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Abstract
Purpose Psychological stress exists widely in modern society and results in the disruption of testicular tight junctions, germ cell
apoptosis, and the disorder of fertility hormones and even causes infertility. Ghrelin (GHRL), a 28-amino acid peptide secreted mainly
by the stomach and pancreas, has been reported to alleviate male reproductive injury through inhibiting apoptosis. However, whether
GHRL has a beneficial effect on psychological stress-induced testicular injury and the possiblemechanisms remain poorly understood.
Methods Male mice were immobilized in Decapicone bags for 3 h daily for 14 days treated with or without GHRL (i.p.
100 mg/kg body weight). Body weight and testicular weight were measured. Histological alterations and apoptosis were
examined by H.E. staining and TUNEL staining, respectively. The expression of endoplasmic reticulum (ER) stress markers,
inflammatory cytokines, Toll-like receptor 4 (TLR4), and nuclear factor-κB (NF-κB) in the testes was investigated.
Results Exposure to stress caused testicular histological alterations, an elevation of the Johnsen score, and germ cell apoptosis,
while GHRL partially alleviated the adverse effects. The expression of ER stress marker proteins, including GRP78, CHOP,
ATF6, p-JNK, and XBP-1, was upregulated in the stress group; however, GHRL treatment significantly suppressed the activation
of ER stress in the testes. GHRL also inhibited the expression of TNF-α, IL-1β, IL-6, IL-10, TLR4, and NF-κB.
Conclusions GHRL alleviated testicular injury induced by ER stress and inflammation which is associated with the TLR4/NF-κB
signaling pathway, and these findings may provide a novel strategy for preventing and treating reproductive dysfunction.
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Introduction

Male infertility is becoming an increasingly common prob-
lem; it accounts for approximately 15% of the global preva-
lence of infertility, which represents at least 30million infertile
men worldwide [1, 2]. The testes are a vital target organ of
male infertility resulting from multiple environmental factors,
such as chronic psychological stress associated with a fast-
paced lifestyle [3, 4]. Psychological stress results in the

disturbance of testicular tight junctions, germ cell apoptosis,
the disorder of fertility hormones, and a decrease in seminal
quality, resulting in infertility [4].

Previous studies have suggested that endoplasmic reticu-
lum (ER) stress is involved in testicular injury [5, 6]. Under
ER stress conditions, many specific molecular chaperone pro-
teins are involved in preventing misfolded or unfolded protein
aggregation. Glucose-regulated protein78 (GRP78), as the
main ER chaperone, regulates the activation of three proteins,
namely, pancreatic ER kinase (PKR)-like ER kinase (PERK),
inositol-requiring enzyme 1 (IRE1), and activating transcrip-
tion factor 6 (ATF6), which are located in the ER transmem-
brane and act as major signaling elements [7, 8]. These
stressors further activate the gene transcription of downstream
genes, such as C/EBP homologous protein (CHOP), activat-
ing transcription factor 4 (ATF4), and c-Jun N-terminal kinase
(JNK), and initiate cellular apoptosis upon prolonged ER
stress [9]. Previous studies have demonstrated that ER stress
results in cellular apoptosis and triggers inflammation in
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various diseases by regulating specific genes [10, 11]. For
example, many elements, such as CHOP, JNK, PERK,
IRE1, ATF6, and caspases, are involved in the regulation of
apoptosis upon ER stress [12–14].

Ghrelin (GHRL), a natural ligand for the growth hormone
secretagogue, is secreted by specific cells of the gastric mucosa
and pancreas and operates as an orexigenic stomach hormone
in response to nutrient restriction [15–17] and signal changes in
the metabolic status to the brain [18]. GHRL has two main
molecular forms, namely acylated GHRL and unacylated
GHRL.AcylatedGHRL iswidely present in plasma and related
to the regulation of GH secretion and energy metabolism [19,
20]. Acylated GHRL has already been shown to have multiple
in vivo and in vitro biological functions, including influencing
the immune system andmetabolic process [21–23]. Unacylated
GHRL can control local inflammatory responses to bacterial
infection [24] and improve chronic kidney disease and skeletal
muscle injury by inhibiting inflammatory signals and oxidative
stress [25, 26]. Furthermore, acylatedGHRL prevents umbilical
endothelial cells from undergoing apoptosis by inhibiting the
activation of the nuclear factor-κB (NF-κB) pathway [27, 28].

Many studies have shown that GHRL has a beneficial ef-
fect on spermatogenesis and reproductive organ development
and programming [29–31]. Previous studies have indicated
that GHRL protects testes against oxidative stress-induced
damage, including decreased seminiferous tubule diameter
and increased apoptosis and spermatogenesis cycle [32, 33].
Similarly, GHRL alleviates differentiating spermatogonia in-
jury caused by ionizing radiation through stimulating the sper-
matogenic recovery and testosterone (T) secretion [34].
Furthermore, GHRL has a therapeutic effect on infertility in-
duced by cryptorchid and testicular torsion by alleviating tes-
ticular damage and anti-oxidative activity and improving sper-
matogenesis in chemical drug-induced mouse models
[35–37]. Psychological stress is common in modern society
and results in damage to testicular cells and causes infertility
[38, 39]. However, whether GHRL has a beneficial effect on
psychological stress-induced testicular injury and the possible
mechanisms remain poorly understood.

The current study was performed to investigate whether ex-
ogenous GHRL administration can attenuate testicular injury in
a psychological stress model and the possible mechanisms.
Here, we demonstrated that GHRL protected the testes from
psychological stress-induced apoptosis and ER stress and
inhibited inflammation through the TLR4/NF-κB pathway.

Materials and methods

Ethical approval

All animal care and use procedures conformed to the Guide
for the Care and Use of Laboratory Animals published by the

Committee for the Update of the Guide for the Care and Use
of Laboratory Animals and the Institute for Laboratory
Animal Research and were approved by Jining Medical
University (Jining, China).

Chemicals and drugs

Ghrelin (031-31) was obtained from Phoenix Pharmaceuticals
(Belmont, CA, USA). TRIzol reagent was purchased from
Invitrogen (Carlsbad, CA, USA). The TUNEL kit was pur-
chased from Promega (Madison, WI, USA). Primary antibodies
against GRP78 (3183, rabbit polyclonal) and CHOP (5554, rab-
bit monoclonal) were obtained from Cell Signaling Technology
(Beverley, MA, USA), and antibodies against β-actin (sc-
47778, mouse monoclonal), XBP-1 (sc-8015, rabbit polyclon-
al), goat anti-rabbit (sc-2004), and goat anti-mouse (sc-2005)
secondary antibodies were obtained from Santa Cruz
Biotechnology (CA, USA). Antibodies against p-JNK
(ab47337, rabbit polyclonal) and ATF6 (ab122897, mouse
monoclonal) were obtained from Abcam Inc. (MA, USA). All
the other reagents were of analytical grade.

Animals and experimental treatment

Adult BALB/c mice (7–8weeks old, 20–25 g) were purchased
from the Hubei Provincial Center for Disease Control and
Prevention (Wuhan, China). The animals were provided free
access to sterile standard mouse chow and water and were
kept under a 12-h light:12-h dark cycle with controlled hu-
midity and temperature (20–22 °C). All the animals were
housed in polypropylene cages (three per cage) and were pro-
vided adequate bedding.

After acclimation for one week, all the animals were divid-
ed into the following 3 groups (12 mice in each group): con-
trol, stress, and GHRL + S. The mice in the stress and control
groups were given 100 μL of saline by intraperitoneal (i.p.)
injection every day. The mice in the stress group were
immobilized in Decapicone bags (Braintree Scientific
Company, Braintree, MA, USA) and placed in individual
cages in a fume hood for 3 h daily for 14 days [40]. The mice
in the GHRL + S group were injected with GHRL (100 mg/kg
body weight) i.p. before they were immobilized in the
Decapicone bags. The body weight of each mouse was mea-
sured prior to sacrifice. The testes were immediately excised
and weighed after the experimental mice were sacrificed using
diethyl ether anesthesia 24 h after the last stress treatment.

Testicular histology detection

The left testes were fixed in 4% paraformaldehyde and then
embedded in paraffin to produce approximately 5-μm-thick se-
rial sections using a microtome. At least two non-serial sections
were stained with hematoxylin and eosin (H.E.) using standard
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procedures for morphological analysis. Each specimen was
evaluated using the Johnsen score (JS) [41].

Terminal dUTP nick-end labeling staining

For the detection of apoptosis, paraffin-embedded sections
were stained by the terminal dUTP nick-end labeling
(TUNEL) technique using an in situ apoptosis detection kit
according to the manufacturer’s protocols. The images were
scanned and analyzed using a panoramic slide scanner (3D-
Histech, Budapest, Hungary).

Quantitative real-time PCR

Total RNA from testicular tissues was extracted by using
TRIzol regent (Invitrogen Life Technologies, Carlsbad, CA,
USA), and the concentration was determined by a Nanodrop
spectrophotometer (Thermo Fisher, Wilmington, USA). An
equal amount (1 μg) of RNA from each sample was reverse
transcribed into cDNA using the PrimeScript Reagent Kit
with gDNA Eraser (TaKaRa, Dalian) and oligo (dT) primers
according to the manufacturer’s protocol. Quantitative real-
time PCR was performed by using SYBR® Premix Ex
Taq™ II (Takara, Dalian, China) in a 20 μL reaction volume,
which included 2 μL of cDNA and 10 μM primer. The
thermocycling condition used was as follows: 1 cycle, 95 °C
for 1 min; 40 cycles, 95 °C for 20 s (denaturation), 60 °C for
30 s, and 72 °C for 20 s. Quantitative real-time PCR analysis
was conducted with the Roche LC480 II Light-cycler. The
mRNA levels were determined using the 2−ΔΔCt method
and standardized to the levels of β-actin.

Western blot analysis

Testis tissues (~ 50 mg) were homogenized in radio immune
precipitation (RIPA) buffer supplemented with protease and
phosphatase inhibitors. The protein concentration of each super-
natant was measured by using the Bradford’s method. Equal
amounts of denatured proteins were separated by electrophoresis
on 10% SDS-PAGE gels according to standard protocols. The
proteins were electrophoretically transferred onto polyvinylidene

difluoride membranes (Hybond-P PVDF, Amersham
Biosciences, Little Chalfont, UK), which were blocked for 1 h
at room temperature in TBS-Tween-20 containing 5% skimmilk.
Western blot analysis was performed using primary antibodies
(GRP78, CHOP, p-JNK, XBP-1, ATF6, all diluted 1:1000) and
incubated with HRP-conjugated anti-rabbit and anti-mouse sec-
ondary antibodies (diluted 1:1000). Immunoreactivity was de-
tected by enhanced chemiluminescence reagents (Pierce,
Rockford, IL) according to the manufacturer’s protocol. The rel-
ative integrated density of each protein band was digitized by
ImageJ 2× (1.48 v, National Institutes of Health, USA).

Statistical analysis

The results are presented as the mean ± SEM. The significance
of the difference was analyzed by one-way analysis of vari-
ance (ANOVA) followed by post-hoc Duncan’s multiple-
range test using GraphPad Prism 8 software (https://www.
graphpad.com/scientific-software/prism). The results were
considered statistically significant at P < 0.05.

Results

GHRL treatment ameliorates changes in testicular
weight and histology caused by stress

To evaluate the effect of GHRL on stress-induced testicular
dysfunction, organic parameters were recorded after the mice
were killed. Stress treatment resulted in a marked reduction in
testicular injury. As shown in Table 1, the testicular weights
and relative testis weights (the ratios of testicular weight/body
weight) of the mice in the stress-treated group were 7.57 and
13.72% lower, respectively, compared to those of the mice in
the control group. However, the reduction was partially re-
versed after the administration of GHRL (100 mg/kg).

We further examined whether GHRL inhibits stress-induced
morphological changes in the testes using H.E. staining (Fig. 1).
Normal histology was observed in the control group. In the
stress group, morphological result showed severe vacuolation
and apoptotic germ cells in the seminiferous tubules. However,

Table 1 The effect of GHRL on
the weight of body and
reproductive organs in stress-
induced mice

Weight Control Stress GHRL+ S

Body (g) 27.11 ± 0.53a* 21.03 ± 0.36b 22.37 ± 0.30c

Testis (mg) 182.32 ± 2.73a 168.51 ± 17.29b 195.26 ± 6.31c

Epididymis (mg) 2.30 ± 0.08 2.15 ± 0.29 2.52 ± 0.08

Testis/BW (%) 7.36 ± 0.68a 6.35 ± 0.47b 7.88 ± 0.33a

Epididymis/BW (%) 62.50 ± 1.77a 46.98 ± 6.19b 56.71 ± 1.99a

All data were expressed as means ± SEM. n = 12
*P < 0.05 indicated statistical significance with different letters
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histological injury of the seminiferous tubules was markedly
ameliorated by exogenous GHRL treatment. The Johnsen score
was significantly lower in the stress group than in the control
group, while GHRL treatment inhibited the decrease in Johnsen
score compared to that in the stress group (Fig. 1).

GHRL treatment ameliorates stress-induced germ cell
apoptosis

We further examined germ cell apoptosis in the mice
testes using the TUNEL assay (Fig. 2). TUNEL results

Fig. 1 Effect of GHRL on stress-induced histopathological change in
testes. Testicular cross sections were stained with Hematoxylin and eosin
(H.E.). Original magnification: ×200. In the stress group, mice showed
severe vacuolation (arrows), exudative germ cells (asterisks) and atrophy
of spermatogenic cells in the seminiferous tubules compared to the mice
in the control group, however, GHRL treatment significantly attenuated

adverse effect induced by stress (P < 0.05). A significant decrease in
Johnsen score was detected in stress group (P < 0.05), whereas the effect
was partly reversed when compared to GHRL group (P < 0.05). All re-
sults are expressed as mean ± SEM, n = 4. *P < 0.05 indicated statistical
significance with different letters

Fig. 2 Effect of GHRL on stress-induced testicular germ cell apoptosis.
Original magnification: 200×. Apoptotic germ cell was showed by
TUNEL staining (brown). Arrow showed apoptotic germ cells in semi-
niferous tubules. (a) The analysis of percentage of the number of semi-
niferous tubules showing TUNEL-signal. (b) The average of TUNEL-
positive germ cells in tubules. In the stress group, the mice showed a
significant increase in the number of seminiferous tubules and average

of TUNEL-positive germ cells in the tubules compared to the mice in the
control group; however, GHRL treatment significantly attenuated the rate
of apoptosis induced by stress (P < 0.05). All results are expressed as
mean ± SEM, n = 4. *P < 0.05 indicated significantly different with the
control group; #P < 0.05 indicated significantly different with the stress
group
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revealed that stress led to severe germ cellular apopto-
sis. Although the percentage of positively stained semi-
niferous tubules increased significantly when compared
to that in the control group (P < 0.05), GHRL treatment

significantly attenuated the rate of apoptosis induced by
stress (P < 0.05) (Fig. 2a). Similarly, GHRL prevented
the increase in TUNEL-positive cells per seminiferous
tube induced by stress (P < 0.05) (Fig. 2b).

Fig. 3 Effect of GHRL on stress-
induced ER stress in testes. (a–e)
The expression levels of GRP78,
CHOP, ATF6, p-JNK, and XBP-1
in the testes tissue were deter-
mined by Western blot with spe-
cific antibodies as indicated.
Stress significantly increased the
expression of ER stress marker,
including GRP78, CHOP, ATF6,
p-JNK, and XBP-1, when com-
pared with the control group;
however, this effect was partly
reversed upon pretreatment with
GHRL. The relative protein levels
of all the genes were quantified by
ImageJ 2×. All data were
expressed as means ± SEM, n = 4.
*P < 0.05 as compared with the
controls
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The effect of GHRL on stress-induced ER stress

To explore the possible mechanisms by which GHRL
protects the testes against apoptosis, we investigated
the ability of GHRL to alleviate ER stress (Fig. 3).
The results showed that the expression of ER stress
marker, including GRP78, CHOP, ATF6, p-JNK, and
XBP-1 proteins, was significantly upregulated in the
stress group when compared with the control group;
however, this effect was partly reversed upon pretreat-
ment with GHRL (P < 0.05). These results suggested
that the effect of GHRL on apoptosis may be associated
with ER stress.

GHRL inhibits the inflammatory response
and TLR4/NF-κB pathway

We investigated whether GHRL inhibits the expression
of inflammatory cytokines induced by stress and the pos-
sible mechanisms of this action (Fig. 4). Stress induced
the upregulation of TNF-α, IL-1β, IL-6, and IL-10
levels, but GHRL significantly attenuated this effect
(P < 0.05). Similarly, compared to stress, GHRL signifi-
cantly inhibited the upregulation of TLR4 and NF-κB
(Fig. 5). All of the results suggested that GHRL inhibited
the expression of pro-inflammatory cytokines through the
TLR4/NF-κB pathway.

Fig. 4 Effect of GHRL on the
expression of inflammatory
cytokines in mice testes. The
relative expressions of TNF-α,
IL-1β, IL-6, and IL-10 were de-
termined by q-PCR. The quanti-
tative data was given and calcu-
lated by dividing β-actin mRNA
expression. The expression of
TNF-α, IL-1β, IL-6, and IL-10
was significantly increased in the
stress group compared to that in
the control group (P < 0.05),
while GHRL treatment amelio-
rated this effect (P < 0.05). All
data were expressed as means ±
SEM of four animals in each
group. *P < 0.05 indicated signif-
icantly different between groups
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Discussion

Psychological stress existed widely in the fast-paced lifestyle of
modern society. Epidemiological investigation has showed that
25% of the American population reports high stress and that
50% can identify a major stressful event in the previous decades
[42]. Chronic psychological stress increases the rate of health
problems, results in a significant decline in the quality of semen,
and even causes infertility [43]. Therefore, it is important to
explore novel therapeutics to minimize the influence of stress.

Immobilization is commonly adopted to simulate psycho-
logical stress, and it results in germ cell apoptosis and a

disorder in testosterone secretion [38, 39]. However, it is un-
known whether ER stress is associated with immobilization
stress-induced male reproductive injury. In the current study,
we found that ER stress was involved in testicular injury in-
duced by immobilization stress, as determined by the expres-
sion of major marker proteins of the ER stress response in an
immobilization mouse model. When Sertoli or Leydig cells
are under oxidative stress or chemical stress, many partially
folded and/or unfolded proteins accumulate and aggregate in
the ER lumen and then induce ER stress when the capacity of
the ER to deal with the disturbance is surpassed [44, 45]. ER
stress then activates the specific unfolded protein response

Fig. 5 Effect of GHRL on the TLR4/NF-κB pathway. (a) The expression
level of TLR4 and NF-κB in the testis tissue was determined by Western
blot with specific antibodies. (b) Quantitative data of expression in all
groups. Stress significantly increased the expression of TLR4 andNF-κB,

while GHRL treatment ameliorated this effect. The values represent
mean ± S.E.M. of four animals in each group. *P < 0.05 indicated signif-
icantly different with the control group and GHRL+ S group

Fig. 6 Schematic diagram of the
therapeutic effects of GHRL
against testicular injury induced
by stress
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(UPR), which enhances the capacity of ER to deal with
misfolded and/or unfolded proteins by regulating transcription
and translation [46]. Currently, at least three functionally dis-
tinct components of the UPR have been directly associated
with the occurrence of ER stress, specifically, an initial de-
crease in general protein synthesis in the organelle, the pro-
motion of protein folding via ER-resident chaperones (e.g.,
GRP78), and the degradation of accumulating misfolded pro-
teins [12, 47, 48]. Furthermore, ER stress accompanied by
inflammation has been associated with testicular injury, such
as testosterone synthesis and secretion.

GHRL, a protective reproductive autocrine/paracrine mole-
cule that participates in the regulation of testicular function, has
been reported to protect male reproductive function from injury
suppressing degenerative effects following testicular hyperther-
mia, reducing the spermatogenesis cycle following experimental
varicocele, and reversing reproductive dysfunction in high fat
diet-fed rats [49–51]. The molecular mechanisms of these pro-
tective effects are associated with the enhancement of anti-
oxidative stress ability and the inhibition of cell apoptosis [35,
36, 52]. However, whether GHRL has a beneficial effect on
psychological stress-induced testicular injury and the possible
mechanisms remain poorly understood. The current study first
focused on whether GHRL alleviates the adverse effects of psy-
chological stress-induced reproductive injury in an immobiliza-
tion stress model and the role of GHRL in ER stress and the
inflammatory response. Previous reports have indicated that
GHRL exerts anti-apoptotic effects in various cells and an
ischemia/reperfusion (I/R) model [53–55]. Furthermore,
GHRL has been shown to have a protective effect against oxi-
dative stress and to contribute to a decrease in microvascular
endothelial cell apoptosis [56].

Similarly, GHRL reduces CCl4-induced hepatocellular in-
jury and cell apoptosis by decreasing the activation of nuclear
factor κB (NF-κB), as assessed by p65 nuclear translocation
in humans [57]. Furthermore, it has been reported that desacyl
GHRL protects cardiomyocytes against doxorubicin-induced
cardiac fibrosis and apoptosis, most likely through ERK1/2
phosphorylation and the PI3K/Akt pathway, which is a
GHSR-independent mechanism [58]. The mechanism by
which GHRL inhibits apoptosis has not yet been fully eluci-
dated, but it may be associated with the activation of the PI3K/
Akt signaling pathway [59–61]. Although increasing evidence
has demonstrated that GHRL has an effect on the inflamma-
tory response and oxidative stress, the possible mechanism by
which GHRL affects anti-inflammatory and anti-oxidative
stress ability is unclear.

Previous studies have shown that GHRL inhibits
lipopolysaccharide-induced inflammatory cytokines in mouse
kidneys; however, no mechanism was reported in the study
[52]. A similar study reported that GHRL prevents germ cells
from undergoing apoptosis and proinflammatory cytokine pro-
duction in I/R of rat testes; however, the possible mechanism

remains unknown [62]. In the present study, we first reported
that the ability of GHRL to inhibit inflammation and apoptosis
may be associated with the suppression of TLR4/NF-κB in the
testes in an immobilization stress mouse model. Some studies
have revealed that GHRL is implicated in improving
immunocyte reactions and the inflammatory environment, by
inhibiting the production of various pro-inflammatory cyto-
kines, including TNF-a, IL1β, IL6, and IL8 in human endothe-
lial cells [63], monocytes, and T cells [64]. Previous evidence
has increasingly suggested that ER stress enhances the inflam-
matory response through ERK1/2, PI3K/AKT, and NF-κB ac-
tivation [63]. Similarly, previous studies have demonstrated that
GHRL inhibits the inflammatory response by activating the
ERK1/2 and AKT signaling pathways in various cell models
[59, 65] and alleviating ER stress-induced inflammation
throughMAPK and NF-κB activation [66]. Furthermore, some
other signaling pathways are involved in the ER stress-induced
inflammatory response [67].

Conclusion

In conclusion, our results revealed that GHRL reduced ER
stress induced by stress. GHRL protected the testes against
the stress-induced inflammatory response, which was associ-
ated with promoting the TLR4/NF-κB signaling pathway
(Fig. 6). GHRL may be a potential benefit treatment for male
reproductive dysfunction caused by emotional stress.
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