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Abstract:

Cadmium (Cd) is a highly toxic heavy metal, and its detrimental effects on reproductive health
pose a significant risk to the general population. Farnesol (FAR), a sesquiterpene alcohol,
exhibits anti-inflammatory, antioxidant, and anticancer properties. This study investigated the
protective effects of FAR against Cd-induced testicular toxicity, focusing on its antioxidant
and anti-inflammatory mechanisms. Rats were randomly divided into four experimental
groups: control, FAR (10 mg/kg), Cd (1.2 mg/kg), and Cd + FAR. Cd administration caused
testicular tissue damage, altered hormone levels, oxidative stress and apoptosis, upregulated
TLR4/NF-xB signaling and diminished antioxidants. FAR ameliorated gonadotropins and
testosterone, prevented tissue damages, and attenuated oxidative stress. Additionally, FAR
significantly attenuated the inflammatory response triggered by Cd, as evidenced by reduced
levels of pro-inflammatory cytokines (TNF-a, IL-1B, and IL-6) and suppression of the
TLR4/NF-xB signaling pathway. FAR inhibited testicular apoptosis by upregulating the anti-
apoptotic protein Bcl-2 and downregulating the pro-apoptotic markers Bax and caspase-3.
These results suggest that FAR mitigates Cd-induced testicular toxicity through cytoglobin
upregulation, suppression of TLR4/NF-kB signaling, and inhibition of apoptotic pathways.
Thus, FAR represents a promising therapeutic agent for protecting against Cd-induced

reproductive damage.

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

1. Introduction

Cadmium (Cd) is a highly toxic heavy metal, and its adverse effects on reproductive health
pose a significant risk to the general population [1, 2]. Cd accumulates progressively in vital
organs such as the liver, kidneys, testes, and lungs, impairing their physiological functions [3].

This accumulation is attributed to its minimal excretion rate and prolonged biological half-life
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[3]. Among these organs, the testes exhibit exceptional susceptibility to Cd exposure due to
their high rates of cellular proliferation and metabolic activity, which adversely affect male
reproductive function, including testicular integrity and spermatozoa viability [4-7]. Exposure
to cadmium (Cd) has the potential to compromise the integrity of the blood-testis barrier,
leading to significant adverse effects on testicular function, sperm quality, and overall
reproductive health. This disruption can cause structural and functional damage to the testes,
impair sperm production and motility, and ultimately reduce fertility, posing serious risks to
male reproductive capacity [8, 9]. The primary mechanisms underlying Cd-induced testicular
damage include oxidative stress (OS), apoptosis, and inflammation [10-13]. Disruption of
cellular homeostasis by Cd leads to a cascade of physiological and pathological alterations,
ultimately resulting in testicular dysfunction [14]. A comprehensive understanding of these
mechanisms is essential for developing effective strategies to mitigate Cd-induced testicular

damage.

Exposure to Cd is closely associated with the generation of reactive oxygen species (ROS).
Cd-initiated redox reactions produce hydroxyl radicals, hydrogen peroxide (H202), and
superoxide anions, which can induce genetic alterations linked to oxidative stress, highlighting
the pivotal role of oxidative damage in Cd toxicity [15]. Cd induces the generation of ROS
through indirect mechanisms, primarily by triggering Fenton-type reactions and other oxidative
processes driven by free iron. Moreover, Cd exposure disrupts mitochondrial function, further
exacerbating oxidative stress. These combined effects lead to an overproduction of ROS, which
can cause cellular damage and impair antioxidant defenses [16]. Spermatozoa are particularly
vulnerable to oxidative damage due to their limited DNA repair capacity and high
concentration of polyunsaturated fatty acids [17]. Cd-induced ROS generation can activate
several signaling molecules, including toll-like receptor 4 (TLR4), leading to upregulation of

nuclear factor-kappa B (NF-kB) and subsequent increases in proinflammatory cytokines [18,



77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

19] . Accordingly, Cd exposure has been linked to testicular cell damage, reduced testosterone
synthesis, and impaired sexual behavior in piglets [20]. These adverse effects are primarily
attributed to the Cd-induced activation of the TLR4/NF-«xB signaling pathway. This pathway
triggers inflammatory responses and oxidative stress, which disrupt testicular function and
negatively impact reproductive behaviors [20]. The findings highlight the detrimental role of
Cd in compromising male reproductive health [17]. Oxidative stress not only causes direct
structural damage to the testes but its orchestrated work with inflammation promotes apoptosis,
as evidenced by elevated expression of pro-apoptotic B-cell lymphoma (Bcl)-2-associated X
protein (Bax) and caspase-3, alongside reduced expression of the anti-apoptotic protein Bcl-2
[21, 22]. Therefore, mitigating oxidative stress and inhibiting the activation of the TLR-4/NF-
kB signaling could serve as effective therapeutic approaches to protect the testis against Cd
toxicity and apoptosis. By reducing oxidative damage and suppressing inflammation, these
interventions may help preserve testicular function, maintain normal testosterone production,

and confer protection from the harmful effects of Cd exposure.

Natural products have gained significant attention in recent years due to their potential
pharmacological benefits, including attenuation of inflammation and oxidative stress [23, 24].
The sesquiterpene farnesol (FAR) is a natural product that has demonstrated significant
pharmacological potential in addressing various conditions related to different body organs
[25, 26]. This sesquiterpene is naturally present in the essential oils of aromatic plants and is
widely used as a flavoring agent in the food industry [27]. Numerous in vivo and preclinical
studies have highlighted its diverse properties, including anti-inflammatory, antioxidant,
antimicrobial, and antitumor activities [25, 26, 28, 29]. Our earlier research has confirmed the
anti-inflammatory and antioxidant effects of FAR in rat models of hypercholesterolemia [26]
and pesticide-induced kidney damage [23]. Additionally, studies have shown that FAR can

mitigate oxidative stress and protect against hepatocyte injury in mice exposed to
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acetaminophen [30]. Despite these well-documented benefits of FAR in various diseases, its
potential to counteract Cd reproductive toxicity remains unexplored. This study aims to
investigate the protective effects of FAR against Cd-induced testicular injury, emphasizing the

involvement of oxidative stress and TLR-4/NF-«B signaling.

2. Materials and Methods

2.1. Animals and treatments

Male Wistar rats weighing 180-210 g were used in this study. The animals were housed in an
air-conditioned room with a controlled 12-h light/dark cycle, maintained at a temperature of 22
+ 1 °C and 50-60% humidity, and provided with free access to water and standard diet pellets.
The animals were acclimatized to the laboratory conditions for one week prior to the
experiment. The rats were then randomly divided into four groups (n = 6). FAR and cadmium
chloride (CdCl,) (Sigma, Cas-no. 4602-84-0 and 202908, respectively) were administered in
0.5% carboxymethyl cellulose (CMC) and 0.9% saline, respectively, as vehicles. Group | and
groups Il received 0.5% CMC and 10 mg/kg FAR [23], respectively, orally for 14 days and
intraperitoneal (i.p.) injection of 0.9% saline on day 7. Group Il and group 1V received 0.5%
CMC and 10 mg/kg FAR, respectively, orally for 14 days and 1.2 mg/kg CdCl, [31] via i.p.
injection on day 7 . The dose and route of administration of Cd were selected based on a pilot
study and previous investigations studied the toxicity of Cd [31, 32]. The use of 1.2 mg/kg
didn’t cause mortality and resulted in blood Cd levels range between 1.36 to 1.75 pg/L which
falls within the ranges reported in human populations exposed to Cd. For instance, Mortada et

al have reported 0.8 —4.5 pug/L blood Cd levels an Egyptian population [33].

Twenty-four hours after the final treatment, rats were anesthetized using ketamine/xylazine,
and blood samples were collected via cardiac puncture. The collected blood was allowed to

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

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

2.2. Biochemical assays

Serum levels of follicle-stimulating hormone (FSH), luteinizing hormone (LH), and
testosterone were measured using commercially available kits from Elabscience (China, Cat.
no. E-EL-R0391, E-EL-R0026, and E-OSEL-R0003, respertively). Malondialdehyde (MDA),
reduced glutathione (GSH), superoxide dismutase (SOD) and catalase were assessed in the
testicular supernatants using kits provided by BioDiagnostics (Egypt). The levels of NF-xB
p65 (Cusabio, China, Cat. no. CSB-E08788r), interleukin-6 (IL-6), IL-1p, and tumor necrosis
factor-alpha (TNF-a) (Elabscience, China, Cat. no. E-EL-R0015, E-EL-R0012, and E-EL-
R2856, respectively) were determined using ELISA kits and the absorbance was read on Epoch
microplate reader (BioTek, USA). All procedures were conducted in strict adherence to the

manufacturers' protocols.

2.3. Histopathological and immunohistochemical examinations

Following fixation for 24 h in 10% NBF, the tissue samples were embedded in paraffin wax,
sectioned at 4 um thickness using a microtome, and stained with hematoxylin and eosin (H&E),
periodic acid-Schiff (PAS), and Sirius red for histological evaluation. The stained sections were
examined blindly using Leica QWin DM3000 (Leica, UK). This scoring analysis was
determined per cross-sectional area. The most representative six fields were assessed for each

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

For immunohistochemical analysis, 4 um-thick paraffin-embedded sections were
deparaffinized using xylene and rehydrated through a graded ethanol series.
Immunoreactivities were evaluated using the Avidin Biotin Peroxidase Complex method as

previously described [34]. Antigen retrieval was performed using a citrate buffer (pH 6.0),
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followed by blocking of endogenous peroxidase activity with 3% H.O. and non-specific
protein binding with 1% bovine serum albumin. Sections were incubated with primary
antibodies against cytoglobin, TLR4, cleaved caspase-3 (Biospes, China, Cat. no. YPA1394,
YPAZ2203, and YPA2210, respectively), Bax, and Bcl-2 (Abcam, USA, Cat. no. ab182858)
diluted 1:100, followed by HRP-conjugated secondary antibodies. For color development, 3,3'-
Diaminobenzidine (DAB) chromogen/substrate kit (ScyTek, USA) was used strictly following
the manufacturer’s instructions. Stained sections were imaged (6 per rat) and quantified using

ImageJ software.

2.4. Statistical Analysis

The normality of the data distribution was assessed using the Shapiro-Wilk test. Data are
expressed as mean * standard error of the mean (SEM) and were analyzed using one-way
analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test. Statistical
analyses were performed using GraphPad Prism software (version 8). A p-value of <0.05 was

considered statistically significant.

3. Results

3.1. FAR ameliorates testicular histopathological alterations induced by Cd

Photomicrographs illustrating the effects of FAR on testicular histopathology are presented in
Figure 1. Testicular sections from the control (Fig. 1a) and FAR-only (Fig. 1b) groups exhibited
normal histological architecture, characterized by seminiferous tubules with intact basement
membranes, well-organized spermatogenic cell layers, and abundant spermatozoa in the
lumina. Interstitial tissues displayed typical Leydig cell morphology and structure. In contrast,
testicular sections from Cd-intoxicated rats (Fig. 1c) revealed severe histopathological damage,
including irregular and thinning seminiferous tubules, disrupted basement membranes, reduced

epithelial height of spermatogenic cells, and widespread apoptotic changes (Table 1).
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Additionally, edema-induced detachment of spermatogenic cells from the basement membrane
was observed, and the tubular lumina were largely devoid of spermatozoa. Interstitial tissues
exhibited vascular congestion, edema, vacuolation, and intense basophilic apoptotic Leydig
cells. In comparison, testicular sections from rats treated with FAR (Fig. 1d) showed marked
improvement, with increased epithelial height of spermatogenic cells, normal tubular structure,
and lumina predominantly filled with spermatozoa, although minor vacuolations were
observed in some tubules. Interstitial tissues appeared normal, with intact Leydig cells (Table

1).

Testicular sections from the control (Fig. 2a) and FAR-only (Fig. 2b) groups exhibited strong
PAS-positive staining in spermatogenic cells. In contrast, Cd-intoxicated rats (Fig. 2c) showed
a reduction in PAS staining intensity, whereas FAR treatment (Fig. 2d) resulted in moderate
PAS-positive staining. Sirius red staining demonstrated the extent of collagen deposition in
testicular tissues. Control (Fig. 3a) and FAR-only (Fig. 3b) groups exhibited minimal collagen
fibers along the basement membranes of seminiferous tubules and interstitial tissues. In
contrast, Cd-intoxicated rats (Fig. 3c) showed extensive collagen deposition, and FAR
treatment (Fig. 3d) reduced collagen fiber accumulation, with moderate staining intensity

compared to the Cd group.

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

The results illustrated in Figure 4 demonstrate a significant reduction in circulating levels of
FSH (Fig. 4A), LH (Fig. 4B), and testosterone (Fig. 4C) in rats exposed to Cd compared to the
control group (P<0.001). Treatment with FAR significantly elevated the serum concentrations
of these hormones in Cd-exposed rats (P<0.001) with no effect in normal rats.

3.3. FAR mitigates Cd-induced testicular oxidative stress

Cd injection significantly elevated testicular MDA levels while reducing GSH content and the
activities of SOD and catalase (P<0.001) as depicted in Figure 5A-D. FAR treatment

8
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effectively counteracted these changes, restoring antioxidant levels and reducing MDA
(P<0.001).

3.4. FAR attenuates TLR-4/NF-kB signaling and inflammation in Cd-exposed rats
TLR-4 expression showed a significant increase in the testes of Cd-exposed rats (Fig. 6A-B)
compared to the control group (P<0.001). Additionally, levels of NF-xB p65, TNF-a , IL-6,
and IL-1pB (Fig. 6C-F) were markedly elevated in the testes of Cd-administered rats (P<0.001).
Treatment with FAR significantly reduced the expression of TLR-4, NF-kB p65, and pro-
inflammatory cytokines (P<0.001).

3.5. FAR prevents Cd-induced testicular apoptosis

Cd administration significantly increased the expression of pro-apoptotic markers Bax and
cleaved caspase-3 while downregulating the anti-apoptotic protein Bcl-2 (Fig. 7A-D; P<0.001).
FAR treatment reversed these effects, upregulating Bcl-2 and downregulating Bax and caspase-
3.

3.6. FAR upregulates testicular cytoglobin in Cd-administered rats

IHC analysis revealed that Cd significantly reduced testicular cytoglobin (P<0.001) as depicted
in Figure 8. FAR restored cytoglobin levels in the testis of Cd-administered rats (P<0.001).

4. Discussion

Exposure to Cd and other heavy metals has been linked to male infertility, as evidenced by
studies in rodent models and human epidemiological research [35]. Cd is known to inflict
significant damage on various testicular structures, including the seminiferous tubules, Sertoli
cells, and the blood-testis barrier. This structural impairment often results in sperm loss and
contributes to infertility [35], and studies have recognized oxidative stress and inflammation
are as central mechanisms underlying Cd-induced toxicity [13, 36-38]. Furthermore, a direct
correlation has been observed between markers of oxidative stress and urinary Cd levels in

humans, highlighting the role of oxidative stress in Cd-related reproductive dysfunction [39].
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The naturally occurring sesquiterpene alcohol FAR has demonstrated significant
pharmacological potential in mitigating various diseases and conditions [25, 26, 28, 29]. Its
multifaceted biological activities, including antioxidant, anti-inflammatory, and anti-apoptotic
properties, have prompted investigations into its therapeutic potential against Cd-induced
testicular injury. This study provides novel insights into the mechanisms underlying the
protective effects of FAR against Cd-induced testicular toxicity. Our findings reveal that FAR
enhances antioxidant defenses by upregulating cytoglobin, attenuates inflammation by
downregulating the TLR4/NF-«B signaling pathway, and inhibits apoptosis by modulating the
expression of Bcl-2, Bax, and caspase-3. These results highlight the potential of FAR as a
therapeutic agent for preventing Cd-induced testicular damage and suggest new avenues for

developing targeted treatment strategies.

Cd exposure is widely recognized for its detrimental effects on male reproductive health,
including disruption of the blood-testis barrier, impaired germ cell adhesion, loss of immature
germ cells, reduced testosterone levels, and decreased sperm count, ultimately leading to
subfertility or infertility [35, 37]. Our findings are consistent with these reports, demonstrating
that Cd administration significantly reduced serum levels of FSH, LH, and testosterone. The
observed decline in gonadotropin levels highlights the detrimental impact of Cd on the
pituitary-gonadal axis, leading to reduced testosterone production [37]. This reduction in
testosterone is closely associated with the apoptosis of Leydig cells. Research has consistently
shown that Cd exerts damaging effects on key testicular structures, including the seminiferous
tubules, blood-testis barrier, and Leydig cells [35]. Within the seminiferous tubules, Sertoli
cells (SCs) play a critical role in spermatogenesis by facilitating spermatogonia differentiation
and maintaining communication between the tubules and interstitial tissue [40]. Cd exposure
in rodents has been shown to cause significant ultrastructural damage to SCs fragmentation of

actin filaments [41-43]. Histopathological examination revealed several adverse alterations,

10



249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

including a reduction in spermatogenic cell populations, apoptotic changes, interstitial edema,
fibrosis, congested blood vessels, hemorrhage, inflammatory cell infiltration, and apoptotic
Leydig cells in Cd-exposed rats. Consistent with our findings, studies have reported that Cd
exposure in rats leads to disorganization of the seminiferous epithelium, a reduction in
spermatogonia numbers, and impaired sperm motility, count, and viability [37, 44-46].
Notably, treatment with FAR effectively reversed these hormonal imbalances and ameliorated
the testicular tissue structures. This suggests that FAR may protect against Cd-induced
endocrine disruption, thereby preserving testicular function. The protective effect of FAR could
be directly attributed to mitigation of oxidative stress and inflammation, two key processes

mediating Cd toxicity [16, 44-47].

Oxidative stress, characterized by an imbalance between oxidant production and antioxidant
defenses, plays a central role in Cd-induced testicular toxicity. Cd exposure generates ROS,
which overwhelm cellular antioxidant mechanisms, leading to lipid peroxidation, DNA
damage, and cellular dysfunction [48]. In this study, Cd depleted testicular GSH, SOD, and
catalase, while increased MDA levels, a marker of lipid peroxidation. These findings align with
previous studies showing the involvement of redox imbalance in Cd toxicity. In this regard,
numerous studies have highlighted the involvement of oxidative stress in the reproductive
toxicity caused by Cd in both experimental animal models and human populations [39, 44-46].
Research conducted on rodents has demonstrated increased levels of lipid peroxidation,
oxidative DNA damage, and a decline in antioxidant capacity following Cd exposure [44-46].
Furthermore, a significant positive correlation between urinary Cd levels and markers of
oxidative stress, alongside a negative association with semen quality, underscoring the
detrimental impact of Cd on male reproductive health [39]. Cd reduces antioxidant defenses by
binding to sulfhydryl groups in GSH and interfering with the catalytic activity of key

antioxidant enzymes [49-51]. In addition to inducing oxidative stress, excessive ROS triggers
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an inflammatory response by activating signaling pathways, including the TLR4/NF-kB axis,
which is sensitive to redox changes and promotes the release of TNF-a, IL-6, and IL-1p [18,
19]. These cytokines were increased in the testis of Cd-administered rats in this study.
Upregulation of TLR4 and NF-kB have been reported in studies showing the toxic effect of Cd
on the heart and nervous system [52, 53]. In combination with ROS, pro-inflammatory
cytokines contribute to cell death by causing mitochondrial dysfunction and promoting
apoptosis [54]. The disruption of mitochondrial membrane potential and the subsequent release
of cytochrome c activate caspase-3, initiating the apoptotic cascade [55]. Consistent with these
mechanisms, Cd-induced apoptosis in the testes of rats was confirmed through increased
expression of pro-apoptotic markers (Bax and caspase-3) and decreased levels of the anti-

apoptotic protein Bcl-2.

Treatment with FAR effectively mitigated oxidative stress and inflammatory response induced
by Cd in the testis of rats. FAR decreased MDA, suppressed TLR4/NF-kB signaling and the
release of pro-inflammatory cytokines, and enhanced antioxidants in the testis of rats that
received Cd. These effects demonstrated the protective role of FAR against oxidative and
inflammatory damage induced by Cd. In addition, FAR prevented apoptosis as evidenced by
the decrease in Bax and caspase-3 and increased Bcl-2. The beneficial effects of FAR in disease
conditions associated with surplus ROS generation and inflammation have been demonstrated
in experimental animal models. In our prior research, we have demonstrated that FAR
effectively counteracts oxidative stress and inflammation in conditions such as chlorpyrifos
pesticide exposure [23] and hypercholesterolemia [26]. In a murine model of asthma, FAR
alleviated lung inflammation by suppressing TNF-a levels [56], and reduced lipid peroxidation
and inflammation while boosting antioxidant defenses in the lungs of rats exposed to cigarette
smoke extract [57]. Moreover, FAR was shown to downregulate TNF-o and IL-6 levels in mice

with gliosis [58]. In another study, FAR prevented early tumor formation and oxidative damage
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in the kidneys of rats treated with ferric nitrilotriacetate [28]. Our current findings further
reinforce evidence supporting the ability of FAR to mitigate oxidative stress and inflammation
effectively. Furthermore, our study provided information on the involvement of cytoglobin
upregulation in the protective mechanism of FAR against Cd testicular toxicity. Cytoglobin, a
member of the globin family, has recently emerged as a key regulator of oxidative stress and
cellular signaling. It scavenges ROS and modulates apoptotic pathways, thereby protecting
cells from oxidative damage [59]. Research has shown that the suppression of cytoglobin
contributes to cellular damage by inducing oxidative DNA damage, while its upregulation
reduces ROS and protects against cell death [59, 60]. Notably, cytoglobin exhibits SOD-like
activity, effectively inhibiting the formation of superoxide radicals and peroxynitrite [61].
Additionally, cells and tissues deficient in cytoglobin were found to be more prone to fibrotic
changes and inflammatory responses following radiation exposure [59]. In our study, Cd
administration significantly downregulated cytoglobin expression, while FAR treatment
restored its levels. This suggests that the antioxidant and anti-apoptotic effects of FAR may be

mediated, in part, through upregulation of cytoglobin.

While this study provides valuable insights into the protective effects of FAR against Cd-
induced testicular toxicity, several limitations should be acknowledged. First, the study was
conducted in a rodent model, which may not fully replicate the complexity of human
reproductive physiology and Cd exposure scenarios. Second, the study focused on the acute
toxicity of Cd. The long-term consequences of Cd exposure and the sustained efficacy of FAR
in mitigating testicular damage remain to be investigated. Third, although the study explored
key mechanisms such as oxidative stress, inflammation, and apoptosis, other potential
pathways, such as epigenetic modifications or hormonal signaling cascades, were not
examined. Future studies could explore these additional mechanisms to provide a more

comprehensive understanding of Cd toxicity and the protective effects of FAR. Fourth, the
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dose-response relationship of FAR and its effect on sperm parameters were not thoroughly
evaluated. Determining the optimal therapeutic dose of FAR for maximum efficacy and
minimal side effects would be essential for its potential clinical application. Addressing these
limitations in future research will strengthen the findings and enhance the translational

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

5. Conclusion

This study highlights the therapeutic potential of FAR in preventing Cd-induced testicular
injury. FAR exerts its protective effects through multiple mechanisms, including upregulation
of cytoglobin to enhance antioxidant defenses, downregulation of the TLR4/NF-kB pathway
to attenuate inflammation, and modulation of apoptotic signaling to inhibit germ cell loss. By
restoring hormonal balance, reducing oxidative stress, and suppressing inflammatory and
apoptotic pathways, FAR effectively mitigates Cd-induced testicular damage. These findings
underscore the potential of FAR as an adjuvant therapy for individuals exposed to
environmental Cd toxicity. Future studies are needed to explore the clinical applicability of
FAR and its potential synergies with other therapeutic agents to further enhance its protective

effects.

Acknowledgment:

Princess Nourah bint Abdulrahman University Researchers Supporting Project Number
(PNURSP2025R381), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.
Declaration of Competing Interest

All authors declare no conflict of interests in relation to the manuscript.

Ethics declarations:

14



346

347

348

349

350

351

352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388

All animal experiments comply with the National Institutes of Health guide for the care and
use of Laboratory animals (NIH Publications No. 8523, revised 1996). The study was approved
by the ethics committee of Al-Azhar University (AZ-AS/PH-REC/45/2024).

Availability of data and materials

The manuscript contains all data supporting the reported results.

References

[1] S. Benoff, K. Auborn, J.L. Marmatr, I.R. Hurley, Link between low-dose environmentally
relevant cadmium exposures and asthenozoospermiain a rat model, Fertility and sterility 89(2
Suppl) (2008) e73-9.

[2] L. Wang, T. Bu, X. Wu, S. Gao, X. Li, A.B. De Jesus, C.K. Wong, H. Chen, N.P. Chung, F.J.C.
Sun, Cell-Cell Interaction-Mediated Signaling in the Testis Induces Reproductive Dysfunction—
Lesson from the Toxicant/Pharmaceutical Models, 11(4) (2022) 591.

[3] A. Bernard, Cadmium & its adverse effects on human health, Indian journal of medical
research 128(4) (2008) 557-564.

[4]H.-T. Wan, D.D. Mruk, C.K. Wong, C.Y.J.T.i.m.m. Cheng, The apical ES-BTB-BM functional
axis is an emerging target for toxicant-induced infertility, 19(7) (2013) 396-405.

[5]S. Kumar, A.J.R.0.e.h. Sharma, Cadmium toxicity: effects on human reproduction and
fertility, 34(4) (2019) 327-338.

[6] C. de Angelis, M. Galdiero, C. Pivonello, C. Salzano, D. Gianftrilli, P. Piscitelli, A. Lenzi, A.
Colao, R.J.R.t. Pivonello, The environment and male reproduction: The effect of cadmium
exposure on reproductive function and its implication in fertility, 73 (2017) 105-127.

[7]W.Ali, Y. Ma, J. Zhu, H. Zou, Z. Liu, Mechanisms of Cadmium-Induced Testicular Injury: A
Risk to Male Fertility, 11(22) (2022) 3601.

[8] S. Kumar, A. Sharma, Cadmium toxicity: effects on human reproduction and fertility, Rev
Environ Health 34(4) (2019) 327-338.

[9]L.L. Zhao, Y.F. Ru, M. Liu, J.N. Tang, J.F. Zheng, B. Wu, Y.H. Gu, H.J. Shi, Reproductive effects
of cadmium on sperm function and early embryonic development in vitro, PLoS One 12(11)
(2017) e0186727.

[10] X.-R. Liu, Y.-Y. Wang, H.-R. Fan, C.-J. Wu, A. Kumar, L.-G.J.A.J.0.A. Yang, Preventive effects
of B-cryptoxanthin against cadmium-induced oxidative stress in the rat testis, 18(6) (2016) 920.
[11] J.-M. Yang, M. Arnush, Q.-Y. Chen, X.-D. Wu, B. Pang, X.-Z.J.R.t. Jiang, Cadmium-induced
damage to primary cultures of rat Leydig cells, 17(5) (2003) 553-560.

[12] Y. Zhang, Y. Li, J. Zhang, X. Qi, Y. Cui, K. Yin, H. Lin, Cadmium induced inflammation and
apoptosis of porcine epididymis via activating RAF1/MEK/ERK and NF-kB pathways, Toxicol
Appl Pharmacol 415 (2021) 115449.

[13] S. Kaya, T. Yalgin, Linalool may have a therapeutic effect on cadmium-induced
nephrotoxicity by regulating NF-kB/TNF and GRP78/CHOP signaling pathways, Journal of Trace
Elements in Medicine and Biology 86 (2024) 127510.

[14]L.-l. Zhao, Y.-f. Ru, M. Liu, J.-n. Tang, J.-f. Zheng, B. Wu, Y.-h. Gu, H.-j.J.P.0. Shi,
Reproductive effects of cadmium on sperm function and early embryonic development in vitro,
12(11) (2017) e0186727.

[15]J. Liu, W. Qu, M.B. Kadiiska, Role of oxidative stress in cadmium toxicity and
carcinogenesis, Toxicology and applied pharmacology 238(3) (2009) 209-214.

15



389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439

[16] A. Cuypers, M. Plusquin, T. Remans, M. Jozefczak, E. Keunen, H. Gielen, K. Opdenakker,
A.R. Nair, E. Munters, T.J. Artois, Cadmium stress: an oxidative challenge, Biometals 23 (2010)
927-940.

[17] F.M. Lanzafame, S. La Vignera, E. Vicari, A.E.J.R.b.o. Calogero, Oxidative stress and
medical antioxidant treatment in male infertility, 19(5) (2009) 638-659.

[18] P.A. Baeuerle, V.R. Baichwal, NF-kappa B as a frequent target for immunosuppressive and
anti-inflammatory molecules, Advances inimmunology 65 (1997) 111-37.

[19] K. Asehnoune, D. Strassheim, S. Mitra, J.Y. Kim, E. Abraham, Involvement of reactive
oxygen species in Toll-like receptor 4-dependent activation of NF-kappa B, Journal of
immunology (Baltimore, Md. : 1950) 172(4) (2004) 2522-9.

[20] Y. Li, Y. Zhang, R. Feng, P. Zheng, H. Huang, S. Zhou, W. Ji, F. Huang, H. Liu, G. Zhang,
Cadmium induces testosterone synthesis disorder by testicular cell damage via
TLR4/MAPK/NF-kB signaling pathway leading to reduced sexual behavior in piglets, Ecotoxicol
Environ Saf 233 (2022) 113345.

[21] M. Al-Azemi, F.E. Omu, E.O. Kehinde, J.T. Anim, M.A. Oriowo, A.E.J.J.0.A.R. Omu, Genetics,
Lithium protects against toxic effects of cadmium in the rat testes, 27 (2010) 469-476.

[22] S.M. Eleawa, M.A. Alkhateeb, F.H. Alhashem, I. Bin-Jaliah, H.F. Sakr, H.M. Elrefaey, A.O.
Elkarib, R.M. Alessa, M.A. Haidara, A.S.J.J.0.r. Shatoor, development, Resveratrol reverses
cadmium chloride-induced testicular damage and subfertility by downregulating p53 and Bax
and upregulating gonadotropins and Bcl-2 gene expression, 60(2) (2014) 115-127.

[23] R.S. Alruhaimi, M.F. Alotaibi, S.M. Alnasser, M.A. Alzoghaibi, M.O. Germoush, M. Alotaibi,
E.H.M. Hassanein, A.M. Mahmoud, Farnesol prevents chlorpyrifos nephrotoxicity by
modulating inflammatory mediators, Nrf2 and FXR and attenuating oxidative stress, Food Chem
Toxicol 190 (2024) 114788.

[24] J. Huang, Y. Liang, L. Zhou, Natural products for kidney disease treatment: Focus on
targeting mitochondrial dysfunction, Front Pharmacol 14 (2023) 1142001.

[25] R. Santhanasabapathy, G. Sudhandiran, Farnesol attenuates lipopolysaccharide-induced
neurodegeneration in Swiss albino mice by regulating intrinsic apoptotic cascade, Brain
Research 1620 (2015) 42-56.

[26] M.H. Abukhalil, O.E. Hussein, M. Bin-Jumah, S.A.M. Saghir, M.O. Germoush, H.A. Elgebaly,
N.M. Mosa, I. Hamad, M.M. Qarmush, E.M. Hassanein, E.M. Kamel, R. Hernandez-Bautista,
A.M. Mahmoud, Farnesol attenuates oxidative stress and liver injury and modulates fatty acid
synthase and acetyl-CoA carboxylase in high cholesterol-fed rats, Environmental Science and
Pollution Research 27(24) (2020) 30118-30132.

[27] G. de Araujo Delmondes, D.S. Bezerra, D. de Queiroz Dias, A. de Souza Borges, .M. Aradjo,
G. Linsda Cunha, P.F.R. Bandeira, R. Barbosa, H.D. Melo Coutinho, C.F.B. Felipe, J.M. Barbosa-
Filho, I.R. Alencar de Menezes, M.R. Kerntopf, Toxicological and pharmacologic effects of
farnesol (C15H260): A descriptive systematic review, Food and Chemical Toxicology 129 (2019)
169-200.

[28] T. Jahangir, T.H. Khan, L. Prasad, S. Sultana, Farnesol prevents Fe-NTA-mediated renal
oxidative stress and early tumour promotion markers in rats, Human & experimental toxicology
25(5) (2006) 235-242.

[29] Y.Y.Jung, S.T. Hwang, G. Sethi, L. Fan, F. Arfuso, K.S. Ahn, Potential anti-inflammatory and
anti-cancer properties of farnesol, Molecules 23(11) (2018) 2827.

[30] R. Gayatri Devi, D. Ezhilarasan, Concurrent administration of farnesol protects
acetaminophen-induced acute hepatic necrosis in mice, J Biochem Mol Toxicol 37(11) (2023)
e23478.

[31] E.C. de Lima, C.F.G. de Moura, M.J.D. Silva, W. Vilegas, A.B. Santamarina, L.P. Pisani, F. de
Oliveira, D.A. Ribeiro, Therapeutical properties of Mimosa caesalpiniifolia in rat liver intoxicated
with cadmium, Environmental science and pollution research international 27(10) (2020)
10981-10989.

16



440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490

[32] F. de Souza Predes, M.A. Diamante, H. Dolder, Testis response to low doses of cadmium in
Wistar rats, Int J Exp Pathol 91(2) (2010) 125-31.

[33] W.I. Mortada, M.A. Sobh, M.M. El-Defrawy, S.E. Farahat, Reference Intervals of Cadmium,
Lead, and Mercury in Blood, Urine, Hair, and Nails among Residents in Mansoura City, Nile
Delta, Egypt, Environmental Research 90(2) (2002) 104-110.

[34] S. Kaya, T. Yalgin, M. Boydak, H.H. Dénmez, Protective Effect of N-Acetylcysteine Against
Aluminum-Induced Kidney Tissue Damage in Rats, Biological Trace Element Research 201(4)
(2023) 1806-1815.

[35] Q. Zhu, X. Li, R.-S. Ge, Toxicological Effects of Cadmium on Mammalian Testis, Frontiers in
Genetics 11 (2020).

[36] S. Derouiche, T. Cheradid, M. Guessoum, Heavy metals, oxidative stress and inflammation
in pathophysiology of chronic kidney disease-a review, Asian journal of pharmacy and
technology 10(3) (2020) 202-206.

[37] E.H.M. Hassanein, M.F. Alotaibi, R.S. Alruhaimi, O.A.M. Abd EI-Ghafar, M.K. Mohammad,
A.M. Atwa, A.M. Mahmoud, Diallyl disulfide prevents cadmium-induced testicular injury by
attenuating oxidative stress, apoptosis, and TLR-4/NF-kB and JAK1/STAT3 signaling and
upregulating SIRT1 in rats, Journal of Trace Elements in Medicine and Biology 86 (2024) 127560.
[38]T. Yalcin, S. Kaya, Therapeutic potential of the linalool against cadmium-induced testicular
tissue damage, Journal of Trace Elements in Medicine and Biology 84 (2024) 127455.
[39]Y.He,L.Zou, W. Luo, Z.Yi, P. Yang, S. Yu, N. Liu, J. Ji, Y. Guo, P. Liu, X. He, Z. Lv, S. Huang,
Heavy metal exposure, oxidative stress and semen quality: Exploring associations and
mediation effects in reproductive-aged men, Chemosphere 244 (2020) 125498.

[40]1 D.M. Su, Y. Feng, L. Wang, Y.L. Wu, R.S. Ge, X. Ma, Influence of fetal Leydig cells on the
development of adult Leydig cell population in rats, J Reprod Dev 64(3) (2018) 223-231.

[41] F. de Souza Predes, J.C. Monteiro, S.L. Matta, M.C. Garcia, H. Dolder, Testicular
histomorphometry and ultrastructure of rats treated with cadmium and Ginkgo biloba, Biol
Trace Elem Res 140(3) (2011) 330-41.

[42] P. Bizarro, S. Acevedo, G. Nifio-Cabrera, P. Mussali-Galante, F. Pasos, M.R. Avila-Costa,
T.l. Fortoul, Ultrastructural modifications in the mitochondrion of mouse Sertoli cells after
inhalation of lead, cadmium or lead-cadmium mixture, Reprod Toxicol 17(5) (2003) 561-6.

[43] X. Xiao, D.D. Mruk, E.I. Tang, C.K.C. Wong, W.M. Lee, C.M. John, P.J. Turek, B. Silvestrini,
C.Y. Cheng, Environmental toxicants perturb human Sertoli cell adhesive function via changes
in F-actin organization mediated by actin regulatory proteins, Human Reproduction 29(6) (2014)
1279-1291.

[44] S.Jahan, A. Zahra, U. Irum, N. Iftikhar, H. Ullah, Protective effects of different antioxidants
against cadmium induced oxidative damage in rat testis and prostate tissues, Syst Biol Reprod
Med 60(4) (2014) 199-205.

[45] M.C. Cupertino, R.D. Novaes, E.C. Santos, A.C. Neves, E. Silva, J.A. Oliveira, S.L.P. Matta,
Differential Susceptibility of Germ and Leydig Cells to Cadmium-Mediated Toxicity: Impact on
Testis Structure, Adiponectin Levels, and Steroidogenesis, Oxid Med Cell Longev 2017 (2017)
3405089.

[46] V.U. Nna, G.A. Ujah, M. Mohamed, K.B. Etim, B.O. Igba, E.R. Augustine, E.E. Osim,
Cadmium chloride-induced testicular toxicity in male wistar rats; prophylactic effect of
guercetin, and assessment of testicular recovery following cadmium chloride withdrawal,
Biomed Pharmacother 94 (2017) 109-123.

[47]L.-J. Yan, D.C. Allen, Cadmium-induced kidney injury: Oxidative damage as a unifying
mechanism, Biomolecules 11(11) (2021) 1575.

[48] H. Sies, Oxidative stress: oxidants and antioxidants, Experimental physiology 82(2) (1997)
291-5.

[49] K. Renu, R. Chakraborty, H. Myakala, R. Koti, A.C. Famurewa, H. Madhyastha, B. Vellingiri,
A. George, A. Valsala Gopalakrishnan, Molecular mechanism of heavy metals (Lead,

17



491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526

527
528

Chromium, Arsenic, Mercury, Nickel and Cadmium) - induced hepatotoxicity - A review,
Chemosphere 271 (2021) 129735.

[50] E. Casalino, G. Calzaretti, C. Sblano, C. Landriscina, Molecular inhibitory mechanisms of
antioxidant enzymes in rat liver and kidney by cadmium, Toxicology 179(1-2) (2002) 37-50.

[51] T. Wroiiska-Nofer, J. Wisniewska-Knypl, E. Dziubaltowska, K. Wyszyfiska, Prooxidative and
genotoxic effect of transition metals (cadmium, nickel, chromium, and vanadium) in mice,
Trace Elements and Electrocytes 16(2) (1999) 87-92.

[52] R.S. Alruhaimi, E.H.M. Hassanein, M.N. Bin-Jumah, A.M. Mahmoud, Cadmium
cardiotoxicity is associated with oxidative stress and upregulated TLR-4/NF-kB pathway in rats;
protective role of agomelatine, Food Chem Toxicol 180 (2023) 114055.

[53] S.A. Alharthy, T.A. Zughaibi, P. Vij, S. Tabrez, M.N. Almashjary, S. Alharthi, T. Alamri, B.S.
Alghamdi, S. Harakeh, S.A. Azhari, R.M. Farsi, H.S. Althagafy, E.H.M. Hassanein, Mirtazapine
attenuated cadmium-induced neuronal intoxication by regulating Nrf2 and NF-kB/TLR4 signals,
Toxicol Mech Methods 33(8) (2023) 675-687.

[54] T. Lawrence, The nuclear factor NF-kappaB pathway in inflammation, Cold Spring Harb
Perspect Biol 1(6) (2009) a001651.

[55] P. Chen, Y.-F. Hu, L. Wang, W.-F. Xiao, X.-Y. Bao, C. Pan, H.-S. Yi, X.-Y. Chen, M.-H. Pan, C.
Lu, Mitochondrial apoptotic pathway is activated by H202-mediated oxidative stress in BmN-
SWUL1 cells from Bombyx mori ovary, PLoS One 10(7) (2015) e0134694.

[56] C.-M. Ku, J.-Y. Lin, Farnesol, a sesquiterpene alcohol in herbal plants, exerts anti-
inflammatory and antiallergic effects on ovalbumin-sensitized and-challenged asthmatic mice,
Evidence-Based Complementary and Alternative Medicine 2015 (2015).

[57]1W. Qamar, S. Sultana, Farnesol ameliorates massive inflammation, oxidative stress and
lung injury induced by intratracheal instillation of cigarette smoke extract in rats: an initial step
in lung chemoprevention, Chemico-biological interactions 176(2-3) (2008) 79-87.

[58] R. Santhanasabapathy, S. Vasudevan, K. Anupriya, R. Pabitha, G. Sudhandiran, Farnesol
quells oxidative stress, reactive gliosis and inflammation during acrylamide-induced
neurotoxicity: Behavioral and biochemical evidence, Neuroscience 308 (2015) 212-227.

[59] F.E. McRonald, J.M. Risk, N.J. Hodges, Protection from intracellular oxidative stress by
cytoglobin in normal and cancerous oesophageal cells, PloS one 7(2) (2012) e30587.

[60] N.J. Hodges, N. Innocent, S. Dhanda, M. Graham, Cellular protection from oxidative DNA
damage by over-expression of the novel globin cytoglobin in vitro, Mutagenesis 23(4) (2008)
293-8.

[61] J.L. Zweier, C. Hemann, T. Kundu, M.G. Ewees, S.A. Khaleel, A. Samouilov, G. Ilangovan,
M.A. ElI-Mahdy, Cytoglobin has potent superoxide dismutase function, Proceedings of the
National Academy of Sciences 118(52) (2021) e2105053118.

18



529 Tables:

530 Table 1. Histopathological lesions scoring.

Control FAR Cd FAR + Cd

Degenerated seminiferous tubules 0.17+0.16 0.17+0.16 3.83+0.19™ 1.83 £0.307#

Epithelial height of spermatogenic cells  4.0+0.00 4.0 +0.00 0.83+0.32"™ 2.33 £0.2877##

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"

531 Data are mean + SEM. "P<0.001 versus Control. #P<0.01 and #*P<0.001 versus Cd.
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Figure 1. Photomicrographs of H&E-stained sections showing the pr
against Cd-induced histopathological alterations of testicular tissues. (a-b) Testis section from
the control (a) and FAR-supplemented (b) rats showing normal seminiferous tubules with
lining of spermatogenic cells (arrow) resting on intact basement membrane and engaged with
many sperms in its lumen (arrowhead), and interstitial tissue (rectangle) with Leydig cells
(wave arrow), (c) Cd-administered rats showing irregular and thin seminiferous tubules with
damaged basement membrane (arrow with tail), decrease in spermatogenic cells (star),
apoptotic changes in most of the spermatogenic cells, edema leading to detachment of
spermatogenic cells from the basement membrane (arrow), tubular lumen appeared empty from
spermatozoa (arrowhead), congested blood vessels (curvy arrow), edema, vacuolation
(rectangle), and intense basophilic apoptotic Leydig cells (wave arrow), and (d) Cd-
administered rats treated with FAR showing improvement in spermatogenic cells (arrow)
except few tubules developed with vacuolations among spermatogenic cells (arrow with
tail),increased number of sperms (triangle) although little tubules appeared empty (arrowhead),
regular structure of interstitial tissue (rectangle) with intact Leydig cells (wave arrow). (x200,
Scale bar = 100 pm).
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Figure 2. Photomicrographs of PAS-stained sections in the testis of (a-b) control (a) and FAR-
supplemented (b) rats showing strong positive PAS staining and intact interstitial tissue
(arrows), (c) Cd-intoxicated rats showing a distinct reduction in the intensity of PAS staining
(arrows), and (d) Cd-intoxicated rats treated with FAR showing increased PAS staining
intensity (arrows). (x200, Scale bar = 100 pum).
e —

fo osiitlerat

W

S S il W T
estis of (a-b) control (a) and
FAR-supplemented (b) rats showing a little quantity of collagen fiber along the basement
membrane of seminiferous tubules and interstitial tissue (arrow), (c) Cd-intoxicated rats
showing increased collagen fibers organized as interstitial fibrosis (arrow), and (d) Cd-
intoxicated rats treated with FAR showing a noticeable reduction in collagen fiber (arrow).

(x200, Scale bar = 100 pm).
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Figure 6. FAR attenuated inflammation in Cd-administered rats. FAR downregulated the
expression of TLR4 (A-B) and NF-kB p65 (C), TNF-a (D), IL-1B (E), and IL-6 (F). Data are
mean + SEM, (n = 6). "P<0.05, “P<0.01, and “"P<0.001 versus Control. **P<0.001 versus

Cd.

23



A Control FAR+ Cd

Bax

CENS

Caspase-3

AN
\, y 3 4 ,
o\ 3
1100 Sudfr
A~ By
TR T e T AL
0?5" ‘1:. f;f;'f ¥

(oSS S

Bcl-2

C D
400+ 250- s 150
*k%
? 200
5 3007 o= = s
2 g9 2 100+
x £ ot 150 qE
S S 200 338 #H# 5O
D5 5 100 @5
S it e < 507 *hk
g © L5
=~ 100 o
5 501
0- 0- 0-
Control FAR Cd FAR+Cd Control FAR Cd FAR+Cd Control FAR Cd FAR+Cd

577
578  Figure 7. FAR prevented Cd-induced testicular apoptosis. FAR downregulated Bax (A, B) and

579  cleaved caspase-3 (A, C), and increased Bcl-2 (A, D) expression levels in the testis of Cd-

*kk

580 intoxicated rats. Data are mean + SEM, (n = 6). " P<0.001 versus Control. **P<0.001 versus

581 Cd.

150

-

(=]

o
1

Cytoglobin
(% of Control)
(3]
o
1
*
*
*

Control FAR Cd FAR+Cd

B eyf ot S

s 9% N \'\ Py 50 "‘ ; ‘V, '
582 : : x‘u-'f":;"_\ L -"v‘%? m‘ .
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