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Abstract. Pulmonary fibrosis is one of the most impor‑
tant pathological processes associated with paraquat (PQ) 
poisoning. 5‑Aminosalicylic acid (5‑ASA) has been shown 
to be a promising agent against fibrotic diseases. In the 
present study, the alleviating role of 5‑ASA was evaluated in 
a rat model of pulmonary fibrosis induced by PQ intragastric 
poisoning (80 mg/kg). Wistar rats were divided into control, 
PQ, 5‑ASA (30 mg/kg daily, 14 days) and PQ + 5‑ASA groups. 
Histological examination revealed congestion, edema and 
inflammatory cell infiltration in the bronchial and alveolar 
walls at 3 days after PQ exposure. Alveolar septum thickening 
with alveolar lumen narrowing was observed at 14 days, while 
fibroblast proliferation, increase in collagen fiber number 
and fibrous thickening of the alveolar walls were observed 
at 28 day. All the aforementioned pulmonary injury changes 
in the PQ group were attenuated in the PQ + 5‑ASA group. 
Hydroxyproline (HYP) content increased in the lung tissues 
of the rats at 14 days after PQ treatment and reached a peak 
at 28 days. Compared with the PQ group, HYP contents of 
lung tissue decreased at 14 and 28 days after PQ + 5‑ASA 
treatment. Masson's trichrome staining revealed that the 
increase in the amount of collagen fibers in the lung tissues 
of rats in the PQ group was inhibited by 5‑ASA treatment, 
further confirming the alleviating effect of 5‑ASA on fibrosis. 
In addition, the results showed that 5‑ASA attenuated the 
upregulation of transforming growth factor‑β1 and phosphor‑
ylated‑SMAD3, and the reduction of peroxisome proliferator 
activated receptor γ induced by PQ in lung tissue of rats and 

human lung fibroblast WI‑38 VA13 cells. In conclusion, the 
results suggested that 5‑ASA had an alleviating effect on 
PQ‑induced pulmonary fibrosis, partly by suppressing the 
activation of the TGF‑β1 signaling pathway.

Introduction

As an effective herbicide, paraquat (PQ, 1,1‑dimethyl‑4,4-bi‑
pyridinium) is a highly toxic pro‑oxidant that is widely used 
worldwide (1). To date, human PQ intoxication due to acci‑
dental exposure or suicide intention has been observed (2). PQ 
poisoning induces multi‑organ failure involving lung, gastroin‑
testinal tract, pancreas, kidney, liver, heart and brain injury (3). 
Pulmonary fibrosis is the most typical feature of PQ poisoning 
and continues for several days to weeks after PQ ingestion (4). 
Although the underlying mechanism of PQ‑induced pulmo‑
nary fibrosis remains unclear, inflammation, oxidative stress, 
epithelial‑to‑mesenchymal transition (EMT) and fibrogenic 
pathways, such as transforming growth factor (TGF)‑β/SMAD 
and PI3K/Akt/mTOR signaling pathways can be involved in 
the pathogenesis of pulmonary fibrosis induced by PQ (1,5). 
TGF‑β1 is considered a ‘master switch’ in the fibrosis process. 
Kan et al (6) observed that TGF‑β1 expression was elevated in 
the serum and lung tissues of rats exposed to PQ. Han et al (7) 
demonstrated that the TGF‑β/SMAD pathway was an important 
process in the development of PQ‑induced pulmonary fibrosis. 
Recent studies have focused on the TGF‑β/SMAD pathway as 
an important target for drugs such as doxycycline and tacro‑
limus to attenuate PQ‑induced pulmonary fibrosis (8,9).

TGF‑β1 has been reported to be the key growth factor that 
initiates tissue repair, and its sustained production is involved in 
the development of tissue fibrosis (7). TGF‑β1 activates the down‑
stream transcription factor SMAD and triggers the intracellular 
signaling pathway (10). An early study by Sato et al (11) showed 
that targeted disruption of TGF‑β1/SMAD3 signaling protected 
against renal tubulointerstitial fibrosis induced by unilateral 
ureteral obstruction in mice lacking SMAD3 (SMAD3 ex8/ex8). 
Several other studies using different models of kidney disease 
further confirmed the central role of the SMAD3 pathway in 
the pathogenesis of interstitial fibrosis  (12,13). The peroxi‑
some proliferator activated receptor γ (PPARγ) is well‑known 
for its ability to regulate glucose and lipid metabolism. The 
interaction between TGF‑β1 and PPARγ is involved in the 
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development of fibrosis. TGF‑β1 controls PPARγ expression, 
transcriptional potential and activity partly through SMAD3 
signaling in murine lung fibroblasts (14). PPARγ is an inhibi‑
tory regulator of the TGF‑β1/SMAD pathway, while TGF‑β1 
induces fibrosis‑related genes that suppress PPARγ. PPARγ is 
an important regulator of TGF‑β1‑associated diseases, such as 
pulmonary arterial hypertension, parenchymal lung diseases 
and Marfan's syndrome (15).

5‑Aminosalicylic acid (5‑ASA) is an anti‑inflammatory 
agent. Over the past decades, 5‑ASA preparations have been 
specific and first‑line therapeutic drugs for mild to moderate 
active inflammatory bowel disease (IBD) (16). As a PPAR‑γ 
agonist, 5‑ASA is a widely used first‑line medication for the 
treatment of ulcerative colitis  (17). Activation of PPAR‑γ 
signaling plays an important role in alleviating the effects 
of 5‑ASA on colitis (18). Tissue damage and inflammation 
are important triggers for regeneration and fibrosis. PPAR‑γ 
has been demonstrated not only to be able to downregulate 
pro‑inflammatory cytokine production, such as interleukin 
(IL)‑4, ‑5 and ‑6, but also to interfere with profibrotic 
molecules, including platelet‑derived growth factor, IL‑1 and 
TGF‑β, the main promoters of fibrosis (19). Moreover, 5‑ASA 
was found to reduce TGF‑β signaling, as indicated by the 
reduction in TGF‑β‑specific reporter gene activity (20). The 
intestinal anti‑inflammatory effect of 5‑ASA is dependent on 
PPARγ (18,21), and its anti‑neoplastic effect in the intestine is 
also mediated by PPARγ (20). Thus, it is clear that PPARγ is 
the key mediator of the anti‑inflammatory and antineoplastic 
effects of 5‑ASA. As PPARγ is also involved in the development 
of fibrotic diseases, there is interest in determining whether 
5‑ASA could play a role in the interaction of PPARγ and the 
TGF‑β1/SMAD3 pathway in the pathogenesis of pulmonary 
fibrosis, and whether it could be used as a potential drug for PQ 
poisoning. As pulmonary fibrosis is the most typical feature of 
PQ poisoning, whether the agonist of PPAR‑γ, 5‑ASA, may 
be used as a potential drug for alleviating pulmonary fibrosis 
induced by PQ is worthy of investigation.

To date, to the best of our knowledge, there have been no 
reports on the clinical use of 5‑ASA in the treatment of human 
PQ poisoning; however, experimental studies in animals have 
been performed. Wang  et  al  (22) found that 5‑ASA could 
attenuate PQ‑induced acute renal injury damage by activating 
the Nrf2‑antioxidant response element signaling pathway. A 
recent study by Ramadan et al (23) revealed that mesalazine, 
with 5‑ASA as its main ingredient, had potential as a novel 
anti‑fibrotic agent by reducing oxidative damage and altering 
the TNF‑α pathway as an anti‑inflammatory drug, which was 
demonstrated by its ability to downregulate TGF‑β1, osteo‑
pontin, α‑SMA and caspase‑3 signaling pathways in liver 
fibrosis in rats (23). A previous study by Hoffmann et al (24) also 
provided experimental pre‑clinical evidence for the antifibrotic 
effects of mesalazine in an in vitro model of cardiac fibrosis.

Therefore, the aim of the present study was to explore the 
effects of 5‑ASA on pulmonary fibrosis progression in a PQ 
intoxication rat model. It was first investigated whether 5‑ASA 
exerted protective effects against PQ‑induced pulmonary 
fibrosis. Following which, the putative mechanism of action 
of 5‑ASA in preventing PQ‑induced pulmonary fibrosis was 
explored. This study provided insights for the treatment of PQ 
poisoning.

Materials and methods

Reagents. PQ (33.5%) was purchased from Syngenta Nantong 
Crop Protection Co., Ltd. 5‑ASA (98.5%, chemical purity) 
was purchased from J&K Scientific Ltd. The primary anti‑
bodies used were as follows: Rabbit anti‑human PPARγ 
(cat. no. P37231; Bioworld Technology, Inc.), rabbit anti‑human 
TGF‑β1 antibodies (cat. no. P01137; Bioworld Technology, 
Inc.), rabbit anti‑human SMAD3 (cat. no. AF6362; Affinity 
Biosciences, Ltd.), rabbit anti‑human phosphorylated 
(p)‑SMAD3 antibody (cat. no. AF3362; Affinity Biosciences, 
Ltd.) and mouse anti‑human β‑actin monoclonal antibody 
(cat. no. sc‑47778; Santa Cruz Biotechnology, Inc.).

Animals. In this study, 100 healthy male Wistar rats aged 
6‑8 weeks and weighing 180‑220 g were purchased from the 
Animal Center of Hebei Medical University (Shijiazhuang, 
China). The animals were placed in a ventilated room 
at 22±2˚C with a 12 h light/dark cycle, with ad libitum access 
to food and water. All animal experiments conformed to the 
guidelines of the Ethics Committee for Laboratory Animals of 
Hebei Medical University. All experiments were performed in 
compliance with the Guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health (25) and were 
reviewed and approved by the Ethics Committee for the Use of 
Experimental Animals at Hebei Medical University (approval 
no. 1608303).

Animal models and tissue sampling. The Wistar rats were 
randomly divided into four groups, with 25 rats in each 
group: i) Control; ii) PQ; iii) 5‑ASA and iv) PQ + 5‑ASA. 
The concentration of PQ in this study was selected based 
on the results of our preliminary experiments and related 
literature (26,27). On the first day, the rats in the PQ and PQ 
+ 5‑ASA groups were administered doses of 80 mg/kg PQ 
by gavage, whereas, in the control and 5‑ASA groups, the 
rats were treated with distilled water, and 2 h later, equal 
amounts of distilled water were administered to the control 
and PQ groups, while 30 mg/kg 5‑ASA in distilled water 
was intragastrically administered to the 5‑ASA and PQ + 
5‑ASA groups. On the second day, only equal amounts of 
distilled water were administered to the control and PQ 
groups. At the same time, 30 mg/kg 5‑ASA was adminis‑
tered to the 5‑ASA and PQ + 5‑ASA groups and the steps of 
the second day were repeated once a day for up to 14 days. 
Rats were sacrificed by cervical dislocation after anesthesia 
by intraperitoneal injection of a saturated pentobarbital 
sodium solution (40 mg/kg) at 3, 14 and 28 days after PQ 
administration. General pathological changes in the rats in 
each group were observed, including size, congestion and 
dot bleeding. To distinguish the rats' left and right lungs, 
each left lung was placed in a frozen pipette and stored in 
a ‑70˚C liquid nitrogen freezer to detect hydroxyproline 
(HYP). The right lung was immersed in 10% formalin and 
embedded in paraffin.

Comparison of relative weight. Before the rats were sacrificed, 
the rats were weighed and the ratio of the weight at day 3, 
14 and 28 to the weight of the rats on the first day, that is, the 
relative weight, was calculated.
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Lung coefficient. The whole lung and trachea of the rats were 
collected, the trachea was cut between the 5 and 6 cartilage 
rings above the tracheal bifurcation, clean filter paper was 
used to absorb the blood and tissue fluid on the lung surface, 
and it was weighed with a high‑precision balance. The pulmo‑
nary coefficient was calculated as follows: Lung coefficient 
(LI)= total lung wet weight (mg)/body weight (g) x100%.

Histopathological examination. The right lung tissue samples 
were fixed in 10% formalin at room temperature for 4‑6 h, 
embedded in paraffin and sectioned (thickness of 5 µm). The 
slides were subsequently stained with hematoxylin solution 
at room temperature for 5 min followed by five immersions 
in 1% acid ethanol (1% HCl in 70% ethanol) and then rinsed 
in distilled water. Then, the sections were stained at room 
temperature with eosin solution for 3 min, followed by dehy‑
dration with graded alcohol and washing in xylene. The slides 
were then examined under a light microscope (RM2245; Leica 
Microsystems GmbH) by an experienced pathologist who was 
blinded to the treatment received by each animal.

Masson's trichrome staining. The slides were deparaffinized 
and subjected to Masson staining to detect fibrosis. Briefly, 
the tissue sections (thickness, 5 µm) were cut and placed 
on standard microscopy slides. After deparaffinization and 
rehydration, the slides were immersed in Bouin's solution 
(cat.  no. HT10132; Sigma‑Aldrich; Merck KGaA) at  56˚C 
for 15 min. Subsequently, the slides were washed with tap 
water for 5 min. Next, the sections were stained in Weigert's 
hematoxylin for 5 min at room temperature and then washed 
again with tap water for 5 min and rinsed in distilled water. 
Next, the slides were stained in Biebrich scarlet‑acid fuchsin 
for 5 min at room temperature, rinsed in distilled water, incu‑
bated in phosphotungstic‑phosphomolybdic acid for 5 min at 
room temperature, dyed with aniline blue for 5 min at room 
temperature and fixed in 1% acetic acid for 2 min at room 
temperature. Finally, the slides were rinsed in distilled water, 
dehydrated and mounted in synthetic resin. Slides stained 
with Masson's trichrome stain were observed using the Leica 
microscope. The smooth muscle cell cytoplasm was stained 
red, while the collagenous fibrous tissue was stained blue.

Pathology scores were assessed using the method described 
by Szapiel et al (28). The pathological score consisted of alveolar 
inflammation and pulmonary fibrosis scores. The criteria for 
alveolitis were as follows: i) Grade 0, normal alveolar morphology, 
no alveolar inflammation; ii) grade I, mild alveolitis, alveolar 
septum widened by inflammatory cell infiltration; iii) grade II, 
moderate alveolitis; and iv) grade III, severe alveolitis, a large 
number of infiltrating inflammatory cells and diffusely distrib‑
uted lesions. The criteria for pulmonary fibrosis were as follows: 
i) Grade 0, normal lung tissue, with few or no filamentous 
collagen fibers; ii) grade I, slight increase in collagen fiber 
amount, with thin bundle morphology; iii) grade II, moderate 
increase in collagen fiber amount fused into fine bands, with 
alveolar structure disorder; and iv) grade III, substantial increase 
in collagen fiber amount into a broadband or flaky morphology, 
with alveolar collapse and fusion, as well as structural disorder. 
Alveolar inflammation and pulmonary fibrosis scores were 0 
points for grade 0, 2 points for grade I, 3 points for grade II and 4 
points for grade III; these scores were used for statistical analysis.

Determination of HYP. According to the manufacturer's 
instructions for the Hydroxyproline Assay kit (cat. no. BC0250; 
Beijing Solarbio Science & Technology Co., Ltd.), lung tissues 
were isolated to determine the optical density (OD) of the 
samples at a wavelength of 550 nm using a microplate reader 
(Thermo Fisher Scientific, Inc.) and the level of HYP was 
calculated accordingly.

Cell culture and treatment. Human lung fibroblasts WI‑38 
VA13 purchased from American Type Culture Collection 
were grown in DMEM/F12 (Gibco; Thermo Fisher Scientific, 
Inc.) at 37˚C supplemented with 10% fetal bovine serum (FBS; 
Gibco; Thermo Fisher Scientific, Inc.) and 100 U/ml penicillin 
and streptomycin in 5% CO2/95% air. When the cells reached 
80% confluence, they were randomly divided into four groups: 
i) Control; ii) PQ; iii) 5‑ASA; and iv) PQ + 5‑ASA groups. The 
cells were incubated with 200 µM of PQ for 12, 24 and 48 h, 
with or without pretreatment with 5‑ASA (10 mM) at 37˚C for 
2 h. Cells were collected at 12, 24 and 48 h after PQ treatment.

Western blotting. After treatment, cells were washed with 
ice‑cold PBS. Total cell proteins were extracted using lysis 
buffer (1% Triton X‑100, 150 mM NaCl, 2 mM EDTA, 50 mM 
Tris‑HCl, 10% phosphatase inhibitors and 1% cocktail). Total 
protein concentration was quantified using the Bradford 
Protein Assay Kit (Bio‑Rad Laboratories, Inc.). A total of 
40 µg protein/lane protein was separated via 10% SDS‑PAGE 
and then transferred to a PVDF membrane. Subsequently, 
the membranes were blocked with 5% skimmed milk with 
PBS with 0.05% Tween‑20 for 1  h at room temperature 
and then incubated overnight at 4˚C with specific primary 
antibodies at a 1:1,000 dilution in blocking solution. After 
washing, the membranes were incubated with horseradish 
peroxidase‑conjugated goat anti‑rabbit IgG secondary anti‑
body (cat. no. sc‑2030; Santa Cruz Biotechnology, Inc.) at a 
1:5,000 dilution for 1 h at room temperature and visualized 
using an ECL chemiluminescent detection system (Santa Cruz 
Biotechnology, Inc.). Band density was semi‑quantified using 
GeneTools Image Analysis Software (version 4.02; Syngene 
Europe) and normalized to β‑actin.

Immunohistochemical (IHC) staining. Tissues were fixed in 
10% neutralized formalin for 48 h at room temperature and 
embedded in paraffin blocks. Sections (4‑µm thick) were 
prepared from paraffin blocks. After deparaffinization, antigen 
retrieval was performed in 10 mmol/l of citrate buffer at room 
temperature for 15 min. Endogenous peroxidase activity was 
blocked with 3% hydrogen peroxide in methanol for 10 min 
at room temperature. Blocking was carried out at room 
temperature for 1 h using 10% normal goat serum (Vector 
Laboratories, Ltd.). Incubation with primary antibodies against 
TGF‑β (1:100) and PPARγ (1:100) was conducted overnight 
at 4˚C in a humidified chamber and then washed with PBS. 
Subsequently, sections were incubated in PBS with Tween‑20 
(0.5%) containing a biotin‑conjugated secondary antibody 
(cat. no. bs‑0346R‑Bio; BIOSS) at 1:200 dilution for 1 h at room 
temperature and 3,3'diaminoenzidine was used to locate the 
specific antigens in each section. Slides were counterstained 
with hematoxylin for 30 sec at room temperature (29). The 
primary antibody was replaced with PBS as a negative control. 
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All slides were scored by an experienced pathologist. Images 
were captured using an Olympus AH2 Vanox Microscope 
System (light microscope; Olympus Corporation).

The levels of TGF‑β1 and PPARγ are described based on 
the ratio of positive cells to the intensity of the reaction. The 
parameter was classified and a combined score was used to 
determine positive or negative results according to previously 
defined criteria (30). For the score of positive cell ratio, 0‑1, 
1‑10, 10‑50, 50‑80 and 80‑100% were scored as 0, 1, 2, 3 and 4, 
respectively. For the intensity score, negative, weakly positive, 
positive and strongly positive were scored as 0, 1, 2 and 3, 
respectively. IHC score=positive cell ratio score x intensity 
score.

Statistical analysis. Statistical analysis was performed using 
one‑way analysis of variance (ANOVA) with SPSS 16.0 (SPSS, 
Inc.). One‑way ANOVA followed by the Tukey's post‑hoc 
test was used to compare differences between groups. The 
time‑effect relationship was analyzed using Pearson's correla‑
tion analysis. All results were confirmed using at least three 
independent experiments. The results are presented as the 
mean ± standard deviation. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Rat general conditions after PQ exposure. In the PQ group, 
the rats displayed a series of symptoms, including sluggish‑
ness, lethargy, irritability and bloody discharge in the mouth, 
nose and eyes 2 h after PQ exposure. The poisoning symptoms 
progressively worsened from 3 to 28 days after PQ exposure, 
including dyspnea, abdominal breathing and perioral cyanosis 
in the respiratory system, diarrhea in the alimentary system 
and oliguria, anuresis and hematuria in the urinary system. 
The poisoning manifestations, both general and systemic, 
were alleviated in the PQ + 5‑ASA group (data not shown).

Relative body weight gradually increased with time in 
the 5‑ASA group (r=0.992). It showed no changes compared 
with the control group. After PQ exposure, the relative weight 
decreased to a minimum at 3 days and gradually increased 
to the control level at 14 days. In the PQ + 5‑ASA group, 
the relative body weight decreased to a minimum at 3 days. 
The body weight decrease was statistically significant when 

compared with the control group and 5‑ASA group at 3 days 
(Fig.  1A  and  B). Therefore, the PQ‑induced decrease in 
relative body weight could be improved by 5‑ASA.

5‑ASA attenuates PQ‑induced pulmonary damage. The lungs 
in the control and 5‑ASA groups were normal in size and pink 
in color, while lungs in the PQ group notably increased in size 
and congestion and dot bleeding could be seen within 14 days 
after PQ exposure, turning grayish with uneven surface 
28 days after PQ exposure (data not shown). The changes in 
the lungs in the PQ + 5‑ASA group were markedly alleviated; 
no obvious bleeding was observed and the lung surface was 
smooth.

There was no significant difference in lung coefficient 
between the 5‑ASA group and control group. After PQ expo‑
sure, the lung coefficient increased significantly, reached a 
peak on day 3, decreased on day 14 compared with the 3 days, 
but increased again on day 28, showing a biphasic increase. 
The lung coefficient in each time period in the PQ group 
was significantly higher compared with the control group. 
Compared with the control group, the lung coefficient of the 
PQ group was significantly increased, especially at day 3. 
However, the lung coefficient at each time point in the PQ + 
5‑ASA group was significantly lower compared with the PQ 
group. In conclusion, lung coefficient measurements further 
confirmed that 5‑ASA treatment could alleviate the changes 
caused by PQ in the lungs (Fig. 2).

Figure 1. A PQ‑induced decrease in relative body weight is improved by 5‑ASA. (A) Relative weight changes of rats in different groups. (B) Relative body 
weight gradually increased with time in 5‑ASA group (r=0.992). The time‑effect relationship was analyzed using Pearson's correlation analysis. Data are 
presented as the mean ± SD. *P<0.05 vs. control group. 5‑ASA, 5‑aminosalicylic acid; PQ, paraquat. 

Figure 2. Lung coefficient changes of rats in different groups. Data are 
presented as the mean ± SD. *P<0.05 vs. control group; #P<0.05 vs. PQ group. 
5‑ASA, 5‑Aminosalicylic acid; PQ, paraquat. 
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Histologically, the morphological changes in the lungs of rats 
in different groups were evaluated by H&E staining (Fig. 3A). 
Except for a few phagocytes in the lumens of the alveoli, no 
changes, including edema, congestion, bleeding and inflamma‑
tory modifications, were observed in the lungs of the control 
and 5‑ASA groups. Alveolitis was observed in the lungs of rats 
after PQ exposure. Congestion, edema and inflammatory cell 
infiltration were observed in the bronchial and alveolar walls 
at 3 days after PQ exposure. Alveolar septum thickening with 
alveolar lumen narrowing, diffuse pulmonary hemorrhage and 
hyaline membrane formation were observed at 14 days after PQ 
exposure. At the later stage, fibroblast proliferation, increased 
collagen fiber amount and fibrous thickening of the alveolar 
walls was also observed at 28 days after PQ exposure. All 
pulmonary injury changes observed in the lungs of rats in the 
PQ group were notably attenuated in the PQ + 5‑ASA groups, 
as evidenced by a decrease in the degree of congestion, inflam‑
matory cell infiltration, bleeding at an early stage (<14 days) and 
fibrous proliferation at the late stage (28 days) after PQ exposure.

5‑ASA attenuates PQ‑induced fibrosis in lung tissues of rats 
HYP content analysis of the lung tissues. Pulmonary fibrosis 
is characterized by the accumulation of collagen. HYP is a 
non‑essential amino acid found in collagen that serves a crucial 
role in collagen synthesis and is frequently used as a biomarker of 
tissue fibrosis (31). HPY content changes were measured in lung 
tissues in different groups. The results showed that HYP content 
significantly increased in the lung tissues of the rats at 14 days 
after PQ treatment and reached a peak at 28 days compared with 
the control group. Compared with the HYP changes in the PQ 
group, HYP content of lung tissue was significantly lower in the 
lung tissues of rats at 14 and 28 days after PQ + 5‑ASA treatment 
(Fig. 4), suggesting that 5‑ASA treatment could significantly 
alleviate the degree of collagen accumulation induced by PQ.

Masson's trichrome staining. Masson's trichrome staining 
revealed that the collagen fibers were stained blue. The results 
(Fig. 5A) showed that, compared with those in the control 
group and 5‑ASA group, the amount of blue‑stained collagen 

fibers in the lung tissues of rats in the PQ group increased 
at 14 and 28 days. Collagen fibers were mainly concentrated 
in the alveolar thickening area and bronchioles. With 5‑ASA 
treatment, collagen deposition (blue staining) of lung tissue in 
the PQ + 5‑ASA groups was lower than that in the PQ group 
alone, further confirming the alleviating effect of 5‑ASA 
on the increase in collagen fiber amount induced by PQ 
at 14 and 28 days.

No pathological changes were found in the lungs of the 
rats in the control and 5‑ASA groups, while injury and fibrosis 
changes with different severity were observed in rats of the 
other two groups. Further quantitative analysis showed that 
the inflammation score in the PQ group increased from 3 to 
28 days after PQ exposure compared with the control group. 
Inflammation scores at all time points (3, 14 and 28 days) in 
the PQ + 5‑ASA groups all decreased compared with those in 
the PQ group, suggesting that 5‑ASA treatment could partly 
alleviate the degree of inflammation induced by PQ (Fig. 3B). 
The fibrosis score increased at 14 and 28 days after PQ expo‑
sure compared with the control group, while that in the PQ + 

Figure 3. H&E‑stained histological evaluation of rat lungs in the control, 5‑ASA, PQ and PQ + 5‑ASA groups at days 3, 14 and 28 after PQ intragastric admin‑
istration (all groups magnification, x200). (A) Compared with the control group, the PQ group showed progressive interstitial edema and inflammatory cell 
infiltration in the alveolar space and septum at day 3. The PQ group at days 14 and 28 showed fibroblast proliferation, increased collagen fiber amount (black 
arrowhead) and fibrous thickening (black triangle) of the alveolar walls. At the same time, the PQ + 5‑ASA group showed remarkably decreased pulmonary 
pathological damage in rats. (B) Alveolar inflammation pathology score in lung tissue. All quantitative data are presented as the mean ± SD. *P<0.05 vs. control 
group; #P<0.05 vs. PQ group. 5‑ASA, 5‑Aminosalicylic acid; PQ, paraquat.

Figure 4. Effects of PQ on the HYP content in the lung tissues of rats. 
Compared with the PQ group, 5‑ASA treatment significantly decreased the 
HYP content in the lung tissues of rats. All quantitative data are presented 
as the mean  ±  SD. *P<0.05 vs. control group; #P<0.05 vs. PQ group. 
5‑ASA, 5‑Aminosalicylic acid; PQ, paraquat; HYP, hydroxyproline. 



CHEN et al:  PARAQUAT-INDUCED LUNG FIBROBLAST ACTIVATION ATTENUATED BY 5-ASA6

5‑ASA group significantly decreased compared with the PQ 
group, suggesting that 5‑ASA treatment could partly alleviate 
the degree of fibrosis induced by PQ (Fig. 5B).

5‑ASA attenuates the upregulation of TGF‑β1 and p‑SMAD3 
and the reduction of PPARγ induced by PQ in the lung tissue 
of rats in vivo and human lung fibroblasts WI‑38 VA13 cells 
in  vitro. The expression of fibrosis‑related factors in the 
lung tissue of rats were further evaluated by IHC staining to 
explore the putative anti‑fibrotic mechanism of 5‑ASA. The 
IHC staining results showed that TGF‑β1 expression increased 
from days 3 to 28 after PQ exposure compared with the control 
group. Compared with that in the PQ group, the expression 
level of TGF‑β1 decreased in the PQ + 5‑ASA group at each 
time point (Fig.  6A  and  B). The expression of PPARγ in 
the lung tissue of rats in the PQ group obviously decreased 
compared with that in the control group. This downregulation 
of PPARγ induced by PQ could be partly inhibited by 5‑ASA 
treatment in the lung tissue of rats (Fig. 7A and B). In addi‑
tion, the activation of SMAD3, which is another key member 
in the TGF‑β1/SMAD3 pathway, was further analyzed. The 
active form of SMAD3, p‑SMAD3 was determined by western 
blotting. The results showed that PQ exposure significantly 
increased p‑SMAD3 expression in lung tissues compared with 
that in the control group at each time point. The p‑SMAD3 
level was significantly downregulated in the lung tissue of PQ 
+ 5‑ASA‑treated rats compared with that in the PQ treatment 
group (Fig. 8A and C). PQ treatment had no significant effects 

on regulating the protein levels of SMAD3 (Fig. 8B and D). 
Furthermore, the p‑SMAD3/total SMAD3 ratio was signifi‑
cantly downregulated in the lung tissue of PQ + 5‑ASA‑treated 
rats compared with that in the PQ treatment group (Fig. 8E).

Studies have shown that myofibroblast proliferation 
in the lung tissue of patients is the basis for pulmonary 
fibrosis (32,33). Based on the aforementioned results, the effect 
of 5‑ASA on the TGF‑β1 pathway after PQ exposure was 
further explored in human lung fibroblasts WI‑38 VA13 cells 
in vitro. The results, as determined by western blotting, were 
consistent with those in vivo and revealed that pretreatment 
with 5‑ASA significantly reversed the reduction of PPARγ 
(Fig. 9A) and the increase in TGF‑β1 (Fig. 9B) and p‑SMAD3 
(Fig. 9C) levels induced by PQ. PQ treatment had no significant 
effects on regulating the protein levels of SMAD3 (Fig. 9D). 
Furthermore, the p‑SMAD3/total SMAD3 ratio was signifi‑
cantly downregulated in the PQ + 5‑ASA group compared 
with that in the PQ treatment group (Fig. 9D).

Discussion

Pulmonary fibrosis is an irreversible stage of the pathological 
development of PQ poisoning, leading to high mortality (34). 
No safe and effective treatment has been found to reverse the 
fibrosis process. In the present study, it was found that intragas‑
tric administration of PQ induced significant injury and fibrotic 
changes in the lungs of experimental rats, including congestion, 
edema, hemorrhage, increased lung coefficient, increased HYP 

Figure 5. Histological evaluation of rat lungs in the control, 5‑ASA, PQ and PQ + 5‑ASA group on days 14 and 28 after PQ exposure with Masson's stain. 
(A) Compared with the control group, PQ exposure increased fibrosis (seen as blue collagen deposition, black arrowhead) in the alveolar regions and small 
bronchioles at days 14 and 28. The PQ + 5‑ASA group exhibited decreased collagen deposition in the lung tissues of rats. Magnification, x400. (B) Fibrosis 
pathology score in lung tissue. All quantitative data are presented as the mean ± SD. *P<0.05 vs. control group; #P<0.05 vs. PQ group. 5‑ASA, 5‑Aminosalicylic 
acid; PQ, paraquat. 
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content, accumulation of collagen, increase in the amount of 
collagen fibers and fibrous thickening of the alveolar walls. 
5‑ASA treatment notably alleviated the pulmonary injury 
and fibrotic changes induced by PQ in rats, as evidenced by 
decrease in the degree of congestion, inflammatory cell infiltra‑
tion, hemorrhage, lung coefficient, collagen accumulation and 
collagen fiber amount. Thus, this study confirmed that 5‑ASA 
could markedly attenuate the injury and fibrotic changes 
induced by PQ, suggesting that 5‑ASA could be used in the 
alleviation of pulmonary fibrosis in PQ poisoning.

TGF‑β1 plays a crucial role in the induction of fibrosis. 
TGF‑β1 signaling exerts its biological effects via the 
TGF‑β1/SMAD/Snail signaling pathway, serving an important 
pathogenic role in several fibrotic diseases, such as pulmonary 
fibrosis and cardiac fibrosis  (13,35). In the current study, 
the upregulation of TGF‑β1 and SMAD3 activation was 
confirmed by observing the increased p‑SMAD3 levels after 
PQ exposure, suggesting that the TGF‑β1/SMAD signaling 
pathway was involved in the fibrotic changes induced by PQ. 
These results were in accordance with those reported in the 
literature on tissue fibrosis (36).

PPARs are recognized as versatile members of the 
ligand‑activated nuclear hormone receptor superfamily of 
transcription factors, including steroids, thyroid hormone, 
retinoic acid and vitamin D (37). There are three subtypes of 
PPARs: PPARα, PPARβ/δ and PPARγ. Of the three PPARs 
identified to date, PPARγ represents the most promising PPAR 
target in lung diseases in view of emerging reports implicating 
this molecule in various pulmonary processes, for example, 
pulmonary thromboembolectomy, lung transplantation and 
severe viral pneumonia (38). Additionally, it has been reported 
that PPARγ activators can inhibit TGF‑β1‑induced myofi‑
broblast transdifferentiation (39). In diseased tissues, PPARγ 
expression is inversely related to that of TGF‑β1 (27). Thus, 
it appears that the balance between TGF‑β1 and PPARγ may 
determine whether fibrogenesis predominates after tissue 
injury. In the present study, it was found that the expression of 
PPARγ significantly decreased in the lung tissues of rats after 
PQ intragastric treatment. At the same time, it was found that 
PQ exposure decreased the expression of PPARγ in human 
lung fibroblasts WI‑38 VA13 cells in vitro. Therefore, this 
study suggested that PPARγ was involved in the regulation of 

Figure 6. Treatment with 5‑ASA decreases PQ‑induced expression of TGF‑β1 in lung tissue of rats. (A) The staining of TGF‑β1 (brown in the cytoplasm, 
black arrowhead) was markedly downregulated by PQ + 5‑ASA treatment for 14 and 28 days after PQ administration. Magnification, x200. (B) TGF‑β1 IHC 
scores for all groups. All quantitative data are presented as the mean ± SD. *P<0.05 vs. control group; #P<0.05 vs. PQ group. 5‑ASA, 5‑Aminosalicylic acid; 
PQ, paraquat; TGF‑β1, transforming growth factor β1; IHC, immunohistochemistry. 

Figure 7. Treatment with 5‑ASA increases PQ‑induced expression of PPARγ in lung tissue of rats. (A) The staining of PPARγ (brown in the cell nucleus, black 
arrowhead) was markedly upregulated by PQ + 5‑ASA treatment for 3, 14 and 28 days after PQ intoxication. Magnification, x200. (B) PPARγ IHC scores for 
all groups. All quantitative data are presented as the mean ± SD. *P<0.05 vs. control group; #P<0.05 vs. PQ group. 5‑ASA, 5‑Aminosalicylic acid; PQ, paraquat; 
PPARγ, peroxisome proliferator activated receptor γ; IHC, immunohistochemistry. 
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the TGF‑β1/SMAD3 signaling pathway in PQ‑induced pulmo‑
nary fibrosis.

5‑ASA is an anti‑inflammatory agent commonly used in 
the treatment of IBD (40). Although the exact mechanisms 
of action of 5‑ASA have not yet been completely elucidated, 

recent studies have revealed that the basic mechanism of action 
of 5‑ASA relies on increased expression of PPARγ (21,41). As 
a ligand of PPAR, 5‑ASA can increase PPARγ expression, 
promote its translocation from the cytoplasm to the nucleus and 
induce activation of the downstream signaling pathway (18,20).

Figure 8. Level of p‑SMAD3 and the expression of SMAD3 in lung tissue of rats. (A) Treatment with 5‑ASA significantly decreased the level of p‑SMAD3 
in lung tissue of rats. (B) PQ treatment had no notable effects on regulating the protein levels of SMAD3. (C) The intensities of the immunoreactive bands 
of p‑SMAD3 were semi‑quantified using densitometric scanning. (D) The intensities of the immunoreactive bands of SMAD3 were semi‑quantified using 
densitometric scanning. (E) p‑SMAD3/total SMAD3 ratio was significantly downregulated in the lung tissue of PQ + 5‑ASA‑treated rats compared with that in 
the PQ treatment group. Values are presented as the mean ± SD. *P<0.05 vs. control group; #P<0.05 vs. PQ group. p‑, phosphorylated; 5‑ASA, 5‑Aminosalicylic 
acid; PQ, paraquat. 

Figure 9. 5‑ASA abolishes the PQ‑induced activation of the TGF‑β1 signaling pathway in human lung fibroblasts WI‑38 VA13 cells. The WI‑38 VA13 cells 
were pretreated with 10 mM 5‑ASA for 2 h prior to treatment with 200 µM PQ for 12, 24 and 48 h. Treatment with 5‑ASA (A) significantly increased the 
level of PPARγ and reduced the expression of (B) TGF‑β1 and the (C) phosphorylation level of SMAD3 as determined by western blotting. (D) PQ treatment 
had no significant effects on regulating the protein levels of SMAD3. The p‑SMAD3/total SMAD3 ratio was significantly downregulated in the lung tissue of 
PQ + 5‑ASA‑treated rats compared with that in the PQ treatment group. The intensities of the immunoreactive bands were semi‑quantified using densiometric 
scanning. Values are presented as the mean ± SD. *P<0.05 vs. control group; #P<0.05 vs. PQ group. p‑, phosphorylated; 5‑ASA, 5‑Aminosalicylic acid; 
PQ, paraquat; TGF‑β1, transforming growth factor β1; PPARγ, peroxisome proliferator activated receptor γ. 
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The results of the current study showed that 5‑ASA treatment 
significantly relieved PQ‑induced pulmonary fibrotic changes 
in rats. To explore the putative mechanism of the attenuating 
effects of 5‑ASA on PQ‑induced pulmonary fibrotic changes, 
the expression and interaction of TGF‑β1/SMAD3 signaling 
and PPARγ were studied both in vivo in rats and in vitro in 
human lung fibroblasts. The results showed that 5‑ASA treat‑
ment significantly prevented the upregulation of TGF‑β1, the 
phosphorylation level of SMAD3 and the downregulation of 
PPARγ induced by PQ in human lung fibroblasts. Collectively, 
these data suggested that 5‑ASA treatment could attenuate 
PQ‑induced pulmonary fibrosis progression by upregulating 
the expression of PPARγ and inhibiting the TGF‑β1/SMAD3 
signaling pathway.

In conclusion, to the best of our knowledge, this study 
showed for the first time that 5‑ASA had significant inhibitory 
effects on pulmonary fibrosis progression in a PQ intoxication 
rat model, and these effects may be partly ascribed to the inhi‑
bition of the TGF‑β1/SMAD3 signaling pathway. Thus, 5‑ASA 
may have potential value in the treatment of PQ‑induced 
pulmonary fibrosis.
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