

  biomedicines-12-00943




biomedicines-12-00943







Biomedicines 2024, 12(5), 943; doi:10.3390/biomedicines12050943




Article



The Efficacy of Hispidin and Magnesium Nanoparticles against Zearalenone-Induced Fungal Toxicity Causing Polycystic Ovarian Syndrome in Rats



Amenah Alenazi 1,2, Promy Virk 1, Reem Almoqhem 1, Amani Alsharidah 1, Muath Q. Al-Ghadi 1, Waleed Aljabr 3, Fawaz Alasmari 4 and Gadah Albasher 1,*





1



Department of Zoology, College of Science, King Saud University, Riyadh 11459, Saudi Arabia






2



Department of Biological Sciences, College of Science, Northern Border University, Arar 73213, Saudi Arabia






3



King Fahad Medical City, Riyadh 11525, Saudi Arabia






4



Department of Pharmacology and Toxicology, College of Pharmacy, King Saud University, Riyadh 11459, Saudi Arabia









*



Correspondence: galbeshr@ksu.edu.sa







Citation: Alenazi, A.; Virk, P.; Almoqhem, R.; Alsharidah, A.; Al-Ghadi, M.Q.; Aljabr, W.; Alasmari, F.; Albasher, G. The Efficacy of Hispidin and Magnesium Nanoparticles against Zearalenone-Induced Fungal Toxicity Causing Polycystic Ovarian Syndrome in Rats. Biomedicines 2024, 12, 943. https://doi.org/10.3390/biomedicines12050943



Academic Editors: Gustavo A. R. Maciel, Edmund Chada Baracat and Jose Maria Soares Junior



Received: 21 March 2024 / Revised: 5 April 2024 / Accepted: 11 April 2024 / Published: 24 April 2024



Abstract

:

Contamination by fungi and the toxins they secrete is a worldwide health concern. One such toxin is zearalenone (Zea), which is structurally similar to the hormone estrogen, interferes with its action on the reproductive system, and is therefore classified as an endocrine disruptor. This study aims to determine the effectiveness of hispidin and magnesium nanoparticles (MgONPs) against zearalenone-induced myotoxicity, which causes polycystic ovary syndrome (PCOS) in rats. A three-month exposure study was performed using female Wistar rats (n = 42) with an average weight of 100–150 g. The animals were divided into six groups (I to VI) of seven rats each. Group I was administered distilled water as a negative control. Group II was exposed to Zea 0.1 mg/kg b.w. through gavage daily. Group III was treated with 0.1 mg/kg of hispidin through gavage daily. Group IV was given 150 µg/mL MgONPs orally each day. Group V was treated with Zea 0.1 mg/kg b.w. + 0.1 mg/kg hispidin orally each day. Group VI was treated with Zea 0.1 mg/kg b.w. and the combination treatment of 0.1 mg/kg hispidin + 150 µg/mL MgONPs through gavage every day. The effectiveness of hispidin and MgONPs against Zea toxicity was evaluated in terms of ovarian histological changes, gene expression, oxidative stress biomarkers, biochemical variables, and hormone levels. The findings showed that exposure to Zea promotes PCOS in rats, with Zea-treated rats displaying hyper-ovulation with large cysts; elevated testosterone, luteinizing hormone, insulin, and glucose; and reduced sex hormone-binding globulin. In addition, qRT-PCR for aromatase (Cyp19α1) showed it to be downregulated. Treatment with hispidin improved the histopathological and hormonal situation and rescued expression of Cyp19α. Our data indicate the potential therapeutic effects of hispidin against Zea-induced Fungal Toxicity.
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1. Introduction


Contamination of crops is among the greatest agricultural concerns, particularly contamination by filamentous fungi, which create mycotoxins as secondary metabolites. These mycotoxins can enter the food chain through the consumption of contaminant crops and are able to resist decomposition and being broken down by the digestive systems of animals or humans [1]. Fungal contamination can occur in a number of stages as a result of crop handling and the numerous biological and ecological factors that contribute to fungal growth and mycotoxin production [2]. These mycotoxins pose considerable risk to public health by causing both short-term and long-term symptoms; consequently, several countries, including the Gulf Cooperation Council (GCC), have placed restrictions on feed and food [3]. Importantly, mycotoxins may induce adverse effects even when exposed to a low concentration [4].



One of the most notorious fungal genera is Fusarium, an old genus that is common in Asia, America, and Europe [5]. In terms of animal wellness and efficiency, three of the most important classes of mycotoxins generated by Fusarium species are fumonisins (FBs), zearalenone (Zea), and trichothecenes (deoxynivalenol [DON], nivalenol [NIV], T-2, and HT-2 toxins) [6].



Zea is characterized by its high resistance to technological treatments, which makes it difficult to eliminate from human and animal food [7]. Also, Zea has a tremendous economic effect due to it negatively impacting the contaminated crops [8]. Several studies have provided evidence supporting that animal and human exposure to Zea can result in reproductive defects and impair the development of sperm and oocytes [9,10]. Structurally, Zea is an analog of the hormone estrogen and hence is able to disrupt the synthesis and secretion of steroid hormones, interaction with the estrogen receptor, and estrogen-negative feedback regulation, hence its effects on ovulation and spermatogenesis [11]; accordingly, it is described as a hormone disruptor [12].



Polycystic ovarian syndrome (PCOS) is a metabolic disorder and multisystem disease that constitutes the main reason for anovulation and failure of female fertility [13]. Scientists have a growing awareness of the features and causes of this disease, with particular interest having developed in the association of PCOS with environmental pollutants such as estrogenic mycotoxins [14]. PCOS is characterized by altered expression of the genes and enzymes responsible for the development of ovulation, including the cytochrome P450 genes, designated with the root symbol CYP for human genes [15]. This family includes enzymes involved in active steroid hormone biosynthesis, such as CYP19, which in humans and rats is predominantly expressed in the preovulatory follicle, the corpus luteum of ovulatory humans, and the corpus luteum of rats during the second half of pregnancy [16].



PCOS also has an inverse relationship with sex hormone-binding protein (SHBG), a 93.4-kDa glycated homo-dimeric plasma transport glycoprotein produced by hepatocytes that binds to and regulates the levels of sex hormones in the blood [17]. SHBG is regarded as the primary plasma transporter of testosterone (T), estradiol (E2), and other sex steroids, which it binds to with high affinity [18]. As such, it controls the bioavailability of sex steroid hormones. Notably, in addition to PCOS, SHBG has inverse correlations with obesity, insulin resistance, metabolic syndrome, and type 2 diabetes, all of which has led to increasing interest in this protein [19].



In China, Korea, and other Asian countries, hemorrhage, hemostasis, and conditions associated with female reproductive health are traditionally treated with the medicinal mushroom Phellinus linteus (“Sanghuang” in Chinese) [13]. Recently, a large number of bioactive components have been isolated from P. linteus, particularly one identified as hispidin, and their biological activities have been confirmed [20]. Hispidin is notably characterized as having strong antioxidant, anticancer, and antidiabetic properties [21]. The present study aimed to determine the effectiveness of hispidin and magnesium oxide nanoparticles (MgONPs) in a rat model of mycotoxin (zearalenone)-induced PCOS.



Thus, the present study aims to assess the efficacy of hispidin and magnesium oxide nanoparticles against zearalenone induced polycystic ovarian syndrome and associated toxicity in female rats. Particularly, our work investigates the protective effects of hispidin and magnesium nanoparticles and their combinations against changes in biochemical parameters, oxidative stress markers, sex hormones, and Cyp19α1 gene level, as well as histopathological alterations in the ovary in zearalenone-induced PCOS in rats.




2. Materials and Methods


2.1. Animals


Forty adults female Wistar albino rats (age 9–10 weeks, 100–150 g) were obtained from the animal house facility at the Department of Zoology, College of Science, King Saud University, Riyadh, Saudi Arabia. All animals were acclimated for one week under controlled environmental conditions (25 ± 1 °C temperature, 50 ± 10% humidity, and 12/12 hr light/dark cycles) before the experimental period. Animals were provided with water and food ad libitum. All experimental protocols were approved by the King Saud University ethics committee (Riyadh, Saudi Arabia; approval no KSU-SE-22-67).




2.2. Chemicals


Zea ((HPLC) ≥ 99.0%) and hispidin ((HPLC) ≥ 99.9%) were purchased from Med Chem Express Company, USA. Magnesium oxide nanoparticles (MgONPs) were commercially purchased from Sigma-Aldrich (St. Louis, MO, USA).




2.3. Preparation of Zea and Hispidin Solutions


The mycotoxin (zearalenone powder, 10 mg) was first dissolved in 3 mL of ethanol, then added to 997 mL of distilled water, kept in a bottle (1000 mL) and stored at −20 °C. Hispidin powder (10 mg) was likewise dissolved in 3 mL of ethanol, then added to 997 mL distilled water and stored in a 1000 mL bottle at −20 °C. Additional solution was prepared as needed until the end of the exposure period.




2.4. Experimental Design


The study sample consisted of 42 female rats, which were divided randomly into six groups (n = 7 in each group). Zea was used to induce PCOS in the experimental groups [22]. Group I: non-treated, considered as a negative control. Group II: received Zea at 0.1 mg/kg b.w. through gavage [22]. Group III: received 0.1 mg/kg of hispidin through gavage. Group IV: received 150 µg/mL MgONPs through gavage [23]. Group V: received Zea at 0.1 mg/kg b.w. + 0.1 mg/kg hispidin through gavage. Group VI: received Zea at 0.1 mg/kg b.w. + 0.1 mg/kg hispidin + 150 µg/mL MgONPs through gavage. All treatments were administered daily for three months (the period of the experiment).




2.5. Sampling and Tissue Preparation


At completion of the study period, whole blood was immediately collected without an anticoagulant, incubated at 37 °C for 30 min, and centrifuged at 3000× g for 10 min to obtain serum for the assessment of biochemical parameters. Thereafter, the animals were sacrificed, and the ovaries were extracted for the determination of zearalenone toxicity. A set of ovarian samples was reserved for biochemical assays. All serum and tissue samples were stored at −80 °C until further analysis.




2.6. Biochemical Assays


Glucose levels and total cholesterol, triglyceride, high-density lipoprotein (HDL), and low-density lipoprotein (LDL) were evaluated using lab-care diagnostic kits. Commercial ELISA kits (MyBioSource, San Diego, CA, USA) were used to assay serum hormone levels: insulin (MBS724709), LH (MBS700807), testosterone (MBS2563818), and SHBG (MBS902439), all according to the manufacturer’s protocol.




2.7. Determination of Biomarkers of Oxidative Stress


Commercial ELISA kits (MyBioSource, San Diego, CA, USA) were used to determine serum levels of glutathione (GSH; MBS265966) and malondialdehyde (MDA; MBS268427) according to standard ELISA protocols.




2.8. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) for Aromatase (Cyp19α1)


Total RNA was extracted from female rat ovarian tissue samples using the Pure Link RNA Mini Kit (Ambion, Austin, TX, USA) following the manufacturer’s instructions. The quantity and purity of the obtained RNA were measured with a NanoDrop spectrophotometer. Subsequently, cDNA synthesis was carried out using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) and oligo-dT following the manufacturer’s protocol.



The cDNA samples were then subjected to qPCR using primers specific for Cyp19α1: forward 5′-CTGCTGATCATGGGCCTCCT-3′ and reverse 5′-CTCCACAGGCTCGGGTTGTT-3′. The amplification protocol consisted of 40 cycles of denaturation at 95 °C for 45 s, annealing at 59 °C for 45 s, and extension at 72 °C for 45 s. During the first cycle, the 95 °C step was extended to 4 min. Additionally, β-actin was amplified in the same reaction to serve as the reference gene. Each measurement was repeated three times. The obtained values were used to calculate the Cyp19α1/β-actin ratio, which was normalized to the control (calibrator). Thus, the control group was taken as the basis for the calibration and calculation of Ct values.




2.9. Histopathological Analysis


For histopathological evaluation of ovary tissue, samples were first fixed in 10% formalin, trimmed, dehydrated, and embedded in a paraffin block. Sections were then sliced by a microtome and mounted on glass slides for staining with hematoxylin and eosin. Finally, stained sections were examined under a light microscope at a magnification of 40× for total follicular count (follicles and cystic follicles).




2.10. Statistical Analysis


Data were statistically analyzed using the SPSS software (ver.22; SPSS Inc., Chicago, IL, USA). Group differences were evaluated for significance using one-way ANOVA followed by the Duncan multi comparison test. In all analyses, differences were considered significant at a value of p ≤ 0.05.





3. Results


Exposure to Zea 0.1 mg/kg b.w. in adult rats and treatment with hispidin and magnesium nanoparticles did not cause any mortality during the experimental period.



3.1. Hormones and Biochemical Markers


Serum levels of selected hormones and biochemical markers were determined after isolating serum from the blood with kits according to the associated manufacturer protocols.



3.1.1. Hormones


The evaluated hormones are enumerated below.



Free Testosterone


Serum free testosterone was significantly (p ≤ 0.05) higher in the group exposed to Zea only (22.43 ± 0.27 pg/mL) in comparison to the control (14.36 ± 0.83 pg/mL). Treatment of Zea-exposed rats with hispidin (13.06 ± 2.14 pg/mL) or the hispidin–nanoparticle combination (10.83 ± 0.77 pg/mL) resulted in significantly (p ≤ 0.05) reduced free testosterone relative to the group exposed to Zea only. Additionally, free testosterone in treated groups was significantly (p ≤ 0.05) higher than in the control group (His, 16.94 ± 2.78 pg/mL; MgONPs, 18.34 ± 1.1 pg/mL). Finally, of the groups exposed to both Zea and a treatment, the rats that received His + MgONPs had significantly (p ≤ 0.05) lower serum testosterone than those treated with His alone (Figure 1).




Sex Hormone-Binding Globulin (SHBG)


SHBG levels in serum were significantly (p ≤ 0.05) reduced in the group exposed to Zea (825.97 ± 39.85 ng/mL) relative to the control (1100.03 ± 13.2 ng/mL). Treatment of Zea-exposed rats with hispidin (1187.25 ± 63.68 ng/mL) or the hispidin–nanoparticle combination (1360.3 ± 116.21 ng/mL) resulted in significantly (p ≤ 0.05) higher SHBG levels in comparison to both the Zea-only group and control. SHBG levels in rats exposed to hispidin alone (1087.71 ± 23.01 ng/mL) were not significantly different from those in the control group; meanwhile, levels in rats exposed to MgONPs alone (869.24 ± 36.34 ng/mL) were significantly (p ≤ 0.05) reduced from the control group, but higher than in rats exposed to Zea. Finally, rats receiving the His + MgONPs combination treatment exhibited significantly (p ≤ 0.05) higher serum SHBG compared to the group treated with His only (Figure 2).




Luteinizing Hormone (LH)


Serum LH was not found to differ significantly between control rats (9.29 ± 0.16 mlU/mL) and those treated with either His alone (9.2 ± 0.4 mlU/mL) or MgONPs alone (9.24 ± 0.33 mlU/mL). However, LH levels were significantly (p ≤ 0.05) higher in the group exposed to Zea only (10.59 ± 0.46 mlU/mL). In rats receiving Zea, treatment with hispidin (8.69 ± 0.19 mlU/mL) or the combination treatment (8.31 ± 0.38 mlU/mL) resulted in significantly (p ≤ 0.05) reduced LH relative to those exposed to Zea only. Finally, the group treated with Zea + His and those receiving Zea + His + MgONPs did not differ significantly in terms of serum LH (Figure 3).




Insulin


With regard to serum insulin, rats receiving Zea alone (4.14 ± 0.18 ng/mL) had significantly higher levels than both control (2.87 ± 0.11 ng/mL) and His-treated rats (3.01 ± 0.2 ng/mL). Meanwhile, exposure to MgONPs alone (4.74 ± 0.1 ng/mL) resulted in significantly (p < 0.05) higher insulin levels. In rats that received Zea, treatment with His (3.06 ± 0.22 ng/mL) returned insulin levels to normal, while the His + MgONPs combination treatment (2.37 ± 0.07 ng/mL) not only restored insulin levels but reduced them to below the level of the control group. Accordingly, the rats that received the combination treatment (Zea + His + MgONPs) had insulin levels significantly lower than those that received Zea + His (Figure 4).





3.1.2. Biochemical Markers


Glucose


Glucose levels did differ significantly (p ≤ 0.05) among groups, with higher levels in the group exposed to Zea only (216.3 ± 13.23 mg/dL) compared to the control (153.4 ± 9.76 mg/dL), rats treated with His alone (156.04 ± 8.72 mg/dL), and those treated with MgONPs alone (161.64 ± 11.5 mg/dL). Rats receiving MgONPs only or hispidin did not differ significantly from controls. The Zea-induced increase in serum glucose was significantly (p ≤ 0.05) reduced by treatment with either hispidin (173.88 ± 9.75 mg/dL) or the combination treatment (His + MgONPs, 172.79 ± 9.73 mg/dL). No difference was observed between the groups treated with Zea + His and with Zea + His + MgONPs (Figure 5).




Lipid Profiles


Lipid profiles in the groups receiving single treatments did not differ significantly from each other or the controls. Additionally, the two Zea-plus-treatment groups showed no significant difference from the Zea-only group (Figure 6).






3.2. Oxidative and Antioxidative Biomarkers


3.2.1. Lipid Peroxides (Malonaldehyde, MDA)


Serum MDA levels were found not to significantly (p ≤ 0.05) differ in the Zea-exposed group (1.03 ± 0.09) compared to the control (1.15 ± 0.08), His-treated (1.02 ± 0.05), and MgONPs-treated (1.27 ± 0.18) groups. Likewise, concomitant treatment with Zea and hispidin (1.26 ± 0.34) or the combination (Zea + His + MGONPs) (1.13 ± 0.12) did not result in a significant difference compared to either the control group or those exposed to Zea only (Figure 7).




3.2.2. Glutathione (GSH)


Serum GSH levels did not differ significantly between rats exposed to Zea and the other single-treatment or control groups. Likewise, treatment of Zea-exposed rats with hispidin or His + MgONPs did not result in a significant difference from other groups (Figure 8).





3.3. Aromatase (Cyp19α1) Gene Expression in Ovaries


Quantitative real-time PCR was employed to evaluate mRNA expression of aromatase, a key enzyme in the steroid biosynthesis pathway. This revealed significant downregulation in the Zea-exposed group (0.15 ± 0.10 e) and in the MgONPs-treated group (0.06 ± 0.02 e) compared to the negative control (1.0 ± 0.0 b). In rats exposed to Zea, treatment with either hispidin (0.73 ± 0.01 c) or the combination of His + MgONPs (0.58 ± 0.01 d) significantly (p ≤ 0.05) upregulated aromatase expression compared to the untreated Zea group. Finally, the group exposed to hispidin only (1.23 ± 0.03 a) exhibited a significantly higher (p ≤ 0.05) aromatase level compared to the control group (1.0 ± 0.0 b) (Figure 9).




3.4. Ovarian Histopathology


Figure 10 shows representative histological sections of rat ovaries. Control rats showed normal structure with various stages of oogenesis (Figure 10A). Rats treated with Zea (0.1 mg/kg b.w.) displayed hyper-ovulation with large cysts (Figure 10B). Meanwhile, those treated with His alone (0.1 mg/kg b.w.) showed a healthy ovarian structure with various stages of oogenesis and no cysts (Figure 10C), but rats treated with MgONPs (150 µg/mL) exhibited cysts and dilatation of blood vessels (Figure 10D). Rats that received both Zea and His demonstrated a marked improvement, in that no cysts were evident (Figure 10E). Finally, rats treated with Zea and combined His and MgONPs displayed some hyper-ovulation with small cysts (Figure 10F).





4. Discussion


Hormonal balance is important to good reproductive function, and any disturbance in this balance can lead to adverse effects in the reproductive system and related systems. PCOS is characterized by striking changes in levels of LH, FSH, testosterone, and other hormones related to steroidogenesis and folliculogenesis; in particular, hyperandrogenism is a major characteristic of women with PCOS symptoms [24]. PCOS causes the pituitary to secrete high levels of LH, and the ovaries to produce high levels of androgens. Notably, as a structural analog of estrogen, Zea and its metabolites exert estrogen-like effects and can engage in estrogen-negative feedback regulation to affect hormone biosynthesis, including production of FSH and LH [11].



In the current study, rats exposed to Zea had substantially higher serum free testosterone than the control group. Several investigations corroborate that conclusion, including a prior in vivo study [25] that clearly demonstrated exposure to Zea to delay Leydig cell regeneration and lower androgen production, possibly via altering expression of genes important to Leydig cell development and steroidogenesis in males. Zea has likewise been shown to decrease sperm number and motility along with plasma testosterone levels [26], and such a decrease in testosterone is considered to indicate that Zea damages the testicular tissue from which testosterone is produced [27].



The present study also found the rats that received Zea to have significantly higher serum LH than the control group. In addition, the groups exposed to Zea and to MgONPs displayed high serum insulin concentrations, and the group exposed to Zea further exhibited significantly elevated serum glucose. Meanwhile, rats exposed to Zea alone had considerably lower serum SHBG. Overall, the present results are in agreement with prior findings [22] of increased LH, insulin, glucose, and testosterone in rats treated with Zea. Notably, one arm of PCOS pathogenesis is the somatotrophic axis, which involves growth hormone (GH) and insulin-like growth factors (IGFs). Insulin resistance and hyperinsulinemia are common features of patients who have PCOS [28]. The increased IGF-1 activity works to organize ovarian follicular maturation, steroidogenesis, and ovarian hyperandrogenism in PCO individuals [29], while GH helps stimulate β-cell proliferation, which leads to the production and secretion of insulin [30].



In PCOS, the ovary may cause a local inflammatory response that stimulates ovarian androgen production [31]; an in vitro study has demonstrated anti-inflammatory agents such as resveratrol to inhibit the ovarian steroidogenic enzyme induced by proinflammatory stimuli [32]. Notably, pro-inflammatory cytokines such as IL-6 and TNF-α play important roles in the pathogenesis of many diseases [33], and TNF-α is capable of stimulating the in vitro proliferation of androgen-producing theca cells [22,34] showed administration of Zea to female rats for three months to increase plasma TNF-α and the expression of Secreted frizzled-related protein 4 (SFRP4), an adipokine involved in the apoptotic process during ovulation and energy metabolism; therefore, this is a deterministic factor in the progress of PCOS.



The liver manufactures SHBG, which as a sex hormone transporter can be utilized to gauge hyperandrogenism. That is, SHBG binds with high affinity to circulating sex steroids, alters the amount of biologically active sex hormones in the blood, and thereby influences how bioavailable they are [35]. Insulin and androgens restrict the liver from producing and releasing SHBG; thus, hyperandrogenism in people with PCOS results in low serum SHBG, which further increases testosterone levels [36]. The hypothalamic–pituitary–ovarian axis is influenced by the amount of androgen in the blood; decreased SHBG synthesis increases the bioavailability of androgen, which in turn causes abnormality in ovarian function [37]. Genetic polymorphisms in SHBG can also contribute to the etiology of PCOS [38].



Several studies have mentioned overweight or obese women with PCOS to have reduced serum Mg [39], which makes Mg supplementation of interest in this disease. The present study found that MgONP treatment does not affect LH and glucose levels compared with the control but does increase testosterone and insulin. Meanwhile, in Zea-exposed rats, combining MgONPs with hispidin decreases the levels of testosterone, insulin, and glucose compared with the untreated exposed group. This largely agrees with a prior report [40] that markers of inflammation, oxidative stress, or metabolism in PCOS are not significantly altered when magnesium supplementation is administered alone. In a trial to detect the influence of MgO in patients with PCOS, no significant effect was observed after eight weeks of intervention [41]. The present study is the first to investigate the effect of MgONPs in rat models of PCOS, while the MgO appears to have no effect on PCOS.



All groups in the present study showed no significant differences in lipid profile (cholesterol, triglycerides, HDL, LDL). These findings are in relative alignment with a recent study [42] reporting that a single intraperitoneal dose of zearalenone (2 mg/kg b.w.) on each of three weeks showed no significant induction of HDL and LDL but did increase cholesterol and triglycerides. Meanwhile, another study [43] reported oral administration of Zea (40 μg/kg b.w.) for three weeks to induce significant elevation in triglycerides, cholesterol, and LDL and concomitant significant reduction in HDL. These discrepant and conflicting results may be attributable to differences in experimental design and sample size, and furthermore may depend on Zea dose and duration. In the same line, treatment of Zea-exposed rats with the polyphenol resveratrol was not found to have any significant effect on total cholesterol, LDL, and HDL [42].



The present study also observed all control and treatment groups to have no significant difference in serum MDA and GSH levels. Thus, treatment with 0.1 mg/kg b.w. zearalenone in female rats does not appear to impact oxidative and antioxidative biomarkers. However, several studies have indicated high concentrations of Zea to have an oxidative stress effect: in piglets with concentrations of 1–3 mg/kg b.w. [44], in female rats treated with 50–150 mg/kg b.w. on gestation days 0 through 7 [45] and in female mice given 20–30 mg/kg b.w. [46,47]. Likewise, an in vitro study using porcine IPEC-J2 cells showed that only the highest concentration of Zea tested increased levels of MDA and decreased levels of antioxidants [48].



In the same vein, the current study determined that treatment with MgONPs at a concentration of 150 µg/mL did not affect serum levels of MDA and GSH. This finding is in alignment with [23], who also reported that treatment of rats with low concentrations of MgO nanoparticles did not induce any apparent toxicity and concluded that concentrations lower than 250 µg. mL/b.w. were safe for desired applications. Also, ref. [49] found that MgONPs at a dose of 250 mg/kg resulted in no significant change of MDA and GSH in the liver, but doses of 500 mg/kg and higher produced significant effects in a dose-dependent and gender-independent manner.



Interestingly, in the present study, treatment of Zea-exposed rats with hispidin and the combination of hispidin with MgONPs clearly reduced free testosterone and insulin levels and increased serum SHBG relative to the untreated toxin-exposed group. The exact mechanisms by which hispidin exerts its protective effects against Zea-induced reproductive toxicity remain to be elucidated, but it may be that hispidin protects steroidogenesis genes from DNA methylation and associated silencing of transcription.



Aromatase (CYP19α1) is a steroidogenic enzyme that catalyzes the process of androgen aromatization in granulosa cells, which is responsible for the conversion of testosterone to estradiol and estrone [50] Indeed, gene expression of Cyp19α1 is an important marker in PCOS determination [51]. The current study showed downregulation of Cyp19α1 mRNA in the Zea and MgONPs groups compared with the control group. Several prior studies support this gene and its expression level as being related to PCOS [52,53,54,55]. Importantly, the present study showed treatment with hispidin to result in upregulation of Cyp19a1 in ovarian tissue due to its capacity to regulate hormones and suppress their impact on aromatase (CYP19). In the same line, resveratrol has been demonstrated to be effective against Zea-induced cytotoxicity [42,56].



Methylation modification of DNA is a mechanism by which environmental factors can affect gene expression without altering the genetic code [57]. Hypermethylation of Cyp19α1 has been established to play a major role in promoting PCOS through suppressing transcription of the gene [58]. Nanoparticles (NPs) have been demonstrated to impact reproduction through affecting DNA methylation patterns in the germ line. Importantly, NPs are able to breach the blood–testis, placental, and epithelial barriers, which collectively protect reproductive tissues, on account of their tiny size and other characteristics. NPs then build up in reproductive tissues, such as the ovary, where they cause dysfunction that negatively impacts morphology, decreases the quantity of mature oocytes, and impairs the growth of follicles [59]. The effect of NPs on DNA methylation might be direct or indirect through NP-induced alterations in sex hormones [60].



In the present study, administration of Zea and MgONPs alike was found to downregulate Cyp19a1 in ovarian tissue, which caused hyperandrogenism. Hyperandrogenism then prevents the negative feedback normally provided by LH: increased androgen or low levels of estrogen eventually leads to hypersecretion of LH, which then interacts with the LH receptor in theca cells [54]. In PCOS, increased LH secretion stimulates theca cells to synthesize testosterone, but the concomitant decrease in aromatase activity leads to disorder in the aromatization process: granulosa cells are unable to aromatize androgen into estrogen, there is insufficient estrogen for oocyte maturation, and therefore chronic anovulation results, which is the major feature of PCOS [53].



In the ovary, Zea increases granulosa cell apoptosis in a dose-dependent manner, thereby disrupting follicular development [61]. Azouz, et al. [62] reported elevated expression of the cellular proliferation indicator Ki-67 in theca cell layers in response to excess androgen produced by interstitial cells in the PCOS group, indicating that ovarian cysts are formed through apoptosis of both ovarian oocytes and granulosa cells. In addition to Zea, other compounds that have long been released into the environment can mimic the action of endogenous estrogen, possibly disrupting endocrine function in mammals; these toxicants can also interfere with ovarian function either directly or indirectly through effects on the hypothalamus and pituitary gland [22,63].



Histopathology of ovary tissues in the present work showed that the rats treated with Zea 0.1 mg/kg b.w. for three months to have significant hyper-ovulation with large cysts (visualized by H&E staining). This is in line with previous studies that also used in vivo rat models, which reported predominant changes in the structures of ovarian follicles and provided evidence linking chronic low-dose Zea exposure with PCOS symptom progression [22]. Another study that examined the toxicity of Zea on reproductive organs in mice, in which 2.5 mg/kg of Zea was delivered by intraperitoneal injection on alternate days over a 30-day period, reported decreased uterus size and abnormal characteristics in ovaries; extending the treatment period to 60 and 90 days resulted in additional detrimental effects on ovarian histology [64].



The present study also showed that treatment of rats with magnesium oxide nanoparticles produced ovarian cysts. MgONPs may induce DNA damage in the ovary. In a toxicokinetic analysis, [65] showed that magnesium accumulated significantly in the liver and kidney and altered those tissues. A recent study on fish also reported that exposure to MgONPs resulted in hematologic and histopathological changes [66]. In a subsequent study, [49] orally administered various doses of MgONPs (250, 500, and 1000 mg/kg) to Wistar rats over 28 days and observed a significant induction of DNA damage and chromosomal aberrations. In the same vein, several studies mentioned adverse histopathologic effects of oxide NPs; in particular, Fe2O3 and NiO NPs produce hepatic and kidney tissue alterations in rats [67,68]. Notably, the present study also observed greater induction of aromatase expression in Zea-exposed rats when MgONPs were administered in combination with hispidin. This work is the first report of MgONP toxicity on the reproductive system; more studies remain needed to fully characterize their effects and elucidate the underlying mechanisms.



Meanwhile, rats treated with hispidin alone in the current study exhibited a healthy ovarian structure with various stages of oogenesis and no cysts. Interestingly, Zea-exposed rats treated with hispidin demonstrated a marked improvement relative to the untreated exposed group, in that no cysts were seen. These results further support that hispidin may rescue the negative effects of Zea on the female reproductive system and suggest its therapeutic utility in protecting granulosa cells from apoptosis. The anti-apoptotic properties of hispidin have been previously demonstrated in H9c2 cardiomyoblast cells exposed to H2O2 [69] in which hispidin treatment improved the viability of peroxide-exposed cardiomyoblast cells, protecting them against oxidative stress by regulating apoptosis-related proteins such as caspase-3, Bax, and Bcl-2 and by activating the Akt/GSK-3β and ERK1/2 signaling pathways. Additionally, hispidin has demonstrated a protective effect in neurons, preventing mitochondrial dysfunction and cellular apoptosis [70].



The topic of polycystic ovary syndrome is broad, as it is a syndrome that is affected by many elements. Therefore, we did not investigate the signaling pathways that might be involved in the pathology of PCOS induced by fungal Zea. Although we investigated the role of the Cyp19a1 gene level in Zea-induced PCOS, other genes might also be involved in this toxicity effect. The present study did not determine the role of immune inflammatory and apoptosis systems, as they might be associated with this syndrome. Studies are warranted to determine the levels and extents of fungal Zea in the cells.




5. Conclusions


The current study showed Zea exposure in rats to cause alterations in serum hormones and gene expression and to lead to hyper-ovulation with large cysts. It also demonstrated hispidin to be safe and efficacious in rescuing the toxicity induced by Zea on the ovary. This protective effect could be attributed to the ability of phenolic compounds to regulate inflammatory and apoptotic activities and prevent DNA damage. Further study is needed to fully characterize the beneficial effects of hispidin and elucidate the underlying mechanisms. More research is recommended to elucidate the role of signaling pathways, including inflammatory, apoptosis and immunology pathways, associated with toxicity of Zea in ovaries functions. A genetic study should be conducted in the near future to highlight the potential genes targeted by hispidin for attenuating PCOS. The present study focused on the molecular changes in the ovarian tissue and serum; however, further studies are recommended to further explore these changes at other locations such as the ovarian hypothalamic axis.
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Figure 1. Mean (±SE) serum free testosterone (pg/mL) of rats exposed zearalenone 0.1 mg/kg b.w. (Zea), hispidin (His), or magnesium oxide nanoparticles (MgONPs), and Zea treated with hispidin (Zea + His) or combined hispidin and magnesium oxide nanoparticles (Zea + Hi s+ MgONPs). Different letters indicate significant differences between groups (p ≤ 0.05). 
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Figure 2. Mean (±SE) serum SHBG (ng/mL) of rats exposed zearalenone 0.1 mg/kg b.w. (Zea), hispidin (His), or magnesium oxide nanoparticles (MgONPs), and Zea treated with hispidin (Zea + His) or combined hispidin and magnesium oxide nanoparticles (Zea + His + MgONPs). Different letters indicate significant differences between groups (p ≤ 0.05). 
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Figure 3. Mean (±SE) serum lutenizing hormone (LH, mlU/mL) of rats exposed zearalenone 0.1 mg/kg b.w. (Zea), hispidin (His), or magnesium oxide nanoparticles (MgONPs), and Zea treated with hispidin (Zea + His) or combined hispidin and magnesium oxide nanoparticles (Zea + His + MgONPs). Different letters indicate significant differences between groups (p ≤ 0.05). 
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Figure 4. Mean (±SE) serum insulin (ng/mL) of rats exposed zearalenone 0.1 mg/kg b.w. (Zea), hispidin (His), or magnesium oxide nanoparticles (MgONPs), and Zea treated with hispidin (Zea + His) or combined hispidin and magnesium oxide nanoparticles (Zea + His + MgONPs). Different letters indicate significant differences between groups (p ≤ 0.05). 
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Figure 5. Mean (±SE) serum glucose (mg/dL) of rats exposed zearalenone 0.1 mg/kg b.w. (Zea), hispidin (His), or magnesium oxide nanoparticles (MgONPs), and Zea treated with hispidin (Zea + His) or combined hispidin and magnesium oxide nanoparticles (Zea + His + MgONPs). Different letters indicate significant differences between groups (p ≤ 0.05). 
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Figure 6. Mean (±SE) serum lipid levels: (A) cholesterol, (B) triglycerides, (C) HDL, (D) LDL (mg/dL) of rats exposed to zearalenone 0.1 mg/kg b.w. (Zea), hispidin (His), and/or magnesium oxide nanoparticles (MgONPs) and Zea treated with hispidin (Zea + His) or combined hispidin and magnesium oxide nanoparticles (Zea + His + MgONPs). 
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Figure 7. Mean (±SE) serum MDA levels (nmol/mL) of rats exposed to zearalenone 0.1 mg/kg b.w. (Zea), hispidin (His), and/or magnesium oxide nanoparticles (MgONPs) and Zea treated with hispidin (Zea + His) or combined hispidin and magnesium oxide nanoparticles (Zea + His + MgONPs). 
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Figure 8. Mean (±SE) serum GSH levels (μg/mL) of rats exposed to zearalenone 0.1 mg/kg b.w. (Zea), hispidin (His), and/or magnesium oxide nanoparticles (MgONPs) and Zea treated with hispidin (Zea + His) or combined hispidin and magnesium oxide nanoparticles (Zea + His + MgONPs). 
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Figure 9. Mean (±SE) expression level of Cyp19α1 in rats exposed to zearalenone 0.1 mg/kg b.w. (Zea), hispidin (His), and/or magnesium oxide nanoparticles (MgONPs) and Zea treated with hispidin (Zea + His) or combined hispidin and magnesium oxide nanoparticles (Zea + His + MgONPs). Different letters indicate significant differences between groups (p ≤ 0.05). 
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Figure 10. Representative images of histological sections from rat ovaries in this study: (A) Control, (B) Zea, (C) His, (D) MgONPs, (E) Zea + His, and (F) Zea + His + MgONPs. Magnification: 100×; Staining: H & E. C, Cysts; F, Follicles; PF, Primary Follicle; V, Blood Vessel. 
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