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 Background: The clinical association between gastroesophageal reflux disease (GERD) and idiopathic pulmonary fibrosis 
(IPF) has been known for many years, but it is still unclear. The present study investigated the association be-
tween experimentally simulated aspiration and pulmonary fibrosis.

 Material/Methods A total of 120 male Sprague-Dawley rats were randomly divided into a negative control group, a bleomycin 
group, and 3 simulated aspiration groups. The bleomycin group was administered a one-time intratracheal in-
jection of bleomycin, whereas the 3 simulated aspiration groups were treated either with an intratracheal in-
stillation of gastric fluid combined with pepsin, with pepsin alone, or with hydrochloric acid, all twice a week, 
and the negative control group was administered normal saline twice a week. Lung tissues were collected to 
evaluate pathological changes and the mRNA expression levels of connective tissue growth factor (CTGF), type 
I collagen, and transforming growth factor.

 Results: The results demonstrated that the degree of fibrosis in the early stage was low in each of the 3 simulated as-
piration groups, but gradually increased over time. The expression levels of the downstream factor of fibrosis, 
CTGF, and type I collagen also reflected this trend.

 Conclusions: The study demonstrates that aspiration of gastric contents can cause pulmonary fibrosis, and mixed aspira-
tion of pepsin and gastric fluid can accelerate this process. This study provides strong evidence in support of 
a potential association between human GERD and IPF.

 MeSH Keywords:	 Fibrosis	•	Gastric	Acid	•	Gastric	Juice	•	Inhalation

 Full-text PDF: https://www.medscimonit.com/abstract/index/idArt/915628

Authors’ Contribution: 
Study Design A

 Data Collection B
 Statistical Analysis C
Data Interpretation D

 Manuscript Preparation E
 Literature Search F
Funds Collection G

1 Department of Respiratory Medicine, Affiliated Hospital of Nanjing University 
of Chinese Medicine, Jiangsu Province Hospital of Chinese Medicine, Nanjing, 
Jiangsu, P.R. China

2 Department of Gastroenterology, Affiliated Hospital of Nanjing University of 
Chinese Medicine, Jiangsu Province Hospital of Chinese Medicine, Nanjing, 
Jiangsu, P.R. China

3 Department of Rheumatology, Affiliated Hospital of Nanjing University of Chinese 
Medicine, Jiangsu Province Hospital of Chinese Medicine, Nanjing, Jiangsu, 
P.R. China

4 Department of Respiratory Medicine, Nanjing Chest Hospital, Nanjing, Jiangsu, 
P.R. China

e-ISSN 1643-3750
© Med Sci Monit, 2019; 25: 6153-6164

DOI: 10.12659/MSM.915628

6153
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

ANIMAL STUDY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



Background

Idiopathic pulmonary fibrosis (IPF) is most commonly observed 
in idiopathic interstitial pneumonia, with a morbidity rate of 
14–42.7 per 10 000 people and a median survival of 3 years. 
Pirfenidone and nintedanib are the only effective therapies 
currently available, but these 2 drugs do little to improve the 
prognosis. The natural course of IPF is regarded as a progres-
sive process characterized by continuously deceasing pulmo-
nary function over time [1]. However, the definitive mecha-
nism of IPF has yet to be fully elucidated, and many patients 
develop acute aggravation for unknown reasons after experi-
encing a stationary phase [2].

Gastroesophageal reflux disease (GERD) is associated with 
multiple respiratory system diseases, such as chronic cough, 
asthma, obstructive sleep apnea syndrome, and chronic ob-
structive pulmonary disease [3]; however, its role in pulmonary 
fibrosis and lesion formation is often overlooked. As indicated 
in previous studies, the majority of patients with IPF also have 
GERD [4–6]. Extensive clinical application of methods such as 
24-h esophageal pH monitoring in recent years has gradually 
improved our understanding of the potential influence of GERD 
on IPF. Consequently, it has been speculated that the acid in-
halation caused by GERD may be associated with pulmonary 
fibrosis [7]. Numerous studies in the literature have reported an 
association between IPF and GERD [8–12] since the first report 
on the clinical association between GERD and pulmonary fibro-
sis was published by Mays et al. in 1976 [13]. Raghu et al. [14] 
conducted a similar statistical study in which 65 patients were 
shown to have been diagnosed with IPF, and the morbidity 
rate of GERD was as high as 87% [14]. Gao et al. [15] conduct-
ed similar research in a Chinese IPF population, and reported 
a GERD morbidity rate of ~62.3%.

Repeated aspiration results in repeated damage to the pul-
monary parenchyma, which leads to the genesis and devel-
opment of pulmonary fibrosis over time. In addition, repeat-
ed aspiration is also regarded as a possible cause of acute IPF 
aggravation [11,12].

The majority of published studies have suggested that IPF 
is associated with repeated minor aspiration of gastric acid 
(the main ingredient of which is hydrochloric acid) induced 
by GERD; however, as gastric juice contains not only hydro-
chloric acid, but also pepsin, mucus, and food particles, the 
effects of repeated inhalation of each ingredient on pulmo-
nary injury have yet to be elucidated. In an animal experiment, 
Popper et al. [16] reported that acid instilled into the airway 
can induce pulmonary injury. Alveolar cells may be damaged 
under acidic conditions, resulting in reduced production of 
pulmonary surfactants. In addition, extravasation of protein-
rich plasma can further aggravate pulmonary tissue damage. 

Some researchers have reported that repeated inhalation of 
gastric acid in rat lungs (predominantly of hydrochloric acid) 
can cause inflammatory cell infiltration, bronchiolitis obliter-
ans, or even pulmonary fibrosis [17]. A histological study of 
lung specimens from experimental animals indicated that in-
creased giant cell infiltration, lymphocytic bronchiolitis, bron-
chiolitis, increased inflammatory cytokines in lung lavage flu-
id, and the formation of fibrosis may also occur [18].

Given that gastric fluid contains a complex mixture of ingre-
dients, whether gastric fluid (hydrochloric acid), pepsin, or 
their combination influences the process of pulmonary fibro-
sis development has yet to be fully elucidated. Reports from 
previously published clinical studies have indicated that con-
ventional anti-acid therapy did not improve the prognosis for 
patients with fibrosis [19–21], raising the 2 important ques-
tions: 1) Does repeated aspiration of multiple gastric fluid in-
gredients promotes the pulmonary fibrosis process? and 2) 
What are the differences in the pathological and physiologi-
cal features of rat pulmonary fibrosis models induced by con-
ventional bleomycin treatment? The present study attempted 
to answer these questions.

We devised a series of experiments to discover the mechanisms 
associated with the pathological and physiological pulmonary 
changes induced by experimental inhalation of acid/pepsin in 
terms of histology, protein expression, and mRNA expression. 
The effects of hydrochloric acid (the main ingredient of gastric 
acid) and pepsin, as well as their combined effects, on pulmo-
nary injury were observed through multiple methods, including 
pathological slice analysis, half-quantitative immunohistochem-
ical protein identification, and semi-quantitative reverse-tran-
scription polymerase chain reaction (RT-PCR), to analyze their 
roles during pulmonary fibrosis development and to describe 
the possible pathological and physiological mechanisms.

Material and Methods

Reagents

Bleomycin A5 was purchased from Tianjin Taihe Pharmaceutical 
Co. (Tianjin, China). The Invitrogen® semi-quantitative RT-PCR 
reagent, TRIzol®, the Superscript™ III Reverse Transcriptase 
kit, and the oligo(dT) were all obtained from Thermo Fisher 
Scientific, Inc. (Waltham, MA, USA), and the PCR kit (Taq™) was 
provided by Takara Biotechnology Co. (Dalian, China). The rat 
monoclonal antibody against transforming growth factor b1 
(TGF-b1) was purchased from R&D Systems, Inc. (Minneapolis, 
MN, USA), the rat monoclonal antibody against connective 
tissue growth factor (CTGF) was obtained from Santa Cruz 
Biotechnology, Inc., (Dallas, TX, USA), and the type I collagen 
monoclonal antibody was provided by Sigma-Aldrich (now 
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a brand of Merck KGaA, Darmstadt, Germany). The PV-6000 
two-step method immunohistochemical kit was purchased 
from Beijing Zhongshan Jinqiao Biological Company, Beijing, 
China), and pepsin was provided by Wuhan Boster Biological 
Technology (Wuhan, China).

Construction and grouping of the animal models

A total of 120 healthy male Sprague-Dawley (SD) rats (provided 
by the Laboratory Animal Center of Nanjing Medical University) 
weighing 250–300 g were selected and randomly divided into 
5 groups: the negative control group (group N), the bleomycin 
group (group B), the pepsin combined with gastric fluid group 
(group P+G), the pepsin group (group P), and the hydrochlo-
ric acid group (group A), with 24 rats in each group. All exper-
iments involving animals and tissue samples were performed 
according to the guidelines of the National Institutes of Health 
and Nanjing Medical University, and all procedures were ap-
proved by the Institutional Animal Care and Use Committee 
of Nanjing Medical University (Nanjing, China).

Gastric fluid collection

The experimental rats were fasted for 12 h and subsequently se-
dated with an intraperitoneal injection of ketamine (100 mg/kg) 
and Xylazine (0.75 mg/kg). The abdomens were cut open to 
ligate the distal esophagus, and a small opening was created 
in the duodenum above the pyloric sphincter. Subsequently, 5 
ml of distilled water was injected into the stomach through a 
channel connected to the small opening, and the gastric con-
tents were collected, centrifuged (5°C, 2500 RPM) 20 min lat-
er, and frozen immediately at –80°C prior to use [22].

Pepsin and hydrochloric acid preparation

Pepsin was prepared to yield a finished product in liquid form 
at a concentration of 2.5 µg/ml and a pH in the range of 1.5–2 
[22–24]. Generic hydrochloric acid was diluted with distilled 
water to achieve a solution with a pH of 1.5 [22–24].

Methods of aspiration simulation

For group N, intratracheal instillation with 2 ml normal sa-
line was performed twice a week through tracheal intubation, 
whereas for group B, a one-time intratracheal injection of bleo-
mycin (5 mg/kg) was administered. For group P+G, 2.5 µg/ml 
pepsin was mixed with the collected gastric fluid at a propor-
tion of 1: 1, and intratracheal instillation (0.5 ml/kg) was per-
formed twice a week through tracheal intubation. For group 
P, intratracheal instillation (0.5 ml/kg) with 2.5 µg/ml pep-
sin was performed twice a week through tracheal intubation, 
whereas for group A, intratracheal instillation (0.5 ml/kg) with 
HCl was performed twice a week through tracheal intubation.

Sampling

Six rats in each group were randomly sacrificed on the 7th, 
14th, 28th, and 56th days following modelling via abdominal 
aorta exsanguination after having administered an intraperi-
toneal injection of ketamine combined Xylazine for anesthe-
sia. Subsequently, the chest was cut open to collect the lung 
tissues, which were rinsed with normal saline several times. 
The superior lobe of the right lung was fixed in 10% forma-
lin, followed by conventional paraffin embedding, hematox-
ylin and eosin (HE) staining, Masson trichrome staining, and 
immunohistochemical staining.

Lung tissue pathological analysis

HE and Masson trichrome staining of the lung tissues were 
performed following conventional dehydration with alcohol 
of various concentrations, paraffin embedding, and slicing. 
The severities of pulmonary alveolitis and pulmonary fibrosis 
were evaluated in accordance with the methods described by 
Szapiel et al. [25]. Pulmonary alveolitis was classified into 4 
grades: (1) nonpulmonary alveolitis (), which was assigned a 
grade of 0; (2) mild pulmonary alveolitis (+), which was as-
signed grade of 1, and was characterized by a normal alveo-
lar structure and a broadening alveolar septum due to mono-
nuclear cell infiltration restricted to local and proximal pleural 
regions affecting <20% of the whole lung; (3) moderate pul-
monary alveolitis (++), which was assigned a grade of 2, and 
affected 20–50% of the whole lung, with greater severity in 
the proximal pleural region; and (4) severe pulmonary alveoli-
tis (+++), which was assigned a grade of 3, and affected >50% 
of the lung, with evident mononuclear cell infiltration, as well 
as consolidation due to occasional bleeding within the alveo-
lar space. Pulmonary fibrosis was classified into 4 grades: (1) 
nonpulmonary fibrosis (–), which was assigned a grade of 0; 
(2) mild pulmonary fibrosis (+), which was assigned a grade 
of 1, and affected <20% of the lung, with fibrosis involving 
the pleura and the subpleural pulmonary interstitium and an 
evidently disordered alveolar structure; (3) moderate pulmo-
nary fibrosis (++), which was assigned a grade of 2, and af-
fected 20–50% of the whole lung, with the local fibrosis re-
gion extending beyond the pleura; and (4) severe pulmonary 
fibrosis (+++), which was assigned a grade of 3, and affect-
ed >50% of the lung, with evident fusion as well as cystic air 
cavities of various sizes.

Expression of TGF-b1 mRNA in lung tissues

Semi-quantitative RT-PCR was used for detection, and the 
TRIzol® method was utilized to extract the total lung tissue 
RNA, followed by reverse-transcription to synthesize cDNA, 
as well as PCR amplification. The primers were synthesized 
by Shanghai Shenggong Biological Engineering Technology 
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Service Co. (Shanghai, China), and the sequences were as fol-
lows: (i) TGF-b1, forward primer: 5’-GCTAATGGTGGACCGCAAC-3’; 
and reverse primer: 5’-GCAGTGAGCACTGAAGCGA-3’, with 
a target fragment length of 340 bp; and (ii) b-actin, for-
ward: 5’-GAGACCTTCAACACCCCAGC-3’; and reverse: 
5’-CACAGAGTACTTGCGCTCAG-3’, with a target gene fragment 
length of 654 bp. The PCR reaction conditions were as follows: 
TGF-b1: Pre-degeneration for 4 min at 94°C, 45 s at 94°C, 45 
s at 56°C, and 60 s at 72°C for 35 loops, followed by exten-
sion for 10 min at 72°C and termination; and b-actin: Pre-
degeneration for 4 min at 94°C, 45 s at 94°C, 45 s at 56°C, and 
60 s at 72°C for 35 loops, followed by extension for 10 min at 
72°C and termination. The amplification products were sub-
jected to 1% agarose gel electrophoresis (including 0.5 μg/ml 
ethidium bromide), and scanning and analysis were performed 
using a gel imaging and analysis system. The absorbance ra-
tio of TGF-b1 to b-actin amplification products was regarded 
as the relative mRNA level of each specimen.

Determination of the expression levels of CTGF and type I 
collagen in lung tissue

The immunohistochemical DAKO EnVision™ two-step method 
(Agilent Technologies, Inc., Santa Clara, CA, USA) was used, and 
the expression levels of CTGF and type I collagen were mea-
sured according to the manufacturer’s protocol. The key steps 
were as follows. The paraffin sections were dewaxed by con-
ventional method, and then rehydrated; subsequently, block-
ing of the peroxidase was performed with 3% H2O2/formalde-
hyde solution. Repair of the antibodies was accomplished with 
EDTA repair buffer (pH 8.0) under conditions of high tempera-
ture and high pressure, followed by instillation of the anti-CT-
GF and anti-type I collagen monoclonal antibodies, and preser-
vation in a refrigerator at 4°C overnight. The following day, the 
sections were incubated for 30 min with secondary antibodies 
labelled with horseradish peroxidase (HRP), at room tempera-
ture. Controlled color development was performed using 3,3-di-
aminobenzidine (DAB) stain, followed by counterstaining with 
hematoxylin, and the sheets were then sealed with neutral res-
ins following hydrochloric acid/alcohol differentiation. For the 
negative control, the primary antibodies were replaced with PBS.

Results analysis

Concerning the immunohistochemical results, claybank col-
oring in lung tissues was indicative of positive color develop-
ment, and the expression levels of CTGF and type I collagen 
were quantitatively analyzed using the professional image 
analysis soft system, Image-Pro® Plus (Media Cybernetics, Inc., 
Rockville, MD, USA). Five views were selected randomly from 
each slice (magnification, ×400), and the integral optical den-
sity (IOD) was considered to represent the expression level of 
CTGF. Similarly, 5 views were selected randomly from each slice 

(magnification, ×100), and the IOD was considered to repre-
sent the expression level of type I collagen.

Statistical analysis

SPSS version 18.0 statistical software (SPSS, Inc., Chicago, IL, 
USA) was used to process all the data, which are presented as 
the mean ± standard deviation. One-way ANOVA was applied 
for comparisons among groups, whereas the Student-Newman-
Keuls q test was used for pairwise comparisons. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Pathological changes in the lung tissue

Comparisons between the samples were made to assess the 
extent of pulmonary alveolitis. In group N, the alveolar walls 
were revealed to be thin, with a normal structure and with-
out special changes. In group B, a notable inflammatory reac-
tion was observed in the alveolar septum and alveoli 7 days 
after intratracheal instillation of bleomycin, as well as mas-
sive inflammatory cell infiltration, which was markedly great-
er compared with that in group N (P<0.01). Subsequently, the 
numbers of inflammatory cells decreased over time, and the 
affected areas gradually came to be dominated by fibrosis. 
Additionally, a broadening alveolar septum, fibroblast hyper-
plasia, and multi-focal fibrosis regions of various sizes were ob-
served. In the 3 simulated aspiration groups, alveolitis peaked 
within the first 2 weeks, and then remained relatively high, 
reaching or surpassing the level in group B from the 28th day 
onwards. The degree of alveolitis for each experimental group 
is shown in Figure 1.

Assessment of the extent of fibrosis

Masson trichrome staining was used to determine the extent 
of fibrosis in lung tissues. A small amount of collagenous fi-
bers, which is the main component of the extracellular ma-
trix (ECM), was observed in the lung tissues of rats in group 
N, and no special abnormal changes were evident. Pulmonary 
interstitial fibrosis occurred at an early stage in rats in group 
B; the collagenous fibers increased gradually at the late stage, 
and pulmonary interstitial fibrosis became progressively ag-
gravated over time, peaking on the 28th day and then tending 
to decline. The simulated aspiration groups (groups A, P, and 
P+G) exhibited a low degree of fibrosis at the early stage, and 
the fibrosis degree subsequently increased over time and with 
increasing hydrochloric acid instillation time, although it did 
not reach the same level of fibrosis as in group B, but it was 
substantially greater compared with that in group N (P<0.01). 
No distinct differences in the degree of fibrosis were identified 
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among the P+G, P, and B groups on the 56th day (P>0.05). The 
extent of fibrosis in group A was lower compared with that in 
group P+G from the 28th day (P<0.05). Finally, the degree of fi-
brosis in the 3 simulated aspiration groups did not exceed that 
in group B. These results are illustrated in Figure 2.

TGF-b1 mRNA expression in lung tissue

The mRNA expression level of TGF-b1 on the 7th and the 14th 
days was markedly higher in group B compared with that in 
the other groups (P<0.05); however, the expression level also 
exhibited a trend of gradually declining after that point, such 
that there was no significant difference observed between 
groups B and N on the 56th day (P>0.05). The expression level 

of TGF-b1 mRNA in group P+G always remained higher than in 
group N (P<0.05), and the levels in groups P and A were high-
er compared with that in group N from the 14th day onwards. 
The expression levels of TGF-b1 mRNA on the 7th and the 14th 
days in the 3 simulated aspiration groups were notably lower 
compared with those in group B (P<0.05), and no distinct dif-
ference was identified between the simulated aspiration groups 
and group B on the 28th day (P>0.05). Lastly, the expression 
levels of TGF-b1 mRNA were observed to be higher in the 3 
simulated aspiration groups compared with that in group B 
on the 56th day (P<0.05). These results are shown in Figure 3.

Figure 1.  Comparison of pulmonary alveolitis degree. (A–E) Pulmonary alveolar inflammation in each group (7d) (hematoxylin and 
eosin staining ×100) (Scale bar: 50 μm). (A) The negative control group (group N), (B) the bleomycin group (group B), (C) the 
pepsin combined with gastric fluid group (group P+G), (D) the pepsin group (group P), and (E) the hydrochloric acid group 
(group A). (F) Results of pulmonary alveolitis scores of rats in each group: data are presented as the means ±SEM of 3 
replicates. * P<0.01 compared with group N; & P<0.05 compared with group A; # P<0.05; ## P<0.01 compared with group P+G.
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CTGF expression in the lung tissue

CTGF, the host factor that regulates fibroblast proliferation 
and ECM synthesis, functions as the downstream mediator 
of fibrosis, promoting the effects of TGF-b1 and exerting a vi-
tal role during pulmonary fibrosis development. Its major bio-
logical functions are to stimulate the proliferation and differ-
entiation of fibroblasts, mediate cell adhesion, and promote 
ECM deposition. As reported in the literature, CTGF protein 
expression is clearly increased in pulmonary fibrosis, and this 
increase is positively correlated with the expression levels of 
TGF-b1 and type I collagen, further confirming that CTGF ex-
pression is closely associated with the degree of pulmonary 

interstitial fibrosis. This experiment demonstrated that CTGF 
was poorly expressed, or was not expressed, in lung tissues 
in group N, a finding which is consistent with previously pub-
lished studies, and it was predominantly expressed in the bron-
chus, bronchial epithelial cells, and type II alveolar epithelial 
cells. CTGF expression in group B began to increase from the 
7th day onwards, peaking on the 14th day, and remaining high 
until the 28th day. Thereafter, it exhibited a trend towards de-
cline, although it continued to remain substantially higher 
than in group N on the 56th day, and the difference between 
the 2 groups was statistically significant (P<0.05). CTGF ex-
pression levels in groups P+G and group Ps were higher com-
pared with that in group N on the 14th day and the 28th days, 

Figure 2.  Comparison of fibrosis degree. (A–E) Pulmonary fibrosis in each group (14d) (Masson trichrome staining ×100) (Scale 
bar: 50 μm). (A) The negative control group (group N), (B) the bleomycin group (group B), (C) the pepsin combined with 
gastric fluid group (group P+G), (D) the pepsin group (group P), and (E) the hydrochloric acid group (A group). (F) Results of 
pulmonary fibrosis scores of rats in each group: data are presented as the means ±SEM of 3 replicates. * P<0.01, ** P<0.01 
compared with group N; @ P<0.05 compared with group B; # P<0.05 compared with group P+G.
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respectively (P<0.05), and increased over time, although they 
were not significantly different from that in group B from the 
56th day (P>0.05). Finally, CTGF protein expression in group A 
on the 56th day was higher compared with that in group N, 
although it was not apparently different from that in group 
B (P>0.05); however, CTGF protein expression in group A was 
clearly lower compared with that in the group P+G (P<0.05). 
These results are illustrated in Figure 4.

Type I collagen expression in lung tissue

Overexpression of TGF-b1 and CTGF in fibrotic lung tissue re-
sults in type I and type III collagen hyperplasia, and collagen 
deposition in the pulmonary interstitium leads to matrix struc-
ture disorders of lung tissue, giving rise to fibrosis. The re-
sults of the present experiment indicated that the expression 
of type I collagen in lung tissue was clearly higher in the rats 
in group B at all time points compared with the rats in group 
N (P<0.05), and massive claybank type I collagen fibers were 
identified in the vessel walls, bronchial walls, and alveolar 

Figure 3.  Expression of TGF-b1mRNA in lung tissue. (A) Expression of TGF-b1mRNA in lung tissue in 28d (B) Expression of TGF-
b1mRNA in lung tissue in 56d N: the negative control group (group N), B: the bleomycin group (group B), P+G: the pepsin 
combined with gastric fluid group (group P+G), P: the pepsin group (group P), A: the hydrochloric acid group (group A); 
(C) The expression of TGFb1mRNA in lung tissue of rats in each group: The values were presented as the means ±SEM of 3 
replicates. * P<0.05 compared with N group; & P<0.05 compared with group B; # P<0.05 compared with P+G group.
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septum, which are observations consistent with the patho-
logical and morphological changes noted in lung tissues. The 
expression level of type I collagen in the 3 simulated aspira-
tion groups (groups A, P, and P+G) at all time points was low-
er compared with that in group B (P<0.05). The expression of 
type I collagen fibers was higher in the group P+G than that in 
group N from the 14th day (P<0.05), and it was always higher 
compared with that in group A (P<0.05). Finally, the expression 
of type I collagenous fibers was higher in group P compared 
with that in group N from the 28th day (P<0.05), although it 
did not reach the expression levels identified in group P+G or 
group B. These results are shown in Figure 5.

Discussion

Repeated aspiration of gastric contents is known to cause in-
flammatory cell infiltration, bronchiolitis obliterans, or even pul-
monary fibrosis in the rat lung. The present study was main-
ly focused on aspiration of gastric acid (which predominantly 
comprises hydrochloric acid); the effects of pepsin have yet 
to be fully elucidated. Previous research has indicated that 
inhalation of pepsin may also result in chronic lung injury, 
whereas repeated chronic lung injury provoked pulmonary fi-
brosis [17]. The present study simulated the minor aspiration 
induced by gastroesophageal reflux through repeated injections 

Figure 4.  Expression of CTGF in lung tissue. (A–E) Expression of CTGF in each group (28d) (immunohistochemical staining ×100) (scale 
bar: 50 μm). (A) The negative control group (group N), (B) the bleomycin group (group B), (C) the pepsin combined with 
gastric fluid group (group P+G), (D) the pepsin group (group P), (E) the hydrochloric acid group (group A). (F) Expression 
of CTGF in lung tissue of rats in each group: The IOD values were presented as the means±SEM of 3 replicates. * P<0.05 
compared with group N; & P<0.05 compared with group B; # P<0.05 compared with group P+G.
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of hydrochloric acid, gastric fluid, and pepsin into the lung to 
observe the roles of these agents in the genesis and develop-
ment of pulmonary fibrosis. The actual effects of inhalation 
of gastric fluid, hydrochloric acid, and pepsin on lung tissues 
were determined by observing pathological changes in lung 
tissues on the 7th, 14th, 28th, and 56th days, by measuring the 
mRNA expression levels of TGF-b1 and the factor downstream 
of TGF-b, CTGF, and by quantifying type I collagen fibers.

Figure 5.  Expression of type I collagen in lung tissue. (A–E) Expression of type I collagen in each group (56d) (immunohistochemical 
staining ×100) (scale bar: 50 μm). (A) The negative control group (group N), (B) the bleomycin group (group B), (C) the pepsin 
combined with gastric fluid group (group P+G), (D) the pepsin group (group P), (E) the hydrochloric acid group (group A). (F) 
The expression of I collagen in lung tissue of rats in each group: IOD values are presented as the means±SEM of 3 replicates. 
* P<0.05 compared with group N; & P<0.05 compared with group B; # P<0.05 compared with group P+G.
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Although the bleomycin-induced pulmonary fibrosis model can-
not completely simulate the chronic fibrosis progression pro-
cess of human IPF [26], it is recognized as the animal model 
that is most similar to human pulmonary interstitial fibrosis, 
since no better animal model is currently available. Therefore, 
these experiments were designed such that group B was se-
lected as the positive control group and group N was the nega-
tive control group, in order to compare results with those iden-
tified in the 3 simulated aspiration groups (groups A, P, and 
P+G) and to analyze pathological and physiological processes, 
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as well as dynamic morphological changes, in lung injury and 
pulmonary fibrosis induced by experimental aspiration of hy-
drochloric acid, pepsin, and gastric fluid.

The pathological results of the lung tissues indicated that the 
alveolar structure was normal in group N. In group B, a small 
amount of macrophage and lymphocyte infiltration was evident 
in the alveolar septum and alveoli, as well as fibroblast hyper-
plasia, clear thickening of the alveolar wall, and extensive col-
lagen fiber hyperplasia in the alveolar septum. Pulmonary inter-
stitial fibrosis occurred at the early stage, and gradually became 
aggravated at the late stage over time, subsequently exhibiting 
a trend towards decline until the 56th day, which is generally 
consistent with findings reported in the literature [1113,16,22].

Alveolitis in groups A, P, and P+G tended to gradually increase, 
and the severity exceeded that observed in group B from the 
28th day, indicating that continuous stimulation by pepsin, gas-
tric fluid, and hydrochloric acid aggravated the range and ex-
tent of alveolitis. The degree of fibrosis was low in the early 
stage in the 3 simulated aspiration groups and gradually in-
creased over time and with increasing hydrochloric acid instil-
lation time, and, although it did not reach the same degree of 
fibrosis as identified in group B, it was substantially greater 
compared with that in group N. No distinct differences in the 
degree of fibrosis were identified among groups P+G, P, and 
B until the 56th day.

Among all the cytokines involved in pulmonary fibrosis, TGF-b 
has the most critical role, and TGF-b1 also has the closest as-
sociation with pulmonary fibrosis [27]. The fibrosis-promoting 
effects of TGF-b1 in the lung include stimulation of the syn-
thesis and deposition of all ECM components, acting on mul-
tiple steps of these processes, including upregulation of the 
transcription and translation of matrix components, and stim-
ulation of the synthesis and deposition of all types of ECM. 
Therefore, TGF-b1 accelerates abnormal epithelial cell hyper-
plasia and abnormal repair of re-epithelialization, promotes 
ECM deposition and the genesis and development of pulmo-
nary fibrosis, and serves an important role in the pathogene-
sis of pulmonary fibrosis [4,27]. In the present study, the ex-
pression level of TGF-b1 mRNA was found to increase, prior to 
falling back towards the original level in group B. The mRNA 
expression level of TGF-b1 was markedly higher in lung tis-
sues in the 3 simulated aspiration groups compared with that 
in group N from the 14th day onwards, and tended to gradu-
ally increase, although it did not significantly differ from that 
in group B from the 28th day. The above results revealed that 
hydrochloric acid and pepsin exerted certain promoting effects 
on fibrosis formation, and were able to upregulate TGF-b1 ex-
pression in lung tissues at the genetic level and promote ECM 
deposition, thereby facilitating the genesis and development 
of pulmonary fibrosis.

CTGF, the host factor that regulates fibroblast proliferation and 
ECM synthesis, is the downstream mediator of fibrosis and 
promotes the effect of TGF-b1. As demonstrated in a previous 
study, CTGF protein expression is markedly increased in pulmo-
nary fibrosis [28] and this is positively correlated with the ex-
pression levels of TGF-b1 and type I collagen, further confirming 
that CTGF expression is closely correlated with the degree of 
pulmonary interstitial fibrosis. The present study demonstrated 
that CTGF was poorly expressed, or was not expressed at all, 
in lung tissues in group N, and was predominantly expressed 
in the bronchus, bronchial epithelial cells, and type II alveolar 
epithelial cells. CTGF expression in group B began to increase 
from the 7th day, peaked on the 14th day, and remained high 
until the 28th day. Subsequently, it tended to decline, but re-
mained substantially higher than in group N. CTGF expression 
levels in group P+G and in group P were higher compared with 
that in group N from the 14th day, and increased over time, al-
though they did not significantly differ from that in group B 
based on measurements taken on the 56th day.

Over-deposition of the ECM is the outstanding feature of in-
terstitial pulmonary fibrosis, and collagen is the main compo-
nent of the ECM. Collagen metabolism disorders occur in rat 
and human pulmonary interstitial fibrosis, and are character-
ized by an increased content of type I and type III collagen. 
Increased TGF-b1 and CTGF expression results in type I colla-
gen hyperplasia [29], and collagen deposition in the pulmo-
nary interstitium leads to matrix structure disorders of the 
lung tissue, giving rise to fibrosis [30]. The results of the pres-
ent study indicated that type I collagen expression in lung tis-
sue was clearly higher in the rats in group B at all time points 
compared with that in group N, which was consistent with 
the observed pathological and morphological changes. Type 
I collagen expression in the 3 simulated aspiration groups at 
all time points was lower compared with that in group B. The 
expression of type I collagenous fibers was higher in group 
P+G than in group N from the 14th day. The expression of type 
I collagen was higher in group A and group P compared with 
that in the negative control group from the 28th day onwards, 
reflecting the trend of repeated aspiration-induced fibrosis.

The early-stage pathological change that predominantly oc-
curred in group B was alveolitis. At the late stage, inflamma-
tion tended to gradually subside and extensive fibrosis devel-
oped, peaking on the 28th day, and then tending to progressively 
decrease. Compared with group B, the results in the present 
study indicated that repeated minor aspiration of gastric flu-
id and pepsin resulted in a slow rate of fibrosis progression; 
however, as simulated aspiration through repeated injections 
of hydrochloric acid and pepsin into the trachea caused ab-
normal and excessive repair, the fibrosis process exhibited a 
trend towards progressive aggravation. Although the simu-
lated aspiration groups did not exhibit the same degree of 
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fibrosis induced by bleomycin, these models more accurate-
ly simulate the course of pulmonary fibrosis compared with 
bleomycin, and are more consistent with the biological char-
acteristics, as well as the genesis and developmental process-
es, of pulmonary fibrosis.

Although the degrees of fibrosis in groups P+G, P, and A were 
determined, these experiments were not necessarily able to 
completely reflect the overall effects of gastric content aspira-
tion on pulmonary fibrosis due to restrictions associated with 
the experimental conditions and the experimental cycle [31–33]. 
For example, differences existed in both the components and 
timing of simulated aspiration compared with those of gastro-
esophageal reflux in GERD. In addition, gastric contents have 
more complex components in addition to the gastric fluid, pep-
sin and bile salt, and these must also be comprehensively con-
sidered. Furthermore, the pathogenesis of pulmonary fibrosis 
is complicated, involving interactions among multiple factors. 
Therefore, multiple methods are required to monitor additional 
relevant factors, and to observe the precise effects of acid on 
the rat lung, as well as their associations with fibrosis.

The repeated aspiration results in the animal models present-
ed in this study demonstrated that, compared with the aspira-
tion of hydrochloric acid or pepsin alone, mixed aspiration of 
pepsin and gastric fluid caused more severe lung injury, which 
may be associated with the activation of pepsin by gastric 

acid. However, these results were obtained from animal ex-
periments, and do not necessarily reflect the situation in hu-
mans. As we all know, 56 days for rats could be the equiva-
lent of 3 to 5 years for humans. For example, the frequency 
of aspiration simulation in the experimental animals may be 
substantially lower than the actual aspiration frequency in 
humans. It was not possible to increase the simulated aspi-
ration frequency in animals, as additional increases in anes-
thesia, tracheal intubation, and intratracheal injections may 
have resulted in increased mortality among the experimental 
animals, and therefore have affected the experiment results.

Conclusions

In the present study, aspiration of gastric contents was re-
vealed to cause pulmonary fibrosis, and mixed aspiration of 
pepsin and gastric fluid was shown to accelerate the occur-
rence of this process compared with aspiration of hydrochlo-
ric acid alone. These experiments have demonstrated the as-
sociation between the aspiration of gastric contents induced 
by chronic gastroesophageal reflux and pulmonary fibrosis 
from a single perspective. Although the actual effects of gas-
tric content inhalation induced by gastroesophageal reflux on 
the lung cannot be precisely simulated, simulation models are 
able to provide strong experimental evidence to elucidate the 
association between human GERD and IPF.
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