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Abstract
This study aimed to consider the expression of Nrf2, NLRP3 and caspase 1 genes, as well as oxidative stress, and the
protective role of N-acetyl cysteine (NAC) in the liver of rats treated with cadmium (Cd). Male rats were randomly
divided into five groups including G1 (control), G2 (single dose of Cd), G3 (continuous dose of Cd), G4 (single dose of
Cd + NAC), and G5 (continuous dose of Cd + NAC). Levels of malondialdehyde (MDA) and total antioxidant capacity
(TAC) were measured. Expression of Nrf2, NLRP3 and caspase 1 genes was considered using RT-PCR. NAC treatments
significantly improved TAC, but decreased MDA values in rats that exposed to continuous dose of Cd (p<0.05). Exposure
to continuous dose of Cd caused a significant decrease in Nrf2 expression by 2.46-fold (p<0.001), but enhanced
expression of NLRP3 and Caspase 1 genes by 3.13-fold and 3.16-fold), respectively (p<0.001). Compared to rats that
treated to continuous dose of Cd, NAC supplementation enhanced the expression of Nrf2 by 1.67-fold (p<0.001) and
reduced the expression of NLRP3 and Caspase 1 genes by 1.39-fold (p<0.001) and 1.58-fold (p<0.001), respectively.
Down-regulation of Nrf2 and overexpression of NLRP3 and caspase 1 seems to be one of the main mechanisms of Cd
toxicity on liver tissue. NAC protects liver tissue against Cd-induced oxidative injuries via enhancement of Nrf2
expression and reduction of NLRP3 and caspase 1 genes.
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Introduction
Cadmium (Cd) is a toxic element that has toxicological effects on human tissues [1]. This heavy element can cause
a wide range of pathological effects in humans, especially in the liver and kidney tissues through multiple mechanisms [2,
3]. Recent evidence has indicated that Cd disrupts the biological activity of cells by enhancing the peroxidation of lipids,
protein synthesis, and carbohydrate metabolism [4]. Moreover, Cd inhibits DNA repair, its methylation, and consequently
enhances the risk of DNA mutation. Recent studies have suggested that oxidative stress caused by overproduction of
reactive oxygen species (ROS), inflammation and subsequently apoptosis are the main mechanisms of the Cd toxicity and
tissue injuries [5, 6].
The nuclear factor erythroid 2–related factor 2 (Nrf2) is an emerging regulator of cellular resistance to oxidants. It
controls the expression of multiple antioxidants response element–dependent genes to regulate the physiological and
pathophysiological outcomes of oxidant exposure. NLR Family Pyrin Domain Containing 3 (NLRP3) is a critical component
of the innate immune system that triggers an immune response. Recent evidence has indicated that NLRP3 mediates
caspase-1 activation and consequently the secretion of proinflammatory cytokines such as IL-1β/IL-18 in response to cellular
damages [7]. Therefore, it is assumed that downregulation of Nrf2 and overexpression of NLRP3 may be associated with
increased inflammatory cytokines, oxidative injuries, and apoptosis. Several lines of studies have indicated that
downregulation of Nrf2 and overexpression of NLRP3 might be a main reason for Cd-induced oxidative stress and toxicity
in different tissue; however, the underlying mechanism is unclear.
Since oxidative stress and inflammation is considered as one of the major factors for the induction of apoptosis,
antioxidant supplementation may decrease apoptosis via the inhibition of Cd-induced oxidative stress. N-acetyl cysteine
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(NAC) is a potential antioxidant that its anti-apoptotic properties have been recently studied by many researchers [8, 9].
Total antioxidant capacity (TAC) and malondialdehyde (MDA) are among the most important biomarkers of oxidative
stress after cadmium exposure. Previous studies have revealed that MDA which is a hallmark of lipid peroxidation is
increased in the liver of rats exposed to different concentrations of cadmium [10]. Cadmium has also been introduced as a
major cause of glutathione depletion and decreases total antioxidant capacity in the liver tissue [11]. Given the possible role
of Cd in liver injury, it seems that oxidative stress induction and alterations in expression of Nrf2, NLRP3 and caspase 1
genes may be possible mechanisms of Cd toxicity on the liver tissue. As previous studies confirmed the antioxidant and
anti-inflammatory effects of NAC, administration of this compound appears to reduce pathogenesis of Cd on hepatocytes.
Therefore, this study aimed to consider the effect of Cd on biomarkers of oxidative stress (total antioxidant,
malondialdehyde) and expression of Nrf2, NLRP3 and caspase 1 genes in Cd-treated rats. The therapeutic effect of NAC on
these parameters will be also considered.

Materials and Methods
Animals
Thirty male Wistar rats (8-10 weeks and 150-200 g) were bought from the Pasteur Institute of Iran in April 2019
(Tehran). All rats were kept in the lab for at least one week and then randomly divided into 5 experimental groups, including
G1 (control), G2 (single dose of Cd), G3 (continuous dose of Cd), G4 (NAC + single dose of Cd at same time), and G5 (NAC
+ continuous dose of Cd at same time). Rats in each group were housed 3 per cage (30 × 15 × 15 cm) in a standard climate
condition (22 ± 2 °C, humidity 50%± 5%, and a 12:12 light/dark cycle) and had free access to food (10 g/kg/day) and tab
water.

Treatments
Rats in G2 group treated with a single gavage of Cd solution (80 mg/kg; Merck Company, German) in the 1 st day
of the study. Rats in G3 group received a continuous gavage administration of Cd solution (2.5 mg/kg) every other day for
four weeks. Rats in G4 group treated with gavage administration of Cd (80 mg/kg) and NAC (50 mg/kg; Sigma Aldrich
Company, USA) solutions at a same time in the 1st day of examination. Rats in G5 group received continuous gavage
administration of Cd (2.5 mg/kg) and NAC (50 mg/kg) solutions for four weeks. The final volume of administration was
increased to 1 cc using double distilled water. Doses of cd and NAC have selected by reviewing the methodology of previous
studies [12-14]. The control group (G1) fed with normal pellet and water for four weeks.

Tissues and blood samples collection
Forty and eight hours after the last treatment, rats were anesthetized with xylasine (3-5 mg/kg) and ketamine (3050 mg/kg). Blood samples were collected from the abdominal aorta for the measurement of Cd and oxidative stress
biomarkers. Liver tissues were removed and fixed in 10% formalin for at least 48 hours. Tissue fragments were dehydrated
in graded series of ethanol, embedded in paraffin, and then sectioned using an automatic microtome at 4-5 μm thickness.
Finally, the sectioned tissues were stained with haematoxylin-eosin (H&E) and examined for morphological and histological
parameters by light microscopy. A fragment of liver tissue (~200 mg) was isolated and homogenized in phosphate buffer
(pH 7.0) at 4°C with homogenizer (Hielscher, UP100H). The homogenized tissue was centrifuged at 6500 g/4 °C for 15 min
[15]. The supernatants were then collected and stored at -80 °C for Cd measurement and gene expression analysis.

Oxidative stress and inflammation biomarkers
Total antioxidant capacity (TAC) in homogenized liver tissue supernatants was determined by ferric reducing of
antioxidant power (FRAP), which is discussed previously [16, 17]. The amount of malondialdehyde (MDA) level in the liver
tissue was measured using the thiobarbituric acid (TBA) method [18,19].

Metal analysis
Liver tissues (~50 mg) were dried overnight at 75 °C and then digested in approximately 10× the dry tissue mass
of nitric acid. The digested samples were diluted 5-fold by deionized water. For the analysis of metals in serum, blood
samples were centrifuged at 600 × g for 10 min. After centrifugation, supernatants were diluted 10-fold by deionized water.
Eventually, levels of serum and liver tissue Cd were measured by atomic absorption spectroscopy (AAS; Perkin Elmer
model 2380) and using standard curve.

Gene expression analysis
RNX-Plus (SinaClon; RN7713C) Kit was used to extract total RNA from homogenized liver tissue. The quantity
and quality of extracted RNAs was determined using a nanodrop ND-1000 spectrophotometer (Thermo science, Newington,
NH). Electrophoresis on 1% agarose gel was also performed to determine the quality of extracted RNAs. Revert aid reverse
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transcriptase (Thermo science, Germ any) and random hexamer primers (Thermo science, Germ any) were used for cDNA
synthesis at 42 °C for 1 h. A Rotor Gene 6000 (Corbett Research, Australia) thermocycler in 40 cycles was applied for
amplifications. Each reaction included 5 μL master mix and 100 nM primers. Primer sequences are as follow [20-22]: Nrf2,
5/-CACATCCAGACAGACACCAGT-3/ (forward), 5/-CTACAAATGGGAATGTCTCTGC-3/ (reverse); NLRP3, 5/GAGCTGGACCTCAGTGACAATGC-3/ (forward), 5/- ACCAATGCGAGATCCTGACAACAC-3/ (reverse); Caspase 1, 5/GTGTTGCAGATAATGAGGGC-3/ (forward), 5/- AAGGTCCTGAGGGCAAAGAG-3/ (reverse); and glyceraldehyde 3phosphate dehydrogenase (GAPDH), 5/-AAGTTCAACGGCACAGTCAAGG-3/
(forward); 5/-CATACTCAGCACCAGCATCACC-3/ (reverse). The levels of mRNA were normalized relative to the amount
of GAPDH mRNA. The relative expression of studied genes was calculated using 2-ΔCt method [23].

Statistical analysis
All data are presented as means ±SD. One-Way ANOVA: Post Hoc-Tukey test was used to compare the mean of
all data between groups. Data were analyzed using SPSS software (version 19). A P<0.05 was considered as significant.

Results
There were no abnormalities in the liver tissue of rats in G1 (control) and G2 (single dose treated of Cd) groups
under histopathological examinations, but increased blood in central vein, as well as enhanced inflammatory cells in the
liver parenchyma and portal space were found in the liver tissue of rats in G2 and G3 groups (treated with single and
continuous doses of Cd respectively). NAC significantly reduced number of inflammatory cells in G4 and G5 groups in
comparison with G2 and G3 groups (Figure 1).

Figure 1. Sections of liver tissue from different groups. The liver of rats in control (G1) has no sign of inflammation, while
sections from rats in single (G2) and continuous group (G3) showed elevated inflammatory cells. Also some apoptotic
cells can be seen in continuous group (G3). Combined therapy with NAC declined number of inflammatory cells along
with mild inflammation in Cd exposed groups (G4 and G5). X40 magnification.
Table 1: Comparison of the mean of FRAP and MDA between groups.
Groups

FRAP (μg/mL)

MDA (μg/mL)

G1

517.09±18.06

15.71±1.09

G2

502.87±23.34

17.39±2.21

G3

288.86±38.66*

38.97±3.25*

G4

522.43±21.31

15.41±1.24

G5

431.77±31.85*

26.89±2.54*

p-value

p<0.001

p<0.001

G1: Control; G1: Single Cd; G3: Continuous Cd; G4: Single Cd + NAC; G5: Continuous Cd + Cd; One-Way ANOVA: Post Hoc-Tukey test was applied to
compare mean value of parameters between all groups.
*p<0.001 compared to G1.
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Figure 2. Comparison of the mean of Cd levels in the serum of rats in different groups. One-Way ANOVA: Post HocTukey test was applied to compare mean value of Cd between all groups.
*p<0.001 compared to control group.

Figure 3. Comparison of the mean of Cd levels in the liver of rats in different groups. One-Way ANOVA: Post HocTukey test was applied to compare mean value of Cd between all groups.
*p<0.001 compared to control group.
Comparison of the mean contents of FRAP and MDA between all groups can be seen in (Table 1). Rats treated
with continuous dose of Cd had significantly lower mean values of FRAP (288.86±38.66 μg/mL) compared to the other
groups (p<0.001). NAC treatments significantly improved FRAP values in rats that exposed to continuous dose of Cd (from
288.86±38.66 μg/mL to 431.77±31.85 μg/mL; p<0.001). Moreover, rats exposed to continuous dose of Cd had significantly
higher MDA contents (38.97±3.25 μg/mL) than other groups (p<0.001). NAC treatments significantly decreased MDA values
in rats that exposed to continuous dose of Cd (from 38.97±3.25 μg/mL to 26.89±2.54 μg/mL; p<0.001).
The mean of Cd contents in the blood (0.5±0.05 mg/L; Figure 2) and liver tissue (0.74±0.08 μg/g tissue; Figure 3) of
rats exposed to continuous Cd was significantly higher compared to the other groups (p<0.001). NAC supplementation
significantly decreased Cd concentrations in both serum and tissue samples of rats exposed to single or continuous Cd. The
mean concentration of Cd in the liver and serum of rats treated with NAC + single Cd (0.19±0.025 μg/g tissue and
0.0069±0.001 mg/L, respectively) was relatively similar to that in control (0.15±0.04 μg/g tissue and 0.007±0.001 mg/L,
respectively). Although NAC supplementation significantly decreased Cd levels in the liver and serum samples of rats that
treated with continuous Cd (0.36±0.75 μg/g tissue and 0.016±0.005 mg/L, respectively), its level was still greater than control
group (Figures 2 and 3).
A significant difference was found in expression of Nrf2, NLRP3 and caspase1 genes between groups (p<0.001).
Continuous treatment of Cd significantly decreased the expression of Nrf2 gene (Table 2, Figure 4) and enhanced NLRP3
(Table 3, Figure 5) and Caspase 1 (Table 4, Figure 6) genes expression in the liver of rats. Compared to the control group,
continuous dose treatment of Cd caused a significant decrease in Nrf2 expression by 2.46-fold (p<0.001) (Table 2) and
increased the expression of NLRP3 and caspase 1 genes by 3.13-fold (p<0.001) and 3.16-fold (p<0.001), respectively. In
contrast, rats that received a combination of NAC and Cd showed a significant decrease in NLRP3 and caspase 1 and

Page 4 / 10

http://eaht.org

Aala et al. | NAC ameloriates cadmium hepatocellular toxicity
significant increase in Nrf2 expression in compare with animals that only treated with continuous Cd. Compared to rats
that treated to continuous dose of Cd, NAC supplementation enhanced the expression of Nrf2 by 1.67-fold (p<0.001) and
reduced the expression of NLRP3 and caspase 1 genes by 1.39-fold (p<0.001) and 1.58-fold (p<0.001), respectively (Tables 24).
Table 2: Comparison of the fold change ratio of the Nrf2 expression.
Fold-change ratio
Single vs control
1.16
Continuous vs control
2.46
NAC + single vs control
1.08
NAC + continuous vs control
1.47
Continuous vs Single
2.11
Single vs NAC + continuous
1.26
Single + NAC vs single
1.26
Single + NAC vs continuous
2.67
Single + NAC vs NAC + continuous
1.60
Continuous + NAC vs continuous
1.67

Up-/down-regulation
Down-regulated
Down-regulated
Up-regulated
Down-regulated
Down-regulated
Up-regulated
Up-regulated
Up-regulated
Up-regulated
Up-regulated

P-value
0.074
<0.001
0.46
<0.05
<0.001
0.015
0.012
<0.001
<0.001
<0.001

*p<0.05 is considered as significant; One-Way ANOVA: Post Hoc-Tukey test was applied to compare mean value of Nrf2 expression pattern between all groups.

Table 3: Comparison of the fold change ratio of the NLRP3 expression
Fold-change ratio
Single vs control
1.30
Continuous vs control
3.13
NAC + single vs control
1.10
NAC + continuous vs control
2.26
Continuous vs Single
2.40
Single vs NAC + continuous
1.73
Single + NAC vs single
1.18
Single + NAC vs continuous
2.84
Single + NAC vs NAC + continuous
2.04
Continuous + NAC vs continuous
1.39

Up-/down-regulation
Up-regulated
Up-regulated
Up-regulated
Up-regulated
Up-regulated
Down-regulated
Down-regulated
Down-regulated
Down-regulated
Down-regulated

P-value
0.012
<0.001
0.73
<0.001
<0.001
<0.001
0.16
<0.001
<0.001
<0.001

*p<0.05 is considered as significant; One-Way ANOVA: Post Hoc-Tukey test was applied to compare mean value of NLRP3 expression pattern between all
groups.

Table 4: Comparison of the fold change ratio of the caspase1 expression
Fold-change ratio
Single vs control
1.43
Continuous vs control
3.16
NAC + single vs control
1.23
NAC + continuous vs control
2.00
Continuous vs Single
2.22
Single vs NAC + continuous
1.40
Single + NAC vs single
1.16
Single + NAC vs continuous
2.58
Single + NAC vs NAC + continuous
1.63
Continuous + NAC vs continuous
1.58

Up-/down-regulation
Up-regulated
Up-regulated
Up-regulated
Up-regulated
Up-regulated
Down-regulated
Down-regulated
Down-regulated
Down-regulated
Down-regulated

P-value
0.09
<0.001
0.62
<0.001
<0.001
0.011
0.73
<0.001
0.001
<0.001

*p<0.05 is considered as significant; One-Way ANOVA: Post Hoc-Tukey test was applied to compare mean value of caspase 1 expression pattern between all
groups.
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Figure 4. Comparison of the normalized expression of Nrf2 between different groups. One-Way ANOVA: Post HocTukey test was applied to compare normalized expression of Nrf2 between all groups. *p<0.001 compared to control
group.

Figure 5. Comparison of the normalized expression of NLRP3 between different groups. One-Way ANOVA: Post HocTukey test was applied to compare normalized expression of NLRP3 between all groups. *p<0.001 and **p<0.05 compared
to control group.

Figure 6. Comparison of the normalized expression of Caspase 1 between different groups. One-Way ANOVA: Post
Hoc-Tukey test was applied to compare normalized expression of Caspase 1 between all groups. *p<0.001 compared
to control group.
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Discussion
In this study, we considered the effect of NAC supplementation on histological changes, oxidative stress, as well
as genes expression of Nrf2, NLRP3 and caspase 1 in the liver tissue of rats exposed to single or continuous dose treatment
of Cd. Our findings have shown that Cd exposure, especially at continuous phase, is significantly associated with Cd
accumulation in serum and liver tissue, depletion of total antioxidants, and enhanced level of MDA in the liver tissue of
exposed animals. Since Nrf2 plays a key role in emerging regulator of cellular resistance to oxidants and controls expression
of an array of antioxidant response against oxidants, its down-regulation may be associated with accumulation of oxidants
and oxidative stress. On the other hand, given the crucial role of NLRP3 and caspase 1 in inflammation and apoptosis,
overexpression of these genes can trigger immune responses and induce cells apoptosis. Therefore, our findings support
the idea that toxicological effect of Cd on liver tissue may be mediated by down-regulation of Nrf2, up-regulation of NLRP3
and caspase 1, and consequently induction of antioxidant depletion, oxidative stress, inflammation, and hepatic cells
apoptosis.
Many studies reported that Cd exposure has genotoxicity and cytotoxicity effects on different tissues and induces
oxidative stress and inflammation in different tissues. Nazimabashir et al. [24] revealed that Cd (5 mg/kg/BW PO)
significantly increases oxidative stress biomarkers in the cardiac tissue of exposed rats. Furthermore, Cd exposure
significantly enhanced the content of inflammatory cytokines such as TNF-α and IL-6, as well as apoptotic biomarkers such
as caspase 3, cytochrome C, Bax, Bcl-2 in the heart tissue [24]. Another study reported that Cd treatment (5 mg/kg/BW PO)
is associated with a significant enhancement of oxidative stress biomarkers and reduction of enzymatic and non-enzymatic
antioxidant activities in erythrocytes [25]. A recent study has demonstrated that single treatment of Cd (15 and 30 mg/kg/BW)
significantly decreases the content of SH groups and subsequently increases oxidative stress biomarkers such as MDA and
oxidized protein products in the liver, kidney and blood samples of exposed rats [26]. DNA fragmentation and lung
epithelial cells apoptosis was reported in rats exposed to Cd in acute phase (1-30μM) [27]. Yuan et al. [28] found that Cd
treatment induces apoptosis of cerebral cortical neurons via induction of cytochrome oxidase dysfunction, massive
production of ROS, and elevation of caspase-9 and caspase-3 activity.
Several lines of studies reported that Cd decreases the expression of Nrf2, but induces the expression of NLRP3
and apoptosis biomarkers. For example, Chen and Shaikh showed that Cd treatment is associated with down-regulation of
Nrf2 and consequently cells apoptosis in in kidney cell line [29]. More recently, Liu et al. [30] found that Cd exposure causes
liver cells injury through down-regulation of Nrf2 and up-regulation of NLRP3 which is in line with the findings of our
study. In another study, Montes et al. [31] showed that Cd exposure down-regulates the expression of Nrf2 in the heart,
lung, kidney, liver, and brain of rats. Therefore, these data indicate that depletion of antioxidants, oxidative stress,
inflammation and overexpression of apoptotic mediators may be the main mechanisms of Cd toxicity on liver tissue. More
importantly, increased expression of Nrf2 can be considered as part of protective mechanism against cadmium-induced
toxicity.
According to these findings and the concepts of Cd cytotoxicity on the liver tissue, these might make a wise basis
for the use of antioxidants or compounds that could protect hepatocytes from oxidative stress and apoptosis. Here, we
considered the effect of NAC treatment to mitigate oxidative stress caused by Cd effects. In our study, NAC treatment
significantly decreased hepatic cells injuries caused by Cd. This effect was associated with a significant increase in total
antioxidant capacity and a significant decrease in MDA in the liver tissue. Interestingly, we found that NAC treatment
modulated expression of Nrf2, NLRP3 and caspase 1 genes in the liver tissue of Cd-treated rats. Although the level of
oxidative stress, inflammation and hepatic cells apoptosis biomarkers in the liver of rats that exposed to chronic dose of Cd
+ NAC were somewhat high, NAC improved these abnormalities in this group compared to rats that only treated with
continuous dose of Cd. These data indicate that NAC can be helpful in mitigating oxidative stress, inflammation and hepatic
cells apoptosis in the liver tissue through the improvement of Nrf2 and reducing expression of NLRP3 and caspase 1 genes.
He et al. [32] demonstrated that geniposide decreases Cd-induced oxidative stress and apoptosis via induction of Nrf2 gene
expression. Park and Seo [33] showed that Nrf2 protects tissues from oxidative stress-induced DNA damage and suppresses
the carcinogenicity of cadmium. Some studies revealed that NAC attenuates inflammation and oxidative stress by
diminishing ROS production and apoptosis, as well as down-regulation of inflammatory cytokines and increasing of antiinflammatory mediators and antioxidants contents. Wang et al. [34] reported that NAC treatment no only decreases
oxidative stress biomarkers and expression of apoptosis biomarkers such as Bax and Caspases, but also it improves the
activity of glutathione peroxidase (GPX) and glutathione reductase (GR) in vitro. Al-Nahdi et al. [35] revealed that NAC
decreases streptozotocin-induced oxidative stress, inhibits DNA damage and expression of apoptotic proteins in pancreatic
β-cells. In another research, Chen et al. [36] found that NAC treatment significantly prevented Cd-induced ROS production
and attenuated Cd-induced brain damage or neuronal cell death by increasing the activities of Cu/Zn-superoxide dismutase,
catalase and glutathione peroxidase, as well as the level of glutathione in the brain. The protective effect of NAC against
cadmium-induced oxidative stress and apoptosis in other cell types such as germ cells [37], rat normal liver cells [38], Leydig
cells [39] was previously reported. Our observation agreed with these results. According to previous accomplished data
and our findings, downregulation of Nrf2 and overexpression of NLRP3 and caspase 1 may be a main mechanism of Cd
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toxicity on liver tissue. NAC protects liver tissue against Cd-induced oxidative injuries through improvement of Nrf2 and
reduction of NLRP3 and caspase 1 genes.

Conclusions
The findings of the current study revealed that Cd exposure, especially continuous exposure to Cd, is strongly
associated with Cd accumulation, antioxidants depletion, oxidative stress, and inflammation in the liver tissue. Downregulation of Nrf2 and overexpression of NLRP3 and caspase 1 seem to be a main mechanism of Cd toxicity on liver tissue.
NAC protects liver tissue against Cd-induced oxidative injuries via enhancement of Nrf2 expression and reduction of
NLRP3 and caspase 1 genes.
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