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This study was conducted to explore the protective potential of three different antioxidant supplements, lycopene, citric acid, and Chlorella, against reproductive injuries induced by microplastics (MPs) in freshwater mature male catfish. A total of 150 mature male African catfish (Clarias gariepinus) were assigned to five treatment groups as follows: control group fish were fed with control diet, the second group fish were fed with 500 mg/kg MP diet, and the remaining three groups of fish were fed with 500 mg/kg MP diet plus lycopene (500 mg/kg diet), citric acid (30 g/kg diet), and Chlorella (50 g/kg diet), respectively, for 15 days. Ingestion of MPs significantly decreased serum luteinizing hormone, follicle-stimulating hormone, sex steroid (testosterone and estradiol) levels and sperm count, spermatocrit, motility, and viability. It also induced histological alterations and degenerative changes in testicular tissues. Administration of lycopene and Chlorella with MP diets maintained hormone levels comparable to those in the control group, enhanced sperm quality, and decreased testicular histological damage. Chlorella was more effective in enhancing sperm quality, and lycopene was more efficient in alleviating testicular tissue damage. Citric acid supplementation was irrelevant in mitigating MP-induced injury. This study indicated that both lycopene and Chlorella ameliorated the MP-induced reproductive dysfunction by improving reproductive hormonal levels, sperm parameters, and histological configuration, whereas the citric acid dose used in this study was not effective in ameliorating the MP-induced reproductive stress. Additional research and monitoring of MP-induced pollution in freshwater ecosystems are required to avoid the severity of reproductive toxicity in freshwater fish.
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INTRODUCTION
Plastic is a global environmental pollutant whose levels have grown rapidly due to developments in plastic manufacturing (Vijver et al., 2020). Plastic production advancements have increased in the past 6 decades by almost 560 times (Plastics Europe, 2020). The expected annual amount of plastics that enter the marine environment is more than 9.5 million tons, and these plastics disintegrate into microplastics (MPs) (particles measuring <5 mm in length) through mechanical and biological degradation (Law and Thompson, 2014; Boucher and Friot, 2017; Law, 2017). MPs pollution has a large geographical magnitude as it is dispersed by surface water currents (Wang et al., 2017). Freshwater can act as a source, a transfer medium, and a sink for MPs (Klein et al., 2018). Freshwater systems receive MPs directly from several primary sources and hence they accumulate various MPs (Law, 2017; Luo et al., 2019). Recent research has shown that freshwater ecosystems have become increasingly loaded with MPs pollution (Koelmans et al., 2019; Li et al., 2020). Although the variability of plastic polymers, polyethylene plastic (PE), with the chemical formula (C2H4)n, represents one of the supreme world extensively used (de Sà et al., 2018). PE exist in numerous products, for instance plastic bags, camera films, fibers, storage containers and wrapping, toys, etc. (Lusher et al., 2015). Due to the widespread dissemination of MPs in the environment, they are easily gulped by fish, bivalves, and other aquatic organisms (Lusher et al., 2015; Nadal et al., 2016). Fish may ingest MPs directly and/or by feeding on other organisms (Carlos de Sá et al., 2015). Ingested MPs can induce gut impasse and altered gut function, which can lead to reduced nutrition (Jovanović, 2017). Recent researches have described that MPs prompt oxidative stress and apply adverse effects on the antioxidant defense systems of some studied invertebrates (Jeong et al., 2017; Yu et al., 2018). Moreover, in some studied fish MPs can amend antioxidant biomarkers and induce lipid peroxidation as described for; zebrafish (Danio rerio) (Qiao et al., 2019; Wan et al., 2019), red tilapia (Oreochromis sp.) (Ding et al., 2018), sheepshead minnows (Cyprinodon variegatus) (Choi et al., 2018), and for Nile tilapia (Oreochromis niloticus) as well (Hamed et al., 2019; Ismail et al., 2021). Mps prompting oxidative stress and lipid destruction in brains of European sea bass (Dicentrarchus labrax) (Barboza et al., 2018).
Exposure to MPs has been reported as a reason of reproductive stress and gonadal impairment (Ismail et al., 2021, Karami et al., 2016; Rochman et al., 2014; Wang et al., 2019). There are studies reporting that MPs induced fecundity reduction in mature female medaka (Oryzias latipes) (Zhu et al., 2020). Moreover, MPs exposure by brood fish delayed hatching rate, heart rate and growth in marine medaka (Oryzias melastigma) offspring (Wang et al., 2019). MPs are also known to induce oxidative stress levels, elevate apoptosis levels and testicular histological impairments (Qiang and Cheng, 2021), and significantly decrease sperm velocity in oysters (Sussarellu et al., 2016). Moreover, MPs exposure induced testicular deteriorating changes and prompted testis-ova with drop in both LH and T serum levels in tilapia male (Ismail et al., 2021).
Lycopene has been described as a potent natural antioxidant that mitigates oxidative stress responses in some fish species subjected to several toxicants or any other stress circumstances (Amarowicz, 2011; Yonar, 2012; Dawood et al., 2020). Addition of lycopene to fish feed was found to increase growth parameters (Rashidian et al., 2020) and maintain fish wellbeing by improving both antioxidative and immune responses (Dawood et al., 2020). Lycopene is known to exert several positive effects on human health as it can be incorporated into the treatment for male infertility and other syndromes (Grabowska et al., 2019).
Citric acid and its salts are increasingly being examined as dietary supplements in fish feed due to their acidifying characteristics that can improve nutrient utilization, gastrointestinal condition, and digestive enzyme activity (Vielma et al., 1999; Lim et al., 2015). Citric acid supplementation to fish diet was found to chelate calcium and phosphorus and increase their solubility in the rainbow trout (Pandey and Satoh, 2008), red seabream (Pagrus major) (Hossain et al., 2007), yellowtail (Seriola quinqueradiata) (Sarker et al., 2012), and turbot (Scophthalmus maximus) (Dai et al., 2018). Citric acid supplements were found to reduce oxidative damage and alleviate inflammatory responses in the turbot (S. maximus) (Chen et al., 2018; Zhao et al., 2020).
Applications of microalgae supplementation have been developed recently; for instance, Chlorella vulgaris has established to develop, immunity, aquatic remedy, stress enhancement, and disease resistance in fish (Nicula et al., 2018; Mekkawy et al., 2020; Sahin et al., 2014). C. vulgaris used as feed supplementation alleviated the negative effect of chlorpyrifos (CPF) exposure and maintained the growth performance and biochemical parameters (Abu-Srea et al., 2018) ,also, C. vulgaris modulated the expression of genes encoding antioxidant enzymes and stress immune-related genes (Zahran et al., 2020) in the Nile tilapia.
This study was conducted to determine the harmful effects of MP consumption on the reproductive performance of the freshwater mature male African catfish (C. gariepinus). Diets containing MPs were applied for 15 days. Moreover, to evaluate the ability to ameliorate the MPs-induced reproductive impairment, three different antioxidants (lycopene, citric acid, and Chlorella) were applied in combination with MPs-supplemented diets. Hormonal profiles, testicular histology, and sperm quality parameters were used as indicators for male reproductive status between the different experimental groups.
MATERIAL AND METHODS
Experimental Design
A total of 150 mature male African catfish (weight 300–500 g, length 25–32 cm) were obtained from the Aquaponic Unit and transported to the Fish Biology and Pollution Laboratory in the Faculty of Science, Assiut University. The physicochemical parameters of rearing water were as follows: conductivity 261 mM/cm; pH 7.4; dissolved oxygen 6.9 mg/L; temperature 20.5°C, while light- dark hours were kept as 12/12. During the acclimatization period, fish were fed commercial feed about 3% of total body weight each day divided into two portions. The feed contained 30% protein and consisted of soybean meal, wheat bran, maize, crude protein, fats, crude fiber, fish meal, calcium, sodium chloride, vitamins, and mineral salt. Fish were distributed into five groups (30 fish/group), and each treatment group was separated and placed in aquaria in triplicates for an experimental duration of 15 days. During the experimental period fish groups were feed the same commercial feed for the control or commercial diet combined with the different tested supplement and/or MPs dose for experimental groups as following:
The first group was the control (ctr) group that was fed with the control diet , the second group (MPs) was fed with a diet containing MPs (500 mg/kg diet), the third group (MPs + lyco) was exposed to MPs (500 mg/kg diet) + lycopene (500 mg/kg diet), the fourth group (MPs + citr) was fed with a diet containing MPs (500 mg/kg diet) + citric acid (30 g/kg diet), and the fifth group (MPs + chl) was fed with a diet containing MPs (500 mg/kg diet) + Chlorella (50 g/kg diet).
After 15 experimental days, six fish from each experimental group were haphazardly selected and anesthetized by ice to lessen the handling stress. Blood samples were collected from the caudal vein, and testicular tissues were collected for histological analyses. The experimental design and fish treatments were agreed by the Faculty of Science Committee, Assiut University.
Microplastics
The MPs used in the experiment was powder of uneven polyethylene particles, more than 90% of the MPs particles were above 100 nm in size. The MPs raw powder was obtained from Toxemerge Pty Ltd. (Melbourne, Australia). To prepare the stock solution (2.5 g MP/L) purified water (Milli-Q) was used according to the manufacturer’s directions and kept at 4°C in the dark. The stock solution was sonicated before every use. Further dilutions were preformed from stock solution straightaway for each time of changing rearing water. The description of MP particles was done using light and transmission electron microscopy at TEMU, Assiut University (JEOL JEM-1200 EX II) FUTURE (Hamed et al., 2019). The selection of MPs treatment dose was done according to earlier study of Espinosa et al., 2019.
Lycopene, Citric Acid, and Chlorella
Lycopene and citric acid were bought from Sigma-Aldrich (Cairo, Egypt), and C. vulgaris extract was obtained from the National Research Center, Cairo, Egypt. The added doses of lyco, citr and chl were selected according to recommended doses of previous studies (Mahmoud et al., 2013; Carneiro et al., 2020).
Hormone Measurements
Serum follicle-stimulating hormone (FSH) levels were measured as described by Knobil (1980) using a test kit (Cat. No. CANFSH-4060, Diagnostics Biochem Canada Inc.; Ontario, Canada), luteinizing hormone (LH) levels were assessed according to (Cumming et al., 1985) using a test kit (Cat. No. CAN-LH-4040, Diagnostics Biochem Canada Inc.; Ontario, Canada), and serum testosterone (T) levels were evaluated using an ELISA kit (CAN-TE-250, Diagnostics Biochem Canada Inc.; Ontario, Canada). Estradiol level was measured using an ELISA kit (CAN-E-430, Diagnostics Biochem Canada Inc.; Ontario, Canada), and hormone levels were measured at 450 nm using an automatic immunodiagnostic analyzer (Sorin Biomedica, Model: 0-2730; S/N = 0,654, Chemila SP.A., Italy).
Milt Collection and Sperm Quality Analysis
After dissection, the testes were removed. A longitudinal incision was made on the testes, and the milt was collected into calibrated glass tubes. Sperm analysis was conducted in the laboratory using the removed sperm from the testicular specimens of each treatment group. Spermatocrit (%), sperm motility (min), and number of spermatozoa (×109) were calculated. Spermatocrit was calculated using the microhematocrit method described formerly (Ciereszko and Dabrowski, 1993). Sperm motility (period elapsed between activation and cessation of any propulsive movement) was calculated using a drop of sperm placed on a slide, which was later covered with a coverslip to avoid sperm cell movement under the wave action and sample dehydration. The slide was detected under a microscope (OMAX) at 5-min intervals at a amplification of ×400 to assess sperm motility period. To determine the sperm count, the sperm sample was diluted with Billard solution at a dilution proportion of 1:200 (Billard, 1977). Next, the Neubauer hemocytometer was prepared and made grease-free with its coverslip before filling the counting chamber with the sperm solution. The solution was left undisturbed in the chamber for 1 minute to settle down the spermatozoa. The concentration of spermatozoa was detected by getting the sperm number in the diluted sample in the Neubauer hemocytometer under ×400 magnification (Rainis et al., 2003).
Sperm viability was analyzed by calculating the proportion of live and dead sperm cells in the ejaculate using the detection kit of Molecular Probes LIVE/DEAD Sperm Viability Kit (L-7011, Eugene, Oregon, United States) on a total of 100 sperm cells each time. After semen collection, the samples were diluted in HEPES-buffered saline solution with bovine serum albumin (10 mM HEPES, 150 mM NaCl, 10% BSA with pH 7.4) to attain acceptable cell densities. It was then stained with diluted SYBR 14 dye for 5–10 min at 36°C, followed by propidium iodide addition and incubation for 5–10 min at 36°C. Dead and live spermatozoa were observed and counted under a Zeiss Axioplan2 fluorescence microscope (×400) equipped with a digital 3 CCD color video camera (Sony, AVT-Horn).
Testicular Histology
After fixation, testicular tissues were dehydrated in arising of ethanol concentrations, flowed by clearing step in methyl benzoate, and then fixed in paraffin wax. Sections of 5-µm thickness were cut and stained with hematoxylin–eosin and then inspected under a microscope.
Statistical Analysis
All data were expressed as mean ± standard error and verified for significance using one-way analysis of variance (ANOVA) then tested by Tukey’s test for multiple comparisons to indicate the significance of differences amongst experimental groups. Data representing spermatocrit, sperm motility, and viability were subjected to arcsine square root transformation before conducting ANOVA. Probability of significant differences was set at p < 0.05. Analyses were conducted using the SPSS® version 23.0 package (SPSS, 1998).
RESULTS
Hormonal Levels
Both serum LH and FSH levels in different treatment groups indicated a significant decline (p < 0.05) for MPs and citr fish groups, whereas the levels in lyco and chl groups were similar to those of the ctr group (Figures 1A,B).
[image: Figure 1]FIGURE 1 | Effect of ingestion of MPs and ameliorative effect of lycopene (lyco), citric acid (Citr), and Chlorella (chl) or 15 days on (A) luteinizing hormone (LH), (B) follicle-stimulating hormone (FSH), (C) testosterone (T), and (D) estradiol (E2) levels of mature male African catfish (C. gariepinus). Data are demonstrated as mean ± SE, n = 6. Bars carrying different superscripts (A–C) are significantly different at (p < 0.05).
Regarding steroid profiles, both T and E2 levels showed a comparable pattern of a significant decline (p < 0.05) for MPs and citr groups comparing to the ctr group. For the fish groups lyco and chl, the serum T and E2 levels were comparable to those in the ctr group (Figures 1C,D).
Sperm Quality
Semen analysis revealed that the MPs prompted a decrease in spermatocrit, number of sperms, motility, and number of live sperms, as shown in Table 1. The MP group displayed significant decreases (p < 0.05) in all of the analyzed factors. Both lyco and chl groups displayed comparable high levels of spermatocrit and sperm viability percentage but less than those in the ctr group. The fifth group (chl) displayed significant increases (p < 0.05) in the number of sperms and motility percentage compared with the other treatment groups but similar to those of the ctr group. The citr group exhibited significant decreases (p < 0.05) in all the evaluated quality parameters compared to those of ctr, lyco, and chl groups, as shown in Table 1. Comparison of results showed that the citr and MP groups had comparable data and recorded less sperm quality compared with other groups.
TABLE 1 | Effect of ingestion of MPs and ameliorative effect of lycopene, citric acid, and Chlorella for 15 days on sperm quality of mature male African catfish (C. gariepinus). Data are demonstrated as mean ± SE. Different superscript letters within the same row denoted a significant difference (p < 0.05).
[image: Table 1]Testicular Histology
Light microscopic investigation revealed that C. gariepinus testicular sections obtained from the control group contained of lobules with diverse germ cells (spermatogonia, spermatocyte cyst, and spermatid cyst) that were detached from each other by interstitial tissue. Mature spermatozoa were accumulated in the lumen of testicular lobules (Figure 2A).
[image: Figure 2]FIGURE 2 | Testes tissues of C. gariepinus after exposure to microplastics for 15 days: (A) control (ctr) fish group with fully developed mature testis with nests of spermatogonia (sg) along the lobule wall, primary spermatocytes (psc), Leydig cells (L), and Sertoli cells (Se) and filled with mature spermatozoa (Sz). (B–C) microplastics-exposed group (MPs) with disorganized lobule structure (black arrow heads), vacuolation of interstitial tissue (v), hypertrophied spermatogonia (red arrow) and less amount of spermatozoa (Sz), degeneration of germ cells (*) and diminished interstitial cells (it), and degenerated Leydig cells (L). (D) Lycopene-exposed group (lyco) with normal amounts of spermatozoa (Sz), few vacuoles (v), and Leydig cells (L). (E) Citric acid-exposed group (citr) with less amount of spermatozoa (Sz), disorganized lobule structure (black arrow heads), vacuolated interstitial tissue (v), hypertrophied spermatogonia (red arrow), and degenerated Leydig cells (L). (F) Chlorella-exposed group (chl) with lobules occupied with spermatozoa (Sz) and interstitial tissue (it) with few vacuoles (v) and Leydig cells (L), disorganized lobule structure (black arrow heads), secondary spermatocytes (ssc), hematoxylin–eosin staining.
The testes tissues of C. gariepinus fed with diet containing MPs only (MP group) demonstrated a disorganized lobule structure accompanied by a reduced number of germinal cells. The interstitial tissue displayed high vacuolation with reduced number of interstitial cells and reduced number or absence of Leydig cells. Furthermore, there was degeneration of different germ cells with vacuolation along with hypertrophied spermatogonia and less amount of spermatozoa (Figures 2B,C).
In the third group of fish fed with diet containing MPs and supplemented with lyco, the testes tissues showed seminiferous tubules supported by a normal thin connective tissue accompanied with high amounts of spermatozoa, and the interstitial tissue displayed less vacuolization and few Leydig cells (Figure 2D).
The testicular sections of the fourth fish group (citr) exhibited less amount of spermatozoa, disorganized lobule structure, vacuolated interstitial tissue, hypertrophied spermatogonia, and degenerated Leydig cells (Figure 2E).
The testicular sections of the fifth fish group (chl) showed lobules with accumulated mature spermatozoa and spermatocyte cysts, and the interstitial tissue displayed few vacuoles and clusters of Leydig cells (Figure 2F).
DISCUSSION
Our findings provide key insights into the effects of dietary exposure of MPs on the reproductive ability and sperm quality of freshwater fish and the effects of three different antioxidants on the MP-induced toxicity.
Exposure to MPs affected the gonadal axis by inhibiting the synthesis of T and E2, decreasing the quality and quantity of sperms, inducing testicular tissue alterations, and finally leading to reproductive impairment. Similarly, previous studies have reported decreased sperm velocity in oyster after exposure to MPs (Sussarellu et al., 2016) and decreases in the number and motility of sperm and upsurge in sperm deformity rate in male mice treated with different doses of MPs (Xie et al., 2020). However, in contrast to our findings, MP exposure was found to significantly increase the level of T in male O. melastigma (Wang et al., 2019).
Other previous studies have conclusively demonstrated that MPs exposure induced testicular alterations in some fish species such as the Japanese medaka (Rochman et al., 2014; Wang et al., 2019) and zebrafish (Qiang and Cheng, 2021). Histological alterations consisting of vacuolation of interstitial tissue, disordered seminiferous lobule organization, dissolution of basal membrane (Rochman et al., 2014), loose arrangement of germ cells, and reduction of thickness of the testicular basement membrane have also been reported (Qiang and Cheng, 2021). Wang et al. (2019) explained different histological alterations in testicular tissues after MPs exposure, including an expansion in the interstitial tissue, seminiferous arrangement changes, the dissolution of the basal membrane, and a loose arrangement of spermatocytes.
The histological alterations observed in our study also included degeneration of germ cells in addition to vacuolized interstitial tissue and reduced number of Leydig cells. The decline and degeneration of both Leydig and Sertoli cells are always a sign of androgen suppression and degeneration of germ cells, because Leydig cells are the major site of androgen synthesis and release, and Sertoli cells provide structural support and nutrition to the developing germ cells (Duan et al., 2017).
Accumulating evidence confirms that the reproductive damage caused by MPs is due to oxidative damage (Xie et al., 2020). Oxidative stress has been reported to be accompanying with declining reproductive performance in oysters (Sussarellu et al., 2016) and marine medaka (Wang et al., 2019) exposed to MPs. Moreover, Xie et al. (2020) proposed that MPs induced reproductive toxicity in male mice through an oxidative stress. Oxidative stress can also target and detrimentally affect reproduction (Prokić et al., 2019). Qiang and Cheng (2021) proposed that overall stress in detoxification and the induction of activity of the antioxidant enzyme are contributing factors in reproductive impairments. Gonads are most susceptible to the oxidative stress, as gonads go through successive cell division with more mitochondrial oxygen intake and unsaturated fatty acids (Asadi et al., 2017). In addition, ingestion of MPs by fish and aquatic organisms was found to block the digestive system, decline the growth rate, and suppress the production of different enzymes (Wright et al., 2013; Jovanović, 2017).
Regarding the possible pathway by which MPs induce reproductive impairment, the decline in both LH and FSH levels after MP treatment in our study could be due to the indirect effect of MPs on the hypothalamus–pituitary- gonadal (HPG) axis and their suppressive effects on the synthesis and secretion of gonadotropins, which results in the disruption of production of sex steroid and degeneration of testicular tissue. These findings are consistent with those described by Wang et al. (2019) for the male marine medaka and by Karami et al. (2016) who described that MPs also declined the production of the hypothalamus gonadotropin-releasing hormone (GnRH) in the African catfish (C. gariepinus).
In this study, we detected an increasing number of dead sperms as a consequence of MPs ingestion in all of the experimental groups compared with the control and lycopene- and Chlorella-fed groups, which showed significantly reduced (p < 0.05) number of dead sperms and enhanced viability. According to some authors, MPs enter cells and produce oxidative stress through reactive oxygen species (ROS) generation, which then activates several biological responses consisting of inflammation, oxidative stress-induced signaling, and apoptosis pathways (Asharani et al., 2009; Bhabra et al., 2009; Tripathi et al., 2011). In a previous study on the marine copepod (Paracyclopina nana), it was observed that ingestion of MPs induced ROS production and activated the signaling pathways involved in the propagation of oxidative stress and those related to cell death process (Jeong et al., 2017). Studies have also confirmed that stressors such as exposure to pollutants can generate testicular oxidative stress and prompt apoptosis of germ cells, consequently disturbing the process of spermatogenesis (Asadi et al., 2017; Calivarathan et al., 2019).
In the present study, we evaluated the potential of three different antioxidant-supplemented diets (lyco, citr, and chl) combined with 500 mg of MPs to alleviate the reproductive damage induced by MPs. We detected that both lycopene- and Chlorella-supplemented diets were effective in this regard, but not the citric acid-supplemented diet. In both the lycopene- and Chlorella-supplemented groups, we observed significantly higher (p < 0.05) serum levels of LH, FSH, T, and E2 and sperm quality parameters than those in the MPs-treated group.
Lycopene is considered to be one of the most effective antioxidants, as lycopene supplementation has been reported to exert ameliorating characteristics against oxidative stress (Hedayati et al., 2019). Lycopene was found to strongly attenuate oxidative stress in C. gariepinus (Mahmoud et al., 2013) and Cyprinus carpio (Yonar, 2012) when provided as a dietary supplement. Moreover, lycopene represents one of the most promising antioxidants against reproductive toxicity (Zhao et al., 2020). Our results showed that the fish group fed with lycopene supplementation displayed few histological alterations. In agreement with our results, Zhao et al. (2020) described that lycopene could alleviate the damage to seminiferous tubules and spermatogenic cells in mice. Furthermore, lycopene could recover and protect against sperm and testicular damage in rats (Tripathy et al., 2017).
Regarding sperm quality, our results emphasized that lycopene supplementation ameliorated the damaging effect of MPs on sperm motility and number and spermatocrit percentage and enhanced the sperm viability. Several research have been conducted in human and animals testing lycopene supplementation, they have shown promising results in relieving male infertility, where the sperm number and viability were increased (Durairajanayagam et al., 2014). Moreover, lycopene could improve values of sperm motility, number, and density (Zhao et al., 2020). Similarly in agreement with our results, lycopene protects against acute zearalenone -induced decreased amount and sperm motility and testosterone content in male mice (Boeira et al., 2015), also lycopene can improve the decreased sperm number, and motility induced by Lipopolysaccharide (Aly et al., 2012).
In the present study, the Chlorella-supplemented diet was the most effective in maintaining sperm quality parameters comparable to those in the control. A previous study confirmed that Chlorella is a potent antioxidant, as the chlorophylls of C. vulgaris were found to inhibit lipid peroxidation by reducing ROS generation (Hsu et al., 2013). The antioxidant property of C. vulgaris can counteract and prevent the negative, disruptive effect of oxidative stress on spermatogenesis, male reproductive hormonal profiles, and (HPG) axis (Eissa et al., 2020).
Recently, Chlorella was used as an antioxidant to alleviate reproductive toxicity; the application of C. vulgaris against deltamethrin toxicity was found to restore spermatogenic activity, sperm viability, and sperm count in rats (Osama et al., 2019). Moreover, C. vulgaris extract ameliorated reproductive dysfunction by improving the FSH and T profiles, sperm parameters (motility, viability, and count), testicular alterations, and testicular antioxidant activities in albino rats (Eissa et al., 2020). C. vulgaris improves oxidative stress that affected the reproduction in New Zealand White rabbits (Sikiru et al., 2019). In recent study conducted on zebrafish, addition of C. vulgaris in meal diet up to 50 g/kg provided the high egg production, hatching rate and larval survival (Carneiro et al., 2020).
Our study demonstrated that citric acid supplementation was less effective in the detoxification of MPs. Studies have reported that citric acid exerted beneficial effects in terms of growth and nutrient utilization (Romano et al., 2016; Dai et al., 2018). Citric acid may play a vital role in heavy metal detoxification and decreasing oxidative damage in the worm Caenorhabditis elegans (Song et al., 2019). The less alleviating efficiency of citric acid supplementation in the present study can be associated to the tested dose, and fewer doses may be more effective. In fact, it has been reported that citric acid inclusion percentage is an important factor for its effectiveness (Dai et al., 2018). Romano et al. (2016) demonstrated that increasing the dietary citric acid supplement dose can induce liver damage and affect health status.
In conclusion, our study has validated that MP pollution in the aquatic environment can directly impact the reproductive function of freshwater fish such as the African catfish, wherein ingestion of diets containing 500 mg/kg MPs for 15 days induced testicular damage, diminished sperm quality and viability, and suppressed hormonal profiles. These results establish that intake of MPs is a potential source of reproductive stress. Furthermore, both lycopene and Chlorella supplements acted as potent antioxidants in detoxifying the reproductive damage induced by MPs, whereas citric acid was found to be an ineffective antioxidant in ameliorating the MPs-induced reproductive toxicity in male catfish. Other doses of citric acid could be considered in future research.
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