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Dose-Dependent Ameliorative Effects of Apple Cider Vinegar on Ovarian Architecture and Body Weight in a Rat Model of Letrozole-Induced PCOS

Abstract
Aims:
This study aimed to evaluate the dose-dependent effects of apple cider vinegar (ACV) on body weight regulation and ovarian histoarchitecture in female Wistar rats with letrozole-induced polycystic ovary syndrome (PCOS).
Study Design
The employed randomized controlled design.  A total of thirty-five adult female Wistar rats were randomly assigned to five groups (n = 7 per group). Group A (control) received normal feed; Group B received 1 mg/kg of letrozole only; while Groups C, D, and E received letrozole alongside 1 mg/kg, 2 mg/kg, and 3 mg/kg of ACV, respectively.
PlaceandDurationofStudy
The study was carried out between February and April 2025 in the Animal Research Laboratory of the Faculty of Basic Medical Sciencs, University of Calabar, Nigeria.
Methodology:
Letrozole and ACV were administered orally for 14 consecutive days. Body weight was measured before induction, after induction, and following treatment. At the end of the treatment period, the rats were euthanized, and ovaries were harvested, fixed in 10% formalin, and processed for histological evaluation using Hematoxylin and Eosin staining. Data were analyzed using one-way ANOVA followed by Tukey’s post hoc test, with statistical significance set at p < 0.05.
Results:
Letrozole administration resulted in significant weight gain and disruption of normal ovarian architecture, including numerous primary follicles and absence of mature structures. Treatment with ACV induced dose-dependent reductions in body weight gain, with Groups D and E showing significantly lower gains compared to the PCOS group (p < 0.05). Histological analysis revealed improved ovarian morphology in ACV-treated groups, with restoration of secondary and mature Graafian follicles and corpora lutea. 
Conclusion:
Apple cider vinegar demonstrated dose-dependent ameliorative effects on both body weight and ovarian histoarchitecture in a letrozole-induced PCOS model. These findings support the potential of ACV as a natural therapeutic option for managing PCOS-associated metabolic and reproductive disturbances.
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Apple cider vinegar, PCOS, Letrozole, Body weight, Ovarian histology, Graafian follicles, Wistar rats, Natural therapy.
1. Introduction 

Polycystic ovary syndrome (PCOS) remained one of the most common endocrine and metabolic disorders affecting women of reproductive age, with a global prevalence of approximately 5–10% (Parua et al., 2015). It was defined by a constellation of features, including hyperandrogenism, chronic anovulation, and polycystic ovarian morphology, often accompanied by insulin resistance, obesity, dyslipidemia, and low-grade chronic inflammation (Ashraf et al., 2019; Franks et al., 2021, Zhao et al., 2023, Purwar & Nagpure, 2022, Barber et al., 2019, Liu et al., 2019, Aboeldalyl et al., 2021). These metabolic abnormalities significantly contributed to increased risks for infertility, type 2 diabetes mellitus, cardiovascular disease, and endometrial pathology.

Although the precise etiology of PCOS had not been fully elucidated, it was believed to involve a combination of genetic susceptibility and environmental or lifestyle factors. Insulin resistance and compensatory hyperinsulinemia played central roles in the pathophysiology by promoting ovarian androgen production and reducing hepatic synthesis of sex hormone-binding globulin (SHBG), thereby amplifying hyperandrogenism and disrupting folliculogenesis (Xing et al., 2022).

Animal models had been extensively employed to mimic the endocrine and metabolic disturbances observed in human PCOS. Among these, the letrozole-induced PCOS model was widely accepted due to its ability to replicate key features of the syndrome, including hyperandrogenism, ovarian cyst formation, and weight gain (Xu et al., 2020; Bries et al., 2021, Kakadiab et al., 2019, Skarra et al., 2017). Letrozole, a nonsteroidal aromatase inhibitor, suppressed estrogen synthesis and elevated androgen levels (Shaaban et al., 2023), thereby impairing ovulation and promoting cystic follicular development. As such, the model was considered reliable for evaluating therapeutic interventions targeting both reproductive and metabolic dimensions of PCOS.

While pharmacologic treatments such as oral contraceptives, insulin sensitizers (e.g., metformin), and anti-androgens were commonly used to alleviate PCOS symptoms (Spritzer, 2022, Lauretta et al., 2016, Attia et al., 2023, Alesi et al., 2023, their long-term application has often been limited by adverse effects and inconsistent efficacy. Consequently, there have been a growing interest in natural and dietary interventions, including functional foods and nutraceuticals, which were perceived as safer and more holistic alternatives (Vos et al., 2022; Agim et al., 2025). 

Apple cider vinegar (ACV), a product of fermented apple juice, have gained recognition for its potential therapeutic properties. It contained acetic acid, flavonoids, polyphenols, and organic acids, which have been associated with hypoglycemic, lipid-lowering, anti-inflammatory, and antioxidant effects (Ousaaid et al., 2022; Zhang et al., 2021). Acetic acid, the main active component of ACV, has been reported to activate AMP-activated protein kinase (AMPK)—a central regulator of glucose and lipid metabolism—and to improve insulin sensitivity and reduce body weight (Li et al., 2013). These properties suggested that ACV might offer dual benefits in addressing both the metabolic and reproductive abnormalities associated with PCOS.

Although previous studies had investigated the metabolic effects of ACV, its impact on reproductive parameters, including ovarian morphology and function, remained underexplored. Some reports indicated that ACV could improve ovulatory function in women with PCOS when administered over several weeks (Wu et al., 2020), while others found no significant effects on hormonal profiles or reproductive outcomes (Shams et al., 2022). Moreover, evidence regarding dose-dependent effects of ACV in PCOS models had been limited, particularly in relation to ovarian histoarchitecture.

In light of the aforementioned considerations, the present study was designed to evaluate the dose-dependent ameliorative effects of apple cider vinegar on body weight and ovarian architecture in female Wistar rats with **letrozole-induced PCOS. This research was premised on the hypothesis that ACV, through its metabolic regulatory properties, might mitigate PCOS-associated alterations in both weight and ovarian tissue structure.

By employing graded doses of ACV, the study aimed to elucidate potential dose–response relationships and assess whether ACV could reverse characteristic ovarian lesions such as follicular cysts, stromal hyperplasia, and follicular atresia. Furthermore, the study investigated whether ACV administration could attenuate letrozole-induced weight gain, a metabolic hallmark of PCOS.

The findings were expected to contribute novel insights into the therapeutic potential of apple cider vinegar as a standalone nutraceutical intervention in PCOS. In doing so, the study sought to bridge a critical gap in existing literature and lay the groundwork for future mechanistic investigations and clinical translation, especially in resource-limited settings where affordable alternatives to conventional therapies were urgently needed.

2. Materials and Methods 

2.1 Animals and Ethical Approval

2.1.1 Animal Selection and Housing Conditions

Healthy adult female Wistar rats, weighing between 110 and 200 grams, were obtained from the animal house of the Medical College, University of Calabar, Nigeria. The rats were housed in plastic cages under standard laboratory conditions with a temperature maintained at 22 ± 2°C, relative humidity of 50–60%, and a 12-hour light/dark cycle. They had unrestricted access to standard rat chow and clean drinking water. The rats were acclimatized for two weeks prior to the commencement of the experiment to minimize stress and ensure adaptation to the environment.

2.1.2 Ethical Considerations and Approval 

The research protocol was reviewed and approved by the Research Ethics Committee of the Faculty of Basic Medical Sciences, University of Calabar, Nigeria, with approval number 248ANA2923. All experimental procedures adhered to established ethical standards for animal research, ensuring humane treatment and minimizing pain and distress.

2.2 Experimental Design and Grouping

2.2.1 Overview of Study Design 

This study employed a randomized controlled experimental design to evaluate the effects of apple cider vinegar on letrozole-induced polycystic ovary syndrome (PCOS) in female Wistar rats. The study lasted 14 days of treatment, with body weight monitored weekly and ovaries examined histologically at the end of the experiment.

2.2.2 Group Allocation and Sample Size

A total of 35 rats were randomly divided into five groups, each consisting of seven animals (n=7):

- Group A (Control): Received normal feed only.

- Group B: Received normal feed plus 1 mg/kg of letrozole.

- Group C: Received normal feed, 1 mg/kg letrozole, and apple cider vinegar at 1 mg/kg.

- Group D: Received normal feed, 1 mg/kg letrozole, and apple cider vinegar at 2 mg/kg.

- Group E: Received normal feed, 1 mg/kg letrozole, and apple cider vinegar at 3 mg/kg.

2.3. Induction of PCOS in Female Wistar Rats

2.3.1 Preparation and Administration of Letrozole

Letrozole, an aromatase inhibitor used to induce PCOS-like features, was administered orally at a dose of 1 mg/kg body weight once daily for 14 days. The drug was prepared fresh by dissolving in distilled water to ensure proper dosing. This method is based on established protocols for inducing PCOS in rodents.

2.3.2 Confirmation of PCOS Model Establishment

While not detailed here, typical confirmation includes hormonal assays (e.g., elevated testosterone, LH/FSH ratio) and ovarian histology showing follicular cyst formation, which may be part of the results.

2.4 Preparation and Administration of Apple Cider Vinegar

2.4.1 Source and Standardization of ACV  

Bragg's Apple Cider Vinegar was sourced from Bragg's Live Food Products, LLC, Santa Barbara, USA. The vinegar was used as supplied; if necessary, it was diluted to achieve the desired doses for the treatment groups.

2.4.2 Dose Preparation and Treatment Regimen

Apple cider vinegar doses of 1 mg/kg, 2 mg/kg, and 3 mg/kg body weight were prepared daily. The doses were administered orally via gavage once daily, concurrently with letrozole, for 14 days. Doses were calculated based on individual animal body weights recorded weekly to ensure accuracy.

2.4.3 Dose Groups and Administration Schedule**  

- Group C: 1 mg/kg ACV + letrozole  

- Group D: 2 mg/kg ACV + letrozole  

- Group E: 3 mg/kg ACV + letrozole  

All treatments were administered daily for 14 days.

2.5. Monitoring and Data Collection

2.5.1 Body Weight Measurement 

Body weights of the animals were recorded at three key time points: prior to induction (baseline), weekly during the induction and treatment periods, and at the end of the study. These measurements were taken using a calibrated digital weighing scale, and the animals were gently restrained during weighing to ensure accuracy and minimize stress. The weekly body weight data were used to monitor physiological changes over time and to adjust the dosage of treatments if necessary. The percentage change in body weight was calculated by comparing the initial (pre-induction) weight to the post-treatment weight for each animal.

2.6 Sample Collection and Tissue Processing

2.6.1 Euthanasia and Ovarian Tissue Harvesting

At the end of the treatment period, animals were humanely euthanized using Ketamine injection 0.8ml. Ovaries were carefully excised, rinsed in saline, and immediately fixed in 10% neutral buffered formalin for histological processing.

2.6.2 Fixation, Embedding, and Sectioning

Fixed ovarian tissues were processed through dehydration in graded alcohols, cleared in xylene, and embedded in paraffin wax. Sections of 5 µm thickness were cut using a microtome, mounted on glass slides, and stained with Hematoxylin and Eosin (H&E) for microscopic evaluation.

2.7 Histological Analysis of Ovarian Tissue

2.7.1 Staining Procedures

Paraffin sections were deparaffinized, rehydrated, stained with Hematoxylin for nuclear detail, counterstained with Eosin for cytoplasmic and stromal structures, then dehydrated and mounted for examination.

2.7.2 Morphological and Histometric Evaluation

Histological features such as follicular cysts, granulosa cell integrity, the state of the ovarian stroma, and presence of corpora lutea were evaluated qualitatively. Quantitative measurements, including follicle counts and cystic structures, were performed using image analysis software.

2.8. Statistical Analysis

Data were analyzed using SPSS version 20.0. Descriptive statistics were expressed as mean ± standard deviation (SD). The differences among groups were assessed using one-way Analysis of Variance (ANOVA). When significant differences were detected (p < 0.05), post hoc comparisons were performed using Tukey's Honest Significant Difference (HSD) test to identify specific group differences. The level of statistical significance was set at p < 0.05 for all analyses.

RESULTS
Observation on Body Weight Changes
All groups showed progressive increases in body weight from pre-induction to post-treatment.
Group A (Control) recorded the highest increase in body weight, with a post-treatment value of 216.1 ± 18.48 g and a percentage change of 21.24 ± 1.86%.
Group B (Letrozole only) had a final body weight of 183.2 ± 11.98 g, with a percentage change of 16.74 ± 1.91%.
Group C (Letrozole + ACV 1 mg/kg) showed a post-treatment weight of 187.2 ± 6.16 g, and a percentage change of 16.35 ± 1.54%.
Group D (Letrozole + ACV 2 mg/kg) recorded a post-treatment body weight of 182.8 ± 10.27 g, with a percentage change of 13.80 ± 1.10%, which was significantly different from Group A (p < 0.05).
Group E (Letrozole + ACV 3 mg/kg) had a final body weight of 172.9 ± 7.10 g, and a percentage change of 12.58 ± 1.03%, also significantly different from Group A (p < 0.05).
Figure 1: Body Weight Changes in Letrozole and ACV-Treated Rats
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Figure 1: Body weight changes across experimental groups before induction, after induction, and after treatment.
Group A received normal feed (Control), Group B received letrozole only, while Groups C, D, and E received letrozole combined with apple cider vinegar (ACV) at 1 mg/kg, 2 mg/kg, and 3 mg/kg respectively.
Data are presented as mean ± standard deviation (n = 7). Asterisks indicate values significantly different from the control group (p < 0.05).
Histological Observation of the Ovary
Ovarian sections from Group A (Control) showed numerous round follicular structures with centrally located oocytes, characteristic of secondary or Graafian follicles. Additionally, the presence of a larger, acellular structure lacking nuclei was observed, suggestive of a corpus luteum.
In Group B (Letrozole only), the ovarian tissue displayed multiple round follicle-like spaces lacking centrally located oocytes, indicative of primary follicles or arrested follicular development.
Sections from Groups C, D, and E (Letrozole + ACV at 1, 2, and 3 mg/kg, respectively) revealed improved follicular architecture, with a good number of round structures containing centrally located oocytes, consistent with secondary or Graafian follicles.
Figure 2: Ovarian Histology Across Experimental Groups
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Figure 2: Representative photomicrographs of ovarian histology in control, letrozole-induced, and ACV-treated rats (H\&E, ×400).
Group A (Control) shows well-formed follicles including secondary Graafian follicles (SGF) and mature Graafian follicles (MGF), along with a visible corpus luteum (CPL).
Group B (Letrozole only) displays disrupted follicular architecture with predominance of primordial follicles (PF) and regions suggestive of ovarian cancer-like changes (OVC).
Groups C, D, and E (Letrozole + ACV at 1, 2, and 3 mg/kg, respectively) show improved follicular development, with numerous SGFs and MGFs indicating restoration of ovarian structure.
Scale bar = 400× magnification.
4. Discussion

The present study investigated the dose-dependent effects of apple cider vinegar (ACV) on body weight and ovarian histoarchitecture in female Wistar rats with letrozole-induced polycystic ovary syndrome (PCOS). Letrozole administration led to significant increases in body weight and disruption of normal ovarian morphology, consistent with previous findings that established letrozole as a reliable agent for inducing PCOS-like features in rodent models (Xu et al., 2020; Shaaban et al., 2023).

A hallmark of PCOS is weight gain, often driven by insulin resistance and hyperandrogenism (Singh et al., 2023). In this study, rats treated with letrozole alone (Group B) exhibited a substantial increase in body weight compared to the control group. However, co-administration of ACV in Groups C, D, and E resulted in a dose-dependent reduction in weight gain, with Groups D (2 mg/kg) and E (3 mg/kg) showing significantly lower percentage body weight changes relative to the control group (p < 0.05).

These findings are consistent with previous reports suggesting that ACV, via its active component acetic acid, can activate AMP-activated protein kinase (AMPK), thereby promoting lipid oxidation and improving insulin sensitivity (Li et al., 2013; Ousaaid et al., 2022). The reduction in weight gain observed in this study further supports the role of ACV as a metabolic modulator and highlights its potential utility in managing PCOS-associated obesity.

Notably, the dose-dependent response suggests that higher doses of ACV may yield stronger anti-obesogenic effects, possibly through more robust engagement of energy-regulating pathways. This aligns with the findings of Wu et al. (2020), who reported improved metabolic profiles in women with PCOS following ACV supplementation.

Letrozole-induced PCOS is characterized by the accumulation of immature follicles, ovarian cysts, and disrupted folliculogenesis (Ibrahim et al., 2022, Kar et al., 2024). Histological assessment of ovaries in the letrozole-only group revealed numerous round structures lacking centrally located oocytes, indicative of primary follicles or follicular arrest. This structural pattern reflects impaired ovulation and aligns with PCOS-like histopathology described in earlier models (Bries et al., 2021; Skarra et al., 2017).

Conversely, the ovaries of ACV-treated groups, particularly at 2 and 3 mg/kg doses, displayed restored follicular architecture with visible secondary and Graafian follicles, as well as indications of corpus luteum formation, suggesting resumed ovulatory activity. These changes indicate recovery of normal folliculogenesis and point to the restorative potential of ACV on reproductive structures.

Although earlier studies have examined the metabolic benefits of ACV, fewer have addressed its effects on reproductive morphology. This study provides novel evidence that ACV can reverse histopathological alterations in the ovary, supporting its broader therapeutic role in PCOS management. The observed improvement may be attributed to ACV’s antioxidant and anti-inflammatory constituents, which help alleviate oxidative stress and support tissue regeneration (Zhang et al., 2021; Shams et al., 2022).  Similar tissue-protective effects of plant-based compounds have been demonstrated in experimental models involving reproductive and endocrine organs. For instance, flavonoid- and saponin-rich extracts from Cyperus esculentus and Phoenix dactylifera mitigated aluminum chloride-induced testicular and prostate damage in rats by improving antioxidant defenses and restoring histoarchitecture (Again et al., 2025a; Agim et al., 2025b). Likewise, myricetin treatment attenuated adrenal damage caused by MNU-induced oxidative stress (Umoh et al., 2024), and Heinsia crinita extract improved cellular integrity and neuronal function in a neurodegeneration model (Isamoh et al., 2024). Supporting this trend, Agbor et al. (2022) demonstrated that a 10% honey-supplemented diluent preserved Wistar rat sperm quality across freeze–thaw cycles, showing comparable efficacy to standard commercial cryoprotectants. This underscores the potential of natural agents in maintaining cellular integrity under stress conditions. Additionally, Agbor et al. (2024) reported that curcumin significantly reduced histopathological alterations and suppressed Ki-67 proliferative activity in a nitroso bis amine-induced rat brain tumor model, further highlighting the capacity of natural products to reverse cellular damage through antioxidant and anti-inflammatory pathways. Together, these findings reinforce the relevance of nutraceuticals, including ACV, in modulating histological and functional recovery in toxicological or disease-induced models.

The dual impact of ACV on both metabolic (body weight) and reproductive (ovarian morphology) parameters highlights its therapeutic versatility. Unlike conventional PCOS treatments such as metformin and anti-androgens, which may have adverse effects with long-term use (Spritzer, 2022; Lauretta et al., 2016), ACV presents as a natural and cost-effective alternative with a favorable safety profile.

The demonstration of a dose-dependent effect also provides practical insight into potential dosing regimens for future studies and clinical applications. Importantly, the findings contribute to the limited pool of data on the histological impact of ACV on the ovary, addressing a gap identified in previous literature.

This study, therefore, adds valuable knowledge to the field of PCOS research, particularly in the context of exploring nutraceuticals as standalone therapies in resource-limited settings where access to conventional medications may be restricted.

While the results are promising, some limitations must be acknowledged. The study did not assess hormonal profiles, insulin resistance markers, or inflammatory cytokines, which would provide further mechanistic insights. Future studies should include these endpoints and explore the long-term effects of ACV beyond 15 days of administration.

Additionally, while the histological improvements were clear, quantitative follicle counts and staging of follicles would enhance the rigor of the morphological analysis.

4.2 Conclusion

In conclusion, apple cider vinegar demonstrated dose-dependent ameliorative effects on body weight gain and ovarian follicular disruption in letrozole-induced PCOS in rats. These findings underscore the potential of ACV as a natural, accessible intervention for PCOS and support further exploration of its mechanisms and translational application in clinical settings.
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