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ARTICLE INFO ABSTRACT

Editor: DR B Gyampoh The current study explored whether ALA could prevent testis Pb accumulation and Pb-induced
oxidative testicular toxicity in rats. Adult male rats were randomly divided and administered

Keywords: ALA (25 mg/kg/day) and/or Pb (Pb acetate, 20 mg/kg/day) in Control group, ALA group, Pb

Testis

group, and ALA + Pb group for 4 weeks consecutively. Pb exposure significantly increased Pb

Alpha-lipoic acid accumulation in the testes and blood of Pb-exposed rats compared to the control. Pb caused

Bi lati s o1 . .
ngzictl; mutation marked deficits in sperm count, motility along with elevated abnormal sperm cells, while serum
Inflammation testosterone, follicle stimulating hormone (FSH) and leutenizing hormone (LH) levels reduced

Apoptosis prominently in comparison to the control. It remarkably depressed the testicular activities of
catalase (CAT), glutathione peroxidase (GPx), superoxide dismutase (SOD), as well as levels of
interleukin-4 (IL-4) and interleukin-10 (IL-10), whereas malondialdehyde (MDA), tumor necrosis
factor-alpha (TNF-a), and interleukin-6 (IL-6) increased significantly compared to the control.
The levels of caspase-3, capsase-9, and the PCR gene expression of Bax and Bcl2 were adversely
altered with alterations in testis histology. Interestingly, the co-treatment with ALA blocks Pb
accumulation in the testis and blood. It inhibited the Pb-induced alterations in reproductive
indices and reversed the oxidative stress-mediated inflammatory stress, apoptotic signaling and
histopathological abrasions. The findings reveal that ALA could abrogate Pb-induced testicular
toxicity through blocking testicular oxidative inflammation and apoptosis in rats.

Introduction

Lead (Pb) is a non-biodegradable non-essential environmental toxicant that elicits a wide spectrum of biological defects [1]. The
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ubiquity and exposure to Pb are a serious public health concern of global dimension [2]. Recently, the WHO and the Agency for Toxic
Substances and Disease Registry (ATSDR) have classified Pb as one of the top 10 most dangerous substances for public health [3].
Despite the ban of Pb use in many products, Pb is still a persistent component of children toys, polluted waters, gasoline, batteries,
paints, food cans, water pipes, conventional folk medications, cigarette smoke, and ceramics [1,4,5]. However, contaminated food,
water, and air pollution are the major sources of Pb exposure and toxicity [6]. Renal excretion of Pb is very difficult; hence, it ac-
cumulates in bones and delicate soft tissues for a long time causing various organ toxicity and pathologies by multiple mechanisms,
including epigenetic alterations [6,7]. The adverse health effects of Pb, including death, insanity, nervous system damage and
infertility have been reported since the second century BC. Even low Pb exposure affects children’s intellectual development and
lifetime achievement [8]. Importantly, the male reproductive system is particularly sensitive to Pb accumulation which results in
testicular-endocrine toxicity. Testicular Pb triggers impaired endocrine spermatogenesis and steroidogenesis, and causes degenerated
germ cells leading to low sperm quality and infertility [2,9].

Literature reveals the mechanisms underlying Pb-induced testicular toxicity [4,9]. However, the hallmark mechanism is oxidative
stress ensuing from Pb-mediated generation of reactive oxygen species (ROS) and deactivation of sulfhydryl group in glutathione
homeostasis, antioxidant enzymes and proteins [2,7,10]. This oxidative behavior of Pb results in suppression of antioxidant mecha-
nism and redox imbalance leading to oxidative stress. In addition, Pb-induced oxidative stress has been associated with
pro-inflammatory cascades and apoptosis signaling in considerable number of published papers. Studies indicate that Pb causes
oxidative inflammation, apoptosis and sperm mitochondrial impairment in various animal models [1,5,7,9]. It thus appears from the
earlier findings that antioxidant modulators may play a critical role in Pb toxicity possibly via upregulation of antioxidant milieu.

Alpha-lipoic acid (ALA) is a potent natural antioxidant compound found in cell membranes, cytoplasm, mitochondria and extra-
cellular spaces of plants and animals [11]. It is a fatty acid also known as thioctic acid readily synthesized within the cells of the liver,
heart, and testis to supplement the insufficient amount in the human diet [4,12]. It is naturally found in plant such as spinach, broccoli,
and tomato [13]. ALA is a cellular coenzyme for the mitochondrial dehydrogenases involved in several metabolic activities. ALA or its
reduced form, dihydrolipoic acid, is amphipathic in nature and thus exerts antioxidant effect both in hydrophilic and lipophilic en-
vironments [14,15]. In cells, ALA reduces the oxidized disulphide group to sulfhydryl groups with NADPH-dependent reductase; it
chelates metals thus inhibiting hydroxyl radical production and acts as a scavenger of ROS and nitrogen species [12]. ALA is an
antioxidant and antiinflammatory dietary supplement [16]. The pharmacological effects of ALA indicate its potential to alleviate
diabetic retinopathy [14], arsenic neurotoxicity [15], arsenic hepatotoxicity [11] and inhibition of oxidative stress-mediated organ
toxicity induced by anticancer drug methotrexate [16,17]. In clinical studies, the antiinflammatory effect of ALA decreases tumor
necrosis factor-alpha, C-reactive protein, and interleukin-6. [13]. ALA modulates its anti-inflammatory effect via intracellular inhi-
bition of nuclear factor kB (NF-«B) signaling and blockage of various gene expressions that orchestrate cell apoptosis and inflammatory
responses [13]. ALA enhances sperm characteristics in infertile men and animal models [18,19] The therapeutic effects of ALA are
associated with its antioxidant and anti-inflammatory properties. However, there is a paucity of findings on the role of ALA in heavy
metal toxicity. Therefore, our study was designed to evaluate the possible protective effect of ALA on Pb-induced testicular and
endocrine toxicity via assessing sperm quality, endocrine disruption, oxidative stress, pro-inflammation and apoptosis in rats.

Materials and methods
Chemicals

Lead acetate and a-lipoic acid were purchased from Sigma Aldrich Chemicals, St Louis, MO, USA. Commercial kits were purchased
from Biodiagnostics, Cairo, Egypt and Jiancheng Co. (Nanjing, China).

Animals

Twenty-four adult male rats weighing 180-200 g (9-10 weeks old) were purchased from the Animal House of the Faculty of
Science, King Faisal University, Saudi Arabia. The experimental protocol of this investigation was approved by the Institutional Animal
Care and Use Committee (IACUC) at King Faisal University with reference number: KFU-REC-2023-FEB-ETHICS540. The rats were
housed in Building 9 of the Faculty of Science, King Faisal University, Saudi Arabia. They were housed in plastic cages (6 per cage),
floored with soft wood shavings that was changed three times per week. The animals were acclimatized for 2 weeks prior the study and
were maintained under a 12 h light/dark cycle at (25 °C + 2 °C), with free access to water ad libitum.

Experimental design

Animals were randomly divided into four groups, six animals each, as follows:

Group 1 (Control): Rats received daily injection (i.p) of normal saline (0.9% Na Cl) as vehicle for 4 weeks

Group 2 (ALA): Rats received daily oral administration of ALA (25 mg/kg b.w/day) for 4 weeks. The dose of ALA was dissolved in 2
ml/kg (body weight) corn oil.

Group 3 (Pb): Rats received daily injection (i.p) of lead acetate dissolved in normal saline at a dose of 20 mg/kg b.w/day for 4
weeks

Group 4 (ALA + Pb): Rats received daily oral administration of ALA (25 mg/kg b.w/day) for 4 weeks + injection (i.p) of lead
acetate dissolved in normal saline at a dose of 20 mg/kg b.w/day for 4 weeks.



A.C. Famurewa et al. Scientific African 21 (2023) e01842

Table 1

Primer sequence for housekeeping and target genes.
Target gene Forward primer 5'-3' Reverse primer 5'—3'
Bax AAGCTGAGCGAGTGTCTCCGGCG GCCACAAAGATGGTCACTGTCTGCC
Bcl2 CTCGTCGCTACCGTCGTGACTTCG CAGATGCCGGTTCAGGTACTCAGTC
p-actin TCCATCGTCCACCGCAAATG CAGGGAGACCAAAAGCCTTCATAC

The Pb acetate dose and ALA dose used in the current study were adopted from the previous studies [20,21]. At the end of the
4-week experimental period, the rats were euthanized, sacrificed, and samples of blood and testis tissues were collected. The animals
were euthanized by anesthetic exsanguination using the combination of 10 mg/kg xylazine and 100 mg/kg ketamine HCI. Whole blood
samples were collected in clean dry centrifuge tubes, containing no anticoagulation factors and allowed to clot for a minimum of 30
min at 37 °C before centrifuged to obtain serum (769 x g for 15 min) and stored at —20 °C until the analysis. The testes were ho-
mogenized (1: 5 w/v) with a Potter-Elvehjem homogenizer attached to a Teflon plunger in ice. Testis supernatant samples were
collected and stored at —20 °C until the time of biochemical analyses. Tissue samples were also used for histological studies.

Biochemical analyses

Pb estimation in serum and testis

Pb levels were estimated by spectrometric method [22]. Briefly, the supernatant and serum sample (1.0 mL) were place in glass
tube for acid digestion. To each, 2.0 mL of concentrated nitric acid was added and left for 20 hrs for sample digestion at room tem-
perature. Perchloric acid (72%) was added (0.5 mL) and heated to 100 °C for 3 hrs. Digestion was allowed to continue for further 4 hrs
before the addition of deionized water to the residue to a marked volume of 3.0 ml. A portion was heated to dryness in a crucible and
the residue was dissolved in deionized water. Pb analysis was carried out using Atomic Absorption Spectrometry (AAS) using an EA3
furnace attachment.

Determination of serum reproductive hormones

Serum levels of reproductive hormones, testosterone (T), leutenizing hormone (LH), and follicle stimulating hormone (FSH) were
determined. T was determined as previously reported using a T ELISA kit (Cat No: KT-29533) [23]. The level of LH was determined
according to the method in Shibayagi’s rat LH ELISA kit (Cat No: KT-29572), while FSH levels were estimated following the method
described in rat FSH ELISA kit (Cat No: KT-29542). These kits were purchased from Biodiagnostics, Cairo, Egypt.

Assessment of sperm count, motility, and abnormality
Percentage of motility, sperm abnormality and sperm count were evaluated microscopically using the standard methods in our
previous study [23] with the use of sperm suspension from testis epididymis.

Determination of oxidative stress markers

Testicular activities of antioxidant enzymes, catalase (CAT, Cat No: CA2516), superoxide dismutase (SOD, Cat No: SD2520), and
glutathione peroxidase (GPx, Cat No: GP2524) and malondialdehyde level (MDA, Cat No: MD2528) were analysed in homogenate
supernatant using commercial rat ELISA kits. The protein content of the testis was determined by a standard method [24].

Determination of testicular pro-inflammation and antiinflammation

The levels of pro-inflammatory cytokines, tumor necrosis factor-o (TNF-a, Cat No R019) and interleukin-6 (IL-6, Cat No R016) and
anti-inflammatory cytokines, interleukin-4 (IL-4, Cat No R013) and interleukin-10 (IL-10, Cat No R017) were assessed in the super-
natant of testis using rat standard ELISA Kkits.

Determination of apoptotic caspase activity
Testicular caspase 3 (Cat No: A064) and caspase 9 (Cat No: A069) were determined with rat ELISA kits following the manufac-
turer’s directions.

RNA isolation and real-time PCR

Real-time PCR was conducted for mRNA transcript levels of proapoptotic Bax and antiapoptotic Bcl2 genes. Total RNA of the testis
was extracted with the use of TRIzol reagent (Invitrogen, Life Technologies) as previously described [25]. Total RNA was reverse
transcribed at 37 °C for 1 hour with the use of oligo(dT) primer and reverse transcriptase (Superscript Life Technologies). cDNA was
amplified with Taq DNA polymerase (AmpliTaq, Perkin-Elmer) by via RT PCR for 35 cycles (94 °C for 1 min, 64 °C for 1 min, 72 °C for
1 min) (Bio-Rad CFX384). ACt method was used to normalize the changes in the expression of the target gene relative to the mean cycle
threshold (Cr) values of the housekeeping gene, p-actin. Primers used for the RT PCR are listed in Table 1.
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Table 2
Effect of ALA on Pb levels in serum and testis in Pb-exposed rats.
Group Serum Pb (ug/ml) Testis Pb (ug/g tissue)
Control 0.11 + 0.02 0.11 + 0.01
ALA 0.12 £ 0.01 0.10 + 0.01
Pb 5.43 £ 0.03* 3.41 £ 0.06*
ALA + Pb 3.10 + 0.01% 1.76 + 0.02*

Data were displayed as mean + SEM (n = 6 rats/group). ALA: alpha-lipoic acid; Pb: Lead metal;
*p<0.05: significant when compared to control group in the same column. #p<0.05: significant when
compared to Pb group in the same column.

Table 3

Effect of ALA on testicular activities of SOD, CAT, GPx (U/mg protein) and MDA (nmol/g tissue) in Pb-exposed rats.
Group SOD CAT GPx MDA
Control 72.74 £ 2.20 65.74 + 2.35 56.70 + 3.30 12.72 £ 0.29
ALA 76.05 + 3.32 64.80 + 1.27 55.60 + 1.29 13.02 £ 1.16
Pb 47.20 £+ 2.37* 41.01 + 2.45* 34.80 + 2.24* 34.70 + 1.10*
ALA + Pb 56.20 + 3.37% 56.02 + 3.17% 44.86 + 0.21% 27.58 + 0.38%

Data were displayed as mean + SEM (n = 6 rats/group). ALA: alpha-lipoic acid; Pb: Lead metal; *p<0.05: significant when compared to control group
in the same column. #p<0.05: significant when compared to Pb group in the same column.

Table 4
Effect of ALA on sperm parameters in Pb-exposed rats.
Group Sperm parameters
Sperm count (10° cells/ml) Sperm motility (%) Sperm abnormality (%)
Control 85.41 + 3.18 83.48 + 4.81 8.15+1.38
ALA 85.25 + 2.95 85.21 + 3.58 8.29 + 1.44
Pb 60.42 + 1.99* 56.20 + 1.98* 25.11 +1.11*
ALA + Pb 75.03 + 2.09% 72.61 + 3.78% 15.88 + 2.17%

Data were displayed as mean + SEM (n = 6 rats/group). ALA: alpha-lipoic acid; Pb: Lead metal; *p<0.05: significant when compared to control group
in the same column. #p<0.05: significant when compared to Pb group in the same column.

Testicular histopathological analysis

Testis tissue samples were removed and immediately fixed in 10% buffered formalin. Dehydration was carried out with graded
ethanol and embedded in paraffin. Testis sections were stained with haematoxylin and eosin (H and E) for microscopic histopatho-
logical lesions. The prepared slides were examined under light microscope. Testicular lesions were semi-quantitatively graded as
follows: 0: intact histoarchitecture (normal), 1: mild lesions, 2: moderate lesions, and 3: severe damage [23].

Statistical analyses

The GraphPad prism statistical software package (version 8; GraphPad Software Inc., San Diego, CA, USA) was used for analyses.
Data were compared using one-way ANOVA followed by LSD multiple range test. Significant differences were obtained at P < 0:05.
The data were represented as mean + SEM (n = 6).
Results
Effect of ALA on Pb levels in serum and testis

Table 2 shows the effect of ALA on levels of Pb in the serum and testis of rats in this study. Pb significantly accumulated and levels
elevated in the serum and testis tissue of rats in Pb group compared to the Pb levels in control rats. We observed that the Pb accu-

mulation in the blood was higher than that of testis. However, the co-treatment with ALA in ALA + Pb group caused a marked decrease
in Pb levels in the serum and testis of rats compared to the Pb group (p<0.05).

Effect of ALA on testicular oxidative stress

Table 3 depicts the effect of ALA and Pb exposure on testicular activities of SOD, CAT, GPx and levels of MDA in Pb-exposed rats. We
found that Pb profoundly depressed the activities of SOD, CAT, GPx, while MDA level markedly increased in Pb group compared to the
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Table 5

Effect of ALA and Pb on serum levels of T, LH and FSH in Pb-exposed rats.
Group T (pg/ml) LH (pg/ml) FSH (pg/ml)
Control 7.52 £ 0.12 2.50 £+ 0.05 0.97 + 0.01
ALA 7.32 £ 0.09 2.51 £ 0.01 0.99 £+ 0.01
Pb 3.71 £ 0.01* 0.99 + 0.02* 0.36 + 0.01*
ALA + Pb 5.28 + 0.06" 1.40 + 0.02% 0.57 + 0.01%

Data were displayed as mean + SEM (n = 6 rats/group). ALA: alpha-lipoic acid; Pb: Lead metal; *p<0.05: significant when
compared to control group in the same column. #p<0.05: significant when compared to Pb group in the same column.
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Fig. 1. Effect of ALA and Pb exposure on testicular levels of pro-inflammatory cytokines (TNF-a and IL-6) and anti-inflammatory cytokines (IL-4 and

IL-10) in Pb-exposed rats. Data were displayed as mean = SEM (n = 6 rats/group). ALA: alpha-lipoic acid; Pb: Lead metal; *p<0.05: significant when
compared to control group. #p<0.05: significant when compared to Pb group.



A.C. Famurewa et al.

200

150

100

50

Caspase-3 (pg/mg prt)

H 3t

Caspase-9 (pg/mg prt)

= N w B
[=] [=} (=] o
o o o o
| | | |

Scientific African 21 (2023) e01842

Hatk

»
|
*
-
($)]
|

W
|

-
o
|

mE:
— 3%

-
I
H
o
)
I

Bax (fold-change)
N
|

Bcl-2 (fold-change)
*

T 0.0

I
o

Fig. 2. Effect of ALA and Pb exposure on testicular levels of caspase 3/—9 and gene expression of Bax and Bcl-2 mRNA relative expression to p-actin
assessed by RT-PCR in Pb-exposed rats. Data were displayed as mean + SEM (n = 6 rats/group). ALA: alpha-lipoic acid; Pb: Lead metal; *p<0.05:
significant when compared to control group. #p<0.05: significant when compared to Pb group.

control group (p<0.05). Conversely, ALA significantly enhanced the enzyme activities and reduced the MDA levels in ALA + Pb group
compared to the Pb group (p<0.05).

Effect of ALA on sperm parameters

Table 4 presents the effect of ALA and Pb on sperm count, motility and abnormality in Pb-exposed rats. Pb exposure exerted
considerable reduction in the number of sperm count and motile sperm cells compared to the control. In addition, the number of
abnormal sperm cells were markedly elevated compared to the control (p<0.05). However, the administration of ALA to the Pb-
exposed rats significantly enhanced the count, mobility and abnormality of sperm cells in comparison to the Pb group in this study
(p<0.05).

Effect of ALA on serum T, LH and FSH

Table 5 shows the effect of ALA and Pb on serum levels of reproductive hormones (T, LH and FSH) in rats exposed to Pb. Pb
exposure in Pb group induced considerable decreases in serum levels of T, LH and FSH in comparison to the control (p<0.05) in this
study. Interestingly, ALA effect significantly increased the levels of these hormones in ALA + Pb group compared to the Pb group
(p<0.05).
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Fig. 3. Photomicrographs of rat testis administered ALA and Pb (H&E stain). Control or ALA group show normal seminiferous tubules (ST),
interstitial tissue (arrow) and lumen (L). The Pb group revealed distorted tubules (ST), lumen with reduced number of spermatozoa (L), degenerated
germinal epithelium (dash circle). ALA + Pb group showed mildly damaged seminiferous tubules (ST) and restoration of spermatogenesis with more
spermatozoa in the lumen (L). Values are expressed as mean + SEM (n = 4). *Significant when compared to the control (P < 0:05); #significant
compared to the Pb group.

Effect of ALA on testicular proinflammation and antiinflammation

Fig. 1 presents the effect of ALA and Pb exposure on testicular levels of pro-inflammatory cytokines (TNF-a and IL-6) and anti-
inflammatory cytokines (IL-4 and IL-10) in Pb-exposed rats. We found that Pb profoundly increased the testicular levels of TNF-o
and IL-6, while IL-4 and IL-10 levels decreased in comparison to the control (p<0.05) In contrast, ALA significantly prevented the
cytokine alterations in ALA + Pb group compared to the Pb group (p<0.05).

Effect of ALA on testicular apoptosis

Fig. 2 depicts the effect of ALA and Pb on testicular caspase-3/—9, and gene expression for Bax and Bcl-2 in Pb-exposed rats. Pb
significantly increased the levels of caspase-3, —9 and Bax gene expression, whereas the Bcl-2 gene expression was markedly
diminished compared to the control (p<0.05). On the contrary, ALA significantly inhibited the testicular apoptosis demonstrated by
considerable reduction in the levels of caspase-3, —9 and Bax followed by increased expression of Bcl-2 compared to the Pb group.

Effect of ALA on testicular histopathology

Fig. 3 represents the microscopic observations of the effect of ALA and Pb on testis histology. In the control and ALA groups, there
were well-preserved seminiferous tubules (ST) separated by interstitial tissue (arrow). Each seminiferous tubule was lined with
multiple layers of spermatogenic epithelium. The lumina of seminiferous tubules were occupied by the spermatozoa. In the Pb group,
Pb caused abnormalities in the testicular architecture presented by widespread degenerative changes appeared as deformities of
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seminiferous tubules. There were larger spaces, degenerated germinal epithelium (dash circle) with reduced number of spermatozoa in
the tubular lumen (L). ALA + Pb group showed some noticeable recovery with respect to seminiferous tubules which are closer to one
another with enhanced spermatogenesis and spermatozoa in the tubular lumen (L).

Discussion

Pb is a toxic non-essential heavy metal mainly absorbed through the skin, digestive and respiratory systems [26]. Robust body of
evidence has shown that Pb is a multi-organ toxicant, including the testis, and even partakes in the pathophysiology of chronic diseases
[8]. The ubiquitous dispersion and human application of Pb suggest that its human exposure may be unavoidable. It triggers redox
imbalance implicated to culminate into inflammatory and apoptotic cascades. Therefore, bioactive compounds, such as ALA, may
inhibit redox imbalance and thus offer beneficial health effects against Pb toxicity. Our study herein reveals the reproductive effect of
ALA against Pb-induced testicular toxicity and endocrine deficits in a rat model.

In the current study, it was observed that Pb bio-accumulated in the testis and blood of the rats. In Pb group, the testicular and blood
Pb levels were evidently higher compared to the control group (Table 2). However, the accumulation of Pb was higher in the blood
compared to the testis. This observation was due to the Pb exposure for 28 days in the current study. Previous studies show that Pb
stores in the kidney, liver, testis, brain and other delicate organs [4,6,27]. Pb enters the human body via contaminated food, water or
inhalation of polluted dust and fumes and penetrates the GIT to accumulate in the blood circulation and tissues [5]. Pb affinity for
proteins and capacity to mimic Ca?" and Fe?* channels could enhance the deposition of Pb in the blood and testis as observed in this
study [28]. The deposition via mimicry would undoubtedly incite intracellular behavior that could be responsible for the hallmarks of
testicular toxicity and endocrine deficits found herein. Our findings are consistent with the earlier reports indicating the Pb accu-
mulation in the blood and testis [4,29]. On the contrary, ALA co-administration with Pb to rats inhibited Pb testicular and blood
accumulation. The Pb levels in the blood and testis were considerably reduced in the co-administration group in this study. The
mechanism by which ALA could inhibit Pb is yet to be delineated. However, earlier studies indicate metal-chelating property of ALA [4,
12]. Till date, chelation therapy is the most effective strategy available to manage the toxicity of metals; however, some issues of
toxicity and patient’s quality of life persist. In fact, it has been reported that chelators of Pb not only exert undesirable side effects but
also demonstrate low effectiveness [6]. Conceivably, ALA could have reduced the Pb levels via chelation processes which may result in
amelioration of Pb toxicity in the testis.

Literature suggests that Pb is a classic inducer of organ toxicity via oxidative stress-mediated mechanisms [7,30]. It causes
impairment in redox homeostasis via disruption of oxidant/antioxidant equilibrium and elevated generation of ROS. The consequent
result of Pb oxidative behavior is depressed tissue antioxidant apparatus and oxidative stress status according to the published papers
[2,5,10]. In consistent with the literature reports, we found that Pb significantly depressed the testicular activities of SOD, CAT, and
GPx along with marked increases in MDA levels which suggest Pb-mediated oxidative stress (Table 3). In corollary, oxidative distortion
of the testis histology in seminiferous tubules was also found. Testis is unusually sensitive to Pb and its oxidative stress mediations due
to its high polyunsaturated fatty acid content making it more vulnerable to oxidative damage [10,31]. Although Pb is not a Fenton
reaction heavy metal; however, it can induce oxidative stress via indirect elevation of free Fe which is a Fenton reaction metal for
generation of various free radicals. Pb could displace calcium (Ca2+), copper (Cu®*") and zinc (Zn®*) which are membrane signal
transducers or cofactors for antioxidant enzymes, from their physiological roles, thus, enhancing ROS production de novo [10]. The
Pb-induced oxidative distress in the testis could trigger lipid peroxidation and degeneration of the germinal epithelium leading to
testicular dysfunction and DNA damage. Consequently, the effect of the oxidative abrasions in the testicular germinal epithelium was
also observed in our histology findings. Interestingly, a number of studies report similar oxidative behavior of Pb in the testis of animal
models in consistent with our findings [2,32,33]. According to the literature, antioxidant effect of ALA is essentially reported against
pathologies and toxicity. ALA and its reduced form, dihydrolipoic acid, are potent inhibitors of hydroxyl radical production and rapid
scavengers of ROS and RNS [12]. Intracellularly, ALA is converted to its reduced form and thus reduce superoxide anion radical,
regenerate endogenous antioxidants, like glutathione, ascorbic acid, and alpha-tocopherol and ameliorates oxidative injuries [13,14].
Herein also, the ALA antioxidant potency was demonstrated via notable elevation of testicular SOD, CAT and GPx activities and the
resultant diminution of MDA level in rats’ group of ALA + Pb. Studies have reported antioxidant activity of ALA against diabetic
retinopathy, inflammation-related human diseases, renal sepsis, acute kidney injury, [13,14,34]. Antioxidant ALA has been shown to
mitigate oxidative stress against toxicity in the testis, liver, and brain in agreement with our findings [16,17,20]. However, the pre-
vailing mechanism of ALA antioxidant action is its ability to interact with oxidized disulphide linkage (GSSG) and reduces it to
sulfhydryl groups through NADPH-dependent reductase, and also by inducing the expression of antioxidant genes [12,35]. Therefore,
it could be sufficiently suggested that, the antioxidant effect of ALA is associated with the scavenging of ROS and upregulation of
antioxidant machinery against the Pb-mediated redox deficit in the testis of rats.

Pb is a reproductive toxicant that provokes oxidative testicular degeneration, spermatogenesis arrest and dysregulation of ste-
roidogenesis [21]. Studies show that Pb can cause testicular damage, hormonal imbalance, and elevated sperm alterations manifested
via reduction in sperm count and motility, and elevated sperm abnormality that may culminate in infertility [31,36]. In our study
herein, we found that Pb exposure triggered endocrine deficit with lowered T, FSH and LH in the serum of rats compared to the control
(Table 5). These endocrine diminutions concomitantly produced significantly reduced sperm count, motility, followed by increased
sperm abnormality in this study (Table 4) [29]. The histopathological assessment indicated damaged seminiferous tubules and reduced
number of sperm cells in the tubular lumen, as earlier reported [37]. The reduction in sperm count could be associated with reduced
spermatogenesis which could be ascribed to reduction in serum T level as observed in this study [23]. The oxidative mutilation of the
cell membrane via lipid peroxidation could have instigated the lowered motility and aggravated abnormalities [23,31]. Large base of
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Fig. 4. Schematic presentation of the possible mechanisms underlying the protective effect of a-lipoic acid (ALA) against Pb-induced testic-
ular injury.

studies indicate that testicular toxicity impairs reproductive apparatus and increases the risk of infertility [36]. For example, busulfan,
an antineoplastic drug, exerts testicular toxicity which leads to alterations in testicular ultrastructure, reduced number of Sertoli and
Leydig cells coupled with depressed levels of T, LH and FSH [38]. Pb induces damage in sperm indices and reduces Leydig cell function
in male mice [2]. Chiefly, oxidative deterioration leading to deranged steroidogenesis and spermatogenesis has been well documented
in the existing literature [32,38]. There is evidence that Pb declines the number of Sertoli cells that support spermatogenesis [32] and
diminishes the steroidogenic capacity of the testes, lowering circulating testosterone levels [36]. Therefore, our findings and that of
earlier researchers point to the deleterious effects of Pb on steroidogenesis and spermatogenesis in the testis of rats. However, the ALA
co-administration reversed the Pb-mediated derangements and restored the reproductive indices comparable to the control. Our
findings follow previous reports that ALA has a protective role against testicular toxicity and endocrine dysfunction [39,40].

Oxidative Pb toxicity in the testis is consistent with proinflammation and apoptotic signaling in various organs [1,6,7,27].
Increased level of ROS is strongly implicated in inflammatory cytokine gene expression and activation of caspases leading to apoptosis
[41]. The pathologic crosstalk of oxidative inflammation and apoptosis has been reported in preclinical Pb-induced testicular toxicity.
We therefore considered and assayed for pro-inflammatory and anti-inflammatory cytokines in this study. In the testis, Pb prominently
increased the levels of TNF-a and IL-6, whereas the levels of IL-4 and IL-10, which are well-known anti-inflammatory cytokines, were
markedly decreased (Fig. 1). The results show that Pb provokes testicular pro-inflammatory cascades corroborating earlier findings
[29,27]. The oxidative milieu created by Pb herein could activate redox-sensitive transcription factors, including nuclear factor-kappa
B (NF-kB), which translocate to the nucleus initiating cytokine gene expression such as TNF-a and IL-6 found in this study [1,6].
Concomitantly, the double-edged action of ROS and/or oxidative stress may promote testicular mitochondrial stress leading to cy-
tochrome C leakage into the cytosol. The leakage of cytochrome C is known to activate apoptotic caspase cascades which might have
contributed to the elevated expression of caspase-3, caspase-9, and Bax, and decreased expression of Bcl2 in our study (Fig. 2), in
consonance with earlier findings [6,7]. In contrast, the administration of ALA prevented the significant alterations in TNF-a, IL-6, Bax,
caspase-3, caspase-9 in the testis. In response to this mitigation by ALA, the level of anti-inflammatory markers, IL-4 and IL-10
increased significantly. These results suggest anti-inflammatory and antiapoptotic effects of ALA [14,39]. Therefore, ALA has po-
tential to inhibit inflammation and apoptosis in Pb-induced testicular toxicity. The mitigation of the apoptosis and pro-inflammation
by the ALA supplementation in ALA + Pb group may be associated with its free radical scavenging and anti-inflammatory effects [13].

In conclusion, this study shows that ALA could block the accumulation of Pb in the testis. Our findings demonstrate that Pb is toxic
to the testis via oxidative inflammation and apoptosis. However, we have shown that ALA could prevent Pb-induced testicular toxicity
and endocrine aberrations via upregulation of antioxidant mechanism and downregulation of oxidative inflammation and apoptosis in
rats’ testis. The integrated network of the pathways initiated by Pb and the possible inhibition by ALA are succinctly represented in
Fig. 4. Hence, ALA could be a potent natural agent to mitigate Pb testiculototoxicity.
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