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ABSTRACT
Spodumene, a lithium aluminum silicate mineral, is widely employed in industrial applications; however, its effects on reproductive health remain unexplored. This study evaluated the reproductive parameters of male Wistar rats (Rattus norvegicus) exposed to varying concentrations of spodumene. Spodumene collected from a mining site in Kakafu village, Patigi, Kwara State, Nigeria, was processed into powdered form. Thirty-five (35) adults male Wistar rats (weight 150 – 250g) were exposed to varying concentrations of spodumene at doses of distilled water (0 mg/kg, control), 50 mg/kg, 100 mg/kg, 200 mg/kg, and 400 mg/kg for 28 days. Reproductive parameters assessed include sperm count (SC), daily sperm production (DSP), and comet assay to analyse the DNA integrity in the epididymis. The results showed that the SC and DSP of the control group had the highest values of 830×106±900×104 M/ml and 190.74×10⁵±264.2×10²/100mg of the testis respectively. While the group with the highest concentration of spodumene had the least SC and DSP of 52.25×10⁶±25×10⁴ M/ml and 13.75×10⁵±53.9×10²/100 mg of the testis respectively. DNA assessment revealed the control group had the least tail DNA (%), tail moment and tail olive moment with values of 5.69±1.00 %, 0.31±0.06 µm and 1.57±0.57 respectively. Spodumene exposure resulted in a dose-dependent decrease in SC and DSP. Notably, no significant DNA damage was observed in the epididymis. The findings indicated that gradual intake or exposure to spodumene could negatively affect reproductive health, posing a significant risk to workers in mining environments. Further research is recommended to check for the DNA damage in prolonged exposure duration.
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INTRODUCTION
Spodumene is a mineral primarily composed of lithium aluminum silicate (LiAl(SiO3)2). It is one of the primary sources of lithium, an element extensively used in various industries due to its chemical properties. Spodumene is typically found in granite pegmatites, and it is mined in several parts of the world, including Australia, Canada, and parts of Africa including Nigeria (Chagnes & Swiatowska 2015).
Lithium, derived from various sources including spodumene, is the third element in the periodic table. It consists of three protons, three electrons, and four neutrons. Lithium, along with hydrogen and helium, was among the first elements formed nearly fourteen billion years ago during the Big Bang (Tortell 2024). Lithium offers several therapeutic properties, including mood-stabilizing properties, antisuicidal, antiviral, immunomodulatory, and neuroprotective action (Rybakowski 2022). It is widely prescribed for the treatment of bipolar disorder and other psychiatric conditions.
Despite its therapeutic benefits, lithium has been associated with significant adverse effects on reproductive health, affecting both male and female reproductive systems. Recent studies have highlighted the potential reproductive toxicity of lithium exposure. In rodent models, lithium has been shown to induce oxidative stress in reproductive organs. For instance, a study by Kohari et al. (2022) showed that chronic lithium administration leads to a significant decline in ovarian weight and structural damage due to follicular atresia and oxidative stress, suggesting the potential for lithium to disrupt reproductive function through hormonal imbalances and oxidative damage.
Similarly, the detrimental effects of lithium on male reproductive health have been documented. Haredy et al. (2017) investigated the reproductive toxicity of lithium carbonate in male rats. Their findings revealed significant increases in oxidative stress markers and
apoptotic indicators, along with decreases in antioxidant levels, testosterone, and semen quality. Lithium exposure has also been associated with a reduction in testicular weights, leading to compromised fertility. A study by Kohari et al. (2021) also revealed the effects of lithium on male reproductive health. Their study focused on exploring the impact of lithium carbonate on testicular weights in albino rats and found a significant reduction in testicular weights and increased body weight in treated rats, indicating lithium-induced testicular toxicity. These findings suggest that lithium may impair spermatogenesis and cause reproductive toxicity through oxidative stress and DNA fragmentation.
In contrast, some studies suggest that lithium compounds can have protective effects under certain conditions. For instance, Yildrim et al. (2020) explored the protective effects of lithium borate (LTB) on spermatogenesis and testicular histopathology against cadmium-induced acute toxicity in rats. Their findings showed that LTB significantly reduced cadmium-induced damage to sperm morphology, motility, and density, as well as histopathological and immunohistochemical changes in testicular tissues. Additionally, Salamat et al. (2014) investigated the role of lithium chloride in improving infertility caused by methylphenidate (Ritalin) in male Wistar rats. They found that low-dose lithium chloride effectively prevented the toxic effects of methylphenidate on the testes, improving parameters such as body weight, testis weight, sperm motility, viability, and concentration.
Moreover, recent research by Abdelwahab et al. (2022) tested the protective effects of L- carnitine against lithium and carbamazepine-induced male infertility in protein-malnourished rats. Their study revealed that lithium and carbamazepine administration significantly increased oxidative stress and decreased testosterone and gonadosomatic index (GSI). Furthermore, Ommati et al. (2021) elucidated the mechanisms behind lithium-induced reproductive toxicity, focusing on mitochondrial impairment and oxidative stress. Their study demonstrated that lithium exposure led to significant cytotoxicity, disrupted testosterone
biosynthesis, impaired mitochondrial function, and increased oxidative stress in Leydig cells and testis tissue. Toghyani et al. (2013) specifically examined the effects of lithium carbonate on sperm parameters. Their study revealed that lithium treatment at various doses over a 48- day period significantly reduced spermatogenesis and sperm quality in a dose-dependent manner. The findings suggest that lithium alters intracellular signaling pathways and interferes with the division of sex cells, leading to changes in sperm cell membrane function and structure. Ahmadi and Faraji (2015) investigated the in vitro effects of lithium on human sperm motility. Their study found that lithium exposure led to a dose-dependent decrease in sperm motility, suggesting that lithium has the potential to impair sperm function and should be considered in patients using lithium for long-term treatment.
Despite the studies on the effect of lithium on reproductive qualities, there is a need for comprehensive studies that specifically investigate the effects of lithium on male reproductive health at the genetic level. Therefore, this research aims to fill this gap by investigating the effects of spodumene, a mineral source of lithium on the reproductive qualities of male Wistar rats, focusing on sperm count, daily sperm production, and epididymis DNA condition. This study is justified by the increasing industrial and medical use of lithium and the need to understand its potential reproductive toxicity. The significance of this research lies in its potential to fill the existing knowledge gaps regarding the reproductive toxicity of spodumene, as there are no or few works particularly on the reproductive health of spodumene, ultimately contributing to the protection of male reproductive health of workers at mining sites.
Materials and Method
Collection and Preparation of Spodumene Samples
Spodumene was collected from Kakafu village, located in the Lade District area of Patigi local government area of Kwara state. The village is located on latitude 9° 30’ North of the Equator and longitude 4° 48’ East of the Greenwich Meridian. Kakafu village is a rural area, surrounded by farmland and savanna vegetation. In the laboratory, spodumene collected from the mining site was ground into fine powdery form with a porcelain mortar and pestle. After this, it was passed through a 2 µm mesh-sized sieve to obtain fine particles that easily dissolved in water.
Experimental Design
Thirty-five (35) adult male Wistar rats (aged about 240 days) were obtained and kept in cages in the animal house of the Department of Zoology, University of Ilorin. The rats were acclimatized to the laboratory conditions for a period of fourteen days. They were maintained at a 12 h/12 h light/dark cycle and fed ad libitum. Strict guidelines and regulations of the Animal House Section of the Department of Zoology, University of Ilorin, Kwara State, Nigeria were followed in the handling of the rats. The experiments were carried out in accordance with the UK guidance of the operation of animals (Scientific Procedures) Act, 1986, amendment regulations 2012 (SI 2012/3039) and the US National Research Council Committee’s care and use of laboratory animals (2011). 
The rats (n = 35) were randomly divided into five groups of seven rats per group. The control group was with no exposure of spodumene, while the other four groups were exposed to different concentrations of spodumene. All the rats both in the control group and experimental groups were fed ad libitum during the exposure period. Rats in the control group were administered tap water. Rats in group one, two, three and four were administered spodumene at 50 mg/kg, 100 mg/kg, 200 mg/kg and 400 mg/kg respectively via oral gavage once in a day for twenty-eight (28) days.  After the administration of the spodumene to each rat, it was returned to the cage and monitored for 5-10 minutes, looking for signs of labored breathing or distress. The rats were monitored again every two hours. At the end of the exposure period, the rats were sacrificed according to the institutional guidelines of the animal house of the Department of Zoology, University of Ilorin, Nigeria. After anesthetization, the rats were sacrificed they were pinned to a dissecting board and incisions were made to expose the internal organs. The testes and epididymis samples were harvested by removing the tunica albuginea, and homogenize the parenchyma tissue in 0.9 % of NaCl (5ml). The tissues from the control group were kept separate from those of the spodumene-treated groups. The testes and epididymis tissues were stored at -80ºC.

Sperm Count Analysis
For sperm count analysis, three representative rats were randomly selected from each group for sperm count. The caudal epididymis was carefully removed and the seminal fluid was extracted using a micropipette and immediately transferred into a prepared sperm-diluting fluid. The sperm suspension was introduced into a Neubauer improved counting chamber and observed under a light microscope at a magnification of 40×.
The total sperm count was calculated and expressed as the number of spermatozoa per milliliter of suspension (Sharma & Gupta, 2005).
Daily Sperm Production
To analyze daily sperm production, testicular tissues previously stored at -80ºC was allowed to thaw at room temperature for a few minutes before homogenization. Spermatids at the 19th stage of spermatogenesis, resistant to homogenization, were quantified using the methods described by Robb et al. (1978) and Cooke et al. (1991). After removing the tunica albuginea, the testicular parenchyma was weighed and homogenized in 5 ml of 0.9% NaCl for 30 seconds. A 0.5% solution of Triton X-100 was added, and the homogenate was diluted fivefold. Twenty microliters of the diluted sample were placed in a Neubauer chamber, and late spermatids were counted under a microscope at 40× magnification. Each sample was analyzed in triplicate, and the average number of spermatids was calculated. This value was used to estimate the total spermatid count per testis, which was then divided by the testis weight to calculate the spermatid count per gram of testis, representing sperm production efficiency. To determine daily sperm production (DSP), the total number of homogenization-resistant spermatids (per testis and per gram of testis) was divided by 6.3, corresponding to the duration these spermatids remain in the seminiferous epithelium. Formula for DSP:
𝑌
Y is the number of spermatids present in homogenate,
X is the number of spermatids that are counted in Neubauer chambers, 10 is the number of observed squares in one reading,
100 is the number of total squares in chamber,
5 is dilutions made with physiological saline,
20 ml is the homogenate for loading the chamber, 1000 is to convert microliters into milliliters,
DSP is Y/6.3 and efficiency of sperm production is DSP/weight of decapsulated testis.

Comet Assay
Comet assay was performed to assess DNA damage in epididymal tissue. The alkaline single-cell gel electrophoresis protocol, as outlined by Tice et al. (2000), was followed. A small portion of the epididymal tissue was finely minced in Hank’s solution (calcium- and magnesium-free, pH 7.5). A 30 µL aliquot of the sample was mixed with low-melting-point agarose at 37°C and promptly spread on frosted slides pre- coated with 1% normal-melting-point agarose. Coverslips were placed over the smears and solidified on an ice pack for 5 minutes. After removing the coverslips, the slides were immersed in a cold lysing solution (comprising NaCl, Na₂EDTA, Tris, DMSO, and Triton X-100; pH 10) overnight. The slides were then placed in a gel box containing cold electrophoresis buffer (NaOH, Na₂EDTA; pH 13) for 30 minutes to unwind the DNA. Following this, electrophoresis was conducted in the refrigerator at 300 mA and 25 V for 30 minutes. Afterward, the slides were immersed in a cold neutralization buffer (Tris; pH 7.5) for 10 minutes, rinsed with cold distilled water, and air-dried. The slides were fixed in absolute ethanol for 5 minutes and allowed to dry before staining. Ethidium bromide (20 µg/mL) was used to stain the slides, which were then examined under a fluorescence microscope (Olympus). Images were captured using a camera linked to a desktop computer and analyzed with Comet Score Pro 2.0.0.38 software. The Tail DNA (%) which represent the amount of DNA migrated from the head due to damages was used as an indicator to measure the amount of damages caused by the spodumene exposure. Other indicators used was Tail Moment and Tail Olive Moment (TOM).

Data Analysis
Microsoft Excel 2021 was used for all graphical illustrations. The mean and standard error means of all results were analyzed using Statistical Package for Social Sciences (SPSS) version 21. Group comparisons were performed using one-way ANOVA followed by Duncan's post-hoc test to identify significant differences between groups, with a p-value of less than 0.05 considered statistically significant.

RESULTS
Sperm Count
The effect of spodumene concentration on sperm count is presented in Table 1. The control group (0 mg/kg) exhibited the highest sperm count (830×10⁶ ± 900×10⁴ M/ml) when compared with all the exposed groups. There were significant differences across all the groups.

Table 1: Effect of Spodumene Concentration on Sperm Count
	Spodumene
Exposure (mg/Kg)
	Sperm Count
                (M/ml)

	0
	830×106 ± 900×104a

	50
	279×106 ± 100×104b

	100
	141.5×106 ± 10×104c

	200
	91.4×106 ± 40×104d

	400
	52.25×106 ± 25×104e

	
	

	
	


Superscript indicates statistical significance at P < 0.05. superscript with the same alphabet indicates no significant difference. Values are Mean + SEM, where SEM is the standard error of the mean F (4, 10) = 6198, P = 0.00000000202 (P < 0.001***)


Daily Sperm Production
The daily sperm production of the control and the exposed groups are shown in Table 2.  The control group also showed the highest daily sperm production (190.74×10⁵ ± 264.2×10²) while compared with the other groups. There were also significant differences across all the groups.

Table 2: Effect of Spodumene Concentration on Daily Sperm Production per 100 mg of the testis
	Spodumene
Exposure (mg/Kg)
	Daily Sperm Production
(/100 mg of the testis)

	0
	190.74×105±264.2×102a

	50
	80.97676×105±24.38×102b

	100
	74.60558×105±2.41×102c

	              200
	53.97512×105±6.87×102d

	             400
	               13.74671×105±53.9×102e

	
	


Superscript indicates statistical significance at P < 0.05. superscript with the same alphabet indicates no significant difference. Values are Mean + SEM, where SEM is the standard error of the mean (P < 0.001***)

Comet Assay
Figures 1–3 illustrate the effects of spodumene on epididymal DNA, including %Tail DNA, Tail Moment, and Tail Olive Moment. No significant DNA damage was observed across parameters. For %Tail DNA, the control group (0 mg/kg) showed the lowest percentage (5.69 ± 1.00), while group four (400 mg/kg) recorded the highest (9.12 ± 0.68). Similarly, Tail Moment values ranged from 0.31 ± 0.06 µm in the control group to 0.83 ± 0.52 µm in group 
three (200 mg/kg). Tail Olive Moment followed the same trend, with values spanning from 1.57 ± 0.57 in the control group to 3.55 ± 1.95 in group three. ANOVA results also indicated no significant differences in %Tail DNA (p = 0.833), Tail Moment (p = 0.633), and Tail Olive Moment (p = 0.757) across groups at significant level of P = 0.05.
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Fig 1: Effect of Spodumene Concentration on Epididymis DNA (% Tail DNA)
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Fig 2: Effect of Spodumene Concentration on Epididymis DNA (Tail Moment)
NOTE: Values are Mean + SEM, where SEM is the standard error of the mean; ns = Not Significant at P = .05
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Fig 3: Effect of Spodumene Concentration on Epididymis DNA (TOM)
Values are Mean + SEM, where SEM is the standard error of the mean ns = Not Significant at P = .05


DISCUSSION
The findings of this study revealed a significant dose-dependent decline in sperm count and daily sperm production as the concentration of spodumene increased. However, there was no detectable damage to the DNA in the epididymis. There was reduction in the fertility of male rats exposed to lithium carbonate (Thakur et al. 2003).
The observed decrease in sperm count and daily sperm production across the spodumene- exposed groups highlights the toxic effects of spodumene on spermatogenesis. The control group exhibited the highest sperm count, indicating normal spermatogenic activity, while the group subjected to the highest spodumene concentration (400 mg/kg) showed a marked reduction in sperm count. This dose-dependent response strongly suggests that spodumene interferes with cellular processes essential for spermatogenesis, thereby adversely affecting sperm production. The statistical analysis further supports these findings, indicating the severity of spodumene’s impact on reproductive health. Several mechanisms might explain the observed reproductive toxicity. Lithium could disrupt hormonal balance, leading to altered levels of key reproductive hormones such as testosterone, which is crucial for sperm production. Additionally, lithium may induce oxidative stress, causing cellular damage in the testes and epididymis as reported by previous studies (Kohari et al. 2022). Lithium is concentrated in the hypothalamus, therefore there will be some effects on the hypothalamic-anterior pituitary axis (Lazarus et al. 1986). Comparative analysis with existing studies highlights that the effects of lithium on reproductive health align with previous studies investigating the effects of lithium on reproductive health. For instance, Toghyani et al. (2013) specifically examined the effects of lithium carbonate on sperm parameters. Their study revealed that lithium treatment at various doses over a 48-day period significantly reduced spermatogenesis and sperm quality in a dose-dependent manner. Ghosh et al. (1990) also reported that lithium chloride caused significant decrease in the activity of spermatogenesis.
Despite the significant dose-dependent decline in sperm count and daily sperm production observed in this study, the comet assay results indicated no significant DNA damage in the epididymis across all treatment groups. Tail DNA (%), Tail Moment and Tail Olive Moment all remained within similar ranges, with no significant differences detected between the control and spodumene-treated groups. This finding suggests that while spodumene affects the sperm count and sperm production, it may not directly cause DNA fragmentation in epididymal cells. The % Tail DNA, which represents the amount of DNA migrated from the head due to damages increases, other parameters (Tail Olive and Tail Olive Moment) also increase. The comet assay, which measures the percentage of tail DNA, Tail Moment, and Tail Olive Moment (TOM), is a highly sensitive method for detecting DNA strand breaks. However, the absence of detectable DNA damage suggests either the non-genotoxic nature of spodumene or the efficient repair of any induced damage by the rats' DNA repair systems. The result obtained here is in line with certain studies that investigated the genotoxic potential of lithium compounds. For example, a study by the National Toxicology Program (2005) on lithium carbonate reported no significant DNA damage in F344/N rats and B6C3F1 mice at certain concentrations. However, Choobineh et al. (2018) reported that lithium carbonate caused a significant increase in the percentage of DNA fragments, which is in contradiction with the result obtained here, likely due to the higher concentration of lithium content in lithium carbonate.
CONCLUSION
This study revealed adverse reproductive health conditions of the male Wistar rats in sperm count and daily sperm production. The DNA damage that was not observed might probably be due to the concentrations of the administered lithium and duration of exposure. Therefore, higher concentrations and longer exposure duration are recommended so that the effects would be established. This research is very important and particularly relevant in the context of spodumene’s increasing industrial applications, particularly in the production of lithium for batteries and other technologies. Understanding its safety profile is essential not only for occupational health but also for broader environmental and public health considerations and also for the fauna inhabiting the spodumene mining site, inhaling the dust and consuming the water flowing within the mining site. 
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