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Simple Summary


Tripterygium glycosides (TGs), derived from the traditional Chinese medicine Tripterygium wilfordii, are primarily utilized for treating autoimmune diseases like rheumatoid arthritis. However, TG is associated with serious side effects, such as liver damage, heart toxicity, and reproductive issues, which limit its clinical use. Clinical studies indicate that around 23% of TG users experience adverse reactions, particularly reproductive complications, with men being more affected. Conditions like asthenozoospermia, characterized by low sperm counts, are prevalent among infertile men and are often linked to oxidative stress from elevated levels of reactive oxygen species (ROS). This oxidative stress can damage sperm DNA and membranes, contributing to infertility. Antioxidants may help mitigate these effects, and one promising candidate is chlorogenic acid (CGA)—a compound found in various plants used in traditional Chinese medicine. CGA exhibits significant health benefits, including antioxidant properties. This study established an asthenozoospermia (AZS) model in male rats through the intragastric administration of TGs and explored the antioxidant potential of CGA in alleviating the oxidative stress-induced asthenozoospermia condition. With the help of the network pharmacology approach, we identified the MAPK pathway as the signaling pathway implicated in the elevation of oxidative stress markers in the TG-induced asthenozoospermia model group of rats. The same pathway was also used to elucidate the mechanisms by which CGA counteracted the reproductive toxicity of TG, ultimately highlighting its protective role in sperm health.




Abstract


Tripterygium glycoside (TG) is a potent medication for treating autoimmune diseases. However, it has also been associated with toxic effects on testicular tissues. This study evaluated the antioxidant potential of chlorogenic acid (CGA) in protecting testicular tissues in rats with TG-induced asthenozoospermia (AZS). A total of 45 6-week-old Sprague–Dawley rats were divided into a control (10 rats) and a TG group (35 rats). The control group received 10 mL of deionized water, while the TG group received 40 mg/kg TG/i.g./28 d to establish the asthenozoospermia (AZS) model as assessed by sacrificing five rats from each group. The remaining 5 and 30 rats were divided into control, TG + LC, TG, TG + CGA-L, TG + CGA-M, TG + CGA-H groups, n = 5. The control and TG groups received 10 mL of deionized water. TG + LC received L-carnitine (0.2 g/kg/d), and the TG + CGA-L, TG + CGA-M, and TG + CGA-H groups received 25 mg/kg, 50 mg/kg, and 100 mg/kg of CGA, respectively, via gavage for 28 days. From the results, TG effectively induced asthenozoospermia in the rats through oxidative damage to testicular tissues, significantly increasing ROS and MDA along with hormonal and physio-biochemical dysfunction. Simultaneously, CGA treatment ameliorated the toxicity of TG.
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1. Introduction


Tripterygium glycosides (TGs) are the most common form of traditional Chinese medicine, known as Tripterygium wilfordii Hook F (TWHF). While TG has shown significant efficacy in treating systemic lupus erythematosus and various autoimmune conditions, particularly rheumatoid arthritis (RA) [1,2,3,4], its notable toxicity must not be overlooked. Severe instances of liver damage, heart toxicity, reproductive issues, and damage to multiple organs have been frequently documented, significantly limiting its practical use in clinical settings [5,6,7]. Recent studies have suggested that the plant’s reproductive toxicity may lead to organ shrinkage, reduced function, and cell death. However, the exact molecular mechanisms behind these effects are not fully understood due to the complex nature of the plant’s composition and the impact of the elevated levels of reactive oxygen species (ROS) it generates. A clinical meta-analysis focusing on the use of TG in rheumatoid arthritis (RA) patients revealed an overall adverse reaction rate of 23%, with reproductive system complications being the most prevalent at 14% [8,9]. Women may experience amenorrhea, while men might encounter reduced sperm motility and potential infertility [10,11,12,13]. Notably, the male population appears to be more vulnerable to the reproductive toxicity triggered by TG than females, showing higher incidence rates and a faster onset of symptoms [14,15].



Irregularities in sperm count, a common characteristic of asthenozoospermia, have been identified as the most common abnormality and are usually a significant contributing factor in men diagnosed as infertile [16,17]. Abnormalities in semen parameters can arise from various factors like age, chromosomal anomalies, hormonal imbalances, or infections and are frequently of unknown origin [18]. Researchers have sought to explore the connection between male infertility, sperm quality, and abnormalities in semen parameters. Previous studies have also investigated the links between reactive oxygen species (ROS) and male infertility [19,20,21]. Reactive oxygen species (ROS) are important players in cellular proliferation, differentiation, migration, apoptosis, and necrosis. Low to intermediate levels of ROS and RNS are necessary to maintain many important physiological functions, redox homeostasis, and the regulation of key transcription factors. In contrast, the excessive formation of ROS is responsible for disrupted redox homeostasis, which in turn leads to oxidative stress and ROS-mediated damage to all important biomolecules, including DNA, proteins, and membranes [22]. Oxidative stress, characterized by a shifted equilibrium between the formation and elimination of free radicals toward the formation, is a common denominator of the pathogenesis of chronic diseases and aging [23]. Oxidative stress refers to a state where the levels of oxygen and oxygen-derived free radicals exceed the cell’s natural antioxidant defenses [24]. This condition negatively impacts sperm function by damaging the integrity of DNA, which occurs alongside harm to the proteins and lipids in the sperm cell plasma membrane, thereby disrupting cell membrane fluidity and permeability [25]. DNA fragmentation is most commonly observed in the spermatozoa of infertile men, with substantial evidence indicating that this damage is free radical-mediated [26,27,28,29]. Spermatozoa with extensive DNA damage will encounter biological and molecular barriers that likely preclude fertilization, such as a lack of viable DNA, which ultimately prevents the transmission of damaged DNA during fertilization. Although these stages are bypassed by the use of assisted reproductive technologies (ARTs), they may have adverse effects on the health of offspring, potentially doubling the incidence of infertility and increasing the rates of several childhood and genetic disorders [30,31]. Furthermore, sperm mitochondria serve as both the source and often the targets of free-radical oxidation. Mitochondrial DNA is particularly susceptible to damage since it lacks the protection of histones and has a limited capacity for DNA repair due to the absence of nucleotide-excision repair pathways [32]. Consequently, the mutation rate of mitochondrial DNA is estimated to be two orders of magnitude higher than that of nuclear DNA. Sperm cells with a high number of damaged mitochondria are unable to undergo apoptosis due to this damage, leading to the presence of sperm with compromised DNA in the ejaculate [33]. Dysfunctional mitochondria carrying mutations generate more free radicals and produce less ATP than their fully functional counterparts. The accumulation of a large number of such mitochondria may result in hypospermatogenesis, which can stem from meiotic arrest during sperm cell development or the presence of a partially formed and disorganized axonemal apparatus, ultimately leading to asthenozoospermia [34]. In a separate study, Aitken et al. [35] found that oxidative damage to the lipids in the sperm plasma membrane due to the accumulation of ROS could be reversed by the scavenging properties of antioxidants. They do this by effectively disrupting the peroxidation process.



This suggests a potential way to protect sperm health and improve fertility. Chlorogenic acid (CGA), a depside acid, is produced by combining caffeic acid and quinic acid (1-hydroxyhexahydrogallic acid). It is a phenylacrylate polyphenol compound created through the shikimic acid pathway in plants during aerobic respiration. Its hemihydrate forms white or slightly yellow needle-like crystals, which are poorly soluble in organic solvents like chloroform, ether, and benzene but readily dissolve in polar solvents such as methanol, ethanol, and acetone. CGA is found in a variety of sources in traditional Chinese medicine, including honeysuckle [36], potato [37], cork [38], Eucommia leaves [39], chrysanthemum [40], strawberry [41], mango [42], blueberries [43], mulberry leaves [44], and green coffee [45]. Researchers have recently utilized high-voltage discharges to extract CGA from different parts of tobacco waste (waste, dust, and midrib) [46]. Studies conducted in the laboratory and on animals have demonstrated that chlorogenic acid exhibits several important biological activities, such as antioxidant properties, liver and kidney protection, antibacterial effects, anti-tumor activity, regulation of sugar and lipid metabolism, anti-inflammatory properties, and safeguarding the nervous system [47].



Network pharmacology is a multifaceted field that combines systematic biology theory [48], pharmacology, information networking, and computer science. This concept encompasses the theory of holism, which is the basic principle of traditional Chinese medicine (TCM) [6]. By utilizing computer simulations and numerous databases, network pharmacology screens drug molecular targets and disease-related targets. Through high-throughput screening, network visualization, and network analysis, it uncovers the intricate connections between drugs, targets, and diseases, ultimately analyzing and predicting the mechanisms of drugs [49]. Additionally, if needed, it further verifies the effects of drugs through corresponding experiments [50] and predicts their possible mechanisms.



In this study, we created a model of asthenozoospermia in male rats using Tripterygium glycosides (TG) and explored the efficacy of chlorogenic acid (CGA) in ameliorating this condition. We utilized network pharmacology techniques to uncover the potential mechanisms through which chlorogenic acid attenuated TG-induced asthenozoospermia.




2. Materials and Methods


2.1. Experimental Animals


A total of 45 6-week-old Sprague–Dawley rats, weighing 200 ± 50 g, were purchased from Liaoning Changsheng Biotechnology Co., Ltd. and randomly divided into separate cages. They were housed under standard conditions of temperature (22 ± 3 °C), relative humidity (55 ± 5%), and a light/dark cycle (12 h of light/12 h of dark) throughout this study. The rats were fed a standard pellet-chow diet and given access to water ad libitum. Before the commencement of the trials, all animals were allowed to acclimatize to the laboratory conditions for 1 week. All animal experiments were conducted following the ARRIVE guidelines [51]. After the one-week adaptation period, the rats were randomly assigned to two groups: a control group and a model group. The control group consisted of 10 rats, while the model group included 35. The model group received a daily dose of 40 mg/kg of Tripterygium wilfordii polyglycoside (TG) tablet suspensions for 28 days. The control group was administered 10 mL/kg of deionized water via gavage daily for the same period.



At the end of this phase, five rats from each group were randomly selected, weighed, and euthanized. One epididymis was collected from each rat for routine semen analysis, and blood samples were gathered for serum sex hormone level testing to confirm the establishment of the asthenozoospermia model. The remaining five rats in the control group were maintained as controls. The remaining 30 rats in the TG group were randomly divided into five subgroups: the TG group (TG), the TG + L-carnitine control group (TG + LC), the low-dose chlorogenic acid group (TG + CGA-L), the medium-dose chlorogenic acid group (TG + CGA-M), and the high-dose chlorogenic acid group (TG + CGA-H), with five rats in each subgroup (n = 5). The procedures involved in this study were approved and registered by the Northeast Agricultural University Institutional Animal Care and Use Committee, Harbin, China (NEAUEC2024 03 125).




2.2. Tripterygium Wilfordii Glycosides (TGs) Dosage Preparation and Administration


Commercially available Tripterygium wilfordii polyglycoside tablets, containing 10 mg of Tripterygium glycoside per tablet, were purchased from Yuanda Pharmaceutical Huangshi Feiyun Pharmaceutical Co., Ltd, (Batch No.: 20230801, Huangshi, China). The tablets were homogenized, and a suspension was prepared at a concentration of 5 mg/mL to achieve a dosage of 40 mg/kg body weight per day using a saline solution. The concentration was adjusted weekly to maintain the dosage as the rats’ body weights increased. A 2 mL/kg b.wt. aliquot of the suspension was administered to the rats daily, with continuous weekly adjustments for 4 weeks via gavage, immediately after preparation. The dosage of the TG tablet solution was maintained at 40 mg/kg throughout this study. To ensure accuracy, we calculated the dosage based on the rats’ weight at each time point and confirmed that the dosage was consistently maintained at 40 mg/kg b.wt throughout this study, with adjustments made to the volume administered to account for the rats’ changing weight. This approach ensured the accuracy and reliability of our study. The dosage of TG tablets used in this study was in line with the range of dosages provided by [52,53,54].




2.3. Chlorogenic Acid (CGA) and Levo-Carnitine (L-C) Dosage Preparation and Administration


Chlorogenic acid (purchased from Dalian Meilun Biotechnology Co., Ltd., Batch No.: S0911D, Dalian, China) and L-carnitine (purchased as a commercially available suspension from Northeast Pharmaceutical Group Shenyang First Pharmaceutical Co., Ltd., Batch No.: 231004, Shenyang, China.) were utilized in this experiment. Rats were grouped and weighed, with results recorded weekly. The control group (control) and the model group (TG) received 2 mL/kg b.wt. of deionized water via gavage for 28 days. In contrast, the TG + LC group was administered an L-carnitine suspension at 0.2 g/kg b.wt. by gavage for the same duration. Chlorogenic acid treatment was divided into three dosage groups: the CGA-Low group received 25 mg/kg b.wt., the CGA-Mid group received 50 mg/kg b.wt., and the CGA-High group was given 100 mg/kg b.wt., all in diluted solution via gavage for 28 days. All administered volumes were 2 mL/kg b.wt. per day.




2.4. Blood and Tissue Sample Collection and Sample Processing


Before taking blood and tissue samples, the rats were fasted for 12 h and then weighed. They were anesthetized with an intraperitoneal injection of 1 mL/100 g body weight of 10% chloral hydrate, and blood samples were collected from the abdominal aorta for the serum analysis of sex hormones and biochemical markers. Serum sex hormones, including testosterone (T), luteinizing hormone (LH), and follicle-stimulating hormone (FSH), were assessed. Additionally, liver function was evaluated by measuring serum levels of aspartate transaminase (AST) and alanine transaminase (ALT), while kidney function was assessed by measuring creatinine (CRE) and blood urea nitrogen (BUN). The left epididymal tail was excised to assess sperm quality, including motility and concentration. Furthermore, the left testis and epididymis were removed to evaluate the antioxidant status of testicular tissue by measuring malondialdehyde (MDA), reactive oxygen species (ROS), superoxide dismutase (SOD), and total antioxidant capacity (T-AOC).




2.5. Sperm Quality Analysis


The separated epididymal tail was placed in a 5 mL EP tube along with 3 mL of physiological saline that had been preheated to 37 °C. To facilitate the complete release of sperm, ophthalmic scissors were used to make several incisions in the epididymal tail. The tube was then incubated in a water bath at 37 °C for 5 minutes. After incubation, 10 μL of the suspension was placed on a slide for the automatic assessment of sperm concentration and motility using a sperm quality detection system.




2.6. Serum Sex Hormone Levels Measurement


After blood was collected from the abdominal aorta, it was allowed to stand at room temperature for 2 h. Blood samples were then centrifuged at 1000 rpm for 20 min, and the supernatants were collected for the measurement of serum T, LH, and FSH levels. The measurement was carried out strictly according to the instructions provided with each sample kit, and measurement was undertaken at a wavelength of 450 nm.




2.7. Measurement of Oxidative Stress Levels in Testicular Tissue


The left testicular tissues were obtained, cut into pieces, and then ground into a homogenate. Reactive oxygen species (ROS), malondialdehyde (MDA), total antioxidant capacity (T-AOC), and superoxide dismutase (SOD) levels in the testicular tissue were detected according to the procedures provided with each kit, following the manufacturer’s instructions.




2.8. Measurement of Biochemical and Physiological Parameters


Blood serum was used to determine the levels of serum AST, ALT, BUN, and CRE. The measurements were performed strictly according to the instructions provided with each assay kit.




2.9. Possible Mechanisms


Network pharmacology was used to explore the potential mechanisms involved in the development of asthenozoospermia in rats. This process followed the methodology outlined by Ding et al. [55] with some modifications. A comprehensive search of keywords like oligospermia, azoospermia, asthenospermia, asthenozoospermia, sperm disorder, and the names of some bioactive compounds, including chlorogenic acid (CGA), coumestrol (COU), Schisandrin A (SCH A), Schisandrin B (SCH B), Quercetin (QUE), and Gingerol (GIN) were inputted into PubMed (https://pubmed.ncbi.nlm.nih.gov accessed on the 2 October 2024) for the curation of related articles. These articles were screened, and only those related to the bioactive compounds were saved in an Excel sheet.



We searched the TCM system pharmacopeia database (TCMSP) (https://old.tcmsp-e.com/load_intro.php?id=27 accessed on the 2 of October 2024) for detailed chemical information on the compounds, including the compound’s chemical name., molecular weight, ADME parameters [oral bioavailability (OB), drug-likeness (DL), and intestinal epithelial permeability (Caco-2)], CAS ID, ingredient-related targets, diseases, etc.



According to the suggestions from the TCMSP, an OB ≥ 30%, DL index ≥ 0.18, and Caco-2 ≥ −0.4 were chosen as the criteria for screening the bioactive components of TCM (Huang et al., 2014).



The bioactive compounds obtained from TCMSP were validated by PubChem (https://pubchem.ncbi.nlm.nih.gov, accessed on the 2 October 2024), and their 2D structures were obtained and transferred to the SWISSADME database for drug-likeness prediction in line with Lipinski’s rule of five. Generally, Lipinski’s rule of five is a simple approach to assessing the drug-likeness of a compound, even though there are other complex criteria involved.



In this study, we considered compliance with the Lipinski rule of five and the oxygen radical absorbance capacity (ORAC) of the compounds, their availability, and cost. Putting these criteria together, chlorogenic acid was selected. It met the TCMSP and Lipinski’s rule of five criteria. It was comparatively the cheapest among compounds with high ORAC. Its structure was uploaded to the Swiss target prediction database (http://swisstargetprediction.ch, accessed on the 2 October 2024) for bioactive hits, and these hits (gene names) were validated by the version 2024_06 (https://www.uniprot.org accessed on the 2 October 2024). Validated bioactive compound targets were saved in an Excel sheet for further analysis.



The STRING database (version 11, https://string-db.org/ accessed on the 2 October 2024) was utilized to construct the protein–protein interaction (PPI) network, focusing on protein interactions related to target proteins in the Homo sapiens prompt of the STRING database.



This comprehensive network provided insights into all proteins associated with CGA-AZS disorders. A total of 322 targets were identified from sperm disorders, with 92 targets associated with chlorogenic acid (CGA) and other bioactive compounds. Using Venny 2.1 for analysis, we found nine overlapping targets implicated in the sperm asthenozoospermia and CGA interaction, which included AR, ESR1, HIF1A, MAPK1, NFE2L2, PTGS2, TNF, TP53, and GMNN—essential for reproductive health, immune response, inflammation, and cancer prevention.



The common genes were then uploaded to Cytoscape 3.10.1, where hub genes were identified using the degree ranking method via the CytoHubba plugin. This ranked the hub genes that target CGA and AZS (see Table S1). The databases used for the curation of these targets are detailed in Table S1A,B. Protein IDs were validated against the UniProt database (https://www.uniprot.org), and results were compiled in an Excel file for further analysis.



After identifying the key genes within the disease network, we carried out Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses using GO [56] (http://www.geneontology.org/) to map the signaling pathways involved in the Asthenozoospermia model. The analysis encompassed the exploration of biological processes (BP), cellular components (CC), and molecular functions (MF) through the GO enrichment analysis and pathways involved in the disease pathways.




2.10. Western Blotting Analysis


Total proteins were extracted from rat testicular tissues using a cell lysis buffer (92590, Merck Millipore, USA) containing 1 mM phenylmethylsulfonyl fluoride (PMSF) (KGP610, KeyGEN, China). Protein concentration was quantified using the BCA Protein Assay Kit (MK164230, Thermo, Waltham, MA, USA). The proteins were then separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes (ISEQ00010, Merck Millipore, Berlington, MA, USA) using the wet electrophoretic transfer method. The membranes were blocked with 5% nonfat milk for 1 h at room temperature and subsequently incubated overnight at 4 °C with primary antibodies against AKT1 (1:1000, YM3618, Immunoway, Plano, TX, USA) and PI3K (1:1000, YM3503, Immunoway, Plano, TX, USA). The anti-β-actin antibody (1:10,000, bs-0061R, Bioss Biotechnology Co., Ltd., Shanghai, China) was used for normalization. After primary antibody incubation, the membranes were treated with HRP-conjugated Affinipure Goat Anti-Rabbit IgG (H+L) (SA00001-2, 1:5000, Proteintech, Wuhan, China) and HRP-conjugated Affinipure Goat Anti-Mouse IgG (H+L) (SA00001-1, 1:5000, Proteintech, Wuhan, China) for 2 h at room temperature. The protein bands were visualized using an enhanced chemiluminescence detection kit (Pierce, Appleton, WI, USA) and analyzed with a Tanon 5200 chemiluminescence detection system (Tanon, Shanghai, China). Finally, band intensity was quantified using a computer-assisted imaging analysis system (ImageJ, version 1.52, NIH, Bethesda, MD, USA).




2.11. Intra-Testicular Sex Hormone Measurement


To measure the levels of intratesticular sex hormones, including testosterone (T), follicle-stimulating hormone (FSH), and luteinizing hormone (LH), the following procedure was performed. First, a testicular tissue sample weighing 0.2 g was obtained. The tissue was then combined with 0.5 mL of phosphate-buffered saline (PBS) in a grinding pestle. The mixture was thoroughly homogenized to ensure a uniform suspension. Following homogenization, the sample was subjected to centrifugation at 3000 rpm for 10 min. to separate the supernatant from any solid debris. The concentration of protein in the supernatant was quantified using a BCA Protein Assay Kit (MK164230, Thermo, Waltham, MA, USA), ensuring accurate measurements for subsequent analyses. To determine the levels of the sex hormones, specific detection kits were employed. Testosterone levels were measured using the T kit (YJ002868, mlbio, Shanghai, China), while the concentrations of FSH and LH were assessed using their respective kits (FSH kit: YJ002872, mlbio, Shanghai, China; LH kit: YJ002860, mlbio, Shanghai, China). Each assay was conducted according to the manufacturer’s instructions to ensure reliable results.




2.12. Data Analysis


The data obtained were analyzed using a one-way analysis of variance (ANOVA) with GraphPad Prism 9.5.1. Multiple mean comparisons were performed using Tukey’s Honestly Significant Difference (HSD) test. Results are presented as mean ± standard deviation (X ± SD). The critical significance levels were set at p < 0.05 (indicating a significant difference) and p < 0.01 (indicating a highly significant difference).





3. Results


3.1. CGA Treatment Improves Bodyweight Measurement


The intragastric administration of 40 mg/kg/d of Tripterygium glycoside (TG) tablets significantly reduced the body weight of rats after 28 days compared to the control (Figure 1A). Conversely, chlorogenic acid (CGA) demonstrated potential in improving the body weights of treated rats. However, the effect of CGA on body weight was not significantly different from the effect of TG in the model group during the period of experimentation (Figure 1B).




3.2. CGA Treatment Improves Sperm Quality


The results revealed that the intragastric administration of TG (40 mg/kg/d) for 28 days significantly reduced sperm quality, including motility and concentration, in the TG group compared to the control group (Figure 2A,B). This effect was significantly ameliorated following CGA treatment in the CGA groups compared with the TG group. There was no significant difference between the CGA group across all levels of concentrations and the TG + LC group in terms of sperm motility, as even at low concentrations, the toxicity of TG against sperm motility was significantly attenuated. However, the effect of CGA on sperm concentration was dose-dependent, as the high dosage group (TG + CGA-H) produced a better ameliorative impact on the concentration of semen compared to other treatment groups (Figure 2C,D).




3.3. CGA Ameliorates TG-Induced Toxicity on Serum Sex Hormone Levels and Restores Hormonal Balance


For serum hormone levels, TG significantly reduced testosterone (T) and increased luteinizing hormone (LH) levels in the TG group compared to the control group. Regarding follicle-stimulating hormone (FSH), there was an observable toxic effect of TG; however, this toxicity did not significantly alter FSH levels compared with the control (Figure 3A–C). CGA treatment significantly abrogated the toxic effects of TG on sex hormone levels, restoring T and LH to their physiological ranges at low and medium concentrations (TG + CGA-L & TG + CGA-M). While trends suggest that TG might negatively impact FSH, as indicated by the lower median level in the TG group compared to the control, both LC and CGA (TG + LC & TG + CGA-H) significantly improved the effects of TG on FSH levels in rats (Figure 3D–F). However, these findings warrant cautious interpretation and further investigation to confirm their validity.




3.4. CGA Improves Antioxidant Capacity and Ameliorates Oxidative Imbalance in Rat Testes


To assess testicular antioxidant capacity, we measured total antioxidant capacity (T-AOC), malondialdehyde (MDA), epididymal reactive oxygen species (ROS), and superoxide dismutase (SOD) as markers of oxidative stress. Compared to the control group, the TG group exhibited significantly increased levels of MDA and ROS, along with significantly decreased levels of T-AOC and SOD (Figure 4A–D). However, treatment with CGA significantly improved the antioxidant status of the tissues, leading to increased levels of T-AOC and SOD and a concomitant decrease in MDA and ROS levels. These results indicate that CGA ameliorated oxidative stress by restoring the balance between oxidation and the antioxidant status of the testicular and epididymal tissues of treated rats (Figure 4E–H).




3.5. CGA Mitigates Renal and Hepatic Organs Damage in Rats


To monitor the protective effects of CGA on the liver and kidneys of experimental rats, we measured the levels of liver alanine aminotransferase (ALT) and aspartate aminotransferase (AST) as well as kidney blood urea nitrogen (BUN) and creatinine (CRE). In the TG group, ALT, BUN, and CRE levels were significantly increased compared to the control group, although AST levels did not show significant differences among the treatment groups (Table 1). The elevated levels of ALT, BUN, and CRE in the TG group indicate liver injury and impaired kidney function.



However, CGA treatment significantly reduced ALT, BUN, and CRE compared to the TG group, indicating the potential repair of kidney and liver functions. Overall, CGA treatment at moderate and high concentrations (TG + CGA-M and TG + CGA-H groups) provided better protection for liver and kidney organs, suggesting that CGA’s protective effects may be dose-dependent




3.6. Possible Mechanisms Using Network Pharmacology


We conducted a network pharmacology analysis to explore the mechanisms underlying the reproductive toxicity of Tripterygium glycoside (TG) tablets and the mitigating effects of chlorogenic acid (CGA). We utilized the STRING database (version 11, https://string-db.org, accessed on the 2 October 2024) to construct a protein–protein interaction (PPI) network focusing on interactions related to target proteins in Homo sapiens. This analysis revealed insights into proteins associated with CGA-related asthenozoospermia disorders. We identified a total of 423 targets, with 322 linked to sperm disorders, 92 associated with CGA and other bioactive compounds, and 9 overlapping targets implicated in both asthenozoospermia and CGA interactions were identified using Venny 2.1. The overlapping targets—AR, ESR1, HIF1A, MAPK1, NFE2L2, PTGS2, TNF, TP53, and GMNN—are crucial for reproductive health, immune response, inflammation, and cancer prevention (Figure S1A).



The initial PPI network comprised nine nodes and 28 edges, which yielded an average node degree of 6.22, a local clustering coefficient of 0.889, an expected number of edges of 15, and a PPI enrichment p-value of 0.00269. After excluding the empty GMNN node, a subsequent analysis revealed a functional PPI network with eight nodes, also containing 28 edges. This network had an average node degree of seven, a local clustering coefficient of one, an expected number of edges of 15, and a significant p-value of 0.000587, highlighting several disease-related pathways.



Using K-means clustering, we categorized the network into three clusters: one major cluster containing six genes and two minor clusters with one gene each. The major clusters comprised AR, ESR1, HIF1A, PTGS2, MAPK1, and TP53, while NFE2L2 and TNF were assigned to the minor clusters. The PPI network was visualized using Cytoscape 3.10 (Figure S1B–D). CytoHubba calculated the degree centrality (DC) for the top hub genes, and various topological parameters—such as Betweenness (BC), Closeness (CC), Eigenvector (EC), Local Average Connectivity (LAC), Network Connectivity (NC), Subgraph Connectivity (SC), and information (IC)—were computed using CytoNCA (Table S2). The results indicated that AR, ESR1, HIF1A, PTGS2, MAPK1, TP53, NFE2L2, and TNF are likely targets of CGA in mediating asthenozoospermia. Notably, the high subgraph values of AR in Table S2 emphasizes its significant interconnectivity, suggesting a central role in the molecular dynamics of spermatogenesis [61].



We subjected the six selected genes from the major cluster to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses (http://www.geneontology.org/, accessed on the 2 October 2024) to map the signaling pathways involved in asthenozoospermia. These analyses focused on biological processes (BP), cellular components (CC), and molecular functions (MF), suggesting that TG may induce reproductive toxicity through various GO terms. Specifically, TG appears to impair sperm concentration and motility by disrupting ciliary movement, axoneme assembly, and the organization of flagellated sperm. Other affected processes include the assembly of axonemal dynein complexes, microtubule-based movements, and the formation of microtubule bundles (Figure S2A,B).



Additionally, our KEGG pathway analysis identified 60 significant pathways, primarily cancer-related. However, we focused on two pathways linked specifically to spermatogenesis: the PI3K/AKT and MAPK pathways, chosen for their crucial roles in mediating spermatogenesis, cell cycle regulation, and apoptosis. These pathways elucidate the molecular mechanisms of cellular life cycles and their significance in regulating protein activities, particularly under oxidative stress conditions associated with asthenozoospermia. Elevated levels of oxidative stress can activate the MAPK cascade, including ERK1/2 (MAPK3/1), promoting apoptosis via the MAPK/PI3K/AKT signaling pathway and regulating various cellular processes (Figure 3A,B).



Thus, the PI3K/AKT and MAPK signaling pathways may serve as potential targets for the toxic effects of tripterygium glycosides as well as for therapeutic interventions involving chlorogenic acid. This provides a foundation for further experimental investigations. Thus, these insights elucidate the mechanisms of TG’s reproductive toxicity, suggesting that CGA may counteract TG’s harmful effects within the MAPK and PI3K/AKT signaling pathways by enhancing the antioxidant capacity of testicular tissues in rats and reducing oxidative stress (Figure 3A,B).




3.7. CGA Upregulates the Expression of PI3K and AKT


To further elucidate the molecular mechanisms of the antioxidant action of chlorogenic acid, we measured changes in the expression of PI3K and AKT1 proteins in treated samples. It was observed that 50 mg/kg of CGA effectively attenuated the oxidative stress-induced testicular injury by upregulating the expressions of PI3K and AKT (Figure 5A–C).




3.8. CGA Ameliorates Intra-Testicular Hormonal Concentrations


Having observed the effect of TG and CGA on the expression levels of PI3K and AKT, we tried to further verify whether the observed toxicity of TG and the ameliorative effect of CGA on the hormonal levels of rats were connected with the effects of TG and CGA on AKT and PI3K and thus evaluated the intra-testicular hormonal concentration of testicular samples. It was observed that TG significantly decreased the level of intra-testicular testosterone (p < 0.05) and increased the intra-testicular levels of the luteinizing hormone and follicle stimulating hormone. However, its increase on LH and FSH were not significantly different compared to control (p > 0.05). CGA (using the same concentration of 50 mg/kg) on the other hand, significantly increased the intra-testicular concentration of testosterone (p < 0.05). Its effect on the intra-testicular concentration of the luteinizing hormone and follicle stimulating hormone was positive but not significant (See Figure 6A–C).




3.9. Histopathological Analysis of Testicular Tissues


The histological analysis of testicular tissue in the control group showed a normal arrangement of spermatogenic cells within the seminiferous tubules, with no histopathological lesions. The TG + LC group also exhibited normal tubular and cellular organization. In contrast, the TG group displayed significant histopathological damage characterized by disorganized and vacuolated seminiferous tubules as well as enlarged intertubular spaces, indicative of asthenozoospermia. Treatment with CGA resulted in a reduction of the observed histopathological damage. The TG + CGA-H group showed the most pronounced improvement, featuring well-arranged seminiferous tubules, closed intertubular spaces, and a lack of desquamated cells (DC). The TG + CGA-L group had partially organized seminiferous tubules and pronounced intertubular spaces, while the TG + CGA-M group displayed relatively organized tubules with reduced intertubular spaces. These findings are illustrated in Figure 7A–F.





4. Discussion


Spermatogenesis consists of three physiological phases: (1) an initial series of mitotic divisions that primitive germ cells, or spermatogonia, undergo to form spermatocytes; (2) a second phase in which spermatocytes undergo double meiotic divisions to produce haploid spermatids; and (3) the final stage of spermatid differentiation to form functional sperm cells [62]. Any physiological change in this process or morphological damage to the organs involved can lead to spermatogenesis disorders, resulting in infertility.



In male animals or rats, particularly in cases of asthenozoospermia, infertility is characterized by reduced sperm concentration, slow sperm motility, and diminished fertilization capacity. This condition is often caused by a variety of factors, including genetic and environmental influences (such as heat, radiation, nutrition, or exposure to toxic chemicals and drugs) as well as natural phenomena (like aging and genetic mutations) that disrupt the normal progression of the three phases of spermatogenesis.



Tripterygium glycoside (TG), derived from the root extracts of Tripterygium wilfordii (Thunder God Vine), is a traditional Chinese medicine commonly used to treat rheumatoid arthritis and other autoimmune disorders. However, TG can elicit toxic effects, including hepatotoxicity, nephrotoxicity, and reproductive toxicity [63,64,65]. Our study found that TG administration resulted in weight loss, consistent with results reported by other investigators [10,66,67]. The evidence indicates that TG reduces body weight due to its high content of celastrol—a pentacyclic triterpene bioactive compound known for its anti-cancer, anti-arthritis, and anti-obesity properties. Celastrol enhances leptin sensitivity by activating the Hypothalamic Leptin Receptor-Stat 3 pathway while simultaneously reducing endoplasmic reticulum stress, thereby facilitating weight management [63,64]. However, Jiao et al. [66] reported physical changes in organs without any significant change in body weight.



In comparison to the control group, our study results showed that the intragastric administration of Tripterygium glycosides (TG) significantly reduced sperm motility and concentration, suggesting the apoptosis of sperm cells. TG disrupts normal spermatogenesis by causing testicular damage, inhibiting the proliferation and differentiation of spermatogonia, and inducing apoptosis, leading to azoospermia and oligospermia through the destruction of sperm DNA structure [64,68]. The observed reductions in body weight, sperm motility, and concentration in the TG group were attributed to TG toxicity, consistent with findings from other studies [10,63,64,65,66,67,68].



Additionally, our results demonstrated that TG increased oxidative stress levels in the testes, producing free radicals and leading to a significant rise in reactive oxygen species (ROS) and malondialdehyde (MDA) levels along with a reduction in superoxide dismutase (SOD) and total antioxidant capacity (T-AOC) [7]. Elevated oxidative stress level may have contributed to the observed injuries in liver and kidney tissues, as indicated by increased alanine aminotransferase (ALT), creatinine (CRE), and blood urea nitrogen (BUN) levels in the TG group compared to the control group [69]. This aligns with findings reported by other researchers [7,67,68,69,70].



Aitken et al. [25], Aitken and Fisher [71], Agarwal et al. [72], and Barati et al. [73] reported that oxidative stress is a primary cause of infertility in 30% to 80% of male infertile couples. This condition results from an imbalance between oxidant and antioxidant systems, often highlighted by elevated oxidative stress indicators in serum and semen and increased apoptosis compared to fertile semen. Infertile semen is typically characterized by poorly condensed sperm chromatin due to elevated ROS levels and high oxidative stress. This leads to the activation of the apoptotic cascade, resulting in a significant number of apoptotic germ cells in the testis, externalization of phosphatidylserine, increased caspase activation, and DNA damage [74].



In addition, spermatozoa are particularly susceptible to oxidative damage due to a limited array of protective enzymes, which is a consequence of their confined cytoplasmic space, and the high levels of polyunsaturated fatty acids in sperm membrane lipids also increase their vulnerability. When subjected to stressful conditions, spermatozoa activate an intrinsic apoptotic pathway, which is marked by the production of mitochondrial reactive oxygen species (ROS), a decrease in mitochondrial membrane potential, the activation of caspases, the exposure of phosphatidylserine, and oxidative DNA damage [75]. Similar results were observed in our study. TG significantly increased oxidative stress, causing kidney and liver tissue injuries, disrupted normal hormonal balance, and inhibited sperm concentration and motility, thus leading to the establishment of asthenozoospermia in male rats. This was in agreement with earlier studies [10,68]



In this study, testosterone (T) levels were significantly reduced in the TG group, while luteinizing hormone (LH) and follicle-stimulating hormone (FSH) levels increased (though not significantly), suggesting a homeostatic imbalance and dysfunction in the pituitary physiology regulating spermatogenesis due to testicular injury from oxidative stress [10,71,72,73]. The hypothalamus-pituitary-gonadal axis controls spermatogenesis and sperm maturation. Key hormones involved include the gonadotropin-releasing hormone (GnRH), secreted by the hypothalamus, and hormones produced by the pituitary gland, such as FSH, LH, and T, which is secreted by Leydig cells adjacent to the seminiferous tubules in the testes [6].



A specific threshold level of testosterone is necessary to maintain effective spermatogenesis and sperm maturation. Low testosterone levels prompt the hypothalamus to release GnRH, which binds to GnRH receptors in the pituitary gland, triggering the release of FSH and LH. Testosterone and FSH work together to stimulate spermatocyte production, growth, maturation, and the development of testicular seminiferous tubules [6].



Changes in plasma levels of FSH, LH, and testosterone (T) can be used to assess testicular tissue injury. Research has shown significant negative correlations between sperm concentration and testicular health with FSH and LH levels. Testicular damage may occur when serum FSH levels rise more sharply than LH. When testicular damage results from a significant increase in LH beyond the threshold, it is often irreversible or challenging to treat [6,76,77,78]. Tripterygium glycoside (TG) not only impairs serum levels of sex hormones but also compromises the homeostasis of intra-testicular testosterone, LH, and FSH. Strong correlations have been reported between serum testosterone and intra-testicular testosterone, as well as between serum gonadotropins and intra-testicular hormones [79]. A similar trend was observed in this study, providing evidence that the toxicity of TG on serum hormonal levels observed in this study was not coincidental.



Our findings demonstrated that TG elevates oxidative stress in the testicular environment, creating toxic conditions for the testes. This highlights the necessity of identifying antioxidant agents or drugs that can mitigate the toxic effects of TG. We investigated the impact of chlorogenic acid (CGA) on body weight, testicular tissue, sex hormone levels, testicular antioxidant status, and serum biochemical and physiological parameters and compared these effects to those of L-carnitine (LC)—a well-known dietary supplement with excellent antioxidant properties [80]. Our research utilized rat models of asthenozoospermia to explore these interactions and their implications for reproductive health.



In the TG + LC group, LC administration resulted in increased body weight compared to the TG group. However, this effect was not significantly different from that in the TG group or the other CGA treatment groups. Our results demonstrated that the TG + LC group experienced improvements in sperm motility, concentration, testosterone levels, superoxide dismutase (SOD), and total antioxidant capacity (T-AOC), while the levels of reactive oxygen species (ROS) and malondialdehyde (MDA) decreased. Additionally, reductions in serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea nitrogen (BUN), and creatinine (CRE) levels were observed, although these reductions were not lower than those in the TG + CGA-M and TG + CGA-H groups. These findings suggest that L-carnitine can mitigate TG toxicity by reducing ROS and MDA production, potentially facilitating a restoration process by lowering oxidative stress [81,82]. Additionally, L-carnitine has been reported to protect against gonadal toxicity in animals exposed to high oxidative stress from toxic substances, leading to improvements in sperm count and quality due to its antioxidant properties [83].



Our study found that CGA treatment positively impacted weight management in experimental rats affected by TG administration. Similar improvements in body weight have been reported in obese rats [84,85]. Although body weights in the CGA treatment groups increased progressively with higher CGA concentrations, these weights reached physiological levels similar to those of the control group but showed no statistically significant difference compared to the TG group. This lack of significant difference was evident between the body weights of rats in the TG group and those in the TG + CGA-L, TG + CGA-M, and TG + CGA-H groups.



CGA treatment also significantly improved sperm quality by enhancing sperm motility and concentration compared to the TG group. These findings align with reports by Namula et al. [86], who demonstrated that high concentrations of CGA significantly increased sperm motility and plasma membrane integrity. Jia et al. [87] found that the oral administration of CGA improved sperm viability and enhanced acrosome and plasma membrane integrity. In another study, Pereira et al. [88] noted that CGA could improve the quality of boar semen stored at 15 °C. Specifically, our study indicated that CGA significantly enhanced sperm motility and concentration at low doses.



Additionally, Mohammadi and Hosseinchi Gharehaghaji [89] reported that semen extenders treated with rutin and CGA significantly improved the kinematic properties of sperm after thawing, particularly in terms of progressive and total motility. Anvari et al. [90] found that CGA enhanced sperm parameters, improved DNA integrity, and reduced apoptosis in mice with epilepsy.



Our study revealed that chlorogenic acid (CGA) alleviated the hormonal dysfunction caused by Tripterygium glycoside (TG) toxicity in rats. We observed a significant increase in testosterone levels and a significant reduction in the elevated levels of follicle-stimulating hormone (FSH) and luteinizing hormone (LH), thereby correcting the hormonal imbalance seen in the TG group. A similar chemoprotective effect was reported by Owumi et al. [76]. Given CGA’s chemoprotective activity in ameliorating hormonal imbalance, we assessed its effect on the antioxidant status of the rats’ testicular tissues. Our findings showed that CGA mitigated oxidative stress induced by TG, correcting the imbalance in the oxidative system by increasing the total antioxidant capacity (T-AOC) and superoxide dismutase (SOD) levels, while concomitantly decreasing malondialdehyde (MDA) and reactive oxygen species (ROS) levels. These results align with those reported by other researchers [69,76]. As a result, the antioxidant and ROS-scavenging activities of CGA reduced TG-induced toxicity to the livers and kidneys of the rats by inhibiting the production of blood urea nitrogen (BUN), creatinine (CRE), alanine aminotransferase (ALT), and aspartate aminotransferase (AST). This led to the repair of damaged livers and kidneys, restoring their function.



The findings of this study underscore the toxicity associated with the continuous use of Tripterygium glycoside [7,64] and highlight the protective properties of chlorogenic acid through various antioxidant mechanisms, as corroborated by previous research [69,70,84,85,86,87,88,89,90,91,92].



In this study, a network pharmacology analysis was used to hypothesize the mechanisms by which chlorogenic acid (CGA) mitigated the toxicity of Tripterygium glycoside (TG), utilizing relevant databases (Table S1A,B). The analysis identified 423 targets, including 322 genes associated with sperm disorders and 92 genes linked to the bioactive compounds under investigation. Among these, nine genes—AR, ESR1, HIF1A, GMNN, MAPK1/ERK2, NFE2L2, PTGS2, TNF, and TP53 (or TRP53/p53)—were identified as hub genes relevant to sperm asthenozoospermia and CGA in male rats.



The protein–protein interaction (PPI) network analysis using the STRING network builder revealed that GMNN was not directly involved in the asthenozoospermia (AZS) network. The K-means cluster analysis indicated that six genes—AR, ESR1, HIF1A, MAPK1, PTGS2, and TP53—were directly involved in sperm dysregulation in AZS, with AR having the highest subgraph value.



The proteins displayed similar values across most topological measures, including Betweenness Centrality (BC), Closeness Centrality (CC), Eigenvector Centrality (EC), Local Average Connectivity (LAC), Network Centrality (NC), Subgraph Centrality (SC), and Information Centrality (IC). AR exhibited slightly higher values in Eigenvector Centrality and Subgraph Centrality, indicating its significant interconnectivity within the network (Table S2). This underscores AR’s central role in the molecular framework of the sub-cluster, significantly influencing network dynamics [61,93,94], and emphasizes the importance of AR and other nodes in regulating spermatogenesis, motility, concentration, and capacitation.



The selected genes underwent functional Gene Ontology (GO) analysis (http://www.geneontology.org/, accessed on the 2 October 2024) to map the signaling pathways involved in the asthenozoospermia model. The GO analysis indicated that these genes regulated sperm concentration and motility through ciliary movement, axoneme assembly, cilium organization, flagellated sperm motility, and microtubule-based movement. These genes were predominantly located in the axoneme and ciliary regions of motile cilia, facilitating oxygen transport by binding to tetrapyrroles, heme, and chaperone proteins.



Additionally, the KEGG analysis indicated that these proteins mediated apoptosis in asthenozoospermia by influencing several cancer-related pathways, including thyroid cancer, bladder cancer, and central carbon metabolism. Other relevant pathways included prostate cancer, renal cell carcinoma, the VEGF signaling pathway, and additional pathways related to cell signaling and apoptosis.



Among these, the phosphoinositide 3-kinase/protein kinase (PI3K/AKT) pathway and the mitogen-activated protein kinase (MAPK) pathway are highlighted for their crucial roles in controlling apoptosis, regulating cell proliferation, and managing the cell cycle during spermatogenesis. The PI3K/AKT pathway is essential for promoting survival in various cell types [95], while the MAPK pathway is often described as a “jack of all trades” due to its ability to regulate diverse cellular functions, playing a vital role in both apoptosis and cell proliferation [96]. Together, these pathways maintain cellular homeostasis, which is critical for the proper development and function of sperm cells. Their intricate interplay underscores their importance in male reproductive health and the complex biochemistry of asthenozoospermia, highlighting the balance between promoting cell survival and regulating proliferation and differentiation during spermatogenesis [95,96,97,98].



Toxins produced by harmful substances can penetrate the testis through the blood–testis barrier (BTB) due to their small size, migrating to the testicular microenvironment, which includes Sertoli cells (SC), sperm cells, and Leydig cells (LCs). The presence of these toxins promotes the production of reactive oxygen species (ROS) [99]. Elevated ROS levels activate the MAPK pathway, including ERK1/2 (MAPK3/1) [100], which promotes apoptosis via the MAPK/PI3K/AKT signaling pathway. This apoptosis disrupts the normal structure of the testis, inhibits testosterone production, and leads to declines in sperm quality, LCs, sperm count, and motility [101,102,103,104,105].



Thus, network pharmacology studies implicated the PI3K/AKT and MAPK pathways as primary pathways activated by elevated oxidative stress due to toxic TG treatments, culminating in testicular injuries and asthenozoospermia.



To verify this network pharmacology hypothesis, testicular samples were subjected to Western blot analysis to measure the expression of PI3K and AKT proteins, as the PI3K/AKT and MAPK pathways exhibit interactions and cross-talk that support cell survival and spermatogenesis. These pathways function as reciprocal inhibitors [106]. Specifically, the RAS protein acts as a crucial connector between the MAPK and PI3K pathways, activating RAF and triggering the MAPK/ERK pathway [107], while also recruiting the p110 catalytic subunit of PI3K to the plasma membrane, thereby activating the AKT signaling pathway [108]. This relationship resembles a switch with “on/off” dynamics: activation of the MAPK pathway inhibits the PI3K/AKT pathway and vice versa, as reported by Wang et al. [109].



The Western blot analysis revealed that TG significantly inhibited PI3K and AKT protein expression in injured testes, effectively “switching on” the MAPK pathway, which led to the apoptosis of sperm cells and implicated these pathways as regulators of testicular tissue damage. Conversely, CGA increased the expression of the PI3K/AKT pathway, effectively “switching off” the MAPK pathway by reducing oxidative stress levels in treated rats. These findings underscore the potential for antioxidant interventions to mitigate toxicity and protect testicular function.




5. Conclusions


In conclusion, the results of this study illustrate that chlorogenic acid treatment offers protective effects against Tripterygium glycoside-induced asthenozoospermia in rats. This protective effect was evidenced by an increase in the antioxidant status of the testes, characterized by enhanced production of the superoxide dismutase (SOD) enzyme, elevated total antioxidant capacity (T-AOC) levels, and the upregulation of the PI3K and AKT proteins alongside a significant reduction in reactive oxygen species (ROS) and malondialdehyde (MDA) levels. These improvements alleviated testicular injuries and restored hormonal functions as well as serum biochemical and physiological indices, including ALT, AST, BUN, and CRE. As a result, there was a notable enhancement in sperm motility and concentration along with a restoration of renal and hepatic health, a decrease in cell apoptosis within testicular tissues, and overall improvements in spermatogenesis.
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Figure 1. Efficacy of chlorogenic acid (CGA) treatment on the body weights of rats after 28 days of experimentation. (A) TG significantly reduced the body weight of rats (** p < 0.05). (B) Chlorogenic acid progressively increased the body weight of rats after TG-induced reduction. The effect of chlorogenic acid was impressive but not significantly different from TG, same as the LC treatment (p > 0.05). 
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Figure 2. Efficacy of chlorogenic acid (CGA) on sperm quality after 28 days of experimental trials. (A) Effect of TG on sperm motility rate. Compared to the control, TG significantly reduced sperm motility (p < 0.001). (B) CGA significantly improved sperm motility. Compared to TG, CGA at all concentrations significantly increased the reduced level of motility (p < 0.001). (C) Effect of TG on sperm concentration. Compared to the control, TG significantly reduced sperm concentration (p < 0.001). (D) CGA significantly improved sperm concentration. Compared to the TG group, the TG + CGA-M group exhibited a significant increase (p < 0.05), and the TG + CGA-H group showed a significant increase as well (p < 0.001). Levocarnitine (TG +LC) also significantly improved the quality of sperm motility (p < 0.01) and sperm concentration (p < 0.05). There was no significant difference between the TG group and the TG + CGA-L group. (* p < 0.05; ** p < 0.01; *** p < 0.001). 
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Figure 3. Efficacy of chlorogenic acid (CGA) on rat serum hormonal levels after 28 days of experimental trials. (A) Effect of TG toxicity on testosterone levels (pg/mL): Compared to the control group, TG significantly reduced testosterone levels (p < 0.001). (B) Effect of TG toxicity on luteinizing hormone (IU/mL): TG significantly increased the level of luteinizing hormone compared to the control group (p < 0.001). (C) Effect of TG on follicle-stimulating hormone (IU/L): TG increased the level of serum follicle-stimulating hormone; however, this effect was not significant. (D) Effect of CGA on testosterone in rats: CGA significantly increased testosterone levels in the testis. Compared with the TG group, CGA (TG + CGA-L & TG + CGA-M) significantly elevated testosterone levels (p < 0.001). (E) Effect of CGA on luteinizing hormone (IU/mL): CGA significantly reversed the toxicity of TG on luteinizing hormone levels. Compared with the TG group, TG + CGA-L and TG + CGA-M significantly reduced the elevated levels of LH (p < 0.001), while TG + CGA-H also showed a trend toward reduction (p < 0.01). (F) Effect of CGA on FSH levels: CGA (TG + CGA-H) significantly improved (p < 0.05) the effects of TG on FSH levels in rats compared to the TG and control groups. (* p < 0.05; ** p < 0.01; *** p < 0.001), ns: not significant. Colour legend is same as Figure 1 and Figure 2. 
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Figure 4. Efficacy of chlorogenic acid (CGA) on rat epidydimal and testicular tissue antioxidant status after 28 days of experimental trials. (A) Reactive oxygen species (ROS) (RFU). (B) Malondialdehyde (MDA) level (nmol/mg). (C) Total antioxidant capacity (T-AOC) (µmol/mg). (D) Superoxide dismutase (SOD) (U/mg). CGA treatment significantly reduced testicular (E) ROS (TG vs. TG + CGA-M & TG vs. TG + CGA-H, p < 0.01 & p < 0.001) and (F) MDA levels (TG vs. TG + CGA-L, TG vs. TG + CGA-M & TG vs. TG + CGA-H, p < 0.001) in a dose-dependent manner. Furthermore, CGA significantly increased testicular (G) T-AOC (TG vs. TG + CGA-L, TG vs. TG + CGA-M & TG vs. TG + CGA-H, p < 0.001; TG + LC vs. TG + CGA-L, TG + LC vs. TG + CGA-M & TG + LC vs. TG + CGA-H, p < 0.001) and (H) SOD levels [TG vs. TG + CGA-L (p < 0.01), TG vs. TG + CGA-M & TG vs. TG + CGA-H, (p < 0.001); TG + LC vs. TG + CGA-L, TG + LC vs. TG + CGA-M & TG + LC vs. TG + CGA-H (p < 0.001)]. Additionally, LC and CGA significantly improved the antioxidant status of rats in the control group. (* p < 0.05; ** p < 0.01; *** p < 0.001). Colour legend is same as Figure 1 and Figure 2. 
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Figure 5. Effect of chlorogenic acid (CGA) on the expression of AKT and PI3K in experimental animals. (A) Chlorogenic acid (CGA) upregulated AKT and PI3K in rat testes. (B) CGA (50 mg/kg) upregulation of AKT was significant (p < 0.05). (C) CGA (50 mg/kg) Upregulation of PI3K was not significant compared with TG group (p > 0.05). (* p < 0.05; ** p < 0.01; *** p < 0.001). 
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Figure 6. CGA ameliorates intra-testicular hormonal concentrations. (A) TG significantly reduced intra-testicular testosterone levels, while CGA significantly increased them (p < 0.05). Although TG caused notable dysregulation of intra-testicular LH and FSH, CGA resulted in a simultaneous decrease in both hormones. However, these changes were not statistically significant compared to the control (p > 0.05) (B,C). (* p < 0.05). 
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Figure 7. Chlorogenic acid (CGA) treatment repairs testicular damage as assessed by histopathology in male rats (H-E; 50 µm). (A) The control group exhibited a normal arrangement of seminiferous tubules, seminiferous epithelium, interstitial connective tissue, Leydig cells, Sertoli cells, and spermatozoa in the tubular lumen. (B) The TG + LC group also demonstrated a normal organization of tubules and cells. (C) The TG group revealed damaged tissue, characterized by disorganized and vacuolated seminiferous tubules (indicated by arrows) and enlarged intertubular spaces (broken circle), consistent with asthenozoospermia. (D) The TG + CGA-L group displayed partially organized and disorganized seminiferous tubules, with noticeable intertubular spaces and gaps between them. (E) The TG + CGA-M group showed well-organized seminiferous tubules with closed intertubular spaces and minimal gaps. (F) The TG + CGA-H group presented well-arranged seminiferous tubules with closed intertubular spaces and no gaps. 
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Table 1. Mean ± standard deviation (SD) of biochemical and physiological indices of experimental animals in various groups.
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	Group
	ALT ± SD (U/L)
	AST ± SD(U/L)
	BUN ± SD (mmol/L)
	CRE ± SD (µmol/L)





	Control
	9.50± 0.90 a
	11.83 ± 3.3 a
	8.12 ± 1.05 a
	44.41 ±3.85 a



	TG + LC
	15.29 ± 1.19 b,c
	9.93 ± 4.54 a
	9.89 ± 2.16 a
	56.4 ± 3.62 a,b



	TG
	22.37 ± 1.70 d
	10.28 ± 4.1 a
	20.88 ±2.29 c
	135.58 ± 11.08 d



	TG + CGA-L
	16.48 ± 1.29 c
	10.54 ± 5.5 a
	16.15 ± 1.93 b
	73.76 ± 4.75 c



	TG + CGA-M
	13.74 ± 0.81 b
	8.93 ± 2.5 a
	10.42 ± 1.59 a
	61.55 ± 5.95 b,c



	TG + CGA-H
	13.4 ± 0.73 b
	11.11 ± 3.53 a
	8.38 ± 1.25 a
	55.63 ± 6.7 a,b







Reference ranges—ALT & AST: 10–40 U/L [57,58], BUN: 1.785–7.14 mmol/L [59], and CRE: 53–97.2 µmol/L [60]. a,b,c,d: means on the same column with different alphabets are significantly different from each other (p < 0.05).
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