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Abstract: 28 

Cadmium (Cd) is a highly toxic heavy metal, and its detrimental effects on reproductive health 29 

pose a significant risk to the general population. Farnesol (FAR), a sesquiterpene alcohol, 30 

exhibits anti-inflammatory, antioxidant, and anticancer properties. This study investigated the 31 

protective effects of FAR against Cd-induced testicular toxicity, focusing on its antioxidant 32 

and anti-inflammatory mechanisms. Rats were randomly divided into four experimental 33 

groups: control, FAR (10 mg/kg), Cd (1.2 mg/kg), and Cd + FAR. Cd administration caused 34 

testicular tissue damage, altered hormone levels, oxidative stress and apoptosis, upregulated 35 

TLR4/NF-κB signaling and diminished antioxidants. FAR ameliorated gonadotropins and 36 

testosterone, prevented tissue damages, and attenuated oxidative stress. Additionally, FAR 37 

significantly attenuated the inflammatory response triggered by Cd, as evidenced by reduced 38 

levels of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) and suppression of the 39 

TLR4/NF-κB signaling pathway. FAR inhibited testicular apoptosis by upregulating the anti-40 

apoptotic protein Bcl-2 and downregulating the pro-apoptotic markers Bax and caspase-3. 41 

These results suggest that FAR mitigates Cd-induced testicular toxicity through cytoglobin 42 

upregulation, suppression of TLR4/NF-κB signaling, and inhibition of apoptotic pathways. 43 

Thus, FAR represents a promising therapeutic agent for protecting against Cd-induced 44 

reproductive damage. 45 

Keywords: Farnesol; Cadmium; Testis; oxidative stress; Inflammation. 46 

1. Introduction 47 

Cadmium (Cd) is a highly toxic heavy metal, and its adverse effects on reproductive health 48 

pose a significant risk to the general population [1, 2]. Cd accumulates progressively in vital 49 

organs such as the liver, kidneys, testes, and lungs, impairing their physiological functions [3]. 50 

This accumulation is attributed to its minimal excretion rate and prolonged biological half-life 51 
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[3]. Among these organs, the testes exhibit exceptional susceptibility to Cd exposure due to 52 

their high rates of cellular proliferation and metabolic activity, which adversely affect male 53 

reproductive function, including testicular integrity and spermatozoa viability [4-7]. Exposure 54 

to cadmium (Cd) has the potential to compromise the integrity of the blood-testis barrier, 55 

leading to significant adverse effects on testicular function, sperm quality, and overall 56 

reproductive health. This disruption can cause structural and functional damage to the testes, 57 

impair sperm production and motility, and ultimately reduce fertility, posing serious risks to 58 

male reproductive capacity [8, 9]. The primary mechanisms underlying Cd-induced testicular 59 

damage include oxidative stress (OS), apoptosis, and inflammation [10-13]. Disruption of 60 

cellular homeostasis by Cd leads to a cascade of physiological and pathological alterations, 61 

ultimately resulting in testicular dysfunction [14]. A comprehensive understanding of these 62 

mechanisms is essential for developing effective strategies to mitigate Cd-induced testicular 63 

damage. 64 

Exposure to Cd is closely associated with the generation of reactive oxygen species (ROS). 65 

Cd-initiated redox reactions produce hydroxyl radicals, hydrogen peroxide (H2O2), and 66 

superoxide anions, which can induce genetic alterations linked to oxidative stress, highlighting 67 

the pivotal role of oxidative damage in Cd toxicity [15]. Cd induces the generation of ROS 68 

through indirect mechanisms, primarily by triggering Fenton-type reactions and other oxidative 69 

processes driven by free iron. Moreover, Cd exposure disrupts mitochondrial function, further 70 

exacerbating oxidative stress. These combined effects lead to an overproduction of ROS, which 71 

can cause cellular damage and impair antioxidant defenses [16]. Spermatozoa are particularly 72 

vulnerable to oxidative damage due to their limited DNA repair capacity and high 73 

concentration of polyunsaturated fatty acids [17]. Cd-induced ROS generation can activate 74 

several signaling molecules, including toll-like receptor 4 (TLR4), leading to upregulation of 75 

nuclear factor-kappa B (NF-κB) and subsequent increases in proinflammatory cytokines [18, 76 
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19] . Accordingly, Cd exposure has been linked to testicular cell damage, reduced testosterone 77 

synthesis, and impaired sexual behavior in piglets [20]. These adverse effects are primarily 78 

attributed to the Cd-induced activation of the TLR4/NF-κB signaling pathway. This pathway 79 

triggers inflammatory responses and oxidative stress, which disrupt testicular function and 80 

negatively impact reproductive behaviors [20]. The findings highlight the detrimental role of 81 

Cd in compromising male reproductive health [17]. Oxidative stress not only causes direct 82 

structural damage to the testes but its orchestrated work with inflammation promotes apoptosis, 83 

as evidenced by elevated expression of pro-apoptotic B-cell lymphoma (Bcl)-2-associated X 84 

protein (Bax) and caspase-3, alongside reduced expression of the anti-apoptotic protein Bcl-2 85 

[21, 22]. Therefore, mitigating oxidative stress and inhibiting the activation of the TLR-4/NF-86 

κB signaling could serve as effective therapeutic approaches to protect the testis against Cd 87 

toxicity and apoptosis. By reducing oxidative damage and suppressing inflammation, these 88 

interventions may help preserve testicular function, maintain normal testosterone production, 89 

and confer protection from the harmful effects of Cd exposure. 90 

Natural products have gained significant attention in recent years due to their potential 91 

pharmacological benefits, including attenuation of inflammation and oxidative stress [23, 24]. 92 

The sesquiterpene farnesol (FAR) is a natural product that has demonstrated significant 93 

pharmacological potential in addressing various conditions related to different body organs 94 

[25, 26]. This sesquiterpene is naturally present in the essential oils of aromatic plants and is 95 

widely used as a flavoring agent in the food industry [27]. Numerous in vivo and preclinical 96 

studies have highlighted its diverse properties, including anti-inflammatory, antioxidant, 97 

antimicrobial, and antitumor activities [25, 26, 28, 29]. Our earlier research has confirmed the 98 

anti-inflammatory and antioxidant effects of FAR in rat models of hypercholesterolemia [26] 99 

and pesticide-induced kidney damage  [23]. Additionally, studies have shown that FAR can 100 

mitigate oxidative stress and protect against hepatocyte injury in mice exposed to 101 
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acetaminophen [30]. Despite these well-documented benefits of FAR in various diseases, its 102 

potential to counteract Cd reproductive toxicity remains unexplored. This study aims to 103 

investigate the protective effects of FAR against Cd-induced testicular injury, emphasizing the 104 

involvement of oxidative stress and TLR-4/NF-κB signaling. 105 

2. Materials and Methods 106 

2.1. Animals and treatments 107 

Male Wistar rats weighing 180–210 g were used in this study. The animals were housed in an 108 

air-conditioned room with a controlled 12-h light/dark cycle, maintained at a temperature of 22 109 

± 1 °C and 50-60% humidity, and provided with free access to water and standard diet pellets. 110 

The animals were acclimatized to the laboratory conditions for one week prior to the 111 

experiment. The rats were then randomly divided into four groups (n = 6). FAR and cadmium 112 

chloride (CdCl2) (Sigma, Cas-no. 4602-84-0 and 202908, respectively) were administered in 113 

0.5% carboxymethyl cellulose (CMC) and 0.9% saline, respectively, as vehicles. Group I and 114 

groups II received 0.5% CMC and 10 mg/kg FAR [23], respectively, orally for 14 days and 115 

intraperitoneal (i.p.) injection of 0.9% saline on day 7. Group III and group IV received 0.5% 116 

CMC and 10 mg/kg FAR, respectively, orally for 14 days and 1.2 mg/kg CdCl2 [31] via i.p. 117 

injection on day 7 . The dose and route of administration of Cd were selected based on a pilot 118 

study and previous investigations studied the toxicity of Cd [31, 32]. The use of 1.2 mg/kg 119 

didn’t cause mortality and resulted in blood Cd levels range between 1.36 to 1.75 µg/L which 120 

falls within the ranges reported in human populations exposed to Cd. For instance, Mortada et 121 

al have reported 0.8 − 4.5 µg/L blood Cd levels an Egyptian population [33]. 122 

Twenty-four hours after the final treatment, rats were anesthetized using ketamine/xylazine, 123 

and blood samples were collected via cardiac puncture. The collected blood was allowed to 124 

clot and centrifuged to separate serum which was stored at −80 °C until further analysis. The 125 
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testes were excised, cleaned, and portions were fixed in 10%  neutral-buffered formalin (NBF) 126 

while others were homogenized in cold Tris-HCl buffer (10 mM, pH = 7.4). 127 

2.2. Biochemical assays 128 

Serum levels of follicle-stimulating hormone (FSH), luteinizing hormone (LH), and 129 

testosterone were measured using commercially available kits from Elabscience (China, Cat. 130 

no. E-EL-R0391, E-EL-R0026, and E-OSEL-R0003, respertively). Malondialdehyde (MDA), 131 

reduced glutathione (GSH), superoxide dismutase (SOD) and catalase were assessed in the 132 

testicular supernatants using kits provided by BioDiagnostics (Egypt). The levels of NF-κB 133 

p65 (Cusabio, China, Cat. no. CSB-E08788r), interleukin-6 (IL-6), IL-1β, and tumor necrosis 134 

factor-alpha (TNF-α) (Elabscience, China, Cat. no. E-EL-R0015, E-EL-R0012, and E-EL-135 

R2856, respectively) were determined using ELISA kits and the absorbance was read on Epoch 136 

microplate reader (BioTek, USA). All procedures were conducted in strict adherence to the 137 

manufacturers' protocols. 138 

2.3. Histopathological and immunohistochemical examinations 139 

Following fixation for 24 h in 10% NBF, the tissue samples were embedded in paraffin wax, 140 

sectioned at 4 μm thickness using a microtome, and stained with hematoxylin and eosin (H&E), 141 

periodic acid-Schiff (PAS), and Sirius red for histological evaluation. The stained sections were 142 

examined blindly using Leica QWin DM3000 (Leica, UK). This scoring analysis was 143 

determined per cross-sectional area. The most representative six fields were assessed for each 144 

section in all groups using 100x magnification via light microscopy transferred to the screen. 145 

 For immunohistochemical analysis, 4 μm-thick paraffin-embedded sections were 146 

deparaffinized using xylene and rehydrated through a graded ethanol series. 147 

Immunoreactivities were evaluated using the Avidin Biotin Peroxidase Complex method as 148 

previously described [34]. Antigen retrieval was performed using a citrate buffer (pH 6.0), 149 
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followed by blocking of endogenous peroxidase activity with 3% H₂O₂ and non-specific 150 

protein binding with 1% bovine serum albumin. Sections were incubated with primary 151 

antibodies against cytoglobin, TLR4, cleaved caspase-3 (Biospes, China, Cat. no. YPA1394, 152 

YPA2203, and YPA2210, respectively), Bax, and Bcl-2 (Abcam, USA, Cat. no. ab182858) 153 

diluted 1:100, followed by HRP-conjugated secondary antibodies. For color development, 3,3'-154 

Diaminobenzidine (DAB) chromogen/substrate kit (ScyTek, USA) was used strictly following 155 

the manufacturer’s instructions. Stained sections were imaged (6 per rat) and quantified using 156 

ImageJ software. 157 

2.4. Statistical Analysis 158 

The normality of the data distribution was assessed using the Shapiro-Wilk test. Data are 159 

expressed as mean ± standard error of the mean (SEM) and were analyzed using one-way 160 

analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test. Statistical 161 

analyses were performed using GraphPad Prism software (version 8). A p-value of <0.05 was 162 

considered statistically significant. 163 

3. Results 164 

3.1. FAR ameliorates testicular histopathological alterations induced by Cd 165 

Photomicrographs illustrating the effects of FAR on testicular histopathology are presented in 166 

Figure 1. Testicular sections from the control (Fig. 1a) and FAR-only (Fig. 1b) groups exhibited 167 

normal histological architecture, characterized by seminiferous tubules with intact basement 168 

membranes, well-organized spermatogenic cell layers, and abundant spermatozoa in the 169 

lumina. Interstitial tissues displayed typical Leydig cell morphology and structure. In contrast, 170 

testicular sections from Cd-intoxicated rats (Fig. 1c) revealed severe histopathological damage, 171 

including irregular and thinning seminiferous tubules, disrupted basement membranes, reduced 172 

epithelial height of spermatogenic cells, and widespread apoptotic changes (Table 1). 173 
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Additionally, edema-induced detachment of spermatogenic cells from the basement membrane 174 

was observed, and the tubular lumina were largely devoid of spermatozoa. Interstitial tissues 175 

exhibited vascular congestion, edema, vacuolation, and intense basophilic apoptotic Leydig 176 

cells. In comparison, testicular sections from rats treated with FAR (Fig. 1d) showed marked 177 

improvement, with increased epithelial height of spermatogenic cells, normal tubular structure, 178 

and lumina predominantly filled with spermatozoa, although minor vacuolations were 179 

observed in some tubules. Interstitial tissues appeared normal, with intact Leydig cells (Table 180 

1). 181 

Testicular sections from the control (Fig. 2a) and FAR-only (Fig. 2b) groups exhibited strong 182 

PAS-positive staining in spermatogenic cells. In contrast, Cd-intoxicated rats (Fig. 2c) showed 183 

a reduction in PAS staining intensity, whereas FAR treatment (Fig. 2d) resulted in moderate 184 

PAS-positive staining. Sirius red staining demonstrated the extent of collagen deposition in 185 

testicular tissues. Control (Fig. 3a) and FAR-only (Fig. 3b) groups exhibited minimal collagen 186 

fibers along the basement membranes of seminiferous tubules and interstitial tissues. In 187 

contrast, Cd-intoxicated rats (Fig. 3c) showed extensive collagen deposition, and FAR 188 

treatment (Fig. 3d) reduced collagen fiber accumulation, with moderate staining intensity 189 

compared to the Cd group. 190 

3.2. Effect of FAR on gonadotropins and testosterone in Cd-administered rats 191 

The results illustrated in Figure 4 demonstrate a significant reduction in circulating levels of 192 

FSH (Fig. 4A), LH (Fig. 4B), and testosterone (Fig. 4C) in rats exposed to Cd compared to the 193 

control group (P<0.001). Treatment with FAR significantly elevated the serum concentrations 194 

of these hormones in Cd-exposed rats (P<0.001) with no effect in normal rats. 195 

3.3. FAR mitigates Cd-induced testicular oxidative stress 196 

Cd injection significantly elevated testicular MDA levels while reducing GSH content and the 197 

activities of SOD and catalase (P<0.001) as depicted in Figure 5A-D. FAR treatment 198 
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effectively counteracted these changes, restoring antioxidant levels and reducing MDA 199 

(P<0.001). 200 

3.4. FAR attenuates TLR-4/NF-κB signaling and inflammation in Cd-exposed rats 201 

TLR-4 expression showed a significant increase in the testes of Cd-exposed rats (Fig. 6A-B) 202 

compared to the control group (P<0.001). Additionally, levels of NF-κB p65, TNF-α , IL-6, 203 

and IL-1β (Fig. 6C-F) were markedly elevated in the testes of Cd-administered rats (P<0.001). 204 

Treatment with FAR significantly reduced the expression of TLR-4, NF-κB p65, and pro-205 

inflammatory cytokines (P<0.001). 206 

3.5. FAR prevents Cd-induced testicular apoptosis 207 

Cd administration significantly increased the expression of pro-apoptotic markers Bax and 208 

cleaved caspase-3 while downregulating the anti-apoptotic protein Bcl-2 (Fig. 7A-D; P<0.001). 209 

FAR treatment reversed these effects, upregulating Bcl-2 and downregulating Bax and caspase-210 

3. 211 

3.6. FAR upregulates testicular cytoglobin in Cd-administered rats 212 

IHC analysis revealed that Cd significantly reduced testicular cytoglobin (P<0.001) as depicted 213 

in Figure 8. FAR restored cytoglobin levels in the testis of Cd-administered rats (P<0.001). 214 

4. Discussion 215 

Exposure to Cd and other heavy metals has been linked to male infertility, as evidenced by 216 

studies in rodent models and human epidemiological research [35]. Cd is known to inflict 217 

significant damage on various testicular structures, including the seminiferous tubules, Sertoli 218 

cells, and the blood-testis barrier. This structural impairment often results in sperm loss and 219 

contributes to infertility [35], and studies have recognized oxidative stress and inflammation 220 

are as central mechanisms underlying Cd-induced toxicity [13, 36-38]. Furthermore, a direct 221 

correlation has been observed between markers of oxidative stress and urinary Cd levels in 222 

humans, highlighting the role of oxidative stress in Cd-related reproductive dysfunction [39]. 223 
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The naturally occurring sesquiterpene alcohol FAR has demonstrated significant 224 

pharmacological potential in mitigating various diseases and conditions [25, 26, 28, 29]. Its 225 

multifaceted biological activities, including antioxidant, anti-inflammatory, and anti-apoptotic 226 

properties, have prompted investigations into its therapeutic potential against Cd-induced 227 

testicular injury. This study provides novel insights into the mechanisms underlying the  228 

protective effects of FAR against Cd-induced testicular toxicity. Our findings reveal that FAR 229 

enhances antioxidant defenses by upregulating cytoglobin, attenuates inflammation by 230 

downregulating the TLR4/NF-κB signaling pathway, and inhibits apoptosis by modulating the 231 

expression of Bcl-2, Bax, and caspase-3. These results highlight the potential of FAR as a 232 

therapeutic agent for preventing Cd-induced testicular damage and suggest new avenues for 233 

developing targeted treatment strategies. 234 

Cd exposure is widely recognized for its detrimental effects on male reproductive health, 235 

including disruption of the blood-testis barrier, impaired germ cell adhesion, loss of immature 236 

germ cells, reduced testosterone levels, and decreased sperm count, ultimately leading to 237 

subfertility or infertility [35, 37]. Our findings are consistent with these reports, demonstrating 238 

that Cd administration significantly reduced serum levels of FSH, LH, and testosterone. The 239 

observed decline in gonadotropin levels highlights the detrimental impact of Cd on the 240 

pituitary-gonadal axis, leading to reduced testosterone production [37]. This reduction in 241 

testosterone is closely associated with the apoptosis of Leydig cells. Research has consistently 242 

shown that Cd exerts damaging effects on key testicular structures, including the seminiferous 243 

tubules, blood-testis barrier, and Leydig cells [35]. Within the seminiferous tubules, Sertoli 244 

cells (SCs) play a critical role in spermatogenesis by facilitating spermatogonia differentiation 245 

and maintaining communication between the tubules and interstitial tissue [40]. Cd exposure 246 

in rodents has been shown to cause significant ultrastructural damage to SCs fragmentation of 247 

actin filaments [41-43]. Histopathological examination revealed several adverse alterations, 248 
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including a reduction in spermatogenic cell populations, apoptotic changes, interstitial edema, 249 

fibrosis, congested blood vessels, hemorrhage, inflammatory cell infiltration, and apoptotic 250 

Leydig cells in Cd-exposed rats. Consistent with our findings, studies have reported that Cd 251 

exposure in rats leads to disorganization of the seminiferous epithelium, a reduction in 252 

spermatogonia numbers, and impaired sperm motility, count, and viability [37, 44-46]. 253 

Notably, treatment with FAR effectively reversed these hormonal imbalances and ameliorated 254 

the testicular tissue structures. This suggests that FAR may protect against Cd-induced 255 

endocrine disruption, thereby preserving testicular function. The protective effect of FAR could 256 

be directly attributed to mitigation of oxidative stress and inflammation, two key processes 257 

mediating Cd toxicity [16, 44-47]. 258 

Oxidative stress, characterized by an imbalance between oxidant production and antioxidant 259 

defenses, plays a central role in Cd-induced testicular toxicity. Cd exposure generates ROS, 260 

which overwhelm cellular antioxidant mechanisms, leading to lipid peroxidation, DNA 261 

damage, and cellular dysfunction [48]. In this study, Cd depleted testicular GSH, SOD, and 262 

catalase, while increased MDA levels, a marker of lipid peroxidation. These findings align with 263 

previous studies showing the involvement of redox imbalance in Cd toxicity. In this regard, 264 

numerous studies have highlighted the involvement of oxidative stress in the reproductive 265 

toxicity caused by Cd in both experimental animal models and human populations [39, 44-46]. 266 

Research conducted on rodents has demonstrated increased levels of lipid peroxidation, 267 

oxidative DNA damage, and a decline in antioxidant capacity following Cd exposure [44-46]. 268 

Furthermore, a significant positive correlation between urinary Cd levels and markers of 269 

oxidative stress, alongside a negative association with semen quality, underscoring the 270 

detrimental impact of Cd on male reproductive health [39]. Cd reduces antioxidant defenses by 271 

binding to sulfhydryl groups in GSH and interfering with the catalytic activity of key 272 

antioxidant enzymes [49-51]. In addition to inducing oxidative stress, excessive ROS triggers 273 
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an inflammatory response by activating signaling pathways, including the TLR4/NF-κB axis, 274 

which is sensitive to redox changes and promotes the release of TNF-α, IL-6, and IL-1β [18, 275 

19]. These cytokines were increased in the testis of Cd-administered rats in this study. 276 

Upregulation of TLR4 and NF-κB have been reported in studies showing the toxic effect of Cd 277 

on the heart and nervous system [52, 53]. In combination with ROS, pro-inflammatory 278 

cytokines contribute to cell death by causing mitochondrial dysfunction and promoting 279 

apoptosis [54]. The disruption of mitochondrial membrane potential and the subsequent release 280 

of cytochrome c activate caspase-3, initiating the apoptotic cascade [55]. Consistent with these 281 

mechanisms, Cd-induced apoptosis in the testes of rats was confirmed through increased 282 

expression of pro-apoptotic markers (Bax and caspase-3) and decreased levels of the anti-283 

apoptotic protein Bcl-2. 284 

Treatment with FAR effectively mitigated oxidative stress and inflammatory response induced 285 

by Cd in the testis of rats. FAR decreased MDA, suppressed TLR4/NF-κB signaling and the 286 

release of pro-inflammatory cytokines, and enhanced antioxidants in the testis of rats that 287 

received Cd. These effects demonstrated the protective role of FAR against oxidative and 288 

inflammatory damage induced by Cd. In addition, FAR prevented apoptosis as evidenced by 289 

the decrease in Bax and caspase-3 and increased Bcl-2. The beneficial effects of FAR in disease 290 

conditions associated with surplus ROS generation and inflammation have been demonstrated 291 

in experimental animal models. In our prior research, we have demonstrated that FAR 292 

effectively counteracts oxidative stress and inflammation in conditions such as chlorpyrifos 293 

pesticide exposure [23] and hypercholesterolemia [26]. In a murine model of asthma, FAR 294 

alleviated lung inflammation by suppressing TNF-α levels [56], and reduced lipid peroxidation 295 

and inflammation while boosting antioxidant defenses in the lungs of rats exposed to cigarette 296 

smoke extract [57]. Moreover, FAR was shown to downregulate TNF-α and IL-6 levels in mice 297 

with gliosis [58]. In another study, FAR prevented early tumor formation and oxidative damage 298 
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in the kidneys of rats treated with ferric nitrilotriacetate [28]. Our current findings further 299 

reinforce evidence supporting the ability of FAR to mitigate oxidative stress and inflammation 300 

effectively. Furthermore, our study provided information on the involvement of cytoglobin 301 

upregulation in the protective mechanism of FAR against Cd testicular toxicity. Cytoglobin, a 302 

member of the globin family, has recently emerged as a key regulator of oxidative stress and 303 

cellular signaling. It scavenges ROS and modulates apoptotic pathways, thereby protecting 304 

cells from oxidative damage [59]. Research has shown that the suppression of cytoglobin 305 

contributes to cellular damage by inducing oxidative DNA damage, while its upregulation 306 

reduces ROS and protects against cell death [59, 60]. Notably, cytoglobin exhibits SOD-like 307 

activity, effectively inhibiting the formation of superoxide radicals and peroxynitrite [61]. 308 

Additionally, cells and tissues deficient in cytoglobin were found to be more prone to fibrotic 309 

changes and inflammatory responses following radiation exposure [59]. In our study, Cd 310 

administration significantly downregulated cytoglobin expression, while FAR treatment 311 

restored its levels. This suggests that the antioxidant and anti-apoptotic effects of FAR may be 312 

mediated, in part, through upregulation of cytoglobin. 313 

While this study provides valuable insights into the protective effects of FAR against Cd-314 

induced testicular toxicity, several limitations should be acknowledged. First, the study was 315 

conducted in a rodent model, which may not fully replicate the complexity of human 316 

reproductive physiology and Cd exposure scenarios. Second, the study focused on the acute 317 

toxicity of Cd. The long-term consequences of Cd exposure and the sustained efficacy of FAR 318 

in mitigating testicular damage remain to be investigated. Third, although the study explored 319 

key mechanisms such as oxidative stress, inflammation, and apoptosis, other potential 320 

pathways, such as epigenetic modifications or hormonal signaling cascades, were not 321 

examined. Future studies could explore these additional mechanisms to provide a more 322 

comprehensive understanding of Cd toxicity and the protective effects of FAR. Fourth, the 323 
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dose-response relationship of FAR and its effect on sperm parameters were not thoroughly 324 

evaluated. Determining the optimal therapeutic dose of FAR for maximum efficacy and 325 

minimal side effects would be essential for its potential clinical application. Addressing these 326 

limitations in future research will strengthen the findings and enhance the translational 327 

potential of FAR as a therapeutic agent for Cd-induced reproductive toxicity. 328 

5. Conclusion 329 

This study highlights the therapeutic potential of FAR in preventing Cd-induced testicular 330 

injury. FAR exerts its protective effects through multiple mechanisms, including upregulation 331 

of cytoglobin to enhance antioxidant defenses, downregulation of the TLR4/NF-κB pathway 332 

to attenuate inflammation, and modulation of apoptotic signaling to inhibit germ cell loss. By 333 

restoring hormonal balance, reducing oxidative stress, and suppressing inflammatory and 334 

apoptotic pathways, FAR effectively mitigates Cd-induced testicular damage. These findings 335 

underscore the potential of FAR as an adjuvant therapy for individuals exposed to 336 

environmental Cd toxicity. Future studies are needed to explore the clinical applicability of 337 

FAR and its potential synergies with other therapeutic agents to further enhance its protective 338 

effects. 339 
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Tables: 529 

Table 1. Histopathological lesions scoring. 530 

 Control FAR Cd FAR + Cd 

Degenerated seminiferous tubules 0.17 ± 0.16 0.17 ± 0.16 3.83 ± 0.19*** 1.83 ± 0.30***### 

Epithelial height of spermatogenic cells 4.0 ± 0.00 4.0 ± 0.00 0.83 ± 0.32*** 2.33 ± 0.28***### 

Spermatozoa 3.83 ± 0.17 3.67 ± 0.20 0.34 ± 0.22*** 2.50 ± 0.67## 

Apoptotic Leydig cells 0.33 ± 0.21 0.33 ± 0.21 3.82 ± 0.16*** 1.67 ± 0.31### 

Apoptotic spermatogenic cells 0.33 ± 0.21 0.33 ± 0.21 3.83 ± 0.16*** 2.00 ± 0.36***### 

Detached spermatogenic cells 0.17 ± 0.16 0.17 ± 0.16 3.62 ± 0.30*** 0.83 ± 0.30### 

Congested blood vessels 0.17 ± 0.16 0.33 ± 0.21 3.50 ± 0.34*** 0.67 ± 0.33### 

Data are mean ± SEM. ***P<0.001 versus Control. ##P<0.01 and ###P<0.001 versus Cd. 531 
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Figures 532 

 533 
Figure 1. Photomicrographs of H&E-stained sections showing the protective role of FAR 534 
against Cd-induced histopathological alterations of testicular tissues. (a-b) Testis section from 535 
the control (a) and FAR-supplemented (b) rats showing normal seminiferous tubules with 536 
lining of spermatogenic cells (arrow) resting on intact basement membrane and engaged with 537 
many sperms in its lumen (arrowhead), and interstitial tissue (rectangle) with Leydig cells 538 
(wave arrow), (c) Cd-administered rats showing irregular and thin seminiferous tubules with 539 
damaged basement membrane (arrow with tail), decrease in spermatogenic cells (star), 540 
apoptotic changes in most of the spermatogenic cells, edema leading to detachment of 541 
spermatogenic cells from the basement membrane (arrow), tubular lumen appeared empty from 542 
spermatozoa (arrowhead), congested blood vessels (curvy arrow), edema, vacuolation 543 
(rectangle), and intense basophilic apoptotic Leydig cells (wave arrow), and (d) Cd-544 
administered rats treated with FAR showing improvement in spermatogenic cells (arrow) 545 
except few tubules developed with vacuolations among spermatogenic cells (arrow with 546 
tail),increased number of sperms (triangle) although little tubules appeared empty (arrowhead), 547 
regular structure of interstitial tissue (rectangle) with intact Leydig cells (wave arrow). (x200, 548 
Scale bar = 100 µm). 549 
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 550 
Figure 2. Photomicrographs of PAS-stained sections in the testis of (a-b) control (a) and FAR-551 
supplemented (b) rats showing strong positive PAS staining and intact interstitial tissue 552 
(arrows), (c) Cd-intoxicated rats showing a distinct reduction in the intensity of PAS staining 553 
(arrows), and (d) Cd-intoxicated rats treated with FAR showing increased PAS staining 554 
intensity (arrows). (x200, Scale bar = 100 µm). 555 

 556 
Figure 3. Photomicrographs of Sirius red-stained sections in the testis of (a-b) control (a) and 557 
FAR-supplemented (b) rats showing a little quantity of collagen fiber along the basement 558 
membrane of seminiferous tubules and interstitial tissue (arrow), (c) Cd-intoxicated rats 559 
showing increased collagen fibers organized as interstitial fibrosis (arrow), and (d) Cd-560 
intoxicated rats treated with FAR showing a noticeable reduction in collagen fiber (arrow). 561 
(x200, Scale bar = 100 µm). 562 
 563 
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 564 
Figure 4. FAR alleviated gonadotropins and testosterone in Cd-administered rats. FAR 565 
increased in serum FSH (A), LH (B), and testosterone (C). Data are mean ± SEM, (n = 6). 566 
***P<0.001 versus Control. ###P<0.001 versus Cd. 567 

 568 
Figure 5. FAR mitigated Cd-induced testicular oxidative stress. Treatment with FAR decreased 569 
MDA (A), and increased GSH (B), SOD (C), and CAT (D). Data are mean ± SEM, (n = 6). 570 
***P<0.001 versus Control. ###P<0.001 versus Cd. 571 
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 572 
Figure 6. FAR attenuated inflammation in Cd-administered rats. FAR downregulated the 573 
expression of TLR4 (A-B) and NF-κB p65 (C), TNF-α (D), IL-1β (E), and IL-6 (F). Data are 574 
mean ± SEM, (n = 6). *P<0.05, **P<0.01, and ***P<0.001 versus Control. ###P<0.001 versus 575 
Cd. 576 
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 577 
Figure 7. FAR prevented Cd-induced testicular apoptosis. FAR downregulated Bax (A, B) and 578 
cleaved caspase-3 (A, C), and increased Bcl-2 (A, D) expression levels in the testis of Cd-579 
intoxicated rats. Data are mean ± SEM, (n = 6). ***P<0.001 versus Control. ###P<0.001 versus 580 
Cd. 581 

 582 
Figure 8. FAR upregulated cytoglobin in the testis of Cd-intoxicated rats. Data are mean ± 583 
SEM, (n = 6). ***P<0.001 versus Control. ###P<0.001 versus Cd. 584 


