = 0.70–0.71). In this context, 
neoplastic tissue may show selective accumulation of some trace ele
ments, potentially reflecting tumor-associated changes in vascular 
permeability, extracellular matrix remodelling, and cellular metal ho
meostasis (Lossow et al., 2021; Yaman et al., 2007; Kamiya, 2022; 
Pamphlett and Bishop, 2024). These findings should be interpreted as 
associations with the neoplastic state within this cohort, rather than 
evidence of a direct causal role in tumour development (Abdel-Gawad 
et al., 2016; Anđelković et al., 2023; Khlifi et al., 2013; Kuo et al., 2006; 
Soto-Heras et al., 2024; Strumylaitė et al., 2008; Nava-Castro et al., 
2019). Another element showing bioaccumulation in testes with evident 
alterations was arsenic. This element is of clear toxicological relevance, 
as previous studies have linked its bioaccumulation to both testicular 
lesions and fibrogenic remodelling processes (Pant et al., 2001; Jana 
et al., 2006), suggesting a possible role in the mechanisms underlying 
structural damage to the testicular parenchyma. Copper and molybde
num, in turn, both tended to be higher in dogs with germ cell loss and 
more pronounced stromal remodelling. Although these differences did 
not remain statistically significant after correction for multiple testing, 
the finding is still biologically plausible: despite being essential trace 
elements, their excessive accumulation may disrupt delicate redox bal
ance and interfere with testicular homeostasis (Kowal et al., 2010; Wang 
et al., 2016; Jiang et al., 2024; Zhao et al., 2024). Another measured 
element was vanadium. Although it showed only descriptive differences 
among groups, it may fit within this framework as a cofactor of 
multi-element exposure. From this perspective, the combined presence 
of copper, molybdenum, and vanadium may help define a more complex 
exposure profile, potentially associated with the most severe forms of 

Table 3 
Immunohistochemical scores across experimental groups.

Marker Group A Group B Group C Group D

17β-HSD 1.25 ± 0.04 
(+)

1.17 ± 0.04 
(+)

0.40 ± 0.04 
(+)

0.70 ± 0.10 
(+)

P450 
aromatase

0.91 ± 0.04 
(+)

1.10 ± 0.04 
(+)

1.68 ± 0.06 
(++)

1.61 ± 0.04 
(++)

PCNA 0.90 ± 0.04 
(+)

0.80 ± 0.04 
(+)

1.13 ± 0.02 
(+)

1.20 ± 0.04 
(+)
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testicular injury (Llobet et al., 1993; Rodríguez-Lara et al., 2016). With 
regard to inorganic tin, current knowledge remains limited compared 
with the more extensively studied organotin compounds. Therefore, the 
Sn levels observed in this study should be interpreted with caution, 
without assigning any causal meaning, and rather considered as pre
liminary data supporting future investigations (Markmanuel et al., 
2022).

Histological analysis also revealed more pronounced remodelling of 
the intertubular connective tissue in testes with higher concentrations of 
metals and metalloids, with a quantitative increase in collagen deposi
tion and predominant red/orange birefringence under polarised light. 
Such birefringence patterns have traditionally been associated with 
differences in collagen fibre thickness and organisation, with green/ 
yellow-green birefringence generally attributed to thinner, less organ
ised fibres, and red/orange birefringence to thicker, more organised fi
bres (Junqueira et al., 1979; Lattouf et al., 2014). However, because 
these birefringence signals are also influenced by section thickness, fibre 
orientation, and imaging conditions (Dayan et al., 1989; López De 
Padilla et al., 2021), these patterns were treated in the present study as 
optical descriptors rather than as direct and unequivocal indicators of 
collagen maturation stage. The quantitative increase in collagen depo
sition, together with the predominance of red/orange birefringence in 
testes with higher metal and metalloid concentrations, may therefore be 
interpreted as a feature compatible with extracellular matrix remodel
ling and altered interstitial architecture (Serpe et al., 2012; Esposito 
et al., 2019; Lea et al., 2016).

Alongside these structural alterations, the mixed nuclear and cyto
plasmic immunoreactivity observed for 17β-HSD warrants specific 
consideration. Although steroidogenic enzymes are generally associated 
with cytoplasmic or microsomal compartments, nuclear localisation has 
been reported for several members of the hydroxysteroid dehydrogenase 
family in different tissues and species (Dupont et al., 1991; Visus et al., 
2011; Sivik et al., 2012; Muthusamy et al., 2011), suggesting that the 
subcellular distribution of these enzymes may vary depending on the 
isoform and tissue context. Since the subcellular localisation of 
HSD17B3 in canine testicular tissue has not been fully characterised, the 
nuclear component observed here was interpreted with caution, and the 
biological interpretation was based primarily on the cytoplasmic 
immunoreactivity within interstitial cells. Based on these findings, testes 
characterised by higher concentrations of metals and metalloids showed 
reduced expression of 17β-HSD and altered tissue distribution, accom
panied by elevated levels of P450 aromatase, suggesting an imbalance in 

steroidogenic activity. These findings are consistent with 
endocrine-disrupting activity of these elements (Pocar et al., 2023; 
Sharpe, 2024) and with broader evidence indicating metals and metal
loids may impair spermatogenesis (Kumar and Singh, 2022; 
López-Botella et al., 2021; Mukherjee et al., 2022; Sukhn et al., 2018). 
We further hypothesise that the progressive fibrotic remodelling of the 
interstitial compartment may contribute to an interstitial microenvi
ronment unfavourable to Leydig cell function (Verderame et al., 2022). 
Because Leydig cells are a major source of 17β-HSD and testicular 
testosterone, their dysfunction may contribute to impaired spermato
genesis (Christin-Maitre and Young, 2022). This interpretation is 
consistent with the reduced PCNA expression observed in pathological 
groups, suggesting decreased spermatogonial proliferative activity and a 
reduced number of spermatogenic waves. Since these processes are 
androgen-dependent, the reduction in 17β-HSD may plausibly 
contribute to the altered spermatogenic patterns observed here 
(Christin-Maitre and Young, 2022). Conversely, increased aromatase 
expression is consistent with earlier evidence of a relationship between 
altered estrogen signaling and pathological/neoplastic phenotypes in 
the testis (Carreau and Hess, 2010; O’Donnell et al., 2001). PCNA 
expression was highest in neoplastic tissues, which is in accordance with 
the high proliferative activity, while the changes in non-neoplastic tis
sues may indicate compensatory or injury responses (Agnew and 
MacLachlan, 2016; Sumner et al., 2021). In summary, our findings 
indicate that dogs with severe degenerative/neoplastic phenotypes have 
a unique metallomic profile that is characterized by the simultaneous 
presence of multiple elements (De Falco and Laforgia, 2021; Mileo et al., 
2023; Pocar et al., 2023; Zhu et al., 2023).

Consistently, the exploratory heatmap showed a relative enrichment 
of higher-burden profiles in Groups C and D. Because toxicological 
thresholds for canine testicular tissue are not available, the term 
“elevated” is used here only in reference to internal cohort-based com
parisons. Published studies provide useful context, but not a direct 
benchmark, because they differ substantially in species, exposure 
setting, and analytical reporting criteria (Damek-Poprawa and 
Sawicka-Kapusta, 2003; Heidari et al., 2021; Ullah et al., 2023; Iyengar 
and Woittiez, 1988; Yang and Miyazaki, 2003). In conclusion, this 
preliminary intra-cohort study highlights that the bioaccumulation of 
specific metals in the testis is associated with the spermatogenic alter
ations observed. To the best of our knowledge, this is the first direct 
assessment of metals and metalloids in the canine testicular parenchyma 
within an exposed population. Although the study design does not allow 

Fig. 8. Western blot analysis of 17β-HSD, P450 aromatase, and PCNA in testes from Groups A–D. (A) Representative blots. (B) Densitometric analysis normalised to 
GAPDH. Statistical significance was assessed using ANOVA followed by Tukey’s post hoc test (*p < 0.05; **p < 0.01; ***p < 0.001). Data are expressed as mean 
± SEM.
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causal relationships to be established, the consistency of the associations 
observed between the analyzed elements and lesion severity supports 
the need for further investigations, particularly dose–response studies. 
In this context, the dog is confirmed as a particularly valuable model for 
the study of testicular alterations, providing a biologically relevant 
system for investigating the effects of environmental exposure on 
reproductive function.

5. Limitations

Although this preliminary study provides novel insights, a few lim
itations must be acknowledged. First, the study employs an intra-cohort 
design lacking a geographic control group from a non-polluted area, and 
direct environmental exposure metrics for individual dogs were un
available. However, this design was specifically adopted to evaluate the 
internal correlation between tissue element burden and histopatholog
ical lesion severity within a documented high-risk environment. Second, 
stray dogs constitute a highly heterogeneous population regarding diet, 
baseline health status, and roaming behaviour. While this variability 
introduces potential confounding factors, it simultaneously represents a 
critical ecological strength: free-roaming dogs act as highly environ
mental sentinels. Finally, the absence of established reference back
ground values and tissue-specific toxicological thresholds for canine 
testicular tissue limits the ability to define absolute 'normal' or 'toxic' 
levels. Consequently, our analytical interpretations were rigorously 
restricted to internal percentile variations. This limitation highlights the 
value of our dataset as a critical baseline for future environmental and 
reproductive toxicology studies in canine models.

6. Conclusions

This study represents the first intra-cohort evaluation of metals and 
metalloids in the testicular tissue of dogs from the Land of Fires. Within 
this cohort, both degenerative and neoplastic testicular lesions were 
associated with a distinct tissue elemental profile, suggesting that the 
distribution and bioaccumulation of specific elements may reflect 
different patterns of testicular injury. However, these findings do not 
establish a direct causal link between metal exposure and lesion devel
opment. Nevertheless, the integration of histological, molecular, and 
chemical data provides an integrated framework for future studies 
aimed to identify biomarkers of exposure and testicular damage in 
sentinel species, improving our understanding of the effects of envi
ronmental contaminants on reproductive health.
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