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Abstract



Introduction/Objectives

Cadmium (Cd) is a ubiquitous environmental toxicant that causes adverse effects on female reproductive organs. Curcumin (Cm) has potent antioxidant and anti-inflammatory properties, but it has low solubility and bioavailability. The present study aimed to evaluate and compare the protective effects of native Cm and polycaprolactone/polyvinyl alcohol-based curcumin nanoparticles (PCL/PVA/Cm NPs) against Cd-induced ovarian and uterine toxicity in female rats through histopathological, semi-quantitative, and morphometric analyses.




Methods

Forty-eight adult female rats were randomly assigned to six groups (n = 8/group): control, Cd, Cm, Cd + Cm, PCL/PVA/Cm NPs, and Cd + PCL/PVA/Cm NPs. Treatments were given orally for four weeks. Ovarian and uterine tissues were collected at the end of the experimental period for histopathological analysis, semi-quantitative histological scoring, and morphometric evaluation.




Results

Cd exposure induced marked ovarian and uterine histopathological changes, including follicular atresia, degeneration of corpora lutea, vascular congestion, thinning of the endometrial epithelium, glandular atrophy and inflammatory cell infiltration, and reduced endometrial and myometrial thickness. Interestingly, treatment with free Cm maintained normal granulosa cell proliferation and uterine morphology. Administration of Cm along with Cd revealed partial histological recovery compared with the group treated with Cd alone. On the other hand, PCL/PVA-encapsulated Cm showed the most significant histological improvements with signs of active folliculogenesis and normal uterine structure. Interestingly, the group treated with Cd + PCL/PVA/Cm NPs showed almost complete recovery of ovarian and uterine structure with histological scores comparable to those of the control groups.




Discussion

The significant restoration of ovarian and uterine tissues and folliculogenesis in PCL/PVA/Cm NPs-treated animals could be attributed to the enhanced bioavailability and sustained release of Cm.




Conclusion

PCL/PVA/Cm NPs exhibited greater protective and restorative effects against Cd-induced reproductive toxicity than native Cm, indicating that nanoparticle-mediated delivery of curcumin may represent an effective strategy for protecting the female reproductive system against heavy metal-induced damage.
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1. INTRODUCTION

Cadmium (Cd) is widely used in industry for corrosion-resistant coatings, rechargeable batteries, metal alloys, nuclear reactor control rods, and stable pigments in high-grade paints because of its durability, lightweight properties, neutron absorption capacity, and resistance to oxidation [1].

Cd is a common environmental heavy metal found in the surroundings, with high toxicity, persistence, and bioaccumulation, which poses a significant threat to human and animal health. By contrast, it is regularly released into the environment through industrial emissions of toxic gases, cigarette smoke, contaminated food and water supplies, with resulting long-term exposure in many populations. Cd is classified as a non-essential metal, and no physiological role has been identified for Cd in biological systems despite its ability to accumulate readily into tissues and interfere with normal cellular activities. One of the organs most sensitive to Cd toxicity is the reproductive system, and in particular, the female reproductive organs [2, 3].

The female reproductive system is extremely responsive to toxic environmental pollutants because of its intricate hormonal control and the sensitive mechanisms of folliculogenesis, ovulation, and steroidogenesis. It is well established that Cd exposure affects reproductive performance by mechanisms of oxidative stress, inflammation, apoptosis, and disruption of the hypothalamic–pituitary–gonadal axis [4, 5]. Overproduction of Reactive Oxygen Species (ROS), which results in oxidative injury of the lipid, protein, and nucleic acid biomolecules, is one of the major mechanisms underlying Cd-mediated toxicity. Concomitantly, Cd inhibits intrinsic antioxidant defense systems, which further aggravates cellular damage in reproductive tissues [6, 7].

Both experimental and epidemiological investigations indicate that Cd action induces structural and functional changes in female reproductive organs. These changes include degeneration of ovarian follicles, damage to uterine tissues, hormonal imbalance, and lowered fertility potential [8, 9]. Cd has also been found to interfere with reproductive hormone secretion, including Follicle-Stimulating Hormone (FSH), Luteinizing Hormone (LH), and estrogen, resulting in damage to ovarian function and reproductive cycles [10]. Cd also exhibits estrogen mimetic activity and functions as an endocrine disruptor, which can alter regular reproductive signaling pathways [11]. Due to these harmful effects, the identification of protective agents that can alleviate Cd-induced reproductive toxicity has become a significant area of interest in biomedical research.

Natural antioxidants have been widely studied as possible therapeutic agents to combat metallotoxicity. Curcumin (Cm), the main medicinal polyphenolic compound from Curcuma longa, is one of these compounds that have been reported for their various pharmacological effects. Cm has strong antioxidant, anti-inflammatory, anti-apoptotic, and metal-chelating properties with the potential to protect biological systems from oxidative destruction [12, 13]. In the reproductive system, Cm was reported to ameliorate ovarian function, regulate reproductive hormones, and modulate oxidative and inflammatory damage in ovarian tissues [14, 15].

Various experimental studies illustrate that Cm has a protective role against reproductive toxicity. Cm is known to increase the activity of antioxidant enzymes, decrease lipid peroxidation, and regulate signaling pathways relating to oxidative stress and apoptosis. Furthermore, Cm has been demonstrated to protect against follicular damage and improve endocrine or reproductive performance of ovarian tissue under toxic or stressful conditions [16, 17]. Moreover, Cm may modulate important cellular signaling pathways like Nuclear factor erythroid 2-related factor (Nrf2/HO-1) and Phosphoinositide 3-Kinase/ Protein Kinase B (PI3K/Akt) that are vital for cellular defense systems and tissue protection [18, 19].

Although native Cm has demonstrated some promising biological effects, its clinical use as a drug is hampered by serious pharmacokinetic disadvantages such as poor solubility in water and rapid metabolism, low bioavailability, and limited tissue distribution [20, 21]. These restrictions greatly limit the efficacy of Cm when taken in its most classical type. In order to overcome these challenges, recent advances in nanotechnology have been directed toward Cm-based nano-formulations that improve stability, bioavailability, and targeted delivery [22, 23].

Owing to this, Cm nanoparticles exhibited superior pharmacological activity over free Cm owing to increased cellular uptake and a prolonged release profile [24, 25] found that nano-Cm formulations manifested more potent antioxidant and anti-inflammatory properties, as well as higher therapeutic efficacy, in experimental models of toxicity than traditional Cm preparations [26, 27]. Nano-Cm protects ovarian cells from oxidative damage, enhances follicular development, and restores hormonal balance in reproductive tissues undergoing stressed conditions [28, 29]. These findings collectively underscore the potential of Cm nanoparticles as an innovative therapeutic approach for countering reproductive toxicity.

Many studies have already been conducted on Cd-induced toxicity as well as the protective efficacy of Cm; however, there is still a scarcity of comparative studies testing the application of native Cm versus nano-formulated Cm in female reproductive toxicity. Most available research into Cm has studied general antioxidant effects or male reproductive systems specifically, which leaves a gap in understanding how Cm or Cm nanoparticles protect female reproductive tissues against Cd toxicity. This gap needs to be addressed for the development of better therapeutic strategies that enhance the biological efficiency of Cm-based interventions.

Accordingly, the current study aimed to comparatively assess the protective effects of native Cm and Cm nanoparticles on Cd-induced reproductive organ toxicity. Through the assessment of histopathological changes, this study attempts to elucidate whether nano-formulated Cm offers greater protection for female reproductive tissues compared to native Cm. This study is expected to make a significant contribution to the field of nanomedicine, which would generate scientific evidence for evolving therapeutic strategies to safeguard reproductive health against environmental toxicants.






2. MATERIALS AND METHODS


2.1. Animal Models and Ethical Considerations

This study was conducted from October 2024 to April 2025 at the animal house in the College of Veterinary Medicine, University of Al-Qadisiyah, Iraq. Adult Wistar female rats (provided by the animal house of the same College) were used for the ovarian and uterine toxicology study due to their extensive characterization in both reproductive and toxicological studies. The animals were kept under controlled environmental conditions (temperature, 23 ± 2°C; relative humidity, ~50–60%) in polypropylene cages. Rats were kept in a temperature- and humidity-controlled room (standard 12 h light/12 h dark cycle; lights on: 06:00 a.m., off: 06:00 p.m.).

Experimental animals were given a standardized laboratory pellet diet (crude protein: 20-22% and metabolizable energy: 3.0-3.3 Kcal/g [30] and ad libitum access to clean drinking water during the period of experimentation. To reduce stress and maintain hygienic conditions, bedding material was renewed periodically, and cages were disinfected regularly. No more than four rats were housed in each cage to facilitate airflow and movement.

The animals were allowed to acclimatize to the laboratory for two weeks before starting any experimental procedures. All experimental protocols were approved by the Institutional Animal Care and Use Committee (IACUC). This study adhered to internationally accepted standards for animal research, following the 3Rs principle. The ARRIVE guidelines were employed for reporting experiments involving live animals, promoting ethical research practices. This study was approved by the Ethics and Policy Committee of the College of Veterinary Medicine, Al-Qadisiyah University, Iraq (No. 1180).




2.2. Chemicals and Reagents

Reproductive toxicity was induced in experimental animals by administering CdCl2. We chose the natural polyphenolic compound Cm as a protective agent because of its well-characterized antioxidant and anti-inflammatory properties. Polymer-based Cm nanoparticles were prepared. All chemicals and reagents that were of analytical grade were purchased from commercial suppliers.




2.3. Synthesis of PCL/PVA-based Cm Nanoparticles

Cm-loaded nanoparticles were prepared by the emulsion–solvent evaporation method [31]. Briefly, the organic phase was obtained by dissolving polycaprolactone (PCL) in an organic solvent such as dichloromethane. Then, Cm was added to the same organic phase for encapsulation within the polymer matrix. Polyvinyl alcohol (PVA) was prepared in an aqueous solution to be used as a stabilizing surfactant. Under continuous stirring with a magnetic stirrer, the organic phase, including PCL and Cm, was gradually added to the aqueous phase containing PVA. The mixture was then homogenized using a high-speed blender to obtain a stable oil-in-water emulsion. Subsequently, the organic solvent was evaporated under continuous stirring, which provided efficient mixing and facilitated the formation of Cm-loaded nanoparticles. In this step, we centrifuged and washed the collected nanoparticles several times with distilled water to remove excess surfactant and unencapsulated drug. The recovered nanoparticles were later dried and stored under appropriate conditions for further use.




2.4. Preparation and Oral Gavage of Cm and Cm-loaded NPs

Native Cm suspension was prepared freshly before administration by dispersing Cm powder in a 0.5–1% carboxymethyl cellulose (CMC) solution under continuous magnetic stirring, followed by sonication for 10–15 minutes to ensure uniform dispersion. On the other hand, before administration of the NPs, the NP powder was reconstituted in 0.5% CMC and briefly sonicated to achieve a homogeneous suspension. Both native Cm and Cm-NP formulations were administered orally by gavage using a stainless-steel gavage needle at the required experimental dose according to the animal’s body weight.




2.5. Evaluation of the Encapsulation Efficacy

The encapsulation efficiency and drug loading capacity were calculated by dissolving a given quantity of nanoparticles in an adequate solvent, followed by UV–visible spectrophotometric determination of Cm absorbance. Encapsulation efficiency was calculated as the ratio of Cm used at encapsulation to that detected in the supernatant [32].




2.6. Experimental Design

The experimental design followed the Organisation for Economic Co-operation and Development (OECD) Guideline 407 for a repeated-dose oral toxicity study [33]. Forty-eight adult female Wistar rats (aged 120–130 days and weighing 250–270 g) were used in this study. The animals were randomly allocated into six experimental groups (n = 8 per group). The current study evaluated the protective effects of native Cm and PCL/PVA/Cm NPs against Cd-induced reproductive toxicity.


2.6.1. Group T1 (Negative Control)

Animals were maintained under standard conditions and received no treatment throughout the experimental protocol.




2.6.2. Group T2 (Cd Control)

Rats were administered cadmium chloride (CdCl2) at a dose of 30 mg/kg body weight/day orally for four weeks to induce reproductive toxicity [34].




2.6.3. Group T3 (Cm Control)

Intact rats were treated orally with native Cm at a dose of</mark> 0.207 mg/kg body weight/day for four weeks [35].




2.6.4. Group T4 (Cd + Cm)

Rats received both CdCl2 (30 mg/kg/day) and native Cm (0.207 mg/kg/day) for four consecutive weeks.




2.6.5. Group T5 (Cm Nanoparticles Control)

Intact rats received orally administered synthesized PCL/PVA/Cm NPs at a dose of 0.207 mg/kg/day for four weeks.




2.6.6. Group T6 (Cd + Cm Nanoparticles)

Rats received CdCl2 (30 mg/kg body weight/day) and PCL/PVA/Cm NPs (0.207 mg/kg body weight/day) for four weeks.

All treatments were administered via gastric gavage to ensure accurate dosing. Mortality, clinical signs of toxicity, and behavioral changes were monitored daily throughout the entire experiment.






2.7. Tissue Collection and Histopathological Examination

After an overnight (12 h) fast, female rats were euthanized at the end of the treatment period under appropriate anesthesia. The abdominal cavity was opened, and the reproductive organs, including the ovaries and uterus, were removed. The tissues were gently washed with physiological saline to remove blood and other contaminants and were fixed in 10% neutral buffered formalin for histomorphological analysis.




2.8. Histological Processing and Staining

Tissue samples fixed in formalin were processed according to standard histological procedures [36]. Tissues were dehydrated in a graded series of ethanol, cleared in xylene, and embedded in paraffin wax. Using a rotary microtome, paraffin blocks were cut into sections of 5 µm thickness. The sections were attached to glass slides and stained with hematoxylin and eosin (H&E) for the analysis of overall tissue morphology. Hematoxylin stains the cell nuclei blue, whereas eosin stains the cytoplasmic and extracellular components pink, thereby allowing the cellular structure to be easily visualized. Morphological changes in the ovarian follicles, uterine endometrium, and myometrial layers were assessed using the prepared slides under a light microscope. Changes in the histopathology were recorded and examined in relation to the experimental groups.




2.9. Statistical Analysis

The sample size of the experimental animals was determined based on previous studies with similar designs evaluating the toxicological effects of heavy metals and the protective role of plant extract-based formulations on reproductive and biochemical parameters. The calculation aimed to achieve sufficient statistical power to detect biologically significant differences among groups while minimizing the unnecessary use of animals, in accordance with ethical guidelines for animal research. Based on these assumptions, the minimum number of animals required per group was estimated to provide reliable and reproducible results.

All experimental data were statistically analyzed using GraphPad Prism (version 5). Results are expressed as mean ± standard deviation (SD). Statistical comparisons between experimental groups were performed using one-way ANOVA. When significant differences were observed, Tukey's multiple comparison test was used to identify differences between groups. Statistical significance was defined as a p-value of < 0.05 [37].








3. RESULTS


3.1. Ovaries


3.1.1. Microscopical Examination of Ovarian Sections

As compared to control female rats (Fig. 1), Cd induced histopathological changes in the ovarian tissue. We observed that the ovary showed an irregular contour and a flattened germinal epithelium, numerous atretic follicles, degenerative corpus luteum structures, and chromatin condensation within ovarian cells, indicating apoptosis; furthermore, dilated and congested blood vessels were also observed (Fig. 2).


[image: ]


Fig. (1) 
Photomicrographs of ovarian tissue from a control group female rat showing the presence of numerous primordial (red arrows), primary (PF), and secondary follicles (SF), and several atretic follicles (AF), and multiple corpora lutea (CL), indicating active folliculogenesis and ovulatory activity. A) H&E, X40. B) H&E, ×100.


[image: ]


Fig. (2) 
Photomicrographs from the Cd-treated group (T2 group). A) shows an ovary with an irregular contour and a flattened squamous germinal epithelium (red arrow). Numerous atretic follicles (AFs) are evident, along with degenerated corpus luteum structures (blue arrows). Dilated and congested blood vessels are also observed in the cortical region (V). H&E, X40. B) shows irregular distribution of ovarian cells (black arrows), with chromatin condensation in the nuclei highlighted by green arrows. H&E, X100.

Sections of the ovaries of Cm-treated female rats showed well-preserved histological structures. There were numerous primordial, primary, and secondary follicles with few corpora lutea observed, indicating active folliculogenesis and regular ovulation (Fig. 3). Atretic follicles were scarce and remained within physiological ranges.
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Fig. (3) 
Photomicrographs of ovarian tissue from the Cm-treated group (T3) showing the presence of numerous primordial (red arrows), primary (PF), and secondary follicles (SF), and several atretic follicles (AF), and multiple corpora lutea (CL), indicating active folliculogenesis and ovulatory activity. A) H&E, ×40. B) H&E, ×100.

Cd and Cm co-administration appreciably preserved ovarian architecture. Histological examination showed clustered primordial and primary follicles, as well as multiple corpora lutea, suggesting ovulatory activity. However, atretic follicles were still visible, and secondary follicles were rarely observed; moreover, mild degeneration of luteal cells was also noted (Fig. 4).


[image: ]


Fig. (4) 
Photomicrographs of the ovarian tissues from the Cd+Cm-treated group (T4). A) reveals numerous clustered primordial (red arrows) and primary follicles (black arrows), along with multiple corpora lutea (CL), indicating a regenerative or luteinized ovarian condition. H&E, X40. B) reveals clustered primary follicles (PF), along with multiple corpora lutea (CL), indicating a regenerative or luteinized ovarian condition. H&E, X100.

In contrast, ovarian sections obtained from female rats treated with PCL/PVA/Cm NPs (Fig. 5) exhibited well-preserved histoarchitecture, characterized by an active ovarian cortex containing follicles at various developmental stages, including primordial, primary, secondary, and antral follicles, together with numerous healthy corpora lutea. These findings indicate enhanced follicular activity and normal ovarian function following PCL/PVA/Cm NPs administration.
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Fig. (5) 
Histological sections of the ovarian tissues from the PCL/PVA/Cm NPs –treated group (T5). A) displays numerous primordial (green arrow), primary (red arrows), secondary (blue arrow), and antral follicles (black arrows) along with multiple corpora lutea (CL), indicating active folliculogenesis and sustained ovulatory activity. H&E, x40. B) shows an active cortical region containing various stages of immature follicles. H&E, 100X.

Notably, the ovaries of female rats co-treated with CdCl2 and PCL/PVA/Cm NPs (Fig. 6) demonstrated marked histological improvement, with a highly active ovarian cortex containing follicles at all stages of development, ranging from primordial to mature Graafian follicles. The Graafian follicles were clearly identified by the presence of a distinct basement membrane, well-organized granulosa cell layers, an intact zona pellucida, and a morphologically normal oocyte. These observations suggest that PCL/PVA/Cm NPs effectively attenuated Cd-induced ovarian injury and promoted the restoration of normal folliculogenesis.
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Fig. (6) 
Histological sections of ovarian tissues from the combination treatment of Cd and PCL/PVA/Cm NPs-treated group (T6) reveal an active ovarian cortex containing all developmental stages of follicles, including primordial, primary, secondary, and Graafian follicles. A) H&E, x40. B) H&E, x100.

As summarized in Table 1, the PCL/PVA/Cm NPs-treated group exhibited the most promising ovarian histological profile among experimental groups. This profile was characterized by active folliculogenesis, evidenced by profuse developing follicles, multiple healthy corpora lutea, minimal follicular atresia, and preserved vascular integrity. Together, these findings suggest that administration of Cm-loaded NPs alone provides higher preservation of ovarian morphology and enhanced ovarian functional capacity. Conversely, the Cd-exposed group showed the most severe histopathological changes, including marked suppression of folliculogenesis, extensive follicular atresia, degeneration of corpora lutea, and distinct vascular impairment, indicating the deleterious effects of Cd exposure on ovarian tissue.

Although both the Cd + Cm and Cm-treated groups revealed substantial histological recovery, reflected by improved follicular development, reduced atresia, and restoration of ovarian activity, their overall histological status remained slightly less than that observed in the PCL/PVA/Cm NPs-treated group. Nevertheless, the Cd + Cm group showed slight restoration of normal ovarian architecture, highlighting the protective effect of curcumin against Cd-induced ovarian toxicity.


Table 1 
				Histological assessment of ovarian activity in experimental groups.



	Groups
	Folliculogenesis
	Corpora Lutea
	Atresia
	Vascular Integrity
	Overall Histological Status





	T1

Control
	Active (Prim., Sec.)
	Multiple, Normal
	Minimal
	Intact
	Best-preserved ovarian structure



	T2

Cd
	Absent
	Degenerated
	Extensive
	Compromised
	Severely damaged



	T3

Cm Only
	Active (Prim., Sec.)
	Multiple, Normal
	Minimal
	Intact
	Best-preserved ovarian structure



	T4

Cd+Cm
	Partial
	Present
	Moderate
	Partially preserved
	Moderately affected (partial recovery)



	T5

PCL/PVA/Cm Nps
	Active (Prim., Sec., Antral)
	Multiple, Normal
	Minimal
	Preserved
	Enhanced folliculogenesis with preserved architecture



	T6

Cd+PCL/PVA/Cm Nps
	Active (Prim., Sec., Graafian)
	Multiple, Mature (CLs)
	Minimal
	Restored
	Normal histology; marked recovery from Cd toxicity







Note: T1: treated with distilled water; T2: treated with CdCl2; T3: treated with native Cm; T4: treated with combination of CdCl2 and Cm; T5: treated with PCL/PVA/Cm NPs; T6: treated with combination of CdCl2 and PCL/PVA/Cm NPs.










3.1.2. Semi-quantitative Histopathological Scoring of Ovarian Tissue

For Semi-quantitative analysis, the evaluated parameters involved folliculogenesis (assessed based on the presence of follicles at different developmental stages), corpora lutea integrity, follicular atresia (reverse-scored; whereby a higher score indicate lower degree of atresia), vascular integrity, and the overall histological score, which was calculated as the mean of all measured parameters) (Table 2).


Table 2 
				Histopathological scoring of ovarian tissue between experimental groups.



	Group
	Folliculogenesis
	Corpora Lutea
	Follicular Atresia*

	Vascular Integrity
	Overall Score **

	Histological Interpretation





	T1 Control
	3.0 ± 0.0ᵃ
	3.0 ± 0.0ᵃ
	3.0 ± 0.0ᵃ
	3.0 ± 0.0ᵃ
	3.0 ± 0.0ᵃ
	Normal ovarian architecture



	T2 Cd
	0.0 ± 0.0ᶜ
	0.0 ± 0.0ᶜ
	0.0 ± 0.0ᶜ
	1.0 ± 0.0ᶜ
	0.25 ± 0.50ᶜ
	Severe ovarian damage



	T3 Cm
	3.0 ± 0.0ᵃ
	3.0 ± 0.0ᵃ
	3.0 ± 0.0ᵃ
	3.0 ± 0.0ᵃ
	3.0 ± 0.0ᵃ
	Normal ovarian histology



	T4 Cd + Cm
	2.0 ± 0.0ᵇ
	2.0 ± 0.0ᵇ
	2.0 ± 0.0ᵇ
	2.0 ± 0.0ᵇ
	2.0 ± 0.0ᵇ
	Moderate recovery



	T5 PCL/PVA/Cm NPs
	3.0 ± 0.0ᵃ
	3.0 ± 0.0ᵃ
	3.0 ± 0.0ᵃ
	3.0 ± 0.0ᵃ
	3.0 ± 0.0ᵃ
	Enhanced folliculogenesis



	T6 Cd + PCL/PVA/Cm NPs
	3.0 ± 0.0ᵃ
	3.0 ± 0.0ᵃ
	3.0 ± 0.0ᵃ
	3.0 ± 0.0ᵃ
	3.0 ± 0.0ᵃ
	Marked protection and restoration







Note: *Higher score indicates lower follicular atresia.

** Mean score calculated from the four histological parameters (Mean ± SD).

Data are presented as mean ± SD of semi-quantitative histological scores (0–3). Different superscript letters (a, b, c) in the same column indicate significant differences and are determined by post hoc analysis, P < 0.05. An upper score indicates better ovarian histological preservation with less follicular atresia.

T1: treated with distilled water; T2: treated with CdCl2; T3: treated with native Cm; T4: treated with a combination of CdCl2 and Cm; T5: treated with PCL/PVA/Cm NPs; T6: treated with a combination of CdCl2 and PCL/PVA/Cm NPs.







The control group (T1) represented the physiological baseline condition and exhibited normal ovarian histoarchitecture, characterized by active folliculogenesis, the presence of multiple healthy corpus lutea, minimal follicular atresia, and intact vascular structures. In contrast, Cd exposure induced the most severe histopathological alterations in ovarian tissue. Histological examination of the Cd-treated group (T2) displayed a marked impairment in folliculogenesis with numerous follicles undergoing advanced atresia and degenerated corpora lutea along with vascular congestion, resulting in the lowest histological score among experimental groups. This is likely due to the severe gonadal toxic effect of Cd.

Treatment with Cm alone (T3) preserved normal ovarian morphology comparable to the control group. Histological examination revealed a well-maintained ovarian architecture characterized by the presence of numerous primordial, primary, and secondary follicles, together with structurally intact corpora lutea, suggesting that Cm administration does not have an adverse effect on ovarian histology and effectively maintains normal ovarian function. Partial protection against Cd toxicity was observed in the Cd + Cm group (T4). Ovarian sections exhibited resumed follicular development, as demonstrated by the presence of primordial and primary follicles and several corpora lutea. However, histopathological alterations persisted, including follicular atresia and mild luteal degeneration. These findings suggest that native curcumin exerted a moderate restorative effect against cadmium-induced ovarian damage, although complete histological recovery was not achieved.

The PCL/PVA/Cm NPs-treated group (T5) exhibited the most significant ovarian histological profile among experimental groups. Sections from ovaries showed active stages of folliculogenesis characterized by the presence of numerous primordial, primary, secondary, and antral follicles, along with multiple healthy corpora lutea and preserved vascular structures. The ovarian architecture appeared highly organized and functionally active, indicating increased bioavailability, biological activity of Cm, and its encapsulation to nano-scale. The Cd + PCL/PVA/Cm NPs (T6) group exhibited almost normal ovarian architecture, comparable to that found in the control groups. Ovarian sections exhibited normal follicular progression across different developmental stages, including abundant intact Graafian follicles, preserved corpora lutea, and intact vascular networks, accompanied by minimal follicular atresia. The substantial restoration of ovarian architecture and follicular integrity observed in this group indicates a pronounced protective effect against Cd-induced ovarian damage. Collectively, these findings confirm the enhanced therapeutic efficacy of PCL/PVA/Cm NPs in mitigating Cd-induced ovarian toxicity and preserving ovarian structure and function.






3.2. Uteri


3.2.1. Microscopical Examination of Uteri Sections

Compared with control female rats (Fig. 7), histopathological examination of the uterus from the Cd-treated female rats (Fig. 8) revealed marked degenerative and inflammatory alterations. The endometrial epithelium appeared markedly attenuated and exhibited a decline in cellular density and a reduced number of uterine glands. In several uterine sections, glandular atrophy was evident, accompanied by lymphocytic infiltration within the endometrial stroma. Moreover, congested blood vessels and apoptotic changes in the luminal epithelium were observed, indicating tissue injury and inflammatory response.
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Fig. (7) 
Photomicrographs of uterine tissue from a control group female rat (T1). A) A uterus with normal structure. H&E, ×100. B) shows a uterus with normal structure of the endometrial layer. H&E, ×400.


[image: ]


Fig. (8) 
Photomicrograph of uterine tissue from Cd-treated group female rat (T2). A) shows a uterus with a thin epithelial layer (black arrow), apoptosis in the luminal epithelium (blue arrow) with lymphocytic infiltration (red arrow). H&E, X100. B) shows a uterus with congested blood vessels (red arrow) and infiltration of inflammatory cells (blue arrows). H&E, X400.

In comparison to Cm-treated female rats (Fig. 9), uterine sections from the Cd + Cm-treated group (Fig. 10) showed partial amelioration of Cd-induced pathological alterations. Histological examination exhibited a thicker columnar epithelial layer with numerous uterine glands and moderate regeneration of endometrial architecture. Nevertheless, residual pathological changes were still evident in several sections, including vascular congestion, focal hemorrhage, inflammatory cell infiltration, and partial disruption of the myometrial organization.
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Fig. (9) 
Photomicrograph of uterine tissue from the Cm-treated group female rat (T3) shows a uterus with a thick columnar epithelial layer (black arrow). A) H&E, X100, B) H&E, X400.
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Fig. (10) 
Photomicrograph of uterine tissue from the Cd + Cm-treated group female rat (T4) shows a uterus with hemorrhage (red arrow) and disruption of the myometrial architecture. A) H&E, X100, B) H&E, X400.

The PCL/PVA/Cm NP–treated group of female rats (Fig. 11) exhibited well-preserved uterine architecture, characterized by a well-organized endometrial epithelial layer, numerous well-developed uterine glands, and an intact myometrium without evidence of congestion, necrosis, or inflammatory infiltration. Similarly, the Cd+ PCL/PVA/Cm NPs–treated group of female rats (Fig. 12) displayed a remarkable improvement in uterine morphology, exhibiting nearly normal histological structure comparable to that of the control group. The endometrial epithelium was intact and well-organized, with multiple active uterine glands and an absence of inflammation or degeneration changes.
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Fig. (11) 
Photomicrograph of uterine tissue from the PCL/PVA/Cm NPs –treated group female rat (T5) shows a uterus with normal structure of the endometrial layer and glands. A) H&E, X100, B) H&E, X400.
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Fig. (12) 
Photomicrograph of uterine tissue from the PCL/PVA/Cm NPs –treated group female rat (T6) shows a uterus with normal structure of the endometrial layer and active endometrial glands. A) H&E, X100, B) H&E, X400.

The histopathological examination of uterine tissues (Table 3) demonstrated normal histoarchitectural organization in the control group (T1), characterized by an intact endometrial epithelial lining, well-developed uterine glands, and normal myometrial architecture. In contrast, the T2 group (Cd-treated) exhibited significant degenerative and inflammatory changes, including attenuation of the epithelial lining, glandular atrophy, lymphocytic infiltration, vascular congestion, and apoptotic changes of luminal epithelium. Treatment with Cm alone (T3) maintained normal uterine morphology, characterized by a well-developed columnar epithelial layer and intact glandular structures. Co-administration of Cd and curcumin (T4) resulted in partial histological recovery of the uterine tissue; however, residual pathological lesions, including vascular congestion, hemorrhage, inflammatory infiltration, and focal disruption of the myometrial layer, remained evident. Histological examination of the PCL/PVA/Cm NPs-treated group (T5) demonstrated well-preserved uterine architecture comparable to that of the control group, with no apparent pathological alterations. Notably, the Cd + PCL/PVA/Cm NPs group (T6) exhibited substantial amelioration of Cd-induced uterine injury, as evidenced by the restoration of normal uterine morphology, re-establishment of endometrial integrity, and the presence of numerous active uterine glands, resulting in a histological appearance closely resembling that of the control group.


Table 3 
				Histopathological alterations in uterine tissues of experimental female rats.



	Group
	Treatment
	Histopathological Findings





	T1
	Control
	Normal uterine histological structure, including intact endometrial epithelium, well-ordered arrangement of endometrium, and presence of abundant normal uterine glands with intact myometrium, showing no inflammatory infiltration and vascular congestion.



	T2
	Cd
	Histopathological changes were evident, which included thinning of the endometrial epithelial lining, reduced cellular density, decreased number of uterine glands with glandular atrophy, lymphocytic infiltration in the endometrial stroma, congested blood vessels, and apoptotic changes in the luminal epithelium.



	T3
	Cm
	Less rigid uterine lining with columnar epithelium and preserved endometrial architecture, including functional uterine glands.



	T4
	Cd + Cm
	Marked improvement of Cd-induced lesions, with mild regeneration of endometrial architecture and increased numbers of glands; nevertheless, some sections showed vascular congestion, hemorrhage, inflammatory cell infiltration, and myometrial structure disturbance.



	T5
	PCL/PVA/Cm NPs
	Normal uterine histology showing regular endometrial epithelium, many functional uterine glands, and intact myometrium free from congestion, necrosis, and inflammatory infiltration.



	T6
	Cd + PCL/PVA/Cm NPs
	A significant recovery with almost normal uterine structure like the control group, including intact endometrial epithelium, properly organized stromal tissues and several actively producing uterine glands without any detectable inflammatory or degenerative changes







Note: T1: treated with distilled water; T2: treated with CdCl2; T3: treated with native Cm; T4: treated with a combination of CdCl2 and Cm; T5: treated with PCL/PVA/Cm NPs; T6: treated with a combination of CdCl2 and PCL/PVA/Cm NPs.










3.2.2. Semi-quantitative Histopathological Scoring of Uterine Tissue

Semi-quantitative analysis of uterine histopathological alterations (Table 4) demonstrated that the Cd-treated group (T2) exhibited the highest severity of tissue lesions, characterized by marked epithelial degeneration, moderate glandular atrophy, inflammatory cell infiltration, and pronounced vascular congestion. In contrast, the control group (T1) showed normal uterine histoarchitecture with no detectable pathological changes. Administration of Cm alone (T3) preserved uterine histology comparable to that of the control group. Co-treatment with Cd and Cm (T4) resulted in partial improvement, with mild epithelial degeneration and glandular atrophy accompanied by moderate vascular congestion still evident. Notably, rats treated with PCL/PVA/Cm NPs (T5) exhibited well-preserved uterine architecture without observable histopathological lesions. Furthermore, the Cd + PCL/PVA/Cm NPs group (T6) showed near-complete restoration of uterine morphology, with histological scores comparable to those of the control group, indicating a substantial protective and restorative effect of nano-encapsulated Cm against Cd-induced uterine toxicity.


Table 4 
				Numerical semi-quantitative scores of uterine histopathological alterations in experimental female rats.



	Group
	Treatment
	Epithelial Degeneration
	Glandular Atrophy
	Inflammatory Cell Infiltration
	Vascular Congestion / Hemorrhage
	Myometrial Disruption





	T1
	Control
	0.00 ± 0.00ᵃ
	0.00 ± 0.00ᵃ
	0.00 ± 0.00ᵃ
	0.00 ± 0.00ᵃ
	0.00 ± 0.00ᵃ



	T2
	Cd
	3.00 ± 0.00ᶜ
	2.00 ± 0.00ᶜ
	2.00 ± 0.00ᶜ
	2.00 ± 0.00ᶜ
	1.00 ± 0.00ᶜ



	T3
	Cm
	0.00 ± 0.00ᵃ
	0.00 ± 0.00ᵃ
	0.00 ± 0.00ᵃ
	0.00 ± 0.00ᵃ
	0.00 ± 0.00ᵃ



	T4
	Cd + Cm
	1.00 ± 0.00ᵇ
	1.00 ± 0.00ᵇ
	1.00 ± 0.00ᵇ
	2.00 ± 0.00ᵇ
	1.00 ± 0.00ᵇ



	T5
	PCL/PVA/Cm NPS
	0.00 ± 0.00ᵃ
	0.00 ± 0.00ᵃ
	0.00 ± 0.00ᵃ
	0.00 ± 0.00ᵃ
	0.00 ± 0.00ᵃ



	T6
	Cd + PCL/PVA/Cm NPs
	0.00 ± 0.00ᵃ
	0.00 ± 0.00ᵃ
	0.00 ± 0.00ᵃ
	0.00 ± 0.00ᵃ
	0.00 ± 0.00ᵃ







Note: Values are presented as mean ± SEM. ep means in the same column with different superscripts (a, b, c) are significantly different from each other (p < 0.05); one-way ANOVA followed by Tukey’s post-hoc test.

T1: treated with distilled water; T2: treated with CdCl2; T3: treated with native Cm; T4: treated with a combination of CdCl2 and Cm; T5: treated with PCL/PVA/Cm NPs; T6: treated with a combination of CdCl2 and PCL/PVA/Cm NPs.










3.2.3. Morphometric Evaluation of the Uteri

A morphometric examination of the uterus was conducted to quantitatively evaluate the structural changes induced by CdCl2 exposure and the potential protective effects of Cm and Cm-loaded nanoparticles. Measurements focused on endometrial and myometrial thickness, which served as key markers of uterine structural and functional integrity (Table 5 and Fig. 13).


Table 5 
				Summary of uterine structural morphology.



	Group
	Treatment
	Interpretation





	T1
	Distilled Water
	Normal uterine architecture



	T2
	CdCl2

	Marked uterine atrophy



	T3
	Cm
	Near-normal morphology



	T4
	CdCl2 + Cm
	Partial recovery



	T5
	PCL/PVA/Cm NPs
	Preserved uterine structure



	T6
	CdCl2 + PCL/PVA/Cm NPs
	Significant protection







Note: T1: treated with distilled water; T2: treated with CdCl2; T3: treated with native Cm; T4: treated with a combination of CdCl2 and Cm; T5: treated with PCL/PVA/Cm NPs; T6: treated with a combination of CdCl2 and PCL/PVA/Cm NPs.
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Fig. (13) 
(A and B) Uterine endometrium and myometrium thickness (µm) of female rats after 4 weeks of supplementation with distilled water (T1), CdCl2 (T2), Cm (T3), combination of CdCl2 and Cm (T4), PCL/PVA/Cm NPs (T5), and combination of CdCl2 and PCL/PVA/Cm NPs (T6). A) H&E, X100, B) H&E, X400.

CdCl2: Cadmium chloride; Cm: Cucumin; PCL: Polycaprolactone; PVA: Polyvinyl alcohol; NPs: Nanoparticles.

The values were presented as mean ± standard deviation.

The different letters denote significant differences (p<0.05) between groups.

The control group showed normal morphometric structure, characterized by a well-developed endometrium, regularly distributed uterine glands, and a uniformly organized myometrial layer. These findings reflect normal uterine architecture and estrogen-dependent physiological responsiveness.

Exposure to CdCl2 resulted in a significant decrease in both endometrial and myometrial thickness, pronounced uterine atrophy, and structural deterioration. These reductions may be attributed to impaired hormonal responsiveness and Cd-induced tissue damage.

Treatment with Cm alone preserved uterine morphometric dimensions at levels comparable to those of the control, suggesting good biocompatibility and a possible modulatory effect on estrogen-dependent uterine function. Furthermore, co-administration of Cm with CdCl2 markedly reduced the Cd-mediated reduction in uterine thickness, representing partial recovery of uterine architecture.

Similarly, treatment with  PCL/PVA/Cm NPs maintained or enhanced both endometrial and myometrial thickness compared with the control group. Notably, co-treatment with CdCl2 and Cm-loaded NPs resulted in better improvement in uterine morphometric parameters than free Cm, demonstrating a higher bioavailability and protective efficacy of the nanoformulation.

Overall, these morphometric observations confirm the deleterious effects of CdCl2 on the structure of uterine tissue, while Cm- especially in its nanoparticle formulation- effectively mitigated these alterations and preserved uterine morphometric integrity.

Quantitative evaluation of the uterine morphometric parameters revealed marked differences between groups (Fig. 13).










4. DISCUSSION

Cd is known to accumulate in multiple organs, such as the ovary and the uterus, impairing normal reproductive physiological functions. Cd acts as an endocrine-disrupting chemical capable of disrupting the hypothalamic–pituitary–gonadal axis and interfering with folliculogenesis and steroidogenesis, as demonstrated by both experimental and epidemiological studies [2, 4]. In female reproductive tissues, Cd-induced toxicity is predominantly brought about via oxidative stress, mitochondrial dysfunction, and activation of apoptotic signaling pathways, which drastically affect follicular development and uterine integrity [38]. These mechanisms are consistent with the histopathological changes noted in this study, including follicular atresia, corpora lutea degeneration, vascular congestion, and uterine epithelial degeneration.

Due to its high metabolic activity and extensive vascular supply, ovarian tissue is particularly susceptible to Cd-induced toxicity. Cd exposure promotes the generation of ROS formation and lipid peroxidation while suppressing endogenous antioxidant defense systems, including superoxide dismutase and catalase [39]. Excessive oxidative stress induces granulosa cell apoptosis and oocyte damage, resulting in impaired folliculogenesis and increased luteal atresia. Consistent with these mechanisms, the present findings revealed marked ovarian damage in the Cd-challenged group, characterized by irregular ovarian architecture, degenerated germinal epithelium, multiple atretic follicles, degenerated corpora lutea, and vascular congestion. These observation agrees with earlier studies reporting Cd exposure causes follicular degeneration and dysregulation of ovarian architecture [40, 41].

Semi-quantitative histopathological scoring further confirmed the severe gonadotoxic effects of Cd. In the Cd-treated group, folliculogenesis was virtually abolished, and extensive follicular atresia coupled with compromised vascular integrity resulted in the lowest histological scores of all experimental groups treated with Cd. These remarkable changes may be attributed to Cd-induced granulosa cell apoptosis and inhibition of ovarian steroidogenesis, resulting in follicular arrest and degeneration [3, 10]. Previous studies have demonstrated that Cd exposure promotes cellular death and ovarian tissue degeneration [9], findings that are in agreement with the histopathological observations of the present study. Collectively, these results provide compelling evidence that Cd is a potent reproductive toxicant capable of impairing ovarian function and fertility.

In addition to its damage to ovarian tissue, Cd also has harmful effects on uterine tissue. Histopathological examination of uterine sections from Cd-exposed rats demonstrated reduced thickness of the endometrial epithelium and glandular atrophy accompanied by inflammatory cell infiltration, vascular congestion, and apoptotic alterations in luminal epithelium. These observations are consistent with previous studies demonstrating that Cd disrupts uterine architecture and reduces via disrupting estrogen signaling pathways and creating oxidative stress [5, 42]. Morphometric assessment further confirmed Cd-induced uterine atrophy, as evidenced by significant reductions in both endometrial and myometrial thickness. Such structural advancements are likely indices of downgraded hormonal responsiveness and tissue remodeling processes in the uterus.

Extensive evidence has reported that Cm possesses potent antioxidant and anti-inflammatory properties, enabling it to neutralize ROS, inhibit inflammatory mediators, and regulate multiple cellular signaling pathways involved in oxidative stress and apoptosis [12, 43]. Several experimental studies have shown that Cm protects against heavy metal-induced reproductive toxicity. Cm Supplementation has demonstrated the ability to restore antioxidant defenses, maintain follicular development, and enhance reproductive hormone balance [15, 44].

In agreement with these reports, the current study demonstrated that administration of Cm alone maintained normal ovarian and uterine histology, demonstrating positive reproductive effects on gonads. However, native Cm showed only partial protective effects when given in conjunction with Cd. Histopathological results reflected moderate improvement in ovarian morphology in the Cd + Cm group, characterized by the presence of primordial and primary follicles along with a few corpora lutea. Nevertheless, atretic follicles and mild luteal degeneration were still observed, indicating incomplete recovery. This partial protection could be described with previous studies which reported Cm attenuates oxidation damage; however was unable to restore Cd-induced tissue injury completely [45]. The limited therapeutic efficacy of native Cm is largely attributed to its poor aqueous solubility, rapid metabolism, and low systemic bioavailability [20].

To mitigate these pharmacokinetic limitations, nanotechnology-based delivery systems have been established to improve Cm bioavailability and therapeutic efficacy. Nanoparticle encapsulation of Cm enhances its solubility, stability, cellular uptake, and tissue distribution [22, 23]. Nano-Cm formulations exhibited better antioxidant, anti-inflammatory and cytoprotective activities than those of native Cm [28, 46]. These benefits render Cm nanoparticles as promising therapeutic candidates for the prevention of oxidative stress-induced tissue damage.

This study provides clear evidence that PCL/PVA/Cm NPs exert a greater protective effect against Cd-induced reproductive toxicity. Ovarian sections from the nanoparticle-treated groups showed well-preserved architecture, active folliculogenesis, multiple healthy corpora lutea, and intact vascular structures. Notably, the Cd + PCL/PVA/Cm NPs group exhibited almost normal ovarian histology with follicles at all developmental stages, including mature Graafian follicles. These findings indicate that nanoparticle-based delivery of Cm protects cells against Cd toxicity in a more effective way.

Likewise, uterine histology of the nanoparticle-treated groups showed near- complete restoration of normal tissue architecture. The endometrial epithelium remained intact and was accompanied by numerous functional glands and well-organized stromal structures. Morphometric quantification further corroborated these findings, showing no significant difference in endometrial or myometrial thickness relative to that of control animals. These findings suggest that Cm-loaded nanoparticles effectively preserve uterine structural integrity and protect against Cd-induced uterine damage.

The improved effectiveness of nano-Cm exhibited in this study might result from various mechanisms. First, by the enclosure of Cm into nanoparticles improves the bioavailability and targeted delivery of Cm, allowing higher amounts to be accumulated at sites of tissue injury [22]. Second, nano-Cm enhances the intracellular antioxidant activity, thereby reducing ROS creation and lipid peroxidation associated with Cd toxicity [23]. Third, nano-formatted Cm may synergistically modulate key molecular pathways involved in cellular survival, including the Nrf2 antioxidant pathway and PI3K/Akt signaling cascade that are critical protective responses for ovarian cells against apoptosis [47, 48]. Overall, these mechanisms likely account for the better therapeutic performance of nano-Cm in relation to its native counterpart.

Overall, the present study demonstrates that Cd causes severe structural and functional impairment of female reproductive organs through oxidative stress, apoptosis, and disruption of key cellular signaling pathways including Nrf2 and PI3K/Akt. Although native Cm provides partial protection against these toxic effects, nano-formulated Cm exhibits significantly stronger therapeutic efficacy. The improved bioavailability and enhanced biological activity of Cm nanoparticles allow more efficient modulation of oxidative stress and apoptosis pathways, leading to effective restoration of ovarian and uterine architecture.

The findings of the present study provide initial and promising preliminary evidence supporting the potential application of nano-curcumin-based therapeutic strategies in mitigating Cd-induced reproductive toxicity. Given that female rats represent a well-established mammalian model with considerable physiological relevance to both human and veterinary reproductive systems, further investigations in humans and field animal species are warranted to validate the translational potential of these findings.






5. LIMITATIONS

The present study has several limitations. First, the investigation was conducted using a single experimental model, which may limit the generalizability of the findings to human populations. Second, the long-term safety profile and potential toxicological effects of the nanoparticle delivery system were not evaluated. Furthermore, molecular mechanisms underlying the improved protective efficacy of nano-curcumin were not fully elucidated. Finally, the dose-response relationships, biodistribution, and pharmacokinetic properties of nano-Cm have not been comprehensively studied. Future studies should address these limitations to further validate the therapeutic potential and safety of nano-curcumin formulations.






CONCLUSION

The current research illustrates that Cd toxicity has greatly disrupted the structural and functional integrity of female reproductive organs, particularly the ovaries and uteri, as evidenced by impaired folliculogenesis in addition to reduced endometrial and myometrial thickness. Native Cm exhibited a protective effect against toxicity induced by Cd; however, its efficacy was only partial, likely due to its poor solubility, rapid metabolism, and low bioavailability. In contrast, Cm nanoparticles embedded within a PCL/PVA delivery system provided significantly better protection, preserving ovarian architecture and folliculogenesis in addition to restoring uterine structure toward normal. Such improved efficacy could be linked to improved bioavailability, stability, and cellular penetration of the nano-formulated compound. Overall, nano-Cm has significant therapeutic potential against heavy-metal-induced reproductive toxicity. Nanoparticle-based formulations exhibit enhanced pharmacokinetic and biological characteristics compared to native Cm, highlighting the potential of using nanotechnology-based antioxidant approaches to minimize reproductive toxicity caused by environmental toxicants.
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