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Abstract: The male reproductive system requires the pleiotropic activity of JAK/STAT to maintain
its function, especially spermatogenesis. The study aims to investigate the effect of JAK2 signaling
on the expression of the Keap1/Nrf2 axis, spermatogenesis, and the Sertoli cells (Sc) junctions in
an animal model of testicular ischemia reperfusion injury (tIRI). Testes subjected to tIRI exhibited
increased JAK2/STAT3 activity associated with spermatogenic arrest and reduced expression of
the Sc junctions. In addition, there was an increased protein expression of Keap1 and decreased
Nrf2., which was coupled with the downregulation of gene expression of antioxidant enzymes.
Reduced SOD and CAT activities were accompanied by increased lipid peroxidation and protein
carbonylation during tIRI. Increased caspase 9 activity and Bax/Bcl2 ratio indicated initiation of
apoptosis. Inhibition of JAK2 activity by AG490 maintained the integrity of spermatogenesis and
SC junctions, normalized the expression of the Keap1/Nrf2 axis and its downstream antioxidant
enzymes, and prevented germ cell apoptosis. The results further emphasized the regulatory role of
JAK2/STAT3 on spermatogenesis, Keap1/Nrf2 signaling, and maintenance of the testicular redox
balance to combat testicular dysfunction and male infertility.

Keywords: spermatogenesis; ischemia reperfusion injury; JAK2/STAT3; Keap1/Nrf2; apoptosis;
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1. Introduction

Spermatogenesis is a dynamic process culminating in the production of mature
sperms [1]. It occurs in the testis’s seminiferous tubules (STs) under tight hormonal and
enzymatic regulations. The structure of the supratesticular artery renders the testicular STs
under constant low oxygen tension [2]. Interestingly, this semi-hypoxic microenvironment
is well tolerated by spermatogenesis, which protects sperms from naturally produced
intracellular reactive oxygen species (ROS). However, the testis is also vulnerable to any
restrictions to the blood flow due to constriction of the testicular artery. This will jeopardize
testicular function, especially spermatogenesis, making testicular oxidative stress the key
culprit in most male infertility conditions [3–5]. Therefore, understanding the molecular
mechanisms regulating testicular redox homeostasis and spermatogenesis will unravel the
underlying causes of male fertility anomalies and identify therapeutic targets.

Testicular torsion (TT) is a urologic emergency that results in ischemic testis due to
an acute block of blood flow. Surgical intervention is needed for the detorsion (D) of
the spermatic cord and artery to restore blood flow to the ischemic testis. Depending on
the duration of TT, testicular dysfunction and spermatogenic arrest could lead to male
subfertility and/or infertility problems [6]. TTD-induced animal models were created
to mimic the pathophysiology of the condition [7]. At the molecular level, in vivo, ani-
mal models established that TTD is presented as a testicular ischemia reperfusion injury
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(tIRI) [8]. At the cellular level, disrupted ST structure and arrested spermatogenesis were
clear phenotypes of experimental tIRI. Scientific investigations identified oxidative stress,
inflammation, and germ cell apoptosis as the key underlying causes of these animal models’
observed testicular dysfunction [8]. Extensive studies reported on the effects of natural and
synthetic drugs in attenuating the deleterious consequences of tIRI [9]. However, evidence
for the signaling network that governs spermatogenesis and leads to its arrest during tIRI
is limited.

The testis employs the Janus kinase/signal transducer and activator of transcription
(JAK/STAT) as its central signaling regulatory pathway [10,11]. It protects the sensitive
and complex nature of spermatogenesis and safeguards spermatozoa against ROS toxic-
ity, which weakens their fertilization competence [12]. It also plays a major role in germ
stem cell maintenance and maturation of functional sperms [12]. The JAK/STAT pathway
propagates its signals via transcriptional activation of specific genes [11]. As a protective
mechanism, the testis additionally maintains a tight transcriptionally-regulated antioxi-
dant system to counteract physiologically generated ROS. The nuclear factor E2-related
factor 2 (Nrf2) is a redox-sensitive transcription factor that has an important role in cellu-
lar adaptation to oxidative stress [13]. Nrf2 is the master gene transcription regulator of
several antioxidant enzymes like catalase (CAT), superoxide dismutase (SOD), glutathione
reductase (GSR), and quinone reductase 1 (NQO1). Physiologically, Nrf2 is bound to its
negative regulator, Keap1 (Kelch-like ECH-associated protein 1). Keap1 sequesters Nrf2 in
the cytoplasm and enhances its ubiquitination and degradation. However, under oxidative
stress, Keap1 is inhibited by modifications at its cysteine residues, allowing the release of
Nrf2. Upon its translocation to the nucleus, Nrf2 binds directly to antioxidant response ele-
ments (AREs) located in the promoter region of genes encoding antioxidants and multiple
phase 2 detoxifying proteins/enzymes, causing their activation [14]. In the Keap1/Nrf2
axis, Keap1 is the electrophile/ROS sensor, while Nrf2 is the effector protein [15,16]. The
Keap1/Nrf2 signaling pathway plays a vital role in maintaining reproductive function in
mammals [17]. In the testis, Nrf2 expression was histologically detected in the cytoplasm
and nucleus of spermatogonia and sperm cells [17]. Nrf2-knockout mice were presented
with an oxidative disturbance in spermatogenesis emphasizing its role in the process of
sperm production [18]. Furthermore, it was suggested that activation of the MAPK/Nrf2
pathway could damage the blood–testis barrier integrity and cause spermatogenic cell
apoptosis [19]. Thus, Nrf2 expression could act as a predictive marker for testicular dysfunc-
tion and male infertility. Furthermore, its key antioxidant role and implications in several
body system pathologies [20,21] and some cancer types [22,23] emphasize its promising
use as a pivotal therapeutic target for future treatment modalities.

Several studies demonstrated a coordinated expression of JAK and Nrf2 in various
disease conditions but without any evidence for direct regulation [24]. In this study, we
sought to identify whether the JAK2/STAT3 signaling exerts direct regulation over the
Keap1/Nrf2 pathway, spermatogenesis, and expression of the Sertoli cells (Sc) junctions.

2. Materials and Methods
2.1. Rat Model of tIRI and Drug Treatment

A 12 h light/12 h dark cycle was used for thirty-six male Sprague–Dawley rats
(8 weeks old, 250–300 g) with food and water supplied ad libitum. Each rat was shaved at
the ilioinguinal region, and betadine and 70% ethanol were used for disinfection. There-
after, anesthesia (ketamine 50 mg/kg and xylazine 2 mg/kg) was injected intraperitoneally
(i.p.). The animals were randomly assigned to 3 groups (n = 12 each); sham, unilateral tIRI,
and tIRI treated with AG490, a JAK inhibitor. The sham rats underwent an ilioinguinal
incision at the left side, exposing the left testis for 60 min followed by replacing it into the
scrotal sac and suturing the incision. After 4 h, the sham rats were humanely sacrificed
by decapitation. The tIRI rats had a unilateral ischemic injury to the left testis for 60 min
using a straight bulldog clamp, applying 700 g pressure to completely occlude the blood
flow from the testicular artery to the testis. The rats were i.p. injected with 250 µL dimethyl
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sulfoxide (DMSO, drug vehicle) 30 min before testicular reperfusion for 4 h followed by
animal sacrifice. The AG490-treated rats underwent the same procedure as the tIRI group,
except this group was injected with AG490 (40 mg/kg dissolved in DMSO; Sigma-Aldrich,
St. Louis, MO, USA) instead of DMSO [25]. All three groups’ contralateral (right) testes
were used as a positive internal control. All dissected testes were immediately preserved
according to the nature of the downstream experiments.

2.2. Hematoxylin and Eosin Staining

Harvested testes were fixed in Bouin’s fixative and embedded in paraffin blocks. The
4 µm testicular tissue sections were stained with hematoxylin and eosin (H&E) for sper-
matogenesis assessment using the Johnson scoring method under light microscopy [25,26].
Images were taken at 10×, 20×, and 40× magnifications. The absence of germ cells in
the seminiferous tubules was used to score spermatogenesis in the following order: sper-
matozoa (10–8) > spermatid (7–6) > spermatocytes (5–4) > spermatogonia (3) > Sertoli
cells (2) > no cells.

2.3. Western Blot Analysis

Total protein extracts were prepared from the harvested testes using radio-
immunoprecipitation assay (RIPA) buffer (Sigma-Aldrich, St. Louis, MO, USA) and stored
at −80 ◦C. The primary antibodies for JAK2 (ab108596) and ph-JAK2 (ab195055) were
purchased from abcam (Cambridge, UK). The primary antibodies for STAT3 (mAb#4904)
and ph-STAT3 (mAb#9145) were purchased from Cell Signaling Technology (Danvers,
MA, USA). The primary antibodies for Nrf2 (MBS9600480) and Keap1 (MBS2536215) were
purchased from MyBioSource.com (San Diego, CA, USA). Protein extracts (150 µg) were
resolved through 10% SDS-PAGE. Separated proteins were transferred to a PVDF mem-
brane followed by blocking and incubation with primary antibody for each target protein
individually. The primary antibody dilutions are as follows: JAK2 (1:1000), ph-JAK2
(1:500), STAT3 (1:1000), ph-STAT3 (1:500), Nrf2 (1:1000), and Keap1 (1:1000). The PVDF
membrane was then treated with a horseradish peroxidase/HRP-conjugated secondary
antibody. Protein band signal amplification was performed using the electrochemilumi-
nescence method (ECL) (Thermo Fisher Scientific, Waltham, MA, USA) and visualized
by the ChemiDoc™ MP Imaging System (BioRad, Hercules, CA, USA). Band intensity
quantification was measured using the Image Lab software v. 4.1 (BioRad, Hercules,
CA, USA).

2.4. Enzyme-Linked Immunosorbent Assay

Enzyme-linked immune-sorbent assay (ELISA) was utilized to quantitate the protein
expression of the Sc junctions: connexin-43 (Cx-43; ER0881), occludin (Ocln; ER1206),
claudin-11 (Cldn11; E11717r), zonula occludens-1/Tight junction protein 1 (ZO-1/TJP1;
ER1386) were purchased from FineTest (Wuhan, Hubei, China). Experimental and standard
curve samples were loaded onto the washed 96-well ELISA plate. Proteins were detected us-
ing their respective biotin-labeled antibodies. Thereafter, the 3,3′,5,5′-Tetramethylbenzidine
(TMB) substrate solution was added for signal amplification, and signal OD absorbance
was immediately read at 450 nm. The proteins’ concentrations were interpolated from the
standard curve.

2.5. Biochemical Assays

The SOD and CAT colorimetric activity assay kits (Invitrogen, Waltham, MA, USA)
were utilized. The activities of the two antioxidant enzymes were measured in 150 µg of
total protein extracts using a microplate reader. A generated standard curve was used
to calculate the antioxidant enzyme activities in the samples and controls, which were
corrected for the dilution factor.

Malondialdehyde (MDA) is a lipid peroxidation product assayed by the BIOXYTECH®

LPO-586™ kit (Oxis Research, Portland, OR, USA). The MDA assay was performed fol-
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lowing the manufacturer’s protocol. Protein samples with standardized concentrations
were loaded and processed using 96-well plates. The MDA sample absorbance was read at
586nm. Finally, the MDA concentration was calculated using a specific formula provided
by the manufacturer’s protocol.

The NADP/NADPH Quantification Kit (Sigma-Aldrich, St. Louis, MO, USA) was
used as an indirect measure for NADPH oxidase activity and the rate of ROS generation.
Following the manufacturer’s protocol, the concentrations of total NADP and NADPH
were read at 450 nm and calculated using a standard curve. The NADP/NADPH ratio was
calculated as (NADPt—NADPH)/NADPH.

2.6. Relative mRNA Expression by Real-Time PCR

RNA extraction from frozen testicular tissue samples was performed by homogeniza-
tion in Trizol following the manufacturer’s guidelines (Invitrogen, Carlsbad, CA, USA).
Total RNA was reverse transcribed to complementary DNA (cDNA) using the high-capacity
cDNA reverse transcription kit (Life Technologies, Grand Island, NY, USA). For real-time
PCR, the cDNA template was loaded on a 96-well plate before adding the 2× PCR master
mix and 20× gene-specific Taqman assay (Thermo Fisher Scientific, Waltham, MA, USA).
The mRNA expression was measured for the following genes: Sod (Rn00566938_m1), Cat
(Rn00560930_m1), Nqo-1 (Rn00566528_m1), Gsr (Rn01482159_m1), Bax (Rn01480161_g1)
and Bcl2 (Rn99999125_m1). The Taqman assay for β-actin was used as an endogenous con-
trol. Amplification reactions were performed using the Quant Studio System™ 5 Real-Time
PCR Instrument (Applied Biosystems, Waltham, MA, USA) using the machine’s standard
protocol. The relative mRNA expression for individual genes was calculated using the
2−∆∆CT method [27].

2.7. Statistical Analysis

GraphPad Prism v8.0 (GraphPad Software Inc., San Diego, CA, USA) was used to
analyze the raw data. Experimental group data were subjected to a one-way analysis of
variance (ANOVA) followed by the Holm–Sidak multiple comparisons test. The data were
represented as mean ± standard deviation (SD) and the p-value for significance was set
at <0.05.

3. Results
3.1. Activation of JAK2/STAT3 during tIRI

The phosphorylation of the JAK2 and STAT3 was enhanced by 1.87- and 3.85-fold,
respectively, in the ipsilateral testes of tIRI-subjected testes compared to sham testes suggest-
ing pathway activation (Figure 1). Treatment with AG490 normalized the phosphorylation
levels of JAK2 and STAT3. There was no significant change in the phosphorylation ratio of
the JAK2/STAT3 in the contralateral testes of the three rat groups (p-value = 0.0138).

3.2. JAK2/STAT3 Regulates Spermatogenesis

Histologically, the tIRI-subjected ipsilateral testes elicited negative histopathological
alterations of spermatogenesis with perturbed stages (Figure 2A–C). Conversely, the semi-
niferous epithelium showed normal germ cell distribution in both sham and AG490-treated
groups (Figure 2D,E, respectively). An average Johnsen score of 6.83 ± 0.75 indicated the
absence of spermatozoa and the presence of spermatids only suggesting arrested spermato-
genesis without spermiation (Figure 2F). AG490 treatment prevented spermatogenic arrest
implying the role of JAK2/STAT3 in sperm maturation as observed at the morphological
level. All contralateral testes displayed normal histological stages of spermatogenesis
(p-value > 0.05).
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Figure 1. The effect of AG490 on the phosphorylation of JAK2 and STAT3. (A) Representative pic-
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STAT3. (B) Diagrammatic blot demonstrating the signal intensity quantification of the phosphory-
lation ratios of p-JAK2/JAK2 and p-STAT3/STAT3. The values are presented as the mean ± SD (n = 
6/group), p-value < 0.05. * tIRI compared to sham and # AG490-treated compared to tIRI. Abbrevia-
tions: JAK = Janus kinase; STAT = signal transducer and activator of transcription; tIRI = testicular 
ischemia reperfusion injury; I = Ipsilateral. 
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Figure 1. The effect of AG490 on the phosphorylation of JAK2 and STAT3. (A) Representative pictures
of Western blots demonstrating the protein levels of the phosphorylated forms of JAK2 and STAT3.
(B) Diagrammatic blot demonstrating the signal intensity quantification of the phosphorylation ratios
of p-JAK2/JAK2 and p-STAT3/STAT3. The values are presented as the mean ± SD (n = 6/group),
p-value < 0.05. * tIRI compared to sham and # AG490-treated compared to tIRI. Abbreviations:
JAK = Janus kinase; STAT = signal transducer and activator of transcription; tIRI = testicular ischemia
reperfusion injury; I = Ipsilateral.
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absence of spermatozoa and spermatids and the presence of only spermatocytes and spermatogonium.
(B) A tIRI-subjected testis with a Johnsen score of 6 as it lacks spermatozoa and elongated spermatids,
but rather shows only a few round spermatids. (C) A tIRI-subjected testis with a Johnsen score of
7 due to the presence of many round spermatids but no elongated spermatids or spermatozoa.
(D,E) Sections from sham and AG490-treated testes with an average Johnsen score of 9.1 showed
normal spermatogenesis and germ cell distribution. (F) A diagrammatic plot demonstrating the
average Johnsen scores for each experimental group. * tIRI compared to sham and # AG490-treated
compared to tIRI. Abbreviations: C = contralateral, s = spermatozoa; es = elongated spermatids;
rs = round spermatids; Sc = spermatocytes; Sg = spermatogonia. Images of histological sections were
captured at 40×magnifications (scale bar 200 mm).

3.3. JAK2/STAT3 Regulates the Protein Expression of Sc Junctions

The protein expression of Cldn11, Cx43, and ZO1 was reduced by 1.9-, 1.5- and
1.6-fold, respectively, in tIRI-subjected testes compared to sham (Figure 3). In contrast, the
protein expression of Ocln was increased by 1.5 fold in tIRI compared to the sham. The
expression of the four Sc junction proteins was normalized with AG490 treatment. There
was no significant change measured in all the contralateral testes (p-value > 0.05).
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Figure 3. The effect of AG490 on the protein expression of Sc junctions. The protein concentration of
Sc junctions in testicular tissue was measured using their respective ELISA assays. Data are presented
as the mean ± SD (n = 6/group), p-value < 0.05. * tIRI compared to sham and # AG490-treated
compared to tIRI. Abbreviations: Ocln = Occludin; Cldn11 = Claudin 11; ZO-1 = Zonula Occludens-1;
Cx43 = Connexin 43.

3.4. JAK2/STAT3 Regulates the Keap1/Nrf2 Axis and its Downstream Gene Targets

In comparison to sham testes, the tIRI-subjected testes showed a 2.86-fold increase
in the protein expression of Keap1 in contrast to the 1.82-fold decrease in Nrf2 protein
expression (Figure 4). AG490 treatment normalized the protein expression of Keap1 and
Nrf2. No significant difference was observed between the contralateral testes for Keap1
(p-value > 0.05).
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Figure 4. The effect of AG490 on the protein expression of Keap1 and Nrf2. (A) Representative
pictures of Western blots demonstrating the protein expression of Keap1 and Nrf2. (B) Quantification
of Keap1 and Nrf2 signal intensity plotted as their ratio to GAPDH. The values are presented as the
mean ± SD (n = 6/group), p-value < 0.05. * tIRI compared to sham and # AG490-treated compared
to tIRI. I = Ipsilateral. Abbreviations: Keap1 = Kelch-like ECH-associated protein 1; Nrf2 = nuclear
factor E2-related factor 2; GAPDH = glyceraldehyde 3-phosphate dehydrogenase.

In addition, the mRNA expression for antioxidant enzymes regulated by Nrf2 was
measured (Figure 5). In tIRI-subjected testes, the mRNA expression of Sod, Cat, Nqo1, and
Gsr was decreased by 7.7-, 7.1-, 2.6-, and 3.8-fold, respectively, when compared to the sham
testes. This was normalized by AG490 treatment. There was no statistical significance
between the three contralateral testes for all the aforementioned antioxidant genes.
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Figure 5. The effect of AG490 on the gene expression of Nrf2 downstream target genes. The relative
mRNA expression of Sod, Cat, Nqo1, and Gsr was measured by the two-step reverse transcription and
real-time PCR. The fold change in gene expression for tIRI and tIRI+AG490 groups was calculated
in relation to the sham group using the 2−∆∆Ct method. Data are presented as the mean ± SD
(n = 6/group), p-value < 0.05. * tIRI compared to sham and # AG490-treated compared to tIRI.
Abbreviations: Sod = superoxide dismutase gene; Cat = catalase gene; Nqo1 = quinone reductase gene;
and Gsr = glutathione reductase.

3.5. JAK2/STAT3 Regulates Oxidative Stress

The enzyme activities of SOD and CAT were decreased by 1.2- and 1.6-fold in the
tIRI-subjected testes compared to the sham testes (Figure 6). The concentration of the lipid
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peroxidation marker MDA was increased by 1.36-fold compared to sham testes. There was
a 2.85-fold increase in the NADP to NADPH ratio in the tIRI-subjected testes compared to
the sham testes. This is an indirect indicator of increased NADPH oxidase (NOX) activity
and hence the rate of ROS generation. The AG490-treated rats exhibited normal values for
the above oxidative stress parameters that are comparable to sham levels. The contralateral
testes from the three experimental groups showed no statistical significance among them
(p-value > 0.05).
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3.6. JAK2/STAT3 Regulates Apoptosis Switches

During tIRI, the mRNA expression of the anti-apoptosis gene Bcl2 was downregulated
by 6.6-fold, while the pro-apoptosis Bax mRNA expression was upregulated by 5-fold in
the ipsilateral testes in comparison to the sham group (Figure 7). A significant increase
in the Bax/Bcl2 ratio by 44-fold was calculated confirming induction of apoptosis in the
tIRI-subjected testes compared to the normal ratio in the sham group. The AG490 treat-
ment normalized the modulated mRNA expression of Bax and Bcl2 and hence their ratio.
There was no significant change in the transcription levels of Bax and Bcl2 genes in the
contralateral testes from the three experimental groups (p-value > 0.05).
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4. Discussion

The health of the male reproductive system depends on the activity of the JAK/STAT
signaling pathway. In the testis, it regulates germline sexual development and stem cell
self-renewal ensuring a continuous sperm supply and sperm function such as capacitation
and motility. JAK2 is a redox-sensitive kinase that is activated during oxidative stress and
a known pathogenic factor in many diseases including those of the male reproductive
system. The outcome of this study provides evidence for JAK’s regulation of spermato-
genesis, protein expression of Sc junctions, and the Keap1/Nrf2 axis during tIRI-induced
oxidative stress.

The JAK/STAT signaling pathway is central for the testis to fulfill its proliferative
demand for continuous sperm production. During the early developmental stages of the
testis, the JAK/STAT pathway is the mediator of key signals produced by the somatic
gonad cells that regulate the development of male germ cells [28]. It was reported that
the JAK2 gene expression is respectively altered to correspond to the status of the testis,
which links its activity to the homeostasis of the testis [29]. Furthermore, the survival of
germ cells in the presence of reproductive toxins was attributed to the activation of the
JAK/STAT pathway [30]. Expression of members of the JAK/STAT proteins in the active
sperm and their role in fertilization suggest their relevance to male factor infertility if
disrupted [31]. While JAK1 is localized to the equatorial region and midpiece of the sperm,
JAK2 is found in the sperm tail. During capacitation, JAK1/2 were activated despite their
differential localization in the sperm [32]. Bioinformatics and in vivo studies confirmed
a correlation between the expression of proteins in the JAK pathway with hypoxia and
oligozoospermia [33]. JAK was recently identified in a whole-genome profile as a new
variant associated with teratozoospermia, indicating its involvement in male infertility [34].
However, data from bioinformatic analyses need in vivo research to investigate the exact
role of JAK isoforms in spermatogenesis and sperm function. In this study, an average
Johnsen score of 6.8/10 indicates the arrest of spermatogenesis at the spermatids stage and
complete loss of spermatozoa during tIRI. This confirms that early stages of spermiogenesis
are sensitive to acute moderate reduction in blood flow and could have a large impact on
sperm maturation [35]. Inhibition of JAK2 phosphorylation and subsequent inactivation
prevented damage to the ST structure and protected spermatogenesis during tIRI. Thus,
JAK2 activation during testicular oxidative stress and triggering apoptosis is considered a
protective mechanism to preserve overall testicular function. This further confirms that
JAK2 expression is modulated in parallel to the changes in the testis microenvironment in
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support of maintaining balanced testis homeostasis during adverse pathological conditions
such as tIRI [29].

During spermatogenesis, differentiated spermatogonial stem cells are transported
from the basal to the apical compartment to undergo meiosis and eventually form mature
spermatozoa. The movement of developing germ cells through the ST is governed by spe-
cialized cell junctions [36]. The seminiferous epithelium contains three main tight junction
(TJ) proteins: Ocln, Cldn11, and ZO-1. Impaired spermatogenesis is tightly associated with
defects in these TJ proteins, confirming their combined effect in male-factor subfertility or
infertility. Analysis of gene knockout mouse models for these TJ proteins revealed their
vital role in spermatogenesis and male fertility [37]. Ocln was initially recognized as a
key player in the TJ assembly. However, the presence of polarized epithelial cells with
TJs in Ocln-deficient embryonic stem cells suggested other roles for Ocln [38]. This was
confirmed by the presence of a normal BTB in ocln-null mice [39]. In addition, the testis
of homozygous Ocln-null mice generated from genetically modified spermatogonial stem
cells showed impaired spermatogenesis and decreased fertility [40]. Interestingly, injection
of an Ocln peptide directly into the testis induced reversible aspermatogenesis [41]. This
suggests that Ocln overexpression may weaken its interaction with adherens junctions lead-
ing to the premature release of germ cells from the ST epithelium. Lastly, Ocln is thought
to have a regulatory role based on its interactions with other ST kinases as opposed to a
mere structural component of the TJ fibrils [42]. This is in line with the current observation
that tIRI-induced Ocln expression is associated with the activation of the JAK2/STAT3
signaling pathway and spermatogenic arrest. Cldn11 is overexpressed during stages V-VII,
which precedes the movement of preleptotene/leptotene spermatocytes across the BTB [43].
The testis of Cldn11-null mice was presented with a weak paracellular barrier leading to
the complete absence of spermatozoa [44]. A later study showed that Cldn11-null mice
were infertile due to the lack of spermatozoa since germ cells were unable to differentiate
beyond the spermatocyte stage [45]. Both Ocln and Cldn11 require the adaptor protein
ZO-1 to attach to the actin cytoskeleton during TJ strand assembly. ZO-1 is suggested
to promote claudins’ polymerization to TJs; thus, its partial loss could disable polarized
epithelial cells from assembling TJs [46]. Interestingly, while the knockout mice for Cldn11
and Ocln are viable and infertile, the Tjp1-null mice are embryonically lethal [37]. ZO-1
is localized to the apical ectoplasmic specialization flanking early elongating spermatids
before sperm release, where it interacts with Cx43, the prominent gap junction protein [47].
Therefore, it was suggested that disruption of ZO-1/Cx43 interaction could affect spermatid
movement during spermiation at stages IV-VI of spermatogenesis [37]. Although the BTB
structure was not affected, the Cx43-null mice were infertile with arrested spermatogenesis
and diffused Cldn11 expression [48]. In this context, the absence of mature spermatozoa
induced by tIRI could be attributed to the downregulated expression of Cldn11, ZO-1,
and Cx43 due to their prominent localization at the apical ectoplasmic specialization. This
effect was abolished by inhibiting JAK2 activation suggesting its regulation of early stages
of spermiogenesis.

A key risk factor to the health of spermatogenesis is oxidative stress. Spermatogenesis
produces ROS as a side product of high mitochondrial oxygen consumption. However,
these ROS are physiologically eliminated by an extensive antioxidant system in testicular
cells. Yet, the testis is still vulnerable to any excessive ROS generation triggered by internal
or external factors [49]. Oxidative stress has multiple consequences on testicular viability
as it causes sperm DNA damage, membrane lipid peroxidation, decreased motility, and
spermatogenesis dysfunction [50]. The strong impact of oxidative stress on male infertility
led to the invention of the term “Male oxidative stress infertility (MOSI)” [51]. The induction
of spermatogenic arrest is mediated through a cascade of cellular signaling pathways. We
previously demonstrated that the JAK2/STAT3 signaling pathway is directly involved
in ROS-induced DNA damage and modulation of the DNA repair pathways in germ
cells [25]. Here we further demonstrate that inhibition of tIRI-activated JAK2 decreases
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ROS production, prevents lipid oxidation, restores SOD and CAT activities, and identifies
Keap1/Nrf2 as its downstream target axis in its signaling mechanism.

The transcription factor Nrf2 is the master regulator for basal and inducible tran-
scription of cellular antioxidant enzymes. Nrf2-null mice showed a progressive decline
in the expression of antioxidant enzymes, diminished sperm count and motility, elevated
levels of lipid peroxidation, and germ cell apoptosis [18]. In addition, single nucleotide
polymorphism in the Nrf2 gene was associated with the severity of sperm DNA damage
and impaired sperm motility and count in infertile men [52]. This further emphasizes the
functional role of Nrf2 in the antioxidant mechanism of spermatogenesis. In a Chinese
population, low seminal parameters were associated with low Nrf2 mRNA expression in
subfertile men [53]. An in vivo model of testicular injury demonstrated that spermatogene-
sis dysfunction was rescued by overexpression of Nrf2 and Cx43 [54].

Exploring the Nrf2-ome website revealed a high functional overlap between JAK and
Nrf2 giving support to some experimental data [55]. The website predicted that STAT1 is a
likely transcription factor of Nrf2, while STAT3 is a possible Nrf2 interactor. Using a my-
ocardial IRI model, inhibition of STAT3 by AG490 blocked the nuclear translocation of Nrf2
and subsequent activation of the genes encoding HO-1 and SOD enzymes [56]. Their claim
was based on the possible connection between Nrf2 and the JAK/STAT pathway as pro-
posed by the Nrf2-ome website. Similarly, other studies suggested that Nrf2 upregulation
blocked the signaling of the JAK/STAT pathway via STAT3 inhibition [57,58]. Data from
recent studies only showed the presence of an inverse relationship between the activities of
JAK and Nrf2 during oxidative stress. In testis subjected to ionizing radiation, damage to
spermatogenesis was preserved via Nrf2 activation leading to reduced p-JAK1/p-STAT3
levels [59]. A previous study from our group also suggested the presence of an inverse
expression of JAK2 and Nrf2 during tIRI [60]. Furthermore, heavy metal-induced oxidative
stress was found to inhibit JAK/STAT activation and enhance Nrf2 expression [61]. Thus,
the signaling mechanism governing the interplay between Nrf2 and JAK/STAT pathways
during oxidative stress could be tissue-dependent, but this remains controversial [62].

The constitutive expression of the transcription factor Nrf2 in the testis highlights
its role in oxidative stress and metabolic homeostasis [17,63,64]. In health and disease,
Nrf2 regulates the gene transcription of phase 2 antioxidant and redox cycling enzymes by
binding to the ARE DNA element in their promoter region [65–67]. Several studies reported
on the effect of antioxidant treatments on preserving testicular function by upregulating
the expression of Nrf2 and its subsequent target genes like Gsh, Nqo1, Sod, and Ho-1 [68].
Inhibitors of Nrf2, on the other hand, showed reduced expression of Nrf2 and its down-
stream antioxidant gene targets in the male reproductive system but did not necessarily
affect their respective enzyme activity [68]. It was earlier demonstrated that SOD activity
in rat testis decreases as spermatogenesis progresses with the lowest activity measured in
spermatozoa [69]. Similarly, low Cat mRNA expression and hence less enzyme activity
were present in meiotic and post-meiotic cells, but more abundant in somatic testicular
cells [70]. Collectively, the natural low abundance and activity of SOD and CAT in sper-
matozoa render them extremely vulnerable to even a slight decrease in blood flow and
ROS-induced oxidative stress. Nrf2-null mice had significantly reduced mRNA expression
and activity of antioxidant enzymes [18]. In addition, there was a substantial increase in
the concentration of reactive lipid peroxidation products like MDA, HAE, and 4-HNE.
This is partly attributed to the rich PUFA content in the sperm membrane, which increases
sperm’s vulnerability to the least increase in ROS levels. In some pathologies associated
with decreased Nrf2 expression, many of its target genes are responsible for preventing
lipid peroxidation; however, they are electrophilically modified by lipid peroxidation prod-
ucts [71]. It was earlier reported that several reactive lipid products form adducts in Keap1,
modifying the key cysteine residues (C273 and C288), and causing its inactivation and
release of Nrf2 [72]. Such an effect will significantly enhance lipid peroxidation and disease
progression. These reports are in agreement with the current findings of increased ROS gen-
eration and MDA levels, accompanied by transcriptional downregulation of the antioxidant
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genes and decreased antioxidant enzyme activities. Such effects were reversed by JAK2
inhibition. This suggests that tIRI-induced oxidative stress, albeit transient, the testicular
redox system is disrupted rendering germ cells oxidatively defenseless and vulnerable
to ROS.

Induction of apoptosis is one of the testis responses to acute oxidative stress in-
juries. This protective mechanism preserves the cells’ energy and their surroundings from
progressive oxidative damage. The activation of the JAK/STAT pathway in oxidative
stress-mediated apoptotic cell death is well-recognized in testicular dysfunction including
tIRI [10,25,73]. Similarly, Nrf2 stimulation in different IRI tissue models proves its ability to
ameliorate IRI-induced oxidative stress [74]. Nrf2 was also shown to exert cytoprotective
effects via its transcriptional upregulation of the antiapoptotic Bcl-2 gene, downregulation
of the pro-apoptosis proteins Bax and Bcl-XL, and a reduction in caspase 3/7 activity [75,76].
The identification of Nrf2 as a downstream target for JAK2/STAT3 signaling and modulat-
ing the apoptosis switches in the current tIRI animal model further confirms its critical role
in promoting germ cell viability and testicular function.

5. Conclusions

JAK/STAT can be considered a quality control signaling pathway for cellular events in
the male reproductive system. Its manipulation to protect spermatogenesis could provide
novel therapies for male infertility in the clinic. There is a shortage of studies focusing on the
JAK signaling mechanisms and its cross-talk with other cellular pathways in the testis. This
study provides a novel regulatory mechanism for JAK2/STAT3 signaling via modulation
of the Keap1/Nrf2 axis in preventing testicular oxidative stress. Its impact on different
aspects of spermatogenesis necessitates careful exploration of molecular mechanisms to
ensure spermatogenesis’s integrity and the ST’s structural integrity. Thus, the JAK2/STAT3
and Keap1/Nrf2 pathways and their components can be considered therapeutic targets for
drug design to manage male reproductive system diseases.

Author Contributions: Conceptualization, M.A.-M.; Methodology, A.A. and M.A.-M.; Investigation,
A.A. and M.A.-M.; Writing—original draft preparation, A.A. and M.A.-M.; Writing—review and edit-
ing, A.A. and M.A.-M.; Supervision, M.A.-M.; Project administration, M.A.-M.; Funding acquisition,
M.A.-M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Kuwait University, Research Sector, grant SRUL02/13.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of the College of Medicine, Kuwait University (protocol code SRUL02/13).

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors, without undue reservation.

Acknowledgments: The authors would like to acknowledge the excellent technical support of
Godwin Budadassari.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Schlegel, P.N. Human Spermatogenesis: Insights from the Clinical Care of Men with Infertility. Front. Endocrinol. 2022, 13, 889959.

[CrossRef]
2. Asadi, N.; Bahmani, M.; Kheradmand, A.; Rafieian-Kopaei, M. The Impact of Oxidative Stress on Testicular Function and the

Role of Antioxidants in Improving it: A Review. J. Clin. Diagn. Res. 2017, 11, IE01–IE05. [CrossRef]
3. Samir, H.; ElSayed, M.I.; Radwan, F.; Hedia, M.; Hendawy, H.; Hendawy, A.O.; Elbadawy, M.; Watanabe, G. An updated insight

on testicular hemodynamics: Environmental, physiological, and technical perspectives in farm and companion animals. Vet. Res.
Commun. 2023, 47, 323–345. [CrossRef] [PubMed]

4. Turner, T.T.; Lysiak, J.J. Oxidative stress: A common factor in testicular dysfunction. J. Androl. 2008, 29, 488–498. [CrossRef]
[PubMed]

https://doi.org/10.3389/fendo.2022.889959
https://doi.org/10.7860/JCDR/2017/23927.9886
https://doi.org/10.1007/s11259-022-10022-9
https://www.ncbi.nlm.nih.gov/pubmed/36399315
https://doi.org/10.2164/jandrol.108.005132
https://www.ncbi.nlm.nih.gov/pubmed/18567643


Cells 2023, 12, 2292 13 of 15

5. Bergh, A.; Collin, O.; Lissbrant, E. Effects of acute graded reductions in testicular blood flow on testicular morphology in the
adult rat. Biol. Reprod. 2001, 64, 13–20. [CrossRef] [PubMed]

6. Kehinde, E.O.; Anim, J.T.; Mojiminiyi, O.A.; Al-Awadi, F.; Omu, A.E.; Varghese, R. Significance of determining the point of
reperfusion failure in experimental torsion of testis. Int. J. Urol. 2005, 12, 81–89. [CrossRef]

7. Minas, A.; Mahmoudabadi, S.; Gamchi, N.S.; Antoniassi, M.P.; Alizadeh, A.; Bertolla, R.P. Testicular torsion in vivo models:
Mechanisms and treatments. Andrology 2023. [CrossRef]

8. Filho, D.W.; Torres, M.A.; Bordin, A.L.; Crezcynski-Pasa, T.B.; Boveris, A. Spermatic cord torsion, reactive oxygen and nitrogen
species and ischemia-reperfusion injury. Mol. Asp. Med. 2004, 25, 199–210. [CrossRef]

9. Li, Z.M. Role of antioxidants in preventing testicular ischemia-reperfusion injury: A narrative review. Eur. Rev. Med. Pharmacol.
Sci. 2022, 26, 9126–9143.

10. Simon, A.R.; Rai, U.; Fanburg, B.L.; Cochran, B. Activation of the JAK-STAT pathway by reactive oxygen species. Am. J. Physiol.
Cell Physiol. 1998, 275, C1640–C1652. [CrossRef]

11. Hu, X.; Li, J.; Fu, M.; Zhao, X.; Wang, W. The JAK/STAT signaling pathway: From bench to clinic. Signal Transduct. Target. Ther.
2021, 6, 402. [CrossRef] [PubMed]

12. Lachance, C.; Leclerc, P. Mediators of the Jak/STAT signaling pathway in human spermatozoa. Biol. Reprod. 2011, 85, 1222–1231.
[CrossRef] [PubMed]

13. Liu, S.; Pi, J.; Zhang, Q. Signal amplification in the KEAP1-NRF2-ARE antioxidant response pathway. Redox Biol. 2022, 54, 102389.
[CrossRef]

14. Hirotsu, Y.; Katsuoka, F.; Funayama, R.; Nagashima, T.; Nishida, Y.; Nakayama, K.; Engel, J.D.; Yamamoto, M. Nrf2-MafG
heterodimers contribute globally to antioxidant and metabolic networks. Nucleic Acids Res. 2012, 40, 10228–10239. [CrossRef]
[PubMed]

15. Motohashi, H.; Yamamoto, M. Nrf2-Keap1 defines a physiologically important stress response mechanism. Trends Mol. Med. 2004,
10, 549–557. [CrossRef]

16. Yamamoto, M.; Kensler, T.W.; Motohashi, H. The KEAP1-NRF2 System: A Thiol-Based Sensor-Effector Apparatus for Maintaining
Redox Homeostasis. Physiol. Rev. 2018, 98, 1169–1203. [CrossRef]

17. Wajda, A.; Łapczuk, J.; Grabowska, M.; Słojewski, M.; Laszczyńska, M.; Urasińska, E.; Droździk, M. Nuclear factor E2-related
factor-2 (Nrf2) expression and regulation in male reproductive tract. Pharmacol. Rep. 2016, 68, 101–108. [CrossRef]

18. Nakamura, B.N.; Lawson, G.; Chan, J.Y.; Banuelos, J.; Cortes, M.M.; Hoang, Y.D.; Ortiz, L.; Rau, B.A.; Luderer, U. Knockout of
the transcription factor NRF2 disrupts spermatogenesis in an age-dependent manner. Free Radic. Biol. Med. 2010, 49, 1368–1379.
[CrossRef]

19. Li, S.; Wang, Q.; Yu, H.; Yang, L.; Sun, Y.; Xu, N.; Wang, N.; Lei, Z.; Hou, J.; Jin, Y.; et al. Polystyrene microplastics induce
blood-testis barrier disruption regulated by the MAPK-Nrf2 signaling pathway in rats. Environ. Sci. Pollut. Res. Int. 2021, 28,
47921–47931. [CrossRef]

20. Abdul-Muneer, P.M. Nrf2 as a Potential Therapeutic Target for Traumatic Brain Injury. J. Integr. Neurosci. 2023, 22, 81. [CrossRef]
21. Bukke, V.N.; Moola, A.; Serviddio, G.; Vendemiale, G.; Bellanti, F. Nuclear factor erythroid 2-related factor 2-mediated signaling

and metabolic associated fatty liver disease. World J. Gastroenterol. 2022, 28, 6909–6921. [CrossRef] [PubMed]
22. Tossetta, G.; Fantone, S.; Montanari, E.; Marzioni, D.; Goteri, G. Role of NRF2 in Ovarian Cancer. Antioxidants 2022, 11, 663.

[CrossRef] [PubMed]
23. Ghareghomi, S.; Habibi-Rezaei, M.; Arese, M.; Saso, L.; Moosavi-Movahedi, A.A. Nrf2 Modulation in Breast Cancer. Biomedicines

2022, 10, 2668. [CrossRef] [PubMed]
24. Kucinski, I.; Dinan, M.; Kolahgar, G.; Piddini, E. Chronic activation of JNK JAK/STAT and oxidative stress signaling causes the

loser cell status. Nat. Commun. 2017, 8, 136. [CrossRef]
25. Khashab, F.; Al-Saleh, F.; Al-Kandari, N.; Fadel, F.; Al-Maghrebi, M. JAK Inhibition Prevents DNA Damage and Apoptosis

in Testicular Ischemia-Reperfusion Injury via Modulation of the ATM/ATR/Chk Pathway. Int. J. Mol. Sci. 2021, 22, 13390.
[CrossRef]

26. Johnsen, S.G. Testicular biopsy score count—A method for registration of spermatogenesis in human testes: Normal values and
results in 335 hypogonadal males. Hormones 1970, 1, 2–25. [CrossRef]

27. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402–408. [CrossRef]

28. Wawersik, M.; Milutinovich, A.; Casper, A.L.; Matunis, E.; Williams, B.; Van Doren, M. Somatic control of germline sexual
development is mediated by the JAK/STAT pathway. Nature 2005, 436, 563–567. [CrossRef]

29. Hyakutake, K.; Kawasaki, T.; Zhang, J.; Kubota, H.; Abe, S.I.; Takamune, K. Asymmetrical allocation of JAK1 mRNA during
spermatogonial stem cell division in Xenopus laevis. Dev. Growth Differ. 2015, 57, 389–399. [CrossRef]

30. Wu, J.; Yang, C.; Liu, J.; Chen, J.; Huang, C.; Wang, J.; Liang, Z.; Wen, L.; Yi, J.E.; Yuan, Z. Betulinic Acid Attenuates T-2-Toxin-
Induced Testis Oxidative Damage Through Regulation of the JAK2/STAT3 Signaling Pathway in Mice. Biomolecules 2019, 9, 787.
[CrossRef]

31. D’Cruz, O.J.; Vassilev, A.O.; Uckun, F.M. Members of the Janus kinase/signal transducers and activators of transcription
(JAK/STAT) pathway are present and active in human sperm. Fertil. Steril. 2001, 76, 258–266. [CrossRef] [PubMed]

https://doi.org/10.1095/biolreprod64.1.13
https://www.ncbi.nlm.nih.gov/pubmed/11133653
https://doi.org/10.1111/j.1442-2042.2004.00986.x
https://doi.org/10.1111/andr.13418
https://doi.org/10.1016/j.mam.2004.02.020
https://doi.org/10.1152/ajpcell.1998.275.6.C1640
https://doi.org/10.1038/s41392-021-00791-1
https://www.ncbi.nlm.nih.gov/pubmed/34824210
https://doi.org/10.1095/biolreprod.111.092379
https://www.ncbi.nlm.nih.gov/pubmed/21880948
https://doi.org/10.1016/j.redox.2022.102389
https://doi.org/10.1093/nar/gks827
https://www.ncbi.nlm.nih.gov/pubmed/22965115
https://doi.org/10.1016/j.molmed.2004.09.003
https://doi.org/10.1152/physrev.00023.2017
https://doi.org/10.1016/j.pharep.2015.07.005
https://doi.org/10.1016/j.freeradbiomed.2010.07.019
https://doi.org/10.1007/s11356-021-13911-9
https://doi.org/10.31083/j.jin2204081
https://doi.org/10.3748/wjg.v28.i48.6909
https://www.ncbi.nlm.nih.gov/pubmed/36632321
https://doi.org/10.3390/antiox11040663
https://www.ncbi.nlm.nih.gov/pubmed/35453348
https://doi.org/10.3390/biomedicines10102668
https://www.ncbi.nlm.nih.gov/pubmed/36289931
https://doi.org/10.1038/s41467-017-00145-y
https://doi.org/10.3390/ijms222413390
https://doi.org/10.1159/000178170
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1038/nature03849
https://doi.org/10.1111/dgd.12219
https://doi.org/10.3390/biom9120787
https://doi.org/10.1016/S0015-0282(01)01896-9
https://www.ncbi.nlm.nih.gov/pubmed/11476770


Cells 2023, 12, 2292 14 of 15

32. Sagare-Patil, V.; Modi, D. Progesterone activates Janus Kinase 1/2 and activators of transcription 1 (JAK1-2/STAT1) pathway in
human spermatozoa. Andrologia 2013, 45, 178–186. [CrossRef] [PubMed]

33. Wang, J.; Gong, X.; Meng, F.; Deng, S.; Dai, H.; Bao, B.; Feng, J.; Li, H.; Wang, B. Biological Network Model of Effect of Chronic
Intermittent Hypoxia on Spermatogenesis in Rats. Med. Sci. Monit. 2020, 26, e925579. [CrossRef] [PubMed]

34. Kyrgiafini, M.A.; Giannoulis, T.; Chatziparasidou, A.; Christoforidis, N.; Mamuris, Z. Whole-Genome Profile of Greek Patients
with Teratozoospermia: Identification of Candidate Variants and Genes. Genes 2022, 13, 1606. [CrossRef] [PubMed]

35. Ni, F.D.; Hao, S.L.; Yang, W.X. Multiple signaling pathways in Sertoli cells: Recent findings in spermatogenesis. Cell Death Dis.
2019, 10, 541. [CrossRef]

36. Mruk, D.D.; Cheng, C.Y. The Mammalian Blood-Testis Barrier: Its Biology and Regulation. Endocr. Rev. 2015, 36, 564–591.
[CrossRef]

37. Jiang, X.H.; Bukhari, I.; Zheng, W.; Yin, S.; Wang, Z.; Cooke, H.J.; Shi, Q.H. Blood-testis barrier and spermatogenesis: Lessons
from genetically-modified mice. Asian J. Androl. 2014, 16, 572–580.

38. Saitou, M.; Fujimoto, K.; Doi, Y.; Itoh, M.; Fujimoto, T.; Furuse, M.; Takano, H.; Noda, T.; Tsukita, S. Occludin-deficient embryonic
stem cells can differentiate into polarized epithelial cells bearing tight junctions. J. Cell Biol. 1998, 141, 397–408. [CrossRef]

39. Saitou, M.; Furuse, M.; Sasaki, H.; Schulzke, J.D.; Fromm, M.; Takano, H.; Noda, T.; Tsukita, S. Complex phenotype of mice
lacking occludin, a component of tight junction strands. Mol. Biol. Cell 2000, 11, 4131–4142. [CrossRef]

40. Takehashi, M.; Kanatsu-Shinohara, M.; Miki, H.; Lee, J.; Kazuki, Y.; Inoue, K.; Ogonuki, N.; Toyokuni, S.; Oshimura, M.; Ogura, A.;
et al. Production of knockout mice by gene targeting in multipotent germline stem cells. Dev. Biol. 2007, 312, 344–352. [CrossRef]

41. Chung, N.P.; Mruk, D.; Mo, M.Y.; Lee, W.M.; Cheng, C.Y. A 22-amino acid synthetic peptide corresponding to the second
extracellular loop of rat occludin perturbs the blood-testis barrier and disrupts spermatogenesis reversibly in vivo. Biol. Reprod.
2001, 65, 1340–1351. [CrossRef] [PubMed]

42. Suzuki, T.; Elias, B.C.; Seth, A.; Shen, L.; Turner, J.R.; Giorgianni, F.; Desiderio, D.; Guntaka, R.; Rao, R. PKC eta regulates occludin
phosphorylation and epithelial tight junction integrity. Proc. Natl. Acad. Sci. USA 2009, 106, 61–66. [CrossRef] [PubMed]

43. Gye, M.C. Expression of claudin-1 in mouse testis. Arch. Androl. 2003, 49, 271–279. [CrossRef] [PubMed]
44. Gow, A.; Southwood, C.M.; Li, J.S.; Pariali, M.; Riordan, G.P.; Brodie, S.E.; Danias, J.; Bronstein, J.M.; Kachar, B.; Lazzarini, R.A.

CNS myelin and Sertoli cell tight junction strands are absent in Osp/claudin-11 null mice. Cell 1999, 99, 649–659. [CrossRef]
45. Mazaud-Guittot, S.; Meugnier, E.; Pesenti, S.; Wu, X.; Vidal, H.; Gow, A.; Le Magueresse-Battistoni, B. Claudin 11 deficiency in

mice results in loss of the Sertoli cell epithelial phenotype in the testis. Biol. Reprod. 2010, 82, 202–213. [CrossRef]
46. Umeda, K.; Ikenouchi, J.; Katahira-Tayama, S.; Furuse, K.; Sasaki, H.; Nakayama, M.; Matsui, T.; Tsukita, S.; Furuse, M.; Tsukita,

S. ZO-1 and ZO-2 independently determine where claudins are polymerized in tight-junction strand formation. Cell 2006, 126,
741–754. [CrossRef]

47. Byers, S.; Graham, R.; Dai, H.N.; Hoxter, B. Development of Sertoli cell junctional specializations and the distribution of the
tight-junction-associated protein ZO-1 in the mouse testis. Am. J. Anat. 1991, 191, 35–47. [CrossRef]

48. Hollenbach, J.; Jung, K.; Noelke, J.; Gasse, H.; Pfarrer, C.; Koy, M.; Brehm, R. Loss of connexin43 in murine Sertoli cells and its
effect on blood-testis barrier formation and dynamics. PLoS ONE 2018, 13, e0198100. [CrossRef]

49. Guerriero, G.; Trocchia, S.; Abdel-Gawad, F.K.; Ciarcia, G. Roles of reactive oxygen species in the spermatogenesis regulation.
Front. Endocrinol. 2014, 5, 56. [CrossRef]

50. Alahmar, A.T. Role of Oxidative Stress in Male Infertility: An Updated Review. J. Hum. Reprod. Sci. 2019, 12, 4–18. [CrossRef]
51. Agarwal, A.; Parekh, N.; Selvam, M.K.P.; Henkel, R.; Shah, R.; Homa, S.T.; Ramasamy, R.; Ko, E.; Tremellen, K.; Esteves, S. Male

oxidative stress infertility (MOSI): Proposed terminology and clinical practice guidelines for management of idiopathic male
infertility. World J. Mens. Health 2019, 37, 296. [CrossRef] [PubMed]

52. Aydos, O.S.; Yukselten, Y.; Aydos, D.; Sunguroglu, A.; Aydos, K. Relationship between functional Nrf2 gene promoter polymor-
phism and sperm DNA damage in male infertility. Syst. Biol. Reprod. Med. 2021, 67, 399–412. [CrossRef] [PubMed]

53. Chen, K.; Mai, Z.; Zhou, Y.; Gao, X.; Yu, B. Low NRF2 mRNA expression in spermatozoa from men with low sperm motility.
Tohoku J. Exp. Med. 2012, 228, 259–266. [CrossRef] [PubMed]

54. Ma, B.; Zhang, J.; Zhu, Z.; Zhao, A.; Zhou, Y.; Ying, H.; Zhang, Q. Luteolin Ameliorates Testis Injury and Blood-Testis Barrier
Disruption through the Nrf2 Signaling Pathway and by Upregulating Cx43. Mol. Nutr. Food Res. 2019, 63, e1800843. [CrossRef]
[PubMed]

55. Türei, D.; Papp, D.; Fazekas, D.; Földvári-Nagy, L.; Módos, D.; Lenti, K.; Csermely, P.; Korcsmáros, T. NRF2-ome: An integrated
web resource to discover protein interaction and regulatory networks of NRF2. Oxid. Med. Cell. Longev. 2013, 2013, 737591.
[CrossRef]

56. Gawish, R.A.; Fahmy, H.A.; Abd El Fattah, A.I.; Nada, A.S. The potential effect of methylseleninic acid (MSA) against γ-irradiation
induced testicular damage in rats: Impact on JAK/STAT pathway. Arch. Biochem. Biophys. 2020, 679, 108205. [CrossRef] [PubMed]

57. Paithankar, J.G.; Saini, S.; Dwivedi, S.; Sharma, A.; Chowdhuri, D.K. Heavy metal associated health hazards: An interplay of
oxidative stress and signal transduction. Chemosphere 2021, 262, 128350. [CrossRef]

58. Al-Maghrebi, M.; Alnajem, A.S.; Esmaeil, A. Epigallocatechin-3-gallate modulates germ cell apoptosis through the SAFE/Nrf2
signaling pathway. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2020, 393, 663–671. [CrossRef]

https://doi.org/10.1111/j.1439-0272.2012.01332.x
https://www.ncbi.nlm.nih.gov/pubmed/22748021
https://doi.org/10.12659/MSM.925579
https://www.ncbi.nlm.nih.gov/pubmed/32892203
https://doi.org/10.3390/genes13091606
https://www.ncbi.nlm.nih.gov/pubmed/36140773
https://doi.org/10.1038/s41419-019-1782-z
https://doi.org/10.1210/er.2014-1101
https://doi.org/10.1083/jcb.141.2.397
https://doi.org/10.1091/mbc.11.12.4131
https://doi.org/10.1016/j.ydbio.2007.09.029
https://doi.org/10.1095/biolreprod65.5.1340
https://www.ncbi.nlm.nih.gov/pubmed/11673248
https://doi.org/10.1073/pnas.0802741106
https://www.ncbi.nlm.nih.gov/pubmed/19114660
https://doi.org/10.1080/01485010390204913
https://www.ncbi.nlm.nih.gov/pubmed/12851029
https://doi.org/10.1016/S0092-8674(00)81553-6
https://doi.org/10.1095/biolreprod.109.078907
https://doi.org/10.1016/j.cell.2006.06.043
https://doi.org/10.1002/aja.1001910104
https://doi.org/10.1371/journal.pone.0198100
https://doi.org/10.3389/fendo.2014.00056
https://doi.org/10.4103/jhrs.JHRS_150_18
https://doi.org/10.5534/wjmh.190055
https://www.ncbi.nlm.nih.gov/pubmed/31081299
https://doi.org/10.1080/19396368.2021.1972359
https://www.ncbi.nlm.nih.gov/pubmed/34541983
https://doi.org/10.1620/tjem.228.259
https://www.ncbi.nlm.nih.gov/pubmed/23089668
https://doi.org/10.1002/mnfr.201800843
https://www.ncbi.nlm.nih.gov/pubmed/30924608
https://doi.org/10.1155/2013/737591
https://doi.org/10.1016/j.abb.2019.108205
https://www.ncbi.nlm.nih.gov/pubmed/31758927
https://doi.org/10.1016/j.chemosphere.2020.128350
https://doi.org/10.1007/s00210-019-01776-2


Cells 2023, 12, 2292 15 of 15

59. Gao, S.; Zhan, L.; Yang, Z.; Shi, R.; Li, H.; Xia, Z.; Yuan, S.; Wu, Q.P.; Wang, T.; Yao, S. Remote Limb Ischaemic Postconditioning
Protects Against Myocardial Ischaemia/Reperfusion Injury in Mice: Activation of JAK/STAT3-Mediated Nrf2-Antioxidant
Signalling. Cell. Physiol. Biochem. 2017, 43, 1140–1151. [CrossRef]

60. Sharma, V.; Kaur, A.; Singh, T.G. Counteracting role of nuclear factor erythroid 2-related factor 2 pathway in Alzheimer’s disease.
Biomed. Pharmacother. 2020, 129, 110373. [CrossRef]

61. Gong, H.; Tai, H.; Huang, N.; Xiao, P.; Mo, C.; Wang, X.; Han, X.; Zhou, J.; Chen, H.; Tang, X.; et al. Nrf2-SHP Cascade-Mediated
STAT3 Inactivation Contributes to AMPK-Driven Protection Against Endotoxic Inflammation. Front. Immunol. 2020, 11, 414.
[CrossRef] [PubMed]

62. Saha, S.; Buttari, B.; Panieri, E.; Profumo, E.; Saso, L. An Overview of Nrf2 Signaling Pathway and Its Role in Inflammation.
Molecules 2020, 25, 5474. [CrossRef] [PubMed]

63. Hayes, J.D.; Dinkova-Kostova, A.T. The Nrf2 regulatory network provides an interface between redox and intermediary
metabolism. Trends Biochem. Sci. 2014, 39, 199–218. [CrossRef]

64. Tonelli, C.; Chio, I.I.C.; Tuveson, D.A. Transcriptional regulation by Nrf2. Antioxid. Redox Signal. 2018, 29, 1727–1745. [CrossRef]
[PubMed]

65. He, F.; Antonucci, L.; Karin, M. NRF2 as a regulator of cell metabolism and inflammation in cancer. Carcinogenesis 2020, 41,
405–416. [CrossRef] [PubMed]

66. Ma, Q. Role of nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol. Toxicol. 2013, 53, 401–426. [CrossRef] [PubMed]
67. Zhu, H.; Itoh, K.; Yamamoto, M.; Zweier, J.L.; Li, Y. Role of Nrf2 signaling in regulation of antioxidants and phase 2 enzymes in

cardiac fibroblasts: Protection against reactive oxygen and nitrogen species-induced cell injury. FEBS Lett. 2005, 579, 3029–3036.
[CrossRef]

68. Rotimi, D.E.; Ojo, O.A.; Olaolu, T.D.; Adeyemi, O.S. Exploring Nrf2 as a therapeutic target in testicular dysfunction. Cell Tissue
Res. 2022, 390, 23–33. [CrossRef]

69. Celino, F.T.; Yamaguchi, S.; Miura, C.; Ohta, T.; Tozawa, Y.; Iwai, T.; Miura, T. Tolerance of spermatogonia to oxidative stress is
due to high levels of Zn and Cu/Zn superoxide dismutase. PLoS ONE 2011, 6, e16938. [CrossRef]

70. Gu, W.; Hecht, N.B. Developmental expression of glutathione peroxidase, catalase, and manganese superoxide dismutase mRNAs
during spermatogenesis in the mouse. J. Androl. 1996, 17, 256–262.

71. Dodson, M.; Castro-Portuguez, R.; Zhang, D.D. NRF2 plays a critical role in mitigating lipid peroxidation and ferroptosis. Redox
Biol. 2019, 23, 101107. [CrossRef] [PubMed]

72. Wakabayashi, N.; Dinkova-Kostova, A.T.; Holtzclaw, W.D.; Kang, M.I.; Kobayashi, A.; Yamamoto, M.; Kensler, T.W.; Talalay, P.
Protection against electrophile and oxidant stress by induction of the phase 2 response: Fate of cysteines of the Keap1 sensor
modified by inducers. Proc. Natl. Acad. Sci. USA 2004, 101, 2040–2045. [CrossRef] [PubMed]

73. Xiong, L.; Zhou, B.; Young, J.L.; Xu, J.; Wintergerst, K.; Cai, L. Effects of whole-life exposure to low-dose cadmium with
post-weaning high-fat diet on offspring testes in a male mouse model. Chem. Biol. Interact. 2022, 353, 109797. [CrossRef] [PubMed]

74. Sadrkhanloo, M.; Entezari, M.; Orouei, S.; Zabolian, A.; Mirzaie, A.; Maghsoudloo, A.; Raesi, R.; Asadi, N.; Hashemi, M.; Zarrabi,
A.; et al. Targeting Nrf2 in ischemia-reperfusion alleviation: From signaling networks to therapeutic targeting. Life Sci. 2022, 300,
120561. [CrossRef]

75. Niture, S.K.; Jaiswal, A.K. Nrf2 protein up-regulates antiapoptotic protein Bcl-2 and prevents cellular apoptosis. J. Biol. Chem.
2012, 287, 9873–9886. [CrossRef]

76. Niture, S.K.; Jaiswal, A.K. Nrf2-induced antiapoptotic Bcl-xL protein enhances cell survival and drug resistance. Free Radic. Biol.
Med. 2013, 57, 119–131. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1159/000481755
https://doi.org/10.1016/j.biopha.2020.110373
https://doi.org/10.3389/fimmu.2020.00414
https://www.ncbi.nlm.nih.gov/pubmed/32210977
https://doi.org/10.3390/molecules25225474
https://www.ncbi.nlm.nih.gov/pubmed/33238435
https://doi.org/10.1016/j.tibs.2014.02.002
https://doi.org/10.1089/ars.2017.7342
https://www.ncbi.nlm.nih.gov/pubmed/28899199
https://doi.org/10.1093/carcin/bgaa039
https://www.ncbi.nlm.nih.gov/pubmed/32347301
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://www.ncbi.nlm.nih.gov/pubmed/23294312
https://doi.org/10.1016/j.febslet.2005.04.058
https://doi.org/10.1007/s00441-022-03664-3
https://doi.org/10.1371/journal.pone.0016938
https://doi.org/10.1016/j.redox.2019.101107
https://www.ncbi.nlm.nih.gov/pubmed/30692038
https://doi.org/10.1073/pnas.0307301101
https://www.ncbi.nlm.nih.gov/pubmed/14764894
https://doi.org/10.1016/j.cbi.2022.109797
https://www.ncbi.nlm.nih.gov/pubmed/34998821
https://doi.org/10.1016/j.lfs.2022.120561
https://doi.org/10.1074/jbc.M111.312694
https://doi.org/10.1016/j.freeradbiomed.2012.12.014

	Introduction 
	Materials and Methods 
	Rat Model of tIRI and Drug Treatment 
	Hematoxylin and Eosin Staining 
	Western Blot Analysis 
	Enzyme-Linked Immunosorbent Assay 
	Biochemical Assays 
	Relative mRNA Expression by Real-Time PCR 
	Statistical Analysis 

	Results 
	Activation of JAK2/STAT3 during tIRI 
	JAK2/STAT3 Regulates Spermatogenesis 
	JAK2/STAT3 Regulates the Protein Expression of Sc Junctions 
	JAK2/STAT3 Regulates the Keap1/Nrf2 Axis and its Downstream Gene Targets 
	JAK2/STAT3 Regulates Oxidative Stress 
	JAK2/STAT3 Regulates Apoptosis Switches 

	Discussion 
	Conclusions 
	References

