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Objective  To evaluate the antagonistic effects of N-Acetylcysteine (NAC) on Mitogen activated protein kinases 
(MAPK) pathway activation, oxidative stress and inflammatory responses in rats with lung injury induced by fine 
particulate matter (PM2.5).
Methods  Forty eight male Wistar rats were randomly divided into six groups: blank control group (C1), drip 
control group (C2), PM2.5 exposed group (P), low-dose NAC treated and PM2.5 exposed group (L), middle-
dose NAC treated and PM2.5 exposed group (M) and high-dose NAC treated and PM2.5 exposed group (H). 
PM2.5 suspension (7.5mg/kg) was administered tracheally once a week for four times. NAC of 125mg/Kg, 
250mg/Kg and 500mg/Kg was delivered intragastrically to L, M and H group respectively by gavage (10ml/kg) 
for six days before PM2.5 exposure. The histopathological changes (HE staining) and human mucin 5 subtype B 
(MUC5AC) content (AB-PAS staining) in lung tissue of rats were evaluated. We investigated IL-6 in serum and 
bronchoalveolar lavage fluid (BALF) by Enzyme-linked immunosorbent assay (Elisa), MUC5AC in lung tissue 
homogenate by Elisa, GSH-PX in serum and BALF by spectrophotometry, and the expression of p-ERK1/2, 
p-JNK1/2 and p-p38 proteins by Western blot. All the measurements were analyzed and compared statistically.
Results  Lung tissue of rats exposed to PM2.5 showed histological destruction and increased mucus secretion of 
bronchial epithelial cells. Rats receiving NAC treatment showed less histological destruction and mucus secretion. 
Of P, L, M and H group, MUC5AC in lung tissue, IL-6 in serum and BALF were higher than controls (C1 and 
C2)（all P ＜ 0.05）, with the highest levels found in P and a decreasing trend with NAC dose increasing. The 
activity of GSH-PX in serum and BALF of PM2.5 exposed rats (P, L, M and H) was lower than that of controls 
(all P ＜ 0.05), with increased activities found in NAC treated rats and an upgrade trend with increase of dose. 
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PM2.5 refers to environmental fine particu-
late matter with an aerodynamic diameter of 
2.5μm or less, which is the main component 
of fog and haze. As one of the important bar-

riers in organisms, respiratory system plays a signifi-
cant role in preventing organism from harm caused by 
PM2.5.

Lung inflammatory response and oxidative stress 
occur earliest upon air pollution, which may promote 
changes in coagulation system, cardiovascular system, 
systemic inflammatory response and oxidative stress. 
1 PM2.5 has complex components. When exposed to 
particulates, the organic and metal components can 
produce oxygen free radicals, causing direct damage to 
organism. In addition, a series of intracellular reactions 
(kinase cascade activation, transcription factor activa-
tion, inflammatory mediator release) can be activated, 
resulting in cell damage or apoptosis. 2 The mecha-
nisms of oxidative stress and inflammatory injury play 
a core role in multiple injuries. Antagonistic drugs 
based on these mechanisms may provide a protective 
effect on preventing organisms from harm caused by 
PM2.5 air pollution. 

Foreign studies found that antioxidant-rich food 
and drink have certain effects on preventing PM2.5 
and protecting cardiovascular health.3 Animal exper-
imental studies found that early treatment for PM2.5 
exposed rats with vitamin E and ω-3 polyunsaturated 
fatty acid can improve antioxidant activity and reduce 
production of inflammatory cytokines in rats.4 Some 
bacterial products, viruses, environmental pollutants 
and inflammatory cytokines can cause airway mucus 
hypersecretion. MUC5AC is a specific marker of pul-
monary airway goblet cells and the most important 
component of airway mucus.5 Mitogen activated pro-
tein kinases (MAPK) pathway is one of the important 
signal transduction systems in vivo, which is activated 
via three-kinase cascade. MAPK subfamily includes ex-
tracellular signal-regulated protein kinases (ERK1/2), 
c-Jun NH2-terminal kinases (JNK1/2) and p38, which 
are involved in cell proliferation, differentiation, apop-
tosis and inflammation, and are activated by dual 

phosphorylation on threonine and tyrosine. Experi-
mental studies found that PM2.5 can increase reactive 
oxygen species in cardiomyocytes to reduce survival 
and increase apoptosis, upregulate the expression of 
phosphorylated MAPK, i.e. p-ERK1/2, p-JNK1/2 and 
p-p38. MAPK signaling pathway is expected to be the 
target of clinical treatment of PM2.5-induced myocar-
dial injury. 6 Polycyclic aromatic hydrocarbons (PAHs) 
in urban particulate pollutants induce JNK activation in 
hepatocarcinoma cells. 7 

N-Acetylcysteine (NAC) is commonly used as ex-
pectorant drugs in respiratory department. It contains 
a free thiol group which can directly react with electro-
philic oxidizing groups playing the role of antioxidant. 
This study investigated the impact of PM2.5 exposure 
on inflammatory response, oxidative stress, mucus se-
cretion and major MAPK pathway activation in serum 
and lung tissues of rats treated by NAC, in order to 
observe the effects of NAC at different dose on major 
MAPK pathway activation, oxidative stress and inflam-
matory injury in lungs. We hope this work can provide 
a theoretical basis for prevention and treatment of 
PM2.5-induced lung injury.

MATERIALS AND METHODS

Preparation of PM2.5 suspension 
PM2.5 particulates which contains organic carbon (OC), 
elemental carbon (EC), nitrate, sulfate, ammonium, 
and sodium was provided by Hebei Provincial Environ-
mental Monitoring Center. To prepare PM2.5 suspen-
sion, we conducted autoclaved sterilization before use, 
suspended in sterile water at a concentration of 7.5mg/
ml, and mixed with ultrasonic oscillation.

Grouping and administrations
We randomly divided 48 male Wistar rats (provided by 
the Experimental Animal Center of Hebei Medical Uni-
versity, 180~200g each) into six groups: two control 
groups [blank control group (C1), drip control group 
(C2) ], four treatment groups [PM2.5 group (P), low-
dose NAC group (L), middle-dose NAC group (M), high-

The expressions of p-ERK1/2, p-JNK1/2 and p-p38 proteins in PM2.5 exposed lung tissue (P, L, M and H) was 
higher than controls (all P ＜ 0.05), with decreased levels and dose dependent downregulation found in NAC 
treated rats (L,M,H).
Conclusion  NAC can antagonize major MAPK pathway activation, lung oxidative stress and inflammatory 
injury in rats induced by PM2.5.
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dose NAC group (H) ]. C1 received no treatments at 
all. C2 were instilled sterile water (1 ml/kg) tracheally 
once a week for four times. P were instilled PM2.5 sus-
pension (7.5mg/kg) tracheally once a week for four 
times. L, M and H were intragastrically administrated 
NAC aqueous solution (10 ml/kg, freshly prepared, Flu-
imucil, Zambon, produced by Hainan Zambon Pharma-
ceutical Co.,Ltd) of 125 mg/Kg, 250 mg/Kg, 500 mg/
Kg respectively for six days. At the seventh day, the 
NAC groups were instilled PM2.5 suspension (7.5 mg/
kg, 1 ml/kg) tracheally. The procedures were repeated 
three times.

Collection of samples
Twenty four hours after last intra-tracheal instillation, 
we performed intra-peritoneal injection of 10% chloral 
hydrate (3ml/Kg) to make anesthesia. Blood samples 
were collected from femoral artery. Bronchoalveolar 
lavage fluid (BALF) was obtained through bronchoal-
veolar lavage of left lung. Lower lobe of right lung was 
fixed with formaldehyde solution, embedded in par-
affin, sliced, stained with hematoxylin-eosin (HE) and 
AB-PAS, and observed under light microscope. The rest 
of right lung was prepared for tissue homogenate.

Detection of protein expression in lung tissues 
with Western blot method
Appropriate amount of lung tissue was weighed, mixed 
with cell lysis solution, protease inhibitor and phos-
phatase inhibitor, then was quickly cut into pieces and 
homogenized. The above operations were carried out 
on ice. Homogenate was centrifuged and the super-
natant was absorbed and measured for protein con-
centration with bicinchoninic acid (BCA) method. With 
loading buffer added, it was heated for 5min at 95°C 
to denature protein. Samples with extracted protein 
were packaged and preserved at -80°C. SDS- poly-
acrylamide gel electrophoresis (SDS-PAGE) method 
was used for separating protein by electrophoresis, 
which stopped when bromophenol blue indicator move 
to the bottom of separation gel. Membrane was trans-
ferred at constant current of 200 mA for 1.5 h, blocked 
with skim milk powder. After washing with TBST 
washing buffer, bovine serum albumin (BSA) diluted 
primary antibody was added to incubate overnight at 
4°C (P-Erk1/2, 1: 2000 dilution; p-JNK1/2, 1: 1000 
dilution; p-p38MAPK, 1: 1000 dilution). After washing 
membrane, mixing with secondary antibody, incubating 
for 1.5 h, we washed it and mixed it with luminescence 

liquid for photographic analysis.

Measurements of IL-6, BALF, MUC5AC and GSH-PX
The IL-6 level of serum and BALF and MUC5AC content 
of lung tissue homogenate were detected by ELISA . 
The levels of Glutathione Peroxidase (GSH-PX) in se-
rum and BALF were detected by spectrophotometry. 
The operations were carried out following the instruc-
tions strictly.

Statistical analyses
Statistical analysis was performed using SPSS 21.0 
software. Measurement data on normal distribution 
were expressed as means and standard deviation. 
When normal distribution and homogeneity of variance 
were satisfied simultaneously, one-way analysis of 
variance was performed for comparison among multi-
groups, and Student-Newman-Keuls -q test was used 
to compare between two groups. P <0.05 was consid-
ered statistically significant.

RESULTS

Pathological changes of lung tissue
Histological changes of lung tissue
Microscopic observation showed that there was no ob-
vious difference in pathologyof lung tissue between C1 
and C2 group. Lung tissues of P group and treatment 
groups were destructed， presenting alveolar septum 
thickening, alveolar cavity deformation, infiltration of 
peripheral inflammatory cells, interstitial edema and 
congestion of blood capillary. Lung tissues in P group 
presented the most severely destructed changes; of the 
NAC treated groups, with the increase of NAC dose, the 
degree of histological destruction reduced. (Figure 1)

Mucus secretion in lung tissue
Small amount of mucus was observed in lung tissue 
of rats in C1 and C2 group. Rats exposed to PM2.5 (P 
group) presented remarkable increase of blue-stained 
mucus in bronchial epithelial cells. With the increase of 
NAC dose, positive-staining substances in L, M and H 
group decreased, indicating gradually reduced mucus 
secretion. (Figure 2)

Effects of NAC on MUC5AC in lung tissue of rats
The content of MUC5AC in lung tissue of L, M and H was 
lower than that of P group (all P <0.05) in a dose-de-
pendent manner, and the difference in the MUC5AC of 
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lung tissue among P, L, M and H group was statistically 
significant (P <0.05) (Table 1). The content of MUC5AC 
in lung tissue of C1 and C2 group were significantly low-
er than that of P, L, M and H group (all P <0.05), with 
no significant difference between each other. 

Effect of NAC on IL-6 and GSH-PX in serum and 
BALF of rats
In serum and BALF of rats exposed to PM2.5 by in-

tra-tracheal instillation, the activity of GSH-PX was 
found lower and IL-6 level was found higher than that 
of C1 and C2 (all P <0.05). Among PM 2.5 exposed 
rats, rats with NAC treatment(L,M, and H group) 
showed decreased  IL-6 and increased GSH-PX activity 
in serum and BALF, compared with rats in P group(all P 
<0.05). With the increase of NAC dose, IL-6 level was 
on downtrend and GSH-PX activity was on uptrend (all 
P <0.05). (Table 1)

Figure 1. Pathological findings in lung tissue of rats under light microscope (HE staining, 100 ×). (a) C1, the blank control 
group; (b) C2, the drip control group; (c) P, the PM 2.5 group; (d) L, the low-dose NAC group; (e) M, the middle-dose NAC 
group; (f) H, the high-dose NAC group.

Figure 2. Pathological findings in lung tissue of rats under light microscope (AB-PAS staining, 200 ×).(a) C1, the blank 
control group; (b) C2, the drip control group; (c) P,  the PM2.5 group; (d) L, the low-dose NAC group; (e) M, the mid-
dle-dose NAC group;(f) H, the high-dose NAC group.
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Effect of NAC on expression of p-ERK1/2, p-JNK1/2 
and p-p38 proteins in lung tissue of rats. 
The expressions of p-ERK1/2, p-JNK1/2 and p-p38 
proteins in lung tissue of rats with PM2.5 exposure (P, 
L, M and H) were significantly higher than those of C1 
and C2 (all P <0.05). Of rats with NAC treatment (L, M 
and H group), the expression of p-ERK1/2, p-JNK1/2 
and p-p38 proteins in lung tissue  decreased compared 
with rats in P group, and the decrease were dose-de-
pendent (all P <0.05). ( Table 2, Figure 3)

DISCUSSIONS

Air pollution of PM2.5 harms human health. Many 

Table 2. Comparison of relative values of p-ERK1/2, 
p-JNK1/2 and p-p38 expressions in lung tissues of rats 
among and between each group (n=8)§

Group p-ERK1/2 p-JNK1/2 p-p38

C1 0.40±0.02 0.31±0.01 0.20±0.02

C2 0.40±0.02 0.31±0.02 0.20±0.02

P 0.81±0.03ab 0.82±0.03ab 0.88±0.04ab

L 0.75±0.01abc 0.66±0.01abc 0.63±0.01abc

M 0.61±0.02abcd 0.50±0.02abcd 0.47±0.01abcd

H 0.49±0.01abcde 0.37±0.02abcde 0.29±0.02abcde

F value 201.256 333.001 524.187

P value 0.000 0.000 0.000

a, Compared with C1, P<0.05; b, compared with C2, 
P<0.05; c, compared with P, P<0.05; d, compared with 
L, P<0.05; e, compared with M, P<0.05; § plus-minus 
values are means ± SD. 

researchers are studying its toxicity characteristics and 
harm mechanisms. Studies found that PM2.5 expo-
sure increased respiratory and cardiovascular disease 
mortalities and all-cause mortalities. 8  Particulate air 
pollution attributable mortality is up to 16.2% of total 
mortality of Chinese population, ranking the fourth in 
67 risk factors for death of Chinese.9

Animal experiments using PM2.5 exposed rats found 
that PM2.5 caused pulmonary congestion, inflammatory 
cell infiltration, and increase of inflammatory cells in BALF. 
Intra-tracheal instillation of high-concentration PM2.5 
could cause oxidative stress and increase proinflamma-
tory mediators like TNF-α and IL-6 in lung tissues.10 IL-6 
is a marker of systemic inflammatory response, which 
can stimulate liver cells to produce acute-phase proteins 
and stimulate bone marrow to increase white blood cells 
and platelets in blood circulation. In this study, the  IL-6 

Figure 3. Expression of p-ERK1/2, p-JNK1/2 and p-p38 in 
lung tissue of each group by Western blot method. C1, blank 
control group; C2, drip control group; P, PM2.5 exposed 
group; L, low-dose NAC treated group; M, middle-dose NAC 
treated group; H, high-dose NAC treated group.

Table 1. MUC5AC in lung tissue, IL-6 of inflammatory response and oxidative stress in serum and BALF of rats (n=8)§

Group
Lung tissue

MUC5AC (pg/mg)

Serum BALF

IL-6 (pg/mg) GSH-PX (U) IL-6 (pg/ml) GSH-PX (U)

C1 108.63±9.39 29.50±2.60 4568.56±203.53 41.27±2.24 190.53±2.71

C2 110.54±4.94 30.36±3.49 4531.75±129.02 41.47±2.31 189.46±2.46

P 192.25±13.52ab 56.20±4.89ab 1512.11±278.37ab 71.85±2.44ab 120.22±1.91ab

L 171.21±12.58abc 52.59±4.38ab 1527.53±145.73ab 69.63±1.95ab 125.77±2.93abc

M 153.06±4.60abcd 46.43±3.29abcd 2487.14±247.75abcd 63.22±2.71abcd 145.71±2.29abcd

H 139.04±3.67abcde 40.40±2.77abcde 2659.91±197.28abcd 56.54±1.46abcde 181.58±1.57abcde

F value 88.409 72.203 296.754 275.291 1333.633

P value 0.000 0.000 0.000 0.000 0.000

Note: a, Compared with C1, P<0.05; b, compared with C2, P<0.05; c, compared with P, P<0.05; d, compared with L, 
P<0.05; e, compared with M, P<0.05. § plus-minus values are means ± SD.
PM2.5, fine particulate matter; BALF, bronchoalveolar lavage fluid; NAC, N-acetylcysteine; MUC5AC, mucin 5AC; GSH-PX, 
glutathione peroxidase; IL-6, interleukin 6; C1, blank control group; C2, drip control group; P, PM2.5 exposed group; L, 
low-dose NAC treated group; M, middle-dose NAC treated group; H, high-dose NAC treated group.
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in serum and BALF of rats exposed to PM2.5 by intra-tra-
cheal instillation were higher than that of rats without 
PM2.5 exposure, indicating  exposure to PM2.5 stimulated 
production of inflammatory response in rats. IL-6 level of 
BALF was higher than that of serum in the same group of 
rats, suggesting that lung inflammatory injury occurred 
earlier than systematic changes after exposure to PM2.5. 
However, the numerical difference may also be due to the 
differences in bronchoalveolar lavage techniques. 

Tissue inflammatory response is often accompanied 
with oxidative stress, which induces release of reactive 
oxygen species and results in tissue damage.11 Study 
found that PM2.5 exposure increased inflammatory fac-
tors in BALF while decreased antioxidant enzyme GSH-PX 
and superoxide dismutase (SOD) activity in lung tissues. 
12 Studies have shown that for human bronchial epithelial 
cells, PM2.5 exposure decreases cell activity, increases 
reactive oxygen species, destructs mitochondrial mor-
phology, reduces gene expression, improves oxidase 
and inflammatory cytokine expression. Vitamin C and 
quercetin,  antioxidant nutrients prevalent in fruits and 
vegetables,   can antagonize PM2.5-induced oxidative 
damage. 13 NAC, as nucleophile and thiol donor, has an-
tagonistic effect on toxicants.14 NAC protects tissues from 
damage by reacting with hydroxyl radicals and producing 
glutathione. Ali et al. found that NAC can reduce hepatic 
inflammatory response, increase hepatic antioxidant en-
zyme activity and protect against diclofenac acid-induced 
hepatotoxicity in rats. 15 The current study showed that 
NAC can increase the antioxidant capacity of rats, reduce 
inflammatory response, and partially antagonize PM2.5 
toxic effect within a certain dose range. 

MUC5AC is the main component of airway mucus. 
In physiological conditions, mucus secretion can protect 
respiratory tract from foreign bodies. Excessive mucus 
secretion is related to chronic obstructive pulmonary dis-
ease, asthma and other respiratory diseases. In vivo and 
in vitro experiments have demonstrated that proinflam-
matory cytokines, growth factors, neutrophil and eosino-
phil products, bacterial virus products and environmental 
toxic substances can induce MUC5AC expression in air-
way epithelial cells. 16 Iwanaga et al. found that urban 
particulates increase the expression of MUC5AC and IL-8 
in bronchial epithelial cells of normal children and asth-
matic children.[17] In this study, the intra-tracheal instilla-
tion of PM2.5 increased MUC5AC content in lung tissue of 
rats, and the NAC treatment had reduction effect on it; 
with increase of NAC dose, the MUC5AC decreased. This 
result suggested that PM2.5 exposure increased mucus 

secretion, after NAC treatment, PM2.5-induced mucus 
secretion decreased, which might be caused by reduction 
of oxidative stress. However, the content of MUC5AC of 
high dose NAC treated rats was still higher than that of 
rats without PM2.5 exposures, indicating that NAC may 
not antagonize all PM2.5-induced injuries and there are 
multiple pathogenic mechanisms for PM2.5.

MAPK pathways are prevalent in organisms. The ex-
pressions of p-ERK1/2, p-JNK1/2 and p-p38 are through 
the activation of major MAPK subfamily members such as 
ERK1/2, JNK1/2 and p38 by phosphorylation. ERK signal-
ing pathway plays an important role in acute lung injury. 
ERK inhibitors reduce lipopolysaccharide induced pulmo-
nary neutrophil recruitment and release of inflammatory 
cytokines in BALF.18 JNK and p38 pathway activation 
leads to stress response, growth arrest, and apoptosis.19 
Studies found that diesel engine exhaust particulates can 
activate signaling pathways (ERK1/2, JNK1/2) in mouse 
tracheal allograft and induce acid mucus production, 
vacuolization and apoptosis, and thus lead to airway 
diseases.20 Research on mechanisms demonstrated that 
inflammatory factors IL-1β and TNF-α mediate the ex-
pression of MUC5AC gene in human nasal epithelial cells 
via ERK1/2 and p38 MAPK activation and downstream 
signaling pathway, which provides a theoretical basis for 
airway mucus hyper-secretion induced by inflammatory 
response.21 PM exposure significantly enhanced the air-
way inflammatory response through MAPK (ERK, JNK, 
p38 MAPK) and downstream NF-kB signaling pathways.22 
In this study, we found the intra-tracheal instillation of 
PM2.5 increased the protein expression of p-ERK1/2, 
p-JNK1/2 and p-p38 in lung tissues and activated MAPK 
pathways. After NAC treatment, phosphorylated protein 
expression in PM2.5 exposed rats decreased. Within the 
experimental dose scope, the higher of NAC dose, the 
more decrease of protein expression, which indicated 
that NAC could partially antagonize major MAPK pathway 
activation caused by PM2.5.

In conclusion, PM2.5 leads to lung injury through 
multiple mechanisms which interact or influence each 
other via inflammation and oxidative stress. NAC can 
antagonize major MAPK pathway activation, oxidative 
stress, and inflammatory injury in rats with lung injury 
induced by PM2.5.
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