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Cadmium (Cd) generates reactive oxygen species (ROS), which in turn cause the apoptosis of various cell types 
including developing germ cells in rodent testis. Ascorbic acids (AA), one of the ROS scavengers, had been reported to 
protect against Cd-induced apoptosis. N-Acetyl-L-cysteine (NAC), another ROS scavenger, is known to remove ROS 
and alleviate the Cd-induced apoptosis in various cell types. In this study we tried to elucidate how NAC affected on 
Cd-induced cell apoptosis in rat testis. Rats were administered with NAC before and after Cd treatment and then testicular 
cell apoptosis was examined. NAC treatment resulted in the reduction of Cd-induced chromosomal DNA fragmentation 
in agarose gel electrophoresis. Terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) assay showed 
that treatment of NAC reduced the Cd-induced apoptosis of germ cells. The administration of NAC showed that the 
translocation of apoptosis inducing factor (AIF) from mitochondria to nucleus was prevented, which indicated that the 
mechanism of Cd-induced testicular apoptosis is mediated through the release of AIF in caspase-independent manner. 
Taken together, the NAC may remove Cd-induced ROS and protect ROS-induced cell apoptosis in rat testis. 
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INTRODUCTION 
 

Cadmium (Cd) is a reproductive toxicant in rodents as 

well as humans. Previous studies demonstrated that there is 

a significant inverse correlation between blood Cd level 

and sperm quality (Pant et al., 2015; Li et al., 2016). It was 

shown that even a low level of Cd accumulation in semen 

contributed to male infertility by reducing sperm quality in 

rats (Zhao et al., 2015). Rodent studies have revealed that 

Cd had induced germ cell apoptosis in the testis (Xu et al., 

1996; Sen Gupta et al., 2004). 

The toxic effects of Cd seem to be indirect and are at 

least in part due to oxidative stress induced by exposure to 

Cd (Lopez et al., 2006). Cd is known to induce reactive 

oxygen species (ROS) (Khojastehfar et al., 2015). Excessive 

Cd-induced ROS in turn plays an important role in the 

induction of apoptosis. ROS causes mitochondria to release 

Cytochrome c, which triggers caspase activation (Simon et al., 

2000). Treatment of caspase inhibitors was reported to block 

Cd-induced apoptosis in certain cells (Li et al., 2000). In 

contrast, the caspase-independent pathway, which is involved 
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the translocation of apoptosis-inducing factor (AIF) from 

mitochondria to the nucleus, was reported to be associated 

with Cd-induced apoptosis in liver Hep3B cells (Lemarie 

et al., 2004). AIF is responsible for chromatin condensation, 

DNA fragmentation and the formation of apoptotic bodies 

(Krantic et al., 2007). It is reported that endoplasmic re- 

ticulum stress signaling with mitochondria is involved in 

Cd-induced germ cell apoptosis (Ji et al., 2011). However, 

the molecular mechanism of Cd-mediated testicular germ 

cell apoptosis has not been elucidated clearly yet. 

The effect of ROS reactive oxygen is ameliorated by the 

antioxidant action of non-enzymatic antioxidants such as 

vitamin C and E (Sen Gupta et al., 2004; Acharya et al., 

2008). It has been reported that selenium, and melatonin 

showed a protective effect on germ cell death by Cd-induced 

oxidative stress in rodents (Ognjanovic et al., 2008; Li et 

al., 2016). 

N-Acetyl-L-cysteine (NAC) is considered an antioxidant 

because it acts as a reduced glutathione (Aldini et al., 2018). 

It plays a central role in protecting cells from oxidative stress 

and oxygen-derived injury in renal tissue (Kaplan et al., 

2008). It has been reported that NAC showed efficient anti- 

oxidant activity in vitro (Sagrista et al., 2002; Ates et al., 

2008) as well as in vivo (Dhanda et al., 2013, Ortiz et al., 

2016). However, the mechanism by which NAC protects 

against Cd-induced germ cell apoptosis is not clearly under- 

stood yet. The purpose of our study was to get an insight into 

the mechanism by which NAC protects against Cd-induced 

apoptosis in rat testicular cells. 

 

MATERIALS AND METHODS 

Chemicals and animals 

Cadmium chloride and N-acetyl-L-cysteine (NAC) was 

purchased from Sigma (MO, U.S.A.). Adults male Sprague 

Dawley rats weighting 230~250 g were obtained from 

Daehan Biolink Co. (South Korea). Animals were allowed 

to acclimatize for 1 week before experiments. Animals were 

housed in a standard animal facility under the controlled 

temperature (22℃), and light schedule was maintained at 

12 h of light per day with free access to water and rat pellets. 

All treatments and procedures were in accordance with the 

protocol of Chonnam National University Committee's 

Guidelines for the care and use of experimental animals. 

Cadmium and NAC treatment 

Each experimental group consists of four rats. Experi- 

mental groups were treated with different doses (0.1~0.3 mg 

/100 g body weight, BW) of cadmium chloride (anhydrous) 

by subcutaneous (s.c.) injection at 24 h prior to sacrifice. In 

NAC supplementation groups, 150 mg/100 g BW of NAC 

was pretreated (s.c.) for 24 h prior to Cd administration, 

followed by an additional injection of NAC (50 mg/100 g 

BW) three times at an interval of 8 h before sacrifice (at 24 h, 

18 h, and 8 h prior to sacrifice). In NAC-only group, 150 mg 

/100 g BW of NAC was pretreated 48 h before sacrifice, 

and 50 mg/100 g BW of additional NAC injection was fol- 

lowed at an interval of 8 h before sacrifice three times. 

Control groups were administered with only normal saline 

instead of Cd for 24 h and instead of NAC for 48 h. 

DNA gel electrophoresis 

DNA fragmentation was determined by the observation 

of DNA laddering. DNA was isolated from testis using 

DNeasy tissue DNA purification kit (Qiagen, CA, U.S.A.) 

(Siu et al., 2004). Briefly, testis tissue were lysed with a lysis 

buffer containing proteinase K for overnight at 55℃. The 

lysed samples were then treated with RNase (50 μg/mL) 

for 1 h at 37℃. DNA was extracted and then eluted using 

the silica-gel-membrane column provided with the kit. Ten 

micrograms (μg) of isolated DNA was electrophoresed on 

1.5% agarose gel and visualized by staining with 1 μg/mL 

ethidium bromide (EtBr) in Tris/ borate/ EDTA (TBE) buffer. 

Gels were photographed under ultraviolet transilluminator. 

TUNEL assays 

To observe DNA strand breaks in nuclei at the cellular 

level, the terminal deoxynucleotidyl transferase-mediated 

dUTP nick end-labeling (TUNEL) assay was performed 

using the TUNEL Assay System (DeadEndTM Colorimetric 

TUNEL system, Promega, WI, U.S.A.) as described (Sen 

Gupta er al., 2004). Briefly, testes were fixed with 4% para- 

formaldehyde, dehydrated, and embedded in paraffin, be- 

fore being cut into 5-μm-thick sections. The sections were 
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mounted on slides coated with gelatin-subbing solution and 

were then deparaffinized and hydrated. The samples were 

washed with immersing solution (potassium buffered saline, 

PBS) at room temperature. The tissue sections were fixed 

with 4% paraformaldehyde solution at room temperature and 

then washed with PBS twice. Each slide was treated with 

20 μg/mL proteinase K solution, followed by washing with 

PBS twice. After re-fixation with 4% paraformaldehyde, the 

tissues were covered with cell equilibration buffer (200 mM 

potassium cacodylate, 25 mM Tris-HCl, pH 6.6, 0.2 mM 

DTT, 0.25 mg/mL BSA, 2.5 mM cobalt chloride) and treated 

with 100 μL reaction mix (biotinylated nucleotide mix and 

recombinant terminal deoxynucleotidyl transferase (rTdT) in 

equilibration buffer). The sections were covered with plastic 

cover slips to ensure the even distribution of the reagent, and 

were incubated at 37℃ for 60 min. To remove the unincor- 

porated biotinylated nucleotides, the slides were incubated 

again in 2×SSC at room temperature and washed with 

fresh PBS twice. Endogenous peroxidase was blocked by 

immersing the slides in 0.3% hydrogen peroxide at room 

temperature. After washes four times with PBS, horseradish 

peroxidase-labeled streptavidin (HRP-streptavidin) diluted 

in PBS was added to slides for 30 min at room temperature. 

3, 3-diaminobenzidine (DAB) was used for the coloration 

of apoptotic cells. DNase I-treated tissue was used as a posi- 

tive control. The reaction without rTdT enzyme was used 

as a negative control. For statistical analysis, germ cells were 

counted in fields selected by the systematic random approach 

and the number of TUNEL-positive cells was counted per 

1,000 germ cells. 

Preparation of nuclear and mitochondrial fractions 

Mitochondrial and nuclear fractions of testes were pre 

pared as described previously (Cox and Emili, 2006). Briefly, 

50 mg of testes were washed with ice-cold 250 mM- 

STMDPS buffer (50 mM Tris-HCl, pH 7.4, 250 mM sucrose, 

5 mM MgCl2, 1 mM DTT, 1 mM PMSF, 25 μg/mL spermine, 

and 25 μg/mL spermidine) and then submerged in 250- 

STMDPS buffer. After 15 strokes in a Dounce homogenizer, 

the extract was centrifuged at 800 g for 15 min, and the 

pellet (pellet-I) was used to prepare the nuclear fraction. 

The above supernatant was centrifuged again at 6,000 g for 

15 min. The pellet was further sonicated and used for the 

mitochondrial fraction. The above pellet (pellet-I) was hom- 

ogenized with a single stroke in a Dounce homogenizer in 

2 M-TMDPS buffer (50 mM Tris-HCl, pH 7.4, 2 M sucrose, 

5 mM MgCl2, 1 mM DTT, 1 mM PMSF, 25 μg/mL spermine, 

and 25 μg/mL spermidine) and fractionated at 8,000 g for 

35 min. The resulting pellet (pellet-II) was resuspended in 

nuclear extract buffer (20 mM HEPES, pH 7.9, 1.5 mM 

MgCl2, 0.5 M NaCl, 0.2 mM EDTA and 20%, glycerol) and 

used as the nuclear fraction. Total testicular protein was pre- 

pared as described previously (Jahnukainen et al., 2004). 

Western blot analysis 

Equivalent amount (60 μg) of protein extracts, as deter- 

mined by the Bradford Method (Bio-Rad Italy, Segrate, Italy), 

were resolved by SDS-PAGE and processed for Western 

blot analysis (Gomes et al., 2005). Nonspecific binding sites 

were blocked by incubating the membranes in 5% non-fat 

milk in Tris-buffered saline (TBS) with 0.1% Tween 20 

(TBS-T) for 1 h at room temperature. Membranes were 

incubated with primary antibodies in blocking solution for 

12 h at 4℃ and then washed three times with TBS-T for 

10 min. Membranes were incubated with anti-mouse or anti- 

rabbit antibodies conjugated with HRP for 3 h at room tem- 

perature and then washed three times with TBS-T for 10 min. 

Immunoreactive proteins were visualized using an ECL Kit 

(Amersham Bioscience, U.K), according to the manufac- 

turer's instructions. The antibodies used were rabbit anti-AIF 

(1:500; Chemicon Temecula CA, U.S.A.), mouse anti-COX 

IV (1:2,000; Abcam Cambridge, U.K), and mouse anti- 

Histone (1:1,000; Santacruz, California, U.S.A.). 

Immunofluorescence assay 

Immunofluorescence assay was performed as described 

previously (Gomes and Soh, 2017). Testes were fixed with 

4% paraformaldehyde, dehydrated, and embedded in par- 

affin, before being cut into 5-μm-thick sections. The sections 

were mounted on slides coated with gelatin-subbing solution 

and were then deparaffinized and hydrated. Samples were 

permeabilized four times by boiling in 10 mM citrate buffer 

(pH 6.0) for 2 min. After cooling, the samples were incubated 

in blocking buffer (2% goat serum, 2% BSA in PBS) for 
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30 min. Samples were then incubated with primary anti- 

bodies for overnight. The primary antibodies were rabbit 

anti-AIF (1:500; Chemicon, CA, U.S.A.) and mouse anti- 

COX IV (1:500; Abcam, U.K). After incubation with primary 

antibodies, samples were incubated with Alexa Fluor®488 

anti-rabbit (Molecular probes, OR, U.S.A.) and Texas red 

anti-mouse antibodies (Santa Cruz, CA, U.S.A.) for 2 h, and 

then the slides were photographed using a laser confocal 

microscope system (Leica, Germany). 

Statistics 

The intergroup differences were used to measure statis- 

tically significant differences among groups using Students's 

t-test. A difference was considered to be significant if P< 

0.05. 

 

RESULTS 

Protective effect of NAC on DNA fragmentation induced 

by Cd treatment 

To examine the effect of NAC on Cd-induced apoptosis, 

DNA fragmentation was tested on agarose gel with Cd- 

exposed rat germ cells in the presence or absence of NAC. 

The typical formation of DNA fragmentation, which is 

shown as ladders on agarose gels, was observed in 0.1 mg 

/100 g BW, 0.2 mg/100 g BW, and 0.3 mg/100 g BW of Cd- 

treated rat testis, while little fragmentation was seen without 

Cd treatment (Fig. 1, lane 2: negative control and lane 6: 

NAC only). The results showed that the level of the frag- 

mentation was enhanced in Cd-treated rats in dose-dependent 

manner (Fig. 1, lanes 3 to 5). In contrast, the addition of 

NAC in 0.1/100 g BW, 0.2/100 g BW, and 0.3 mg/100 g 

BW Cd-treated groups reduced DNA fragmentation (Fig. 1, 

lanes 7 to 9) compared to the Cd-only treated groups, re- 

spectively. The results demonstrated that NAC might have 

an inhibitory effect on Cd-induced DNA fragmentation in 

rat germ cells. 

Protective effect of NAC on formation of DNA strand 

breaks induced by Cd treatment (TUNEL assay) 

To confirm the protective effect of NAC on Cd-induced 

apoptosis further, DNA strand breaks was measured using a 

TUNEL assay. The number of apoptotic cells in the testes 

were increased by Cd treatment (Fig. 2 c, 2 e) compared 

with the control group (Fig. 2 a). Cell necrosis was observed 

with considerable cell shrinkage at the highest Cd dose 

(0.3 mg/100 g BW) (Fig. 2 g). On the other hand, the num- 

ber of apoptotic cells substantially decreased with NAC sup- 

plementation in the Cd-treated group (Fig. 2 d, 2 f) compared 

with the Cd-only treated groups (Fig 2 c, 2 e). The results 

indicated that supplementation with NAC might protect 

against the necrosis of testis germ cells induced by Cd treat- 

ment (Fig. 2 h) when compared with the Cd-only treated 

group (0.3 mg/100g BW) (Fig. 2 g). TUNEL-positive germ 

cells were counted as described in materials and methods. 

The number of TUNEL-positive cells counted per 1,000 

Fig. 1. Repressive effect of NAC on DNA fragmentation of Cd-
treated rat testicular cells. The fragmentation of genomic DNA 
from rat testis tissues was visualized by staining with ethidium 
bromide. Each mouse was injected with different doses of Cd and/
or NAC by s.c. injection. Lane 1: 1kb DNA ladders; lane 2: control
(saline); lanes 3, 4 and 5: Cd 0.1, 0.2, and 0.3 mg/100 g BW, 
respectively. Lane 6: NAC only; lane 7: Cd 0.1 mg + NAC; lane 
8: Cd 0.2 mg + NAC; lane 9: Cd 0.3 mg + NAC. NAC was 
administered at 150 mg/100 g BW 24 h prior to Cd treatment and 
further administered three times at 50 mg/100 g BW at 24 h, 16 h, 
and 8 h each prior to sacrifice. The experiment was repeated three 
times with similar results. 
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germ cells (mean ± S.E.M.) are shown in Fig. 3. The results 

showed that there was a protective effect of NAC treatment 

on Cd-induced DNA breaks formation, which leads to the 

apoptosis and necrosis of developing germ cells in rats. 

Inhibition of Cd-induced translocation of apoptosis- 

inducing factor (AIF) from mitochondria to nucleus in 

NAC treated rat testis 

It was reported that Cd-induced apoptosis in MRC-5 

fibroblast cells and rat testis was mediated by the depolari- 

zation of the mitochondrial membrane and translocation of 

AIF from the mitochondria to the nucleus (Shih et al., 2004; 

Kim and Soh, 2009). To determine whether the protective 

activity of NAC on Cd-induced apoptosis is mediated by the 

inhibition of AIF translocation from mitochondria to nucleus 

fractionation, Western blot analysis was employed. As shown 

in Fig. 4, Cd treatment decreased the mitochondrial local- 

ization of AIF, while the nuclear localization of AIF was 

significantly increased. However, NAC supplementation 

 

Fig. 2. Effect of NAC on Cd-induced apo-
ptosis in rat testes by TUNEL assay. (a) 
Negative control (saline); (b) NAC only; (c) 
Cd 0.1 mg/100 g BW; (e) Cd 0.2 mg/100 g 
BW; (g) Cd 0.3 mg/100 g BW; (d) Cd 0.1 mg 
+ NAC; (f) Cd 0.2 mg + NAC; (h) Cd 0.3 mg 
+ NAC. Arrows indicate apoptotic cells. NAC
was administered at 150 mg/100 g BW 24 h 
prior to Cd treatment and further administered
three times at 50 mg/100 g BW at 24 h, 16 h, 
and 8 h each prior to sacrifice. Representative 
photographs are shown here. The scale bar 
represents 20 μm. 

Fig. 3. Quantitative analysis of TUNEL positive cells in Cd-
treated rats and NAC supplemented rat testes. Germ cells were
counted in fields selected by a systematic random approach and the
number of TUNEL-positive cells was counted per 1,000 germ cells
as described in materials and methods (mean ± S.E.M.). The experi-
ment was repeated three times with similar results. An asterisk in-
dicates a significant difference (P<0.01) compared with the control. 
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repressed the translocation of AIF from the mitochondria to 

the nucleus in Cd-treated rat germ cells. Therefore, it can be 

concluded that NAC inhibits Cd-induced apoptosis in rat 

testis by alleviating the depolarization of the mitochondrial 

membrane. 

To confirm the effects of NAC on Cd-induced AIF trans- 

locations further, immunofluorescence analysis was con- 

ducted to observe the cellular localization of AIF. The testis 

were fixed and labeled with antibodies against AIF (green 

fluorescence) and COX IV (red fluorescence), which is 

used as an indicator of mitochondria localization. While 

AIF protein was solely localized in the mitochondria in the 

control group (Fig. 5 a-1) and NAC-only treated group (Fig. 

5 c-1). In Cd-treated rats, AIF is released to the nucleus in 

(Fig. 5 b-1). However, NAC significantly inhibited Cd- 

induced AIF translocation from the mitochondria to the 

nucleus (Fig. 5 d-1). These results again demonstrated that 

NAC suppresses Cd-induced apoptosis with the inhibition 

of AIF translocation from the mitochondria to the nucleus 

in rat testis. 

 

DISCUSSION 
 

There had been inconsistent reports on detailed mech- 

anism underlying Cd-induced apoptosis. Treatment of cas- 

pase inhibitors was shown to block Cd-induced apoptosis 

in certain cells (Kondoh et al., 2002). However the caspase- 

independent pathway, which involves the translocation of 

AIF from mitochondria to the nucleus was associated with 

Cd-induced apoptosis in human lung fibroblasts (Lemarie 

et al., 2004). This discrepancy might be due to differences 

in the cell lines used or to variations in the experimental 

conditions. 

We previously demonstrated that Cd-induced apoptosis in 

rat testicular germ cells through the production of ROS and 

that apoptosis induced by increased ROS was prevented by 

the supplementation of ascorbic acid (AA), a ROS scavenger 

(Sen Gupta et al., 2004). We previously demonstrated that 

the administration of AA to Cd-treated rat inhibited the 

translocation of AIF from the mitochondria to the nucleus 

in rat testis, and the up-regulation of PARP-1 (poly ADP- 

ribose polymerase-1) (Kim and Soh, 2009). These results 

Fig. 4. Effect of NAC on Cd-induced translocation of apoptosis- 
inducing factor (AIF) in rat testes. (A) Western blot analysis of 
AIF translocation with fractionated mitochondrial and nuclear pro- 
tein from Cd-only (0.1, 0.2, 0.3 mg/100 g BW) groups and NAC 
supplemented groups. NAC was administered at 150 mg/100 g BW 
24 h prior to Cd treatment and further administered three times at 
50 mg/100 g BW at 24 h, 16 h, and 8 h each prior to sacrifice. Anti- 
bodies against COX IV and histone were used as mitochondrial and 
nuclear protein localization markers, respectively. The experiment 
was repeated three times with similar results. (B) Integrated optical 
density (IOD) values of the AIF protein levels. An asterisk indicates 
a significant difference (P<0.05) compared with the control. 
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suggest that Cd-induced ROS production is directly involved 

in rat testicular apoptosis since the removal of ROS by the 

administration of AA inhibited apoptosis. These results in- 

dicated that the ROS-induced apoptosis signal is transduced 

through the activation of PPAR-1 and depolarization of the 

mitochondrial membrane followed by the translocation of 

AIF from the mitochondria to the nucleus (Shih et al., 2004). 

The results showed that the supplementation of NAC in 

Cd-treated rats decreased DNA fragmentation and the for- 

mation of DNA strand breaks when a TUNEL assay was 

employed. The administration of NAC to Cd-treated rats 

prevented the translocation of AIF from the mitochondria 

to the nucleus. These data indicate that Cd-induced ROS is 

responsible for rat testicular apoptosis and the mechanism 

of Cd-induced testicular apoptosis mediates the release of 

AIF in a caspase-independent manner (Cregan et al., 2004). 
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