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A B S T R A C T   

Copper (Cu) is a necessary micronutrient at lower concentration, while excessive Cu exposure or Cu homeostasis 
disorders can lead to toxicity. The mechanism of male reproductive toxicity induced by Cu is still unknown. This 
study aims to investigate whether autophagy plays an important role in copper-induced spermatogenesis dis-
order in vivo and vitro. The present study showed that copper sulfate (CuSO4) might significantly promote 
autophagy level in the testis and mouse-derived spermatogonia cell line GC-1 spg cells. Concurrently, CuSO4 
could induce autophagy via AMPK-mTOR pathway that downregulated p-mTOR/mTOR and subsequently 
upregulated p-AMPKα/AMPKα as well as p-ULK1/ULK1. In the meanwhile, CuSO4 treatment could also increase 
expression levels of the autophagy-related proteins. Then, the role of oxidative stress in CuSO4-induced auto-
phagy was investigated. The findings demonstrated that oxidative stress inhibitor (NAC) attenuated CuSO4- 
induced autophagy in vivo and vitro, reversing the activation for AMPK-mTOR pathway. Additionally, the study 
also investigated how autophagy worked under the spermatogenesis disorder induced by CuSO4. Inhibition of 
autophagy could decrease cell viability, and enhance the ROS accumulation and apoptosis in the GC-1 cells, 
meanwhile, the spermatogenesis disorder, oxidative stress and histopathological changes were increased in the 
testis. Furthermore, co-treatment with the apoptosis inhibitor (Z-VAD-FMK) could decrease the spermatogenesis 
disorder but not influence autophagy. Besides, the crosslink between autophagy and ferroptosis were also 
measured, the data showed that inhibition of autophagy could suppress CuSO4-induced ferroptosis in in vivo and 
vitro. Altogether, abovementioned results indicated that CuSO4 induced autophagy via oxidative stress- 
dependent AMPK-mTOR pathway in the GC-1 cells and testis, and autophagy activation possibly led to the 
generation of protection mechanism through oxidative damage and apoptosis inhibition, however, autophagy 
also aggravate CuSO4 toxicology through promoting ferroptosis. Overall, autophagy plays a positive role for 
attenuating CuSO4-induced testicular damage and spermatogenesis disorder. Our study provides a possible 
targeted therapy for Cu overload-induced reproduction toxicology.   

1. Introduction 

Copper (Cu) refers to an essential trace element of humans and 

animals as the co-factor of proteins and enzymes required by diverse 
physiological reactions in the organic biological system [1]. The 
requirement of Cu in human and animals is extremely low, and thus, Cu 
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accumulation exceeding metabolic requirements or Cu homeostasis 
disorder may result in toxic effects [2]. Epidemiological research has 
demonstrated Cu may be released into the surroundings from lots of 
sources in industrial and agricultural activities. Cu pollution in river has 
been reported all over the world. Moreover, evidence shows that 
excessive Cu can give rise to severe detrimental influences on the health 
of animals and plants, resulting in multiple organ failure [2]. 

Excessive Cu is likely to trigger severe detrimental influences on 
health, including immunotoxicity, haematotoxicity, pulmonary toxicity, 
hepatotoxicity, nephrotoxicity as well as neurotoxicity [3–6]. According 
to the former research results, Cu induces hepatotoxicity such as 
oxidative stress, apoptosis as well as inflammation [7,8]. CuSO4 treat-
ment causes pulmonary fibrosis via TGF-β1/Smad pathway- and MAPKs 
pathway-induced activation of EMT [3], and oxidative stress, apoptosis 
as well as inflammation [9]. Besides, more than 10 mg/kg CuSO4 will 
trigger oxidative stress, apoptosis, DNA damage, as well as inflammation 
in mice spleen [4]. 

Recently, the research shows that excessive exposure to Cu may 
trigger reproduction toxicity, however, the exactly mechanism still re-
mains unclear. Wang et al. [10] have reported that environmental 
exposure to Cu may exert detrimental effects on human reproductive 
health, including impaired semen quality, spermatozoa apoptosis and 
damaged sperm DNA. And high levels of Cu could decrease the sperm 
cells count progressively motile sperm cells after 1 h in fertile male 
volunteers from the southern region of Poland [11]. Moreover, the re-
sults of Li et al. [12] also have demonstrated that seminal plasma Cu 
values also displayed a negative correlation with normomorph sperm 
rate in men from Cu pollution area. Roychoudhury et al. [13,14] report 
the impairment of male fertility during CuSO4 treatment, involving the 
reduction of spermatozoa concentration, viability, and motility in the 
rabbit. Zhang et al. [15] prove Cu accumulation within the testis, and 
discover that serum testosterone (T) and luteinizing hormone (LH) levels 
of mice show a significant fall following intraperitoneal injection with 
CuCl2 (2.5–5 mg/kg). According to our former studies, CuSO4 can 
induce spermatogenesis disorder, which has a connection with DNA 
damage and germ cell apoptosis mediated by oxidative stress [16]. 

Autophagy, acknowledged to be a famous conserved self- 
cannibalization mechanism, is playing an important part during 
biogenic process to acclimatize intracellular and extracellular environ-
ment changes [17]. Whereas, abnormal autophagy is potentially 
induced by specific abnormal stimuli and stresses, thus causing damage. 
The autophagy process consists of four crucial pathways: initiation, 
nucleation, maturation, and degradation [18]. In many stress, auto-
phagy and apoptosis are all induced and control the cell survive or 
death. In general, autophagy can block apoptosis induction. Whereas, 
under certain circumstances, autophagy possibly induces apoptosis or 
necrosis, and it is also proved to cause autophagic cell death through 
excessively degrading the cytoplasm [17]. Our former research has also 
shown that excessive Cu may enhance hepatocyte autophagy [19]. Li 
et al. [20] have demonstrated that autophagy processes is obtained in 
Cu-induced myocardium injury. At the same time, chronic exposure to 
Cu may trigger autophagy of kidney in mice [21]. 

Up to now, it has been verified excessive Cu can cause testicular 
injury, while the exact mechanism is still unknown yet. And, it is not 
known whether autophagy is involved in Cu-induced spermatogenesis 
disorder. Therefore, the current work will generate the CuSO4 intoxi-
cation model in the testis of mice and the mouse-derived spermatogonia 
cell line GC-1 spg cells, and then confirm the induction of autophagy and 
the potential mechanism of CuSO4-induced autophagy. At the same 
time, autophagy’s role in the spermatogenesis disorders induced by Cu 
and the association of autophagy, oxidative stress, apoptosis and fer-
roptosis are studied by this research. 

2. Materials and methods 

2.1. Materials and reagents 

CuSO4 came from Chengdu Kelong Chemical Co., Ltd. (Chengdu, 
China). N-acetylcysteine (NAC) (A9165) and 3-MA (M9281) were pro-
vided by Sigma Aldrich. Z-VAD-FMK (C1202) and 2′,7′-dichloro-
fluorescin diacetate (DCFH-DA) (S0033 M) were provided by Beyotime 
Biotechnology. Compound C (Com C) (S7306) was purchased from 
Selleck. 

Antibodies involved in the current research included: rabbit anti- 
LC3B (2775S CST), rabbit anti-p62 (5114S CST), rabbit anti-AMPKα 
(5832 CST), rabbit anti-p-AMPKα (2535 CST), rabbit anti-mTOR (2972 
CST), rabbit anti-p-mTOR (2971 CST), rabbit anti-ULK1 (8054 CST), 
rabbit anti-p-ULK1(Ser757) (6888 CST), rabbit anti-Atg16L1 (8089T 
CST), rabbit anti-Atg7 (8558 CST), rabbit anti-Atg3 (3415 CST), rabbit 
anti-Beclin1 (12994 CST), anti-rabbit cleaved-caspase-3 (9664 CST), 
anti-rabbit cleaved-caspase-8 (9496 CST), anti-rabbit cleaved-caspase-9 
(9509 CST), anti-rabbit caspase-12 (ab18766 Abcam), and anti-rabbit 
cleaved-PARP (5625 CST), anti-rabbit GPX4 (ab125066 Abcam), anti- 
rabbit COX-2 (abs131986 Absin Biotechnology), anti-rabbit FTH1 (bs- 
5907R Bioss Biotechnology) and anti-rabbit NCOA4 (DF4255 Affinity 
biosciences). 

2.2. Animals and treatments 

In the present study, 240 healthy male ICR mice (8 weeks old) came 
from Experimental Animal Corporation of Dossy (Chengdu, China). 
These mice had 1-week acclimatization and were provided with suffi-
cient water and food. The mice were classified into 4 groups at random 
(n = 60 each). Intragastric doses of distilled water were given to the 
control group, and intragastric doses of CuSO4 (10, 20 or 40 mg/kg) 
were provided for the experimental group. Following the treatment for 
21 and 42 days, mice needed to be executed for collecting testis samples 
required by follow-up analysis. 

For investigating the effects of oxidative stress on autophagy induced 
by CuSO4, we co-treated oxidative stress inhibitor NAC with CuSO4. 32 
healthy male ICR mice (8 weeks old) were classified into 4 groups at 
random. In terms of control group, mice received intragastric doses of 
distilled water and intraperitoneal injection with PBS. For CuSO4 alone 
group, mice received intragastric doses of CuSO4 (40 mg/kg) and 
intraperitoneal injection with PBS. For NAC alone group, mice received 
intragastric doses of distilled water and intraperitoneal injection with 
NAC (100 mg/kg body weight/day). For NAC + CuSO4 group, mice had 
intraperitoneal injection with NAC (100 mg/kg body weight/day) 3h 
after the intragastric doses of CuSO4 (40 mg/kg). Following treatment 
for 42 days, mice needed to be executed for collecting testis samples 
required by follow-up analysis. 

For investigating the effects of autophagy on spermatogenesis dis-
order induced by CuSO4, the autophagy inhibitor 3-MA was co-treated 
with CuSO4 according to reference [22] and a pilot experiment. 32 
healthy male ICR mice (8 weeks old) were classified into 4 groups at 
random. For control group, mice received intragastric doses of distilled 
water and intraperitoneal injection with PBS. For CuSO4 alone group, 
mice received intragastric doses of CuSO4 (40 mg/kg) and intraperito-
neal injection with PBS. For 3-MA alone group, mice received intra-
gastric doses of distilled water and intraperitoneal injection with 3-MA 
(30 mg/kg body weight/day). For 3-MA + CuSO4 group, mice received 
intraperitoneal injection with 3-MA (30 mg/kg body weight/day) 30 
min after intragastric doses of CuSO4 (140 mg/kg). Following treatment 
for 3 days, mice needed to be executed 24 h after the final treatment for 
collecting testis samples required by follow-up analysis. 

For investigating the role of apoptosis in spermatogenesis disorders 
induced by CuSO4, the apoptosis inhibitor Z-VAD-FMK was co-treated 
with CuSO4. 32 healthy male ICR mice (8 weeks old) were randomly 
classified into 4 groups. For control group, mice received intragastric 
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doses of distilled water and intraperitoneal injection with PBS. For 
CuSO4 alone group, mice received intragastric doses of CuSO4 (40 mg/ 
kg) and intraperitoneal injection with PBS. For Z-VAD-FMK alone group, 
mice received intragastric doses of distilled water and intraperitoneal 
injection with Z-VAD-FMK (10 mg/kg body weight/day). For Z-VAD- 
FMK + CuSO4 group, mice had intraperitoneal injection with Z-VAD- 
FMK (10 mg/kg body weight/day) 30 min after intragastric doses of 
CuSO4 (140 mg/kg). Following treatment for 3 days, mice needed to be 
executed 24 h after the final treatment for collecting testis samples 
required by follow-up analysis. 

Each mouse was utilized in the current experiment. This experi-
mental protocol obtained approval from the Animal Care and Use 
Committee of Sichuan Agricultural University (Chengdu, China). 

2.3. Cell culture 

Mouse GC-1 spg cells were cultured in DMEM with 10% fetal bovine 
serum (FBS) supplementing 0.1 mg/ml streptomycin and 100 IU/ml 
penicillin, and incubated at the conditions of 37 ◦C, 5% CO2. The cells 
were subcultured as the cell growth density reached about 80% to 
ensure cell nutrition and keep cells in the logarithmic growth phase. 

2.4. MTT assay 

Mouse GC-1 spg cells were plated onto a 96-well plate with a number 
of 1 × 104 cells per well. The cells were treated with 0, 0.4, 0.8 or 1.6 
mM CuSO4 for 12 or 24 h or treated with 0 or 1.6 mM for 24 h in the 
presence or absence of NAC (5 mM) or 3-MA (1 mM) or Z-VAD-FMK (20 
μM). Cell viability was measured with the addition of MTT, and the 
absorbance was determined by using a spectrophotometer at 490 nm. 

2.5. Sperm quality 

Epididymal sperm needed to be suspended in normal saline at 37 ◦C 
for suspension preparation. Subsequently, the approach developed in 
Ommati et al. [23] had been chosen for measuring the number of 
sperms. 

2.6. Pathological observations 

Mice were executed for collecting testis samples. Afterwards, every 
sample needed to receive 4% paraformaldehyde fixation, gradient 
ethanol dehydration and paraffin embedding. Then, these samples were 
cut into slices (with a thickness of 4 μm) and dyed by hematoxylin and 
eosin (H&E). With optical microscope, histopathological symptoms 
could be detected. 

2.7. Determination of oxidative damage and antioxidant parameters 

Testis samples were washed within chilled saline solution, weighed 
and homogenized with nine volumes of ice-cold 0.9% NaCl solution, 
followed by centrifugation at 3500 rpm for 10 min at 4 ◦C. By inserting 
the supernatant to new eppendorf tubes, the content of T-AOC (Cat. No. 
A015), SOD (Cat. No. A001-1), CAT (Cat. No. A007-1), GSH-Px (Cat. No. 
A005), GSH (Cat. No. A061-1), as well as MDA (Cat. No. A003-1) was 
investigated using the commercially available kits (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China) in accordance with the 
specifications. 

2.8. Apoptosis analysis by flow cytometry 

GC-1 spg cells were treated with CuSO4, and washed by the pre- 
chilled PBS (pH 7.2–7.4), followed by suspension within PBS to 1 ×
106 cells/ml. Briefly, the 5 ml tube was added with 100 μL cell sus-
pension, followed by 15 min Annexin V- FITC (5 μL, Cat: 51-65874X, BD, 
USA) and PI (5 μL, Cat: 51-66211E, BD, USA) staining under 25 ◦C in 

dark. After the addition of 1 × binding buffer (400 μl), the flow 
cytometry (BD FACS Calibur) was used to assess stained cells in 40 min 
after they were prepared. In addition, the ModFit LT v3.0 software was 
employed to analyze the flow cytometric data. 

2.9. ROS detection by fluorescence staining 

The ROS was measured using DCFH-DA. Briefly, GC-1 cells were 
treated CuSO4 with/without NAC or 3-MA. After washing by PBS twice, 
cells were subjected to 10 min incubation using the 20 μM DCFH-DA for 
20 min. Then, cells were rinsed by PBS twice and fixed with 4% para-
formaldehyde. All images were acquired with a fluorescence 
microscope. 

2.10. ROS detection by flow cytometry 

GC-1 spg cells were treated CuSO4 with/without NAC or 3-MA, and 
washed by the pre-chilled PBS (pH 7.2–7.4), followed by suspension 
within PBS to 1 × 106 cells/ml. Briefly, the 5 ml tube was added with 
300 μL cell suspension, followed by 20 min DCFH-DA (20 μM) staining. 
After washing with PBS, cells were centrifuged at 600×g for 5 min. Then, 
supernatants were discarded, cells were resuspended in 0.5 mL PBS, and 
BD FACS Calibur flow was adopted for determining cell number. 

2.11. Western blotting 

Testes needed to be lysed in the pre-chilled RIPA buffer. Afterwards, 
cell lysate was centrifugated for 15 min at 15000 g and 4 ◦C. 12% SDS- 
PAGE was made for separating proteins, with subsequent transfer to 
PVDF membranes. Afterwards, 5% non-fat milk dissolved in TBST was 
employed for blocking membranes, followed by incubation by using 
primary antibodies as well as HRP-labeled secondary antibodies suc-
cessively. The ECL detection kit (GE Healthcare, Piscataway, NJ, USA) 
was used in visualization. The protein bands could be visualized with 
Bio-Rad ChemiDoc XRS+ System (Bio-Rad Laboratories, Inc., Hercules, 
CA, USA). ImageJ2x software had been adopted for determining the 
significant difference in protein expression. 

2.12. RNA extraction and quantitative real-time PCR (qRT-PCR) 

RNAiso Plus (9109; Takara, China) was chosen in total RNA 
extraction according to the manufacturer’s protocol. cDNA synthesis 
was made with RNA (1 μg) in combination with the Prim-ScriptTM RT 
reagent Kit (RR047A, Takara, China) in accordance with corresponding 
specifications. The gene data came from National Center for Biotech-
nology Information (NCBI), and Sangon (Shanghai, China) took charge 
of primer design and synthesis. The mRNA expression was assessed 
using SYBR® Premix Ex TaqTMII (RR820A, Takara, China) according to 
corresponding specifications. All the reactions needed to be performed 
at 95 ◦C for 10 min, and then at 95 ◦C for 10 min, at 60 ◦C for 20 s, and at 
72 ◦C for 20 s. Subsequently, melt curves were investigated to identify 
PCR specificity. Additionally, the results of qRT-PCR were analyzed 
using the 2− ΔΔCT method [24]. Table 1 showed qRT-PCR primers. 

2.13. Determination of iron content in the liver 

Testes tissues were weighed and homogenized with 9-fold volume of 
normal saline, then followed by centrifugated at 4 ◦C for 10min at 3500 
rpm, the supernatant was collected. Iron content was investigated using 
the commercially available kits (A039-2-1, Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China) in accordance with the specifications. 

2.14. Statistical analysis 

The results had been illustrated by mean ± SD. One-way ANOVA was 
chosen for comparing significant differences between control group and 
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experimental group with SPSS17.0. P < 0.05 suggested the value was 
statistically significant. 

3. Results 

3.1. CuSO4 induced alterations in testicular structure 

According to Fig. 1a, CuSO4 resulted in the histopathological alter-
ations of testis, and the histopathological alterations were time-and 
dose-dependent (CuSO4 treatment) increased. Spermatogonia and 
spermatocytes experienced a significant fall. Spermatogenic cells expe-
rienced vacuolar degeneration and necrosis. 

To determine the CuSO4-targeted germ cells, we counted the number 
of spermatogonia, spermatocytes, round spermatids and elongated 
spermatids in per testis. There was no significant change in the number 
of spermatogonia (Fig. 1b). As indicated by the results, spermatocytes 
were remarkably reduced (p < 0.01) in three CuSO4 treatment groups on 
the 21st and 42nd days during this experiment in contrast to the control 
group (Fig. 1c). The numbers of round spermatids were apparently 
declined (p < 0.05 or < 0.01) in 40 mg/kg treatment on the 21st day and 
in three CuSO4 treatments on the 42nd day (Fig. 1d). Compared with the 
control group, elongated spermatids remarkably reduced (p < 0.01) in 
20 and 40 mg/kg treatments on the 21st day and in three CuSO4 treat-
ments on the 42nd day of the experiment (Fig. 1e). And, the ratio of 
elongated spermatids to round spermatids was also remarkably reduced 
(p < 0.01) in three CuSO4 treatment groups on the 21st and 42nd days 
during this experiment compared with the control group (Fig. 1f). 

3.2. CuSO4 induced autophagy through the AMPK-mTOR signaling 

In this study, we explored whether autophagy was playing a role in 
testicular damages induced by CuSO4. The LC3 conversion and p62 
degradation are the crucial biomarkers of autophagy. In Fig. 2 a and b, 
the LC3-II/LC3-I ratio remarkably grew (p < 0.01) in the 40 mg/kg 
group on the 21st day and in three CuSO4 treatment groups on the 42nd 
day. In addition, p62 protein expression levels experienced a significant 
increase (p < 0.01) in the 20 and 40 mg/kg groups on the 21st day and in 
three CuSO4 groups on the 42nd day in contrast to the control group. 
Above results indicated that CuSO4 could induce autophagy in the testis. 

Under external stimuli, the AMPK-mTOR signal transduction 
pathway is playing a crucial role in cell autophagy. To explore how 
AMPK-mTOR affected CuSO4-induced autophagy in the testis, the 

current research used western blotting in the measurement of crucial 
proteins associated with AMPK-mTOR signal transduction pathway. 
According to Fig. 2c, d and f, p-AMPK, p-mTOR and p-ULK1 protein 
expression levels remarkably enhanced on the 21st and 42nd days in 
comparison with the control group. In addition, the experiment also 
measured proteins related to autophagy flux. In accordance with the 
findings, Beclin1, Atg5-Atg12, Atg7, Atg3 and Atg16L1 protein expres-
sion levels experienced a significant increase in CuSO4-treated groups in 
this experiment (Fig. 3a–f). Simultaneously, the experiment detected the 
mRNA expression levels in aforementioned autophagy-linked proteins. 
The mRNA expression levels in Beclin1 and Atg12 experienced a sig-
nificant increase (p < 0.05 or p < 0.01) in CuSO4-treated groups (Fig. 3g 
and i). There were insignificant alternations in mRNA expression levels 
of Atg5, Atg7 as well as Atg16L1 in the CuSO4-treated groups (Fig. 3h, j 
and k). 

Furthermore, mouse-derived spermatogonia cell line GC-1 spg cells 
were treated with CuSO4 for 12 or 24 h. The results showed that CuSO4 
treatment induced autophagy which featured by increasing in the LC3- 
II/LC3-I ratio and decreasing in p62 protein level (Fig. 4a and b). 
Meanwhile, the AMPK-mTOR signal pathway proteins including p- 
AMPK, p-mTOR were significantly increased (Fig. 4c and d). To confirm 
the role of AMPK-mTOR signal pathway in CuSO4-induced autophagy in 
the GC-1 spg cells. AMPK inhibitor (Compound C) was co-treatment 
with CuSO4. We found that the inhibition of p-AMPK by compound C 
could abolish the induction of autophagy by CuSO4 (Fig. 4f), indicating 
that AMPK-mTOR signal pathway was involved in CuSO4-induced 
autophagy of mouse GC-1 spg cells. 

3.3. CuSO4 induced autophagy through oxidative stress 

Our previous study has demonstrated that CuSO4 treatment can 
induce oxidative stress in mice testis. Oxidative stress has certain effects 
during CuSO4-induced apoptosis as well as DNA damage [16]. Never-
theless, it remains unclear if oxidative stress plays a role in the auto-
phagy induced by CuSO4. For determining how oxidative stress affects 
the CuSO4-induced autophagy, NAC was used for inhibiting the oxida-
tive stress in vivo and vitro. 

In the vitro study, ROS contents were significantly increased in 
CuSO4 treatment GC-1 spg cells (Fig. 5a and b). NAC can efficiently 
suppress the ROS accumulation induced by CuSO4 (Fig. 5c). We found 
that the inhibition of ROS by NAC could rescue the inhibition of cell 
viability and the promotion of apoptosis by CuSO4 (Fig. 5d and e). The 

Table 1 
Sequence of primers used in qRT-PCR.  

Target gene Accession number Primer Primer sequence (5′–3′) Product size Tm (◦C) 

CuZn-SOD NM-011434 Forward GGGTTCCACGTCCATCAGTA 113bp 56.8 
Reverse CAGGTCTCCAACATGCCTCT 

Mn-SOD NM-013671 Forward AACTCAGGTCGCTCTTCAGC 113bp 59.3 
Reverse CTCCAGCAACTCTCCTTTGG 

CAT NM-009804 Forward CCTATTGCCGTTCGATTCTC 119bp 58.6 
Reverse CCCACAAGATCCCAGTTACC 

GSH-Px NM_008160 Forward TACACCGAGATGAACGATCTG 102bp 60.2 
Reverse ATTCTTGCCATTCTCCTGGT 

Beclin1 NM-019584 Forward TGCAGGTGAGCTTCGTGTG 124bp 58.6 
Reverse GCTCCTCTCCTGAGTTAGCCT 

Atg12 NM-026217 Forward TAAACTGGTGGCCTCGGAAC 146bp 60.2 
Reverse ATCCCCATGCCTGGGATTTG 

Atg5 NM-053069 Forward CAAGGATGCGGTTGAGGC 167bp 58.8 
Reverse TGAGTTTCCGGTTGATGG 

Atg16L1 NM-001205392 Forward CTGAGAAGGCCCAAGAAGCC 221bp 58.5 
Reverse GACAGAGCGTCTCGTAGCTG 

Atg7 NM_001253718 Forward TCGAAAACCCCATGCTCCTC 175bp 59.4 
Reverse AGGGCCTGGATCTGTTTTGG 

Atg3 NM_026402 Forward TGAAGGGAAAGGCTCTGGAAG 141bp 57.4 
Reverse ATTGCCATGTTGGACAGTGGT 

β-actin NM-007393 Forward GCTGTGCTATGTTGCTCTAG 117bp 60.9 
Reverse CGCTCGTTGCCAATAGTG  
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Fig. 1. CuSO4 induces alterations in testicular structure. 
(a) Testicular histopathological figures of mice exposed to CuSO4. Histopathological lesions are found in three Cu-treated groups. Spermatogonia and spermatocytes 
are significantly decreased, and spermatogenic cells show vacuolar degeneration and necrosis. (b) The quantification of seminiferous tubule area (μm2). (c) The 
spermatogonia count. (d) The spermatocyte count. (e) The round spermatid count (f) The elongated spermatid count. (g) The ratio of elongated spermatids to round 
spermatids. Data are presented with the means ± standard deviation. **p < 0.01, compared with the control group. 
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reduction of ROS could inhibit the autophagy (the reduction of LC3-II/ 
LC3-I ratio) that induced by CuSO4 (Fig. 5f). Furthermore, the AMPK- 
mTOR pathway, including p-AMPK and p-mTOR was dramatically 
reversed by NAC (Fig. 5f). 

Similar to the in vitro study, as shown in Fig. 6a, b, c, d and e, the T- 
AOC activity, SOD activity, CAT activity, GSH-Px activity as well as GSH 
content had been significantly suppressed in CuSO4-treated group, and, 
co-treatment with NAC could abolish CuSO4-induced suppression. In the 
meanwhile, NAC co-treatment could decrease MDA production induced 
by CuSO4 (Fig. 4f). Also, co-treatment with NAC could abolish the in-
hibition of CuZn-SOD, Mn-SOD, CAT and GSH-Px mRNA expression 
levels by CuSO4 (Fig. 6g). Testicular histopathological changes induced 
by CuSO4 was abolished after a co-treatment with NAC (Fig. 6h). 
Meanwhile, Fig. 6i illustrated that testicular autophagy was inhibited by 

co-treatment with CuSO4 and NAC, containing the reduction of LC3-II/ 
LC3-I ratio and the growth of p62 protein expression levels, and p- 
AMPK, p-mTOR and p-ULK1 was dramatically reversed by NAC (Fig. 6j). 
The above obtained results indicate that CuSO4-induced testicular 
autophagy may arise from oxidative stress-mediated AMPK-mTOR 
signal pathway. 

3.4. Autophagy plays the protective role in CuSO4-induced ROS 
production and apoptosis in GC-1 spg cells 

It has reported that the double-edged sword (cytoprotection and 
cytotoxicity) of autophagy in disease. For investigating the relationship 
of CuSO4-induced autophagy with cell viability, apoptosis and ROS of 
GC-1 spg cells, a rescue experiment was carried out with the specific 

Fig. 2. CuSO4 induces autophagy via AMPK/mTOR pathway in the testis. 
(a) The Western blot results of LC3 and p62 protein expression. (b) The quantification of LC3-II/LC3-I and p62. (c) The Western blot results of p-AMPK, AMPK, p- 
mTOR, mTOR, p-ULK1 and ULK1 protein expression. (d) The quantification of p-AMPK/AMPK. (e) The quantification of p-mTOR/mTOR. (f) The quantification of p- 
ULK1/ULK1. Data are presented with the means ± standard deviation. *p < 0.05 and **p < 0.01, compared with the control group. 
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autophagy inhibitor 3-MA and Atg5 knock down. The results showed 
that CuSO4 treatment combined with autophagy inhibition (3-MA or 
Atg5 knock down) significantly suppressed the expression of LC3-II/ 
LC3-I (Fig. 7a and e). And, down-regulation of cell viability (Fig. 7b 
and f) and up-regulation of apoptosis (Fig. 7d and h) and ROS produc-
tion (Fig. 7c and g) were observed in the combination of CuSO4 and 
autophagy inhibition (3-MA or Atg5 knock down) group when 
compared with those in CuSO4-treated group. Furthermore, apoptosis 
inhibition (Z-VAD-FMK) could rescue the inhibition of cell viability by 
CuSO4 (Fig. 7i and j), but not affect the autophagy (Fig. 7k). 

3.5. Autophagy triggered CuSO4-induced ferroptosis in GC-1 spg cells 

Ferroptosis is a newly defined programmed cell death process with 
the hallmark of the accumulation of iron-dependent lipid peroxides 
[25]. It has reported that autophagy also involved in the regulation of 
ferroptosis [25]. Next, the relationship of CuSO4-induced autophagy 
with ferroptosis was explored. As shown in Fig. 8a and b, the glutathione 
eroxidase 4 (GPX4) protein expression levels experienced a significant 
(p < 0.05 or < 0.01) increase and cyclooxygenase 2 (COX-2) protein 
expression levels were significantly (p < 0.05 or < 0.01) decreased in the 
CuSO4-treated cells. GPX4 and COX-2 are the marker of ferroptosis. 
Above results indicated that CuSO4 could induce ferroptosis in the GC-1 
spg cells. And, co-treatment with autophagy inhibition (3-MA or Atg5 

Fig. 3. CuSO4 increases autophagy-related proteins in the testis. 
(a) The Western blot results of Beclin1, Atg5-Atg12, Atg16L1, Atg7 and Atg3 protein expression. The quantification of Beclin1 (b), Atg5-Atg12 (c), Atg16L1 (d), Atg7 
(e) and Atg3 (f) protein expression. The mRNA expression of Beclin1 (g), Atg5 (h), Atg12 (i), Atg16L1 (j), Atg7 (k) and Atg3 (l). Data are presented with the means 
± standard deviation. *p < 0.05 and **p < 0.01, compared with the control group. 
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knock down) could rescue the induction of ferroptosis by CuSO4 (Fig. 8c 
and d), indicating that autophagy triggered ferroptosis. Meanwhile, in 
comparison with CuSO4 treatment group, protein expression levels in 
nuclear receptor coactivator 4 (NCOA4) and ferritin heavy chain 1 
(FTH1) were increased in the CuSO4 group co-treatment with autophagy 
inhibition (3-MA or Atg5 knock down) group (Fig. 8c and d), indicating 
that autophagy triggered ferroptosis through degradation of ferritin. 

3.6. Autophagy protected the CuSO4-induced spermatogenesis disorder in 
the testis 

The vitro study showed the protection role of autophagy. Next, the 
role of autophagy was verified in the mice. Fig. 9a demonstrated that 
autophagy was significantly inhibited by co-treatment with CuSO4 and 
3-MA group. Testicular histopathological changes showed greater 

severity in the 3-MA+CuSO4 group in comparison with the CuSO4- 
treated group (Fig. 9b). Besides, the sperm motility (Fig. 9c) and sperm 
concentrations (Fig. 9d) in the 3-MA+CuSO4 group were remarkably 
inferior (p < 0.01) to those in the CuSO4-treated group. The above 
findings indicated that autophagy played the protective role in CuSO4- 
induced testicular damage and spermatogenesis disorder. 

As shown in Fig. 10a, T-AOC activity, SOD activity, CAT activity, 
GSH-Px activity as well as GSH content in the 3-MA+CuSO4 group 
remarkably reduced in comparison with the CuSO4-treated group, and, 
MDA content was increased. Meanwhile, mRNA expression levels in 
CuZn-SOD, Mn-SOD, CAT and GSH-Px seemed lower compared with 
those in the CuSO4-treated group (Fig. 10b). Based on these findings, 
autophagy exerted the protective role in CuSO4-induced testicular 
oxidative damage. Former research proves that CuSO4 treatment in-
duces apoptosis in mouse testis [16]. Subsequently, we explored 

Fig. 4. CuSO4 induces autophagy via AMPK/mTOR pathway in the GC-1 spg cells. 
(a) Cells were treated with CuSO4 (0, 0.4, 0.8 and 1.6 mM) for 12h and 24h. The Western blot results of LC3 and p62 protein expression. (b) The quantification of 
LC3-II/LC3-I and p62. (c) Cells were treated with CuSO4 (0, 0.4, 0.8 and 1.6 mM) for 12h and 24h. The Western blot results of p-AMPKα, AMPKα, p-mTOR and mTOR 
protein expression. (d) The quantification of p-AMPKα/AMPKα and p-mTOR/mTOR. (e) Cells were treated with CuSO4 (1.6 mM, 24h) in the presence/absence of 
Compound C (20 μM, 4h). The Western blot results of p-AMPK, AMPK, p-mTOR, mTOR and LC3 protein expression. Data are presented with the means ± standard 
deviation. *p < 0.05 and **p < 0.01, compared with the control group. 
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whether autophagy played the protection role through apoptosis in the 
testis. In comparison with CuSO4 treatment group, protein expression 
levels in apoptosis-linked proteins such as cleaved-caspase-3, clea-
ved-caspase-8, cleaved-caspase-9, cleaved-PARP and caspase-12 were 
increased in the 3-MA+CuSO4 group (Fig. 10c). Besides, similar to the 
vitro experiment results, Fig. 10d illustrated the co-treatment with 
CuSO4 and Z-VAD-FMK could suppress apoptosis induced by CuSO4, 
however, it was not affect the autophagy. Testicular histopathological 
changes could be eradicated in part in the Z-VAD-FMK+CuSO4 group in 
comparison with the CuSO4-treated group (Fig. 10e). And, the sperm 
motility (Fig. 10f) and sperm concentrations (Fig. 10g) in the 
Z-VAD-FMK +CuSO4 group were remarkably greater (p < 0.05 or p <
0.01) compared with those in the CuSO4-treated group. These results 
indicated that autophagy played protective role through inhibition of 
oxidative damage and apoptosis. 

Otherwise, in the testis, the results also showed that CuSO4 treatment 
induce ferroptosis, which featured by decrease in GPX4 and increase in 

COX-2 (Fig. 11a and b). And, the iron concentration in the testis was 
significantly increased in the CuSO4-treated mice (Fig. 11c). Similar to 
the vitro experiment results, Fig. 11d illustrated the co-treatment with 
CuSO4 and 3-MA could suppress ferroptosis induced by CuSO4. This 
results indicated that autophagy also played adverse role through pro-
motion of ferroptosis. 

4. Discussion 

Cu is an important trace element for human and animals at low 
concentration, whereas, over-exposure to Cu has detrimental influences. 
At present, the environmental pollution is the important resource of 
overexposure to copper. Otherwise, dis-regulated copper levels can be 
also discovered from many metabolic and neurodegenerative illnesses 
[26]. Recent studies have demonstrated that the male fertility is also the 
target of Cu toxicology, however, the precise mechanism is still unclear. 

Our previous study have proved that Cu can accumulated into the 

Fig. 5. CuSO4 induces autophagy through ROS in the GC-1 spg cells. 
Cells were treated with CuSO4 (0, 0.4, 0.8 and 1.6 mM) for 12h and 24h. Relative ROS amounts determined by flow cytometry (a), relative ROS amounts determined 
by DCFH-DA staining of CuSO4-primed RAW264.7 cells (b). Cells were treated with CuSO4 (1.6 mM, 24h) in the presence/absence of NAC (5 mM, 24h), relative ROS 
amounts determined by flow cytometry (c), the changes of ROS (d) and apoptosis (e), the Western blot results of p-AMPK, AMPK, p-mTOR, mTOR and LC3 protein 
expression (f). Data are presented with the means ± standard deviation. *p < 0.05 **p < 0.01. 
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Fig. 6. Oxidative stress is the inductor of CuSO4-induced autophagy in the testis. 
The changes of T-AOC activity (a), SOD activity (b), CAT activity (c), GSH-Px activity (d), GSH content (e), MDA content (f), and the changes of CuZn-SOD, Mn-SOD, 
CAT and GSH-Px mRNA expression (g) after co-treatment with NAC and CuSO4. (h) The histopathological lesions after co-treatment with NAC and CuSO4. (i) The 
Western blot results of LC3 and p62 in the testis after co-treatment with NAC and CuSO4. (j) The Western blot results of p-AMPK, AMPK, p-mTOR, mTOR, p-ULK1 and 
ULK1 after co-treatment with NAC and CuSO4. Data are presented with the means ± standard deviation. *p < 0.05 **p < 0.01. 
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testis [27], which consistent with other studies [28]. Cu is absorbed 
from the intestines of animals, and then transported into the blood, and 
then accumulated in tissues and organs as blood circulates. During this 
process, copper transporter (Ctr) family, p-type ATPase and copper 
chaperones also play key roles in copper absorption, transport and ho-
meostasis [29–31]. However, the specific mechanism of copper accu-
mulation in testis has not been studied. It has been also reported that 
over-exposure Cu can induce testicular damage and decrease serum 
testosterone production [32,33]. Our previous study has demonstrated 
excessive exposure to Cu induces reproductive toxicity, such as the 
decrease of sperm concentration and sperm motility, and growth of 
sperm malformation rate [16]. In the present study, germ cell counting 
and histopathological analysis showed a decrease in the number of 
spermatocytes, round spermatids and elongated spermatids. 

Despite that there are many studies concerning Cu-related testicular 
toxicology, few of them concentrate on the mechanism of testicular 

toxicology about Cu. Autophagy, a form of cell decomposition, has 
certain associations with the transfer of material from cytoplasm to ly-
sosomes [17]. Autophagy is reported to be involved in various diseases 
and heavy metals toxicology. Recent studies have shown that uncon-
trolled or overstimulated autophagy may intermediate cell death. Re-
ports prove that Cu can serve as one new autophagy stimulator [34,35]. 
Whereas, it is still unknown if autophagy is related to Cu reproduction 
toxicity. In the current study, CuSO4 treatment increased LC3-II/LC3–I 
ratio and reduced p62 protein expression, indicating the role of CuSO4 in 
inducing testicular autophagy in mice. Meanwhile, CuSO4 could in-
crease autophagy levels in mouse-derived spermatogonia cell line GC-1 
spg cells. In consistence with previous findings, Shao et al. [36] have 
reported that CuSO4 exposure can induce autophagy in the chicken 
testis. Additionally, the obtained results from Kang et al. [37] also prove 
Cu compounds lead to an increase of autophagy in male germ cells. 

Next, the potential mechanism of autophagy induced by CuSO4 was 

Fig. 7. Autophagy plays the protective role in CuSO4-induced ROS production and apoptosis in GC-1 spg cells. 
Cells were treated with CuSO4 (1.6 mM, 24h) in the presence/absence of 3-MA (1 mM, 1h), the changes of autophagy (a), cell viability (b), the ROS amounts (c), and 
the percentage of apoptosis in GC-1 spg cells (d). Cells transfected with control shRNA and ATG5 shRNA exposed with CuSO4 (1.6 mM) for 24 h, changes of 
autophagy (e), cell viability (f), the ROS amounts (g), and the percentage of apoptosis in GC-1 spg cells (h). Cells were treated with CuSO4 (1.6 mM, 24h) in the 
presence/absence of Z-VAD-FMK (20 μM, 1h), the changes of the percentage of apoptosis (i), and autophagy (j). Data are presented with the means ± standard 
deviation. *p < 0.05 **p < 0.01. 
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explored. AMPK-mTOR pathway is an important signaling pathway in 
autophagy. Autophagy, driven by AMPK, can serve as one crucial sensor 
to regulate cellular metabolism, and maintain energy homeostasis. 
AMPK activation possibly results in autophagy by mTOR negative 
regulation. Additionally, AMPK straightforwardly phosphorylates ULK1 
to trigger autophagy. The increase in p-AMPK and p-ULK1 and decrease 
in p-mTOR reveal that CuSO4 activates AMPK-mTOR pathway in the 
testis and GC-1 spg cells. Meanwhile the AMPK inhibiter experiment was 
confirmed that CuSO4 induced autophagy through the AMPK-mTOR 
pathway. Similar to our results, the results of Liao et al. [38] prove 
the facilitating role of Cu in autophagy through AMPK-mTOR pathway 
in chicken kidney. In the meantime, proteins related to autophagy flux 
had been also observed by the current research. Beclin1, a major gene 
promoting initiate autophagy, gets engaged in the initiation stage of 
autophagy. The Atg12-Atg5-Atg16L1 complex seems indispensable to 
autophagosome formation and makes for phagophore expansion. LC3-I 
is activated by Atg 7 and conjugated to phosphatidylethanolamine by 
Atg 3 to form LC3-II, which is referred to as LC3 lipidation. Furthermore, 
the Atg 12- Atg 3 complex plays a crucial part in basic autophagy flux, 
endosome function as well as endolysosomal transport during the late 
nuclear period. According to the results in the present study, Beclin1, 
Atg5-Atg12, Atg7 Atg3 as well as Atg16L1 all increased in the testis after 
CuSO4 treatment. Consistent with our results, CuSO4 treatment in-
creases Beclin-1, Atg 7, Atg 5, Atg 3 expressions in the renal tubular 
epithelial cells of ducks [39]. In addition, Li et al. [20] has indicated that 
250 mg/kg Cu treatment can increase mRNA and protein expression 
levels in Beclin1 and Atg 5 in the myocardium of pigs. 

Research shows that oxidative damage is important to the testicular 
damage induced by CuSO4 [40,41]. Our previous study has demon-
strated that CuSO4 treatment can induce ROS in mice testis, and ROS 
exerts significant effects in the apoptosis and DNA damage induced by 
CuSO4 [16]. It is not known whether ROS is important to CuSO4-induced 
autophagy. For demonstrating the effects of oxidative stress on auto-
phagy, oxidative stress inhibitor NAC had co-treatment with CuSO4 to 
check autophagy changes. As indicated by above findings, treatment 
with NAC could greatly inhibit the growth of CuSO4-induced autophagy 
in mouse testis and GC-1 spg cells. Moreover, NAC-co-treatment 
removed the impacts of CuSO4 treatment on the AMPK-mTOR 
signaling pathway. 

Autophagy can serve as a double-edged sword to regulate cellular 
death and survival. Autophagy level seems relatively lower in physio-
logical conditions, which is conducive to the survival of cells. Subject to 
specific chemicals, autophagy may be remarkably activated, leading to 
the death of cells. For investigating the role of autophagy in testicular 
damage and spermatogenesis disorder induced by CuSO4, autophagy 
inhibitor (3-MA) and Atg5 knock down were used. The results illustrated 
that autophagy inhibition aggravated the testicular damage and sper-
matogenesis disorder induced by CuSO4, indicating that autophagy 
played protective role in CuSO4-induced spermatogenesis disorder. Also, 
Yang et al. [42] has reported that autophagy may attenuate Cu-induced 
mitochondrial dysfunction. It has been confirmed that autophagy can 
inhibit cell death through against apoptosis. To further identify the 
protective mechanism of autophagy in CuSO4-induced spermatogenesis 
disorder, as a double-edged sword, a rescue experiment needed to be 

Fig. 8. Autophagy triggered ferroptosis in CuSO4-treated GC-1 spg cells. 
(a) Cells were treated with CuSO4 (0, 0.4, 0.8 and 1.6 mM) for 12h and 24h. The Western blot results of GPX4 and COX-2 protein expression. (b) The quantification of 
GPX4 and COX-2. (c) Cells were treated with CuSO4 (1.6 mM, 24h) in the presence/absence of 3-MA (1 mM, 1h), the changes of GPX4, COX-2, NCOA4 and FTH1. (d) 
Cells transfected with control shRNA and ATG5 shRNA exposed with CuSO4 (1.6 mM) for 24 h, changes of GPX4, COX-2, NCOA4 and FTH1. Data are presented with 
the means ± standard deviation. *p < 0.05 **p < 0.01. 
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performed with the given autophagy inhibitor (3-MA) or Atg5 knock 
down to inhibit the autophagy induced by CuSO4. Indeed, the oxidative 
damage (or ROS production) and apoptosis were increased when being 
co-treated with 3-MA or Atg5 knock down and CuSO4 in this work. 
Consistent with the results in our former research, Wu et al. [43] have 
illustrated the role of inhibited autophagy in enhancing apoptosis 
induced by CuSO4 in non-small cell lung cancers. Furthermore, 
co-treatment apoptosis inhibitor (Z-VAD-FMK) with CuSO4 could 
dramatically partly abolish CuSO4-induced testicular damage and 
spermatogenesis disorder, which suggested that autophagy played pro-
tective role through inhibition of apoptosis. Recently studies have 
demonstrated that autophagy also involve in the regulation of ferrop-
tosis, which is a non-apoptotic form of cell death [44]. Next, we explored 
whether ferroptosis was involved in CuSO4-induced testicular damage 
and spermatogenesis disorder, and its relationship with autophagy. 
Indeed, the results showed that CuSO4 treatment could induce ferrop-
tosis in vitro and vivo, which was associated with the up-regulation of 
COX-2 and down-regulation of GPX-4. Moreover, autophagy inhibition 

could suppress the ferroptosis induced by CuSO4, indicating that auto-
phagy promote ferroptosis in this study. Several studies have reported 
that activation of the autophagy pathway promotes ferroptosis by 
degradation of ferritin [45]. FTH1 is an important ferritin and is a reg-
ulatory factor in iron metabolism [44]. NCOA4 is a selective cargo re-
ceptor for the autophagic turnover of ferritin [25]. Our results showed 
that CuSO4 can decrease FTH1 and NCOA4 protein expression, however, 
co-treatment autophagy inhibition could rescue the reduction of FTH1 
and NCOA4, indicating that autophagy triggered ferroptosis through 
degradation of ferritin. 

Altogether, abovementioned results indicated that CuSO4 induced 
autophagy via oxidative stress-dependent AMPK-mTOR pathway in the 
GC-1 cells and testis, and autophagy play activation possibly led to the 
generation of protection mechanism through oxidative damage and 
apoptosis inhibition, however, autophagy also aggravate CuSO4 toxi-
cology through promoting ferroptosis. Overall, autophagy plays a pos-
itive role for attenuating CuSO4-induced testicular damage and 
spermatogenesis disorder. Our study provides a possible targeted 

Fig. 9. Autophagy plays the protective role in CuSO4-induced spermatogenesis disorder in the testis. 
(a) The Western blot results of LC3 and p62 after co-treatment with autophagy inhibitor (3-MA) and CuSO4. (b) The histopathological lesions after co-treatment with 
autophagy inhibitor (3-MA) and CuSO4. (c) The sperm motility changes after co-treatment with autophagy inhibitor (3-MA) and CuSO4. (d) The sperm concentration 
changes after co-treatment with autophagy inhibitor (3-MA) and CuSO4. Data are presented with the means ± standard deviation. *p < 0.05, **p < 0.01. 

H. Guo et al.                                                                                                                                                                                                                                     



Redox Biology 49 (2022) 102227

14

Fig. 10. Autophagy inhibits CuSO4-induced oxidative stress and apoptosis in the testis. 
(a) The changes of T-AOC activity, SOD activity, CAT activity, GSH-Px activity, GSH content, and MDA content after co-treatment with 3-MA and CuSO4. (b) The 
changes of CuZn-SOD, Mn-SOD, CAT and GSH-Px mRNA expression after co-treatment with 3-MA and CuSO4. (c) The Western blot results of cleaved-caspase-3, 
cleaved-caspase-8, cleaved-caspase-9, caspase-12 and cleaved-PARP after co-treatment with autophagy inhibitor (3-MA) and CuSO4. (d) The Western blot results 
of cleaved-caspase-3, cleaved-caspase-8, cleaved-caspase-9, caspase-12, cleaved-PARP and LC3 after co-treatment with apoptosis inhibitor (Z-VAD-FMK) and CuSO4. 
(e) The histopathological lesions after co-treatment with apoptosis inhibitor (Z-VAD-FMK) and CuSO4. (f) The sperm motility changes after co-treatment with 
apoptosis inhibitor (Z-VAD-FMK) and CuSO4. (g) The sperm concentration changes after co-treatment with apoptosis inhibitor (Z-VAD-FMK) and CuSO4. Data are 
presented with the means ± standard deviation. *p < 0.05, **p < 0.01. 
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therapy for Cu overload-induced reproduction toxicology. 
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