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					Abstract

					Background: Testicular function depends on temperature, and it has been shown that scrotal hyperthermia causes a sharp decrease in sperm parameters due to oxidative stress. In recent years, the use of natural materials from the plant and nanoparticles has attracted much attention. Therefore, the present study aimed to investigate the effect of curcumin and Fe2O3 nanoparticles on sperm parameters in rats. Materials and Methods: After preparing the rats, they were placed in a hot water bath at 43°C for 30 minutes for six consecutive days. The 48 rats were then divided into eight groups. A concentration of 0.03 mg/kg body weight magnetic Fe2O3 nanoparticles and curcumin at the concentration of 0.02 mg/kg body weight were used. After killing animals, the semen parameters such as viability, concentration, motility, and morphology of sperm were studied. Results: Significant differences were observed in all groups of rats in terms of semen parameters (P<0.001). The results showed a positive effect of curcumin on improving semen parameters in scrotal hyperthermia rats and a negative and toxic effect of Fe2O3 magnetic nanoparticles. However, significant improvement in sperm parameters was observed when Fe2O3 magnetic nanoparticles were given to rats along with curcumin. Conclusion: Curcumin has a positive and significant effect on improving sperm parameters in scrotal hyperthermia conditions. Fe2O3 magnetic nanoparticles, if co-administered with curcumin, can significantly improve sperm parameters. In this regard, green synthesis of nanoparticles and concomitant administration of antioxidants such as curcumin in scrotal hyperthermia conditions is recommended.
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				Introduction

				Spermatogenesis is a multi-step, complex process in which mature sperm are produced following the proliferation and differentiation of spermatogonia cells. The spermatogonia and the process of spermatogenesis are in the testicles, and in most mammals, they must be outside the body cavity at a temperature of 2 to 8°C below the body temperature to perform best [1]. Because spermatogenesis is a temperature-dependent process, increasing testicular temperature disrupts this process [2].

				Several studies have reported adverse and destructive effects of scrotal hyperthermia, or increased testicular temperature, on sperm parameters and spermatogenesis processes in various species, including humans, mice, rats, sheep, pigs, and cows [3].

				Researchers have shown that scrotal hyperthermia, both transient and persistent, can cause serious damage to the spermatogenesis process [4]. The findings also show that thermal shock affects sperm quality and reduces sperm motility and fertilization of ovule and sperm [5].

				As the studies show, increasing the temperature is a stress for the living cell, and they can respond to this stress through hypoxia stress pathways, oxidative stress, and apoptosis [2].

				Findings have shown that following the hypoxia response, mitochondria are the main site of production of reactive oxygen species [6]. In general, it can be stated that oxidative stress plays an important role in causing hyperthermia-induced abnormalities in sperm parameters. Reactive oxygen species (ROS) have a high affinity, so it reacts with all cellular components, including DNA, lipids, and proteins, which are the main targets for attack by these species.

				As a result of the interaction of free radicals with the cellular genome, a variety of physiological disorders and eventually cell death occurs during cascading events [7].

				Because the spermatogenesis process is very active and it is estimated that 1,000 sperm are produced per second, a high rate of cell division occurs, indicating the use of mitochondrial oxygen by the germinal epithelium [8].

			

		

		
			
				These tissues are very sensitive to ROS-induced oxidative stress [9]. Curcumin is an active ingredient in the turmeric plant that has antioxidant, anti-inflammatory, and anti-diabetic properties and reduces fat, glucose, and cholesterol [10].

				Curcumin has unique antioxidant properties by having two antioxidant properties, including phenolic rings and diketone moiety on a molecule [11]. The use of curcumin in the diet of rats treated with heavy metals, including Lead and Cadmium has been reported to protect the testicular structure, improve the number of reproductive cells, and spermatogenesis by reducing oxidative stress and scavenging free radicals [12, 13]. Curcumin also modulates testicular structure and spermatogenesis in mice treated with ultraviolet irradiation [14].

				Extensive studies have shown poor solubility, low absorption, and rapid metabolism of the curcumin, which, due to its low bioavailability, limits its use [15]. Nanotechnology is the production and control of materials in dimensions between 1-100nm. Synthetic nanomaterials are widely used in medicine, biotechnology, agriculture, etc. [1]. Following recent advances in nanotechnology, metal oxide nanoparticles can be used in various fields, from light-electron materials to sensors, environmental remediation, and biomedical medicine [2].

				Despite its many benefits, nanoparticles can be associated with responses such as chronic inflammation and the production of oxygen-free radicals. One of the most important metal oxide nanoparticles that have been considered in recent years is magnetic Fe2O3 nanoparticles [16]. The excellent properties of these nanoparticles include their fast effect, high magnetic properties, and small size, which has led to their many applications in various fields [17, 18].

				Due to extensive research on the widespread use of Fe2O3 magnetic nanoparticles such as tumor treatment, magnetic resonance imaging, drug delivery, and gene transfer to tissues and cells, there are little reports on their side effects on testicular cells. Also, the effect of concomitant administration of Fe2O3 nanoparticles with curcumin antioxidants in 
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				patients with sclerotic hyperthermia has not been studied.

				Therefore, the present study aimed to investigate the effect of Fe2O3 magnetic nanoparticles with curcumin on sperm parameters in rats with scrotal hyperthermia.

				Materials and Methods

				Materials

				Fe2O3 nanoparticles at the concentration of 5mg/mL were purchased from Sigma Aldrich (Germany) with a purity of more than 97% and particle size of 5 nm. Curcumin was purchased from Merck Cop (Germany) with a purity of more than 80% and a molecular weight of 388.38.

				The dose of Fe2O3 nanoparticles was determined based on LD50, namely, the concentration that caused the death of half of the rats. Accordingly, concentrations (0.005, 0.01, 0.02, 0.03, 0.04 and 0.05 mg/kg body weight [BW]) were given to the rats and LD50 was determined as 0.02 mg/kg BW. Therefore, this concentration was used in subsequent experiments.

				Animals

				Forty-eight adult male rats was purchased from the Pasteur Institute (Tehran, Iran). The animals were kept under standard conditions of 12 hours of light and 12 hours of darkness 25±2°C and relative humidity of 50%±10%. All animals were fed the same proportions of corn, wheat, barley, and pellets under the same nutritional conditions, and free access to water was available to all.

				Induction of Scrotal Hyperthermia

				Scrotal hyperthermia was induced by placing a scrota-containing testicles in a hot water bath (Memmert, Germany) at 43°C for 30 minutes once a day for six consecutive days. The control rats were placed in a water bath at 22°C. 

				After induction of scrotal hyperthermia, the animals were dried and examined for any damage on the scrota and then placed in cages. Studies have shown that no animals were harmed.

			

		

		
			
				After scrotal hyperthermia induction, the rats were randomly divided into eight groups as follow:

				1. Control group

				2. Control group receiving magnetic Fe2O3 nanoparticle (0.03 mg/kg BW) 

				3. Control group receiving curcumin (0.02 mg/kg BW)

				4. Control group receiving magnetic Fe2O3 nanoparticles (0.03 mg/kg BW) and curcumin (0.02 mg/kg BW) simultaneously

				5. Scrotal hyperthermia group

				6. Scrotal hyperthermia group receiving Fe2O3 nanoparticle (0.03 mg/kg BW)

				7. Scrotal hyperthermia group receiving curcumin (0.02 mg/kg BW)

				8. Scrotal hyperthermia group receiving Fe2O3 nanoparticles (0.03 mg/kg BW) and curcumin (0.02 mg/kg BW) simultaneously

				After completing the treatments, all the animals were killed by an overdose of anesthesia, and then the testicular tissue was removed for tissue tests and the semen collected from the epididim for sperm analysis and cellular examination parameters.

				Sperm Analysis

				In order to analyze sperm, four attributes, including morphology, viability, concentration, viability, and motility of sperm were evaluated.

				So we first collected the semen from the epididymal tissue. Sperm (10 μL) were transferred to a hemocytometer (Z359629, Merck, Germany), and sperm counts were performed under an optical microscope (BM180N, Novel, China) with a magnification of 40X.

				Sperm motility was evaluated by a microscope in ten fields based the World Health Organization recommendation.

				Sperm 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT; Sigma, USA) viability assay introduced by Nasr-Esfahani et al. (2002) was used to evaluate sperm viability [19].

				Alanine blue staining (Sigma, USA)was also used to study sperm morphology. The slides were evaluated for morphological disorders in the tail, neck or head.
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				Ethical Issues

				This study was approved by Azad University, Tehran Shomal Branch, Tehran, Iran by the ethics code of IR.IAU.TNB.REC.1399.001.

				Statistical Analysis

				One-way analysis of variance (ANOVA) was used to identify significant differences in the studied characteristics among the rats groups. SPSS software (version 22, IBM, USA) was used to analyze the data. P<0.05 was considered as statistically significant. 

				Results

				Sperm Viability Percentage

				The results of the present study showed that sperm viability was reduced by the induction of scrotal hyperthermia. In healthy rats, the addition of curcumin had no significant effect on sperm viability, but Fe2O3 magnetic nanoparticles reduced sperm viability. However, in rats with scrotal hyperthermia, curcumin increased sperm viability. In the present study, the positive effect of concomitant administration of F2O3 magnetic 

			

		

		
			
				nanoparticles and curcumin on sperm viability was observed. However, the lowest sperm viability was observed in rats with scrotal hyperthermia treated with Fe2O3 magnetic nanoparticles (Figure-1).

				Sperm Concentration

				The present study results indicated that there were significant differences in sperm concentration in semen between different study groups (P<0.001). The highest concentrations of sperm were observed in the healthy rats group receiving curcumin and the concomitant recipient of Fe2O3 magnetic nanoparticles with curcumin. However, in healthy rats, administration of Fe2O3 nanoparticles significantly reduced sperm concentration. In rats with Scrotal Hyperthermia, sperm concentration was significantly reduced. The lowest sperm concentrations were observed in rats with Scrotal Hyperthermia receiving Fe2O3 magnetic nanoparticles. However, administration of curcumin or administration of Fe2O3 nanoparticles in combination with curcumin significantly increased sperm concentration compared with control (Figure-2).

			

		

		
			
				 Figure 1. The effect of curcumin and Fe2O3 nanoparticles on sperm viability percentage in different rat groups. Ch: Healthy control; Ch+Cur: Healthy control receiving curcumin; Ch+Fe2O3: Healthy control receiving Fe2O3 nanoparticles; Ch+Cur+Fe2O3: Healthy control receiving curcumin and Fe2O3 nanoparticles; Ct: Rats with scrotal hyperthermia; Ct+cur: Rats with scrotal hyperthermia receiving cur-cumin; Ct+ Fe2O3: Rats with scrotal hyperthermia receiving Fe2O3 nanoparticles; Ct+Cur+ Fe2O3: Rats with scrotal hyperthermia receiving curcumin and Fe2O3 nanoparticles. The different letters indicate significant differences between the groups according to the Tukey test at the probability level of 0.001.
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				 Figure 2. The effect of curcumin and Fe2O3 nanoparticles on sperm concentration in different rat groups. Ch: Healthy control; Ch+Cur: Healthy control receiving curcumin; Ch+Fe2O3: Healthy control receiving Fe2O3 nanoparticles; Ch+Cur+Fe2O3: Healthy control receiving curcumin and Fe2O3 nanoparticles; Ct: Rats with scrotal hyperthermia; Ct+cur: Rats with scrotal hyperthermia receiving curcumin; Ct+ Fe2O3: Rats with scrotal hyperthermia receiving Fe2O3 nanoparticles; Ct+Cur+ Fe2O3: Rats with scrotal hyperthermia receiving curcumin and Fe2O3 nanoparticles. The different letters indicate significant differences between the groups according to the Tukey test at the probability level of 0.001.
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				Sperm Motility

				Significant differences in sperm motility were observed in different study groups (P<0.001). The results of the current study showed that scrotal hyperthermia greatly reduces sperm motility. In the current study, healthy rats and healthy rats receiving curcumin had the highest sperm motility. In healthy rats, the lowest sperm motility was obtained in the rats receiving Fe2O3 nanoparticles. However, in healthy rats, concomitant administration of Fe2O3 magnetic nanoparticles along with curcumin led to a significant increase in sperm motility. In scrotal hyperthermia rats, the lowest sperm motility was reported in Fe2O3 nanoparticle recipient rats. However, in the rats with scrotal hyperthermia, curcumin or concomitant administration of Fe2O3 magnetic nanoparticles along with curcumin, higher sperm motility was observed compared with the control group (Figure-3).

				Sperm Morphology

				The results of the present study showed a positive and significant effect of curcumin 

			

		

		
			
				on increasing sperm percentage with normal morphology so that the highest percentage of sperm with normal morphology was obtained in healthy rats receiving curcumin. However, Fe2O3 magnetic nanoparticles significantly reduced the percentage of sperm with normal morphology in the group of healthy rats and rats with scrotal hyperthermia. However, concomitant administration of Fe2O3 magnetic nanoparticles with curcumin improved sperm count with normal morphology. In general, the results showed that scrotal hyperthermia caused a sharp decrease in sperm percentage with normal morphology; however, administration of curcumin or Fe2O3 nanoparticles with curcumin greatly improved sperm percentage with normal morphology (Figure-4).

				Discussion

				There have been studies in which scrotal hyperthermia-induced toxicity has been reported in mammals. The testicular function has been shown to be a temperature-
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				 Figure 3. The effect of curcumin and Fe2O3 nanoparticles on sperm motility percentage in different rat groups.Ch: Healthy control; Ch+Cur: Healthy control receiving curcumin; Ch+Fe2O3: Healthy control receiving Fe2O3 nanoparticles; Ch+Cur+Fe2O3: Healthy control receiving curcumin and Fe2O3 nanoparticles; Ct: Rats with scrotal hyperthermia; Ct+cur: Rats with scrotal hyperthermia receiving curcumin; Ct+ Fe2O3: Rats with scrotal hyperthermia receiving Fe2O3 nanoparticles; Ct+Cur+ Fe2O3: Rats with scrotal hyperthermia receiving curcumin and Fe2O3 nanoparticles. The different letters indicate significant differences between the groups according to the Tukey test at the probability level of 0.001.
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				 Figure 4. The effect of curcumin and Fe2O3 nanoparticles on the percentage of sperms with normal morphology in different rat groups. Ch: Healthy control; Ch+Cur: Healthy control receiving curcumin; Ch+Fe2O3: Healthy control receiving Fe2O3 nanoparticles; Ch+Cur+Fe2O3: Healthy control receiving curcumin and Fe2O3 nanoparticles; Ct: Rats with scrotal hyperthermia; Ct+cur: Rats with scro-tal hyperthermia receiving curcumin; Ct+ Fe2O3: Rats with scrotal hyperthermia receiving Fe2O3 nanoparticles; Ct+Cur+ Fe2O3: Rats with scrotal hyperthermia receiving curcumin and Fe2O3 nanoparticles. The different letters indicate significant differences between the groups according to the Tukey test at the probability level of 0.001.
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				dependent process, and scrotal hyperthermia can cause problems such as infertility [20]. Therefore, it is important to find solutions to reduce the effects of scrotal hyperthermia that have fewer side effects. In the present study, it was found that curcumin can improve sperm parameters in healthy rats and sperm parameters in scrotal hyperthermia rats. However, Fe2O3 magnetic nanoparticles reduced sperm parameters in healthy rats with scrotal hyperthermia. Nevertheless, when Fe2O3 magnetic nanoparticles were consumed with curcumin, sperm parameters showed a significant improvement. 

				Curcumin has been shown to play its therapeutic role by acting as an antioxidant [21], and this has been attributed to the phenolic group in its molecular structure [22]. Lipid peroxidation has been shown to occur in scrotal hyperthermia, and curcumin reduces lipid peroxidation. Curcumin's sweeping activity against free radicals, including anionic superoxide and hydroxyl ions, has also been shown [22]. Therefore, the protective role of curcumin can be attributed to the sweeping of free radicals and their antioxidant activity. Therefore, in the present study, the improvement of sperm parameters by using curcumin can be attributed to the antioxidant properties of curcumin. This was demonstrated in another study conducted on mice [23], and the results of the current study are in line with the results of that study. Also, in the present study, it was shown that scrotal hyperthermia causes a sharp decrease in sperm parameters, especially in viability percentage. This can be attributed to the induction of apoptosis in testicular reproductive cells [5]. However, this damage from cell apoptosis was reduced by taking curcumin. Therefore, it can be stated that curcumin has anti-apoptotic effects on testicular cells in scrotal hyperthermia conditions. Therefore, curcumin can be a good option for protecting against infertility-induced environmental factors. 

				In the present study, the negative effect of Fe2O3 magnetic nanoparticles on sperm parameters was observed in healthy and scrotal hyperthermia rats. The results of previous studies have also shown the toxic effects of nanoparticles on male reproductive 

			

		

		
			
				cells [24, 25]. The sensitivity of mammalian spermatogonial stem cells to nanoparticles has also been reported [26]. The mechanism of damage to reproductive cells is attributed to the induction of inflammation or edema in the interstitial tissue [27]. Oxidative damage due to nanoparticles and their reaction with cellular DNA and cell dysfunction has also been reported [28].

				Cell death from nanoparticles has also been reported to be due to the autophagy mechanism [29]. Therefore, the toxic effects of Fe2O3 magnetic nanoparticles observed in the present study can be attributed to these mechanisms. 

				However, co-administration of curcumin with Fe2O3 nanoparticles greatly improved sperm parameters, which can be attributed to the antioxidant properties of curcumin. It has also been shown that the mechanism of cell death due to nanoparticles is more likely to occur due to the autophagy mechanism [29].

				Therefore, it can be stated that curcumin can improve sperm parameters by reducing the autophagy of sperm cells. However, more research is needed in this regard. In recent years, the green synthesis of nanoparticles by plants has attracted much attention and is being considered as an alternative to the chemical methods of nanoparticle synthesis [30]. Also, the green synthesis of nanoparticles is very affordable. Therefore, green synthesis of Fe2O3 nanoparticles and concomitant use of curcumin in patients with scrotal hyperthermia is recommended.

				The limitations of the present study were the difficulty of preparing animal models and nanoparticles under these conditions.

				Conclusion

				The results of the current study suggested that curcumin in combination with Fe2O3 nanoparticles could greatly improve semen parameters and that these effects were attributed to their antioxidant properties. Therefore, it is suggested as a treatment option to reduce infertility caused by scrotal hyperthermia damage. The green synthesis of nanoparticles is also suggested in future studies.
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Abstract

Background: Testicular function depends on temperature, and it has been shown that
scrotal hyperthermia causes a sharp decrease in sperm parameters due to oxidative stress.
In recent years. the use of natural materials from the plant and nanoparticles has attracted
much attention. Therefore. the present study aimed to investigate the effect of curcumin
and Fe,O; nanoparticles on sperm parameters in rats. Materials and Methods: After
preparing the rats. they were placed in a hot water bath at 43°C for 30 minutes for six
consecutive days. The 48 rats were then divided into eight groups. A concentration of
0.03 mg/kg body weight magnetic Fe, O, nanoparticles and curcumin at the concentration
of 0.02 mg/kg body weight were used. After killing animals. the semen parameters such
as viability. concentration. motility, and morphology of sperm were studied. Results:
Significant differences were observed in all groups of rats in terms of semen parameters
(P<0.001). The results showed a positive effect of curcumin on improving semen
parameters in scrotal hyperthermia rats and a negative and toxic effect of Fe,O, magnetic
nanoparticles. However. significant improvement in sperm parameters was observed
when Fe,O, magnetic nanoparticles were given to rats along with curcumin. Conclusion:
Curcumin has a positive and significant effect on improving sperm parameters in
scrotal hyperthermia conditions. Fe,O; magnetic nanoparticles, if co-administered with
curcumin, can significantly improve sperm parameters. In this regard. green synthesis of
nanoparticles and concomitant administration of antioxidants such as curcumin in scrotal
hyperthermia conditions is recommended.
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