Histopathological and Morphometric Evidence of Cadmium-Induced Testicular Damage in Syrian Golden Hamsters (Mesocricetus auratus)

Abstract
Cadmium (Cd) is a persistent environmental pollutant known to impair male reproductive function following bioaccumulation. This study evaluated the histopathological and morphometric effects of acute cadmium exposure on the testes of adult Syrian golden hamsters (Mesocricetus auratus). Animals (n = 5 per group, with each group assessed in triplicate) received intraperitoneal cadmium chloride at 0.5, 1.0, or 2.0 mg/kg body weight for 10 consecutive days; control animals received saline. Histological examination revealed dose-dependent seminiferous tubule degeneration, pyknotic nuclei, germ-cell exfoliation, luminal cellular debris, widening of the interstitial spaces, epithelial thinning, and reduced luminal spermatozoal density, with the most severe changes observed at 2.0 mg/kg. Morphometric analysis using ImageJ corroborated these findings: seminiferous tubule area decreased from 579,418.6 ± 35,325.6 µm² in the control group to 389,477.6 ± 53,283.5 and 294,111.8 ± 52,149.5 µm² in the low- and high-dose groups, respectively (P < 0.05); tubule diameter decreased from 889.2 ± 62.8 to 615.2 ± 68.0 µm, and epithelial height decreased from 292.2 ± 49.6 to 140.0 ± 25.5 µm, with significant reductions only at the high dose; the spermatogonia count decreased from 381.4 ± 21.1 to 249.4 ± 31.6, 226.8 ± 22.3, and 140.2 ± 25.3 across the treated groups (P < 0.05). These findings indicate progressive, dose-related disruption of testicular architecture and spermatogenesis and support the suitability of the Syrian golden hamster as a model for heavy-metal-induced reproductive toxicity.
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Introduction
Heavy metals represent a major class of environmental pollutants characterised by their persistence, non-biodegradability, and capacity to bioaccumulate within biological systems without any beneficial biological function (Ali et al., 2019). Among them, cadmium (Cd) is particularly important because of its widespread industrial use in batteries, paints, pigments, coatings, and electronic equipment. Mining activities and tobacco smoking are also important sources of human exposure (Genchi et al., 2020). Cadmium has been reported to leach from contaminated soil into groundwater (Jebril et al., 2022). A recent synthesis of cadmium toxicity similarly emphasised environmental exposure, oxidative stress, and multi-organ injury as important toxicological concerns (Purushottam & Reddy, 2024).
Cadmium poses a significant toxicological concern because of its exceptionally long biological half-life (10–35 years in humans), which results from its strong binding to metallothioneins (metal-transport proteins) and facilitates prolonged retention and bioaccumulation in tissues (World Health Organization, 2011). Human and animal exposure occurs through contaminated food, drinking water, and air, leading to the gradual accumulation of cadmium in vital organs, including the liver, kidneys, heart, and reproductive tissues (Babaknejad et al., 2018; Xiong et al., 2021). The severity of cadmium toxicity depends on the route, duration, and dose of exposure. Inhalation of cadmium-containing dust and fumes, including tobacco smoke, is considered the most hazardous route because of the high pulmonary absorption of cadmium, whereas dietary intake is the predominant source in the general population (Charkiewicz et al., 2023). Both acute and chronic exposure can adversely affect biological systems, and even relatively low doses have been reported to impair male reproductive function (Laskey et al., 1984). Cadmium exposure has also been associated with mitochondrial dysfunction, increased reactive oxygen species production, and apoptosis across biological systems (Deshwal et al., 2021).
Although cadmium affects most biological systems, it is increasingly recognised as an important reproductive toxicant (Kumar et al., 2019; Xiong et al., 2021). In males of different species, cadmium is associated with reduced sperm quality and androgen production, structural damage to and histopathological changes in the testes, and impaired overall fertility (Bhardwaj et al., 2021; Massányi et al., 2020). The mammalian testis is highly sensitive to cadmium toxicity, which can alter its structure and function (Zhu et al., 2020).
Several studies have reported that acute and chronic cadmium exposure induces numerous histological alterations in the testes, including degeneration and disorganisation of the seminiferous tubules, depletion of germ cells, interstitial oedema, vascular congestion, and necrosis of spermatogenic cells (Iqbal et al., 2021; Shojaeepour et al., 2021). The integrity of the blood–testis barrier (BTB), which separates the testicular microenvironment from the rest of the body, is also compromised by cadmium (Ali et al., 2022; Jiang et al., 2024).
Updated evidence indicates that cadmium-mediated testicular injury involves coordinated disruption of the blood-testis barrier, seminiferous tubules, Sertoli and Leydig cell function, ionic homeostasis, vascular integrity, and epigenetic regulation (Bhardwaj et al., 2024). Experimental observations further show that cadmium can induce apoptosis and fibrotic remodelling in the testicular lamina propria (Wang et al., 2025). Chronic low-dose exposure has also been shown to damage Sertoli-cell ectoplasmic specialisation through endoplasmic reticulum stress, thereby disrupting spermatogenesis (Li et al., 2026).
The mechanism of cadmium-induced testicular toxicity is multifactorial. A central mechanism involves the generation of reactive oxygen species (ROS), leading to oxidative stress, lipid peroxidation, protein oxidation, and DNA damage within testicular cells (Antar et al., 2024; Xiong et al., 2021). Cadmium also interferes with the cellular antioxidant defence system (Štajn et al., 1997) and alters the expression of genes involved in apoptosis and cell survival, including the upregulation of pro-apoptotic genes (Bax and p53) and the downregulation of anti-apoptotic genes (Bcl-2), resulting in germ-cell death and impaired spermatogenesis (Antar et al., 2024; Eleawa et al., 2014; Venditti et al., 2021; Zhu et al., 2020). In Leydig cells, Cd interferes with steroidogenesis by downregulating genes such as StAR, CYP11A1, 3β-HSD, and 17β-HSD, leading to decreased testosterone synthesis (Ji et al., 2024). Additionally, Cd activates innate immune pathways, including the TLR4/MAPK/NF-κB axis and the AIM2 inflammasome, thereby promoting inflammation, pyroptosis, and testicular injury (Li et al., 2022; Zhou et al., 2022). Furthermore, cadmium-induced vascular damage (Angeli et al., 2013) and ischaemia within the testes lead to necrosis (Mason et al., 1964) and degeneration of testicular tissue (Wang et al., 2017). These combined effects result in both structural and functional impairment of the testes.
Heavy-metal toxicity has been studied primarily in fish, birds, rodents, rabbits, and humans (Chandel et al., 2014). Among these, rodents are the most common animal models, although most research has been restricted to rats and mice (Gad, 2019). The use of hamsters in toxicological research remains limited. However, hamsters have been shown to be highly sensitive to chemical pollutants, including heavy metals (Wlodarczyk et al., 1995).
Reproductive organs may serve as sensitive indicators of the harmful effects of environmental pollution on human and animal health because their responses to hazardous compounds differ from those of other target organs (Massányi et al., 2020). Nevertheless, research on heavy-metal toxicity in hamsters remains limited, and the histopathological and morphometric effects of acute cadmium exposure on the testes of Syrian golden hamsters have not been adequately characterised. Therefore, this study aimed to evaluate cadmium-induced histopathological changes in the testes of Syrian golden hamsters (Mesocricetus auratus) through qualitative histological examination and morphometric analysis, thereby improving understanding of the effects of cadmium on male reproductive health.
Materials and Methods
Experimental Animals and Their Maintenance
Adult male Syrian golden hamsters (Mesocricetus auratus) were used as experimental subjects. Animals aged 90–100 days and weighing 100–130 g were housed in polypropylene cages under controlled environmental conditions at 25 ± 2 °C, with a 12.5 h light/11.5 h dark cycle. They were fed standard commercial rodent pellets and provided with drinking water ad libitum.
Chemicals
Analytical-grade cadmium chloride (98% pure CdCl₂·H₂O; CAS No. 35658-65-2) powder was purchased from Cynor Laboratories, Surat, Gujarat, India. Regular table salt (NaCl crystals) was purchased locally for the preparation of normal saline.
Experimental Design
Adult male golden hamsters were randomly divided into four groups (n = 5 per group). Group I served as the control (vehicle-treated), whereas Groups II, III, and IV received cadmium chloride (CdCl₂·H₂O) at doses of 0.5, 1.0, and 2.0 mg/kg body weight, respectively. All doses (100 µL) were administered once daily at a fixed time via the intraperitoneal route. The control group received 100 µL of normal saline. Treatments were administered for 10 days. The entire experimental protocol was independently repeated three times under identical conditions, resulting in a total of 60 animals (5 animals × 3 replicates = 15 animals per group).
Histological Preparation
After 10 consecutive days of treatment, the hamsters were anaesthetised, and the testes from all experimental groups were excised and fixed in Bouin’s fixative for 24 h. The fixed tissues were dehydrated through a graded alcohol series, cleared in xylene, and embedded in paraffin wax. Sections 5 µm thick were cut using a microtome. The sections were then stained with haematoxylin and eosin (H&E) according to the procedure described by Cardiff et al. (2014). The slides were examined under a light microscope at 200× and 400× magnification; photomicrographs were captured, and the images were randomly analysed for histopathological alterations.
Use of ImageJ for Morphometric Analysis
Four parameters—the area and diameter of the seminiferous tubules, epithelial height, and number of spermatogonia—were measured from histological images using ImageJ software (version 1.52a) (Schneider et al., 2012). Five replicate measurements for each parameter were obtained randomly from images captured at 400× magnification for each group.
Statistical Analysis
Statistical analyses and histogram preparation were performed using GraphPad Prism 8 (version 8.0.2; GraphPad Software, San Diego, CA, USA). Data were analysed using one-way analysis of variance (ANOVA), followed by Dunnett’s multiple-comparisons test, which compared the mean of each treatment group with that of the control group. Values are presented as mean ± standard deviation (SD). Differences were considered statistically significant at P < 0.05 (95% confidence level).

Ethical Approval
All animal experiments were conducted in accordance with the guidelines of the Committee for Control and Supervision of Experiments on Animals (CCSEA), Government of India, and were approved by the Departmental Animal Ethics Committee (DAEC), vide Approval No. TDC/DoZ/DAEC/2023-24/01.
Results

I. Histopathological Assessment:
Photomicrographs of histological sections from the control and Cd-treated groups are presented as a composite in Figure 1 at 200× and 400× magnification. Histological examination of the control testes revealed normally arranged, compact seminiferous tubules with narrow interstitial spaces and an intact germinal epithelium. Spermatogonia were round and contained prominent nuclei. Leydig cells were readily observed within the interstitial tissue, mostly in triangular clusters. Sertoli cells were abundant and clearly identifiable. The tubular lumina were densely packed with mature spermatozoa.
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Figure 1: Histological slides of control and cadmium-treated Syrian golden hamsters (Mesocricetus auratus) at 200× and 400× magnification, showing dose-dependent alterations in seminiferous tubule architecture and spermatogenic organization and visible sperm density. Abbreviations: S=spermatozoa; SG= spermatogonia; SC=Sertoli cells; LC=Leydig cells; IS= interstitial space; Py= pyknotic cells.

Histopathological alterations were evident in all cadmium-treated groups, and their severity generally increased with the dose. The 0.5 mg/kg (low-dose) group showed mild germ-cell degeneration, characterised by pyknotic nuclei and occasional exfoliation of germ cells into the tubular lumen. Dead-cell debris was readily visible in the lumen. The area and diameter of the seminiferous tubules, as well as the luminal diameter, were markedly reduced compared with the control. The densities of spermatogenic cells and luminal spermatozoa also appeared lower than those in the control.
In the 1 mg/kg (medium-dose) group, the seminiferous tubules showed a further reduction in germinal epithelial height and in the number of spermatogonia. Spermatogonia were more sparsely distributed, and sperm density was also lower. The interstitial spaces were widened, and the seminiferous tubules displayed irregular shapes with increased area and diameter, which may indicate tubular deformity. The tubules contained abundant, very lightly stained debris from disintegrating, anucleate cells associated with pyknosis. Overall, the effects of cadmium were more pronounced in the 1 mg/kg group than in the 0.5 mg/kg group.
The 2 mg/kg (high-dose) group showed the most severe histopathological damage among the treated groups. Extensive germ-cell depletion, thinning of the seminiferous epithelium, and tubular distortion were observed, and spermatozoa were rarely visible in the lumen. The tubules were widely separated because of loss of interstitial tissue and widening of the interstitial spaces. The spermatogonia appeared severely compromised, with entire cells staining darkly and lacking distinct nuclei. Vacuolisation was also visible in the spermatogonial epithelial layer. These microscopic findings were consistent with the morphometric data, which showed significant reductions in seminiferous tubule area, diameter, and epithelial height. Collectively, these findings indicate that acute cadmium exposure disrupts seminiferous tubule architecture and impairs spermatogenesis in Syrian golden hamsters.
II. Morphometric Assessment:
The morphometric data are presented in Charts 1–5 within Figure 2. The seminiferous tubule area decreased from 579,418.6 ± 35,325.6 µm² in the control group to 389,477.6 ± 53,283.5 µm², 510,827.2 ± 52,815.1 µm², and 294,111.8 ± 52,149.5 µm² in the low-, medium-, and high-dose groups, respectively. The reductions were statistically significant in the low- and high-dose groups (P < 0.05), whereas the medium-dose group did not differ significantly from the control.
The seminiferous tubule diameter declined from 889.2 ± 62.8 µm in the control group to 786.0 ± 53.8 µm, 746.8 ± 95.3 µm, and 615.2 ± 68.0 µm in the low-, medium-, and high-dose groups, respectively. However, a statistically significant reduction was observed only in the high-dose group (P < 0.05).
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Figure 2: Morphometric analysis of seminiferous tubules in control and cadmium-treated Syrian golden hamsters (Mesocricetus auratus), showing changes in seminiferous tubule area, tubular diameter, luminal diameter, germinal epithelial height, and number of spermatogonia following exposure to 0.5, 1.0, and 2.0 mg/kg body weight CdCl₂. Values represent measurements (Mean ± SD) obtained from H&E-stained testicular sections using ImageJ.
The luminal diameter measured 534.8 ± 62.9 µm in the control group and 438.0 ± 55.9 µm, 542.8 ± 79.0 µm, and 435.8 ± 118.7 µm in the low-, medium-, and high-dose groups, respectively. Significant reductions were observed in the low- and high-dose groups (P < 0.05), whereas the medium-dose group remained comparable to the control, possibly because of tubular deformity.
Similarly, the germinal epithelial height decreased from 292.2 ± 49.6 µm in the control group to 216.0 ± 37.3 µm, 215.4 ± 38.0 µm, and 140.0 ± 25.5 µm in the low-, medium-, and high-dose groups, respectively. A statistically significant reduction was detected only in the high-dose group (P < 0.05).
The number of spermatogonia also declined markedly from 381.4 ± 21.1 in the control group to 249.4 ± 31.6, 226.8 ± 22.3, and 140.2 ± 25.3 in the low-, medium-, and high-dose groups, respectively. In contrast to the other morphometric parameters, all three cadmium-treated groups exhibited significantly lower spermatogonia counts than the control (P < 0.05). 
Overall, these quantitative findings corroborate the histopathological evidence of cadmium-induced disruption of seminiferous tubule architecture and spermatogenesis.
Discussion
Studies in several animal species have established that cadmium adversely affects the testes (Marettová et al., 2015; Maurya et al., 2026). In the present study, acute cadmium exposure in Syrian golden hamsters resulted in significant morphometric and histological changes in the testes, indicating progressive deterioration of testicular architecture and spermatogenesis. Cadmium-treated hamsters showed seminiferous tubule degeneration, reduced epithelial height, germ-cell depletion, increased pyknosis and cell death, widening of the interstitial spaces, significant reductions in seminiferous tubule diameter, and reduced sperm density. These findings indicate substantial disruption of normal spermatogenic activity.
Cadmium is recognised as a potent environmental testicular toxicant because it accumulates in reproductive organs and promotes excessive reactive oxygen species (ROS) generation (Jahan et al., 2014). Numerous studies have shown that ROS induce extensive intracellular oxidative stress, promoting plasma-membrane lipid peroxidation, protein oxidation, DNA damage, and mitochondrial dysfunction. These processes trigger apoptosis, necrosis, and autophagy and may ultimately cause irreversible germ-cell damage (Ali et al., 2022; Rinaldi et al., 2017; Zhu et al., 2020). Nuclear condensation (pyknosis), one of the earliest morphological signs of irreversible cell death (Hirako et al., 2017; Morsi et al., 2020), was commonly observed in the present study.
The presence of detached or exfoliated germ cells and cellular debris in the seminiferous tubule lumen was one of the most notable findings of this study. Under normal physiological conditions, developing or immature germ cells remain attached to Sertoli cells, whereas mature spermatozoa are released into the lumen of the seminiferous tubules (Alves et al., 2013). In the present experiment, spermatogonia were prematurely exfoliated into the lumen, probably because of disruption of the blood–testis barrier and impairment of Sertoli-cell junctional complexes (Bekheet et al., 2010; Hew et al., 1993; Zhu et al., 2020). The accumulation of detached germ cells observed in this study therefore reflects loss of Sertoli-cell support and normal spermatogenic organisation.
The progressive thinning of the germinal epithelium and reduction in the number of spermatogonia were corroborated by reductions in tubular area and diameter and by alterations in luminal diameter. Together, these changes indicate suppression of germ-cell proliferation. Values in all treated groups remained below those of the control, and the highest dose caused the most severe structural degradation of the tubules, although the 1 mg/kg group showed somewhat greater morphometric values than the low-dose group.
The marked reduction in sperm density within the seminiferous tubule lumen further confirms impairment of spermatogenesis and, as suggested by previous research, is likely to result from both reduced germ-cell proliferation and increased degeneration of differentiating spermatogenic cells (Adamkovicova et al., 2014). This may adversely affect semen quality in adult animals and ultimately reduce male fertility.
Vascular damage, interstitial oedema, and seminiferous tubule degeneration and shrinkage—all recognised effects of cadmium toxicity—likely contributed to the widening of the interstitial spaces observed in this study (Adamkovicova et al., 2014; Obianime et al., 2010). Cadmium-induced vascular injury compromises the testicular blood supply, resulting in hypoxia that may exacerbate germ-cell deterioration.
Several studies have reported that cadmium reduces testosterone concentrations in both serum and testicular tissue (Bhardwaj et al., 2021; Ji et al., 2010). This finding is consistent with the present observations, in which the structural integrity of Leydig cells appeared compromised. Therefore, cadmium may adversely affect both the spermatogenic and endocrine functions of the testes, potentially resulting in subfertility or infertility (Ali et al., 2022; Zhu et al., 2020).
Conclusion
Acute cadmium exposure produced clear histopathological and morphometric alterations in the testes of adult Syrian golden hamsters. The observed changes included seminiferous tubule degeneration, germ-cell depletion, pyknosis, exfoliation of germ cells, widening of interstitial spaces, thinning of the germinal epithelium, and reduced spermatozoal density. Quantitative measurements supported these observations by demonstrating reductions in seminiferous tubule area, tubular diameter, epithelial height, and spermatogonia counts, with the most severe structural damage generally occurring at 2.0 mg/kg body weight. The significant reduction in spermatogonia across all treated groups indicates that even the lower exposure levels affected the spermatogenic compartment. Although the medium-dose group showed some non-linear morphometric values, the overall pattern was consistent with progressive disruption of testicular organisation and spermatogenesis. Within the conditions of this acute exposure experiment, the findings confirm the gonadotoxic potential of cadmium and indicate that the Syrian golden hamster is responsive to cadmium-induced testicular injury. This model may therefore be useful for further controlled investigations of heavy-metal-related male reproductive toxicity.
Limitation
The study evaluated acute cadmium exposure over 10 days in a controlled experimental setting and used histological and morphometric endpoints. Functional reproductive outcomes, including serum testosterone, sperm motility, sperm morphology, fertility, oxidative-stress biomarkers, and post-exposure recovery, were not assessed. The findings should therefore be interpreted within the tested doses, exposure route, duration, and animal model, and should not be directly extrapolated to chronic environmental exposure or human reproductive risk.
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