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Protective role of curcumin in cadmium-induced testicular injury
in mice by attenuating oxidative stress via Nrf2/ARE pathway
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Abstract
The aim of the present study was to investigate whether curcumin (CUR) can ameliorate cadmium-induced reproductive toxicity
and its mechanism. A total of 48 male mice were equally divided into 4 groups: control, CdCl2 (2 mg/kg, intraperitoneally inject)
curcumin (50 mg/kg, intraperitoneally inject), co-treatment with curcumin (50 mg/kg), and CdCl2 (2 mg/kg) for 10 days. The
results demonstrated that CdCl2 reduces sperm motility, decreases the sperm density and serum testosterone content, and
significantly improves the rate of sperm deformity. CdCl2 increased the level of testicular total superoxide dismutase (T-SOD),
glutathione peroxidase (GSH-Px) activity, and glutathione (GSH), and CdCl2 declined the level of malondialdehyde (MDA).
However, the semen quality of the mice in the curcumin intervention group was improved. Moreover, the testosterone content
and antioxidant capacity were increased. In the Cd groupmice, the expression of testicular Nrf2, as well as the mRNA and protein
expressions of the downstream target molecules, glutathione peroxidase (GSH-Px), and γ-glutamylcysteine synthetase (γ-GCS)
of Nrf2 declined, while the above genetic expressions elevated significantly in the curcumin intervention group. Our results
suggested that curcumin could protect against Cd-induced testicular injury via activating the Nrf2/ARE signaling pathway.
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Introduction

Cadmium (Cd) accumulates in the ecosystem and enters the
food chain via polluted soil and water environment. Due to the
prolonged biological half-life, long-term exposure to Cd can
damage the liver ( Zhang et al. 2018), kidney (Zang et al.
2018; Ge J et al. 2019), bone (Taha et al. 2018), lung (El-
Ebiary et al. 2016), cardiovascular system (Ghosh 2018), im-
mune system (Alkharashi et al. 2017), and reproductive

system (Zhao et al. 2017; Zhao et al. 2015; De Souza Predes
et al. 2010). The testicular injury is one of the main toxic
reactions of Cd poisoning. Cd can destroy the blood-testis
barrier of testes (Siu et al. 2009; El-Demerdash et al. 2004)
and induce the germ cell apoptosis, testicular edema, hemor-
rhage, necrosis, and infertility (Tremellen 2008; Turner and
Lysiak 2008; Niknafs et al. 2015).

Previous studies have shown that natural antioxidants such
as quercetin (Jia et al. 2011), sulforaphane (de Figueiredo et al.
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2015), grape seed extract (Long et al. 2016; Sönmez and
Tascioglu 2016), resveratrol (Eyb et al. 2006), saffron (Asadi
et al. 2013),Crocus sativus L. (Yari et al. 2016), and onion and
garlic extracts (Ola-Mudathir et al. 2008) can reduce the re-
productive toxicity of Cd and reproductive damage. The anti-
oxidants and the antioxidant defense systems play a critical
role in exerting a protective effect on the male reproductive
organs from oxidative damage. Curcumin is a biologically
active substance extracted from the roots of Zingiberaceae,
such as turmeric. It has a variety of pharmacological proper-
ties, including anti-cancer, anti-inflammatory, anti-bacterial,
anti-viral, anti-fungal, and antioxidant effects (Araujo and
Leon 2001; Aggarwal et al. 2007; Ciftci et al. 2010).
Previous studies have also confirmed that curcumin can pre-
vent the peroxidation of the sperm and testicular tissue, en-
hance the sperm motility, decline the sperm deformity, reduce
the histological damage of the testis (Abd El-Fattah et al.
2016; Farombi et al. 2007), and inhibit the Cd-induced apo-
ptosis in the testicular tissue in rats (Aktas et al. 2012).
However, the specific mechanism is yet unknown.

The transcription factor NF-E2-related factor 2 (Nrf2) pri-
marily regulates the cytotoxic and redox states (Niture et al.
2010). Curcumin reduces the disease-induced damage by in-
ducing Nrf2 expression. It also reduces the brain edema and
neurological dysfunction after ischemic-reperfusion injury
(I/R) by upregulating the Nrf2 expression (Li et al. 2013).
Furthermore, curcumin can activate the Nrf2 signals and, as
a result, improve the antioxidant levels in the kidneys of rats
with type 2 diabetes (Kim et al. 2016), increase the activation
of Nrf2, enhance the activity of phase II antioxidant enzymes,
and inhibit the lymphoma of the liver in mice (Das and
Vinayak 2015). In addition, the level of Nrf2 mRNA expres-
sion is significantly lower in human males with low sperm
motility (Chen et al. 2012), and the genetic deletion of Nrf2
increase disrupts spermatogenesis of testis (Nakamura et al.
2010).

Therefore, in this study, we investigated whether curcumin
can alleviate the Cd-induced reproductive toxicity by activat-
ing the Nrf2/ARE pathway. Artificially established Cd-
poisoned mouse models were intervened with curcumin to
investigate whether the protective effects of curcumin on
Cd-induced reproduction damage were associated with the
activation of the Nrf2 signaling pathway.

Methods

Animals

Kunming mice (aged 9 weeks and weighed 45 ± 2 g) were
purchased fromChinaMedical University (Shenyang, China).
The mice were placed in an isolated environment with a tem-
perature of 22–24 °C and humidity of 40–60% in a 12-h light/

dark cycle. The mice were provided with clean drinking water
and chow. The mice were adaptively fed for 1 week before the
final experiment that was conducted according to the
European Community Council Directive on November 24,
1986 (86/609/EEC) in accordance with the requirements of
the Ethics Committee of Shenyang Agricultural University
(China) for the use of experimental animals (Permit No. 264
SYXK<Liao>2011-0001, 20 October, 2011).

Materials

For the current experiment, curcumin was purchased from
Shanghai Haoyang Biotechnology Co., Ltd. (Shanghai,
China). CdCl2 was purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China) with a purity ≥ 99%.

Experimental methods

A total of 48 male mice were equally divided into 4 groups.
Control group: mice were intraperitoneally injected with dou-
ble distilled water at 2 mg/kg. Cd group: mice were intraper-
itoneally injected with CdCl2 at 2 mg/kg (10% of LD50).
CUR group: mice were intraperitoneally injected with
curcumin at 50 mg/kg. This dosage scheme was chosen ac-
cording to the related previous studies by Eyb et al. (2006). Cd
+ CUR group: mice were intraperitoneally injected with
CdCl2 at 2 mg/kg together with curcumin at 50 mg/kg for
10 days consecutively. After the mice were injected with
CUR solution for 4 h, they were injected with CdCl2 solution.
The dose of 0.05 mL/10 g was based on the body weight. The
mice were weighed once every 5 days, and the dose of the
drugs was adjusted accordingly. Subsequently, the mice were
sacrificed after anesthesia with ether. Blood samples were col-
lected, and serum was separated and stored at − 20 °C. The
epididymis was separated, and semen quality was tested im-
mediately. The testicular tissues were stored at − 80 °C for
later use. The method of sample collection was as that de-
scribed previously (Oguzturk et al. 2012).

Semen quality parameters test

The sperm motility was measured. The epididymis was placed
in 2 mL physiological saline at 37 °C to prepare a sperm
suspension. The number of sperms (200 sperms) moving in a
straight line was counted by a blood cell counting plate
preheated at 37 °C. The concentration of sperm was deter-
mined as follows: 100 μL of the suspension was placed in a
60 °C water bath to kill the sperm, followed by counting using
a blood cell counting plate. The sperm deformity rate was
determined as follows: 500 μL of the above sperm suspension
was stained for 1 min with 50μL of 2% eosin solution, follow-
ed by smearing and fixingwith methanol. The deformity of the
sperm head or tail was observed under a microscope. A total of
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1000 sperms were observed in each mouse. This experiment
was based on the method described previously with some
modifications (Ciftci et al. 2012).

Serum testosterone test

Serum testosterone was assessed by radioimmunoassay
(RIA). The testosterone 125I radioimmunoassay kit (Atomic
High-Tech Co., Ltd, Beijing, China) was used according to the
protocol of the manufacturer. The radioactivity was measured
using an automated γ-counter.

Oxidation and antioxidant test

In this study, the antioxidant capacity of the testicular tissue
was evaluated by analyzing the T-SOD and GSH-Px activities
as well as the GSH content. The degree of lipid peroxidation
in the testis of mice was determined by detecting the MDA
content. T-SOD, GSH-Px, MDA, and GSH kits (Nanjing
Jiancheng Institute of Biotechnology, Nanjing, China) were
used. All the operations were conducted based on the require-
ments of the kit manufacturers.

Pathological test

The testicular samples of the mice were fixed with 10% neu-
tral formalin solution, followed by routine treatment and par-
affin embedding. Subsequently, the testicular samples were
stained with hematoxylin and eosin (HE) and observed using
an optical microscope.

RT-PCR analysis

Total RNA was extracted from the testicular tissue of mice
using TRIzol reagent. The cDNA was extracted from 1 μg
of total RNA according to the RNA PCR kit (Sangon
Biotech Institute Co., Ltd, Shanghai, China). Primers (Nrf2:
NM_010902.3 GSH-Px: X03920.1 γ-GCS: U85414.1 β-ac-
tin: BC138614.1) were synthesized by Sangon Biotech as
shown in Table 1. The specific operation of real-time PCR

was based on our previous report (Long et al. 2017). The gene
expression (mRNA transcript levels) was expressed relative to
the geometric mean of the housekeeping gene (β-actin) using
the Ct method. The 2−△△CT method was used for real-time
PCR data analysis.

Western blotting

One hundred milligrams of testicular tissues was homoge-
nized using RIPA lysate. The supernatant was obtained by
centrifugation of the lysate at 12000×g for 10 min at 4 °C.
The protein concentration was estimated by the BCA protein
assay kit (Nanjing Jiancheng Institute of Biotechnology,
Nanjing, China). The testis protein was separated by SDS-
PAGE and transferred to the PVDF membrane that was
blocked with 5% skimmed milk for 1 h at room temperature.
Then, the membrane was probed overnight at 4 °C using the
primary antibodies against Nrf2, GSH-Px, γ-GCS, and β-
actin (Santa Fe, NM, USA). Subsequently, the membrane
was incubated with the corresponding secondary antibody
for 2 h at room temperature (Beijing Solarbio Science &
Technology Co., Ltd, Beijing, China).

Statistical analysis

The experimental data were statistically analyzed using one-
way ANOVA of the SPSS 17.0 statistical software (IBM,
Almon, NY, USA) and Excel software. All the data were
expressed as mean ± standard error (mean ± SD). A P value
< 0.05 indicated a difference, and a P value < 0.01 indicated a
significant difference.

Results

Analysis of semen quality

Cd significantly reduced the semen quality in mice, while
curcumin alone did not exhibit any effect, suggesting that
curcumin increased the semen quality in Cd-contaminated

Table 1 Primer sequences
Gene Accession no. Primer sequence (5′–3′) Product length

Nrf2 NM_010902.3 Forward: TCCTATGCGTGAATCCCAAT 103 bp
Reverse: GCGGCTTGAATGTTTGTCTT

γ-GCS U85414.1 Forward: TGGATGATGCCAACGAGTC 185 bp
Reverse: CCTAGTGAGCAGTACCACGAATA

GSH-Px X03920.1 Forward: GAAGTGCGAAGTGAATGG 224 bp
Reverse: TGTCGATGGTACGAAAGC

β-actin BC138614.1 Forward: CTGTCCCTGTATGCCTCTG 221 bp
Reverse: TTGATGTCACGCACGATT
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mice. Table 2 demonstrated that the sperm motility and den-
sity of mice in the Cd group were significantly lower (P <
0.01), while the sperm deformity rate was significantly higher
(P < 0.01) as compared with the control group (Fig. 1 and
Table 1). However, no significant difference was detected in
the sperm motility, sperm density, and sperm deformity be-
tween the CUR group and the control group (P > 0.05).
Compared with the Cd group, the motility and concentration
of sperm in the mice in the Cd (2 mg/kg) + CUR (50 mg/kg)
group increased significantly (P < 0.01), while the sperm de-
formity rate declined significantly (P < 0.01).

Analysis of serum testosterone

Figure 2 shows that Cd decreased the concentration of serum
testosterone (P < 0.05) as compared with the control group,

suggesting that curcumin can significantly increase the serum
testosterone concentration (P < 0.01). Compared with the Cd
group, concentration of serum testosterone in mice in the
CdCl2 (2 mg/kg) + CUR (50 mg/kg) group increased signifi-
cantly (P < 0.01).

Testicular antioxidant and oxidative damage results

According to Table 3, GSH-PX and T-SOD activities, as well
as the GSH content, were significantly lower (P < 0.01, P <
0.05), while the MDA content was significantly higher than
that of the control group (P < 0.01). In the CUR group, testis
GSH-Px and T-SOD activities, as well as GSH content, were
significantly higher (P < 0.05), while the MDA content was
significantly lower than that of the control group (P < 0.05). In
the CdCl2 (2 mg/kg) + CUR (50 mg/kg) group, the testicular

Table 2 Sperm motility, sperm concentration, and abnormal sperm rate in mice after the treatment of Cd and CUR

Group Sperm motility (%) Sperm concentration
(million/mL)

Abnormal sperm rate (%)

Control 23.76 ± 4.19 18.80 ± 1.31 12.14 ± 1.46

CdCl2 (2 mg/kg) 12.77 ± 2.84a 10.93 ± 1.85a 26.28 ± 6.44a

CUR (50 mg/kg) 25.93 ± 3.90 20.03 ± 1.43 12.0 ± 1.59

CdCl2 (2 mg/kg) + CUR (50 mg/kg) 17.23 ± 2.63b 18.57 ± 1.12b 13.08 ± 1.44b

Compared with the control group, a significant difference (aP < 0.01) was detected. Compared with the Cd group, the difference was statistically
significant (bP < 0.01) (mean ± SD, n = 8)

Fig. 1 Mice sperm abnormality (400×). b Normal sperm in the control
group. b–fAbnormal sperm in the Cd Group. b Two heads. c Spermwith

neck bending. d No head. e No head and tail abnormality. f No head and
two tails
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antioxidant capacity was significantly higher (P < 0.05), while
the MDA content was lower than that of the Cd group (2
mg/kg) (P < 0.05).

Histological changes in the testis

HE-stained testicular tissues of mice in different groups were
observed. After HE staining, the nucleus of spermatogenic cells
was stained blue, and the cytoplasm was stained red (Fig. 3).
The interstitial cells and mature spermatozoa of the testes could
be clearly distinguished from the slices. In addition, CdCl2 was
found to significantly reduce the number of spermatogenic cells
and mature spermatozoa in the seminiferous tubules as com-
pared with the control group. Moreover, the number of Leydig
cells was declined, the structure of the seminiferous tubules was
destroyed, and the gap between the seminiferous tubules en-
larged significantly (Fig. 3a–d). No significant difference was
detected between the curcumin and control groups (Fig. 3e, f).
Compared with the Cd group, the spermatogenic cells and ma-
ture spermatozoa in the testicular seminiferous tubules in the
CUR + Cd group elevated significantly, the structure of the
seminiferous tubules was intact, the Leydig cells were high in
number, and the tubules were closely related (Fig. 3g, h).

Expression levels of Nrf2, GSH-Px, and γ-GCS mRNA

The effects of curcumin on the expression of the related genes
in the Nrf2 signaling pathway are shown in Fig. 4. Compared

with the control group, the mRNA expression of Nrf2, GSH-
Px, and γ-GCS in the Cd group decreased significantly (P <
0.05, P < 0.01). Conversely, the administration of curcumin
alone significantly increased the mRNA expression of Nrf2,
GSH-Px, and γ-GCS. Compared with the Cd group (2 mg/kg),
the mRNA expression of Nrf2, GSH-Px, and γ-GCS in the
CdCl2 (2 mg/kg) + CUR (50 mg/kg) group declined signifi-
cantly (P < 0.05, P < 0.01).

Expression of Nrf2, GSH-Px, and γ-GCS proteins

Compared with the control group, the protein expressions of
Nrf2 together with the downstream target genes γ-GCS and
GSH-Px decreased significantly after addition of Cd (P <
0.05, P < 0.01) (Fig. 4). Treatment with curcumin alone
can significantly increase the expression levels of Nrf2, γ-
GCS, and GSH-Px proteins in the mouse testes. Compared
with the Cd group, the expression of these proteins in the
curcumin intervention group elevated significantly (P < 0.05,
P < 0.01).

Discussion

In the present study, mice were treated with CdCl2 (2.0 mg/kg
equivalent to ID50 10%) and curcumin (50 mg/kg). Compared
with the control group, the concentration of serum testosterone
and sperm density together with sperm motility in the epididy-
mis of the Cd group declined significantly (P < 0.01), while the
sperm deformity rate in the epididymis elevated significantly (P
< 0.01). After curcumin treatment, serum testosterone concen-
tration, sperm density, and sperm motility were significantly
higher (P < 0.01), while the epididymal sperm deformity rate
was significantly lower as compared with the Cd group. The
HE staining of testicular tissues further confirmed our experi-
mental results. In the Cd group, the gap between the spermato-
genic tubules in the testis of mice enlarged significantly, the
number of mesenchymal cells reduced significantly, and the
number of spermatogenic cells and sperms in the seminiferous
tubules declined significantly (Fig. 3a, b vs. Fig. 3c, d).
However, after intervention with curcumin, the above changes
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Fig. 2 Concentration of serum testosterone. Compared with the control
group, aP < 0.05 and bP < 0.01. Compared with the Cd Group, dP < 0.01
(mean ± SD, n = 8)

Table 3 The effect of CUR on the activities of T-SOD, GSH-Px, and GSH, and MDA content in the mice testes exposed to Cd

Group GSH-PX (mol/g L−1) GSH (mg/g prot) T-SOD (U/mg prot) MDA (nmol/mg prot)

Control 266.12 ± 8.79 140.81 ± 5.93 87.19 ± 7.34 20.96 ± 3.01

CdCl2 (2 mg/kg) 197.78 ± 23.36b 33.86 ± 10.16b 39.89 ± 16.57b 118.42 ± 32.76b

CUR (50 mg/kg) 329.42 ± 27.74a 184.46 ± 19.96a 126.80 ± 10.82a 10.08 ± 1.96a

CdCl2 (2 mg/kg) + CUR (50 mg/kg) 252.25 ± 34.04c 117.42 ± 9.29c 104.74 ± 4.48c 21.74 ± 13.59c

In the same column, letters a, b, and c represented a significant difference. Compared with the control group, the difference was significant (aP < 0.05)
and extremely significant (bP < 0.01). Compared with the Cd group, cP < 0.05 (mean ± SD, n = 8).
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improved significantly. The spermatogenic tubuleswere closely
associated, and the seminiferous tubules were structurally in-
tact. The number of spermatogenic cells, sperms, and interstitial
cells were significantly higher than that in the Cd group (Fig.
3g, h), which was in agreement with the result from a previous

study (Oguzturk et al. 2012), suggesting that the experimental
models of reproductive intervention in mice can be used in
subsequent research.

Furthermore, the detection of the antioxidant functions of
the testicular tissues in the Cd group showed the decreased

Fig. 3 Histopathological changes
in the testis of mice. a, b Control
group (100×, 400×). c, d
Testicular tissue in the Cd group
(100×, 400×). e, f Testicular tissue
of the curcumin group (100×,
400×). g. h Testicular tissue of the
CUR + Cd group (100×, 400×).
SC, various levels of
spermatogenic cells; MS, mature
sperm; ST, seminiferous tubule;
LC, interstitial cells; TM,
testicular stroma
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activity of SOD and GSH-Px, and the content of GSH de-
creased as well. As a major antioxidant enzyme, the decrease
suggested the occurrence of oxidative damage in the testicular

tissue. Thus, we speculated that the significant increase in the
MDA content and the occurrence of lipid peroxidation in the
testicular tissuewere confirmed by detecting the changes of the
MDA content in the testicular tissue. After treatment with
curcumin, activities of SOD and GSH-Px increased, the con-
tent of GSH increased, and the content of MDA decreased,
suggesting that curcumin can resist the Cd-induced oxidative
damage. GSH is a tripeptide compound composed of glutamic
acid, cysteine, and glycine. GSH-Px is a water-soluble tetra-
meric protein, and the active center of GSH-Px is
selenocysteine (Juniper and Bertin 2013). The thiol group on
cysteine is the active group of GSH and GSH-Px, and Cd has a
strong affinity to sulfhydryl groups, which reduces the toxicity
of Cd by combining with the thiol group on cysteine (Furia
et al. 2013). However, the testicular GSH content and GSH-Px
activity ofmice treated by curcumin are increased significantly,
indicating that curcumin can reduce the toxicity of Cd by

Fig. 4 Effects of CUR on the mRNA expression ofNrf2,GSH-Px, and γ-
GCS in mice testis induced by Cd. Compared with the control group, bP <
0.01 and aP < 0.05. Compared with the Cd group, dP < 0.01 and cP <
0.05. Mean ± SD of 4 mice in each group was calculated

Fig. 5 Effects of CUR on the Cd-induced expression of Nrf2, GSH-Px,
and γ-GCS proteins in mice testis. a Nrf2. b GSH-Px. c γ-GCS.
Compared with the control group, the difference was significant (aP <

0.05) or statistically significant (bP < 0.01). Compared with the Cd group,
the difference was significant (cP < 0.05) or statistically significant (dP <
0.01). The mean ± SD was calculated for the 4 mice in each group
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increasing the content of GSH and activities of GSH-Px in the
testicular tissue.

The Nrf2/ARE signaling pathway is a critical endogenous
antioxidant system that plays a major role (Chen et al.
2012). For example, the knockout of the transcription factor
Nrf2 mice interferes with sperm production (Nakamura et al.
2010). Nrf2 is resistant to heat stress-induced oxidative dam-
age in mice testis (Li et al. 2013). The expression of Nrf2 in
testicular tissue of 4-month-old mice with type 1 and type 2
diabetes declines significantly (Wang et al. 2014; Jiang et al.
2014). The current study found that Nrf2 mRNA and protein
of the testicular tissues in the Cd group decreased.
Moreover, the mRNA and protein expressions of GSH-Px
and γ-GCS regulated by Nrf2 also decreased significantly
(P < 0.05, P < 0.01) (Figs. 4 and 5). However, the expres-
sion of these genes in the mouse testicular tissue in the
curcumin intervention group increased significantly (P <
0.05, P < 0.01), suggesting that curcumin can improve the
endogenous antioxidant capacity of testicular tissues. The
putative mechanism might be ascribed to the Cd-induced
lipid peroxidation in testicular tissue (increased MDA con-
tent), causing pathological damage to the testicular tissue
and inhibiting its endogenous antioxidant capacity. The
mRNA and protein expression of Nrf2, GSH-Px, and γ-
GCS in the testicular tissues decreased, thereby leading to
reduced generation and utilization of testicular tissue GSH
and accelerating the damage of the testicular tissues.
However, curcumin translocated into the nucleus by activat-
ing Nrf2, which in turn, positively regulated the mRNA and
protein expression of GSH-Px and γ-GCS and improved the
production and utilization of GSH, thereby alleviating the
Cd-induced reproductive toxicity in mice. GSH-Px and γ-
GCS are important antioxidant enzymes which are regulated
by Nrf2/ARE signaling pathway. These two antioxidant en-
zymes are expressed when Nrf2 binds to Maf protein to
form heterodimer and then binding with ARE in the nucleus.
Our results showed that the total Nrf2 expression of the
testis tissue in the curcumin group was higher than that in
the cadmium group; these results indicated that the translo-
cation of Nrf2 into the nucleus is increased, but the specific
mechanism needs to be further studied.

In summary, curcumin can counteract the cadmium-
induced reproductive toxicity of mice by activating the Nrf2/
ARE signaling pathway, thereby alleviating oxidative dam-
age. The current study provided a novel idea for exploring
the use of natural antioxidants against heavy metal toxicity.
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