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Abstract
Background/Aims: Busulfan is commonly used for cancer chemotherapy. Although it has the 
advantage of increasing the survival rate of patients, it can cause male infertility via damaging 
the testes and reducing sperm counts. Therefore, the underlying mechanism should be 
explored, and new agents should be developed to protect the male reproductive system from 
busulfan-induced damage. Endoplasmic reticulum stress (ERS) is considered a key contributor 
to numerous pathologies. Despite several studies linking ERS to toxicants, studies have yet 
to determine whether ERS is a contributing factor to busulfan-induced testicular damage. 

agent, but the effects of melatonin on busulfan-induced ERS in mouse testes damage are 
less documented. Methods: 

was investigated by measuring ERS. Results: We found that ERS was strongly activated in 
mouse testes (in vivo) and the C18-4 cell line (in vitro) after busulfan administration. ERS-
related apoptosis proteins such as caspase-12, CHOP and caspase-3 were activated, and the 
expression of apoptotic proteins such as P53 and PUMA were upregulated. Furthermore, we 
investigated whether melatonin reduced the extent of damage to mouse testes and improved 
the survival rates of busulfan-treated mice. When exploring the underlying mechanisms, we 
found melatonin could counteract ERS by decreasing the expression levels of the ERS markers 
GRP78, ATF6, pIRE1 and XBP1 in mouse testes and mouse SSCs (C18-4 cells). Moreover, it 
blocked the activation of ERS-related apoptosis proteins caspase-12, CHOP and caspase-3 
and suppressed P53 and PUMA expression stimulated by busulfan both in vivo and in vitro. 
Conclusion: Our results demonstrate that ERS is an important mediator for busulfan-induced 
apoptosis. The attenuation of ERS by melatonin can prevent busulfan-treated SSCs apoptosis 
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and protect busulfan-treated testes from damage. Thus, this study suggests that melatonin 
may alleviate the side effects of busulfan for male patients during clinical treatment.

Introduction

Advances in chemotherapy for cancer treatment in young patients have resulted in 
increased survival and cure rates [1]. However, fertility is often impaired by alkylating 
agents, such as busulfan, which is a commonly used chemotherapeutic drug [2-4]. Therefore, 

methods should be developed to prevent testicular damage induced by alkylating agents [6, 
7].

The endoplasmic reticulum (ER) is an intracellular organelle that controls protein 
folding, intracellular calcium homeostasis, and lipid synthesis [8]. Environmental stresses 
and increased protein synthesis often lead to the accumulation of unfolded proteins in the ER, 
and this phenomenon is called ER stress (ERS). The ERS pathway consists of three different 
branches: activating transcription factor 6 (ATF6), inositol-requiring enzyme 1 (IRE1), and 

ERS performs a dualistic function. It can restore ER homeostasis, but if ERS persists 
chronically at high levels, cellular functions can be negatively affected [10]. Chronic 
ERS is considered a key contributor to numerous human diseases, such as diabetes and 
neurodegeneration [11, 12]. Hence, targeting the components of ERS has been employed 
as a therapeutic strategy to control these ERS-associated pathologies [13, 14]. The IRE1 
signalling pathway protects against ERS and controls the development and survival of 

alkylating agents in renal epithelial cells [18].

well reported that melatonin can ameliorate ischaemic brain injury, preserve the functional 
integrity of the blood-brain barrier, and induce neurogenesis and cell proliferation through 
a receptor-dependent mechanism [22].

injury [24]. Furthermore, melatonin treatment alleviates ERS during bleomycin-induced 

reproduction by stimulating the secretion of gonadotropins and testosterone [26]. It also 
prevents cisplatin-induced primordial follicle loss [27]. In addition, the research recently 

apoptosis of mouse SSCs induced by busulfan [28]. Therefore, we aim to assess whether 
ERS is involved in busulfan-induced SSC apoptosis and testicular damage. The present study 
will provide a theoretical basis for alleviating the side effects caused by busulfan in clinical 
cancer treatment.

and mouse spermatogonial stem cell (SSC) apoptosis were demonstrated. Our results revealed 
that the presence of melatonin directly provided resistance to busulfan-induced apoptosis 
and correlated with ERS. In vitro and in vivo evidence demonstrated that the administration 
of melatonin could ameliorate testicular damage caused by busulfan. Therefore, melatonin 
might be useful as a potential drug to counteract the side effects of busulfan because of its 
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Materials and Methods

Animal experiments

Cell experimental protocol

2

(Invitrogen) and reseeded into multi-well plates for subsequent analysis. The medium was changed every 2 
-4

physiological saline to 10-7 

Histology analysis

the antibodies used are listed in Table 1.

Western blot
The testes were collected, and protein 

proteins were separated through SDS–

at room temperature, incubated with 
primary antibodies (the details are listed 

h with appropriate secondary antibodies, 

Table 1. The primary antibody information

Antibody  Catalog No. Corporate Brand Dilution Immusourcer 

PLZF 12-9320-82 eBioscience 1:200 Mouse IgG 

VASA ab13840 Abcam 1:200 Rabbit IgG 

ATF6 D262665-0010 Sangon Biotech 1:100 Rabbit IgG 

XBP1 E1916 Santa cruz 1:100   Rabbit IgG 

pIRE1  bs-4308R Biosynthesis Biotechnology 1:200 Rabbit IgG 

CHOP bs-20669R Biosynthesis Biotechnology 1:200 Rabbit IgG 

PUMA BA1802 Boster biological technology 1:200 Rabbit IgG 

P53 bs-0033R Biosynthesis Biotechnology 1:200 Rabbit IgG 

Caspase3 bs-0081R Biosynthesis Biotechnology 1:200 Rabbit IgG 

Caspase12 bs-1105R Biosynthesis Biotechnology 1:200 Rabbit IgG 

MT1 bs-0027R Biosynthesis Biotechnology 1:500 Rabbit IgG 

MT2 bs-0963R Biosynthesis Biotechnology 1:500 Rabbit IgG 

GRP78 BA4293 Boster biological technology 1:500 Rabbit IgG 

Gapdh KM9002T Monoclonal 1:1000 Rabbit IgG 
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bands were detected using a 

qRT-PCR analysis

from testes using the Trizol 

according to the manufacturer’s 

Gapdh

Flow cytometry assay

subjected to FACS analysis.
The intracellular Ca ) 

Data analysis

test. Student’s t test was performed when only two pairs of data were compared. Data were represented as 

Results

Melatonin alleviated busulfan-induced testicular damage in mice

in the male mouse genital tract impaired by busulfan, we histopathologically analysed the 
testes and epididymis of different treatment groups. The results showed that the testicular 

To determine whether the protective mechanism of melatonin is through suppression of ERS, 

Table 2. -

Primer 
Sense Primer sequence 

                   

            Antisense Primer sequence 

        
 Tm  

Length of 

products 

(bp) 

GRP78 AGAAACTCCGGCGTGAGGTAGA TTCCTGGACAGGCTTCATGGTAG  59 176 

XBP1 AAGAACACGCTTGGGAATGG CTGCACCTGCTGCGGAC  58 113 

CHOP AGCTGGAAGCCTGGTATGAGGA AGCTAGGGACGCAGGGTCAA  58 134 

Caspase3 ATGGAGAACAACAAAACCTCAGT TTGCTCCCATGTATGGTCTTTAC  58 74 

Caspase12 CTGGCTCTCATCATCTGCAACAA CGGCCAGCAAACTGCATTAAC  58 173 

Gapdh TGGCCTTCCGTGTTCCTAC GAGTTGCTGTTGAAGTCGCA  58 178 
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30 days after they were treated 
with busulfan, but the death rate 

mice, respectively (Fig. 1C).

abnormalities were observed 
in the control testes, and 
almost all seminiferous tubules 
were undergoing complete 
spermatogenesis. The busulfan-
treated testes consisted of thin 
seminiferous epithelia, large 
lumens, and testicular vein 

tubules were devoid of 
germ cells, and numerous 
degenerating germ cells could 
be observed in the seminiferous 
tubules of the busulfan-treated 

enhanced the spermatogenic 
recovery after busulfan 
treatment was administered 
(Fig. 1D). The proportion of 
tubules with spermatogenesis 
was declined in the busulfan 
treatment group compared 

However, the percentage of 
seminiferous tubule with 
spermatogenesis in testes of the 

group were increased than that 
of the busulfan-treated group 

of busulfan decreased the number of normal sperm per epididymis compared to control 

testicular damage and spermatogonium loss.

Melatonin inhibited the expression of ERS-related genes in testes

markedly increased in the majority of busulfan-treated mice compared with the control mice 

Fig. 1. Effect of melatonin on busulfan-induced testes injury. (A) 

as a bar graph. (C) Survival rate of the different groups. (D) Rep-
resentative images of HE-stained testicular cross sections from 

of seminiferous tubules with capacity of spermatogenesis was 
calculated across multiple HE cross-sections (relative to the total 

normal sperm per epididymis was counted. Data are represented 
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Fig. 2. Detection of ERS-related mole-

ERS-related molecules in mouse testes 

-
ages were merged from ATF6 or pIRE1 

of interest are enlarged and shown on 

-

-
ageJ analysis showing the mean density 
of the results of (F). Data are represent-

Fig. 3. -

of ERS-related molecules in mouse testes 

-

interest are enlarged and shown on the 

-

-

-

showing the grey value of (F). All data are 
presented as the mean ± SD (n = 3), and 

-
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group, a low and basal activation level of the ERS-related proteins was detected. After 

Therefore, melatonin protected the testes from ERS damage.

Melatonin suppressed the expression of ERS-related apoptotic genes in testes

Western blotting results further revealed that co-administration of busulfan with 

Fig. 4. -

-

and shown on the bottom line. Scale 

-

mouse testes with different treatments. 

-

cells. (H) ImageJ analysis showing the 

performed in triplicate. Data are pre-
sented as the mean ± SD (n = 3). Statisti-
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which were upregulated by busulfan 

might be activated by busulfan and 
act to further induce testicular cell 
apoptosis and spermatogonium 
loss. The combined treatment with 
melatonin abolished the adverse 
effects of busulfan on the testes.

Melatonin increased MT1 and MT2 
expression levels
To evaluate the importance of 

the therapeutic functions of melatonin, 

analysis of melatonin receptors in the 
testes and mouse SSCs. The untreated 

were found in busulfan-treated cells. 

(Fig. 4A–C). The quantitative results 

showed that the positive signals 
were weaker in the busulfan-treated 
group than in the control cells. The 

were enhanced when melatonin was 
administered compared with the 

Melatonin inhibited mouse SSC apoptosis
-

assess the role of melatonin in busulfan-induced apoptosis. After treatment with busulfan, 
the morphological characteristics of the C18-4 cells were shrunken, and their surface was 

Fig. 5. Effect of melatonin on the apoptosis of C18-4 cells. 
(A) The morphological changes of C18-4 cells after different 
treatments. The images are representative of at least three 

assay of cleaved caspase 3. The images are representative 

of interest are enlarged and shown on the bottom line. 
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rough in comparison to the 
control cells, as revealed by 
light microscopy. Conversely, 
the co-administration of me-

reversed these morphological 
-

FITC-positive cells through 
-

pared to the control group, 
busulfan treatment increased 
the percentage of apoptotic 

-

decreased the percentage of 
apoptotic cells compared with 

these results, we analysed the 

cleaved caspase-3 through 

indicating the presence of 
apoptosis were observed in 
the busulfan-treated cells. 

-
rescence was detected in the 

-
iments suggested that mela-

apoptosis.

Melatonin promoted mouse SSC proliferation

on the proliferation of mouse SSCs. Our results indicated that the percentage of busulfan-
treated cells in the S phase was reduced compared with the control group. In contrast, the 

Compared with the busulfan-treated group, the proliferation of the SSCs was increased in 

survival and drive their proliferation to promote regeneration after busulfan treatment.

Melatonin inhibited ERS activation in mouse SSCs

spermatogenic cells treated with busulfan in vitro induced ERS and to determine the effect 

Fig. 6. Effect of melatonin on the proliferation of C18-4 cells. (A) The 

The percentage of C18-4 cells in S phase. (C) Representative images 

-

regions of interest are enlarged and shown on the bottom line. Scale 
bar, 200 μm. Data are presented as the mean ± SD (n = 3), and statis-

http://dx.doi.org/10.1159%2F000486165
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in the busulfan group relative to the control group. In comparison, this strong signal was 

Fig. 7C, F). We also measured intracellular Ca
is a major calcium-storage organelle, and its calcium content is essential for proper protein 
folding and transport. The disruption of calcium homeostasis can disturb ER functions and 
induce ERS [31]. Our results indicated that the intracellular Ca concentration increased in 
C18-4 cells treated with busulfan. Conversely, the co-treatment of busulfan with melatonin 

the activation of ERS in C18-4 cells, but co-treatment with melatonin resulted in improved 
ER homeostasis.

Melatonin counteracted ERS-related apoptosis in mouse SSCs
To obtain insights into the mechanism by which busulfan induces apoptosis and to 

clarify whether melatonin prevents apoptosis caused by ERS in mouse SSCs, we performed 

related apoptotic marker cleaved caspase-12 were enhanced in the busulfan-treated cells 

cells. Conversely, the signal was suppressed when the cells were co-treated with melatonin 

Fig. 7.
proteins in C18-4 cells. The C18-4 

-
pression of ERS-related proteins 
and the intracellular Ca  level in 
C18-4 was detected. (A–C) Immu-

-

-
rescence images of pIRE1 in C18-4 
cells. Scale bar, 100 μm. (D) Statis-
tical analysis of the positive rate of 

-
lular Ca  level was measured by 

performed in triplicate. All data are 
presented as the mean ± SD (n = 3). 
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Discussion

Chemotherapeutic drugs, such as busulfan, are often used to treat cancer and increase 
the survival rates of patients. However, these chemotherapeutics may induce temporary 

testicular cancer or leukaemia are at high risk of developing permanent sterility because 
of chemotherapeutic application. Therefore, strategies that effectively preserve fertility 
during the course of cancer treatment should be developed [33, 34]. In this study, we provide 

ERS alleviation.
The ER is an important organelle involved in protein folding, calcium homeostasis 

their disposal. It is a major contributor to various diseases, such as cancer, diabetes and 
Alzheimer’s disease [36, 37]. As such, targeting the components of the ERS signal pathway 

to determine whether ERS is a contributing factor to busulfan-induced testicular damage 

damage and ERS pathways in response to busulfan. We evaluated ERS-related genes and 

synthesis and subsequently induce ERS and apoptosis [41]. Our results further demonstrated 

Fig. 8.
apoptosis markers in C18-4 cells. 

-
rescence images (A) and positive 

C18-4 cells. (C, D) Representative 

and positive rate analysis (D) of 
-
-

ages (E) and positive rate analysis 

regions of interest are enlarged 
and shown on the bottom line. 
Scale bar, 200 μm. Data are pre-
sented as the mean ± SD of three 
separate determinations. Statisti-
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in vitro and in vivo) suggest 
that inhibition of ERS might be a target of novel therapeutics for male infertility.

proliferation, apoptosis, and metastasis, during different pathological conditions [44-46]. It 
has been documented that melatonin modulates the signalling of neuronal cell death [47] 

Similarly, our data showed that melatonin contributed to the proliferation of mouse 

of tunicamycin on ERS through melatonin receptor-mediated IRE-1 signalling in skeletal 

Fig. 9. Schema diagram illustrating 
the mechanism of how melatonin 
blocked busulfan-induced sper-
matogonial stem cell apoptosis in 
mouse testes.
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the current study, we found that melatonin could abrogate busulfan-induced ERS in mouse 
-
-

protected mouse SSCs from busulfan-induced apoptosis and protected testes from damage 
in busulfan-treated mice. This study suggests that melatonin could provide potential thera-
peutic advantages by protecting the testes from busulfan-induced injury.

Taken together, our study demonstrated that the activation of ERS signalling contribut-

mouse SSCs from busulfan-induced apoptosis. This study provides basic information that 
helps us to understand the recovery of spermatogenesis in men after cancer treatment and 
provides guidance about the possible effects that new agents might have on the testes of 
male patients with cancer.
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