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ABSTRACT
Polycystic ovarian syndrome (PCOS) is a multi-systemic endocrine disorder characterized by hyperandrogenism, ovulatory dysfunction, and severe abnormalities in ovarian cytoarchitecture. Pathological extracellular matrix (ECM) remodeling and stromal fibrosis are primary drivers of follicle arrest and mechanical tissue rigidity. However, the role of the environmental xenobiotic benzo[a]pyrene (BaP) in modulating stromal alterations and reproductive hormone profiles within a hyperandrogenic microenvironment remains largely undefined. This study investigated the interactions between testosterone-induced hyperandrogenism and low-dose BaP exposure on ovarian stromal remodeling and gonadotropin profiles.
Fifteen prepubertal female Wistar rats (40–50 g) were randomly assigned into three experimental cohorts: Control (subcutaneous corn oil), PCOS (10 mg/kg/day testosterone propionate), and PCOS+BaP (10 mg/kg/day testosterone propionate and 10 µg/kg/day BaP) for 28 days. Serum concentrations of luteinizing hormone (LH), follicle-stimulating hormone (FSH), and testosterone were quantified via enzyme-linked immunosorbent assays (ELISAs), and ovarian tissues were stained using the Gordon and Sweet technique for reticular fiber visualization.
Somatic growth, serum LH, and FSH levels showed no statistically significant differences across groups (p>0.05). However, histopathological analysis revealed that both the PCOS and PCOS+BaP groups exhibited distinctive multiple cystic follicles and progressive follicular arrest. Furthermore, BaP co-exposure significantly exacerbated ovarian stroma pathomorphology, yielding the highest percentage area of reticular fibers within the theca externa (60.70% ± 10.31%), compared to the PCOS group (39.94% ± 3.63%) and the control group (32.84% ± 2.80%; p<0.05). These microstructural alterations progressed independently of elevated systemic LH and testosterone at terminal sacrifice.
These findings demonstrate that the environmental toxicant BaP acts as a potent independent disruptor of ovarian stroma integrity, profoundly accelerating connective tissue deposition and microenvironment rigidity in polycystic ovaries.
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INTRODUCTION
[bookmark: _Toc231893441]Polycystic Ovarian Syndrome (PCOS) stands as the primary endocrine disorder affecting women of reproductive age worldwide, characterized by clinical or biochemical hyperandrogenism, ovulatory dysfunction, and polycystic ovarian morphology (Christ & Cedars, 2023; McCartney & Marshall, 2016). The typical neuroendocrine hallmark of PCOS involves an accelerated gonadotropin-releasing hormone (GnRH) pulse generator, which selectively upregulates luteinizing hormone (LH) synthesis while suppressing follicle-stimulating hormone (FSH) transcription (Singh et al., 2023). This altered LH:FSH ratio chronically overstimulates theca cells, driving excessive ovarian androgen synthesis and precipitating premature follicular atresia (Siddiqui et al., 2022).
Beyond central neuroendocrine pathology, structural abnormalities within the local ovarian microenvironment are increasingly recognized as primary drivers of disease progression (Kinnear et al., 2020). The ovarian stroma provides the fundamental cellular and mechanical framework necessary to support synchronized folliculogenesis (Gibson & Mahdy, 2023). Within these compartments, the extracellular matrix (ECM) coordinates vital cell-to-cell signaling cascades and biomechanical interactions (Grosbois et al., 2023). Reticular fibers form a highly organized, dynamic meshwork surrounding individual follicles and stromal cells, maintaining structural compliance (Kinnear et al., 2020). During physiological follicular maturation, the ECM must undergo controlled enzymatic degradation and structural relaxation to allow physical follicle expansion prior to ovulation (Lind et al., 2006; Liu et al., 2025). Conversely, a pathological accumulation of rigid collagen networks increases intraovarian stiffness, which mechanically suppresses the activation of primordial follicles and physically limits follicle expansion (Amargant et al., 2020; West et al., 2007). Progressive stromal fibrosis and dysregulated deposition of ECM elements, particularly reticular fibers, are central features of PCOS ovaries, contributing directly to anovulation (Zhou et al., 2017).
Emerging epidemiological and experimental paradigms suggest that environmental xenobiotics interact synergistically with endogenous metabolic derangements to accelerate PCOS severity (Ozga & Jurewicz, 2025; Pan et al., 2024). Among ubiquitous pollutants, polycyclic aromatic hydrocarbons (PAHs), such as benzo[a]pyrene (BaP), represent a widespread threat to female reproductive health (Montano et al., 2025; Perono et al., 2022). BaP is generated through the incomplete combustion of biomass, fossil fuels, tobacco smoke, and high-temperature cooking methods (Bukowska et al., 2022; Sombiri et al., 2024). Upon systemic absorption through respiratory, gastrointestinal, or dermal routes, BaP is bioactivated by cytochrome P450 enzymes into highly reactive diolepoxides, which induce profound oxidative stress, DNA adduct formation, and cellular toxicity (Bukowska et al., 2022; Negi & Chaudhary, 2024).	Comment by hp: START LINE WITH COMPLETE NAME
While toxicological studies have established that standalone BaP exposure depletes the primordial follicle reserve, induces granulosa cell apoptosis, and disrupts basal steroidogenesis (Lim et al., 2023; Malott et al., 2022; Stefansdottir et al., 2023; Xu et al., 2024), there is an absolute scarcity of data addressing how BaP interacts with a pre-existing hyperandrogenic environment. Crucially, the capacity of BaP to alter the structural integrity of the ovarian ECM – specifically the reticular fiber meshwork within the protective theca externa – remains completely unclarified in hyperandrogenic models of PCOS.
Therefore, the present study was designed to investigate the effects of concurrent benzo[a]pyrene exposure on ovarian structural pathomorphology, reticular fiber deposition, and serum reproductive hormone profiles in a testosterone-induced rat model of polycystic ovarian syndrome.
MATERIALS AND METHODS
This study was conducted in the Neuroendocrinology unit of the Department of Anatomy, University of Ilorin. All animal procedures were performed in accordance with the Institutional Animal Care and Use Committee (IACUC) guidelines.
[bookmark: _Toc231893442]Ethical approval
The ethical approval for the conduct of this study was obtained from the University of Ilorin Ethical Review Committee (UERC) with approval number UERC/ASN/2025/3142.
[bookmark: _Toc231893444]Procurement and care of rats
Fifteen (15) female prepubertal Wistar rat (40-50 g) were included in this study. They were housed in clean, well-ventilated plastic cages with mesh covers and wood-shaving bedding. The Wistar rats were housed under standard laboratory conditions (12-hour light/dark cycle and controlled temperature) and provided ad libitum access to standard pelleted laboratory chow and clean drinking water.
[bookmark: _Toc231893445]Animal weight measurement
The body weights of the experimental rats were measured weekly using a digital weighing balance (SF-400, China). Body weight measurement was done at weekly interval. All weighing procedures were consistently performed on the same day of the week. 
[bookmark: _Toc231893446]Experimental design 
Following acclimatization, prepubertal female Wistar rats (3 weeks old; 40-50 g) were randomly allocated into three experimental groups. Group I (Control, n=5) received 0.1 ml of corn oil subcutaneously. PCOS was induced in Group II (n=5) via subcutaneous administration of testosterone propionate (10 mg/kg/day), while group III rats (PCOS+BaP, n=5) received concurrent subcutaneous injection of testosterone propionate (10 mg/kg/day) and subcutaneous benzo(a)pyrene (10 µg/kg/day) (Octopus Multiscience, Osogbo) for 28 days. Corn oil (0.1 ml) served as vehicle for the administration of both testosterone and BaP, which was done between 8:00-10:00 hours each day. Testosterone and BaP were sourced locally from Octopus MultiSciences, Osogbo Nigeria.
[bookmark: _Toc231893452]Collection of biological samples
At the end of the treatment period, rats were fasted overnight for a period of eight (8) hours prior to sample collection. They were subsequently anaesthetized with ketamine and xylazine administered intraperitoneally at 75 mg/kg and 10 mg/kg body weight, respectively. Thoracotomy and laparatomy were then performed to access the thoracic and abdominal cavities for the collection of biological samples.
[bookmark: _Toc231893453]Blood collection
Following thoracotomy, the thoracic cavity was accessed and blood samples were collected from the apex of the heart via cardiac puncture using 5 ml syringe. The collected blood was transferred into plain sample bottles and allowed to clot at room temperature (25 oC) for 30 minutes prior to centrifugation. The blood samples were centrifuged at 2000 x g for 10 minutes to obtain the serum. The separated serum was then transferred into plain sample bottles and stored at −20 °C until further biochemical analysis.
[bookmark: _Toc231893454][bookmark: _Toc231893456]Whole-body perfusion and tissue fixation

After blood collection, rats underwent transcardial perfusion to preserve tissue morphology. They were initially perfised with 10 mL of normal saline via the left ventricle, followed immediately by perfusion with 10% neutral-buffered formalin to ensure optimal in situ tissue fixation. Subsequently, a midline laparotomy was performed to expose the reproductive organs. The ovaries were carefully excised and post-fixed in 10% neutral buffered formalin to prevent autolysis pending subsequent histological processing
Tissue processing and microscopy
Following fixation, the ovarian tissues were subjected to routine histological processing. Briefly, tissues were dehydrated through ascending grades of ethanol (70%, 96%, and absolute ethanol), followed by clearing in three changes of xylene. The cleared ovarian tissues were infiltrated with molten paraffin wax at 58°C for 45 minutes, and then embedded in paraffin wax. The resulting paraffin-embedded blocks were sectioned at a thickness of 5 µm using a rotary microtome. Tissue sections were floated on a warm water bath to eliminate wrinkles, mounted onto clean glass slides, and prepared for light microscopy by the Gordon and Sweet’s reticulin staining technique.
[bookmark: _Toc231893457]Gordon and Sweet’s reticulin staining procedure
The mounted tissue sections were deparaffinized in xylene and rehydrated through descending grades of ethanol to distilled water. Oxidation was achieved using Mallory bleach solution for 5 minutes, followed by treatment with 1% oxalic acid for 2 minutes to remove the excess oxidizing agent. Following a thorough rinse in distilled and tap water, the sections were sensitized by immersion in 2.5% iron alum solution for 15 minutes. The tissue sections were then rinsed in distilled water, treated with freshly prepared ammoniacal silver solution for 30 seconds, and reduced using 10% formalin solution for 1 minute. After washing in tap and distilled water, the sections were toned in 0.2% gold chloride solution to enhance staining contrast, rinsed, and fixed in 3% sodium thiosulphate solution for 10 minutes. Sections were subsequently washed in running tap water, counterstained with 1% nuclear fast red for 1 minute, dehydrated through ascending grades of ethanol, cleared in xylene, and mounted using a resinous mounting medium.
[bookmark: _Toc231893458]Photomicrography
The stained ovarian tissue sections were examined using a Carl Zeiss AX10 light microscope (Carl Zeiss, Germany), and photomicrographs were captured with a ZEISS Axiocam ERc 5s digital camera (Carl Zeiss, Germany) for detailed histochemical assessment of ovarian histology.
[bookmark: _Toc231893459]Image analysis and quantification of reticular fibers
The extent of reticular fiber deposition within the theca externa region of the ovary was quantified in Gordon and Sweet-stained sections using Fiji ImageJ software (National Institutes of Health, USA). Digital photomicrographs captured at ×200 magnification were subjected to colour deconvolution using the H-DAB vector to isolate the stained reticular fibers. The channel exhibiting the best contrast was selected and thresholded. A fixed rectangular region of interest measuring 45 by 51 pixels was consistently applied to the theca externa region. Reticular fiber deposition was quantified using the area fraction parameter and expressed as percentage area. A total of six independent microscopic fields were analyzed per group under identical conditions to ensure reproducibility.
[bookmark: _Toc231893460]Biochemical Assays Procedure for Reproductive Hormones
[bookmark: _Toc231893461]Testosterone assay procedure
Serum testosterone concentrations were quantified using a competitive enzyme immunoassay method. For this procedure, 10 µL aliquots of serum samples, standards, and controls were assayed in duplicate in microplate wells. Each well received 50 µL of testosterone enzyme conjugate and 50 µL of biotinylated testosterone antibody to initiate competitive binding. Following a 60 minutes incubation at room temperature (25 °C), the plates were decanted and washed three times with 350 µL of wash buffer to remove unbound fractions. Subsequently, 100 µL of working substrate solution was added and incubated for 15 minutes to allow for colour development, which is inversely proportional to the native testosterone concentration. The reaction was terminated with 50 µL of stop solution, and absorbance was immediately measured at 450 nm using a microplate reader. Unknown sample concentrations were extrapolated from a standard curve.
[bookmark: _Toc231893462]Luteinizing hormone (LH) assay procedure
Serum luteinizing hormone (LH) concentrations were determined using a quantitative solid phase enzyme linked immunosorbent assay (ELISA) technique. For this procedure, 50 µL aliquots of serum samples, reconstituted standards, and controls were dispensed into microtiter wells precoated with LH specific antibodies. Each well subsequently received 100 µL of horseradish peroxidase conjugated antibody to form an antigen antibody sandwich. Following 60-minute incubation at room temperature (25 °C), the wells were washed five times with wash buffer to remove unbound components. Colour development was induced by adding 100 µL of tetramethylbenzidine substrate and incubating for 20 minutes. The reaction was terminated using 100 µL of 2N hydrochloric acid stop solution, and absorbance was measured at 450 nm using a microplate reader. Sample LH concentrations, which were directly proportional to the colour intensity, were extrapolated from a standard curve and expressed in mIU/mL.
[bookmark: _Toc231893463]Follicle-stimulating hormone (FSH) procedures
Serum follicle-stimulating hormone (FSH) concentrations were determined using an immunoenzymometric assay method. For this procedure, 50 µL aliquots of serum samples, reference calibrators, and controls were assayed in duplicate in streptavidin coated microtiter wells. Each well received 100 µL of FSH enzyme reagent solution, containing both biotinylated and enzyme labelled monoclonal antibodies, to form a soluble sandwich complex with the native antigen. Following 60-minute incubation at 25 °C to allow for complete streptavidin biotin immobilization, the plates were decanted and washed three times with 350 µL of wash buffer to separate unbound fractions. Subsequently, 100 µL of working substrate solution was added and incubated for 15 minutes to yield a colour reaction. The enzymatic reaction was terminated with 50 µL of stop solution, and absorbance was immediately measured at 450 nm using a microplate reader.
[bookmark: _Toc231893464]Calculation of LH:FSH ratio
LH:FSH ratio was calculated for each sample by dividing the corresponding LH value by the FSH value, using the following equation:
LH:FSH Ratio = ​​
[bookmark: _Toc231893469]Statistical analysis
Results were expressed as mean±SEM. Differences in mean values of variables across groups were compared by the one-way analysis of variance (ANOVA) statistical method, followed by Tukey’s post-hoc test for multiple comparisons. p < 0.05 was considered statistically significant. 
[bookmark: _Toc231893471]RESULTS
[bookmark: _Toc231893472][bookmark: OLE_LINK1]Body weight analysis 
Over the four-week experimental period, statistical analysis revealed that the treatments did not significantly affect body weight (p > 0.05). While all rats exhibited normal, progressive weight gain throughout the duration of the study, there were no statistically significant differences in body weight observed across the groups at the variuos time point (Figure 1).
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[bookmark: _Toc230291754]Figure 1: Weekly mean body weight across the groups. 
PCOS: polycystic ovarian syndrome; PCOS+BaP: Polycystic ovarian syndrome rats exposed to benzo(a)pyrene.
[bookmark: _Toc231893473]Reproductive Hormones
[bookmark: _Toc231893474]Serum follicle-stimulating hormone 
The mean serum FSH levels across the groups after 28 days of subcutaneous administration of benzo(a)pyrene and/or testosterone propionate were not statistically significant (p>0.05), as shown in Figure 2B. The control group recorded a mean serum FSH level of 21.57 ± 3.02 mIU/mL, while the PCOS group showed the highest mean value (34.71 ± 6.81 mIU/mL). The PCOS + BaP group recorded the lowest mean serum FSH level (20.67 ± 5.44 mIU/mL). 
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[bookmark: _Toc230291755]Figure 2: Mean serum testosterone, FSH, LH, and LH:FSH ratio in the control rats and those co-exposed to testosterone propionate and benzo(a)pyrene for 28 days. *p<0.05 vs. controls. 
PCOS: polycystic ovarian syndrome; PCOS + BaP: Polycystic ovarian syndrome rat exposed to benzo(a)pyrene.
[bookmark: _Toc231893475]Serum luteinizing hormone (LH)
The mean serum LH levels across the groups after 28 days of subcutaneous administration of benzo(a)pyrene and/or testosterone propionate were not significant (p > 0.05) (Figure 2C). The control group shows a mean serum LH level of 19.81 ± 8.58 mIU/mL, the PCOS group shows the lowest mean value (14.22 ± 8.40 mIU/mL), while the PCOS+BaP group recorded the highest mean (31.78 ± 1.03 mIU/mL).
[bookmark: _Toc231893476]LH:FSH ratio
The mean LH:FSH ratios across the experimental groups are shown in Figure 2D. There were no significant differences in LH:FSH ratio between the groups (p > 0.05). The control group has a mean LH:FSH ratio of 1.00±0.45, PCOS group has the lowest ratio (0.36 ± 0.15), while the PCOS+BaP group has the highest ratio of 1.75 ± 0.41.
[bookmark: _Toc231893477]Serum testosterone levels
Serum testosterone levels across the groups are presented in Figure 2A. The control group has a mean serum testosterone value of 422.10 ± 17.14 pg/mL, while the PCOS group shows the lowest mean value (114.00 ± 7.89 pg/mL). The PCOS+BaP rats have a mean of 166.00 ± 41.10 pg/mL. Significant differences were observed between the control rats and both the PCOS group (p < 0.05) and the PCOS+BaP group (p < 0.05). However, there was no significant difference between the PCOS and PCOS+BaP groups (p > 0.05).
[bookmark: _Toc231893482]Ovarian histology
Examination of the photomicrograph of the control rats shows normal ovarian histoarchitecture, with well-defined Graafian follicles having distinct antrum, oocyte, granulosa cells, cumulus oophorus, and theca cells, in addition to a mild distribution of reticular fibers (Figure 3A1 and 3A2, Figure 4). PCOS rats were characterized by the presence of variably sized cystic follicles and increased accumulation of reticular fibers compared with the control group, suggesting stromal fibrosis (Figure 3B1, 3B2, Figure 4). Ovarian sections from PCOS+BaP rats show marked accumulation of reticular fibers and the presence of relatively large ovarian cysts compared with both the normal controls and PCOS groups (Figure 3C1, 3C2, Figure 4).
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[bookmark: _Toc230291762]Figure 3: Photomicrographs showing the histo-architecture of the ovaries in the controls, PCOS, and PCOS+BaP rats. 
A: antrum, AF: antral follicle, AC: atretic follicle, CF: cystic follicle, CO: cumulus oophorus, CR: corona radiata, G: granulosa cells, GF: Graafian follicle, O: oocyte, R: reticular fiber, TF: theca folliculi (cells), U: uterine tube, Z: zona pellucida. Gordon and Sweet’s reticulin stain. Magnification: A1, B1, and C1 = ×100; A2, B2, and C2 = ×200.
[bookmark: _Toc231893483]Quantification of reticular fibers in the ovarian theca externa
Differences in the mean percentage area of reticular fibers in the theca externa across the groups were statistically significant (p<0.05) as shown in Figure 4. The Control group has the lowest amount of reticulin fibres (32.84 ± 2.80%). Although the testosterone-induced PCOS rats exhibited a moderate increase (39.94 ± 3.63%), this difference was not statistically significant compared to the controls (p>0.05). In contrast, the PCOS+BaP group exhibits the highest reticular fiber deposition (60.70 ± 10.31%), which was significantly high compared to the normal controls (p<0.05), but not significantly different from the PCOS group (Figure 4)
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[bookmark: _Toc230291763]Figure 4: Percentage area of reticular fibers in the theca externa across the groups. 
PCOS: polycystic ovarian syndrome; PCOS + BaP: testosterone propionate-induced polycystic ovarian syndrome Wistar rat exposed to benzo(a)pyrene. *p < 0.05 versus control.
[bookmark: _Toc231893499]DISCUSSION
The present study investigated the effects of benzo[a]pyrene (BaP) exposure on ovarian histopathology, stromal extracellular matrix remodeling, and serum reproductive hormone profiles in a testosterone-induced rat model of polycystic ovarian syndrome (PCOS). The major finding of the study was the marked alteration in ovarian stromal architecture following BaP co-exposure, characterised by increased reticular fibre deposition within the theca externa and more pronounced cystic follicular changes. Although testosterone-induced hyperandrogenism was associated with increased reticular fibre deposition compared with the control group, the PCOS+BaP group demonstrated the highest mean percentage area of thecal reticular fibres. In addition, LH:FSH ratio was relatively elevated in the PCOS and PCOS+BaP groups compared to the controls. Conversely, body weight, serum LH and serum FSH did not differ significantly among the groups. Collectively, these findings suggest that BaP exposure may exacerbate local ovarian structural abnormalities in a hyperandrogenic environment, with the ovarian stroma representing a potentially important target of environmental toxicant exposure.
Ovarian morphological alterations and stromal alterations
Histological examination demonstrated normal ovarian architecture in the control animals, with well-defined follicles and relatively mild distribution of reticular fibres. In contrast, both the testosterone-induced PCOS and PCOS+BaP groups demonstrated multiple cystic follicles, indicating disruption of normal follicular development. The occurrence of cystic follicles in the testosterone-exposed rats is consistent with the established effects of prolonged androgen exposure on ovarian physiology (Foecking & Levine, 2005; Foecking et al., 2008; Stener-Victorin et al., 2020). Hyperandrogenism is an important component of PCOS pathophysiology and may interfere with the normal progression of follicular development, resulting in follicular arrest and persistence of abnormal follicles (McCartney & Marshall, 2016; Siddiqui et al., 2022).	Comment by hp: CHANGE

The ovarian phenotype observed in the testosterone-exposed animals is particularly important because follicular development is not only dependent on circulating reproductive hormones but also on the integrity of the local ovarian microenvironment. The ovary undergoes continuous structural remodeling during follicular recruitment, growth, atresia, and ovulation. Consequently, alterations in the composition and organisation of the ovarian stroma may contribute directly to impaired follicular development (Grosbois et al., 2023; Kinnear et al., 2020; Lind et al., 2006).
The more pronounced structural alterations observed in the PCOS+BaP group suggest that BaP exposure may further compromise an ovary already affected by androgen-induced dysfunction. This observation is consistent with the concept that environmental toxicants may act as modifiers of pre-existing reproductive abnormalities. Rather than considering endocrine disorders and environmental exposures as independent factors, increasing evidence suggests that environmental chemicals may interact with underlying endocrine and metabolic disturbances to influence the severity of reproductive pathology (Chen et al., 2025; Pan et al., 2024; Yang et al., 2015).	Comment by hp: CHECK ET AL

Ovarian stroma and extracellular matrix remodeling
One of the most important observations of the present study was the increased deposition of reticular fibres within the theca externa of the ovaries. The control group demonstrated the lowest percentage area of reticular fibres, whereas the testosterone-induced PCOS group demonstrated a moderate increase. The highest mean percentage area of reticular fibres was observed in the PCOS+BaP group. Although the difference between the PCOS and PCOS+BaP groups was not statistically significant, the considerably greater mean value observed in the co-exposed (PCOS+BaP) group, together with the significant difference from the control group, suggests a potentially important biological effect that warrants further investigation.
The ovarian stroma is increasingly recognised as an active component of ovarian physiology. In addition to providing structural support, the stromal extracellular matrix participates in cellular communication and provides a biomechanical environment that influences follicular growth and development. Reticular fibres form part of this supporting extracellular framework and contribute to the structural organisation of ovarian tissue. Under physiological conditions, extracellular matrix components undergo continuous and tightly regulated remodeling to permit follicular growth, tissue expansion, and ovulation (Grosbois et al., 2023; Kinnear et al., 2020; Lind et al., 2006).
Excessive deposition of extracellular matrix components, however, may disrupt this physiological balance. Increased accumulation of connective tissue fibres can alter stromal organisation and potentially increase the mechanical rigidity of ovarian tissue. Such changes may create a less favourable environment for normal follicular expansion and maturation. Therefore, the increased reticular fibre deposition observed in the present study may have functional significance beyond the histological changes alone (Amargant et al., 2020; Liu et al., 2025; Zhou et al., 2017).
The present findings are consistent with the growing recognition that dysregulated extracellular matrix remodeling and ovarian fibrosis are important components of ovarian dysfunction. Previous studies have shown that hyperandrogenic conditions may promote structural remodeling of the ovary through activation of pathways associated with inflammation, fibrosis, and extracellular matrix production. In experimental models, androgen excess has been associated with increased expression of profibrotic mediators and activation of the transforming growth factor-beta (TGF-β) signalling pathway. Hyperandrogenism may also promote inflammatory processes that contribute to progressive ovarian tissue remodeling (Gu et al., 2024; Hopkins et al., 2026; Wang et al., 2018; Wang et al., 2020).
Accordingly, the increased reticular fibre deposition observed in the PCOS group may represent one of the structural consequences of prolonged androgen exposure. The further increase observed in the PCOS+BaP group raises the possibility that BaP exposure intensifies this pathological process. The findings therefore support the possibility of an interaction between hyperandrogenism and environmental toxicant exposure at the level of the ovarian stroma (Chen et al., 2025; Pan et al., 2024).
Possible mechanisms underlying BaP-associated stromal alterations
The present study was not designed to directly investigate the molecular mechanisms responsible for the increased reticular fibre deposition. Therefore, the mechanisms discussed below should be regarded as biologically plausible explanations rather than direct demonstrations from the present experiment.
BaP is a polycyclic aromatic hydrocarbon that is widely recognised for its toxicological effects. Following exposure, BaP undergoes metabolic activation and can generate reactive intermediates capable of producing oxidative stress, DNA damage, and cellular injury. Experimental studies have also demonstrated adverse effects of BaP on different components of the female reproductive system, including the developing ovary, ovarian germ cells, granulosa cells, and steroidogenic processes (Bukowska et al., 2022; Lim et al., 2023; Malott et al., 2022; Perono et al., 2022; Stefansdottir et al., 2023; Xu et al., 2024).
One possible pathway through which BaP may influence ovarian stromal remodeling is through activation of the aryl hydrocarbon receptor (AhR). BaP is a recognised ligand of AhR, and activation of this receptor can alter cellular transcriptional activity and influence pathways involved in xenobiotic metabolism, inflammation, and tissue remodeling. AhR signalling has also been implicated in fibrotic processes in different tissues and may interact with profibrotic pathways, including TGF-β signalling (Kwong et al., 2024; Shi et al., 2020).
Consequently, it is biologically plausible that BaP exposure may have contributed to increased extracellular matrix accumulation through mechanisms involving AhR-dependent signalling. Such an effect may be particularly important in an ovary already exposed to prolonged androgen stimulation, where pathways involved in inflammation and fibrosis may already be activated (Gu et al., 2024; Hopkins et al., 2026; Shi et al., 2020; Wang et al., 2020).
Oxidative stress represents another possible mechanism. BaP metabolism can generate reactive oxygen species and induce oxidative cellular damage. Oxidative stress has also been implicated in ovarian dysfunction and in the pathophysiology of PCOS. Increased oxidative stress may promote inflammatory responses and contribute to alterations in extracellular matrix turnover. Therefore, the combination of androgen-induced ovarian dysfunction and BaP-associated oxidative stress may create a local environment favourable to progressive stromal remodeling (Bukowska et al., 2022; Gu et al., 2024; Perono et al., 2022; Siddiqui et al., 2022).
Inflammation may provide an additional link between hyperandrogenism and BaP toxicity. Chronic low-grade inflammation has been implicated in PCOS, while hyperandrogenism has been associated with inflammatory signalling and activation of pathways capable of promoting tissue injury. Inflammatory mediators may stimulate fibroblast activity and increase the synthesis of extracellular matrix components while altering normal matrix degradation. Thus, the marked reticular fibre accumulation observed in the PCOS+BaP group may potentially result from the combined effects of hyperandrogenism, toxicant-induced oxidative stress, inflammation, and altered extracellular matrix turnover (Gu et al., 2024; Orisaka et al., 2023; Wang et al., 2020).
Functional implications of increased reticular fibre deposition
The biological importance of increased reticular fibre deposition lies in the essential role of the ovarian extracellular matrix in supporting follicular development. Developing follicles require a dynamic stromal environment that can undergo structural modification as the follicles increase in size. During normal follicular maturation and ovulation, extracellular matrix components are continuously synthesised and degraded in a regulated manner (Grosbois et al., 2023; Kinnear et al., 2020; Lind et al., 2006).
Excessive accumulation of extracellular matrix components may interfere with this process. A dense stromal network may alter the mechanical properties of ovarian tissue and reduce the flexibility required for normal follicular expansion. Increased ovarian stiffness and abnormal collagen deposition have previously been associated with impaired follicular development. Therefore, the increased reticular fibre deposition observed in the present study may contribute to the persistence of follicular arrest and cystic follicular morphology (Amargant et al., 2020; Liu et al., 2025; West et al., 2007; Zhou et al., 2017).
The coexistence of increased stromal reticular fibres and cystic follicles in the PCOS and PCOS+BaP groups supports the possibility that abnormal stromal remodeling contributes to the pathological ovarian phenotype. Although the present study did not directly assess ovulation or fertility, the structural abnormalities observed suggest that excessive extracellular matrix accumulation could create an ovarian microenvironment that is less favourable for normal follicular maturation and ovulation (Kinnear et al., 2020; Liu et al., 2025).
This relationship may also represent a self-perpetuating pathological process. Hyperandrogenism may contribute to inflammation and extracellular matrix deposition, while progressive stromal remodeling may subsequently alter the physical and biochemical environment required for normal follicular development. BaP exposure may further intensify this process by introducing additional toxic, oxidative, and inflammatory stress (Gu et al., 2024; Orisaka et al., 2023; Perono et al., 2022; Wang et al., 2020).
Environmental toxicants and the broader relevance to PCOS
The findings of the present study have broader implications for understanding the possible contribution of environmental pollutants to reproductive disorders. BaP is a widespread environmental contaminant, and exposure can occur through several routes, including inhalation of combustion products and exposure to contaminated food and other environmental sources (Bukowska et al., 2022; Montano et al., 2025; Sombiri et al., 2024).
PCOS is a complex and multifactorial disorder in which genetic susceptibility, endocrine disturbances, metabolic factors, and environmental influences may interact. The present findings support the possibility that environmental toxicants such as BaP may act as modifiers of ovarian pathology rather than necessarily serving as independent causes of PCOS (Chen et al., 2025; Ozga & Jurewicz, 2025; Pan et al., 2024; Siddiqui et al., 2022).
This concept is particularly important because individuals with pre-existing endocrine or reproductive abnormalities may be more susceptible to the adverse effects of environmental exposures. In the present model, the ovary was already subjected to testosterone-induced alterations before or during BaP co-exposure. The more marked stromal changes observed in the co-exposed group therefore support the hypothesis that environmental toxicants may aggravate pathological processes occurring within an already vulnerable ovarian microenvironment (Chen et al., 2025; Pan et al., 2024; Yang et al., 2015).
Most previous investigations of BaP reproductive toxicity have focused on its effects on ovarian germ cells, granulosa cells, follicular reserve, apoptosis, and steroidogenesis. The present findings add to this area of research by highlighting the ovarian stroma and its extracellular matrix as potential targets of BaP-associated toxicity. This is important because stromal abnormalities may have persistent consequences for follicular development even after the initiating toxic exposure has ceased (Lim et al., 2023; Malott et al., 2022; Perono et al., 2022; Stefansdottir et al., 2023; Xu et al., 2024).
Study limitations and future directions
The present findings should be interpreted in the context of some limitations. First, the number of animals in each experimental group was relatively small, which may have limited the statistical power to detect differences between groups. This is particularly relevant to the comparison between the PCOS and PCOS+BaP groups, in which the mean reticular fibre area was considerably higher in the co-exposed group but the difference did not reach statistical significance.
Second, ovarian stromal remodeling was evaluated primarily by histological examination and quantitative analysis of reticular fibre deposition. Although this provided important structural evidence, additional molecular markers would strengthen the interpretation of the observed changes. Future studies could assess collagen types, TGF-β, connective tissue growth factor, alpha-smooth muscle actin, matrix metalloproteinases, and tissue inhibitors of matrix metalloproteinases to determine whether the histological changes are accompanied by activation of established molecular pathways associated with fibrosis (Gu et al., 2024; Liu et al., 2025; Wang et al., 2018; Zhou et al., 2017).
Third, the present study did not directly measure oxidative stress, inflammatory mediators, AhR activation, or other molecular pathways that may contribute to BaP-associated ovarian remodeling. Therefore, the proposed involvement of these mechanisms remains hypothetical and requires direct experimental confirmation (Bukowska et al., 2022; Kwong et al., 2024; Shi et al., 2020).
Fourth, the study did not include functional measures of reproductive performance such as estrous cyclicity, ovulation, corpora lutea formation, fertility, or pregnancy outcome. Incorporation of these parameters in future investigations would help establish the functional consequences of the stromal alterations observed.
Finally, the absence of a BaP-only experimental group limits the ability to distinguish the independent effects of BaP on the normal ovary from its effects in the testosterone-induced PCOS model. Inclusion of a BaP-only group in future studies would therefore provide additional information regarding whether the stromal changes observed result primarily from an interaction between BaP and hyperandrogenism or whether BaP independently induces similar alterations.
CONCLUSION
In conclusion, this study demonstrates that exposure to the environmental toxicant benzo[a]pyrene significantly exacerbates intraovarian histopathology and drives advanced structural remodeling in a testosterone-induced rat model of polycystic ovarian syndrome. The interactive effects of androgen excess and BaP co-exposure accelerate connective tissue accumulation, resulting in a pronounced deposition of reticular fibers within the theca externa region. Importantly, this progressive stromal fibrosis and follicular arrest develop independently of systemic weight gain or persistent hyperandrogenemia at sacrifice, indicating that the pathology is driven primarily by direct, localized tissue mechanisms. Given the widespread presence of benzo[a]pyrene in the environment, these findings highlight a significant environmental risk factor that may worsen the structural perturbation and ovulatory dysfunction of polycystic ovarian syndrome in lean phenotypes.
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