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Abstract

Male infertility, age-related changes, and tumors have been increasingly studied in the field of male reproductive health due to the emer-
gence of environmental stressors, declining fertility rates, and aging populations. Numerous studies have demonstrated that the ERK1/2
signaling pathway plays a significant role in male reproduction. The ERK1/2 pathway is associated with several signaling pathways
and has a complex interplay that influences the spermatogenic microenvironment, sperm viability, gonadal axis regulation, as well as
resistance to testicular aging and tumors. Moreover, the ERK1/2 pathway directly or indirectly regulates testicular somatic cells, which
are crucial for maintaining spermatogenesis and microenvironment regulation. Given the critical role of the ERK1/2 signaling pathway
in male reproductive health, comprehensive exploration of its multifaceted effects on male reproduction and underlying mechanisms is
necessary. This study aims to provide a solid foundation for in-depth research in the field of male reproduction and further enhance the
reproductive health of males.
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1. Introduction

Presently, the world is experiencing a decrease in pop-
ulation growth, and in addition to the decline in fertility in-
tentions, infertility remains a prominent obstacle prevent-
ing individuals from having children. In 2018, an epidemi-
ological review reported [1] that over 186 million people
worldwide suffer from infertility, with the highest preva-
lence found in developing countries. While male factor
infertility accounts for 40% to 50% of all cases, approx-
imately 7% of men worldwide are affected [2]. Among
the most common causes of male infertility are defective
and dysfunctional testes, followed by impaired sperm de-
livery. Furthermore, industrial development has increased
the risk of endocrine disruptors and environmental toxins,
which pose a significant threat to the structure and func-
tion of male reproduction. Unfortunately, current research
on infertility primarily pertains to women, resulting in lim-
ited methods and effects for treating and preventing male
infertility. Current mainstream therapeutic drugs primar-
ily target the hypothalamic-pituitary-gonadal axis, such as
gonadotropins and aromatase inhibitors. However, studies
on their efficacy remain relatively sparse, which limits their
conclusive effectiveness [3]. As such, it is clear that there is
substantial research space in the field of male reproduction.

Recent studies have explored the growing significance of
the extracellular regulated protein kinase (ERK1/2) signal-
ing pathway in male reproduction, which has shown non-
negligible potential in addressing male sterility, aging, and
tumors.

ERK1/2 belongs to a crucial member of the serine-
threonine protein kinase (MAPK) family. ERK1 and ERK2
exhibit kinase activity, and when activated, phosphorylate
a series of proteins within the cell [4]. The ERK1/2 signal-
ing pathway specifically refers to the RAS/RAF/MEK/ERK
cascade reaction pathway within the MAPK signaling path-
way, which has become the most extensively studied cell
transduction pathway in the ERK family. In this pathway,
the ERK1/2 signaling pathway plays a critical role in cell
proliferation, survival, growth, metabolism, migration and
differentiation, among other biological and cellular pro-
cesses. It also plays an important role in anticancer drug
targets [5]. A growing body of evidence suggests that the
ERK1/2 signaling pathway is ubiquitously distributed and
activated at multiple sites throughout the male reproduc-
tive system and plays an important role in various stages
of male reproduction, including development, maturation,
and aging. As such, the ERK1/2 pathway is poised to play
an important regulatory role in the regulation of male germ
cells.
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In this review, we aim to investigate the impact of
ERK1/2 on male reproductive function, explore its basic
mechanism of action, and finally summarize the potential
applications of ERK1/2 in male reproductive aging and tu-
mors. This will provide a solid foundation for subsequent
research in this field, thus contributing to the theoretical ba-
sis and reference value of clinical treatments for male in-
fertility disorders, the development of reproductive tumors,
and the field of geriatric reproductive medicine.

2. ERK1/2 Signaling Pathway and Its
Cross-Linking with Other Signaling
Pathways

ERK1 and ERK2 share many sequences and func-
tional similarities and are therefore often discussed and
studied as “ERK1/2”. Organisms require the presence of
both alleles for survival, as lack of either will lead to poor
embryonic development [6]. The specific functions of each
kinase and their relationship remain unclear. Research sug-
gests that their expression varies in response to different
stimuli, shedding light on some phenomena. For instance,
exposing mouse testicular germ cells to varying doses of
molybdenum resulted in a relatively increased expression of
ERK1 with increasing dosage, suggesting its involvement
in cell proliferation and differentiation. Conversely, ERK2
expression demonstrated an opposite trend, indicating its
role in molybdenum-induced cellular damage [7].

In addition to the effects of the signaling pathway it-
self, the ERK1/2 signaling pathway is closely associated
with other signaling pathways in the family, such as the
JNK pathway and the P38 MAPK pathway. Some studies
have shown that spermatozoa in cryopreservation lead to
the activation of the phosphorylation of p53 protein through
the p38 MAPK signaling pathway, decreasing the phos-
phorylation levels of ERK1/2 and JNK, and thus affect-
ing spermatozoa quality and apoptosis. This suggests that
p38 MAPK may be a common action pathway of ERK1/2
and JNK [8]. Resveratrol administration to rats can si-
multaneously inhibit the phosphorylation levels of ERK1/2
and JNK, thus preventing cisplatin-induced testicular dam-
age and reproductive dysfunction [9]. In addition, the co-
activation of ERK1/2 and JNK pathways may have the ef-
fect of decreasing the activity of testicular supportive cells.
This suggests that there is a coordinated relationship be-
tween ERK1/2 and JNK in terms of the male reproductive
system [10,11]. Therefore, their synergistic or antagonistic
effects often serve as important mechanisms in the patho-
genesis of many male diseases. In addition, crosstalk be-
tween ERK1/2 signaling pathway and other signaling path-
ways also collectively explains the mechanisms of cell pro-
liferation, differentiation, autophagy and apoptosis under
different circumstances, commonly the PI3K/AKT/mTOR
signaling pathway. AKT is an important downstream
molecule of PI3K, and the phosphorylation levels with ERK
can be co-regulated by certain substances. For example, de-
creasing the activity of sphingomyelin synthase 2 (SMS2),

which is localized in the male reproductive organs, plays
a key role in inhibiting and increasing the phosphorylation
levels of AKT and ERK, which can affect the motility and
activity of male spermatozoa or even lead to their apoptosis
[12]. mTOR is a downstream substrate of PI3K/AKT and,
in testosterone-mediated cell proliferation in L6 cells, it in-
volves mechanism of association between ERK and mTOR
signaling, whereas the AKT pathway does not play a role
here [13]. Another study showed that the ERK1/2 path-
way in testicular tissues would be activated by BPA ex-
posure, along with inhibition of the AKT/mTOR pathway,
leading to a decrease in germ cell mass in adult male rats
[14]. In addition to this, co-up-regulation of ERK1/2 and
PI3K/AKT/mTOR signaling plays an important role in tes-
ticular injury and apoptosis in rheumatoid arthritis patients
[15]. Notably, although the ERK1/2 signaling pathway
is closely associated with the PI3K/AKT/mTOR signaling
pathway, ERK1/2 and the mTOR signaling pathway can
have a mutually non-interfering operational relationship in
regulating cellular autophagy [16]. From the above reports,
it can be seen that the relationship between the ERK1/2
pathway and the PI3K/AKT/mTOR signaling pathway is
complex, and its regulation of cells shows diversity, which
may have greater potential research value.

Several reports have demonstrated a close associa-
tion between the ERK1/2 signaling pathway and glyco-
gen synthase kinase 3-β (GSK3β) in relation to cancer.
Knockdown of TPX2 inhibits CDK1 expression and phos-
phorylation of the ERK/GSK3β/SNAIL signaling pathway,
suppressing tumor epithelial-mesenchymal transition [17].
Conversely, certain chemokines may stimulate cancer cell
migration or epithelial-mesenchymal transition through the
ERK/GSK3β/SNAIL signaling pathway. For example,
MCP-1 promotes MCF-7 human breast cancer cell migra-
tion [18], and the CXCL5/CXCR2 axis promotes epithelial-
mesenchymal transition in nasopharyngeal carcinoma cells
[19]. Additionally, Nerigoside has been found to inhibit
the growth and metastatic potential of colorectal cancer
cells by blocking the ERK/GSK3β/β-catenin pathway [20].
These findings suggest that the ERK/GSK3β/SNAIL and
ERK/GSK3β/β-catenin signaling pathways play crucial
roles in cancer metastasis. It is worth noting that GSK3β
is involved in mammalian meiosis and spermatogenesis
[21], and its loss may lead to infertility [22]. Furthermore,
GSK3β has been shown to negatively regulate Androgen
Receptor (AR)-mediated gene transcription, thus modulat-
ing androgen/AR-mediated cell growth [23]. Hence, given
that ERK1/2 and GSK3β represent the confluence of many
signaling cascades [24], and that GSK 3β is expected to be a
clinical prognostic indicator for certain malignant cancers,
further research on the relationship between ERK1/2 and
GSK3β in male reproductive health is warranted.

While the ERK1/2 signaling pathway plays a role in
regulating cell proliferation and apoptosis, it also has com-
plex and ingenious connections with other signaling path-
ways. Due to the abundance of the ERK1/2 signaling path-
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Fig. 1. ERK signaling pathway cross-linking. Stimulatory factors such as cytokines activate intracellular receptor tyrosine kinases
(RTKs) by binding to the corresponding receptors and thus activating the RAS pathway in response to the guanine nucleotide exchange
factor SOS. Activated RAS binds mitogen-activated protein kinase, and activated MEK leads to ERK phosphorylation, which in turn
activates the ERKpathway, allowing the activated ERK to enter the nucleus. JNKmainly consists of JNK1/2/3, and this signaling pathway
is activated by MAPKKK, which sequentially activates MEK4/7, which in turn phosphorylate and activates JNK. The p38 MAPK
kinase is mainly activated by ERK3/6 phosphorylation. These three pathways regulate the cell cycle and promote cell proliferation,
differentiation, and apoptosis by affecting multiple substrates and regulating related gene expression. In addition, ERK1/2 is closely
associated with the PI3K/AKT/mTOR signaling pathway as well as GSK3β, which together regulate cell growth.

way and the wide distribution of receptors, it has a signifi-
cant impact on the mechanism of action of male germ cells,
and it has also made people realize the great clinical appli-
cation prospect of the ERK1/2 signaling pathway (Fig. 1).
At present, more and more researchers have carried out in-
depth exploration and research on the ERK1/2 signaling
pathway and its related pathways andmale germ cells, and a
number of related specific inhibitors have already been put
into use, taking a solid step toward the treatment of male in-
fertility, anti-aging, anti-tumor and other major directions.

3. Association of the ERK1/2 Signaling
Pathway with Testicular Development and
the Fertilization Process

The testis is the most important reproductive organ in
the male reproduction. The development and function of
the testis depends on the development of testicular somatic
cells (Sertoli cells and Leydig cells, etc.) and germ cells
(spermatogonia, spermatocytes and sperms, etc.). This is
because the number of Sertoli cells determines the limit of
sperm production [25]; Leydig cells determine androgens
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for male development, and the development of germ cells
is essential for the production of spermatozoa, while sperm
capacitation and the acrosome reaction are closely related
to successful fertilization. Notably, testicular somatic cells
can develop normally and produce testosterone even in the
absence of germ cells. In contrast, the development of sper-
matogenic cells is entirely dependent on somatic cells [26].
For example, Sertoli cells play their role in maintaining the
spermatogonial stem cells (SSC) niche, spermatogonial cell
population, meiosis, spermatogenesis, sperm fertilization,
and release of mature spermatozoa [27]. In recent years, an
increasing number of studies have focused on the role of
ERK1/2 signaling in testis development and its role in the
fertilization process. To illustrate the association between
ERK1/2 signaling and testicular development and the fer-
tilization process and the possibility of further mechanistic
studies, we have summarized the current relevant literature
in Table 1 (Ref. [28–55]).

3.1 ERK1/2 Signaling Pathway Regulates the
Spermatogenic Environment and Spermatogenic Cells
3.1.1 ERK1/2 Signaling Pathway is Involved in Molecular
Regulation of Spermatogonial Stem Cell Niche

The term “niche” describes the intricate short- and
long-term stimulus interactions between stem cells, their
differentiated daughter cells, neighboring cells, and the ex-
tracellular matrix that together form the microenvironment
that controls stem cell behavior. The composition of the
SSC niche includes Leydig cells, Sertoli cells, peritubular
cells, extracellular matrix, and blood vessels [56]. In this
microenvironment, its composition secreted chemicals and
activated cell signaling pathways jointly regulate cytologi-
cal behaviors such as SSC proliferation, differentiation and
apoptosis. Among them, Sertoli cells are the most impor-
tant structure of the niche, and the glial cell line-derived
neurotrophic factor (GDNF) produced by Sertoli cells plays
a key role in determining the behavior and outcome of SSC.
Meng et al. [57] discovered in 2000 that GDNF plays a
crucial role in the regulation of self-renewal in SSC. He
et al. [28] found that GDNF and GFRα1 jointly bind at
the Ret receptor in the C18-4 cells membrane to activate
ERK1/2 signaling pathway, further phosphorylate a series
of nuclear proteins and induce the transcription of c-fos, and
then realized the regulation of cell cycle and proliferation
of SSC. GDNF is highly expressed in the testis of sexually
mature mice, and GDNF was found to induce SSC migra-
tion, possibly via the MEK/ERK signaling pathway [29].
Obviously, these evidences all suggest that the niche reg-
ulates SSC through the production of GDNF, and ERK1/2
signaling is one of the important mechanisms.

Further study of the SSC niche has identified poten-
tial regulators in the form of CSF1, NODAL, WNT3A and
FGF that serve to co-regulate SSC outcomes [30]. Among
them, more and more studies have begun to focus on the
relevant mechanisms of FGF in regulating SSC. Studies
have revealed that FGF cooperates with GDNF to pro-

mote SSC self-renewal by inducing GFRα1 and Ret ex-
pression via MEK/ERK signaling pathways [30]. Recently,
it was found that FGF5 activates ERK and AKT signaling
pathways to promote mouse SSC proliferation through Cy-
clinA2 and CyclinE1 expression [31]. Furthermore, FGF2
induces phosphorylation of MEK1, which subsequently up
regulates Etv5 and Bcl6b expression, two genes that are
closely linked to self-occurring SSC renewal [58]. How-
ever, several studies have reported that after GDNF re-
moval in vitro, SSC cell lines cultured by FGF2 are inde-
pendent of MEK1/2 inhibitors. Meanwhile, the SSC activ-
ity of FGF2 was significantly worse when compared to the
SSC cell lines cultured by GDNF [59,60]. This suggests
that GDNF cooperates with FGF2 and cross-links with the
MEK1/2 pathway (Fig. 2a). Pui et al. [32] further sug-
gested that FGF may be located upstream of GDNF and
retinoic acid and synergize with GDNF to activate ERK1/2,
which in turn activates FOXO1 downstream and ultimately
maintains the undifferentiated state of SSCs.

In conclusion, ERK1/2 signaling pathway plays an im-
portant role in regulating the particular microenvironment
of SSC niche. In addition to FGF and GDNF, there are
other niche regulators that deserve attention and intensive
investigation. Therefore, revealing their association with
the ERK1/2 signaling pathway will help to further under-
stand the mechanism of the biological behavior of SSC,
and then lay a solid theoretical foundation for the treatment
of infertility, the development of male contraceptives, and
the elucidation of the etiology of spermatogonic-related tu-
mors.

3.1.2 ERK1/2 Signaling Pathway is Involved in the
Regulation of the Division and Proliferation of
Spermatocytes

Normal meiosis is an important step in the production
of healthy sperm, and abnormal meiosis is a major cause of
male infertility. Since the end of the 20th century, several
studies have suggested that ERK1 is specifically activated
during the G2/M transition in mouse spermatocytes and
is required for chromosome condensation associated with
meiotic metaphase progression. Shortly thereafter, the re-
sults of Inselman A et al. [33] further showed that ERK1/2
are all activated at the G2/M transition and that this result is
independent of MEK activation. This suggests that the ac-
tivation of ERK1/2 is somehow related to meiosis in sper-
matocytes. Recent studies have found that the ERK1/2 sig-
naling pathway may play a certain role in the process of
meiosis by regulating the genes involved in meiosis. For
example, loss of SHP2, an important regulator of ERK1/2
signaling, suppresses phosphorylation of AKT and ERK,
thus expression of meiotic genes Sycp3 and Dmc1, which
may provide a potential therapeutic target for male infer-
tility [34]. Moreover, deletion of L-GILZ gene enhances
ERK1/2 signaling and accelerates the proliferation of un-
differentiated spermatogonia. Meanwhile, after knockout
of this gene, meiotic cells undergo massive apoptosis, and
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Table 1. Effects of ERK1/2 on male germ cells and testicular somatic cells.
Involved substance Change in ERK1/2 Result Effects of ERK1/2 on different cells of testis

Germ cells

Spermatogonial
stem cells (SSC)

GDNF, GFRα1 Increases ERK1/2
phosphorylation

Promote SSC proliferation The binding of GDNF and GFRα1 to the Ret receptor of C18-4 cells, resulting in the activation of
the ERK1/2 signaling pathway, inducing c-fos transcription, allowing SSC proliferation [28].

GDNF Activate the MEK/ERK
pathway

Induce SSC migration High levels of GDNF are expressed in the testis of sexually mature mice, perhaps through activation
of the MEK/ERK signaling pathway to induce SSC migration [29].

FGF, GDNF, GFRα1,
Ret

Activate the MEK/ERK
pathway

Promote SSC self-renewal FGF cooperates with GDNF to promote SSC self-renewal by inducing GFRα1 and Ret expression
via MEK/ERK signaling pathways [30].

FGF5, CyclinA2,
CyclinE1

Activate ERK1/2
signaling pathway

Promote SSC proliferation FGF5 activates ERK and AKT signaling pathways to promote mouse SSC proliferation through
CyclinA2 and CyclinE1 expression [31].

FGF, GDNF, Retinoic
acid, FOXO1

Activate ERK1/2
signaling pathway

Maintain undifferentiated
SSC

FGF may activate ERK1/2 signaling in cooperation with GDNF and Retinoic acid, maintaining
undifferentiated SSC through the downstream expression of FOXO1 [32].

Spermatocytes
– Activate ERK1/2

signaling pathway
Promote G2/M transition The activity of ERK1 is specifically stimulated during G2/M cellular turnover in murine

spermatocytes. ERK1/2 is all activated at the G2/M transition [33].

Shp 2, Sycp 3, Dmc 1 Increases ERK1/2
phosphorylation

Block meiosis The deletion of Shp 2 inhibits the phosphorylation of AKT and ERK, thereby inhibiting Sycp 3 and
Dmc 1 [34].

L-GILZ Potentiate ERK1/2
signaling

Accelerate spermatogonia
proliferation

Depletion of the L-GILZ gene potentiates ERK1/2 signaling and accelerates the proliferation of
undifferentiated spermatogonia [35].

Sperm

Progesterone Increases ERK1/2
phosphorylation

Promote acrosome
reactions

Progesterone concentrations promote the onset of acrosome reactions and involve increased ERK1/2
phosphorylation [52].

Superoxide anion
radicals

Activate ERK1/2
signaling pathway

Promote sperm
capacitation

Superoxide anion radicals activate the ERK1/2 signaling pathway, promoting sperm capacitation via
tyrosine phosphorylation [53].

Hsp 90 Activate ERK1/2
signaling pathway

Promote sperm
capacitation

Sperm capacitation involves Hsp 90 via ERK1/2 and p38MAPK pathways [54].

Sperm binding to zona
pellucida

Activate EGFR/ERK1/2
phosphorylation

Promote sperm
capacitation

Sperm binding to zona pellucida may activate EGFR-ERK1/2 phosphorylation, further
phosphorylation of EGFR in a positive feedback manner, and accelerated completion of the

acrosome reaction [55].

Testicular
somatic cells

Leydig cells
(LCs)

luteinizing hormone
(LH), cAMP

Increases ERK1/2
phosphorylation

Promote androgens
secretion

LH can stimulate Leydig cells to produce cAMP, enhance the phosphorylation of ERK1/2, and then
promote the secretion of androgens [36,37].

GSK-3β Decrease p-ERK1/2 levels Inhibit androgens
secretion

A decrease in p-ERK1/2 levels leads to a decrease of phosphorylation levels of GSK-3β, which
increases activity of GSK-3β and then inhibits steroidogenesis in Leydig cells [37].

The diabetic rats The ratio of p-ERK1/2 to
total ERK1/2 decreases

Inhibition of the function
of LCs

The ratio of phosphorylated ERK1/2 to total ERK1/2 in the total testis content of diabetic rats tended
to decrease [38].

Propofol, Cyp11a1,
Cyp17a1

Block ERK1/2
phosphorylation

Inhibit androgens
secretion

The anesthetic propofol may down-regulate the expression of key steroidogenic enzymes (Cyp11a1
and Cyp17a1) in rat Leydig cells by blocking the phosphorylation of ERK1/2 [39].5
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Table 1. Continued.
Involved substance Change in ERK1/2 Result Effects of ERK1/2 on different cells of testis

Nano-Tio2 Increase
ERK1/2/PKA/PKC
signaling pathway

Inhibit testosterone
production

The inhibition of testosterone secretion in Leydig cells by nano-Tio2 may be related to
ERK1/2/PKA/PKC signaling pathway dysfunction [40].

Sertoli cell
(SCs)

Estrogen, GPR30,
ERα/β

Activate
GPR30/EGFR/ERK1/2
signaling pathway

Promote SCs proliferation Estrogen can promote the proliferation of Sertoli TM4 cells by up-regulating GPR30 and ERα/β to
activate GPR30/EGFR/ERK1/2 signaling [41].

Relaxin, CAMP Activate ERK1/2
signaling pathway

Promote SCs proliferation Relaxin secreted by SCs during SCs immaturity inhibits CAMP expression, activate ERK1/2
signaling pathway to promote SCs proliferation [42].

FSH, CAMP, CREB Inhibit ERK1/2 signaling
pathway

Inhibit SCs proliferation After SCs mature, relaxin release is reduced, allowing FSH to activate the CAMP/CREB pathway to
stimulate cell differentiation, inhibit the ERK1/2 pathway, and inhibit SC proliferation [42].

Melatonin, GDNF Increase ERK1/2
phosphorylation

Promote SCs proliferation Melatonin and GDNF increases ERK1/2 phosphorylation and induces SCs proliferation [43,44].

Bta-miR-34b, MAPK1 Activate ERK1/2
signaling pathway

Promote SCs proliferation Bta-miR-34b, by targeting over-expression of MAPK1, in the ERK1/2 signaling pathway that
mediates cell proliferation and testis development [45].

Testosterone,
Dehydroepian
drosterone

Activate ERK1/2
signaling pathway

Promote the formation of
BTB tight junctions

Testosterone activates ERK1/2-CREB-ATF-1, promoting claudin-1 and claudin-5 formation [47].
Dehydroepiandrosterone sulfate activates the ERK1/2 cascade response via GPCR, stimulating the

expression of claudin-3 and -5 [48].

Non-receptor tyrosine
phosphatase SHP2

Increases ERK1/2
phosphorylation

Maintain BTB integrity Non-receptor tyrosine phosphatase SHP2 may phosphorylate ERK1/2 through SRC kinase,
regulating actin cytoskeleton and maintaining BTB integrity [46].

CD95-containing germ
cells

Activate ERK1/2
signaling pathway

Induce apoptosis of
CD95-containing germ cells

CD95L-expressing SC induces apoptosis of CD95-containing germ cells, a process that requires the
involvement of ERK1/2 activation [49].

Inflammatory factor
IL-1b

Activate ERK1/2
signaling pathway

Promote lactate secretion by
SC

Inflammatory factor IL-1b stimulation or heat stress activates ERK1/2, which increases lactate
dehydrogenase and enhances heat shock protein 70 expression induced by heat stress, respectively,

promoting lactate secretion by SC and protecting germ cells [50,51].
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the differentiation of spermatogonia is abnormal. Consid-
ering that ERK1/2 signaling pathway is widely involved
in cell proliferation, differentiation and apoptosis, the en-
hanced connection of this phenomenon with ERK1/2 sig-
naling cannot be excluded [35]. In fact, the ERK1/2 signal-
ing pathway and spermatogonial proliferation and apopto-
sis have been reflected in the mechanism of male infertility
caused by endocrine disruptors such as perfluorooctane sul-
fonate (PFOS) [61], exogenous estrogen bisphenol A [62],
and 17β-estradiol [63]. Thus, it is concluded that ERK1/2
signaling pathway can participate in regulating meiosis and
proliferation and differentiation of spermatogenic cells and
play an important role in it (Fig. 2b). However, the role of
ERK1/2 in the meiosis, proliferation, and differentiation of
spermatogenic cells compared to oocytes remains to be ex-
plored, and further studies are needed to fill the gaps in the
molecular and genetic defects underlying male infertility.

3.2 The ERK1/2 Signaling Pathway Can Regulate
Testicular Somatic Cells
3.2.1 Regulation of Leydig Cells and Their Androgen
Secretion by the ERK1/2 Signaling Pathway

Leydig cells, a type of steroid-producing cell, are the
main source of testosterone in the testis. Androgens pro-
mote the development of male reproductive organs, sper-
matogenesis, and maintenance of secondary sexual charac-
teristics. Testosterone is one of the important androgens and
its reduction will lead to male infertility [64]. Currently,
there is an increasing number of cases of infertility in males
due to decreased testosterone levels or decreased sensitiv-
ity of Leydig cells response to luteinizing hormone (LH).
However, exogenous testosterone usually inhibits LH se-
cretion, leading to reduced testosterone production by Ley-
dig cells, which inhibits spermatogenesis, and recovery of
spermatogenesis after cessation of treatment usually takes
6–15 months or longer [65]. Therefore, it is even more im-
portant for men with decreased testosterone levels to ad-
dress such male infertility by increasing endogenous testos-
terone. It is worth noting that more and more studies have
shown that the ERK1/2 pathway has an important promot-
ing effect on the increase of endogenous testosterone.

The ERK1/2 pathway regulates androgen secretion
by Leydig cells by affecting the transcriptional expres-
sion of related molecules and their phosphorylation lev-
els. Pogrmic-Majkic et al. [36] found that cAMP can en-
hance ERK1/2 phosphorylation thereby increasing andro-
gen secretion by Leydig cells. Luteinizing hormone has
been proven to maintain steroidogenesis in adult Leydig
cells by stimulating cAMP production in Leydig cells and
activating the ERK1/2 pathway [37]. Karpova et al. [38]
in studying the mechanism of the effect of hyperglycemia
on male reproductive function, proposed that the ratio of
phosphorylated ERK1/2 to total ERK1/2 in the total testic-
ular content of diabetic rats tended to decrease in compar-
ison with the control group, whereas by increasing phos-
phorylated ERK1/2 was effective in improving the func-

tioning of Leydig cells in the experimental group. In ad-
dition, a study found that a reduction in the level of phos-
phorylated ERK1/2 impaired its inhibitory effect on glyco-
gen synthase kinase 3β (GSK-3β), leading to the down-
regulation of steroid-related genes in Leydig cells, which in
turn inhibited steroidogenesis in Leydig cells [37]. Wang et
al. [39] found that the anesthetic propofol may downregu-
late the expression of key steroidogenic enzymes (Cyp11a1
and Cyp17a1) in rat Leydig cells by blocking the phospho-
rylation of ERK1/2. Meanwhile, they also found that some
hormones and factors, such as LH, epidermal growth factor
(EGF), and membrane-linked protein A5, could stimulate
testosterone production by activating the EKR1/2 pathway
[39]. Moreover, Li et al. [40] believed that the inhibition
of testosterone secretion in Leydig cells by nano-Tio2 may
be related to ERK1/2/PKA/PKC signaling pathway dys-
function, down-regulating acute regulatory protein (StAR),
P450scc, 3βHSD, SR-BI, PKA, PKC, and p-ERK1/2 ex-
pression and up-regulating DAX1 expression. In addition,
increased phosphorylation of AKT1 and ERK1/2 inhibits
cellular autophagy, thereby increasing testosterone produc-
tion [66].

Based on the above, it can be inferred that ERK1/2 ex-
pression plays an important role in steroid production and
that decreasing ERK1/2 expression interferes with testos-
terone production in Leydig cells. The mechanism of the
action of LH on ERK1/2 is currently unclear, whereas the
positive effect of ERK1/2 on testosterone production in
Leydig cells and its mechanism is certain, with its regula-
tion of steroidogenesis through the regulation of Cyp11a1
and Cyp17a1 and StAR (Fig. 3a). Therefore, further study
of how ERK is involved in the regulatory mechanism of
the LH-CAMP-Leydig cells-testosterone hormone secre-
tion pathway may provide some help and hints for male in-
fertility caused by low testosterone levels.

3.2.2 Regulation of Sertoli Cells and Their Functions by
the ERK1/2 Signaling Pathway

Sertoli cells (SCs) regulate the development of sper-
matogenic structures and spermatogenesis in various ways
and play a crucial role in ensuring the quality of sperma-
tozoa, which is why they have been referred to as “nurse
cells” [67]. The deficiency and abnormal function of SCs
is one of the major causes of male infertility.

A number of experiments have revealed that ERK1/2
can be involved in the proliferation, differentiation and
apoptosis of SCs under the stimulation of different hor-
mones, especially sex hormones. For example, estrogen
can not only bind to the classical estrogen receptor (ER) on
SCs, but also promote the proliferation of Sertoli TM4 cells
by up-regulating G protein-coupled receptor 30 (GPR30)
and ERα/β to activate GPR30/EGFR/ERK signaling [41].
Meanwhile, estrogen-activated ERK1/2 not only inhibits
the apoptotic pathway, but also activates the mTOR-SKP2
pathway together with PI3K, which enhances the activity
of cyclin, and thus promotes cell proliferation [68]. Nasci-
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Fig. 2. The ERK1/2 signaling pathway regulates the spermatogenic microenvironment and spermatogenic cells. (a) FGF, as a
regulator of the SSC niche, synergizes with GDNF to regulate relevant mechanisms in the SSC. In particular, Sertoli cells supply GDNF
and FGF2, myoid cells provide GDNF, fibroblasts produce FGF5, and vascular-generated GDNF and FGF2 signaling also occurs in the
differentiation of germ cells. (b) In SSC, transcription of c-fos, upregulation of gene Etv 5 and Bcl6b expression, upregulation of FOXO1,
and enhanced expression of CyclinA2 and CyclinE1 could all promote the proliferation and self-renewal of SSC. GFRα1 and GDNF
bind to the Ret receptor on the cellular membrane to activate the ERK signaling pathway to further phosphorylate endodontic proteins
and induce the transcription of c-fos. However, FGFs in turn can induce the expression of GFRα1 and Ret through the MEK/ERK
signaling pathway, and activate the downstream FOXO1. FGF2 induced the phosphorylation of MEK, which subsequently upregulated
the expression of Etv5 and Bcl6b. FGF5 could enhance the expression of CyclinA2 and CyclinE1 through the ERK and AKT signaling
pathways. In spermatogonial cells, BPA and 17-estradiol can bind GPR 30 on the cellular membrane of spermatocytes to promote
phosphorylation of ERK, while PFOS binds ER on the cellular membrane to inhibit phosphorylation of ERK. As an important regulator
of ERK1/2 signaling, SHP 2 promotes the phosphorylation of AKT and ERK, thereby promoting the expression of the meiotic genes
Sycp 3 andDmc 1. Moreover, the L-GILZ gene inhibited the ERK1/2 signaling pathway and inhibited the proliferation of spermatogonia.
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Fig. 3. Effect of ERK on Leydig cells and the blood-testis barrier. (a) LH interacts with EGF receptors and activates the
Ras/Raf/MEK/ERK signaling pathway to stimulate androgen production in Leydig cells. cAMP production by LH-stimulated Ley-
dig cells plays an important regulatory role in this process. In addition, membrane-linked protein A5 and EGF can activate ERK1/2
phosphorylation, thereby upregulating Cyp11a1 and Cyp17a1 and promoting testosterone production. In addition, ERK1/2 can promote
testosterone production by inhibiting GSK-3β as well as autophagy. (b) In immature SC, relaxin secreted by SC inhibits CAMP ex-
pression, allowing the ERK1/2 signaling pathway, which promotes cell proliferation, to dominate, while in mature SC relaxin release is
reduced, allowing the CAMP/CREB pathway, which inhibits cell proliferation, to dominate. In addition, estrogen binds ER and GPR30 to
mature SC, activating the GPR30/EGFR/ERK1/2 channel for Sertoli TM4 cell proliferation. (c) Testosterone binds to the ZIP9 transporter
protein receptor on the SC and activates the non-classical testosterone pathway ERK1/2/CREB/ATF-1, whereas dehydroepiandrosterone
sulfate is a non-classical steroid signaling pathway that activates the ERK1/2 cascade response via GPCR to promote claudin expression
and maintain BTB. In addition, SHP2 regulates the actin cytoskeleton through SRC kinase phosphorylation of ERK1/2, which regulates
the actin cytoskeleton and together maintains BTB integrity. TGF-β3 can disrupt BTB by blocking transcription of the ligand adhesion
molecule B expressed on BTB through the ERK1/2 signaling pathway. ROS, reactive oxygen species.

mento et al. [42] found that relaxin secreted by SCs dur-
ing SCs immaturity inhibits CAMP expression, allowing
the cell proliferation-promoting ERK1/2 signaling pathway
to dominate. However, after SCs maturation, the release of
relaxin is reduced, so FSH can activate the CAMP/CREB
pathway to stimulate cell differentiation, while high ex-
pression of CAMP inhibits the ERK1/2 pathway and pre-
vents SCs proliferation, thus regulating the balance between

SCs proliferation and differentiation (Fig. 3b). Similar
to the relationship between Leydig cells and LH, follicle-
stimulating hormone (FSH) acts on the corresponding re-
ceptors on SCs, activating different signaling pathways at
different times of SCs and influencing the tendency of SCs
to proliferate and differentiate. Melatonin also significantly
increased ERK1/2 phosphorylation levels and induced SCs
proliferation [43]. In addition, GDNF is not only an essen-
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tial factor for culturing spermatogonia stem cells, but also
activates the ERK1/2 signaling pathway through neural cell
adhesion molecules, which leads to an increase in the num-
ber of SCs in mice [44]. Zhang et al. [45] found that Bta-
miR-34b targets mitogen-activated protein kinase 1, which
is overexpressed in bovine primary SCs, to contribute to
cell proliferation and testis development mediated by the
ERK1/2 signaling pathway. It is well known that abnormal
development and altered Sertoli cells numbers during em-
bryonic and juvenile life not only directly determine adult
testis [69], but also contribute to the development of testic-
ular tumors [70–72]. Therefore, ERK1/2 is important for
maintaining normal SCs development and it may explain
some of the mechanisms of testicular tumorigenesis.

Furthermore, it is known from reviewing a large
amount of literature that ERK1/2 can also regulate three im-
portant functions of SCs thus affecting the quality of male
semen and fertility.

First, ERK1/2 are involved in the blood-testis barrier
(BTB) formed by SCs. The blood-testis barrier formed by
the SCs acts as a selective restriction of molecular entry
(permeability barrier) and circumvents the immune system
(immune barrier) through tight junctions, gap junctions,
and special adhesion-linked structures, thus guaranteeing
normal proliferation and differentiation of spermatogonia.
Kinase-mediated signaling cascades have been identified as
important for the maintenance of the BTB, with ERK1/2
being one of them [46] (Fig. 3b). A non-receptor tyrosine
phosphatase, SHP2, may regulate the actin cytoskeleton
through phosphorylation of ERK1/2 by SRC kinases and
is also a key regulator in maintaining BTB integrity [46].
The tight junction structure is closely related to the expres-
sion of the claudin family, and the interaction of ouabain
with different subunits of the sodium-potassium pump can
activate the ERK1/2 signaling pathway, which in turn reg-
ulates claudin-11 [73,74] and claudin-1 [73] in the rat SCs.
Testosterone binding to the ZIP9 transporter protein recep-
tors on SCs activates the nonclassical testosterone path-
way ERK1/2-CREB-ATF-1, which promotes claudin-1 and
claudin-5 formation [47] (Fig. 3c). The dehydroepiandros-
terone sulfate is a steroidal non-classical signaling pathway
that activates the ERK1/2 cascade response via G-protein-
coupled receptors, stimulating the expression of claudin-3
and -5 [48]. ERK1/2 also regulates the expression of con-
nexin 43 in SCs, which is involved in the formation of gap
junctions [74,75]. In addition, different isoforms of trans-
forming growth factor β can affect BTB by different mech-
anisms. and Transforming factor-β3 (TGF-β3) is one of
the paracrine regulators of BTB produced by SCs, which
can disrupt BTB by blocking the transcription of ligand ad-
hesion molecule B expressed on BTB through the ERK1/2
signaling pathway [76]. Moreover, TGF-β3 can induce lac-
tate production in SCs by upregulating LgI2, MCT4, ERK,
and p38 MAPK activity, which impairs Notch signaling ac-
tivity in SCs and promotes glycolysis in SCs, leading to hy-
pospermia [77].

Second, ERK1/2 activates the “scavenger” role of the
SCs. In addition, SCs have scavenger or macrophage-
like activity, which can quickly remove residual vesicles
and apoptotic germ cells produced by differentiated sper-
matocytes to maintain a good spermatogenic environment.
Among them, SCs expressing CD95L induce apoptosis
of CD95-containing germ cells, a process that requires
the involvement of ERK1/2 activation [49]. In addition,
Cyanidin-3-O-glucoside in anthocyanins can attenuate the
number of oxidative stress and apoptotic cells, promote the
integrity of the BTB in the testis, and also increase levels
of p-JNK2 and p53 by inhibiting activation of p-ERK and
p-JNK1, which in turn has a protective effect on SCs and
spermatogenesis [78].

Third, ERK1/2 is tightly linked to the paracrine effects
of SCs. It was found that the paracrine action of SCs itself
also plays a key role in spermatogenesis. For example, ei-
ther inflammatory factor IL-1b stimulation or heat stress ac-
tivates ERK1/2, which increases lactate dehydrogenase and
enhances heat shock protein 70 expression induced by heat
stress, respectively, promoting lactate secretion by SCs and
protecting germ cells [50,51]. In addition to lactate, SCs se-
crete substances such as IGF-1 [79], androgen-binding pro-
tein and transferrin [80]. Although there are no studies di-
rectly proving whether these substances are also regulated
by ERK1/2 in SCs, it is undeniable that ERK1/2 is involved
in their production regulatory mechanisms in all other cells.

Therefore, ERK1/2 not only plays a significant role in
the formation of intact BTB in SCs, but also has important
implications for its paracrine function.

3.3 The Function of the ERK1/2 Signaling Cascade
throughout Fertilization Process

The morphology, motility, quantity and viability of
spermatozoa, along with their capacity to effectively un-
dergo the energizing and acrosome reactions within the fe-
male reproductive tract, are essential in determining the
strength of male fertility and the likelihood of concep-
tion. In the male reproductive system, Leydig cells, Ser-
toli cells, hormones, among other factors, impact sperm
motility. Following ejaculation into the female reproduc-
tive tract, sperm motility primarily involves capacitation
and acrosome reactions preceding the process of fertiliza-
tion with the egg cell. It has been determined that ERK1/2
are typically localized in the tail [64] and head [65] of devel-
oped human spermatozoa. The capacitation and acrosome
responses arise from multiple enzymatic activities on the
flagella of the head and tail of the spermatozoa, leading to
the activation of cell signaling cascades [12]. As a result,
the sperm-related energizing and acrosome reactions may
be closely interconnected with ERK1/2, which is being val-
idated by an increasing number of studies. ERK has been
found to be closely associated with the process of the acro-
some reaction [64]. High concentrations of progesterone
can promote this process by inducing an increase in ERK1/2
phosphorylation [52]. It has been reported that superoxide
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anion radicals facilitate sperm capacitation through tyrosine
phosphorylation via the ERK1/2 signaling pathway [53].
Recently, Sun et al. [54] discovered for the first time that
Hsp90 is also involved in regulating human spermatogene-
sis through the ERK1/2 and p38 MAPK pathways. During
the acrosome reaction, the binding of sperm to the zona pel-
lucida may trigger the phosphorylation of EGFR/ERK1/2
in spermatozoa, which in turn promotes the inward flow of
calcium ions. This further leads to the phosphorylation of
EGFR in a positive feedback manner and accelerates the
completion of the acrosome reaction [55]. Moreover, re-
search has indicated that elevated leukocytes present in the
female reproductive tract can contribute to reduced sperm
motility and infertility in humans. This phenomenon may
be attributed to the formation of neutrophil extracellular
traps (NETs) upon leukocyte demise, which can impede
sperm motility [81]. Recently, Wei et al. [82] corroborated
this finding in pigs and posited that NETs release is linked to
the ERK1/2 signaling pathway. This may serve as a basis
for further investigations into the mechanisms underlying
sperm-NETs interactions in humans. Hence, it is clear that
the phosphorylation of ERK1/2 is actively involved in regu-
lating sperm vitality and fertilization. Consequently, proper
activation of the ERK1/2 signaling pathway is crucial in
maintaining optimal sperm motility. Notwithstanding, the
precise mechanisms by which ERK1/2 signaling positively
influences sperm motility and fertilization remain incom-
pletely elucidated, warranting further studies.

The aforementioned results demonstrate that the
ERK1/2 signaling pathway is intricately linked to normal
testicular development and male reproductive health. This
pathway plays a crucial role in regulating the SSC ecolog-
ical niche, spermatogonial cell proliferation and differenti-
ation, sperm motility and fertilization, as well as androgen
secretion from mesenchymal stromal cells, thereby directly
or indirectly impacting male reproductive health. Given
that somatic cells are responsible for testosterone secretion
and the development of spermatogenic cells, and that tes-
ticular somatic cells continue to regulate the process from
spermatogenesis to fertilization, it is imperative to further
investigate the intrinsic connection between the ERK1/2
signaling pathway and testicular somatic cells.

3.4 Interaction of the ERK1/2 Signaling Pathway with
Gonadotropin-Releasing Hormone

Gonadotropin-releasing hormone (GnRH) is a hy-
pothalamic decapeptide hormone that acts as a primary reg-
ulator of the hypothalamic-pituitary-gonadal axis (HPGA).
This hormone binds to the gonadotropin-releasing hormone
receptor (GnRHR) in a pulsatile manner, thereby stimu-
lating the production of LH and FSH. These hormones
modulate the production of steroid hormones in the pe-
ripheral target gonads, regulate gametogenesis, and con-
trol animal reproductive activity [83]. GnRH promotes the
transfer of ERK1/2 from the cytoplasm to the nucleus, in-
creasing the transcription of GSU subunits, LH, and FSH

through GnRHR. Inhibition of ERK1/2 activation results in
decreased transcription of FSH and LH under GnRH stim-
ulation [84]. The activation pattern of ERK1/2 by GnRH
and their frequency-dependent effects play a crucial role.
Previous studies have shown that changes in the frequency
and amplitude of GnRH pulses have different effects on the
synthesis and release of FSH and LH [85], which may be
related to the pattern of ERK1/2 activation by GnRH and
the different roles of ERK1/2 in the frequency-dependent
effects. For instance, Kanasaki et al. [86] identified that
when GnRH pulses have a lower frequency, ERK1/2 acti-
vation is more rapid, its duration is longer, and dephospho-
rylation is slower.

Furthermore, GnRH activates the FSHβ and LHβ
gene promoter activity in mice by inducing the expression
of c-Fos and c-jun in LβT2 cells. This, in turn, leads
to the activation of FSHβ and LHβ gene promoter activ-
ity [87,88]. ERK1/2 serves as a mediator for the interac-
tion between GnRH and FSHβ mRNA and LHβ mRNA.
Studies have shown that GnRH induces phosphorylation
of c-terminal residues of c-Fos through the ERK1/2 path-
way, which regulates the turnover rate of the c-Fos pro-
tein and prolongs its half-life [89]. Inhibition of the ERK
pathway reduces the ability of GnRH to induce transcrip-
tion of FSHβ [87]. Thompson et al. [88] have used
mitogen-activated protein kinase kinase I/II (MEKI/II) in-
hibitor to block ERK1/2 activation in LβT2 cells and sig-
nificantly inhibit the induction of inducible cAMP early re-
pressor (ICER) and LHβ mRNA by GnRH. However, re-
cent findings suggest that GnRH inhibits the expression of
Bmal1/Clock during the early process of GnRH-regulated
gonadotropin secretion, which suppresses the expression of
LHβ mRNA through activation of the ERK/MAPK path-
way [90]. In conclusion, GnRH indirectly regulates the
male reproductive system by modulating ERK1/2 and af-
fecting FSH and LH secretion. Nevertheless, additional
comprehensive research is necessary to explore the specific
mechanisms by which GnRH influences reproductive ac-
tivities in animals by modulating ERK1/2 activation.

4. Mechanisms by Which the ERK1/2
Signaling Pathway Regulates Male Germ
Cell Proliferation or Apoptosis

The pathogenesis of male infertility is complex, and
there is no unified conclusion at present. Free radical the-
ory is one of the generally accepted theories at present. Nor-
mal levels of reactive oxygen species (ROS) contribute to
sperm capacitation, acrosome reaction and sperm-oocyte
fusion [91]. Whereas under pathological conditions, exces-
sive accumulation of ROS can damage the plasma mem-
brane of spermatozoa while affecting DNA integrity, lead-
ing to high levels of DNA fragmentation [92]. In addition,
oxidative stress is closely related to apoptosis, and high
ROS levels lead to enhanced and dysregulated apoptotic re-
sponses, disrupting the normal ratio between Sertoli cells
and germ cells [93]. Autophagy, one of the important path-
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ways for removing misfiring proteins from cells, can recy-
cle damaged ROS-producing mitochondria to regulate ox-
idative stress [94]. Studies have shown that oxidative stress
in human spermatozoa activates the autophagic response,
and autophagy blockade leads to increased oxidative dam-
age and sperm death [95]. Interestingly, the inflammatory
response in the male reproductive system is inextricably
linked to oxidative stress. Certain ROS and/or reactive ni-
trogen species (RNS) can activate intracellular signaling
cascades that promote the activation of pro-inflammatory
genes. In addition, inflammatory activation in the repro-
ductive tract attracts immune cells, leading to a burst of
excess reactive substances that exacerbate oxidative stress
[96]. Meanwhile, it has been demonstrated that autophagy
can attenuate the inflammatory response through a vari-
ety of mechanisms. Autophagy can inhibit signaling via
RIG-I-like receptors by directly conjugating the receptors to
ATG5-ATG12 complexes and through elimination of dys-
functional mitochondria, and it can also inhibit NLRP3 ac-
tivation by removing permeabilized or ROS-producing mi-
tochondria [97]. Bharath et al. [98] found that enhancing
autophagy as well as restoring mitochondrial function is an
important strategy for alleviating aging-related inflamma-
tion.

The above studies suggest that oxidative stress, au-
tophagy, and inflammation are interrelated pathophysiolog-
ical processes that are involved in the development of male
infertility. However, the mechanism of their crosstalk is
currently unknown. Interestingly, the ERK1/2 signaling
pathway plays an important role as a signaling pathway
shared by oxidative stress, autophagy, and inflammation.
Thus, elucidating the relationship between the ERK1/2 sig-
naling pathway and these three is expected to provide new
insights into the treatment of male infertility.

4.1 Regulation of Cellular Reactive Oxygen Species Levels
and Oxidative Stress Injury

ROS play an important role in apoptosis through a
variety of cell signaling pathways and altered mitochon-
drial function, and ERK1/2 are often involved in this pro-
cess as important downstream factors. It has been shown
that the ERK1/2 signaling pathway localized in mitochon-
dria is involved in the regulation of mitochondrial depolar-
ization, swelling, apoptosis and calcium homeostasis [99].
Whether it is possible to change the level of ROS in cells
and the function of mitochondria by regulating the phos-
phorylation level of ERK1/2, thus realizing the anti-aging
of cells, has become a hotspot of current research in the
field of male reproduction. It has been found that a cer-
tain concentration of xylene induces ROS production, pre-
vents LH in immature Leydig cells from binding to its re-
ceptor, prevents epidermal growth factor from activating
the ERK1/2 cascade in the cells, and reduces the level of
phosphorylation of steroidogenic StAR and GSK-3β, thus
inhibiting the synthesis of steroid hormones and maturation
of Leydig cells [37]. Tang et al. [100] found that acti-

vation of the Nrf2/HO-1/ERK signaling pathway inhibited
excess ROS production from hyperhomocysteinemia and
concomitantly inhibited apoptosis of corpus cavernosum
smoothmuscle cells, which in turn ameliorated erectile dys-
function in rats. Furthermore, when stem cell redox home-
ostasis is disrupted, it can contribute to premature differen-
tiation and diminished proliferative capacity of stem cells.
It has been found that Drosophila testicular spermatogo-
nia stem cells significantly reduced in a high ROS envi-
ronment, and the mechanism may be that ROS promotes
transcription, translation, and cleavage of spitz, a ligand for
the epidermal growth factor receptor, increases its binding
to the receptor, activates downstream molecules including
ERK1/2, and prematurely initiates stem cells differentia-
tion [101]. Similarly, cell cycle regulation by ROS was
demonstrated in human adipose stem cells [102]. Liu et al.
[103] proposed that ROS stimulate the release of calcium
ions from the endoplasmic reticulum in Sertoli cells, which
in turn sustains the activation of the calcium-dependent
ERK1/2 signaling pathway, inducing apoptosis and damage
to the blood-testis barrier, which in turn leads to male infer-
tility. Endocrine disruptors are also involved in their toxic
effects on spermatogonia in vitro by promoting the accu-
mulation of ROS and the formation of abnormal mitochon-
drial membrane potentials, as well as inhibiting ERK1/2
and MEK1/2, and promoting the activity of MAPK family
proteins, such as JNK, which are collectively involved in
their toxic effects on spermatogonia in vitro [104]. In con-
clusion, the ERK1/2 signaling pathway is closely linked to
oxidative stress damage in male germ cells and may be one
of the core pathogenic mechanisms underlying diseases of
male infertility (Fig. 4).

4.2 Induction of Inflammatory Factor Production in Germ
Cells

In germ cells, overexpression of inflammatory fac-
tors such as TNF-κα, IL-1 and IL-6 may induce apoptosis
[105]. And ERK1/2 can regulate the expression of inflam-
matory factors [106], and thus also has an important role
in the development of inflammation in various male germ
cells. It was found that activation of the ERK1/2 signaling
cascade in Leydig cells often triggered the up-regulation
of COX-2, suggesting the pro-inflammatory nature of the
ERK1/2 signaling pathway [107]. In addition, the testis is
highly sensitive to microwave radiation, which stimulates
Toll-like receptors in Sertoli cells, which in turn upregu-
lates ERK1/2 phosphorylation levels, activates AP-1 tran-
scription factors, and induces overproduction of inflamma-
tory factors [105]. Recent studies have shown that zear-
alenone can induce testicular inflammation through activa-
tion of the ERK1/2 pathway and that the inflammatory re-
sponse in the testis is ameliorated by the inhibition of betu-
lonic acid [108]. However, there are some different results.
Eid et al. [15] found that venlafaxine and carvedilol ame-
liorate were able to ameliorate testicular dysfunction and
impaired spermatogenesis by exerting anti-inflammatory
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Fig. 4. Mechanism of ERK1/2 signaling pathway regulating proliferation or differentiation of Leydig cells. Xylene induces ROS
production, prevents the luteinizing hormone from immature Leydig cells from binding to its receptor, prevents epidermal growth factor
from activating the cellular ERK1/2 cascade, and reduces the phosphorylation levels of steroidogenic acute regulatory protein (StAR) and
GSK-3β, thereby inhibiting steroid hormone synthesis and mesenchymal cell maturation. Activation of the ERK1/2 signaling cascade
in Leydig cells often triggers upregulation of COX-2, suggesting that the ERK1/2 signaling pathway is pro-inflammatory. Exposure
to organic toxicants such as perfluorinated acids may downregulate ERK1/2 phosphorylation levels, and this may delay mesenchymal
stromal cell differentiation while promoting autophagy onset. cox7a2 inhibits StAR expression in the ERK1/2 signaling pathway and
reduces LH-induced testosterone secretion in rat testicular mesenchymal stromal cell overexpression.

and antioxidant effects through modulation of AMPK/ERK
and PI3K/AKT/mTOR signaling. Shan et al. [109] found
that pituitary adenylyl cyclase activating polypeptide was
able to attenuate palmitic acid-induced oxidative damage
and apoptotic inflammatory response in mouse spermato-
cytes by activating the PKA/ERK/Nrf2 signaling axis, and
thus exerted a protective effect against germ cell injury.
The relationship between the pro-inflammatory and anti-
inflammatory effects of ERK1/2 signaling in male germ
cells is still unclear, which requires further follow-up stud-
ies.

4.3 Mediating Autophagy in Male Germ Cells

Triggered by the activation of single or multiple sig-
naling pathways in response to internal and external envi-
ronmental stimuli, autophagy fuses, degrades, and recycles
vesicles containing organelles and other protein structures
with lysosomes, thereby fulfilling the need for cellular re-

newal and preventing malignant transformation of cells as
a form of cell death. This process is manifested in mul-
tiple aspects of spermatogenesis and endocrine processes
in men, and mediating spermatogenesis by targeting au-
tophagy may be an effective strategy for treating male in-
fertility [110]. The ERK1/2 signaling pathway is one of
the classical autophagy regulatory pathways, and a large
number of studies have demonstrated that both upregula-
tion and inhibition of this pathway contribute to autophagy
[111]. It has been suggested that exposure to organic tox-
icants such as perfluoroalkanoic acid may down-regulate
the phosphorylation level of ERK1/2, which in turn may
promote autophagy in mesenchymal cells while delaying
their differentiation [112]. Genc et al. [113] suggest that
blocking the lysophosphatidic acid receptors and inhibiting
the activation of the AKT/ERK/mTOR pathway may pro-
mote autophagy in prostate cancer cells, thereby delaying
cancer progression. Chen et al. [114] found that Cox7a2
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inhibits StAR expression in the ERK1/2 signaling pathway
and reduces LH-induced testosterone secretion in a state of
overexpression in testicular mesenchymal stromal cells of
mice, which was shown to be possibly related to the level of
phosphorylation of the autophagy signaling factor P70S6K.
In contrast to the inhibition of ERK1/2, it has been ex-
perimentally demonstrated that the ERK1/2 signaling path-
way may be phosphorylated at elevated levels in response
to zearalenone induction, thereby activating autophagy in
TM4 cells [115]. Lee et al. [116] found a similar phe-
nomenon (Fig. 5). The above evidence suggests that the
ERK1/2 signaling pathway plays a non-negligible role in
oxidative stress, inflammation and autophagy. It has been
illustrated that inactivation of MAPK family proteins may
contribute to the prevention of ferroptosis in Sertoli cells
induced by testicular ischemia reperfusion, which provides
a new clinical theoretical basis for the clinical treatment of
male infertility [40].

5. Perspectives of ERK1/2 in the Treatment
of Aging and Tumors in Male Reproduction

With the increasing number of studies demonstrating
the association of ERK1/2 with male fertility decline, many
studies have suggested that the ERK1/2 pathway may have
potential clinical applications in the treatment of male fertil-
ity decline. Sokanovic’s group [117] suggests that ERK1/2
is involved in androgen reduction after aging in rats by tar-
geting NUR77 and StAR to affect steroid synthesis. Sub-
sequently, this group also proposed that long-term use of
PDE5 inhibitors such as sildenafil helps to reduce ERK1/2,
improve testicular microcirculation and testosterone pro-
duction, and reverse testicular mesenchymal cell senes-
cence in rats [117]. One study [118] reported that intranasal
administration of nerve growth factor (NGF) could regulate
GnRH release through the PKC/p-ERK1/2/p-CREB sig-
naling pathway, thereby promoting testosterone production
and restoring fertility in senescent male mice. This mode
of intranasal administration of NGF may become an alter-
native therapy for hypogonadism and replace exogenous
testosterone therapy. In addition, neuropeptide P can stim-
ulate the proliferation of GC-2 SPG cells (a spermatogo-
nia cell line) by activating the ERK1/2 signaling pathway,
which is expected to provide a new therapeutic strategy for
male infertility [119]. In Traditional Chinese Medicine,
an animal study reported that the Chinese herb Pueraria
may be a potential alternative for the treatment of busulfan-
induced impairment of male fertility by inactivating the tes-
ticular MAPK pathway, thereby inhibiting the phosphory-
lation of p38, ERK1/2, and JNK in the testis, laying the
groundwork for the use of Pueraria to address male infertil-
ity induced by chemotherapy or other factors [120]. More-
over, electroacupuncture treatment stimulating the Shen-
shu and acupoints Guanyuan may attempt to modulate ERK
expression and scavenge free radical damage, thereby im-
proving the microenvironment and testosterone synthesis in
senescent testicular mesenchymal cells [121]. Furthermore,

ERK1/2 can also function as a molecular marker. A clini-
cal study suggests that the combined assessment of ERK1/2
and prolactin-induced peptide may be a useful molecular
marker for FSH in male idiopathic infertility, and the dis-
covery of these markers can help adjust FSH and reduce as-
sociated healthcare costs during treatment [122]. Based on
the above studies, it is easy to understand that the ERK1/2
signaling pathway has greater clinical application space in
male reproductive aging and is worth further exploration by
researchers.

Tumor is a big problem that troubles all walks of life.
At present, the clinical treatment of most tumors is still very
limited. The results of several studies show that the acti-
vated ERK pathway is associated with malignant tumors,
such as lung cancer, liver cancer, breast cancer, gastric can-
cer, etc. [123–126]. Since tumor growth and metastasis
are strongly dependent on neoangiogenesis, this study fo-
cused on the relationship between ERK and vascular en-
dothelial growth factor (VEGF) in anti-angiogenic therapy.
Related studies have reported the complex relationship be-
tween ERK and VEGF, such as activating ERK can pro-
mote VEGF-dependent angiogenesis [127], or the vascu-
lar remodeling of VEGF through PKA/RAS/ERK/HIF 1α-
dependent mechanisms [128]. But the current link is rarely
studied in the field of male reproduction, Valipour E et al.
[129] reported that testis-specific gene antigen 10 has effec-
tive antiangiogenic activity in human umbilical cord vein
endothelial cells through the downregulation of ERK and
AKT signaling pathways. Moreover, Son et al. [130] re-
ported that platycodin D could directly or indirectly pre-
vent vascular endothelial growth factor-induced angiogen-
esis and IL-8-induced angiogenesis by blocking ERK acti-
vation. Another study that established a detailed molecu-
lar calculation model of tumor association reported that the
combination with MEK and 1-phosphomyosin inhibitors
could effectively overcome the ERK1/2 activation thresh-
old and eliminate the activation of this pathway, which is
expected to improve the efficacy of anti-angiogenic combi-
nation therapies [131]. The above studies have shown that
inhibition or downregulation of ERK expression can en-
hance anti-angiogenic activity and thus inhibit tumorigene-
sis andmigration, which may be one of the important strate-
gies for the treatment of tumors. With the further deepening
of related research, the development of clinical drugs based
on ERK1/2-related pathways for cancer treatment has also
increased. The efficacy of ERK1/2 in male infertility with
testicular tumors has been demonstrated through ERK1/2
mediation. In a mouse model of impaired spermatoge-
nesis [132], lactoferrin and milk mediated the ubiquitin-
dependent degradation of P62 by ERK1/2, thereby mod-
ulating oxidative stress and autophagic fluxes to exert an
overall ameliorative effect on spermatogenic dysfunction.
Another study evaluated the ERK1/2 inhibitor upadacitinib
(an oral Janus kinase inhibitor) as an anti-cancer agent in
Phase I dose-escalation and expansion studies because ERK
is downstream of the K-RAS-RAF pathway, both of which
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Fig. 5. Mechanism of ERK1/2 signaling pathway regulating male germ cell proliferation or apoptosis. Activation of the Nrf2/HO-
1/ERK signaling pathway inhibits ROS production by hyperhomocysteinemia and also inhibits apoptosis of smooth cavernous muscle
cells, which in turn improves erectile dysfunction in rats. The number of testicular spermatogonial stem cells was significantly reduced in
a high ROS environment, and the mechanism may be that ROS promotes transcription, translation, and cleavage of the epidermal growth
factor receptor ligand spitz, increases its binding to the receptor, activates downstream molecules including ERK1/2, and initiates early
stem cell differentiation. The function of macrophages in the testis to recognize and produce inflammatory factors requires LPS binding
to cellular receptors. It induces activation of AP-1, a signaling pathway induced by the MAPK family. Radiation stimulates Toll-like
receptors in SCs, which upregulates ERK1/2 phosphorylation levels, activates AP-1 transcription factors, and induces overproduction
of inflammatory factors. Betulinic acid inhibits the inflammatory response in the testis. Zearalenone induces testicular inflammation
by activating the ERK1/2 pathway, and the ERK1/2 signaling pathway may have elevated zearalenone-induced phosphorylation levels,
activating autophagy in TM4 cells. Autophagy may reduce the production of inflammatory factors and decrease ROS levels.

are important driver oncogenes for mutations in a variety
of cancers, Initial data from a Phase I study of ulixertinib as
a treatment for patients with advanced cancer showed that
sequential twice-daily oral treatment with ulixertinib pro-
duced anti-tumor activity in a subset of patients with a va-
riety of solid tumor types [133,134]. Furthermore, because
ERK serves as the most distal master kinase in this path-
way, ERK inhibitors may provide an opportunity to bypass
or overcome therapy resistance to the upstreammechanism,
supported by preclinical evidence that small-molecule in-
hibition of ERK can both prevent the emergence of resis-
tance and overcome therapy resistance to BRAF and MEK
inhibitors [133–137]. In addition, it has been shown in so-
matic cell experiments that the expression of p-ERK1/2 in

testicular cancer Tcam-2 cells can be inhibited after the use
of the Panx1 channel inhibitor and probenecid by a mech-
anism that may be related to the inhibition of the expres-
sion of the cell invasive migration-associated protein E-
cadherin through the inhibition of p-ERK1/2 and thus cell
invasive migration [138]. In particular, the potential bidi-
rectional regulatory role of ERK1/2 in tumor therapy must
not be overlooked in the study. An interesting study re-
ported that DC electric field coordinates the migration of
BV2 microglia through the ERK/GSK3β/cofilin signaling
pathway, which may be a potential direction for novel ther-
apeutic strategies for CNS diseases [139]. It is evident that
the activated ERK pathway may also have potential thera-
peutic effects.
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In conclusion, although the current ERK1/2 in male
reproductive aging and tumor-related research is relatively
less in number, but ERK1/2 signaling pathway to reverse
male reproductive aging and tumor potential has been re-
flected from the above studies, so the future is worth fur-
ther research in the field of male reproduction, make it can
really be for clinical application.

6. Prospect
In summary, ERK1/2 and many signaling pathways

such as PI3K/AKT/mTOR, regulation of related pathways
can affect the apoptosis and proliferation of male germ
cells. Meanwhile, ERK1/2 can be stimulated by internal
and external environmental substances such as gonadal axis
hormones and Endocrine Disruptors, through the oxida-
tive stress, release of inflammatory factors and autophagy,
to realize the regulation of the formation, development,
differentiation and other processes of various cells in the
male reproductive system. Therefore, in the future, the
crosstalk relationship between ERK1/2 pathway under the
regulation of gonadotrophins such as LH, autophagy, ox-
idative stress and inflammation-related pathways such as
PI3K/AKT/mTOR can be deeply explored. How this dys-
functional relationship affects testicular Sertoli cells and
Leydig cells and further mediating the progression of male
reproductive senescence also deserves further study in the
future. We are exploring new therapies for the ERK path-
way in the last field of aging and tumor in the field of male
reproduction for better clinical application.

Author Contributions
XC, YD, CY, YW and YH: conceptualization, litera-

ture collection, and writing-original draft; ZW, JQ and ZM:
data acquisition, analysis, review and editing; WQZ and
XLC: prepared all figures; WZ, JZ, ZG and MZ: literature
analysis, picture processing, review and editing. All au-
thors contributed to editorial changes in the manuscript. All
authors read and approved the final manuscript. All authors
have participated sufficiently in the work and agreed to be
accountable for all aspects of the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
Not applicable.

Funding
This research was funded in part by a grant from

the Natural Science Foundation of Guangdong Province
(Nos. 2021B1515140012 and 2023A1515010083), the
Dongguan Science and Technology of Social Develop-
ment Program (No. 20211800905342), the Research and
Development Fund of Dongguan People’s Hospital (No.
k202005), the Guangdong Medical University Students’

Innovation Experiment Program (Nos. 2021ZZDS006,
2021ZCDS003, 2022ZYDS003, 2022FYDB009, and
2022FCDS003), the Guangdong Medical University Stu-
dents’ Innovation and Entrepreneurship Training Program
(Nos. GDMU2021003, GDMU2021049, GDMU2022031,
GDMU2022047, GDMU2022063, GDMU2022077,
GDMU2022078), the Provincial and National College Stu-
dents’ Innovation and Entrepreneurship Training Program
(Nos. 202210571008, S202210571075, 202310571031,
S202310571047, S202310571078, S202310571063,
S202310571077), the Guangdong Medical University-
Southern Medical University twinning research team
project (No. 4SG23033G), and the Cai Limin National
Traditional Chinese Medicine Inheritance Studio.

Conflict of Interest
The authors declare no conflict of interest.

References
[1] Vander Borght M, Wyns C. Fertility and infertility: Definition

and epidemiology. Clinical Biochemistry. 2018; 62: 2–10.
[2] Kurkowska W, Bogacz A, Janiszewska M, Gabryś E, Tiszler M,

Bellanti F, et al. Oxidative Stress is Associated with Reduced
Sperm Motility in Normal Semen. American Journal of Men’s
Health. 2020; 14: 1557988320939731.

[3] Chen G, KathrinsM, Ohlander S, Niederberger C.Medical man-
agement of male infertility: now and future. Current Opinion in
Urology. 2023; 33: 10–15.

[4] Ge XY, Shao LL, Gao XL, He RX. Extracellular Signal-
regulated Kinase 1/2 Signaling Regulates Cell Invasion:a Re-
view. Acta Academiae Medicinae Sinicae. 2023; 45: 155–160.
(In Chinese)

[5] Roskoski R, Jr. ERK1/2 MAP kinases: structure, function, and
regulation. Pharmacological Research. 2012; 66: 105–143.

[6] LavoieH, Gagnon J, TherrienM. ERK signalling: amaster regu-
lator of cell behaviour, life and fate. Nature Reviews. Molecular
Cell Biology. 2020; 21: 607–632.

[7] Li YF, Bi CM, Wang S, Xiao YX, Chen Q, Liu Y. Effect of
molybdenum on MAPK signaling pathways in mouse testis and
its mechanism of malereproductive toxicity. Chinese Journal of
Biochemical and Pharmaceuticals. 2015; 35: 10–13. (In Chi-
nese)

[8] Karabulut S, Demiroğlu-Zergeroğlu A, Yılmaz E, Sağır F, De-
likara N. p53 and mitogen-activated protein kinase pathway pro-
tein profiles in fresh and frozen spermatozoa. Andrologia. 2014;
46: 1113–1117.

[9] Shati AA. Resveratrol improves sperm parameter and testicu-
lar apoptosis in cisplatin-treated rats: Effects on ERK1/2, JNK,
and Akt pathways. Systems Biology in Reproductive Medicine.
2019; 65: 236–249.

[10] Li XY, Sun J, Ma LY, Xie YX, Zhang N, Zhao J, et al. The Role
of G3BP1 Gene Mediates P38 MAPK/JNK Pathway in Testic-
ular Spermatogenic Dysfunction Caused by Cyfluthrin. Toxics.
2023; 11: 451.

[11] Wang H, Zhou W, Zhang J, Li H. Role of JNK and ERK1/2
MAPK signaling pathway in testicular injury of rats induced by
di-N-butyl-phthalate (DBP). Biological Research. 2019; 52: 41.

[12] Li X, Luo T, Li H, Yan N. Sphingomyelin Synthase 2 Participate
in the Regulation of Sperm Motility and Apoptosis. Molecules.
2020; 25: 4231.

[13] Wu Y, Bauman WA, Blitzer RD, Cardozo C. Testosterone-
induced hypertrophy of L6 myoblasts is dependent upon Erk

16

https://www.imrpress.com


and mTOR. Biochemical and Biophysical Research Communi-
cations. 2010; 400: 679–683.

[14] Quan C. The role of Akt/mTOR and mitochondrial signaling
pathway in BPA induced reproductive toxicity in male rats [Doc-
toral dissertation]. Huazhong University of Science and Tech-
nology. 2016. (In Chinese)

[15] Eid AH, Gad AM, Fikry EM, Arab HH. Venlafaxine and
carvedilol ameliorate testicular impairment and disrupted sper-
matogenesis in rheumatoid arthritis by targeting AMPK/ERK
and PI3K/AKT/mTOR pathways. Toxicology and Applied Phar-
macology. 2019; 364: 83–96.

[16] Wang B, Zhu Y, Liu L, Wang B, Chen M, Wang J, et al. En-
terovirus 71 induces autophagy inmice viamTOR inhibition and
ERK pathway activation. Life Sciences. 2021; 271: 119188.

[17] Zhang B, Zhang M, Li Q, Yang Y, Shang Z, Luo J. TPX2 medi-
ates prostate cancer epithelial-mesenchymal transition through
CDK1 regulated phosphorylation of ERK/GSK3β/SNAIL path-
way. Biochemical and Biophysical Research Communications.
2021; 546: 1–6.

[18] Li S, Lu J, Chen Y, Xiong N, Li L, Zhang J, et al. MCP-1-
induced ERK/GSK-3β/Snail signaling facilitates the epithelial-
mesenchymal transition and promotes the migration of MCF-7
human breast carcinoma cells. Cellular & Molecular Immunol-
ogy. 2017; 14: 621–630.

[19] Qiu WZ, Zhang HB, Xia WX, Ke LR, Yang J, Yu YH,
et al. The CXCL5/CXCR2 axis contributes to the epithelial-
mesenchymal transition of nasopharyngeal carcinoma cells by
activating ERK/GSK-3β/snail signalling. Journal of Experimen-
tal & Clinical Cancer Research. 2018; 37: 85.

[20] Wen SY, Chen YY, Deng CM, Zhang CQ, JiangMM.Nerigoside
suppresses colorectal cancer cell growth andmetastatic potential
through inhibition of ERK/GSK3β/β-catenin signaling pathway.
Phytomedicine. 2019; 57: 352–363.

[21] Guo TB, Chan KC, Hakovirta H, Xiao Y, Toppari J, Mitchell AP,
et al. Evidence for a role of glycogen synthase kinase-3 beta in
rodent spermatogenesis. Journal of Andrology. 2003; 24: 332–
342.

[22] Bhattacharjee R, Goswami S, Dey S, Gangoda M, Brothag C,
Eisa A, et al. Isoform-specific requirement for GSK3α in sperm
for male fertility. Biology of Reproduction. 2018; 99: 384–394.

[23] Wang L, Lin HK, Hu YC, Xie S, Yang L, Chang C. Suppression
of androgen receptor-mediated transactivation and cell growth
by the glycogen synthase kinase 3 beta in prostate cells. The
Journal of Biological Chemistry. 2004; 279: 32444–32452.

[24] Swart PC, Russell VA, Dimatelis JJ. Maternal separation stress
reduced prenatal-ethanol-induced increase in exploratory be-
haviour and extracellular signal-regulated kinase activity. Be-
havioural Brain Research. 2019; 356: 470–482.

[25] Figueiredo AFA,Wnuk NT, Tavares AO, Miranda JR, Hess RA,
de França LR, et al. Prepubertal PTU treatment in rat increases
Sertoli cell number and sperm production. Reproduction. 2019;
158: 199–209.

[26] Mäkelä JA, Koskenniemi JJ, Virtanen HE, Toppari J. Testis De-
velopment. Endocrine Reviews. 2019; 40: 857–905.

[27] O’Donnell L, Smith LB, Rebourcet D. Sertoli cells as key drivers
of testis function. Seminars in Cell & Developmental Biology.
2022; 121: 2–9.

[28] He Z, Jiang J, Kokkinaki M, Golestaneh N, Hofmann MC,
DymM.Gdnf upregulates c-Fos transcription via the Ras/Erk1/2
pathway to promote mouse spermatogonial stem cell prolifera-
tion. Stem Cells. 2008; 26: 266–278.

[29] Huleihel M, Fadlon E, Abuelhija A, Piltcher Haber E, Lunenfeld
E. Glial cell line-derived neurotrophic factor (GDNF) induced
migration of spermatogonial cells in vitro via MEK and NF-kB
pathways. Differentiation. 2013; 86: 38–47.

[30] Wang S, Wang X, Wu Y, Han C. IGF-1R signaling is essential
for the proliferation of culturedmouse spermatogonial stem cells

by promoting the G2/M progression of the cell cycle. Stem Cells
and Development. 2015; 24: 471–483.

[31] Tian R, Yao C, Yang C, Zhu Z, Li C, Zhi E, et al. Fibroblast
growth factor-5 promotes spermatogonial stem cell proliferation
via ERK and AKT activation. Stem Cell Research & Therapy.
2019; 10: 40.

[32] Pui HP, Saga Y. Gonocytes-to-spermatogonia transition initi-
ates prior to birth in murine testes and it requires FGF signaling.
Mechanisms of Development. 2017; 144: 125–139.

[33] Inselman A, Handel MA. Mitogen-activated protein kinase dy-
namics during the meiotic G2/MI transition of mouse spermato-
cytes. Biology of Reproduction. 2004; 71: 570–578.

[34] Li Y, Liu WS, Yi J, Kong SB, Ding JC, Zhao YN, et al. The role
of tyrosine phosphatase Shp2 in spermatogonial differentiation
and spermatocyte meiosis. Asian Journal of Andrology. 2020;
22: 79–87.

[35] Bruscoli S, Velardi E, Di Sante M, Bereshchenko O, Venanzi
A, Coppo M, et al. Long glucocorticoid-induced leucine zipper
(L-GILZ) protein interacts with ras protein pathway and con-
tributes to spermatogenesis control. The Journal of Biological
Chemistry. 2012; 287: 1242–1251.

[36] Pogrmic-Majkic K, Fa S, Samardzija D, Hrubik J, Kaisarevic
S, Andric N. Atrazine activates multiple signaling pathways en-
hancing the rapid hCG-induced androgenesis in rat Leydig cells.
Toxicology. 2016; 368–369: 37–45.

[37] Zhu Q, Zhou S,Wen Z, Li H, Huang B, Chen Y, et al. Xylene de-
lays the development of Leydig cells in pubertal rats by inducing
reactive oxidative species. Toxicology. 2021; 454: 152740.

[38] Karpova T, de Oliveira AA, Naas H, Priviero F, Nunes KP.
Blockade of Toll-like receptor 4 (TLR4) reduces oxidative stress
and restores phospho-ERK1/2 levels in Leydig cells exposed to
high glucose. Life Sciences. 2020; 245: 117365.

[39] Wang Y, Ge F, Li X, Ni C, Wu K, Zheng W, et al. Propofol In-
hibits Androgen Production in Rat Immature Leydig Cells. Fron-
tiers in Pharmacology. 2019; 10: 760.

[40] Li L, Mu X, Ye L, Ze Y, Hong F. Suppression of testosterone
production by nanoparticulate TiO2 is associated with ERK1/2-
PKA-PKC signaling pathways in rat primary cultured Leydig
cells. International Journal of Nanomedicine. 2018; 13: 5909–
5924.

[41] Ge LC, Chen ZJ, Liu HY, Zhang KS, Liu H, Huang HB, et al.
Involvement of activating ERK1/2 through G protein coupled
receptor 30 and estrogen receptor α/β in low doses of bisphenol
A promoting growth of Sertoli TM4 cells. Toxicology Letters.
2014; 226: 81–89.

[42] Nascimento AR, Macheroni C, Lucas TFG, Porto CS, Lazari
MFM. Crosstalk between FSH and relaxin at the end of the pro-
liferative stage of rat Sertoli cells. Reproduction. 2016; 152:
613–628.

[43] Xu K, Wang J, Liu H, Zhao J, Lu W. Melatonin Promotes
the Proliferation of Chicken Sertoli Cells by Activating the
ERK/Inhibin Alpha Subunit Signaling Pathway. Molecules.
2020; 25: 1230.

[44] Yang Y, Han C. GDNF stimulates the proliferation of cultured
mouse immature Sertoli cells via its receptor subunit NCAMand
ERK1/2 signaling pathway. BMC Cell Biology. 2010; 11: 78.

[45] Zhang L, Ma T, Tao Q, Tan W, Chen H, Liu W, et al. Bta-
miR-34b inhibits proliferation and promotes apoptosis via the
MEK/ERK pathway by targeting MAP2K1 in bovine primary
Sertoli cells. Journal of Animal Science. 2020; 98: skaa313.

[46] Puri P, Walker WH. The tyrosine phosphatase SHP2 regulates
Sertoli cell junction complexes. Biology of Reproduction. 2013;
88: 59.

[47] Bulldan A, Dietze R, Shihan M, Scheiner-Bobis G. Non-
classical testosterone signaling mediated through ZIP9 stimu-
lates claudin expression and tight junction formation in Sertoli
cells. Cellular Signalling. 2016; 28: 1075–1085.

17

https://www.imrpress.com


[48] Papadopoulos D, Dietze R, Shihan M, Kirch U, Scheiner-Bobis
G. Dehydroepiandrosterone Sulfate Stimulates Expression of
Blood-Testis-Barrier Proteins Claudin-3 and -5 and Tight Junc-
tion Formation via a Gnα11-Coupled Receptor in Sertoli Cells.
PLoS ONE. 2016; 11: e0150143.

[49] Ulisse S, Cinque B, Silvano G, Rucci N, Biordi L, Cifone MG,
et al. Erk-dependent cytosolic phospholipase A2 activity is in-
duced by CD95 ligand cross-linking in themouse derived Sertoli
cell line TM4 and is required to trigger apoptosis in CD95 bear-
ing cells. Cell Death and Differentiation. 2000; 7: 916–924.

[50] Guan JY, Liao TT, Yu CL, Luo HY, Yang WR, Wang XZ.
ERK1/2 regulates heat stress-induced lactate production via en-
hancing the expression of HSP70 in immature boar Sertoli cells.
Cell Stress & Chaperones. 2018; 23: 1193–1204.

[51] Riera MF, Galardo MN, Pellizzari EH, Meroni SB, Cigorraga
SB. Participation of phosphatidyl inositol 3-kinase/protein ki-
nase B and ERK1/2 pathways in interleukin-1beta stimulation
of lactate production in Sertoli cells. Reproduction. 2007; 133:
763–773.

[52] Sagare-Patil V, Galvankar M, Satiya M, Bhandari B, Gupta SK,
Modi D. Differential concentration and time dependent effects
of progesterone on kinase activity, hyperactivation and acro-
some reaction in human spermatozoa. International Journal of
Andrology. 2012; 35: 633–644.

[53] de Lamirande E, Gagnon C. The extracellular signal-regulated
kinase (ERK) pathway is involved in human sperm function and
modulated by the superoxide anion. Molecular Human Repro-
duction. 2002; 8: 124–135.

[54] Sun P, Wang Y, Gao T, Li K, Zheng D, Liu A, et al. Hsp90 mod-
ulates human sperm capacitation via the Erk1/2 and p38 MAPK
signaling pathways. Reproductive Biology and Endocrinology.
2021; 19: 39.

[55] Jaldety Y, Breitbart H. ERK1/2 mediates sperm acrosome re-
action through elevation of intracellular calcium concentration.
Zygote. 2015; 23: 652–661.

[56] Kostereva N, Hofmann MC. Regulation of the spermatogonial
stem cell niche. Reproduction in Domestic Animals. 2008; 43:
386–392.

[57] Meng X, Lindahl M, Hyvönen ME, Parvinen M, de Rooij DG,
Hess MW, et al. Regulation of cell fate decision of undifferenti-
ated spermatogonia by GDNF. Science. 2000; 287: 1489–1493.

[58] Ishii K, Kanatsu-Shinohara M, Toyokuni S, Shinohara T. FGF2
mediates mouse spermatogonial stem cell self-renewal via up-
regulation of Etv5 and Bcl6b through MAP2K1 activation. De-
velopment. 2012; 139: 1734–1743.

[59] Sakai M, Masaki K, Aiba S, Tone M, Takashima S. Expression
dynamics of self-renewal factors for spermatogonial stem cells
in the mouse testis. The Journal of Reproduction and Develop-
ment. 2018; 64: 267–275.

[60] Takashima S, Kanatsu-Shinohara M, Tanaka T, Morimoto H, In-
oue K, Ogonuki N, et al. Functional differences between GDNF-
dependent and FGF2-dependent mouse spermatogonial stem
cell self-renewal. Stem Cell Reports. 2015; 4: 489–502.

[61] Qu J, Han Y, Zhao Z, Wu Y, Lu Y, Chen G, et al. Perflu-
orooctane sulfonate interferes with non-genomic estrogen re-
ceptor signaling pathway, inhibits ERK1/2 activation and in-
duces apoptosis in mouse spermatocyte-derived cells. Toxicol-
ogy. 2021; 460: 152871.

[62] Wang C, Zhang J, Li Q, Zhang T, Deng Z, Lian J, et al. Low
concentration of BPA induces mice spermatocytes apoptosis via
GPR30. Oncotarget. 2017; 8: 49005–49015.

[63] Sirianni R, Chimento A, Ruggiero C, De Luca A, Lappano R,
Andò S, et al. The novel estrogen receptor, G protein-coupled re-
ceptor 30, mediates the proliferative effects induced by 17beta-
estradiol on mouse spermatogonial GC-1 cell line. Endocrinol-
ogy. 2008; 149: 5043–5051.

[64] Almog T, Lazar S, Reiss N, Etkovitz N, Milch E, Rahamim N,

et al. Identification of extracellular signal-regulated kinase 1/2
and p38MAPK as regulators of human sperm motility and acro-
some reaction and as predictors of poor spermatozoan quality.
The Journal of Biological Chemistry. 2008; 283: 14479–14489.

[65] Luconi M, Krausz C, Barni T, Vannelli GB, Forti G, Baldi E.
Progesterone stimulates p42 extracellular signal-regulated ki-
nase (p42erk) in human spermatozoa. Molecular Human Repro-
duction. 1998; 4: 251–258.

[66] Ma F, Li Y, YuY, Li Z, Lin L, ChenQ, et al. Gestational exposure
to tebuconazole affects the development of rat fetal Leydig cells.
Chemosphere. 2021; 262: 127792.

[67] Wu S, Yan M, Ge R, Cheng CY. Crosstalk between Sertoli and
Germ Cells in Male Fertility. Trends in Molecular Medicine.
2020; 26: 215–231.

[68] Yang WR, Wang Y, Wang Y, Zhang JJ, Zhang JH, Lu C, et al.
mTOR is involved in 17β-estradiol-induced, cultured immature
boar Sertoli cell proliferation via regulating the expression of
SKP2, CCND1, and CCNE1. Molecular Reproduction and De-
velopment. 2015; 82: 305–314.

[69] Johnson L, Thompson DL, Jr, Varner DD. Role of Sertoli cell
number and function on regulation of spermatogenesis. Animal
Reproduction Science. 2008; 105: 23–51.

[70] Oliveira PF, Martins AD, Moreira AC, Cheng CY, Alves
MG. The Warburg effect revisited–lesson from the Sertoli cell.
Medicinal Research Reviews. 2015; 35: 126–151.

[71] Starita-Geribaldi M, Samson M, Guigonis JM, Pointis G,
Fenichel P. Modified expression of cytoplasmic isocitrate de-
hydrogenase electrophoretic isoforms in seminal plasma of men
with sertoli-cell-only syndrome and seminoma. Molecular Car-
cinogenesis. 2008; 47: 410–414.

[72] Wohlfahrt-Veje C, Main KM, Skakkebaek NE. Testicular dys-
genesis syndrome: foetal origin of adult reproductive problems.
Clinical Endocrinology. 2009; 71: 459–465.

[73] Dietze R, Shihan M, Stammler A, Konrad L, Scheiner-Bobis
G. Cardiotonic steroid ouabain stimulates expression of blood-
testis barrier proteins claudin-1 and -11 and formation of tight
junctions in Sertoli cells. Molecular and Cellular Endocrinology.
2015; 405: 1–13.

[74] Rajamanickam GD, Kastelic JP, Thundathil JC. The ubiquitous
isoform of Na/K-ATPase (ATP1A1) regulates junctional pro-
teins, connexin 43 and claudin 11 via Src-EGFR-ERK1/2-CREB
pathway in rat Sertoli cells. Biology of Reproduction. 2017; 96:
456–468.

[75] Chojnacka K, Zarzycka M, Hejmej A, Mruk DD, Gorowska E,
Kotula-Balak M, et al. Hydroxyflutamide affects connexin 43
via the activation of PI3K/Akt-dependent pathway but has no
effect on the crosstalk between PI3K/Akt and ERK1/2 pathways
at the Raf-1 kinase level in primary rat Sertoli cells. Toxicology
in Vitro. 2016; 31: 146–157.

[76] Zhang X, LuiWY. Transforming growth factor-β3 regulates cell
junction restructuring via MAPK-mediated mRNA destabiliza-
tion and Smad-dependent protein degradation of junctional ad-
hesion molecule B (JAM-B). Biochimica et Biophysica Acta.
2015; 1849: 601–611.

[77] Xu Y, Jiang S, Hu Y, Zhang Q, Su W. TGF-β3 induces lactate
production in Sertoli cell through inhibiting the Notch pathway.
Andrology. 2022; 10: 1644–1659.

[78] Jiang X, Zhu C, Li X, Sun J, Tian L, Bai W. Cyanidin-
3- O-glucoside at Low Doses Protected against 3-Chloro-1,2-
propanediol Induced Testis Injury and Improved Spermatogen-
esis in Male Rats. Journal of Agricultural and Food Chemistry.
2018; 66: 12675–12684.

[79] Neirijnck Y, Papaioannou MD, Nef S. The Insulin/IGF System
in Mammalian Sexual Development and Reproduction. Interna-
tional Journal of Molecular Sciences. 2019; 20: 4440.

[80] Xiong X, Wang A, Liu G, Liu H, Wang C, Xia T, et al. Effects
of p,p’-dichlorodiphenyldichloroethylene on the expressions of

18

https://www.imrpress.com


transferrin and androgen-binding protein in rat Sertoli cells. En-
vironmental Research. 2006; 101: 334–339.

[81] Zambrano F, Carrau T, Gärtner U, Seipp A, Taubert A, Felmer R,
et al. Leukocytes coincubated with human sperm trigger classic
neutrophil extracellular traps formation, reducing sperm motil-
ity. Fertility and Sterility. 2016; 106: 1053–1060.e1.

[82] Wei Z, Yu T, Wang J, Wang C, Liu X, Han Z, et al. Swine sperm
induces neutrophil extracellular traps that entangle sperm and
embryos. Reproduction. 2020; 160: 217–225.

[83] Ju M, Yang L, Zhu J, Chen Z, Zhang M, Yu J, et al. MiR-664-2
impacts pubertal development in a precocious-puberty rat model
through targeting the NMDA receptor-1? Biology of Reproduc-
tion. 2019; 100: 1536–1548.

[84] Naor Z. Signaling by G-protein-coupled receptor (GPCR): stud-
ies on the GnRH receptor. Frontiers in Neuroendocrinology.
2009; 30: 10–29.

[85] Savoy-Moore RT, Swartz KH. Several GnRH stimulation fre-
quencies differentially release FSH and LH from isolated, per-
fused rat anterior pituitary cells. Advances in Experimental
Medicine and Biology. 1987; 219: 641–645.

[86] Kanasaki H, Bedecarrats GY, Kam KY, Xu S, Kaiser UB.
Gonadotropin-releasing hormone pulse frequency-dependent
activation of extracellular signal-regulated kinase pathways in
perifused LbetaT2 cells. Endocrinology. 2005; 146: 5503–5513.

[87] Coss D, Jacobs SBR, Bender CE, Mellon PL. A novel AP-1 site
is critical for maximal induction of the follicle-stimulating hor-
mone beta gene by gonadotropin-releasing hormone. The Jour-
nal of Biological Chemistry. 2004; 279: 152–162.

[88] Thompson IR, Ciccone NA, Zhou Q, Xu S, Khogeer A, Carroll
RS, et al. GnRH Pulse Frequency Control of Fshb Gene Expres-
sion Is Mediated via ERK1/2 Regulation of ICER. Molecular
Endocrinology. 2016; 30: 348–360.

[89] Reddy GR, Xie C, Lindaman LL, Coss D. GnRH increases c-
Fos half-life contributing to higher FSHβ induction. Molecular
Endocrinology. 2013; 27: 253–265.

[90] Soejima Y, Iwata N, Nakano Y, Yamamoto K, Suyama A, Nada
T, et al. Biphasic Roles of Clock Genes and Bone Morpho-
genetic Proteins in Gonadotropin Expression by Mouse Go-
nadotrope Cells. International Journal of Molecular Sciences.
2021; 22: 11186.

[91] Evans EPP, Scholten JTM, Mzyk A, Reyes-San-Martin C,
Llumbet AE, Hamoh T, et al. Male subfertility and oxidative
stress. Redox Biology. 2021; 46: 102071.

[92] Aitken RJ. Reactive oxygen species as mediators of sperm ca-
pacitation and pathological damage. Molecular Reproduction
and Development. 2017; 84: 1039–1052.

[93] Shukla KK,Mahdi AA, Rajender S. Apoptosis, spermatogenesis
and male infertility. Frontiers in Bioscience-Elite. 2012; 4: 746–
754.

[94] Redza-Dutordoir M, Averill-Bates DA. Interactions between re-
active oxygen species and autophagy: Special issue: Death
mechanisms in cellular homeostasis. Biochimica et Biophysica
Acta-Molecular Cell Research. 2021; 1868: 119041.

[95] Uribe P, Meriño J, Matus CE, Schulz M, Zambrano F, Villegas
JV, et al. Autophagy is activated in human spermatozoa sub-
jected to oxidative stress and its inhibition impairs sperm quality
and promotes cell death. Human Reproduction. 2022; 37: 680–
695.

[96] Dutta S, Sengupta P, Slama P, Roychoudhury S. Oxidative
Stress, Testicular Inflammatory Pathways, and Male Reproduc-
tion. International Journal of Molecular Sciences. 2021; 22:
10043.

[97] Green DR, Galluzzi L, Kroemer G. Mitochondria and the
autophagy-inflammation-cell death axis in organismal aging.
Science. 2011; 333: 1109–1112.

[98] Bharath LP, Agrawal M, McCambridge G, Nicholas DA, Has-
turk H, Liu J, et al. Metformin Enhances Autophagy and Nor-

malizes Mitochondrial Function to Alleviate Aging-Associated
Inflammation. Cell Metabolism. 2020; 32: 44–55.e6.

[99] Lan L, Wei W, Zheng Y, Niu L, Chen X, Huang D, et al. Defer-
oxamine suppresses esophageal squamous cell carcinoma cell
growth via ERK1/2 mediated mitochondrial dysfunction. Can-
cer Letters. 2018; 432: 132–143.

[100] Tang Z, Song J, Yu Z, Cui K, Ruan Y, Wang T, et al. Mela-
tonin Treatment Ameliorates Hyperhomocysteinemia-Induced
Impairment of Erectile Function in a Rat Model. The Journal
of Sexual Medicine. 2019; 16: 1506–1517.

[101] Tan SWS, Lee QY, Wong BSE, Cai Y, Baeg GH. Redox
Homeostasis Plays Important Roles in the Maintenance of the
Drosophila Testis Germline Stem Cells. Stem Cell Reports.
2017; 9: 342–354.

[102] Zhang P, Li J, Qi Y, Zou Y, Liu L, Tang X, et al. Vitamin C
promotes the proliferation of human adipose-derived stem cells
via p53-p21 pathway. Organogenesis. 2016; 12: 143–151.

[103] Liu L, Chang X, Zhang Y, Wu C, Li R, Tang L, et al. Fluo-
rochloridone induces primary cultured Sertoli cells apoptosis:
Involvement of ROS and intracellular calcium ions-mediated
ERK1/2 activation. Toxicology in Vitro. 2018; 47: 228–237.

[104] Park HJ, Lee R, Yoo H, Hong K, Song H. Nonylphenol In-
duces Apoptosis through ROS/JNK Signaling in a Spermatogo-
nia Cell Line. International Journal ofMolecular Sciences. 2020;
22: 307.

[105] Wu H, Wang D, Meng Y, Ning H, Liu X, Xie Y, et al. Activa-
tion of TLR signalling regulates microwave radiation-mediated
impairment of spermatogenesis in rat testis. Andrologia. 2018;
50: e12828.

[106] Zhong T, Feng M, Su M, Wang D, Li Q, Jia S, et al. Qihuzha
granule attenuated LPS-induced acute spleen injury in mice via
Src/MAPK/Stat3 signal pathway. Journal of Ethnopharmacol-
ogy. 2021; 281: 114458.

[107] Atef MM, El-Deeb OS, Sadek MT, Abo El Gheit RE, Emam
MN,Hafez YM, et al. Targeting ERK/COX-2 signaling pathway
in permethrin-induced testicular toxicity: a possible modulating
effect of matrine. Molecular Biology Reports. 2020; 47: 247–
259.

[108] Lin X, Zhu L, Gao X, Kong L, Huang Y, Zhao H, et al.
Ameliorative effect of betulinic acid against zearalenone expo-
sure triggers testicular dysfunction and oxidative stress in mice
via p38/ERK MAPK inhibition and Nrf2-mediated antioxidant
defense activation. Ecotoxicology and Environmental Safety.
2022; 238: 113561.

[109] Shan W, Lu S, Ou B, Feng J, Wang Z, Li H, et al.
PACAP ameliorates the fertility of obese mice through
PAC1/PKA/ERK/Nrf2 signal axis. The Journal of Endocrinol-
ogy. 2021; 248: 337–354.

[110] Zhu Y, Yin Q, Wei D, Yang Z, Du Y, Ma Y. Autophagy in male
reproduction. SystemsBiology in ReproductiveMedicine. 2019;
65: 265–272.

[111] Wang X, Zhang PH. Advances in research on the modulation
of autophagy by Ras/Raf/MEK/ERK signaling pathway. Jour-
nal of China Pharmaceutical University. 2017; 48: 110–116. (In
Chinese)

[112] Yan H, Li C, Zou C, Xin X, Li X, Li H, et al. Perfluorounde-
canoic acid inhibits Leydig cell development in pubertal male
rats via inducing oxidative stress and autophagy. Toxicology and
Applied Pharmacology. 2021; 415: 115440.

[113] Genc GE, Hipolito VEB, Botelho RJ, Gumuslu S. Lysophos-
phatidic acid represses autophagy in prostate carcinoma cells.
Biochemistry and Cell Biology. 2019; 97: 387–396.

[114] Chen L, Jia JM, Ma WG, Zhong W, Xin ZC, Guo YL. ‘As-
sociation of autophagy signaling factor P70S6K with Cox7a2
regulation of testosterone synthesis’, The Seventh National Aca-
demic Conference on Integrated Chinese and Western Medicine
in Men’s Diseases and the National Improvement Course on In-

19

https://www.imrpress.com


tegrated Chinese andWesternMedicine inMen’s Diseases. Nan-
chang, Jiangxi, China. 2011. (In Chinese)

[115] Wang BJ, Feng N, ZhengWL, Xue T, Da JS, Zou H, et al. Role
of ERK signaling in zearalenone-induced autophagy in testis-
supporting cells. Chinese Veterinary Science. 2017; 47: 798–
804. (In Chinese)

[116] Lee R, Kim DW, Lee WY, Park HJ. Zearalenone Induces
Apoptosis and Autophagy in a Spermatogonia Cell Line. Tox-
ins. 2022; 14: 148.

[117] Sokanovic SJ, Capo I, Medar MM, Andric SA, Kostic
TS. Long-term inhibition of PDE5 ameliorates aging-induced
changes in rat testis. Experimental Gerontology. 2018; 108:
139–148.

[118] Luo J, Yang Y, Zhang T, Su Z, YuD, Lin Q, et al. Nasal delivery
of nerve growth factor rescue hypogonadism by up-regulating
GnRH and testosterone in aging male mice. eBioMedicine.
2018; 35: 295–306.

[119] Chen Z, Liu M, Hu JH, Gao Y, Deng C, Jiang MH. Substance P
restores spermatogenesis in busulfan-treated mice: A new strat-
egy for male infertility therapy. Biomedicine & Pharmacother-
apy. 2021; 133: 110868.

[120] Li HT, Zhong K, Xia YF, Song J, Chen XQ, Zhao W, et al.
Puerarin improves busulfan-induced disruption of spermatoge-
nesis by inhibiting MAPK pathways. Biomedicine & Pharma-
cotherapy. 2023; 165: 115231.

[121] Zeng TT, Yao TW, Li XZ, Tang CL. Electroacupuncture in-
tervention increases testosterone level of aged rats by activat-
ing ERK/Nrf2/HO-1 signaling of Leydig cells. Acupuncture Re-
search. 2019; 44: 566–570. (In Chinese)

[122] Mancini F, Di Nicuolo F, Teveroni E, Vergani E, Bianchetti
G, Bruno C, et al. Combined evaluation of prolactin-induced
peptide (PIP) and extracellular signal-regulated kinase (ERK) as
new sperm biomarkers of FSH treatment efficacy in normogo-
nadotropic idiopathic infertile men. Journal of Endocrinological
Investigation. 2023. (online ahead of print)

[123] Cosic-Mujkanovic N, Valadez-Cosmes P, Maitz K, Lueger A,
Mihalic ZN, Runtsch MC, et al. Myeloperoxidase Alters Lung
Cancer Cell Function to Benefit Their Survival. Antioxidants.
2023; 12: 1587.

[124] Zhou J, Tu D, Peng R, Tang Y, Deng Q, Su B, et al. RNF173
suppresses RAF/MEK/ERK signaling to regulate invasion and
metastasis via GRB2 ubiquitination in Hepatocellular Carci-
noma. Cell Communication and Signaling. 2023; 21: 224.

[125] Ju C, Zhou M, Du D, Wang C, Yao J, Li H, et al. EIF4A3-
mediated circ_0042881 activates the RAS pathway via miR-
217/SOS1 axis to facilitate breast cancer progression. Cell Death
& Disease. 2023; 14: 559.

[126] Jiang Y, Huang J, Huang Z, Li W, Tan R, Li T, et al.
ADAMTS12 promotes oxaliplatin chemoresistance and angio-
genesis in gastric cancer through VEGF upregulation. Cellular
Signalling. 2023; 111: 110866.

[127] Wan X, Guan S, Hou Y, Qin Y, Zeng H, Yang L, et al. Er-
ratum: FOSL2 promotes VEGF-independent angiogenesis by
transcriptionnally activating Wnt5a in breast cancer-associated
fibroblasts: Erratum. Theranostics. 2022; 12: 6157–6158.

[128] Mariotti V, Fiorotto R, Cadamuro M, Fabris L, Strazzabosco
M.New insights on the role of vascular endothelial growth factor
in biliary pathophysiology. JHEP Reports: Innovation in Hepa-
tology. 2021; 3: 100251.

[129] Valipour E, Nooshabadi VT,Mahdipour S, Shabani S, Farhady-
Tooli L, Majidian S, et al. Anti-angiogenic effects of testis-
specific gene antigen 10 on primary endothelial cells. Gene.
2020; 754: 144856.

[130] Son JA, Lee SK, Park J, JungMJ, An SE, Yang HJ, et al. Platy-
codin D Inhibits Vascular Endothelial Growth Factor-Induced
Angiogenesis by Blocking the Activation of Mitogen-Activated
Protein Kinases and the Production of Interleukin-8. The Amer-
ican Journal of Chinese Medicine. 2022; 50: 1645–1661.

[131] Zhang Y, Popel AS, Bazzazi H. Combining Multikinase Ty-
rosine Kinase Inhibitors Targeting the Vascular Endothelial
Growth Factor and Cluster of Differentiation 47 Signaling Path-
ways Is Predicted to Increase the Efficacy of Antiangiogenic
Combination Therapies. ACS Pharmacology & Translational
Science. 2023; 6: 710–726.

[132] He H, Chen X, Li X, Yang K, Li J, Shi H. Lactoferrin al-
leviates spermatogenesis dysfunction caused by bisphenol A
and cadmium via ameliorating disordered autophagy, apoptosis
and oxidative stress. International Journal of Biological Macro-
molecules. 2022; 222: 1048–1062.

[133] Sullivan RJ, Infante JR, Janku F, Wong DJL, Sosman JA,
Keedy V, et al. First-in-Class ERK1/2 Inhibitor Ulixertinib
(BVD-523) in Patients with MAPK Mutant Advanced Solid
Tumors: Results of a Phase I Dose-Escalation and Expansion
Study. Cancer Discovery. 2018; 8: 184–195.

[134] Hatzivassiliou G, Liu B, O’Brien C, Spoerke JM, Hoeflich KP,
Haverty PM, et al. ERK inhibition overcomes acquired resis-
tance to MEK inhibitors. Molecular Cancer Therapeutics. 2012;
11: 1143–1154.

[135] Morris EJ, Jha S, Restaino CR, Dayananth P, Zhu H, Cooper A,
et al. Discovery of a novel ERK inhibitor with activity in mod-
els of acquired resistance to BRAF and MEK inhibitors. Cancer
Discovery. 2013; 3: 742–750.

[136] Krepler C, Xiao M, Sproesser K, Brafford PA, Shannan B, Be-
qiri M, et al. Personalized Preclinical Trials in BRAF Inhibitor-
Resistant Patient-Derived Xenograft Models Identify Second-
Line Combination Therapies. Clinical Cancer Research. 2016;
22: 1592–1602.

[137] Germann UA, Furey BF, Markland W, Hoover RR, Aronov
AM, Roix JJ, et al. Targeting the MAPK Signaling Pathway in
Cancer: Promising Preclinical Activity with the Novel Selec-
tive ERK1/2 Inhibitor BVD-523 (Ulixertinib). Molecular Can-
cer Therapeutics. 2017; 16: 2351–2363.

[138] Sun YY, Zhang TR, Liu FF, Liu HF, Zhao SD. Regulatory ef-
fect of the pannexin1 channel on invasion and migration of tes-
ticular cancer Tcam-2 cells and its possible mechanism. National
Journal of Andrology. 2020; 26: 24–30. (In Chinese)

[139] Ma Y, Yang C, Liang Q, He Z, Weng W, Lei J, et al. Direct
Current Electric Field Coordinates the Migration of BV2 Mi-
croglia via ERK/GSK3β/Cofilin Signaling Pathway. Molecular
Neurobiology. 2022; 59: 3665–3677.

20

https://www.imrpress.com

	1. Introduction
	2. ERK1/2 Signaling Pathway and Its Cross-Linking with Other Signaling Pathways
	3. Association of the ERK1/2 Signaling Pathway with Testicular Development and the Fertilization Process
	3.1 ERK1/2 Signaling Pathway Regulates the Spermatogenic Environment and Spermatogenic Cells
	3.1.1 ERK1/2 Signaling Pathway is Involved in Molecular Regulation of Spermatogonial Stem Cell Niche
	3.1.2 ERK1/2 Signaling Pathway is Involved in the Regulation of the Division and Proliferation of Spermatocytes

	3.2 The ERK1/2 Signaling Pathway Can Regulate Testicular Somatic Cells
	3.2.1 Regulation of Leydig Cells and Their Androgen Secretion by the ERK1/2 Signaling Pathway
	3.2.2 Regulation of Sertoli Cells and Their Functions by the ERK1/2 Signaling Pathway

	3.3 The Function of the ERK1/2 Signaling Cascade throughout Fertilization Process
	3.4 Interaction of the ERK1/2 Signaling Pathway with Gonadotropin-Releasing Hormone

	4. Mechanisms by Which the ERK1/2 Signaling Pathway Regulates Male Germ Cell Proliferation or Apoptosis
	4.1 Regulation of Cellular Reactive Oxygen Species Levels and Oxidative Stress Injury
	4.2 Induction of Inflammatory Factor Production in Germ Cells
	4.3 Mediating Autophagy in Male Germ Cells

	5. Perspectives of ERK1/2 in the Treatment of Aging and Tumors in Male Reproduction
	6. Prospect
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

