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Endoplasmic reticulum (ER) stress, defined as prolonged disturbances in protein folding and accumulation of unfolded pro-
teins in the ER. Perturbation of the ER, such as distribution of oxidative stress, iron imbalance, Ca®* leakage, protein overload,
and hypoxia, can cause ER stress. The cell reacts to ER stress by activating protective pathways, called the unfolded protein
response (UPR), which is comprised of cellular mechanisms aimed for maintaining cellular homeostasis or, in case of exces-
sively severe stress, at the initiation of cellular apoptosis. The three UPR signaling pathways from the ER stress sensors are
initiated by activating transcription factor 6, inositol requiring enzyme 1, and protein kinase RNA-activated-like ER kinase.
A number of physiological and pathological conditions, environmental toxicants and variety of pharmacological agents
showed disruption of proper ER functions and thereby cause ER stress in male reproductive organ in rat model. The present
review summarizes the existing data concerning the molecular and biological mechanism of ER stress in male reproduction
and male infertility. ER stress initiated cell death pathway has been related to several diseases, including hypoxia, heath dis-
ease, diabetes, and Parkinson’s disease. Although there is not enough evidence to prove the relationship between ER stress
and male infertility in human, most studies in this review found that ER stress was correlated with male reproduction and in-
fertility in animal models. The ER stress could be novel signaling pathway of regulating male reproductive cellular apoptosis.
Infertility might be a result of disturbing the ER stress response during the process of male reproduction.
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INTRODUCTION

The endoplasmic reticulum (ER) is an important
organelle for eukaryotic cells survival and develop-
ment [1,2]. ER is responsible for biosynthesis, folding,
assembly and modification of most secreted and a

transmembrane protein, calcium homeostasis, lipid, and
steroid synthesis in cells [3]. Approximately one-third
of cellular proteins production and folding occur in ER
[4]. Increase protein synthesis beyond the capacity for
folding nascent polypeptides in the cells or excess ac-
cumulation of unfolded/misfolded proteins within the
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ER lumen will disrupt ER homeostasis and trigger the
unfolded protein response (UPR) and eventually leads
to ER stress [5]. The UPR coordinated primarily by
three ER membrane-associated proteins: inositol requir-
ing enzyme 1 (IRE1), activating transcription factor 6
(ATF6), and protein kinase RNA-like ER kinase (PERK)
(Fig. 1) [3,6]. Under normal state, ER chaperone protein
binding immunoglobulin protein or glucose-regulated
protein 78 kDa (BiP/Grp78) interacts with three sen-
sors (IRE1, PERK, and ATF6), promotes cell survival
by reducing unfolded/misfolded protein levels and hold
these three pathways inactive when misfolded protein
are absent [7]. Under ER stress, BiP/Grp78 is titrated
away by misfolded proteins, leaving the three sensors
(IRE1, PERK, and ATF6) activate by inducing phos-
phorylation and homodimerization of IRE1 and PERK
as well as relocalization of ATF6 to the Golgi [8,9].
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Induction of ER stress activates a constitutive protein
degradation pathway termed as endoplasmic reticu-
lum associated degradation (ERAD) [10]. Accumulation
of unfolded or misfolded protein reduces the entry of
protein into the ER by attenuating protein translation,
and degradation of misfolded protein by retrograde
transport from ER into cytosol through the ubiquitin-
proteasome system: a process named ERAD I [11]. When
retrotranslocon/ERAD 1 is impaired mutant dysferlin
aggregates on the ER and degraded by the autophagy/
lysosome system also known as ERAD II pathway [12].
Prolonged ER stress result apoptosis through activa-
tion of C/EBP homologous protein (CHOP), c-Jun N-
terminal kinase (JNK) and caspase-12 pathway in hu-
man and cleaved caspase-12 in mice [13].

IREL a type I transmembrane protein, is the highly
conserved ER stress sensor responsible for protein
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Fig. 1. Endoplasmic reticulum (ER) stress induces the unfolded protein response signaling by three types of ER stress sensors: inositol-requiring
enzyme 1 (IRE1), protein kinase RNA-like ER kinase (PERK) and activating transcription factor 6 (ATF6). Misfolded proteins sequestrate glucose-
regulated protein 78 kDa (Grp78), thus allowing activation of three ER membrane-associated proteins. Activated IRE1 cleaves X box-binding protein
1 (XBP1) mRNA to a spliced form (XBP1s) that is translated to gene sets involved in ER-associated protein degradation (ERAD), ER chaperones, lipid
biosynthesis and glycosylation. Along with selective XBPT mRNA splicing, other mRNA are degraded through regulated IRE1-dependent decay
(RIDD). In addition, IRE1 activates c-Jun N-treminal kinase (JNK) and p38 by IRE1-tumor necrosis factor receptor associated factor 2 (TRAF2)-apop-
totic signaling kinase-1 (ASK1) complex and induce apoptosis by inhibiting anti-apoptotic proteins. Activation of PERK phosphorylates eukaryotic
translation initiator factor 2a. (elF2a), selective induction of ATF4 and its downstream protein C/EBP homologous protein (CHOP), resulting in
apoptosis. This pathway is negatively regulated by a phosphate complex protein phosphate 1c (PP1c) and stress-induced regulatory subunit DNA
damage-inducible protein 34 kDA (GADD34). In addition PERK also activates nuclear factor erythroid 2-related factor 2 (NRF2), which induce antiox-
idant responses. ATF6 is translocated into golgi where it is cleaved by the site 1 and site 2 protease to release the transcription factor that regulates
chaperones expression, transcription of genes with an ER stress response elements (ERSE), ERAD and CHOP.
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kinase and endoribonuclease activities [14]. Upon ER
stress, IRE1 RNase is activated through conformational
change, oligomerization of IRE1 in ER membrane and
autophosphorylation of IRE1 cytosolic domain [15]. The
cytosolic RNase domain processes an intron from the
X box-binding protein 1 (XBP1) mRNA to generate a
potent transcription activator XBP1 protein [16]. XBP1
protein binds to the promoters of its target genes in-
volved in UPR and proteins contributing to ERAD,
restore homeostasis and thereby cytoprotection [14].
When the attempt to rebalance ER homeostasis fails,
regulated IREl-dependent decay of mRNA (RIDD)
process promotes the degradation of mRNAs encoding
mostly ER-targeted proteins involved in protein folding
and can either preserve ER homeostasis or enhance
apoptosis [17,18]. RIDD activation without XBP1 splic-
ing predominantly leads to apoptosis [14]. In addition to
its cytoprotective function, IREl interact with tumor
necrosis factor receptor associated factor 2 (TRAF2)
and the IRE1I-TRAF2 complex stimulates activation
of the apoptotic signaling kinase-1 (ASK1), also known
as mitogen-activated protein kinase kinase [19]. IREI1-
TRAF2-ASK1 complex activate downstream of stress
kinases JNK and p38 MAPK signaling pathway, which
further activate CHOP to contribute to reactive oxygen
species (ROS) generation and enhance apoptosis [20,21].

ATF6 is a type II transmembrane glycoprotein, an-
other ER stress transducers encode basic Leucine zip-
per (bZIP) transcription factors, in the ER membrane
that upon ER stress translocate from the ER to the
Golgi membrane. Following translocation to Golgi
apparatus, ATF6 is cleaved sequentially by serine
protease site-1 (SIP) in the luminal domain and metal-
loprotease site-2 protease (S2P) in N-terminal portion,
releasing a cytosolic fragment (ATF6f) by binding to
ATF/cAMP response element (CRE) and ER stress-
response element (ERSE-1) that leads to induction of
chaperones, such as BiP/Grp78, glucose-regulated pro-
tein 94 (Grp94), transcription factors CHOP and XBP1
[22,23].

PERK 1is essential type I transmembrane kinase
contains a large ER luminal “stress sensing” domain
responsible for attenuation of mRNA translation un-
der ER stress and help to reduce the flux of protein
entering the ER to alleviate ER stress [24]. Activated
PERK phosphorylates eukaryotic translation initia-
tion factor 2 (eIF20) at serine-51 which inhibits the
reactivation of elF2 into its guanosine triphosphate-
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bound form (initial phase of polypeptide synthesis)
and enhance translation of activating transcriptional
factor 4 (ATF4) mRNA [25]. Under prolonged ER stress
conditions, ATF4 induce transcription of CHOP and
DNA damage-inducible protein 34 kDA (GADD34)
[26]. CHOP induces apoptosis via direct inhibition of
B cell lymphoma 2 (BCL-2) transcription and induc-
tion of BCL-2-interacting mediator of cell death (BIM)
expression [27]. GADD34 is regulatory subunit of pro-
tein phosphatase 1c (PPlc) that counteracts PERK by
dephosphorylating elF2a and restore normal protein
synthesis [28]. Besides elF2a, Upon ER stress activated
PERK also phosphorylates bZIP Cap (n) Collar tran-
scription factor (Nrf2), a transcription factor involved
In redox metabolism [29]. PERK- eIFF20-ATF4 complex
pathway also facilitates activation of ATF6 and its tar-
get genes [29,30].

Previous studies have reported that ER stress plays
key roles in immune response, disease such as diabetes,
Alzheimer’s, Parkinson’s disease and, various type of
cancer [31-33]. A variety of physiological states, envi-
ronmental stimuli and pharmaceutical agents are re-
sponsible for disruption of the ER homeostasis, causing
ER stress in male reproductive system [34-37]. It is well
accepted that oxidative stress is common mode of ac-
tion in testicular dysfunction and male infertility [38-
41]. Intriguingly, recent evidence demonstrated that
oxidative stress, including reactive oxygen species (ROS)
production, can induce ER stress [32,42]. Production
of ROS has been linked with oxidative stress and ER
stress [42]. Oxidative stress elicits a reduction-oxidation
(redox) 1mbalance [33]. Alteration of redox homeosta-
sis in ER disturbs ER protein folding and causes ER
stress, and accumulation of ROS in the ER and mito-
chondria [35]. Furthermore, oxidative protein folding in
the ER of eukaryotic cells generates ROS as a byprod-
uct and cause oxidative stress [32]. Cellular antioxidant
mechanism 1is an indispensable to scavenge and reduce
ROS production, to counteract crosstalk between oxida-
tive stress and ER stress [32]. The aim of this review
was to summarize the research studies associated with
male reproduction and infertility, and insight the role
of noble ER stress signaling pathway that regulates
apoptosis in male reproductive tissue.
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INVOLVEMENT OF ENDOPLASMIC
RETICULUM STRESS IN TESTIS AND
GERM CELLS

Testes are male reproductive gland in human and
animals where the germ cells develop to sperm cell by
the process of mitosis and meiosis, and it is also the
predominant site of androgen biosynthesis. Testicular
temperature below body temperature is favorable for
normal spermatogenesis. Pathological conditions like
varicocele, cryptorchidism, and febrile episodes increase
the testis temperature and compromised spermatogen-
esis, which may lead to male infertility [43]. ER stress
chaperone Grp78 predominantly presents in pachytene
spermatocytes, suggest ER stress signaling pathway
have important role in the process of spermatogenesis
[44]. A study in Drosophila male reports ER stress gene
are highly express in male accessory gland and induced
strong ER stress decrease fertility [7]. A study by Kim
et al [13] reported that repetitive cycle of testicular
hyperthermia leads to ER stress associated apoptosis
of spermatocytes in mouse testis by activation of IREI-
JNK and PERK pathway. In support of these obser-
vation, recent study from our lab report varicocele-
induced infertility in rat model by ROS-dependent
ER stress in testis [35]. In a study on testicular injury
after torsion/detorsion in rat model reported the germ
cell apoptosis in testis by upregulate elF20. and CHOP,
which insight the role of ER stress in testicular isch-
emia/reperfusion injury [45]. Aging in men is associated
with decline in the testosterone level by Leydig cell
steroidogenic function degeneration [46]. Degenerative
changes in germ cells in aging rat showed oxidative
stress and ER stress signaling pathway play important
role [47,48]. Two independent study provide evidence
that hypoxia downregulate androgen biosynthesizing
genes such as steroidogenic acute regulatory protein
(StAR) and 3-B-hydroxysteroid dehydrogenase (3-HSD)
In testis of rat by increasing calcium influx, oxidative
stress and upregulation of ER stress signaling molecule
Grp78, PERK and CHOP [49,50].

In a streptozotocin-induced diabetic rat model showed
crosstalk between mitochondrial and ER-dependendent
testicular cell death by JNK pathway that upregulated
pro-apoptotic protein cleaved caspase-3, Bel-2 associated
X protein (Bax), Bcl-2-associated death promoter (Bad)
and BHS3 interacting-domain agonist (Bid) [51]. Another
study in streptozotocin-induced diabetic animal model
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showed activation of testicular oxidative stress; mi-
tochondrial cell death and associated p38 MAPK and
p53 signaling; and ER stress and associated cell death
[36,52]. Similarly, in vitro study, advanced glycation end
products, a heterogeneous compound in the progression
of diabetes, inhibit the generation of testosterone by
upregulation the ER stress related protein Grp78 and
CHOP in Leydig cells [53]. Human chorionic gonadotro-
pin (hCG) secreted by placenta, is heterodimeric protein
hormone to luteinizing hormone and exogenous hCG
has been used clinically to increase plasma testosterone
in disease, such as hypogonadotropic hypogonadism,
cryptorchidism. Park et al [54] reported that excess
hCG stimulation is associated with ER stress-induced
apoptosis in mouse Leydig tumor (mLTC-1) cells and
rat testis. Moreover, activation of ATF6 pathway
downregulate androgen biosynthesizing gene 38-HSD.
There are many environment pollutants in the
group of endocrine-disrupting chemicals (EDCs) as-
sociated with the impairment of male reproductive
function [55]. Bisphenol A (BPA), one of the EDC leads
to apoptosis in mouse testicular Sertoli cells by JNK/
p38 MAPK and PERK pathway [56,57]. Another in
vivo study showed that ROS mediated PERK/EIF2a/
CHOP pathway plays important role in BPA-induced
apoptosis in germ cell [58]. Furthermore, low-dose and
combined exposure to BPA and diethylstilbestrol in
rat study reported the upregulation of ER stress mo-
lecular sensor IRE1 and CHOP, suggest that ER stress
mediated apoptosis in germ cell [59]. Reproductive
toxicant microcystin-LR showed germ cell apoptosis in
testis of zebrafish by upregulation of ER stress sen-
sors Grp78, and elF2sl1, a downstream target of the
PERK pathway and MAPKS, a zebrafish homolog of
JNK [2]. 4nonylphenol (NP)-induced apoptosis in the
rat testicular Sertoli cells by increased intracellular
Ca® and upregulated the expression of ER stress sig-
naling target genes Grp78, protein disulfide isomerase
(ERp57) and GADD153 [60]. Furthermore, NP-induces
autophagy antagonizing apoptotic cell death in Sertoli
cells by ROS-mediated JNK-dependent autophagy as
survival mechanisms against apoptosis [61]. Cadmium
1s major occupational and environmental toxicant
that induces gem cell apoptosis in the testis of mice by
upregulation of ROS, ER stress signaling and mito-
chondrial pathway [62-64]. Nickel is other occupational
toxicants involved in apoptosis of rat Leydig cells by
ROS-mediated ER stress and mitochondrial apoptosis
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pathway [65]. Similarly, Lead (Pb) induced testicular
toxicity in chicken by oxidative stress, ER stress and
apoptosis via CHOP/caspase-3 signaling pathway [66].
Fine particulate matter 2.5 (PM,;) is a part of atmo-
spheric dust that has reproductive toxicity effect and
promotes testicular germ cell apoptosis through up-
regulation of ER stress molecular sensor Grp78, XBP1
and CHOP, and caspase-12 [3]. Fluoride 1s an essential
element and accumulated in different organ of human
body. It is also well known natural pollutant responsi-
ble for reproductive toxicant. Zhang et al [37] reported
that sodium fluorite (NaF) induced germ cell apoptosis
in testis by increasing oxidative stress and ER stress
protein Grp78, IRE1 and CHOP. Moreover, upregulated
pro-inflammatory cytokines, tumor necrosis factor-o,
interleukin-1B, inducible nitric oxide synthase and
cyclooxygenase-2, in a nuclear factor-kB-dependent
manner suggest that oxidative stress, ER stress and
inflammation are the molecular mechanism to fluorite-
induced testicular toxicity. In support of this observa-
tion, in vitro study reported NaF-induced apoptosis of
Sertoli cells by ROS-mediated ER stress pathway [67].
Dibutyl phthalate (DBP) is EDCs that induced testicu-
lar toxicity in Sertoli cells by hyperphosphorylation of
vimentin and upregulation of ER stress [68]. Another
study by Zhang et al [69] reported that DBP induced
ER stress mediated apoptosis by CHOP activation and
also triggered autophagy as a protective effect against
germ cell death, suggest the role of ER stress in both
cell survival and cell death mechanism. A study in low
dose radiation (LDR) reported ROS mediated ER stress
and apoptosis in testicular cells in mice, and LDR-
induced ER stress mechanism were regulated by IREL,
PERK and ATF6 pathways [70]. Zearalenone (ZEN) is
widely distributed mycotoxin, produced by Fusarium
species and can exert estrogen-like activity. Zheng et al
[71] reported ZEN-induced germ cell death by ROS me-
diated ER stress in mouse Sertoli cell. Furthermore, ER
stress regulates ATP/AMPK pathway, suggest cross-
talk between ROS-mediated ER stress and ATP/AMPK
pathway and plays key role in ZEN induced cell cycle
arrest and cell apoptosis. Another study showed ZEN-
induced apoptosis in mouse Leydig cell by the activa-
tion of ER stress markers Grp78, CHOP and caspase-12
[72].

Drug-induced toxicity leads to male infertility and
some side effects can be severe as infertility may per-
sist in some cases. In studies, cisplatin induced testicu-
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lar toxicity in rat by ROS-mediated ER stress [34,73].
Another study reported cisplatin-induced testicular
damage by oxidative stress, ER stress and MAPK
pathway [74]. Similarly, in vitro study in mouse Leydig
MTTC1 cell reported ER stress mediated apoptosis by
upregulation of ER stress proteins PERK, EIF2a and
ATF4; ER stress apoptosis-relative proteins caspase-3,
caspase-7 and caspase-12, and autophagy protein micro-
tubule-associated protein 1A/1B-light chain 3 (LC3II)
and autophagy related 5 (Atgb) suggest ER stress me-
diated apoptosis and autophagy are the mechanism in-
volved in spermatogenic dysfunction [75]. Recent study
from our lab reported adriamycin-induced testicular
dysfunction by the crosstalk between ER stress and
mitochondrial mediated signaling pathway [76]. An-
other commonly used chemotherapy drug busulfan-in-
duced apoptosis in both testicular germ cells in mouse
and C184 cell line by upregulation of IRE1 and PERK
pathway [77]. Finasteride is a 5a-reductase inhibitor
used to treat benign prostate hyperplasia and male
pattern baldness. Soni et al [78] reported the testicular
germ cell apoptosis by finasteride treatment in rat and
the main mechanism is associated with ROS mediated
ER stress. All this study suggests that oxidative stress
and ER stress could be the important molecular mech-
anism involved in drug liability and toxicity.

INVOLVEMENT OF ENDOPLASMIC
RETICULUM STRESS IN EPIDIDYMIS

Epididymis is a tube connects to testicle to vas defer-
ence where the sperm undergo further maturation and
1s primary storage site for mature sperm. Zhu at al [79]
reported that cigarette smoking alters the epididymis
protein profile responsible for energy metabolism, re-
production and structural molecule activity, thereby
impairing epididymis function and sperm maturation.
Oxidative stress and ER stress pathway is associated
mechanism involved in epididymis protein profile al-
teration in mice epididymis. Another study showed
PM,;-induced apoptosis in epididymis by upregulation
of ER stress molecular sensor Grp78, XBP1 and CHOP,
and caspase-12 [3]. In summary, ER stress may impair
the function of epididymis. These data provide novel
insight into the mechanism of sperm maturation.
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INVOLVEMWNT OF ENDOPLASMIC
RETICULUM STRESS IN SPERM

A matured sperm doesn’t contain ER. However, resi-
dent protein of the ER such as ER protein 29 (ERp29)
and calreticulin are transported to the sperm and plays
important role in acrosome reaction and sperm fer-
tilization in rat [80,81]. Results from the study shown
that ER-stress mediated germ cell apoptosis as well as
potentially decreased in the cation channels of sperm
(CatSper) in epididymal sperm by cisplatin in rat [34].
In their opinion, ER-stress in testicular germ cell may
alter the CatSper channels of sperm that play impor-
tant role in sperm maturation and hyperactivation
in sperm. Nagamori et al [82,83] reported that testis-
specific bZip type transcription factor (Tisp40) gene
is predominantly express during spermatogenesis in
rat testis and disruption of Tisp40 leads to ER stress
mediated apoptosis of meiotic/post meiotic germ cells.
This study suggests Tisp40 regulates the maturation
of sperm head nuclei by unique UPR system survival
mechanisms against ER-stress induced apoptosis. In
summary, these findings suggest that ER stress signal-
ing pathway may play important role in sperm matu-
ration and fertilization.

CONCLUSIONS

Current literature provide strong evidence that ER-
stress regulates maintenance of cellular homeostasis
and apoptosis in male reproductive organs and linked
with several mechanisms such as direct activation of
proteases, kinases, transcription factors, Bel2-family
protein and their modulators. Varieties of environ-
mental, physiological pathological and drug treatment
in animal models induced infertility by ER stress sig-
naling pathway insight the precise knowledge of how
these pathways cause cellular homeostasis or leads to
apoptosis (Table 1). Evidence for the role of ER stress
induced cell death in male reproduction could make
this process an attractive target for therapy. Based on
this basic research evidence, further clinical studies are
needed for greater understanding of the mechanisms
of ER-stress signaling pathway in male infertility.
Such information is expected to help the pathophysi-
ological understanding and effectively treat or prevent
ER-stress associated male infertility.
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