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Abstract 

Background: Lead, as the most important toxic heavy element, has several devastating effects on human health and influences most 
biochemical and physiological functions. It is widely accepted that lead can adversely affect the cardiovascular system since it can be quickly 
absorbed and recycled in the blood strain. 
Objectives: This survey scrutinized the effects of N-acetylcysteine (NAC) on the oxidative damage, inflammation, and expression of protein 
kinase C-alpha (PKC-α) and ankyrin repeat domain 1 (ANKRD1) genes in the heart tissue of rats exposed to lead (Pb). 
Methods: The rats were incidentally divided into five groups, including four study groups for the investigation of the effects of the single and 
continuous doses of lead were examined with and without NAC and a control group (G1). The levels of malondialdehyde (MDA), total 
antioxidant capacity (TAC), interleukin (IL)-10, and tumor necrosis factor alpha (TNF-α) were analyzed. A reverse transcription polymerase 
chain reaction was applied to investigate the expression of PKC-α and ANKRD1 genes.  
Results: Continuous exposure to Pb significantly decreased serum levels of TAC and IL-10; however, it increased MDA and TNF-α contents 
(P<0.001). The continuous dose of Pb also dramatically increased the expression of PKC-α and ANKRD1 genes in the cardiac tissue by 4.27-
fold and 3.07-fold, respectively (P<0.001). N-acetylcysteine treatments not only improved morphological changes, oxidative stress, and 
inflammatory biomarkers but also compensated antioxidant capacity and the expression of PKC-α and ANKRD1 genes in cardiac tissues.     
Conclusion: Lead exposure is remarkably related to cardiotoxicity mainly by inducing oxidative stress, inflammation, and antioxidant 
discharge. N-acetylcysteine ameliorates Pb-induced cardiotoxicity by improving the antioxidants capacity, mitigating oxidative stress, and 
down expressing PKC-α and ANKRD1 genes. 
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1. Background 

Cardiovascular diseases are classified among the 
major causes of death in numerous developed and 
under developing countries (1). Recent evidence has 
revealed that smoking, obesity, sedimentary lifestyle, 
atherosclerotic lipid pattern, and arterial 
hypertension are the major risk factors correlated to 
cardiovascular diseases (2, 3). Nevertheless, there are 
numerous risk factors that their mechanism of action 
on cardiac function is not fully explained. Heavy 
metals, such as lead (Pb) and cadmium (Cd) are the 
most abundant xenobiotics in the human 
environment. These heavy metals are widely 
widespread in our environments, such as air, water, 
house dust, soil, and consumer products (4, 5). A 
large body of documents reported an interconnection 
between long exposure to Pb and different 
complications, including neurological disorders, 
hemolytic anemia, bone damage, liver and renal 
dysfunctions, cancers, and infertility (5-9). The 
results of recent studies have indicated that chronic 

exposure to Pb exposure may be the main risk factor 
for cardiac failure (10, 11); however, the exact 
mechanism by which Pb affects the cardiovascular 
system is not well-understood (12). 

Although the knowledge on the effects of low Pb 
exposure on the cardiac system is incomplete, it is 
assumed that a change in the expression pattern of 
several genes involved in oxidative stress and 
inflammation is likely the main reason for Pb-induced 
cardiotoxicity (13). Oxidative stress is a condition in 
which an overabundance of free radicals is followed 
by a massive decrease in antioxidant capacity, and 
consequently, the occurrence of cells apoptosis. (14, 
15). As a cardiac-specific stress-response protein, 
ankyrin repeat domain 1 (ANKRD1) is reported to be 
highly induced in different cardiomyopathies when 
mutated or overexpressed (16). In cardiac tissues, the 
overexpression of ANKRD1 in response to different 
stimuli has been shown to induce inhibitory effects 
on cardiomyocyte gene expressions (17). Protein 
kinase C (PKC) is a family of serine/threonine kinases 
that plays pleiotropic roles in the control of 
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numerous physiological and pathological responses, 
especially cardiac responses (18, 19). Dysregulation 
of PKC expression has been reported to be associated 
with heart failure (20). The findings of recent studies 
have demonstrated that PKC is sensitively activated 
by oxidative stress and inflammation (19, 21). 
Therefore, in the present study, it was predicted that 
Pb-induced cardiotoxicity might be mediated through 
oxidative stress, inflammation, and consequently, 
dysregulation of PKC and ANKRD1 genes. To support 
this theory, the expression pattern of these two 
genes, oxidative stress, and inflammation were 
designed to be investigated in the cardiac samples of 
rats exposed to Pb.  

Since the imbalance between the production and 
detoxification of free radicals and inflammation is 
considered as a main mechanism of Pb-cardiotoxicity, 
antioxidant administration may prosper these 
irregularities through the prevention of oxidative 
stress. Protein kinase C-dependent cellular responses 
can also be prohibited using antioxidants. 
Consequently, PKC can be considered a substantial 
target for redox modifications by oxidants and 
antioxidants (21). A huge number of studies have 
been conducted on the anti-inflammatory effects of 
N-acetylcysteine (NAC) as a strong antioxidant. (22, 
23). Given the destructive properties of Pb, it appears 
that oxidative damage and alterations of PKC and 
ANKRD1 genes expression may be a pivotal 
mechanism of its cardiotoxicity. The anti-
inflammatory and modulating effects of NAC have 
been widely documented, showing that its 
administration is associated with a decrease in 
oxidative damage and the expression of PKC and 
ANKRD1 genes in the cardiac tissue. Therefore, this 
study was designed to search the effect of Pb on the 
oxidative stress biomarkers (e.g., total antioxidant 
and malondialdehyde [MDA] levels), inflammation 
(e.g., interleukin [IL]-10 and tumor necrosis factor 
[TNF]-α), and the expression of PKC and ANKRD1 
genes in the cardiac tissue of Pb-treated rats. The 
healing impact of NAC on these parameters would 
also be considered. 

 

2. Objectives 

This survey scrutinized the effects of N-
acetylcysteine (NAC) on the oxidative damage, 
inflammation, and expression of protein kinase C-
alpha (PKC-α) and ankyrin repeat domain 1 
(ANKRD1) genes in the heart tissue of rats exposed to 
lead (Pb). 

 

3. Methods 

3.1. Animals and treatments  
Animals were purchased from the Pasteur Institute 

of Iran (Tehran). All treatments and tests were carried 
out on male Wistar rats (150-200 g body weight) that 

were housed under standard conditions (at the 
temperature of 22±2°C, humidity of 50%±5%, and 12-
hour photoperiod cycles). The rats were fed with a 
standard diet (Javaneh Khorasan, Iran) and tab water 
throughout the study. In the current study, 30 animals 
were accidentally divided into five groups of six rats as 
follows: 

Group 1 (G1): control, received no treatment; 
Group 2 (G2): received only a single dose of Pb (70 

mg/kg) on the first day of the study; 
Group 3 (G3): received a continuous dose of Pb (2 

mg/kg) every day for 4 weeks; 
Group 4 (G4): administrated with Pb (70 mg/kg) 

and NAC (50 mg/kg) on the 1st day of the experiment; 
and 

Group 5 (G5): treated with Pb (2 mg/kg) and NAC 
(50 mg/kg) solutions every day for 4 weeks. 

Lead acetate (Pb(CH3COO)2) and NAC were 
purchased from Sigma-Aldrich (USA) and Albertsons 
(USA), respectively. In G4 and G5, Pb and NAC were 
administrated at 3-hour intervals to avoid the 
formation of unwanted complexes. The final volume of 
treatments was 1 cc, which was administrated orally 
(gavage).  

  
3.2. Sample collection  

The rats were anesthetized with a combination of 
xylasine (10 mg/kg) and ketamine (30-50 mg/kg) 48 
hours after the last treatment. After opening the chest, 
blood samples were collected from the abdominal aorta 
for the evaluation of serum levels of Pb and 
inflammatory mediators. For histological analysis, 
fractions of cardiac tissue were removed and stored in 
10% formalin for 2 weeks. Following the dehydrating 
process, tissues were embedded in paraffin, sectioned 
at 5 μm thickness using a manual rotary microtome 
(Biobase, Shandong. Co, China), and stained with 
hematoxylin-eosin (24). The sections were then 
analyzed for histopathological alterations under the 
light microscope (Kern & Sohn, Germany). To study the 
expression pattern of related genes, a piece of heart 
tissue (~300 mg) was removed and homogenized 
(Hielscher, UP100H, Germany) in phosphate buffer 
(with pH 7.0) at 4°C. Subsequently, the homogenized 
tissue was centrifuged (Hettich, Germany) at 4500×g 
for 15 min at 4 °C (25). The supernatants were rolled 
up and immediately stored at -80°C with ribonucleic 
acid (RNA) later solution (Sinaclon, Iran). 

 
3.3. Oxidative stress and inflammatory biomarkers   

Serum total antioxidant capacity (TAC) was 
measured by ferric reducing antioxidant power (FRAP) 
assay, as previously described by Benize et al. (26). The 
levels of MDA were assayed by a specific colorimetric 
kit (ZB-0156-R9648, Germany) according to the 
manufacturer's protocol. Glutathione (GSH) level was 
measured according to the Tietz method (27). The liver 
TNF-α and IL-10 contents were assessed using the  
Rat enzyme-linked immunosorbent assay kits, 
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manufactured by ZellBio Company (ZB-0764-R9648 
and ZB-0522-R9648, respectively). 

 
3.4. Lead Measurement 

For the Pb analyses, 1 ml of blood samples were 
centrifuged at 600 × g for 10 min. Supernatants were 
then diluted 5-fold using deionized water. Serum Pb 
concentrations were measured by atomic absorption 
spectroscopy (Perkin Elmer model 2380, USA). The 
standard curve was plotted using different 
concentrations of Pb (0.01-0.8 mg/l). 

  
3.5. Gene expression analysis  

Total RNA was extracted (RNX-Plus, Sinaclon; 
RN7713C, Iran) from homogenized cardiac samples. 
Extracted RNAs were confirmed for their quality 
using a Nanodrop ND-1000 spectrophotometer 
(Thermo Sci, USA). RevertAid First Strand cDNA 
Synthesis Kit (Thermo Science, Germany) and 
random hexamer primers (Thermo science, 
Germany) were applied for complementary DNA 
synthesis at 42oC for 1 h. Amplifications were 
performed by a Rotor-Gene 6000 (Corbett Research, 
Australia) thermocycler in 40 cycles. The amounts of 
5 μl of the master mix and 100 nM of primers were 
applied for each reaction. Primer sequences were as 
follows: PKC-α, 5/- CAA-GCA-GTG-CGT-GAT-CAA-
TGT-3/ (forward), 5/- GGT-GAC-GTG-CAG-CTT-TTC-
ATC-3/ (reverse); ANKRD1, 5/- GCTGGAGC 
CCAGATTGAA-3/ (forward), 5/- CTCCACGACAT 

GCCCAGT-3/ (reverse); and glyceraldehyde 3-
phosphate dehydrogenase, 5/-AAGTTCAACGGC 
ACAGTCAAGG-3/ (forward); 5/-CATACTCAGCAC 
CAGCATCACC-3/ (reverse). Glyceraldehyde 3-
phosphate dehydrogenase was used as a reference 
gene for the normalization of the levels of messenger 
RNA. The expression of relative genes was assessed 
using the 2-ΔCt method. 

 
3.6. Statistical analysis  

The collected data were analyzed in SPSS software 
(version 20) using one-way ANOVA and post-hoc 
Tukey test. Moreover, the means of all quantitative 
data were compared with normal distribution 
between groups. A p-value of < 0.05 was considered 
significant.   

 

4. Results 

Histopathological analysis of the heart tissue 
between different groups revealed numerous 
inflammatory aggregations, degeneration, and necrosis 
in most myocardial muscle bundles in the G2 and G3, 
compared to the control group (G1). Although the rate 
of necrosis was significant in the G3, the single dose of 
Pb caused a wide inflammatory response in G2. 
Compared to G2 and G3, NAC treatment significantly 
decreased inflammatory cells and necrosis rate 
respectively in the G4 and G5 (Figure 1).  

The means of oxidative stress and inflammatory  
 

 

Figure 1. Histopathological alterations between different groups 
While a single dose of Pb induced inflammatory aggregations in the heart tissue in the G2, continuous dose increased the rate of 
Necrosis in the G3. However, NAC treatment almost reversed these alterations in the G4 and G5. 
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Table 1. Comparison of oxidative stress biomarkers between different groups 

 G1 G2 G3 G4 G5 P-value 

FRAP (μg/ml) 529.6±75.18 514.83±38.87 *247.19±38.54 518.11±41.0 **394.22±51.48 <0.001 

MDA (μg/ml) 12.41±2.02 14.26±2.48 *47.82±6.38 12.16±1.85 **29.12±4.69 <0.001 

IL-10 (pg/mg protein) 15.32±3.61 14.69±3.06 *7.69±2.05 14.93±4.18 **11.2±2.15 <0.001 

TNF-α (pg/mg protein) 16.14±3.71 15.83±4.6 *35.23±6.72 16.08±2.94 **22.36±3.55 <0.001 

G1: Control; G2: Single dose of Pb; G3: Continuous dose of Pb; G4: Single dose of Pb + N-acetylcysteine; G5: Continuous dose of Pb + N-acetylcysteine  
FRAP: Ferric reducing antioxidant power; MDA: Malondialdehyde; IL: Interleukin; TNF: Tumor necrosis factor   
*P<0.001 and **P<0.01, compared to the control group  

 
biomarkers are presented in Table 1. Rats affected by 
the continuous dose of Pb exhibited lower mean 
values of FRAP (247.19±38.54 μg/ml) and IL-10 
(7.69±2.05 pg/mg protein), in comparison with other 
groups (P<0.001). It was revealed that NAC therapy 
significantly recovered FRAP (from 247.19±38.54 
μg/ml to 394.22±51.48 μg/ml; P=0.011) and IL-10 
(from 7.69±2.05 pg/mg to 11.2±2.15 protein; 
P=0.039) values in rats with continuous exposure to 
Pb. The means of serum MDA and TNF-α contents 
were significantly higher in rats exposed to a 
continuous dose of Pb (P<0.001) than in the other 
groups. N-acetylcysteine treatments significantly 
decreased the mean values of MDA (from 47.82±6.38 
μg/ml to 29.12±4.69 μg/ml; P=0.009) and TNF-α 
(from 35.23±6.72 pg/mg to 22.36±3.55 pg/mg 
protein; P=0.028) in continuous lead-exposed rats. 
Oxidative and inflammatory biomarkers did not 
change in the G1, G2, and G4 groups.  

Lead levels analysis in serum samples of all groups 

is shown in Figure 2. In rats exposed to a continuous 
dose of Pb, the mean level of Pb (1.94±0.18 μg/l) 
significantly increased by about 295.9%, compared to 
the control group (0.49±0.062 μg/l). It was also found 
that NAC treatments significantly decreased serum Pb 
levels of rats that continuously treated with Pb by 
approximately 50.5% (from 1.94±0.18 μg/l to 
0.96±0.12 μg/l; P<0.01).  

A significant difference was observed in the 
expression patterns of ANKRD1 (Figure 3) and PKC-α 
(Figure 4) genes between groups (P<0.001). Overall, 
continuous exposure to Pb caused a significant 
increase in ANKRD1 (3.07-fold) and PKC-α (4.27-
fold) genes, in comparison to the control group 
(Figure 2; P<0.001). In contrast, NAC 
supplementation treatment significantly refined the 
expression of these genes; accordingly, NAC 
significantly decreased the expression of ANKRD1 
and PKC-α genes by 1.81-fold and 1.26-fold, 
respectively. 

 

 
Figure 2. Comparison of the mean of Pb level between different groups 
G1: Control; G2: Single dose of Pb; G3: Continuous dose of Pb; G4: Single dose of Pb + N-acetylcysteine; G5: Continuous 
dose of Pb + N-acetylcysteine 
*P<0.001 and **P<0.01, compared to the control group; Error bars are presented as standard error. 
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Figure 3. Comparison of the mean messenger RNA levels of ANKRD1 gene between groups 
G1: control; G2: Single dose of Pb; G3: Continuous dose of Pb; G4: Single dose of Pb + N-acetylcysteine; G5: Continuous 
dose of Pb + N-acetylcysteine 
*P<0.001 and **P<0.01, compared to the control group. Error bars are presented as standard error 

 

 
Figure 4. Comparison of the mean messenger RNA levels of PKC-α gene between groups 
G1: control; G2: Single dose of Pb; G3: Continuous dose of Pb; G4: Single dose of Pb + N-acetylcysteine; G5: continuous 
dose of Pb + N-acetylcysteine 
*P<0.001 and **P<0.01, compared to the control group. Error bars are presented as standard error 

5. Discussion 

The toxicity of Pb on cardiac function has raised 
wide public concern worldwide. The current study 
represented the potential role of NAC on histological 
alterations, oxidative stress, inflammation biomarkers, 
and the gene expression of ANKRD1 and PKC-α in the 

cardiac tissue of rats exposed to Pb. Our results 
showed that Pb exposure, especially in the chronic 
phase, was significantly correlated to heart tissue 
damage, oxidative stress, and inflammatory 
mediators. Histopathological and morphological 
examinations revealed that continuous exposure to 
Pb caused dramatic cardiac and vascular damage. It 
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was also found that exposure to Pb led to a significant 
reduction in antioxidants capacity and an increase in 
lipid peroxidation levels among exposed animals. 
Repeatedly exposure to Pb was significantly 
correlated with Pb accumulation in the blood of 
exposed animals. Moreover, the ongoing application 
of Pb significantly provoked the overexpression of 
ANKRD1 and PKC-α genes in the cardiac tissue of 
polluted rats. It has been reported that the 
overexpression of PKC-α can be linked to higher 
degrees of oxidative stress and inflammation and it is 
implicated in the neurotoxicity by Pb, while ANKRD1 
overexpression may increase the risk of lead-induced 
cardiomyopathy (28). Increased levels of oxidative 
stress not only decline the effective concentration of 
some essential antioxidants but also cause severe 
damages to various tissues or organs (29-31). The 
results of a previous study have shown that Pb 
toxicity is correlated to the elevated activation of PKC 
in the brain of rats (32). Hwang et al. found that PKC 
was extremely inflated in lead workers (28). More 
recently, Hegde et al. reported a 39-year-old man 
with cardiomyopathy of persistent lead exposure 
(33). They concluded that continual Pb exposure had 
direct toxic effects on the myocardium and enhanced 
the risk of cardiomyopathy. There are several 
previous reports showing a higher risk of myocarditis 
due to chronic lead exposure in humans (34, 35). 
Another previous study compared lead factory staff 
with healthy individuals (36). The results of the 
mentioned study showed that chronic exposure to Pb 
significantly affected the left ventricular in the group 
with lead exposure. Although the findings of a 
growing number of studies have reported the 
cardiotoxicity of Pb exposure, the exact mechanism in 
which Pb affects cardiac function has remained 
unclear. Based on the results of our study, oxidative 
stress, inflammation, and overexpression of ANKRD1 
and PKC-α genes probably was a principal cause of 
Pb-induced cardiotoxicity in exposed rats. To support 
our idea, the findings of numerous studies have 
previously indicated genotoxicity, cytotoxicity, and 
inflammatory effects of Pb on different tissues. The 
results of a recent study revealed a significant 
reduction in antioxidant enzymes, such as superoxide 
dismutase (SOD), and catalase activity after being 
exposed to Pb (37). Offor et al. demonstrated that Pb 
exposure significantly enhanced the MDA level; 
however, it significantly reduced the activity of SOD, 
glutathione peroxidase (GPX), and total GSH (38). 
Kumar et al. found that although Pb exposure 
significantly increased MDA contents, it reduced the 
mean level of GSH in the liver of poultries (39). 
According to the findings of recent research, blood Pb 
level was significantly higher (~4-5 times) in workers 
who were in close contact with Pb than in normal 
individuals (40). Furthermore, a significant decrease 
in plasma levels of GSH and TAC, however, increased 
MDA and hydrogen peroxide contents were found in 

these cases (40). Altogether, these data indicate that 
Pb-induced oxidative stress and inflammation is a 
main mechanism of Pb toxicity that is subsequently 
associated with cardiac cells injury and apoptosis. Xu 
et al. found that Pb exposure induced histone 
acetylation, and consequently, vascular and cardiac 
cells apoptosis (41).  

Based on these observations and concepts around 
Pb-induced cardiotoxicity, antioxidants may have 
wisely been considered for the protection of cardiac 
against oxidative stress and inflammation. Here, we 
evaluated the effect of NAC supplementation to 
mitigate morphological alterations, oxidative stress, 
inflammation, and overexpression of ANKRD1 and 
PKC-α genes caused by Pb exposure. In our study, it 
was demonstrated that NAC treatment not only 
declined cell injuries and TNF-α and MDA contents 
but also increased total antioxidant capacity and IL-
10. It was also revealed that NAC attenuated the 
expression of ANKRD1 and PKC-α genes in the heart 
tissue of Pb-treated rats. Although the levels of 
oxidative stress and expression of ANKRD1 and PKC-
α genes were somewhat high in the cardiac tissue of 
rats treated with a repeated dose of Pb and NAC, 
these abnormalities were considerably compensated 
in this group compared to the rats that were only 
treated with a chronic dose of Pb. In line with these 
findings, there are plenty of documents reporting that 
NAC therapy decreases reactive oxygen species (ROS) 
production and inflammatory response in various 
tissues. Wang et al. revealed that NAC treatment 
could mitigate oxidative stress and restore the GSH-
related enzymes activities in vitro (42). Shieh et al. 
have illustrated that NAC supplementation reversed 
malathion-induced oxidative stress and decreased 
the expression of apoptotic biomarkers, such as Bax, 
Bcl2, Caspases-3, and Caspases-9, in human 
astrocytes (43). The results of a further study 
conducted by Chen et al. (44) showed that in 
cadmium-affected rats, NAC treatment significantly 
prevented ROS production, brain damage, and 
apoptosis mainly by increasing the activities of 
Cu/Zn-SOD, catalase, GSH, and GPX enzymes in the 
brain tissue, which was consistent with our findings. 
According to former accomplished data and current 
results, oxidative stress and inflammation play the 
central role in cardiotoxicity of Pb, and NAC 
supplementation reduces the genotoxicity and 
cytotoxicity effects of Pb in heart tissue.  
 

6. Conclusion 

In conclusion, our results indicated that Pb 
exposure, especially in the chronic phase, was firmly 
connected with Pb deposition, morphological changes 
in cardiac tissue, oxidative stress, antioxidant 
depletion, inflammation, and the overexpression of 
ANKRD1 and PKC-α genes in the heart tissue. It was 
also found that NAC could protect cardiac tissues 
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against Pb toxicity by down-regulating these genes, 
elevating antioxidants capacity, and mitigating 
oxidative stress and inflammation. 
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