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Abstract. The aims of the present study were to investigate the 
effect of cadmium (Cd)‑induced apoptosis and determine the 
protective effect of N‑acetylcysteine (NAC) in BRL 3A cells. 
The BRL 3A cells were treated with 0, 10, 20 or 40 µmol/l 
cadmium acetate (CdAc2) for 12 h. Another two groups of 
cells were preincubated with 2 mmol/l NAC for 30 min, and 
then either incubated with 20 µmol/l CdAc2 for 12 h, or treated 
with NAC alone. The levels of apoptosis and mitochondrial 
membrane potential (ΔΨm) were measured using flow cytom-
etry. Mitochondrial ultrastructural changes were detected 
using transmission electron microscopy. The protein levels of 
caspase‑3, caspase‑9, poly (ADP‑ribose) polymerase (PARP), 
caspase‑8, and Fas ligand (FasL) protein were measured 
using immunoblotting. As the dose of Cd increased, there 
was a significant increase in the apoptotic ratio, a significant 
decrease in ΔΨm, mitochondrial swelling and degeneration, 
and blurring, deformation and eventual collapse of the mito-
chondrial cristae. The protein levels of caspase‑3, caspase‑9 
and PARP decreased, whereas the levels of cleaved caspase‑3, 
cleaved caspase‑9, cleaved caspase‑8 and FasL increased 
dose‑dependently in relation to Cd. NAC effectively inhibited 
these changes. Cd induced apoptosis through the mitochon-
drial and FasL pathways in the BRL 3A cells, and NAC exerted 
a protective effect against Cd‑induced damage.

Introduction

Cadmium (Cd) is a toxic heavy metal, which is present in the 
air, soil, sediment and water. Cd causes injury to a number 

of organs and tissues, and induces dysfunction, including 
in the kidney, liver, lung, bone, cardiovascular system and 
immune system. Cd pollution originates from mining, metal-
lurgical industries, and the manufacture of nickel‑Cd batteries, 
pigments and plastic stabilizers. The Agency for Toxic 
Substances and Disease Registry has classified Cd as the sixth 
most toxic substance to human health (1).

Numerous studies have revealed that Cd induces apoptosis 
in several types of cells and tissues (2,3). Mitochondria are 
the early and primary targets of Cd injury (4), with exposure 
to Cd inducing mitochondria‑dependent apoptosis in oligo-
dendrocytes, and the mitochondria are crucial in coordinating 
caspase activation through the release of cytochrome c (Cyt C). 
A previous study (5) reported that Cd induces apoptosis in 
tumor cells through the Fas/Fas ligand (FasL) pathway. The 
Fas/FasL pathway is an important apoptosis signal transduc-
tion pathway, in which ligand‑receptor interaction activates 
the cell death pathway. As a member of the tumor necrosis 
factor family, Fas is a 45‑kDa type I transmembrane protein, 
which induces apoptosis in susceptible cells by crosslinking 
with its ligand. Following the trimerization of Fas on the cell 
membrane by extracellular FasL, the Fas‑associated death 
domain and caspase‑8 form a death‑inducing signal complex, 
which mediates Fas‑induced cell death. Once activated, 
caspase‑8 activates effector caspases, including caspase‑3, 
caspase‑6 and caspase‑7, ultimately leading to the hydrolysis 
of cytosolic and nuclear substrates.

N‑acetylcysteine (NAC), formed of l‑cysteine and acetyl, is 
the precursor of reducing glutathione in cells. As a thiol donor, 
NAC is an effective antioxidant has effects including interfer-
ence of free radical generation and scavenging of generated 
free radicals, resistance to apoptosis, preventing DNA damage, 
anti‑angiogenesis, regulation of gene expression and signal 
transduction, and inhibiting malignant tumor development (6). 
NAC has been widely used clinically and experimentally, and 
exerts effects in the respiratory system (7), cardiovascular 
system  (8) and central nervous system  (9). It is reported 
that NAC can effectively inhibit the apoptosis induced by 
Cd in macrophage (10) and human lens epithelial cells (11). 
Repeated application in severe early sepsis showed that NAC 
can effectively inhibit the apoptosis of pulmonary dendritic 
cells, protecting the function of the cells (7). In severe sepsis, 
the early repeated application of NAC effectively inhibits lung 
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dendritic cell apoptosis. NAC can also effectively regulate 
respiratory apoptosis in rats caused by smoking, and at as a 
cancer chemopreventive agent (12).

Although there have been previous investigations on 
Cd‑induced injury, its mechanism remains to be fully eluci-
dated. The liver is the primary target organ of Cd injury (13,14). 
Therefore, the present study used cytobiological and molecular 
biological methods to examine the mechanism of Cd‑induced 
apoptosis involving the mitochondrial and FasL pathways, and 
investigated the protective effect of NAC, in immortalized rat 
BRL 3A hepatocytes.

Materials and methods

Materials. Cadmium acetate (CdAc2), penicillin, streptomycin, 
gluteraldehyde, osmium textroxide, propylene oxide, epoxy 
resin, uranyl acetate, lead citrate, sodium dodecyl sulfate 
(SDS), tris‑buffered saline with 0.1% Tween‑20 (TBST) were 
purchased from Sigma‑Aldrich (St. Louis, MO, USA). Annexin 
V‑fluorescein isothiocyanate (FITC) Apoptosis Selection Kit I 
was purchased from BD Pharmingen (San Diego, CA, USA). 
Dulbecco's modified Eagle's medium (DMEM) and fetal 
bovine serum (FBS) were obtained from Gibco (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA). Trypsin was purchased 
from Amresco LLC (Solon, OH, USA). The Mitochondrial 
Membrane Potential Assay Kit with JC‑1, and bicinchoninic 
acid (BCA) protein assay kits were from Beyotime Institute 
of Biotechnology (Jiangsu, China). Rabbit anti‑rat polyclonal 
caspase‑3 (1:1,000; cat. no. 9662), rabbit anti‑rat polyclonal 
caspase‑9 (1:1,000; cat. no. 9506), rabbit anti‑rat polyclonal 
poly(ADP‑ribose)polymerase (PARP) (1:1,000; cat. no. 9542), 
rabbit anti‑rat monoclonal caspase‑8 (1:1,000; cat. no. 4790), 
rabbit anti‑rat polyclonal FasL (1:1,000; cat. no. 4273), and 
rabbit anti‑rat polyclonal β‑actin (1:5,000; cat. no. 4967) anti-
bodies, and horseradish peroxidase (HRP)‑conjugated goat 
anti‑rabbit immunoglobulin G (IgG) (1:5,000; cat. no. 7074) 
were obtained from Cell Signaling Technology, Inc. (Danvers, 
MA, USA).

Radioimmunoprecipitation assay (RIPA) lysis buffer 
was purchased from Beijing Solarbio Science & Technology 
(Beijing, China). Kodak X‑ray film was purchased from 
Eastman Kodak (Rochester, NY, USA). Cell culture plates 
were obtained from Corning Incorporated (New York, NY, 
USA). Nitrocellulose (NC) filter membranes were purchased 
from Pall Gelman Sciences (Port Washington, NY, USA). 
The enhanced chemiluminescence (ECL) detection kit was 
from Thermo Fisher Scientific, Inc. (Pierce ECL Plus Western 
Blotting Substrate). Other reagents used were available locally 
and of analytical grade.

Cell culture and treatments. In the present study, BRL 3A 
immortalized rat liver cells between passages 10 and 20 were 
used (Chinese Academy of Sciences, Shanghai, China). The 
cells were cultured in DMEM supplemented with 100 U/ml 
penicillin, 100 µg/ml streptomycin and 10% FBS, and main-
tained at 37˚C in a 5% CO2 humid incubator (Thermo Fisher 
Scientific, Inc.).

The BRL 3A cells (2x105 cells/ml) were seeded in 6‑ or 
96‑well plates. CdAc2 was dissolved in distilled deionized 
water as a stock solution (5 mM), and diluted with serum‑free 

culture medium to different concentrations prior to being 
added to the cell cultures.

The cells were treated with 0, 10, 20 or 40 µmol/l Cd for 
12 h (groups a‑d, respectively). In another two experiments, 
the cells were preincubated with 2 mmol/l NAC for 30 min, 
prior to 12 h incubation with 20 µmol/l Cd, or incubation with 
2 mmol/l NAC alone for 12 h (groups e and f, respectively). At 
each stage, cells were incubated at 37˚C in 5% CO2.

Detection of apoptosis. Apoptosis was detected using the 
apoptosis detection kits, according to the manufacturer's 
protocols. Following treatment, the cells were harvested and 
resuspended in 100 µl binding buffer containing 5 µl annexin 
V‑FITC and 5 µl propidium iodide (PI) solution. Following 
incubation in the dark at 25˚C for 15 min, 400 µl binding 
buffer was added. The cells were analyzed using a FACSAria 
flow cytometer (Becton Dickinson, San Jose, CA, USA) with 
excitation and emission wavelengths of 488 and 605  nm, 
respectively. A minimum of 10,000 cells per sample were 
registered. Positioning of quadrants on the annexin V‑/PI 
dot plots was performed, and living (annexin V‑/PI‑), early 
apoptotic (annexin V+/PI‑), late apoptotic (annexin V+/PI+) and 
necrotic cells (annexin V‑/PI+) were distinguished. The total 
proportion of apoptotic cells comprised the percentage of cells 
with annexin V+/PI‑ and annexin V+/PI+ fluorescence (15).

Each independent experiment included another three 
samples: Unstained, annexin V‑FITC staining only, and PI 
staining only, as controls. Each experiment was repeated at 
least three times.

Determination of mitochondrial membrane potential (ΔΨm). 
The fluorescent probe, JC‑1, was used to measure the ΔΨm of 
the BRL 3A cells. JC‑1 is a cationic dye, which accumulates 
in the mitochondria according to the ΔΨm. If the ΔΨm is 
high, JC‑1 aggregates in the mitochondrial matrix, forming 
J‑aggregates, which generate red fluorescence (16). If the ΔΨm 
is lost, JC‑1 remains in a monomeric form, generating green 
fluorescence. The relative ratio of red (590 nm) and green 
(525 nm) fluorescence intensity provides the proportional 
measurement of the ΔΨm.

The cells (5x105) were incubated with 0.5 ml 1X JC‑1 at 
37˚C for 20 min in the dark, and were centrifuged at 2,000 x g 
for 4 min at 4˚C. The cells were then washed twice with 
1X JC‑1 buffer, resuspended in 1 ml 1X JC‑1 buffer, and 
analyzed immediately using flow cytometry.

Observation of mitochondrial ultrastructure. The changes in 
mitochondrial ultrastructure were confirmed by transmission 
electron microscopy (TEM) examination using the method 
previously described by Yuan  et  al  (17). Briefly, the cell 
suspensions (1x107 cells/ml) were centrifuged at 2,000 x g 
for 5 min at 4˚C following treatment and the medium was 
discarded. The cells were then fixed with 200 µl 2.5% glutar-
aldehyde in phosphate‑buffered saline (PBS) at 25˚C for 24 h. 
Following fixing, the cells were washed three times with PBS 
and post‑fixed for 1.5 h in 1% osmium tetroxide. The speci-
mens were dehydrated using a graded series of ethanol (75, 
85, 95 and 100%), rinsed in propylene oxide, and impregnated 
with epoxy resin. Ultrathin sections (70 nm) were obtained 
and contrasted with uranyl acetate and lead citrate. Electron 
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micrographs were captured using a CM‑100 TE microscope 
(Philips, Eindhoven, the Netherlands).

Western blotting. Following treatment, the cells were washed 
twice with cold PBS, and lysed in RIPA lysis buffer on ice 
for 30 min, followed by sonication at 3 W for 15 sec. The 
cell lysates were then centrifuged at 12,000 x g for 10 min 
at 4˚C. The protein content was determined using the BCA 
protein assay kit, and the absorbance was measured at 
560 nm using a microplate reader (BioTek Instruments, Inc., 
Winooski, VT, USA). Aliquots of the lysate were diluted in 
6X SDS sample buffer and boiled for 10 min. The protein 
(30 µg) from each treatment group was separated on a 12% 
SDS‑polyacrylamide gel and electrophoretically transferred 
onto NC membranes. Following blocking at room temperature 
for 2 h with 5% non‑fat milk in 0.1% TBST, the membranes 
were incubated overnight at 4˚C with the corresponding 

primary antibodies to caspase‑3, caspase‑9, PARP, caspase‑8, 
FasL (1:1,000) and β‑actin (1:5,000). Following washing with 
TBST (six times, 5 min each), the membranes were incubated 
with HRP‑conjugated goat anti‑rabbit IgG (1:5,000) at room 
temperature for 2 h. Following washing with TBST (six time, 
5 min each), the blots were visualized using the ECL detection 
kit, according to the manufacturer's protocol, and were then 
exposed to X‑ray film.

Statistical analysis. The results are presented as the 
mean ± standard deviation. Significance was assessed using 
one‑way analysis of variance, following appropriate trans-
formation to normalized data and equalized variance, where 
necessary. Statistical analyses were performed using SPSS 
version  17.0 (SPSS Inc., Chicago, IL, USA); P<0.05 was 
considered to indicate a statistically significant difference. All 
assays were performed in triplicate.

Figure 1. (A) Apoptotic effect of Cd and the protective effect of NAC in BRL 3A cells. (a) Control; (b) 10 µmol/L Cd; (c) 20 µmol/l Cd; (d) 40 µmol/l Cd; 
(e) 2 mmol/l NAC; (f) 2 mmol/l NAC + 20 µmol/l Cd. (B) Effect of Cd on the rates of apoptosis and the protective effect of NAC in BRL 3A cells. The 
Cd‑induced apoptotic rate increased significantly, in a concentration‑dependent manner, compared with the control. NAC significantly reduced the rate 
of Cd‑induced apoptosis. Data are presented as the mean ± standard deviation. *P<0.05 and **P<0.01, compared with the control; ##P<0.01, compared with 
20 µmol/l Cd alone. Cd, cadmium; NAC, N‑acetylcysteine; FITC, fluorescein isothiocyanate; PI, propidium iodide.
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Results

Cd induces apoptosis and is reversed following preincubation 
with NAC. In the present study, flow cytometry was used to 
distinguish the effects of Cd on apoptosis following annexin 
V‑FITC/PI double staining. Following 12 h incubation with 
Cd (10, 20 and 40 µmol/l), the percentages of total (early+late) 
apoptotic cells increased significantly to 27.2±1.65, 39.83±1.82 
and 44.57±8.81%, respectively, compared with the control 
(15.87±0.21%), indicating that Cd induced apoptosis in the 
BRL 3A cells. NAC alone did not alter the rate of apoptosis 
significantly, compared with the control. However, preincu-
bation with NAC reduced the rate of Cd‑induced apoptosis, 
compared with that induced by Cd alone (Fig. 1).

Cd reduces ΔΨm and is increased by preincubation with NAC. 
The ΔΨm decreased following 12 h exposure to Cd, which 
occurred in a dose‑dependent manner (Fig. 2). Preincubation 
with NAC improved the Cd‑induced decrease in ΔΨm, 
compared with the decrease induced by Cd alone.

Effects of Cd and NAC on BRL 3A cell ultrastructure. The 
results of the TEM examination showed that, 12 h following 
exposure to Cd, the control cells had a well‑defined outline and 
contained spherical or oval mitochondria, with well‑defined 
transversal cristae. By contrast, the cells incubated with Cd 
exhibited changes in mitochondrial ultrastructure, including 
disruption and loss of cristae, swelling and degeneration, 
vacuole formation in the cytoplasm, and cell plasma membrane 
disruption. NAC alone did not alter the cell ultrastructure 
significantly, compared with the control. However, preincuba-
tion with NAC reduced the mitochondrial swelling induced by 
Cd, compared with that induced by Cd alone (Fig. 3).

Cd decreases the protein expression levels of caspase‑3, 
caspase‑9 and PARP, which is attenuated by preincubation 
with NAC. The protein levels of caspase‑3, caspase‑9 and 
PARP decreased as the Cd dose increased, whereas the levels 
of cleaved caspase‑3 and cleaved caspase‑9 increased (Fig. 4). 
NAC alone did not affect the protein levels; preincubation 
with NAC prior to Cd treatment inhibited the tendency of the 
protein levels to change, compared with the changes induced 
by Cd alone.

Cd increases the protein expression levels of caspase‑8 and 
FasL, which is attenuated by preincubation with NAC. The 
results of the Western blotting revealed that 12 h treatment 
with Cd significantly elevated the protein levels of cleaved 
caspase‑8 and FasL in the BRL 3A cells (Fig. 5), whereas 
preincubation with NAC prior to Cd treatment inhibited the 
tendency of the protein levels to increase.

Discussion

It has been suggested that Cd can cause apoptosis in a 
variety of cells, and can occur in a dose‑ and time‑dependent 
manner (18). Pathak and Khandelwal (19) reported that 6 h 
exposure to 25 µmol/l Cd induced apoptosis in rat thymus 
cells. Chen et al (20) reported that Cd caused apoptosis in 
PC12 and SH‑SY5Y nerve cells, in a dose‑dependent manner. 

In the present study, flow cytometry demonstrated that all 
concentrations of Cd induced a significantly higher rate of 
apoptosis, compared with the control, and that NAC decreased 
the rate of apoptosis in a dose‑dependent manner, suggesting 
that it had a protective effect against Cd‑induced apoptosis.

The mitochondria are an important target of Cd, as 
mitochondrial dysfunction can cause cellular damage (21). 
Decreased ΔΨm is vital in the process of apoptosis, and 
Cd can lead to decreased ΔΨm and Cyt C release from the 
mitochondrial membrane, which in turn leads to uncoupling 
of the mitochondrial respiratory chain. This produces a 
large quantity of active oxygen species, which are released 
into the cytoplasm, triggering the downstream apoptotic 
pathway (22‑24). Mao et al suggested that Cd can increase 
HEK293 cell permeability, reducing ΔΨm and triggering 
mitochondrial dysfunction (25). The mitochondria are central 
in the process of apoptosis, and loss of ΔΨm is an important 
mechanism of inducing apoptosis. Mitochondrial permeability 
transition pore (MPTP) opening is an important aspect of 
apoptosis (26). Dorta et al (27) treated extracted liver mito-
chondria with 5 µmol/l Cd for 2.5 min, which triggered loss 
of ΔΨm, reflecting the fact that the ΔΨm is sensitive to Cd. In 
the present study, the ΔΨm of the Cd‑exposed cells decreased 
significantly, in a dose‑dependent manner, compared with 
the control. Preincubation with NAC effectively inhibited 
this tendency. Cd exposure causes mitochondrial membrane 
damage, reducing ΔΨm and leading to MPTP opening, 
enhanced membrane permeability, ΔΨm loss, and mitochon-
drial release of apoptosis‑inducing factor and Cyt C, triggering 
the caspase cascade and leading to apoptosis (28‑30).

As an energy source, mitochondria are important in cells; 
mitochondrial damage can lead to disordered cell structure 
and function. The mitochondria are involved in apoptosis 
triggered by several stimuli. Yan et al found that Cd causes 
mitochondrial swelling, deformation, crest fracture or disap-
pearance, membrane rupture, matrix outflow and vacuole 
degeneration in nerve cells, and that NAC confers certain 
protective effects (18). The present study found that Cd caused 
similar mitochondrial changes, as 12 h exposure to 10 µmol/l 

Figure 2. Effect of Cd and NAC on ΔΨm in BRL 3A cells. The ΔΨm was 
significantly decreased by Cd, in a dose‑dependent manner. NAC signifi-
cantly improved the Cd‑induced decrease in ΔΨm. Data are presented as the 
mean ± standard deviation. **P<0.01, compared with the control; ##P<0.01, 
compared with 20 µmol/l Cd alone. ΔΨm, mitochondrial membrane poten-
tial; Cd, cadmium; NAC, N‑acetylcysteine.
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Cd caused marginal mitochondrial cristae fracture, and 12 h 
exposure to 20‑40 µmol/l Cd eventually caused mitochondrial 
collapse and vacuolation. NAC preincubation reduced mito-
chondrial deformation and damage, indicating that Cd may 
have caused mitochondrial injury through oxidative damage 
in the BRL 3A cells.

PARP is a post‑translational modification enzyme, which 
is predominantly present in eukaryotic cell nuclei. Numerous 
studies have demonstrated that multiple stimuli can lead to 
activation of the caspase family, cleaving the substrate (PARP) 

and leading to apoptosis (31,32). Guégan and Sola (33) demon-
strated that long‑term focal cerebral ischemia in mice following 
middle cerebral artery obstruction always involves caspase‑3 
activation; caspase‑3 cleaves PARP, leading to the loss of 
PARP activity, followed by DNA fragmentation and apoptosis. 
Using a rat acute cerebral ischemia model, Benchoua et al (34) 
reported that caspase‑8 cleaves PARP and induces apoptosis. 
Pacher et al  (35,36) demonstrated, that in oxidative stress, 
PARP activation by oxidation damages DNA, and is an impor-
tant mechanism in promoting cell dysfunction an inhibiting 
tissue function. The present study demonstrated that Cd 
activated PARP precursor cleavage, and that the combined 
application of NAC reversed this tendency, suggesting that 
Cd‑induced apoptosis in the BRL 3A cells involved PARP 
activation. As an antioxidant, NAC can alleviate cell damage 
caused by oxidative stress. Studies have shown that mitochon-
dria coordinate caspase activation through the release of Cyt C 
due to the outer mitochondrial membrane becoming perme-
able (37,38). Following its release into the cytoplasm, Cyt C 
combines with Apaf‑1 to form a polyadenylic complex (39). 
The domain structure can recruit the cytoplasmic caspase‑9 
precursor and self‑activate, and caspase‑9 can cleave and 

Figure 3. Effect of Cd and NAC on BRL 3A cell mitochondrial ultrastructure. Cd impaired mitochondrial ultrastructure, with features including loss of cristae, 
swelling and degeneration, and cell plasma membrane disruption. NAC reduced the mitochondrial swelling induced by Cd. (a) Control; (b) 10 µmol/l Cd; 
(c) 20 µmol/l Cd; (d) 40 µmol/l Cd; (e) 2 mmol/l NAC; (f) 2 mmol/l NAC +20 µmol/l Cd. Scale bar=0.5 µm. Cd, cadmium; NAC, N‑acetylcysteine.

Figure 5. Effect of Cd and NAC on protein levels of caspase‑8 and FasL in 
BRL 3A cells. Cd elevated the protein levels of cleaved caspase‑8 and FasL 
in a dose‑dependent manner. NAC inhibited the Cd‑induced increase in these 
protein levels. Cd, cadmium; NAC, N‑acetylcysteine; FasL, Fas ligand.

Figure 4. Effect of Cd and NAC on protein levels of caspase‑3, caspase‑9 
and PARP n BRL 3A cells. Cd decreased the protein expression of cas-
pase‑3, caspase‑9, and PARP, but increased the expression of cleaved 
caspase‑3 and cleaved caspase‑9, as the concentration of Cd increased. 
NAC inhibited the Cd‑induced changes in the protein levels. Cd, cadmium; 
NAC, N‑acetylcysteine; PARP, poly (ADP‑ribose) polymerase.

  a   b   c

  d   e   f
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activate the downstream caspases, cleaving their substrates 
and triggering apoptosis. Caspase‑9 is an important initiator 
enzyme, which can cleave caspase‑3 and caspase‑7, leading 
to apoptosis. Caspase‑3 is a key factor in apoptosis, and is 
directly involved in the chromosome condensation and DNA 
fragmentation processes. The present study demonstrated that 
caspase‑3 and caspase‑9 activities were significantly enhanced, 
and that there was increased caspase‑3 cleavage and protein 
expression of caspase‑9 as the Cd concentrations increased. 
Preincubation with NAC effectively reversed the caspase 
activation, suggesting that the mitochondrial pathway was an 
important channel through which Cd induced apoptosis in the 
BRL 3A cells.

Fas/FasL are membrane proteins, which are closely associ-
ated with apoptosis (40). The induction of caspase‑mediated 
apoptosis through the Fas pathway is an important mechanism 
by which apoptosis is induced. Fas/FasL‑mediated alveolar 
epithelial cell apoptosis is involved in the process of pulmonary 
fibrosis (41) and the treatment of pulmonary fibrosis and tumors 
in rats (42,43). In osteosarcoma cells treated with matrine, cell 
proliferation is inhibited, triggering apoptosis, increasing the 
protein expression of Fas/FasL and the activation of caspase‑3, 
caspase‑8 and caspase‑9 in a dose‑dependent manner, indicating 
that Fas/FasL protein activation may be involved in inducing 
apoptosis in tumor cells (5). The present study demonstrated that 
Cd increased the protein expression levels of cleaved caspase‑8 
and FasL, and that NAC inhibited this increase. Caspase‑8 may 
be involved in the death receptor pathway of apoptosis induced 
by Cd. and may be involved in BRL 3A cell apoptosis.

Cd was found to cause the uncoupling of the mitochondrial 
respiratory chain, decreased ΔΨm, and led to mitochondrial 
swelling, degeneration, cristae blurring, deformation and even-
tual collapse. It also stimulated the activation of caspase‑3 and 
caspase‑9, PARP cleavage, and increased the protein expression 
levels of cleaved caspase‑8 and FasL, leading to apoptosis. NAC 
exerted an inhibitory effect on the mitochondrial and death 
receptor pathways involved in Cd‑induced apoptosis in the 
BRL 3A cells, suggesting that it exerts a protective effect.
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