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Abstract. Oxidative stress and the inflammatory response 
are two important mechanisms of silica‑induced lung injury. 
Hesperetin (HSP) is a natural flavonoid compound that is 
found in citrus fruits and has been indicated to exhibit strong 
antioxidant and anti‑inflammatory properties. The current 
study evaluated the protective effect of HSP on lung injury 
in rats exposed to silica. The results indicated that the degree 
of alveolitis and pulmonary fibrosis in the HSP‑treated 
group was significantly decreased compared with the silica 
model group. The content of hydroxyproline (HYP) was 
also revealed to decrease overall in the HSP treated group 
compared with the silica model group, indicating that the 
degree of pulmonary fibrosis was decreased compared with 
the silica model group. The present study also demonstrated 
that HSP reduced oxidation levels of malondialdehyde (MDA) 
and increased the activities of antioxidant enzymes superoxide 
dismutase  (SOD), catalase (CAT) and glutathione peroxi‑
dase (GSH‑PX). Total antioxidant capacity (T‑AOC) was also 
increased following HSP treatment, indicating that HSP can 
alleviate oxidative stress in the lung tissue of silica‑exposed 
rats. In addition, HSP was revealed to inhibit the synthesis and 
secretion of fibrogenic factor TGF‑β1, reduce the production of 
pro‑inflammatory cytokines IL‑1β, IL‑4, TNF‑α and increase 

the levels of anti‑inflammatory factors IFN‑γ and IL‑10. The 
current study demonstrated that HSP can effectively attenuate 
silica‑induced lung injury by reducing oxidative damage and 
the inflammatory response.

Introduction

Silicosis is an interstitial pulmonary fibrosis disease that is 
caused by inhalation of crystalline silica and is characterized 
by inflammation and fibrosis of the lung (1,2). Silicosis is the 
most common occupational disease in developing countries, 
has become a global threat to human health and caused wide 
public concern over recent years, with increasing incidence 
and prevalence (3). In China, there are >20,000 new cases of 
silicosis each year (4). Once silicosis occurs the damage is 
irreversible, and the condition may continue to progress even 
after the individual is removed from exposure to silica (5).

The crystalline silica, alpha quartz, is the major cause of 
silicosis. Inhaled silica particles are deposited in lung and 
distal airways and engulfed by alveolar macrophages. In turn, 
macrophages are activated, and these provoke the abundant 
generation of reactive oxygen species (ROS) and inflammatory 
cytokines (6). The oxygen‑based free radicals generated from 
silica exposure are important initiators of the fibrotic process, 
and the persistent inflammation induced serves a key role in 
the pathogenesis of silica‑induced diseases (7,8). TGF‑β1 is a 
pivotal mediator of fibrosis and the TGF‑β1 signal is trans‑
duced through the activation of its down‑stream effectors, 
the Smad proteins (9,10). It has been previously demonstrated 
that TGF‑β1 was able to induce alveolar epithelial cells to 
undergo Epithelial to mesenchymal transition (EMT) in vivo 
and in vitro via Smad2 activation (11). Together, these factors 
stimulate the proliferation of lung fibroblasts, the production of 
collagen and subsequently the formation of fibrosis (2,12‑14). 
However, previous studies have demonstrated that antioxidants, 
including vitamins, carotenoids and tannins provide protec‑
tion against oxidative damage, and the negative regulation of 
inflammatory cytokines and/or the inflammatory signaling 
pathway may attenuate the progression of some pulmonary 
diseases (15‑18).
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At present, there is no effective treatment for silicosis. The 
conventional treatment used for patients is symptomatic treat‑
ment. If the symptoms are serious, glucocorticoids are used, 
and lung transplantation is the last treatment option available 
for pulmonary fibrosis  (19). Recently, increasing attention 
has been paid to the anti‑fibrotic effect of pirfenidone (PFD), 
which is one of two approved therapies for the treatment of 
idiopathic pulmonary fibrosis (IPF) (20). In 2014, PFD was 
approved for the treatment of the IPF by the U.S. Food and 
Drug Administration (6). However, PFD has not been widely 
used because of its side effects and high price (21). It is neces‑
sary to find more effective drugs for the treatment of silicosis.

According to the pathogenesis of silicosis, enhancing 
antioxidative and anti‑inflammatory capacity may be a prom‑
ising approach to preventing silica‑induced lung injury and 
fibrosis (22). Currently, natural products present a promising 
approach for the treatment of a variety of acute and chronic 
inflammatory and fibrotic diseases (23). Hesperetin (HSP) 
is a natural flavonoid that exhibits a number of properties 
including anti‑inflammatory, antioxidative, anti‑bacterial 
anti‑tumoral effects (24). HSP can target multiple cell proteins 
that inhibit tumor growth, including caspases, Bcl‑2 and 
Bax‑induced apoptosis, and is a promoter of cellular anti‑
oxidant defence‑related enzyme activity (25). Furthermore, 
HSP has been demonstrated to exhibit beneficial effects in 
the treatment of hypertension, diabetes and dyslipidemia, and 
has become a promising drug candidate for the treatment of 
a cardiovascular diseases (26). HSP has also been reported to 
be a potential therapy for the treatment of inflammatory liver 
diseases via its anti‑inflammatory effects (27).

To the best of our knowledge, there have been no studies 
performed that have investigated the effect of HSP on 
silica‑induced lung injury. Therefore, the current study aimed 
to assess whether HSP exhibited protective effects against 
silica‑induced lung injury and fibrosis by alleviating oxidative 
stress and inflammation.

Materials and methods

Animals and treatment. A total of 72 healthy male Wistar rats 
[specific pathogen‑free grade (SPF); 180‑200 g; 6‑8 weeks old] 
were provided by Beijing Victoria Tong Lihua Experimental 
Animal Technology Co., Ltd. The rats were housed in 
SPF‑grade laboratory conditions at 22±2˚C with an average 
relative humidity of 40‑70% and a 12/12 h light/dark cycle. All 
rats were kept in separate cages and had free access to water 
and standard laboratory food. According to animal ethics 
requirements (28), appropriate measures were taken using pain 
management protocols to reduce pain in the animals, and the 
relief of pain and distress received careful attention during the 
experiment.

Rats were randomly divided into 6 groups with 12 rats 
in each, and each group was divided into 2  time points (7 
and 28 days). The groups were as follows: Negative control 
group, silica model group, PFD positive control group and 
100, 200, 400 mg/kg HSP treatment groups. The µm‑sized 
silicon dioxide was prepared with normal saline as a 50 mg/ml 
silica suspension. All groups excluding for the negative control 
group were injected with 1  ml 50  mg/kg silicon dioxide 
suspension into the lung once using a non‑exposed tracheal 

intubation, and the rats in the negative control group were 
injected with the same volume of normal saline solution. After 
24 h, the clinical signs were examined, including hair, breath 
and weight, and the rats in the PFD positive control group and 
HSP treatment groups were given a daily intragastric admin‑
istration of 100 mg/kg PFD (Beijing Kangdini Pharmaceutical 
Co., Ltd.) and 100, 200, 400 mg/kg HSP (Chengdu Kanghua 
Pharmaceutical Co., Ltd.) for 7 and 28 days. The rats in the 
negative control and silica model groups were treated with 
saline only. On day 7 and 28 following silica exposure, 6 rats 
in each group were euthanized with an overdose of 150 mg/kg 
sodium pentobarbital (Merck & Co, Inc.) via intraperitoneal 
injection, and death in all rats was via observation of the cessa‑
tion of respiration and palpation of the heartbeat. The lungs of 
each rat were harvested and used for histological examination 
and the determination of oxidative stress and inflammatory 
factors.

Histopathological examination of lung tissue. Lungs of rats 
were fixed in 4% paraformaldehyde solution at 4˚C for 24 h, 
embedded in paraffin and sectioned into 5 µm‑thick slices. 
Subsequently, the tissue samples were stained with hematox‑
ylin and eosin (H&E; hematoxylin staining solution, 3‑5 min; 
eosin staining solution, 5 min; both room temperature) and 
Masson's trichrome (Weigert's iron hematoxylin solution, 
5‑10 min; ponceau fuchsin acid solution for 5‑10 min; 1% 
phosphomolybdic acid aqueous solution for 3‑5 min; aniline 
blue for 5 min; immersion in 0.2% acetic acid aqueous solu‑
tion for 1 min; all at room temperature). Slides were then 
examined under a light microscope to assess the general 
morphology of the lung tissue. The degree of alveolitis and 
pulmonary fibrosis was evaluated according to the scoring 
system outlined in Szapiel et al (29). Alveolitis was graded 
using the following criteria: None (0), no alveolitis; mild (1+), 
thickening of the alveolar septum by a mononuclear cell infil‑
trate; moderate (2+), a more widespread alveolitis; severe (3+), 
a diffuse alveolitis. The extent of fibrosis was graded using 
the following criteria: None (0), no fibrosis; mild (1+), focal 
regions of fibrosis, alveolar architecture has some distortion; 
moderate (2+), more extensive fibrosis and fibrotic still focal; 
severe (3+), widespread fibrosis, confluent lesions with exten‑
sive derangement of parenchymal architecture.

Determination of hydroxyproline (HYP) content in lung tissue. 
As an important indicator of collagen level and the severity of 
fibrosis, the content of HYP in the lung tissue was assessed. 
The tissue was heated at a 95˚C water bath for 30 min and 
HYP was measured using hydroxyproline assay kit as per the 
manufacturer's protocol (cat. no. A030‑2‑1; Nanjing Jiancheng 
Bioengineering Institute). For the control and standard samples, 
water and 5 µg/ml kit standard were used, respectively. Each 
sample was repeated three times. A spectrophotometer was 
used to measure the absorbance of each sample at 550 nm.

Determination of oxidation indexes and inflammatory 
factors. Rat lung tissue was homogenized, centrifuged at 4˚C 
at 12,000 x g for 15 min and the supernatant was extracted. The 
levels of malondialdehyde (MDA), the activities of superoxide 
dismutase (SOD), glutathione peroxidase (GSH‑PX), catalase 
(CAT) and total antioxidant capacity (T‑AOC) in the homogenate 
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were determined using commercial kits as per the manufactur‑
er's instructions (Nanjing Jiancheng Bioengineering Institute). 
The MDA assay kit (cat. no. A003‑1‑2), the T‑SOD assay kit 
(cat. no. A001‑1‑2), the GSH‑PX assay kit (cat. no. A005‑1‑2), 
the CAT assay kit (cat. no. A007‑1‑1) and the T‑AOC assay 
kit (cat. no. A015‑1‑2) were used for the detection of oxidation 
indexes. The levels of TGF‑β1, IL‑1β, IL‑4, IL‑10, TNF‑α and 
IFN‑γ in the lung tissue homogenate of rats in each group were 
determined using ELISA as per the manufacturer's instructions 
(eBioscience; Thermo Fisher Scientific, Inc.). The TGF‑β1 
Rat ELISA kit (cat. no. BMS623‑3), the IL‑1β Rat ELISA kit 
(cat. no. BMS630), the IL‑4 Rat ELISA kit (cat. no. ERA29RB), 
the IL‑10 Rat ELISA kit (cat. no. ERA23RB), the TNF‑α Rat 
ELISA kit (cat. no. ERA56RB) and the IFN‑γ Rat ELISA kit 
(cat. no. BMS621) were used for the detection of inflammatory 
factors.

Statistical analysis. All data were presented as mean ± SD, 
and were analyzed using SPSS 22.0 software (IBM Corp.). 
Group comparisons were performed using a one‑way ANOVA 
followed by Tukey test for normally distributed data and 
Kruskal‑Wallis test and Dunn‑Bonferroni post‑hoc test for 
non‑normally distributed data. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Rat phenotypes. Following exposure to silica, compared 
with the negative control group, the weight of the rats in the 
silica model group was considerably reduced, but this was 
statistically significant only on day 28 (P<0.05). However, the 
weights of the rats from the PFD and HSP treatment groups 
were markedly increased compared with the silica model 
group but there was no statistical difference (P>0.05; Fig. 1).

Histopathological examination. As presented in Fig. 2, after 
7 days of silica exposure, histopathological examination of rat 
lungs showed that lung tissues from the negative control group 
were morphologically normal and the alveolar structure was 
intact with a few inflammatory cells that had been induced 
by saline. Conversely, tissue structure from rats in the silica 
model and the PFD and HSP treatment groups were disrupted. 
The walls of the alveoli and the alveolar septum were thick‑
ened, and severe inflammatory cell infiltration was observed. 
The degree of inflammatory cell infiltration in the lungs of 
rats in each treatment group was reduced and the alveolar 
structure was more intact compared with those in the silica 
model group. As presented in Fig. 3, after 28 days of silica 
exposure, H&E staining demonstrated that rat lung tissues in 
the model group exhibited increased alveolar inflammation 
and fibroblast development, and the alveolar structure was 
further disrupted. The lung tissues from rats in the interven‑
tion groups showed improvement compared with those from 
the silica model group. Administration of PFD and HSP for 
28 days ameliorated the inflammatory infiltration and the 
damaged structure in the lung tissue compared with the silica 
model group. Furthermore, alleviation of lung injury was 
observed following increasing doses of HSP. As presented 
in Fig. 4, Masson's trichrome stain revealed the alveolar walls 
were thickened with more collagen deposition revealed in rats 

from the silica model group compared with those in the nega‑
tive control group on the 28th day. In lung tissues from rats in 
the PFD and HSP treatment groups, markedly less collagen 
deposition was observed compared with the silica model 
group. A decrease in the deposition of collagen in the lungs 
with increasing dosages of HSP was also observed.

Lung tissue alveolitis and fibrosis severity score. According 
to the method proposed by Szapiel et al (29), the degree of 
alveolitis and fibrosis in rat lung tissues with silica was 
evaluated. The alveolitis score of the silica model group was 
significantly higher compared with the negative control group 
(P<0.05). The alveolitis scores of the PFD positive control 
group, 100, 200 and 400 mg/kg HSP treatment groups were 
lower compared with the silica model group on the 7 and 
28th day following treatment, but there was no statistical 
difference between the 100 mg/kg HSP treatment group and 
the silica model group on the 7 and 28th day (P>0.05; Fig. 5). 
The pulmonary fibrosis score of the silica model group on the 
28th day was significantly higher compared with the negative 
control group (P<0.05). The pulmonary fibrosis scores of the 
PFD positive control group and 200 and 400 mg/kg HSP treat‑
ment groups on the 28th day were lower compared with the 
silica model group (P<0.05). The pulmonary fibrosis score 
of the 100 mg/kg HSP treatment group was lower compared 
with the model group, but there was no statistical difference 
(P>0.05; Fig. 6). In addition, numerous infiltrating inflam‑
matory cells and inflammatory reactions in the lung tissues 
exposed to silica for 7 days have been reported, while in the 
lungs exposed to silica for 28 days, massive proliferation of 
collagen fibers and pulmonary fibrosis has been observed (30). 
Therefore, the pulmonary fibrosis score was only assessed on 
the 28th day in this experiment.

Effect of HSP on the content of HYP in rat lung tissue. The 
content of HYP in the lung tissue from rats in the silica model 
group was significantly higher compared with the negative 
control group (P<0.05) on the 7 and 28th day following treat‑
ment. Following PFD and HSP treatment, the content of HYP 
in the lungs of rats was lower compared with the silica model 
group on the 28th day (P<0.05; Fig. 7).

Analysis of MDA level, SOD, CAT, GSH‑Px and T‑AOC 
activity in lung tissue
Effect of HSP on the level of MDA in lung tissue of silica 
exposed rats. On the 7 and 28th days after exposure, the level 

Figure 1. The effects of HSP treatment on the body weight of rats exposed to 
silica. *P<0.05 vs. negative control group. HSP, hesperetin; PFD, pirfenidone.
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of MDA in the silica model group was significantly higher 
compared with the negative control group (P<0.05). The level 
of MDA in the PFD and all HSP treatment groups was signifi‑
cantly decreased (P<0.05) compared with the silica model 
group (Fig. 8).

Effect of HSP on the activity of SOD and CAT in lung tissue 
of silica exposed rats. Compared with the negative control 
group, the SOD activity in the silica model group was mark‑
edly lower on the 7th day, but there was no statistical difference 
(P>0.05). However, the SOD activity in silica model group 
was significantly higher compared with the negative control 
group on the 28th day (P<0.05; Fig. 9A). Compared with the 
silica model group, no statistically significant difference in 
SOD activity was observed in the PFD and 100 mg/kg HSP 
groups on the 28th day, but in the PFD and all the three 
dosages of HSP treatment group on the 7th day and 200 and 
400 mg/kg HSP groups on the 28th day, the activity of SOD 

was significantly increased (P<0.05). There was no statistical 
difference in the CAT activity between the silica model 
group and the negative control group on the 7 and 28th days 
(P>0.05). Following treatment with 200 and 400 mg/kg HSP 
on the 7th day and with all the three dosages of HSP on the 
28th day, the activity of CAT significantly increased (P<0.05). 
On the contrary, in the PFD and 100 mg/kg HSP groups, the 
activity of CAT was markedly higher than the silica model 
group on the 7th day, but there was no statistical difference 
(P>0.05; Fig. 9A and B).

Effect of HSP on the activity of GSH‑Px and T‑AOC in lung 
tissue of silica exposed rats. On the 7 and 28th days after 
exposure, there was no statistical difference in the activity 
of GSH‑Px and T‑AOC between silica model group and the 
negative control group (P>0.05). After HSP treatment, it 
was revealed that GSH‑Px activity in each group increased, 
and a significant difference was observed between the PFD 

Figure 2. Hematoxylin and eosin staining of rat lung tissue on the 7th day (magnification, x200). The red arrows indicate inflammatory cells. Blue arrows 
indicate fibroblasts. HSP, hesperetin; PFD, pirfenidone.

Figure 3. Hematoxylin and eosin staining of rat lung tissue on the 28th day (magnification, x200). The red arrows indicate inflammatory cells. Blue arrows 
indicate fibroblasts. HSP, hesperetin; PFD, pirfenidone.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  21:  297,  2021 5

positive control group and the 200 and 400  mg/kg HSP 
groups compared with silica model group on the 7th day 
(P<0.05), but there was no statistical difference between the 
silica model group and the 100 mg/kg HSP group (P>0.05). 
It was clear that as the dose of HSP increased, the activity of 
GSH‑Px also increased. An increasing trend of T‑AOC levels 
in the 400 mg/kg HSP group was observed compared with 
the negative control group and silica model group on the 28th 

day (P<0.05), while it was also increased in the PFD positive 
control group and 100 and 200 mg/kg HSP groups on the 28th 
day, but there was no statistical difference compared with the 
silica model group (P>0.05). In addition, compared with the 
model group, the T‑AOC activity of the PFD positive control 
group and all the three dosages of HSP treatment group on the 
7th day was significantly increased (P<0.05; Fig. 10A and B).

Figure 4. Masson's trichrome staining of rat lung tissue on the 28th day (magnification, x200). Red arrows indicate collagen. HSP, hesperetin; PFD, pirfenidone.

Figure 5. Effect of HSP treatment on the alveolar score in lung tissue of silica 
exposed rats on the 7 and 28th days. *P<0.05 vs. negative control group; 
#P<0.05 vs. silica model group. HSP, hesperetin; PFD, pirfenidone.

Figure 6. Effect of HSP treatment on the pulmonary fibrosis score in lung 
tissue of silica exposed rats on the 28th day. *P<0.05 vs. negative control 
group; #P<0.05 vs. silica model group. HSP, hesperetin; PFD, pirfenidone.

Figure 7. Effect of HSP treatment on the content of HYP in lung tissue 
of silica exposed rats on the 7 and 28th days. *P<0.05 vs. negative control 
group; #P<0.05 vs. silica model group. HSP, hesperetin; PFD, pirfenidone; 
HYP, hydroxyproline.

Figure 8. Expression of MDA. Effect of HSP treatment on the level of MDA in 
lung tissue of silica exposed rats on the 7 and 28th days. *P<0.05 vs. negative 
control group; #P<0.05 vs. silica model group. HSP, hesperetin; PFD, pirfeni‑
done; MDA, malondialdehyde; pro, protein.
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Analysis of TGF‑β1, IL‑1β, IL‑4, IL‑10, TNF‑α and IFN‑γ 
levels in lung tissue
Effect of HSP on the levels of TGF‑β1 and IL‑1β in lung tissue 
of silica exposed rats. On the 7 and 28th days after silica expo‑
sure, significantly higher levels of TGF‑β1 and IL‑1β were 
observed in the silica model group compared with the nega‑
tive control group (Fig. 11A and B). Compared with the silica 
model group, except for the 100 mg/kg HSP group on the 7th 
day, after treatment with PFD and HSP, the level of TGF‑β1 
was significantly lower compared with the silica model group 
(P<0.05). The level of IL‑1β decreased on the 7th day after 
treatment with PFD and HSP, but there was no statistical 
difference compared with the silica model group (P>0.05). On 
the 28th day, except for the 100 mg/kg HSP group, no signifi‑
cant difference was detected, and the levels of IL‑1β in the 
PFD, 200 and 400 mg/kg groups were significantly reduced 
(P<0.05; Fig. 11A and B).

Effect of HSP on the levels of IL‑4 and IL‑10 in lung tissue 
of silica exposed rats. On the 7 and 28th days after silica 
exposure, the levels of IL‑4 and IL‑10 in the lung tissue of rats 
in the silica model group were significantly higher compared 
with the negative control group (P<0.05). On the 7 and 28th 
days after HSP treatment, the level of IL‑4 decreased signifi‑
cantly, but there was only a statistical difference between the 
400 mg/kg HSP group and the silica model group on the 28th 
day (P<0.05). Compared with silica model group, the levels of 
IL‑10 in the 100 mg/kg HSP treatment group decreased on the 
7th day (P<0.05), but there were no significant differences in 
the PFD, 200 and 400 mg/kg HSP groups on the 7th day and 
in the PFD, 100 and 400 mg/kg HSP groups on the 28th day. 
(P>0.05; Fig. 12A and B).	

Effect of HSP on the levels of TNF‑α and IFN‑γ in lung tissue 
of silica exposed rats. On the 7 and 28th days following silica 
exposure, the levels of TNF‑α and IFN‑γ in lung tissue of rats 
in the silica model group was significantly higher compared 
with the negative control group (P<0.05). Following treatment 
with PFD and all HSP levels, the level of TNF‑α was mark‑
edly lower compared with the silica model group. This was 
only significant in the high (400 mg/kg) dose group of HSP 
and the PFD group as compared with the silica model group 
(P<0.05) on the 28th day. Except for the 100 mg/kg HSP group 
on the 7th day, the IFN‑γ level of each treatment group was 
markedly higher compared with the silica model group, but 
there were no statistical differences observed (P>0.05). The 
general increases between the silica model and the treatment 
groups were markedly higher on the 28th day following silica 
exposure compared with the 7th day (Fig. 13A and B).

Discussion

The pathological characteristics of silica‑induced pulmo‑
nary fibrosis at the primary stage include alveolitis, 
pulmonary edema and infiltration of inflammatory cells (6,31). 
Developments of this disease include increased fibroblast 
proliferation and excessive collagen deposition leading to 
pulmonary fibrosis (32,33). In the present study, two different 
time points in the animal model were used: Days 7 and 28 
post‑silica exposure. The 7th day following silica exposure 
represents the early inflammatory stage, and the 28th day 
represents the later fibrotic stage (34,35). The aim of the current 
study was to demonstrate the pathological process of silica 
exposure. Oxidative stress and inflammatory response are 
considered to be two important mechanisms of silica‑induced 

Figure 9. SOD and CAT activities. Effect of HSP on the activity of (A) SOD 
and (B) CAT in lung tissue of silica exposed rats on the 7 and 28th days. 
*P<0.05 vs. negative control group; #P<0.05 vs. silica model group. HSP, 
hesperetin; PFD, pirfenidone; SOD, superoxide dismutase; CAT, catalase; 
pro, protein.

Figure 10. GSH‑Px and T‑AOC activities. Effect of HSP on the activity of 
(A) GSH‑Px and (B) T‑AOC in lung tissue of silica exposed rats on the 7 
and 28th days. *P<0.05 vs. negative control group; #P<0.05 vs. silica model 
group. HSP, hesperetin; PFD, pirfenidone; GSH‑Px, glutathione peroxidase; 
T‑AOC, Total antioxidant capacity; pro, protein.
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lung injury (36). Oxidative stress can induce a inflammatory 
response by activating specific transcription factors, including 
NF‑κB and Activator protein 1 (37,38), and the inflammatory 
response in return exacerbates oxidative stress, contributing 
to excessive ROS generation in a number of different cell 
types following stimuli (9). An inflammatory response can 

accelerate the progression of fibrosis through mast cells, which 
promote fibrosis by recruiting inflammatory cells to sites of 
damage (39). In the process of silica exposure, the cytokines 
interact and depend on each other to form a complex cyto‑
kine network that participates in the process of lung tissue 
injury (40). HYP is an amino acid that forms a major compo‑
nent of the protein collagen and is commonly used as a marker 
to measure the levels of collagen present (41). The results of 
the current study indicated that the content of HYP in rat lung 
tissues increased significantly following silica exposure. This 
was further increased in the fibrotic stage as compared to that 
during early inflammatory stage, which supports the observa‑
tion that silica exposure leads to pulmonary fibrosis in rats. 
HSP treatment was shown to effectively reduce the content of 
HYP possibly by inhibiting the release of inflammatory factors 
to prevent the proliferation of fibroblasts. This is consistent 
with the histopathological findings of the current study.

As previously reported, when respirable crystalline 
silica particles are inhaled, they are able to reach the alveoli, 
inducing oxidative stress via the formation of ROS and 
nitrogen species (42,43). MDA, which is a secondary product 
of lipid peroxidation, is a useful biomarker to evaluate oxida‑
tive stress (31). The current study demonstrated that the level 
of MDA in lung tissue significantly increased following 7 and 
28 days of exposure to silica. SOD, CAT and GSH‑Px are 
important antioxidant enzymes in cells and their activities can 
affect cellular capacity to scavenge free radicals and regula‑
tive oxidative stress (44). A previous study revealed that with 
a significant increase in lipid peroxidation in the venous blood 
samples, the activities of SOD and CAT were decreased in 
silicosis workers (45). In the present study, the activity of SOD 
was indicated to be markedly lower in lung tissue from rats in 
silica model group compared with the negative control group 
on the 7th day. However, activity of SOD increased in the silica 

Figure 11. Expression of TGF‑β1 and IL‑1β. Effect of HSP on the levels of 
(A) TGF‑β1 and (B) IL‑1β in lung tissue of silica exposed rats on the 7 and 
28th days. *P<0.05 vs. negative control group; #P<0.05 vs. silica model group. 
HSP, hesperetin; PFD, pirfenidone; pro, protein.

Figure 12. Expression of IL‑4 and IL‑10. Effect of HSP on the levels of 
(A) IL‑4 and (B) IL‑10 in lung tissue of silica exposed rats on the 7 and 
28th days. *P<0.05 vs. negative control group; #P<0.05 vs. silica model group. 
HSP, hesperetin; PFD, pirfenidone; pro, protein.

Figure 13. Expression of TNF‑α and IFN‑γ. Effect of HSP on the levels of 
(A) TNF‑α and (B) IFN‑γ in lung tissue of silica exposed rats on the 7 and 
28th days. *P<0.05 vs. negative control group; #P<0.05 vs. silica model group. 
HSP, hesperetin; PFD, pirfenidone.
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model group compared with the negative control group on 
the 28th day. However, after treatment with different dosages 
of HSP, and especially with 400 mg/kg HSP, the activity of 
SOD increased compared with the model group. The present 
study also revealed that early invention using HSP was more 
effective on SOD activity during the early stage of lung injury 
compared with at the later stage of fibrosis. The results also 
demonstrated that the activity of CAT increased significantly 
in a dose‑dependent manner following HSP treatment. This 
suggests that HSP inhibits oxidative damage by increasing 
the activity of antioxidant enzymes in the early stages of lung 
injury.

GSH is a major cellular antioxidant defense and serves an 
important role in scavenging free radicals and other ROS (46). 
Enhancing GSH and associated enzymes has previously been 
used as a therapeutic strategy for a number of different diseases 
including Alzheimer's disease, cancer, liver diseases, cardio‑
vascular diseases, arthritis and diabetes (47‑51). The current 
study indicated that silica‑induced oxidative stress may result 
in the depletion of GSH, and the lack of GSH renders cells to 
be more susceptible to the effects of oxidants (52,53). It was 
also revealed that silica decreased the activity of GSH‑Px, 
which in turn aggravated lung toxicity. In the early stage of 
lung injury, it was clear that GSH‑Px activity increased after 
treatment with 200 and 400 mg/kg doses of HSP. T‑AOC is an 
index used to reflect the body's antioxidant capacity (54). The 
results of the present study indicated that the activity level of 
T‑AOC in the HSP treatment group was significantly higher 
compared with the negative control group and silica model 
group on the 7th day of the model. This suggested that HSP 
was able to maintain the antioxidant capacity of the body at 
a high level. HSP has previously been considered to exhibit 
potent antioxidant activities. There has been previous evidence 
that HSP increases cellular antioxidant defense capacity via 
ERK/Nrf2 signaling and enhances the activity levels of antiox‑
idant enzymes, such as CAT, SOD and GST in oxidative stress 
related‑hepatocyte injury and liver dysfunction (55). HSP can 
also inhibit STZ‑induced oxidative stress by increasing the 
activities of antioxidant enzymes (SOD, GSH‑Px, GPX, GRX 
and CAT) and reducing the level of MDA in the hippocampus, 
providing evidence that it is of potential therapeutic value for 
Alzheimer's disease (56). The current study also demonstrated 
that HSP exhibits therapeutic potential for silica exposure via 
its strong antioxidant capacity.

In addition to oxidative stress, inflammation has been 
reported to be a contributing mechanism of lung injury (57). 
Under oxidative stress, immune cells are induced to produce 
and secrete inflammatory factors to stimulate inflammation, 
leading to pneumonia and fibrosis (58). At present, a number 
of studies have confirmed that a variety of cytokines are 
associated with the pathogenesis of silica exposure and these 
include TGF‑β1, IL‑1β and TNF‑α (59,60). TGF‑β1 serves an 
important role in the formation and development of pulmonary 
fibrosis, and acts as a stimulus signal in the repair of cell injury 
and the formation of fibrosis (61,62). TGF‑β1 can induce and 
promote fibroblasts to transform into myofibroblasts, promote 
the precipitation of extracellular matrix, such as collagen, 
and inhibit its degradation  (63). TGF‑β1 can also induce 
EMT of lung epithelial cells via the TGF‑β/Smad2 signaling 
pathway (64). The results of the present study demonstrated that 

in the early injury stage of silica exposure, the level of TGF‑β1 
in the silica model group was significantly higher compared 
with the negative control group. The inhibitory effect of HSP 
in each treatment group was more significant with increasing 
dosages, suggesting that HSP can inhibit the synthesis and 
secretion of fibrogenic factor TGF‑β1 in a dose‑dependent 
manner. IL‑1β and TNF‑α are produced by macrophages as 
proinflammatory factors that can mediate the release of other 
cytokines and inflammatory mediators, thereby promoting 
the proliferation and differentiation of fibroblasts  (65). In 
the current study, the levels of IL‑1β and TNF‑α increased 
following silica exposure, and the levels of these inflammatory 
factors decreased in the 400 mg/kg HSP group on the 28th 
day. Previous studies have also revealed that HSP can reduce 
the levels of TNF‑α and IL‑6, and protect TNBS‑induced 
colitis model via its antioxidation, anti‑inflammatory and 
anti‑apoptotic effects (66). It is considered that HSP exhibits 
a protective effect on many diseases by exerting anti‑inflam‑
matory effects (67). Recent evidence has suggested the use of 
HSP derivatives to evaluate anti‑inflammatory effects (68). 
IL‑4 is a proinflammatory factor, which can antagonize IFN‑γ 
to promote the proliferation of fibroblasts, the production of 
extracellular matrix and increase the synthesis of collagen 
fibers (69‑72). IFN‑γ is an effective anti‑fibrotic factor due to 
its anti‑proliferation and immunosuppressive effects in the 
regulation of inflammation (73,74). IL‑10, which is another 
anti‑inflammatory cytokine, has been revealed to serve a role 
in blocking macrophage metabolism, promoting mitochondrial 
autophagy and inhibiting the synthesis of cytokines (75). IL‑10 
also exhibits an anti‑fibrotic activity by reducing the produc‑
tion of type I collagen that is stimulated by TGF‑β (76,77). The 
results of the current study demonstrated that the level of IL‑4 
in the model group during the early injury stage was signifi‑
cantly higher compared with the negative control, PFD and all 
HSP treatment groups. Additionally, the levels of IL‑10 and 
IFN‑γ in lung tissue of model group were markedly increased 
in the early injury stage, suggesting that they increased in a 
compensatory manner and inhibited the levels of inflamma‑
tory factors in lung tissue of early silica exposed rats following 
injury. After treatment with 400 mg/kg HSP on the 28th day, 
the level of IL‑4 decreased compared with the silica model 
group. During the late fibrotic stage (28th day), IFN‑γ levels 
in rat lung tissue increased compared with the model group, 
suggesting that PFD and HSP may serve an anti‑fibrotic role 
by increasing IFN‑γ levels. Combined with the results of lung 
histopathology, it can be suggested that inflammatory factors 
serve a key role in the early stages of lung injury, and HSP may 
alleviate silica‑induced lung injury in rats by reducing the level 
of inflammatory factors and increasing anti‑inflammatory 
factors.

A previous report has been carried out on the treatment 
of silica‑induced lung injury; however the treatment methods 
used are still not effective (78). PFD is an anti‑fibrotic drug that 
is used clinically to treat mild to moderate IPF in a number of 
different countries (79). Recently, Zou et al (80) revealed that 
PFD could inhibit the expression of Wnt/β‑catenin signaling 
proteins and decrease the risk of lung cancer in patients 
with pulmonary fibrosis. A previous study has indicated that 
although PFD can reduce pulmonary fibrosis in rats with 
silica exposure, it cannot significantly increase their survival 
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rate  (81). However, PFD's mechanism of action remains 
largely unknown, and it is contraindicated in patients with 
severe hepatic injury and severe chronic renal failure (21). A 
previous clinical study has indicated that treatment of patients 
with this drug may bring about side effects associated with 
the gastrointestinal tract (nausea, emesis, abdominal discom‑
fort, dyspepsia and diarrhea) and the skin (photosensitivity 
and rash)  (21). Building on those previous studies, and in 
order to facilitate comparison, the current study established 
a PFD group as a positive control group to investigate the 
function of HSP. In recent years certain native compounds 
have been used to examine protective effect to silica‑induced 
lung injury. For examples, previous studies have reported that 
HSP is a native compound derived from citrus fruit, which is 
reported to possess a number of different properties, including 
antitumor, antioxidant, anti‑inflammatory and lipid lowering 
effects (82‑84). Kumar et al (44) indicated that the therapeutic 
effects of HSP rectified retinal neuroinflammation, oxidative 
stress and oedema caused by chronic uncontrolled hypergly‑
caemic. Furthermore, HSP has been reported to be a potential 
anti‑inflammatory and neuroprotective agent. A similar study 
has indicated that treatment with HSP can inhibit the NF‑κB 
and ERK signaling pathways through its antioxidant and 
anti‑inflammatory activities, attenuating neuropathic pain 
that is induced by partial sciatic nerve ligation in rats (85). 
The current study demonstrated that HSP exhibits protective 
effects on lung injury in silica exposed rats via antioxidative 
and anti‑inflammatory effects.

In conclusion, the results of the current study revealed 
that HSP can effectively inhibit the secretion of oxidative 
and inflammatory factors while increasing antioxidant and 
anti‑inflammatory capacity to protect lung injury. According 
to the results of the present study, with increasing doses of 
HSP, the degree of lung injury gradually improved, and the 
medium (200 mg/kg) and high (400 mg/kg) doses of HSP were 
more effective in preventing lung injury. The current study 
provides a reliable pharmacological basis for the develop‑
ment and application of HSP in the future and as a potential 
therapeutic agent for the treatment of silicosis.
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