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ABSTRACT

This study was conducted to explore the beneficial impact of nesfatin-1 on reproductive dysfunction
induced by nicotine (NT) in male rats with possible modulation of autophagy and pyroptosis signaling
pathways. This research was performed on 40 Wistar male rats. They were distributed into four groups:
control, normalþnesfatin-1, NT, and NTþnesfatin-1. At the end of the experimental period, the serum was
separated for assay of testosterone, FSH and LH. Also, sperm parameters were determined. Histopatho-
logical examination of testicular tissue and immunohistochemical analysis was done for mammalian target
of rapamycin, AMP-activated protein kinase, and mitogen-activated protein kinases including phosphor-
ylated extracellular signal regulated kinase and phosphorylated cJun N-terminal kinase. Relative gene
expression was determined for testicular nucleotide oligomerization domain (NOD)-like receptors proteins
and Caspase-1, and autophagy markers including microtubule-associated protein 1 light chain 3 alpha and
Beclin-1. Also, the following testicular parameters were assayed: 3b-hydroxysteroid dehydrogenase, 17b-
hydroxysteroid dehydrogenase, malondialdehyde, superoxide dismutase activity, catalase, glucose-6
phosphate dehydrogenase, reactive oxygen species, caspase-3 activity, IL-1b, IL-18, mitochondrial trans-
membrane potential and Complex-I activity. The results revealed that the normalþnesfatin-1 group
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showed insignificant changes as compared to the control group. Meanwhile, the NT group exhibited
prominent reproductive dysfunction in male rats. On the other hand, in the NTþnesfatin-1 group nesfatin-
1 notably attenuated this reproductive dysfunction as evidenced by improvement of hormonal assay, sperm
parameters, histopathological picture, immunohistochemical evaluation and real time relative gene ex-
pressions. In conclusion: Nesfatin-1 alleviated the impairment of male reproductive functions induced by
NT via enhancement of autophagy pathways, suppression of pyroptosis, apoptosis, mitochondrial
dysfunction and ROS production. Thus nesfatin-1 may offer a novel protective or therapeutic access for
treating male infertility.
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INTRODUCTION

Infertility is a major problem that has harmful impacts on social and psychological aspects [1]. A
considerable percentage of infertility is due to males. Male infertility can be induced by
numerous factors such as genetic disorders, several diseases, some chemical toxins and cigarette
or tobacco smoking [2]. Nicotine (NT) is a toxic pharmacological ingredient in cigarette smoke.
It represents the major percentage of the total constituents of cigarettes. The exposure to NT can
occur through smoking, chewing of tobacco or using smokeless tobacco products [3]. Previous
studies demonstrated its harmful impacts on the reproductive function and fertility in males
[4, 5].

Nesfatin-1 is a powerful anorexiogenic neuropeptide that was first recognized in 2006. It is
constituted of 82 amino acids. The precursor peptide for nesfatin-1 is called nucleobindin-2
(NUCB2) [6]. Nesfatin-1 has been detected in the central nervous system, e.g. the hypothalamus,
and in peripheral tissues such as the digestive system, adipose tissue and reproductive organs in
females and males. Previous studies showed that it has anti-inflammatory, anti-apoptotic and
antioxidant effects [7, 8].

Autophagy acts as a self-degradative mechanism of cytosolic organelles such as mito-
chondria, cellular substrates such as proteins, lipids, and pathogens such as viruses or
bacteria. It has a major role in cellular homeostasis and acts as an adapting mechanism for
different stresses in the environment such as hypoxia, starvation, oxidative stress and
endoplasmic reticulum stress. Therefore it is considered as a mechanism for preserving cell
existence [9]. Previous studies have suggested that lack or loss of the autophagic process may
contribute to the pathogenesis of some diseases [10]. A previous study reported that the
autophagy process in Leydig cells is highly developed and has been implicated in ste-
roidogenesis [11].

Pyroptosis is an inflammatory type of organized cell death causing lysis of the cells. A main
characteristic of pyroptosis is the need for activation of caspase-1, which subsequently stimulates
the active form of pro-inflammatory cytokines as interleukin-1 beta (IL-1b) and interleukin-18
(IL-18) via the inflammasome-relying pathway [12]. The conventional inflammasomes include
nucleotide oligomerization domain (NOD)-like receptor proteins (NLRPs) such as NLRP1,
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NLRP3 and NLRP6. These inflammasomes are responsible for the activation of caspase-1 with
subsequent occurrence of pyroptosis [13].

Few previous studies have demonstrated the effect of nesfatin-1 on testicular dysfunction.
Some previous reports have revealed nesfatin-1 expression in male reproductive organs, even so
its exact functions in these organs are still not well defined. Thus, to our knowledge, this is the
first study demonstrating the beneficial effect of nesfatin-1 on reproductive dysfunction induced
by NT in male rats with possible modulation of autophagy and pyroptosis signaling pathways
and possible mechanisms for its action on testicular tissue.

MATERIALS AND METHODS

Experimental animals

This research was performed on 40 Wistar male rats. They were aged 10–12 weeks, and weighed
200–250 g. They were provided by the research lab of experiments, Faculty of Pharmacy, Tanta
University. The animals were kept in clean standard cages, three rats per cage, and were freely
provided with water and food. They were held at proper temperature (24 ± 28C) with 12h light/
dark cycles. The experimental plan was performed in accordance with the guidelines of the
ethical committee of Tanta University, Faculty of Medicine, (Code Approval Number: 3512/02/
27).

Chemicals

Nesfatin-1 and NT were obtained from Sigma Aldrich Co., (MO, USA). NT was in the liquid
form and was diluted in normal saline. Nesfatin-1 was dissolved in normal saline. The kits
utilized were provided by Abcam (ab), Antibodies-online.com (ABIN), and MyBiosource com
(MBS).

Experimental groups

The rats were given one week for adaptation before the start of the experiment. Rats of the
groups studied were given all treatments via intraperitoneal injections once daily for 8 weeks.
They were distributed into four groups (10 rats/group) as follows:

1. Control group: animals were administrated normal saline as a vehicle.
2. Normalþnesfatin-1 group: animals were administrated nesfatin-1 in a dose of 0.3 mg/kg [14].
3. NT group: animals were administrated NT in a dose of 0.6 mg/kg [15].
4. NTþnesfatin-1 group: animals were administrated nicotine in a dose 0.6 mg/kg plus nes-

fatin-1 in a dose of 0.3 mg/kg [14].

The doses of nesfatin-1 and NT were selected in this study according to former studies [7,
14–18].

At the end of the 8th week of the experiment, the animals were weighed. They were then
anaesthetized by inhalation of diethyl ether. Collection of blood samples was done via cardiac
puncture, which was followed by centrifugation at 4000 rpm for 15 minutes for separation of
the serum. Serum was kept at �808C until used for hormonal assays. Eventually, all rats were
sacrificed and the testes were taken out and weighed. The relative testicular weight was
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determined [19]. The left testes were cut transversely into small portions, homogenized and
centrifuged at 2000 rmp for 10 minutes to get the supernatant that was kept at �808C till it was
analyzed. The right testes were divided transversely into two portions; the first portion was kept
at �808C for RNA extraction by real time gene expression. The second portion was evaluated
histopathologically and immunohistochemically.

Evaluation of sperm parameters

For examination of the sperm parameters, the epididymis was carefully disconnected from the
testis I. It was then used to assess the sperm count, motility and viability [20].

Hormonal assay of serum

Testosterone, luteinizing hormone and follicle stimulating hormone (FSH) were estimated by
ELISA kits, (Cat# No: ABIN6574083, ABIN6574078 and ABIN5670612, respectively) in accord
with the manufacturer’s instructions.

Histopathological evaluation of testicular tissue

The excised testes were put in Bouin solution for fixation. They were then inserted into paraffin.
They were sliced into sections with 4–5 mm thickness. The slides were stained with hematoxylin
and eosin (H & E) for evaluation [21].

Immunohistochemical examination

The immunohistochemical evaluation of testicular tissue was done for the following markers:
mammalian target of rapamycin (mTOR), (Cat# No: ab2732, dilution 1/1000), AMP-activated
protein kinase (AMPK) (Cat# No: MBS2537343, dilution 1/200), and mitogen-activated protein
kinases (MAPKs) including phosphorylated extracellular signal regulated kinase (pERK) (Cat#
No: MBS9701266, dilution 1/200) and phosphorylated cJun N-terminal kinase (pJNK), (Cat#
No: MBS624642, dilution 1/100). The expressions were calculated by the image J analysis
program and expressed as % area according to the method of Varghese et al. [22].

Testicular tissue homogenate assay

The following parameters were assayed: enzymes of steroidogenesis: both 3b-hydroxysteroid
dehydrogenase (3b-HSD) and 17b-hydroxysteroid dehydrogenase (17-bHSD) were assayed
according to the method of Bergmeyer [23], the markers for oxidants and antioxidants
including malondialdehyde (MDA), superoxide dismutase (SOD) activity, catalase (CAT), and
glucose-6 phosphate dehydrogenase (G6PDH) levels were determined colorimetrically (Cat#
No: ab118970, ab65354, ab83464 and ab102529 respectively). Also, testicular reactive oxygen
species generation was measured by estimation of hydrogen peroxide [24] and hydroxyl radicals
[25]. Apoptotic marker caspase-3 activity was determined colorimetrically (Cat# No: ab39401).
The pro-inflammatory markers IL-1b and IL-18 were estimated by ELISA kits (Cat# No
MBS175941, and MBS2701003 respectively). Mitochondria were isolated from testicular tissue
[26], then the mitochondrial transmembrane potential (ΔJm) and mitochondrial Complex-I
activity were determined by the methods of Mishra and Shaha, [27] and Spinazzi et al. [28]
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respectively. Eventually, protein contents of testicular homogenate were estimated (Cat# No
500-0006).

Separation of RNA and PCR Real time quantitative analysis for relative gene expression
in testicular tissue

Total RNAs were separated from the testicular tissues of rats with TRIZOL reagent in accord
with the instructions of kits (thermo scientific, # 0731 USA) [29]. cDNAs were obtained by
reverse transcription of the RNAs by using revert Aid H Minus reverse transcriptase (Thermo
Scientific, # Ep 0451, USA). Eventually, cDNAs were used for determination of the relative gene
expression for pyroptotic markers; Nlrp3 and caspase-1, and autophagy markers including
microtubule-associated protein 1 light chain 3 alpha (Lc3-II) and Beclin-1. b-actin is the
housekeeping gene to which the aforementioned genes were normalized using the 2-ΔΔCt
method [30]. The primer sequences for the aforementioned genes are presented in Table 1.

Statistical analysis

The data were displayed as the mean ± standard deviation. Unpaired t-test was used for
comparing the collected data from two different groups. One–way ANOVA was used for
analysis of the collected data between more than two groups, and then Tukey’s test was used to
determine the significance. Statistical significance was considered with P values <0.05. The
statistical analyses were carried out by SPSS software (Version 24.0).

RESULTS

Changes in body weight and testicular weight

The final body weight showed notable reduction in the normalþnesfatin-1, NT and
NTþnesfatin-1 groups in contrast to the control group (Figs 1a & b). Meanwhile, in com-
parison with the initial body weight, the final body weight insignificantly changed in the
control group, but it showed a remarkable drop in the normalþnesfatin-1, NT and
NTþnesfatin-1 groups. Regarding testicular weight and relative testicular weight, both
exhibited notable decrease in the NT group as opposed to the control. On the other hand,
they showed significant increase in the NTþnesfatin-1 group as compared to the NT group.
But in the normalþnesfatin-1 group, there was insignificant alteration in testicular weigh as
compared to the control group.

Serum hormonal levels, sperm parameters and testicular steroidogenic enzymes

In contrast with the control group, NT caused dramatic lowering of the serum levels of
testosterone, LH and FSH (Table 2). Furthermore, it caused remarkable decline of sperm count,
motility and viability with suppression of the testicular enzymes 3b-HSD and 17b-HSD.
Conversely, in the NTþnesfatin-1 group it was observed that treatment with nesfatin-1 caused
significant increase of all previously mentioned parameters in comparison with the NT group. It
was observed that all these parameters were not modified in the normalþnesfatin-1 group as
compared to the control group.
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Histopathological analysis of the testicular tissue

In both the control and normalþnesfatin-1 groups, the histopathological inspection of testicular
tissues displayed a normal picture (Fig. 2). The NT group displayed degenerative changes of the
seminiferous tubules. The NTþnesfatin-1 group showed attenuation of the degenerative
changes of seminiferous tubules and restoration of normal structure of testicular tissue.

Fig. 1. Changes in body weight and testicular weight:
Data are given as mean ±SD. ΔP < 0.05 vs initial body weight. pP vs control group, #P < 0.05 vs nor-

malþnesfatin-1 group, &P < 0.05 vs NT group

Table 1. Real-time PCR primer sequences

Gene name Primer sequence
NCBI GenBank
accession number

Nlrp3 gene Forward: 59-TCTGTTCATTGGCTGCTGAT-39 NM_001191642.1
Reverse: 59-GCCCTTTTCGAACTTGCCGT-39

Caspase-1 gene Forward: 59-CTTGCTGCTCTTCAACACCAG-39 NM_012762.2
Reverse: 59-AATGTCCTCCAAGTCACGAGA-39

Lc3-II gene Forward: 59CATTGGCACAGATGAAGACAC-39 NM_199500.2
Reverse: 59GCCAAATGTTCATCCACTTTC-39

Beclin-1 gene Forward: 59-ACCAGGAGGAACCTCAGTACC-39 NM_001034117.1
Reverse: 59-CAGGCAGCATTGAGTTCATTC-39

b-actin
housekeeping
gene

Forward: 59-ATCCTGCGTGACATTAAGGAGAAG-39 NM_031144.3
Reverse: 59-AGGAAGGACGGCTGGAAGAGTG-39
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Immunohistochemical expression of mTOR, AMPK, pERK, and pJNK in testicular tissue

As illustrated in Fig. 3, the expression of testicular mTOR, pERK and pJNK was significantly
upregulated with synchronized significant downregulation of AMPK in the NT group, contrary
to the control group. Meanwhile, the NTþnesfatin-1 group showed notable attenuation of
expression of testicular mTOR, pERK, and pJNK with accompanying notable augmentation of
AMPK expression compared to the NT group. It was noted that all the studied expressions were
not altered in the normalþnesfatin-1 group compared to the control group.

As regards immunohistochemical expression of mTOR, in the control group there was mild
expression in some primary spermatocytes and a few spermatogonia, whereas the normal-
þnesfatin-1 group exhibited mild expression in some spermatogonia. Meanwhile, the NT group
displayed marked expression in all germ cells of the seminiferous tublues. On the other hand,
the NTþnesfatin-1 group showed moderate expression in some primary spermatocytes.

Immunohistochemical expression of AMPK showed that in both the control and the nor-
malþnesfatin-1 groups there was strong positive expression in spermatogonia and primary
spermatocytes, whereas the NT group exhibited mild expression only in spermatogonia.
Meanwhile, the NTþnesfatin-1 group displayed strong expression mainly in spermatogonia and
primary spermatocytes.

Our study of pERK expression revealed that both the control and the normalþnesfatin-1
groups exhibited mild positive immunoexpression in some spermatogonia and to a lesser extent
in a few primary spermatocytes, whereas the NT group exhibited marked expression in all germ
cells of seminiferous tubules. On the other hand, the NTþnesfatin-1 group showed mild
expression in some spermatogonia.

Concerning immunohistochemical expression of pJNK, both the control and the nor-
malþnesfatin-1 groups exhibited mild expression in few spermatogonia, whereas the NT
group had strong expression in all germ cells of seminiferous tubules. Meanwhile, the
NTþnesfatin-1 group exhibited mild expression in some spermatogonia and primary sper-
matocytes.

Table 2. Serum hormonal levels, sperm parameters and testicular steroidogenic enzymes in the studied
groups

Parameters
Control
group

NormalþNesfatin-1
group NT group

NTþNesfatin-1
group

Testosterone (ng/ml) 4.85±0.64 4.98±0.50 2.43±0.22
p# 4.33±0.20

p#&

LH (ng/ml) 2.31±0.15 2.32±0.17 0.90±0.06
p# 1.78±0.38

p#&

FSH (ng/ml) 8.59±0.32 8.91±0.34 5.52± 0.29
p# 7.76±0.20

p#&

Sperm count (million/ml) 78.13±3.84 80.84±6.55 55.12±2.83
p# 72.14±2.00

p#&

Sperm motility (%) 69.35±2.27 71.29±4.25 43.77±1.13
p

64.16± 2.23
p#&

Sperm viability (%) 96.12±2.15 95.97±2.96 72.66±1.18
p# 92.56±2.04

p#&

3b-HSD (nmol NDPH/min/mg
protein)

4.75±0.26 4.99±0.35 2.29±0.13
p# 4.38±0.16

p#&

17b-HSD (nmol NDPH/min/
mg protein)

6.80±0.33 7.06±0.25 3.68±0.10
p# 6.32±0.15

p#&

Data are given as mean ±SD. pP vs control group, #P < 0.05 vs normalþnesfatin-1 group, &P < 0.05 vs NT
group.
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Relative gene expression of testicular markers of pyroptosis and autophagy

It was noticed that NT exposure for 8 weeks dramatically elevated the testicular gene expression
of Nlrp3 and Caspase-1 (Figs 4a & b). On the other hand, in the NTþnesfatin-1 group nesfatin-1
treatment significantly suppressed the elevation of these markers for pyroptosis in comparison
with NT group. Concerning the gene expression for autophagy markers, NT markedly reduced
testicular Lc3-II and Beclin-1 compared to the control, whereas in the NTþnesfatin-1 group
nesfatin-1 administration for 8 weeks caused remarkable upregulation of the expression of Lc3-
II and Beclin-1 as compared to the NT group (Figs 4c & d). It was observed that the testicular

Fig. 2. Histopathological analysis of the testicular tissue:
The control and normalþnesfatin-1 groups displayed normal histopathology of testicular tissues. Semi-
niferous tubules (TS), (a) basement membrane, (b) Leydig cells, (c) Sertoli cells, (d) spermatogonia, (e)
primary spermatocytes, and (f) spermatids). The NT group exhibited degenerative changes of the semi-
niferous tubules and diminishing of all stages of spermatogenesis. Vacuolization (curved arrow). The
NTþNesfatin-1 group showed attenuation of the degenerative changes of seminiferous tubules (#) and
restoration of normal structure of testicular tissue. I, II & III 5magnification 100, 200 &3 400 respectively
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Fig. 3. Immunohistochemical analysis with estimation of immunoreactivity of mTOR, AMPK, pREK and pJNK. The arrows denote brown staining
of mTOR, AMPK, pREK and pJNK. Magnification was3 400. Data are given as mean ±SD. pP vs control group, #P < 0.05 vs normalþnesfatin-1 group,

&P < 0.05 vs NT group.
Expression of mTOR revealed that, in the control group, there was mild expression in some primary spermatocytes and few spermatogonia. The
Normalþnesfatin-1 group exhibited mild expression in some spermatogonia. The NT group displayed marked expression in all germ cells of the

seminiferous tubules. The NTþnesfatin-1 group showed moderate expression in some primary spermatocytes. Expression of AMPK showed that, in both
control and normalþnesfatin-1 groups, there was strong positive expression in spermatogonia and primary spermatocytes. The NT group exhibited mild
expression only in spermatogonia. The NTþnesfatin-1 group displayed strong expression mainly in spermatogonia and primary spermatocytes. pERK
expression showed that both control and normalþnesfatin-1 groups exhibited mild positive immunoexpression in some spermatogonia and to a lesser
extent in a few primary spermatocytes. The NT group exhibited marked expression in all germ cells of seminiferous tubules. The NTþnesfatin-1 group
showed mild expression in some spermatogonia. Expression of pJNK in both the control and normalþnesfatin-1 groups revealed mild expression in few
spermatogonia, whereas in the NT group there was strong expression in all germ cells of seminiferous tubules. Meanwhile, the NTþnesfatin-1 group

exhibited mild expression in some spermatogonia and primary spermatocytes
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markers of pyroptosis and autophagy were not changed in the normalþnesfatin-1 group
compared to the control.

Testicular ROS, oxidant and antioxidant parameters

Testicular hydrogen peroxide, hydroxyl radicals and MDA were significantly elevated with
concurrent notable suppression of the activities of antioxidant enzymes including SOD, CAT
and G6PDH in the NT group as opposed to the control group (Table 3). Meanwhile, in
comparison with the NT group, in NTþnesfatin-1 group nesfatin-1 significantly prohibited the
increase in hydrogen peroxide, hydroxyl radicals and MDA with synchronous restoration of
normal levels of SOD, CAT and G6PDH activities. It was noted that the studied testicular ROS,
oxidant and antioxidant parameters were not altered in normalþnesfatin-1 group compared to
the control group.

Testicular apoptosis, pro-inflammatory cytokines, mitochondrial ΔJm and Complex-I
activity

As compared to the control, NT exposure for 8 weeks notably elevated testicular caspase-3, IL-
1b and IL18 with accompanying remarkable fall of mitochondrial ΔJm and Complex-I activity
(Table 4), whereas in the NTþnesfatin-1 group, nesfatin-1 administration dramatically inhibited
the increase of caspase-3, IL-1b and IL18 with restoration of mitochondrial ΔJm and Com-
plex-I activity to their normal values. It was observed that all these parameters were not
modified in normalþnesfatin-1 group as compared to the control group.

Fig. 4. Relative gene expression of testicular markers of pyroptosis and autophagy
Data are given as mean ±SD. pP vs control group, #P < 0.05 vs normalþnesfatin-1 group, &P < 0.05 vs NT

group
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DISCUSSION

The data of the present study showed that NT administration for 8 weeks dramatically impaired
the reproductive function of male rats. On the other hand, nesfatin-1 administration to NT-
treated rats ameliorated the reproductive dysfunction via augmentation of autophagy with
attenuation of pyroptosis, apoptosis, oxidative stress and mitochondrial dysfunction of testicular
tissue.

The data of the present study showed that NT caused a remarkable diminution of body
weight, which was in conformity with previous reports [31]. The precise mechanism of the effect
of NT on body weight is not well evident, but it might be related to the reduction of food intake
by NT consuming animals [32]. In agreement with previous studies [33], our findings docu-
mented that in the NTþnesfatin-1 group, nesfatin-1 remarkably caused a decline of body weight
in contrast with either the control or NT group, which could be related to its effect as an
anorexogenic hormone [34].

In the same way, our results recorded a notable diminution of the testicular weight as well
the relative testicular weight in the NT group, which could be explained by the suppressing effect
of NT on steroidogenesis and spermatogenesis with subsequent degeneration and reduction of
the size of the seminiferous tubules [35]. At the same time our results revealed that in the

Table 3. Testicular ROS, oxidant, and antioxidant parameters in the studied groups

Parameters
Control
group

Normalþnesfatin-1
group NT group

NTþnesfatin-1
group

Hydrogen peroxide (mmole/
min/mg protein)

1.92±0.07 1.89±0.08 4.91±0.19
p# 2.05±0.13&

Hydroxyl radical (mmole/min/
mg protein)

2.37±0.09 2.34±0.08 4.56±0.17
p# 2.24±0.10&

MDA (nmol/mg protein) 18.66±0.32 18.82±0.47 31.70±1.12
p# 19.38±0.27&

SOD (U/mg protein) 1.91±0.06 1.88±0.05 0.74±0.03
p# 1.87±0.04&

CAT (U/mg protein) 20.93±1.52 21.26±2.46 12.21±0.06
p# 19.85±1.14&

G6PDH (U/mg protein) 0.44±0.04 0.46±0.06 0.17±0.02
p# 0.42±0.04&

Data are given as mean ±SD. pP vs control group, #P < 0.05 vs normalþnesfatin-1 group, &P < 0.05 vs NT
group.

Table 4. Testicular apoptosis, pro-inflammatory cytokines mitochondrial ΔJm and Complex-I activity

Parameters
Control
group

Normalþnesfatin-1
group NT group

NTþnesfatin-1
group

Caspase-3 0.50±0.06 0.48±0.09 2.84±0.13
p# 0.64±0.04

p#&

IL-1b (pg/ml) 125.49±5.74 118.78±9.86 176.24±9.52
p# 137.67±5.59

p#&

IL-18 (pg/ml) 106.67±7.03 99.53±8.30 146.21±7.42
p# 117.56±4.37

p#&

ΔJm (fluorescence unit) 2.38±0.14 2.41±0.11 1.31±0.06
p# 2.51±0.19&

Complex-I activity (U/mg
protein)

143.2±8.19 146.20±7.42 101.6±6.35
p# 140.6±6.60&

Data are given as mean ±SD. pP < vs control group, #P < 0.05 vs normalþnesfatin-1 group, &P < 0.05 vs NT
group.
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NTþnesfatin-1 group, nesfatin-1 treatment significantly restored the testicular weight to its
normal value, which could be attributed to its stimulatory effect on steroidogenesis and sper-
matogenesis [17], as shown in our results.

In parallel to the previously mentioned reports [36], the data of our study demonstrated that
NT administration markedly reduced the serum levels of testosterone, LH and FSH. The
reduction of the serum testosterone level could be explained by the suppressing effect of NT on
testicular enzymes for steroidogenesis including 3b-HSD and 17b-HSD [35], as shown in our
results. Moreover, apoptotic and pyroptotic inflammatory effects of NT might be additional
mechanisms for the decreased testosterone level [37, 38], which was also displayed in our results,
as well as the stimulatory effect of NT on testicular ERK. ERK was previously reported to
suppress the activity of 3b-HSD and 17b-HSD with subsequent diminution of testosterone
synthesis [39].

The decline of the serum levels of LH and FSH in NT-administrated rats might be related to
the disturbance of the hypothalamo-hypophyseal axis caused by NT exposure [40].

Interestingly, the present study recorded that in the NTþnesfatin-1 group, nesfatin-1 notably
elevated the serum levels of testosterone, LH and FSH, in addition to restoring the activities of
the steroidogenic enzymes 3b-HSD and 17b-HSD. This might be ascribed to its anti-apoptotic,
anti-inflammatory, antioxidant effects [7, 8] and its stimulating effect on autophagy in testicular
tissue, as shown in our results. It was reported that autophagy enhances the uptake of cholesterol
into the Leydig cells; hence it activates the steroidogenic enzymes with subsequent increase of
synthesis of testosterone [11]. It was recorded that deficient autophagy in Leydig cells might
suppress synthesis of testosterone [41].

Matching previous studies [42], our results showed that NT administration caused a
noticeable decline of the sperm count, motility and viability. This effect of NT on sperm pa-
rameters could be ascribed to ROS generation. ROS could accelerate apoptosis of the germ cells
with subsequent reduction of testosterone level and suppression of sperm production [35], these
effects of NT were also documented in our results.

As displayed in our results, nesfatin-1 treatment significantly restored the sperm parameters
in NT-treated rats. The restoration of normal sperm parameters by nesfatin-1 might be
explained by its antioxidant, anti-apoptotic, anti-inflammatory effects [7, 8] and its stimulating
effect on autophagy that has a prime role in the conservation of healthy sperms [43], as revealed
in our results. The histopatholological analyses of the testicular tissue confirmed our afore-
mentioned findings.

Lc3-II and Beclin-1 are two well-recognized markers for autophagy activation [44].
Intriguingly, our findings revealed that NT notably diminished the expression of autophagy
markers Lc3-II and Beclin-1. The exact cause for the downregulating effect of NT on autophagy
markers in testicular tissue is not well-defined; it might be attributed to excessive ROS pro-
duction by NT with subsequent oxidative stress [45]. These aforementioned factors failed to
stimulate autophagy, instead they caused debilitation of antioxidant enzymes and stimulation of
both pyroptotic and apoptotic pathways [46, 47]. Meanwhile, our present study showed that
nesfatin-1 dramatically upregulated the expression of Lc3-II and Beclin-1 in testicular tissue of
NT-treated rats. Thus, nesfatin-1 enhanced the advancement of the autophagy process in this
model.

Previous studies demonstrated that the main regulators for the signaling pathways for
autophagy could involve mTOR and AMPK. AMPK has been described to regulate autophagy
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through suppression of mTOR phosphorylation [48]. It is worthwhile to note that NT
administration notably upregulated mTOR with accompanying notable downregulation of
AMPK expression in testicular tissue. Nevertheless, our results demonstrated that nesfatin-1
reversed the elevated mTOR with augmentation of AMPK expression in the testicular tissue of
NT-treated rats, which suggested activation of autophagy process in testicular tissue.

Our results evince that NT caused remarkable upregulation of the expression of testicular
pyroptotic markers Nlrp3 and Caspase-1. The mechanism by which NT induced pyroptosis in
testicular tissue has not been well elucidated. However, it might be explained by enhancement of
ROS production and oxidative stress [49], which was shown in our results. Additionally, NT
could inhibit mitochondrial Complex I with subsequent augmentation of mitochondrial ROS
generation and activation of NLRP3 [50], as shown in our results.

It was observed in our results that nesfatin-1 administration in NT-treated rats caused
reduction of the expression of Nlrp3 and Caspase-1, hence it attenuated pyroptosis, which might
be explained by its suppressive effect on ROS production and oxidative stress [8], as demon-
strated in this study. Another explanation for the reduction of Nlrp3 is enhancement of auto-
phagy by nesfatin-1, as shown in our results. Autophagy is capable of directly inhibiting NLRP3
[51]. In conformity with this, it was previously reported that suppression of NLRP3 could be
mediated through activation of AMPK with simultaneous inhibition of mTOR [10], as shown in
our results.

It was worthwhile to speculate that one of the probable links between pyroptosis and
autophagy could be ROS overproduction caused by NT exposure. The induction of autophagy
might help in the protection of various organs against injury by inhibiting NLRP3 [51].
Matching with this view, we assumed that nesfatin-1 in NT-treated rats attenuated the testicular
pyroptosis induced by NT exposure, which could be ascribed to enhancing autophagy to
eliminate undue ROS overproduction.

The MAPK pathways including ERK, JNK and p38 were reported to be involved in the
regulation of cell existence and death [52]. Our results clearly showed that NT exposure
remarkably upregulated the expression of pERK and pJNK in testicular tissue. On the other
hand, nesfatin-1 administration in the NT-treated group attenuated their expression. It was
suggested that the enhanced expression of pERK and pJNK in the NT group might be attributed
to ROS and oxidative stress induced by NT [53], as also explored in our results.

Notably, the results of this study showed that the testicular levels of pro-inflammatory
cytokines IL-b and IL-18 were significantly elevated in the NT group, which might be ascribed
to the stimulating effect of NT on NLRP3, which subsequently activated caspase-1. Caspase-1 is
a major activator for IL-1b- and IL-18-dependant pyroptosis [47]. Moreover, our results
revealed that nesfatin-1, in NT-treated rats, significantly reduced the testicular levels of IL-1b
and IL-18. This might be related to its effect to promote autophagy with subsequent inhibition
of NLRP3 and suppression of pyroptotic pro-inflammatory cytokines [54], as demonstrated in
our results.

The findings of this study verified that NT exposure significantly enhanced testicular
ROS generation, as manifested by elevation of the levels of hydrogen peroxide and hy-
droxyl radicals. Also, there was prominent augmentation of lipid peroxidation as evi-
denced by the increased MDA level with concomitant decline of the antioxidant enzyme
activities of SOD, CAT and G6PDH. Furthermore, NT administration caused
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mitochondrial dysfunction as evidenced by notable depression of the mitochondrial ΔJm
and Complex-I activity.

Our results showed that nesfatin-1 administration, in NT-treated rats, suppressed testicular
ROS production and returned the antioxidant enzyme activities and the mitochondrial ΔJm
and Complex-I activity to their normal levels. The antioxidant effect of nesfatin-1 on testicular
tissue might be attributed to its stimulatory effect on autophagy with subsequent elimination of
ROS [42], as was revealed in our results.

Our results demonstrated that NT administration caused significant elevation of testicular
caspase-3 which denoted apoptosis. Conversely, our results revealed that nesfatin-1 prohibited
the testicular caspase-3 activation in NT-treated rats. The anti-apoptotic effect of nesfatin-1
might be ascribed to its promoting effect on autophagy that was previously demonstrated to
prevent the apoptotic pathway [55]. Another explanation for the anti-apoptotic effect of nes-
fatin-1 was its inhibitory effect on MAPK pathways [56], as verified in our results.

Overall, our results demonstrated that co-treatment with nicotine and nesfatin-1 diminished
the deleterious effects of nicotine but did not completely restore them to control levels.

CONCLUSION

Nesfatin-1 has a prominent role in alleviation of the impairment of male reproductive functions
induced by NT via enhancement of autophagy pathways, suppression of pyroptosis, apoptosis,
mitochondrial dysfunction and ROS production. Thus it improved testosterone, LH and FSH
levels with subsequent restoration of sperm parameters. Nesfatin-1 may therefore offer a novel
protective or therapeutic access for treating male infertility, and hence further investigations are
recommended for exploring more molecular mechanisms for nesfatin-1 in male reproductive
dysfunctions.

Limitations for this study

We need further research study to examine if the effect of nesfatine-1 is age-dependent. Further
experiments will be needed to study the effect of nesfatin-1 for periods longer than 8 weeks to
see whether or not nesfatin-1 has undesirable, strong anorexiogenic side effects.
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