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Original Research Article

Protective Effects of Flavonoid-Rich and Saponin-Rich Fractions from Cyperus esculentus and Phoenix dactylifera on Aluminum Chloride-Induced Testicular Damage in Male Wistar Rats
ABSTRACT
Background: Testicular toxicity represents a significant concern in male reproductive health, with various environmental toxins, such as aluminum chloride, contributing to compromised testicular function and fertility. This study investigates the potential protective effects of flavonoid and saponin extracts from two natural sources, Cyperus esculentus (tigernut) and Phoenix dactylifera (date fruit), against aluminum chloride-induced testicular damage in male Wistar rats.

Method: A controlled experimental study design was employed, involving twenty-four male Wistar rats that were randomly assigned to five groups for a treatment duration of 14 days. The groups consisted of a control group receiving a standard diet and water, an aluminum chloride-treated group, and three experimental groups that received aluminum chloride alongside one or both of the plant extracts. The extracts were administered daily for the 14-day period. Histological assessments were performed to analyze testicular architecture, while sperm parameters—including motility, viability, and morphology—were evaluated following the treatment. Additionally, hormonal assessments for testosterone, follicle-stimulating hormone (FSH), and luteinizing hormone (LH) were conducted to evaluate the restoration of hormonal levels.

Results: Histological analysis indicated significant testicular damage in the group treated with aluminum chloride, which exhibited degeneration of seminiferous tubules. Conversely, treatment with extracts from C. esculentus and P. dactylifera provided varying degrees of protective effects, with the combination extract demonstrating the most pronounced restorative effects. Improvements in sperm parameters, including motility, viability, and morphology, were notably observed in the groups treated with plant extracts, especially in the combined extract group, which showed results comparable to the control group. Hormonal assays revealed restored levels of testosterone, FSH, and LH in the extract-treated groups, particularly in those receiving the combined extracts (p < 0.05).

Conclusions: The findings of this study indicate that flavonoid and saponin extracts derived from Cyperus esculentus and Phoenix dactylifera exhibit significant protective effects against testicular toxicity induced by aluminum chloride. These extracts appear to enhance testicular architecture, improve sperm quality, and restore hormone levels, suggesting their potential role in addressing reproductive health issues associated with environmental toxin exposure. Further research is warranted to explore the underlying mechanisms and potential clinical applications of these natural products.
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1. INTRODUCTION 
Aluminum, a widely distributed environmental contaminant, gained increasing attention due to its potential harmful effects on human health, particularly regarding the male reproductive system. Exposure to aluminum could occur through various routes, including dietary intake, occupational hazards, and the use of aluminum-containing products (1). Previous studies indicated that aluminum exposure led to significant testicular toxicity, characterized by structural and functional impairments, potentially resulting in reduced fertility and adverse reproductive outcomes (2). The toxicological effects of aluminum were often attributed to oxidative stress and the resultant damage to cellular components, including lipids, proteins, and DNA (3). Furthermore, research showed that aluminum could disrupt hormonal balance by affecting the hypothalamic-pituitary-gonadal (HPG) axis, leading to decreased levels of testosterone and other reproductive hormones essential for normal spermatogenesis (4).
Given the widespread exposure to aluminum, there emerged a pressing need to explore effective strategies for mitigating its adverse effects on reproductive health. Natural products, particularly medicinal plants, gained traction in recent years for their potential therapeutic applications in improving male fertility and protecting against environmental toxins. Among these, Cyperus esculentus (tigernut) and Phoenix dactylifera (date fruit) were recognized for their rich phytochemical profiles, which include flavonoids and saponins known for their antioxidant, anti-inflammatory, and cytoprotective activities (5; 6; 7).
Flavonoids are polyphenolic compounds that possess potent antioxidant properties, capable of scavenging free radicals and reducing oxidative stress. Such actions were considered crucial in combating the oxidative damage associated with aluminum toxicity (8). Saponins, on the other hand, were reported to enhance immune responses and possess protective effects on reproductive tissues (9). The combined effect of these phytochemicals provided a novel approach to counteracting aluminum-induced reproductive toxicity, promoting testicular health and restoring hormonal balance.
Research exploring the protective effects of herbal extracts on male reproductive health garnered considerable interest. The role of oxidative stress in aluminum-induced toxicity had been well-documented. Studies conducted on rodents indicated that aluminum exposure led to histopathological changes in testicular tissue, including degeneration of germinal epithelium and impaired spermatozoa development (10; 11). Such findings highlighted the critical need for effective intervention strategies that could reverse or mitigate the damage caused by aluminum.
Cyperus esculentus is a plant species noted for its high nutritional value and medicinal benefits. Rich in nutrients such as vitamins, minerals, and essential fatty acids, tigernuts had been utilized in traditional medicine for various ailments, including reproductive dysfunctions (12). Studies suggested that extracts from tigernuts exhibited strong antioxidant properties, capable of protecting testicular tissues from the harmful effects of free radicals generated during oxidative stress (13). However, comprehensive investigations remained limited.
Similarly, Phoenix dactylifera had been employed in traditional medicine for its health benefits, particularly in enhancing reproductive health. The date fruit was known for its rich content of phytochemicals, including flavonoids and polyphenols, that exhibited antioxidant and anti-inflammatory properties (14). Research indicated that extracts from date fruits could positively influence sperm parameters and hormonal levels in male reproductive models exposed to oxidative stress (15).
The synergistic use of both Cyperus esculentus and Phoenix dactylifera provided a multifaceted approach to addressing aluminum-induced reproductive toxicity. The premise of this study was to evaluate the combined protective effects of these plant extracts on testicular structure and function in the context of aluminum exposure. Through a comprehensive analysis of histopathological alterations, sperm parameters, and hormonal assays, this investigation aimed to delineate the therapeutic potential of these plant-based interventions.
In conclusion, the current study aimed to bridge the gap in the literature regarding the effectiveness of combined herbal treatments against aluminum toxicity and to contribute to the growing body of evidence supporting the use of natural products in safeguarding reproductive health. As environmental exposure to heavy metals continued to pose significant challenges, investigating such natural remedies became increasingly relevant in the pursuit of innovative and sustainable solutions to enhance male fertility and overall well-being. 
2. material and methods 
2.1 Study Design
The study utilized a controlled experimental layout involving twenty-four male albino Wistar rats, which were divided into five distinct groups to evaluate the effects of aluminum chloride on testicular toxicity and the potential protective role of plant extracts from Cyperus esculentus and Phoenix dactylifera. Each group received specific treatments over a 28-day period, including a control group that received a standard diet and distilled water, and various experimental groups exposed to aluminum chloride alone or in combination with the plant extracts. The experimental design included rigorous ethical consideration and environmental control, ensuring proper acclimatization and care of the animals throughout the study. At the end of the treatment, tissues, blood samples, and semen were collected for comprehensive analysis, including histological examination and assessments of sperm parameters and hormone levels. Statistical analysis was performed to determine significant differences among groups, providing insights into the impact of the treatments administered.
2.2 Animal Model
Twenty-four (24) male albino Wistar rats, weighing between 150 and 250 grams, were obtained from the animal house of the Physiology Department at the University of Calabar for this study. Wistar rats are widely recognized for their calm demeanor and homogeneity in genetic background, making them suitable for various biomedical research applications. Prior to the initiation of the experiment, ethical approval was obtained from the Institutional Animal Care and Use Committee, ensuring that all procedures adhered to ethical guidelines for the care and use of laboratory animals, with a focus on minimizing discomfort and distress. The rats were housed in groups of four in individual cages under standard laboratory conditions, maintaining a temperature of approximately 27°C-30°C, humidity levels around 45-55%, and a 12-hour light/dark cycle. They were acclimatized in this environment for two weeks before the treatment commenced. A standard animal pellet diet from Vita Feed Nigeria Limited was provided ad libitum, alongside continual access to fresh distilled water, ensuring the rats’ nutritional needs were met to support their health and well-being throughout the study.
2.3 Chemicals and Reagents
Seeds of Cyperus esculentus (tiger nut) and Phoenix dactylifera (date fruit) were procured from Bogobiri market in Calabar, Cross River State. Their identification and authentication were conducted by a taxonomist from the Department of Botany at the University of Calabar, which assigned voucher numbers Bot/Herb/UCC/570 for tiger nut and Bot/Herb/UCC/013 for date fruit. Aluminum chloride of analytical grade was obtained from a reputable chemical supplier to ensure high purity and minimize potential impurities that could affect the results. The other reagents used in the experiments included distilled water, formaldehyde, ethanol (analytical grade), Giemsa stain, and eosin-nigrosin stain. Additionally, the testosterone concentration was measured using a Rapid Lab kit, which utilized anti-testosterone, calibrators, and a conjugate. For the hormonal assays of follicle-stimulating hormone (FSH) and luteinizing hormone (LH), Monobind Inc. kits were employed. To facilitate sperm parameter assessments, an improved Neubauer hemocytometer, capillary tubes, and surgical instruments were utilized. Tissue processing involved 10% phosphate-buffered formalin, xylene, and paraffin wax. Histological staining was performed using hematoxylin and eosin (H&E) solution, and the final mounting was carried out with dibutyl phthalate polystyrene xylene (DPX). All reagents were selected based on their compatibility with the intended assays and adherence to established protocols in the field of biomedical research.
2.4 Preparation of Plant Extracts
2.4.1 Extraction of Flavonoids
To extract flavonoids, 100g of samples were subjected to reflux in a Soxhlet extractor with ether at 60°C for 8 hours to remove any oils, followed by air-drying for 12 hours. After evaporating the ether, the residues were ground and sifted to isolate particles ranging from 20-mesh (0.84 mm) to 28-mesh (0.6 mm). These particles were then packed into a silica gel column measuring 400 × 2.5 cm. Once the solution was fully absorbed, the column was rinsed with distilled water to elute the flavonoids. The collected eluate, rich in flavonoids, was concentrated at 40°C using a rotary evaporator (RE52A, Shanghai Ya Rong Biochemistry Instrument Company, China) until solid residue formed. The final vacuum-dried product yielded 62.7g of flavonoids from Cyperus esculentus tubers (16).
2.4.2 Extraction of Saponins
To extract saponins, 100g of powdered Phoenix dactylifera fruit was heated for 4 hours at 55°C. The extract was filtered, and the remaining residue was re-extracted. The filtrate was then concentrated in a water bath until the volume decreased to 200 ml, after which it was combined with 100 ml of diethyl ether in a separating funnel. The mixture was shaken vigorously and allowed to settle, leading to the collection of the aqueous layer and the discarding of the diethyl ether layer. Subsequently, 80 ml of n-butanol was added to the aqueous fraction, mixed, and treated with 10 ml of 5% NaCl solution. This solution was concentrated on a water bath, ultimately yielding 43.5g of saponin fractional extract (16).
2.5 Induction of Testicular Toxicity
In the study, aluminum chloride was administered at a dosage of 0.5 mg/kg to the experimental groups of Wistar rats. The administration method involved using an orogastric tube for oral delivery of the substance once daily, after reconstitution in distilled water. The treatment regimen lasted for a duration of 28 days. 
2.6 Experimental Design 

1. Control Group (Group A): Recieved standard diet and distilled water.

2. Aluminum Chloride-Treated Group (Group B): Recieved 0.5 mg/kg of aluminum chloride.

3. Aluminum Chloride + Cyperus esculentus Extract Group (Group C): Recieved 0.5 mg/kg of aluminum chloride + 500 mg/kg body weight of Cyperus esculentus extract.

4. Aluminum Chloride + Phoenix dactylifera Extract Group (Group D): Recieved 0.5 mg/kg of aluminum chloride + 500 mg/kg body weight of Phoenix dactylifera extract.

5. Combined Extract Treatment Group (Group E): Recieved 0.5 mg/kg of aluminum chloride + 500 mg/kg body weight of Cyperus esculentus extract + 500 mg/kg body weight of Phoenix dactylifera extract.
All groups, except the control, were subjected to the same 28-day treatment duration with aluminum Chloride. The dosages were based on previous research conducted by Njoku et al. (17). 
2.7 Termination of Experiment and Samples Collection
At the conclusion of the 28-day treatment regimen, the experimental animals were humanely sacrificed using the chloroform inhalation method. To facilitate the collection of tissues and bodily fluids, an incision was made in the anterior abdominal wall utilizing surgical instruments, including a surgical blade, scissors, and scalpel.

Blood samples were collected from the animals through cardiac puncture of the left ventricle, ensuring minimal trauma to the tissues. These blood samples were subsequently stored in heparinized bottles for hormonal assays. 
Following blood collection, the testes was excised. The excised tissues were preserved in 10% phosphate-buffered formalin to ensure they remained suitable for further analysis. Tissue processing was performed using the routine Haematoxylin and Eosin (H & E) staining method, which is essential for histological examination.
In addition, semen was extracted from the caudal epididymis for subsequent semen analysis, allowing the evaluation of reproductive parameters following the treatment. This comprehensive approach ensured the collection of vital samples necessary for assessing the impact of the administered substances on testicular toxicity and reproductive health.
2.8 Tissue Processing 
The testes were initially fixed in 10% phosphate-buffered formalin for a duration of 48 hours. This fixation process served to preserve the tissues, maintaining their original shape, color, and structure as closely as possible to their living state. Following fixation, the tissues underwent a comprehensive processing regimen that included dehydration, where water was removed by passing the tissues through ascending grades of alcohol. Specifically, the tissues were subjected to two changes each of 70% alcohol for one hour, followed by 95% alcohol for one hour, and finally 100% absolute alcohol for one hour.
Once dehydrated, clearing was performed to remove all traces of alcohol from the tissues by immersing them in xylene for two changes, also lasting one hour each. Following this, the tissues entered the infiltration phase to replace the clearing agent (xylene) with molten paraffin wax, accomplished by transferring the tissues into the wax at a temperature of 60°C, with two changes lasting one hour each. To ensure that the tissues remained firm for sectioning, the embedding process utilized fresh molten paraffin wax. The tissues were oriented to optimize visibility of their luminal structures, and the wax was poured into molds and cooled in cold water to produce solid blocks.
For sectioning, a rotary microtome set to a thickness of 5 µm was utilized to create delicate ribbons of tissue sections, which were collected onto plain slides. To mitigate wrinkling and ensure the integrity of the sections, slides were first strengthened with 10% ethanol and subsequently gently lowered into a warm water bath. The floated sections were then mounted on albutinized slides and dried in an oven at 60°C for one hour to prepare them for staining.
The staining procedure involved the Hematoxylin and Eosin (H&E) staining method, following the protocol established by Harris (1990). The slides were incubated to de-wax the tissues, cleared in xylene for two minutes, and dehydrated through descending grades of alcohol (95% and 70%). The tissues were stained with hematoxylin, rinsed in running tap water, differentiated in 1% alcohol, and washed in water. Following this, sections were counterstained with eosin for three minutes and subsequently dehydrated in ascending grades of alcohol (70%, 95%, and 100%) for one minute each. Each section was once again cleared in xylene for two minutes and finally mounted with DPX (dibutyl phthalate polystyrene xylene).
For microscopy, the prepared slides were examined under a light microscope, and photomicrographs were captured to document the histological features of the tissues. The microscopy settings were optimized to ensure clear visualization and accurate representation of the tissue architecture, enabling thorough analysis of the histological changes induced by the experimental treatments.

2.9 Sperm Parameter Assessment
The semen samples were obtained by dissecting the epididymis, which was then placed in physiological saline at a ratio of 1:10 weight (g) to volume (ml). The epididymal tissue was macerated using a surgical blade to release the sperm cells into the saline solution. Following maceration, the suspension was filtered through an 80 µm stainless mesh after pipetting to achieve a homogeneous sperm suspension suitable for further analysis.
The key sperm parameters evaluated included motility, viability, and morphology, each assessed through specific methodologies:
1. Sperm Motility (%): The evaluation of sperm motility involved placing two drops of the sperm suspension on a clean, labeled microscope slide, which was then covered with a coverslip. The slide was examined under a light microscope, and the number of motile sperm cells was counted in relation to the total number of sperm cells observed. The percentage of motile sperm was calculated by dividing the number of motile cells by the total sperm count and multiplying by 100. This method provided a direct assessment of the motility of the sperm, essential for evaluating their function.
2. Sperm Viability (%): To assess sperm viability, the eosin-nigrosin staining technique (18) was employed. An equal volume of eosin-nigrosin stain was mixed with the sperm suspension, after which the mixture was smeared onto glass slides and allowed to dry. When examined under a microscope, live sperm cells that excluded the stain appeared lightly colored, while dead sperm took up the stain and appeared pink. The viability percentage was calculated by counting the live sperm and dividing this number by the total sperm count, followed by multiplying by 100. This staining technique allows for a clear differentiation between viable and non-viable sperm cells.
3. Sperm Morphology: Sperm morphology assessment was conducted using a similar staining method, often employing Giemsa stain to highlight structural features of the spermatozoa. After mixing the sperm suspension with the stain, it was smeared onto a glass slide and allowed to dry before being observed under a light microscope. Specific morphological characteristics such as head shape, tail structure, and overall integrity were evaluated based on established criteria for normal morphology. Analysts counted the number of sperm with normal morphology compared to the total number assessed to determine the morphology percentage.
4. Sperm Count (x10^6/ml): Sperm concentration was measured using an improved Neubauer hemocytometer. A capillary tube was used to pipette the sperm suspension into the counting chamber. The hemocytometer was placed on a light microscope, and sperm cells were counted under high magnification. The sperm concentration was calculated by multiplying the number of cells counted by the dilution factor and the hemocytometer volume (19). This measurement provided a quantitative assessment of sperm density, critical for evaluating fertility potential.
2.10 Hormonal Assays
Serum was prepared by allowing the blood to clot and then centrifuging it to separate the serum. The resultant serum was stored appropriately at -20°C, until analysis was performed. Prior to the assays, serum samples were brought to room temperature to ensure accurate readings.
Testosterone: The serum concentration of testosterone was estimated using the Rapid Lab kit (United Kingdom). The assay employed a competitive inhibition ELISA method. Reagents such as anti-testosterone, calibrators, conjugate, TMB substrate, and stopping reagents were prepared according to kit instructions. Twenty-five microliters (25µl) of blank, calibrators, or serum samples were added to wells followed by the addition of 100µl conjugate. The plates were incubated, washed, and subsequently treated with TMB substrate. The reaction was stopped with stopping reagents, and absorbance was measured at 450 nm. A calibration curve was created to determine the testosterone concentration in the serum.

Follicle Stimulating Hormone (FSH): The concentration of FSH in serum was estimated using assay kits from Monobind Inc. The procedure involved dispensing 50µl of standards, specimens, and controls into designated wells. FSH enzyme reagent (100µl) was added, and the mixture was incubated at room temperature. After washing the wells, a working substrate solution (100µl) was added, and the reaction was stopped with a stop solution (50µl). Absorbance was read at 450 nm (with a reference wavelength of 620-630 nm) using a microplate reader, and a calibration curve was plotted to quantify serum FSH levels.
Luteinizing Hormone (LH): Similar to FSH, the serum concentration of LH was measured using Monobind Inc kits. The assay followed the same procedural steps as the FSH assay, with the addition of LH enzyme reagent and substrate solution. The absorbance was measured in the same manner at 450 nm to determine the concentration of LH in the serum samples.
2.11 Statistical Analysis
The data obtained from the experiment were analyzed using One-Way Analysis of Variance (ANOVA) to assess differences among groups, utilizing SPSS version 26.0 for Windows for statistical analysis. Results were presented as mean ± standard error of the mean (SEM), with statistical significance set at p < 0.05. Following the ANOVA, Duncan post hoc test was employed for multiple comparisons to determine which specific group means were significantly different from one another.
3. results and discussion
3.1 Results 

Histological Observations

The findings, illustrated in Figure 1, provide a comprehensive view of the histopathological alterations across different experimental groups. The control group (Group A) exhibited normal testicular architecture with intact seminiferous tubules and mature spermatocytes, serving as a baseline for evaluation. In contrast, the aluminum chloride-treated group (Group B) demonstrated significant morphological damage, including degeneration of the seminiferous tubules, disrupted germinal epithelium, and evident vascular congestion, indicating severe testicular injury due to aluminum exposure. Treatment with Cyperus esculentus (Group C) showed some preservation of the germinal epithelium, suggesting a partial protective effect, while the group treated with Phoenix dactylifera (Group D) revealed a restoration of normal morphological characteristics similar to the control group. Notably, the combined therapy of both plants (Group E) resulted in healthy seminiferous tubules, normal interstitial cells, and the absence of lesions, highlighting a synergistic protective effect against aluminum-induced damage. 

Plate 1 shows a section from the control group (Group A), revealing healthy seminiferous tubules at different developmental stages (long arrow), with interstitial spaces containing Leydig cells (I). The germinal cell layers are intact, and the lumen is filled with mature spermatocytes (I) (L), reflecting normal testicular architecture with no pathological changes. H&E x400 magnification. (arrow head indicating what ?)
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Plate 2 represents the aluminum chloride-treated group (Group B), demonstrating severe degeneration of the seminiferous tubules, including deteriorating germinal epithelium (red arrowhead). Notable features include diffused hyaline degeneration within the interstitial spaces (I) ???, indicated by an asterisk, and congested blood vessels (CV). H&E x400 magnification.
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Plate 3 depicts testicular tissue from group C, which received treatment with Cyperus esculentus. Although sporadic degeneration of the seminiferous tubules is evident, with some developing germinal epithelium showing degeneration (red arrowhead), the basal primordial epithelial cells are partially preserved (thin arrow), and the interstitial spaces appear normal. H&E x400 magnification.
 SHAPE  \* MERGEFORMAT 



Plate 4 presents the results for group D, treated with Phoenix dactylifera. Similar to the control group, healthy seminiferous tubules (long arrow are observed along with interstitial cells (I) and mature spermatocytes filling the lumen (L), indicating a restoration of normal morphology without pathological findings. H&E x400 magnification.
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Plate 5 illustrates the combined therapy group (Group E), where sections of testicular tissue exhibit healthy seminiferous tubules at various stages of maturity (long arrow), along with interstitial cells (I). The findings reveal no lesions. H&E x400 magnification.
Figure 1: H&E Staining Observations of Testicular Damage Induced by Aluminum and Treated with Flavonoid and Saponin Fractions from Cyperus esculentus and Phoenix dactylifera.  Where the fig.?
Sperm Parameters 
As outlined in Table 1, the findings revealed significant alterations in ten critical sperm parameters across the various experimental groups. Group B, which received aluminum chloride treatment, exhibited a substantial decline in the percentage of motile sperm cells, while non-motile sperm cells increased significantly, indicating severe impairment of sperm function. Additionally, viable sperm cell percentages were markedly lower, with a corresponding rise in non-viable sperm cells, demonstrating the toxic effects of aluminum exposure. Rapid progressive movement of sperm cells was also severely affected, reflected in diminished percentages compared to the control group. 
While groups C (aluminum + C. esculentus extract) and D (aluminum + P. dactylifera extract) showed improvements in motility, viability, and rapid progressive movement, these parameters remained significantly lower than the control group (A). Group E, which received combined extracts, demonstrated the most significant recovery, with sperm motility, viability, and count nearing control values, while also reducing non-motile and non-viable sperm cell percentages. In terms of morphological assessment, parameters such as sperm head, middle, and tail defects were significantly higher in group B compared to the control. However, treatments in groups C, D, and E exhibited no significant differences in these defects relative to group A, highlighting their potential to mitigate structural abnormalities induced by aluminum. 

	Groups 
	Motile cells 
(%) 
	Non-Motile 
cells 
(%) 
	Viable cells 
(%) 
	Non-Viable 
cells 
(%) 
	Rapid prog. 
Movement 
(%) 

	A 
B 
C 
D 
E 
	67.50 ± 2.50 
10.00 ± 2.00* 
20.00 ± 2.00*b 
22.50 ± 2.50*a 
32.00 ± 
1.00*a 
	32.50 ± 2.50 
90.00 ± 4.00* 
80.00 ± 
5.00*b 
77.50 ± 2.50* 
65.50 ± 
1.50*a 
	90.00 ± 2.00 
30.00 ± 5.00* 
37.50 ± 2.50* 
32.50 ± 2.50*b 
51.00 ± 
1.00*a 
	10.00 ± 3.00 
75.00 ± 5.00* 
62.50 ± 2.50* 
67.50 ± 2.50*b 
48.00 ± 
1.00*a 
	20.00 ± 2.00 
1.50 ± 0.50* 
4.50 ± 0.50*b 
4.00 ± 1.00*b 
12.50 ± 0.50*a 
 

	Groups 
	Count (10^6/ml) 
	Total Defect 
(%) 
	Head Defect 
(%) 
	Middle Defect 
(%) 
	Tail Defect 
(%) 

	A 
	61.50 ± 1.50 
	4.50 ± 0.50 
	0.50 ± 0.50 
	1.50 ± 0.50 
	1.50 ± 0.50 

	B 
	14.70 ± 0.70* 
	11.00 ± 1.00* 
	3.50 ± 0.50* 
	7.50 ± 0.50* 
	5.50 ± 0.50* 

	C 
	26.15 ± 0.65*ab 
	6.00 ± 1.00a 
	1.50 ± 0.50 
	4.00 ± 0.00a 
	3.00 ± 0.00 

	D 
	29.70 ± 1.80*ab 
	6.50 ± 0.50a 
	1.50 ± 0.50 
	3.50 ± 0.50a 
	2.50 ± 0.50a 

	E 
	39.65 ± 0.55*a 
	8.50 ± 0.50 
	1.00 ± 0.00 
	2.50 ± 0.50a 
	2.50 ± 0.50a 


Table 1: Sperm Parameters in Aluminum-Induced Testicular Toxicity Treated with Flavonoid and Saponin Extracts from Cyperus esculentus and Phoenix dactylifera
Values are expressed as Mean ± SEM, n=5. *p<0.05 vs A, ap<0.05 vs B, bp<0.05 vs E. 
(Using One-Way Analysis of Variance). A: Control; B: Administered Aluminum chloride; C: Administered Aluminum chloride and C.esculentus extract; D: Administered Aluminum chloride and P.dactylifera extract; E: Administered Aluminum chloride and combined extracts of C.esculentus and P.dactylifera.  
Hormonal Assay

As summarized in Table 2, the hormonal assays revealed significant changes in hormone concentrations across the different experimental groups. 

For testosterone levels, the aluminum chloride-treated group (Group B) exhibited a significant decrease compared to the control group (Group A), underscored by an asterisk. Treatments with C. esculentus extract (Group C) and P. dactylifera extract (Group D) also showed significantly lower testosterone levels compared to the control group, with Group C additionally lower than Group B. However, combined therapy in Group E resulted in significantly higher testosterone levels than Group B while remaining lower than Group A, suggesting a protective effect of the combined extracts.

In terms of follicle-stimulating hormone (FSH), Group B again demonstrated a significant reduction when compared to the control group. Interestingly, Group C's FSH levels were not significantly different from those of the control but were higher than Group B, indicating some recovery. Group D showed lower FSH levels than Group A but higher than Group B, while Group E mirrored Group C, presenting FSH concentrations similar to the control.

Lastly, regarding luteinizing hormone (LH), Group B indicated a stark decrease in levels compared to Group A. Group C also reported significantly lower LH levels than both Groups A and B. Conversely, Groups D and E showed LH levels that were significantly lower than the control but higher than Group B, signifying a partial recovery with treatment.

	Groups 
	Testosterone 
(ng/ml) 
	Luteinizing Hormone 
(mIU/ml) 
	FSH 
(mIU/ml) 

	A 
	0.615 ± 0.006 
	5.04 ± 0.098 
	3.18 ± 0.09 

	B 
	0.243 ± 0.014* 
	2.94 ± 0.088* 
	1.86 ± 0.12* 

	C 
	0.350 ± 0.011*ab 
	3.57 ± 0.064*ab 
	2.73 ± 0.06a 

	D 
	0.384 ± 0.006*ab 
	3.77 ± 0.072*a 
	2.60 ± 0.01*a 

	E 
	0.446 ± 0.007*a 
	4.13 ± 0.132*a 
	2.81 ± 0.10a 


Table 2: Hormonal Concentrations in Aluminum-Induced Testicular Toxicity Treated with Cyperus esculentus and Phoenix dactylifera Extracts
Values are expressed as Mean ± SEM, n=5. *p<0.05 vs A, ap<0.05 vs B, bp<0.05 vs E. 
(Using One-Way Analysis of Variance). A: Control; B: Administered Aluminum chloride; C: Administered Aluminum chloride and C.esculentus extract; D: Administered Aluminum chloride and P.dactylifera extract; E: Administered Aluminum chloride and combined extracts of C.esculentus and P.dactylifera. 
3.2 DISCUSSION

The present study explored the protective effects of flavonoid and saponin fractions from Cyperus esculentus (tigernut) and Phoenix dactylifera (date fruit) against aluminum chloride-induced testicular toxicity in male Wistar rats. The findings indicate that both plant extracts possess significant protective properties, as evidenced by histological observations, sperm parameter evaluations, and hormonal assays.
Histological analysis revealed marked differences across experimental groups. The control group (Group A) exhibited normal testicular architecture with intact seminiferous tubules (20). In contrast, the aluminum-treated group (Group B) displayed extensive damage, including degenerative effects on the seminiferous tubules and vascular congestion. These findings are consistent with other studies that report aluminum-induced testicular toxicity characterized by structural abnormalities (2; 21). Treatments with Cyperus esculentus (Group C) resulted in some preservation of the germinal epithelium, indicating a partial protective role. The results align with previous research suggesting the cytoprotective effects of flavonoids on testicular morphology (22; 23). 
Meanwhile, Phoenix dactylifera (Group D) treatment nearly restored the normal morphological characteristics observed in the control group. The most significant improvement was seen in Group E, which received combined therapies, reflecting a potential synergistic effect of the extracts (24; 7). This suggests that the phytochemicals present in Cyperus esculentus and Phoenix dactylifera can work collaboratively to counteract aluminum-induced damage, indicating a promising avenue for therapeutic intervention in toxic exposures.
Sperm analysis revealed drastic changes in sperm motility and viability across experimental groups. Group B exhibited a significant decline in motile sperm and an increase in non-motile sperm cells, aligning with studies reporting aluminum’s detrimental impact on spermatogenesis (25). The treatment with Cyperus esculentus (Group C) and Phoenix dactylifera (Group D) produced improvements in motility and viability, although these parameters did not reach control levels. This suggests that while the extracts can ameliorate some of the toxic effects of aluminum, they may not fully restore normal function (7).
Interestingly, Group E displayed the most substantial recovery in sperm parameters, indicating the effectiveness of combined treatments. This is critical because effective male fertility relies on high sperm motility and viability (26). The reduction in morphological defects in sperm following treatment (Groups C, D, and E) suggests that these extracts may enhance sperm structure, reducing the incidence of abnormalities typical of toxic exposure (27).
Hormonal analysis revealed significant endocrine changes in response to aluminum exposure. Group B showed a marked reduction in testosterone, follicle-stimulating hormone (FSH), and luteinizing hormone (LH) levels compared to the control. These findings support previous literature linking heavy metals to hormonal disruption and impaired reproductive function (28). The lower testosterone levels directly correlate with compromised spermatogenesis and impaired reproductive health (29). 
While treatments with Cyperus esculentus and Phoenix dactylifera (Groups C and D) improved hormone levels, they remained significantly lower than controls, indicating incomplete restoration of normal endocrine function. This partial recovery aligns with earlier observations reporting that phytonutrients can positively influence reproductive hormones, but may not completely reverse toxic effects (30). Notably, Group E demonstrated a significant increase in testosterone levels, suggesting a meaningful protective effect of combined therapy against aluminum’s endocrine-disrupting properties.
The results emphasize the potential of Cyperus esculentus and Phoenix dactylifera as protective agents against aluminum-induced reproductive toxicity. Given the structural preservation observed in histological data and the improvements in key sperm parameters and hormonal levels, these plant extracts could offer a viable supplementary treatment for mitigating heavy metal toxicity in male reproductive health.
Future studies should aim to delineate the individual and combined mechanisms of action of these extracts at the molecular level. Additionally, exploring the effects of these phytonutrients in human models could validate their therapeutic potential. In conclusion, the findings present a promising strategy for counteracting aluminum toxicity, highlighting the need for further research into plant-based remedies for toxicological challenges in reproductive health. 
4. Conclusion
The findings of this study demonstrate that flavonoid and saponin fractions from Cyperus esculentus (tigernut) and Phoenix dactylifera (date fruit) exhibit significant protective effects against aluminum chloride-induced testicular toxicity in male Wistar rats. Histological evaluations indicated that these extracts help preserve testicular architecture, with notable improvements observed in spermatogenesis and sperm parameters. Additionally, treatment with these plant extracts led to partial restoration of critical reproductive hormones, including testosterone, FSH, and LH, which are essential for maintaining reproductive function.
The observed protective effects suggest that both Cyperus esculentus and Phoenix dactylifera may offer beneficial therapeutic strategies for mitigating the adverse effects of environmental toxins such as aluminum. Moreover, the synergistic effect of the combined extracts underscores the importance of exploring multi-component herbal therapies in combating reproductive toxicity. 
Overall, these results provide a foundation for future investigations into the mechanisms underlying the protective effects of these natural products, and they highlight the therapeutic potential of plant-based interventions in addressing reproductive health issues associated with heavy metal exposure. Further research, including clinical studies, is warranted to fully elucidate the efficacy and applicability of these extracts in human populations.
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Definitions, Acronyms, Abbreviations
Definitions
1. Aluminum Chloride: A chemical compound (AlCl₃) commonly used in various industrial processes, noted for its potential toxicity to biological systems, particularly affecting reproductive health.
2. Cytoprotective: Referring to substances that protect cells from harmful agents.
3. Flavonoids: A class of plant secondary metabolites known for their antioxidant properties; they offer protective effects against cellular damage.
4. Saponins: Compounds found in various plants recognized for their ability to enhance immune responses and protect reproductive tissues.
5. Histopathological alterations: Changes in tissue structure observed through microscopic examination, usually indicative of disease or damage.
6. Testicular architecture: The structural organization and integrity of the testes, essential for normal reproductive function.
7. Oxidative stress: An imbalance between free radicals and antioxidants in the body, which can lead to cellular and tissue damage.
8. Spermatogenesis: The process of sperm cell development and maturation.
9. Reproductive health: Overall health concerning the reproductive system and its functions.
Acronyms
1. HPG Axis: Hypothalamic-Pituitary-Gonadal Axis - a complex set of interactions between the hypothalamus, pituitary gland, and gonads (testes in males) that regulate reproductive functions.
2. H&E Staining: Hematoxylin and Eosin Staining - a commonly used staining method in histology to visualize tissue structure.
3. ELISA: Enzyme-Linked Immunosorbent Assay - a plate-based assay technique used for detecting and quantifying proteins, hormones, and antibodies.
4. SEM: Standard Error of the Mean - a statistical measure that describes the accuracy with which a sample represents a population.
5. ANOVA: Analysis of Variance - a statistical method used to compare means among three or more groups.
Abbreviations
1. g: Grams
2. kg: Kilograms
3. mIU: Milli-International Units
4. ng/ml: Nanograms per milliliter
5. °C: Degrees Celsius
6. PBS: Phosphate-buffered Saline
7. DPX: Dibutyl Phthalate Polystyrene Xylene - a mounting medium used in microscopy.
8. TMB: Tetramethylbenzidine - a substrate used in enzyme-linked immunosorbent assays.
9. NaCl: Sodium Chloride
10. H2O: Water (aqua)
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