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Abstract. The aim of the present study was to examine the 
protective effect of caveolin‑1 (Cav‑1) in the penehyclidine 
hydrochloride (PHC)‑based inhibition of lipopolysaccharide 
(LPS)‑induced acute lung injury (ALI) in vivo and in vitro, in 
addition to the potential underlying mechanisms. In vivo, an 
ALI rat model was established via intratracheal administra-
tion of LPS (5 mg/kg), and PHC (2 mg/kg) was administered 
30 min following LPS treatment. In vitro, the Cav‑1 gene 
was knocked down by small interfering (si)RNA in J774A.1 
cells. Cells were incubated with LPS (1 µg/ml) for 2 h, and 
subsequently incubated with PHC (2 µg/ml) for an additional 
2 h. Lung injury was assessed by lung histology and the ratio 
of polymorphonuclear leukocytes (PMNs) to total cells was 
assessed in bronchoalveolar lavage fluid (BALF), myelo-
peroxidase (MPO) activity, BALF protein content and lung 
wet/dry (W/D) ratio. The levels of pro‑inflammatory factors, 
including tumor necrosis factor‑α (TNF‑α), interleukin (IL)‑6 
and IL‑1β, in the sera of rats and cell culture supernatant were 
determined by ELISA. The protein expression levels of Cav‑1, 
toll‑like receptor 4 (TLR4), phosphorylated (p)‑p38 mitogen 

activated protein kinases (p38 MAPKs) and nuclear factor 
kappa‑light‑chain‑enhancer of activated B cells transcription 
factor p65 subunit (NF‑κB p65) in lung tissues and J774A.1 
cells were analyzed by western blot analysis. The results indi-
cated that PHC effectively alleviated lung injury by decreasing 
neutrophil infiltration and protein concentration in BALF, and 
the lung W/D ratio and MPO activity and pro‑inflammatory 
cytokine production induced by LPS. Furthermore, PHC 
significantly decreased the degrees of histopathological 
changes and pulmonary dysfunction. In vitro, treatment with 
PHC inhibited pro‑inflammatory cytokine levels and MPO 
activity in LPS‑stimulated J774A.1 cells. However, the results 
in the J774A.1 cells with Cav‑1 gene knockdown were contrary. 
In addition, PHC decreased TLR4, p‑p38 MAPKs and nuclear 
NF‑κB p65 expression levels and upregulated the expression 
level of Cav‑1, in vivo and in vitro. These data demonstrated 
that PHC exhibited a protective effect against LPS‑induced 
ALI in rats and LPS‑stimulated J774A.1 cells, which may 
be due to the inhibition of p38 MAPKs phosphorylation and 
TLR4/NF‑κB signaling pathway by Cav‑1 upregulation.

Introduction

Acute lung injury (ALI) is clinical syndrome of acute respiratory 
failure, which is caused primarily by acute lung inflamma-
tion, damaging the alveolar capillary barrier  (1), followed 
by protein‑rich edema fluid accumulation in the airway, 
causing diffuse pulmonary interstitial edema and abnormal 
gas exchange (2). The injury factors have been described as 
follows: Sepsis, pneumonia, aspiration of gastric contents, 
severe trauma with shock, severe acute pancreatitis  (3‑5). 
ALI is a life‑threatening disease with high morbidity and 
mortality rates, and to the best of our knowledge, no specific 
pharmacological treatment has been established (2).

Lipopolysaccharide (LPS), a key component of the cell 
wall in gram‑negative bacteria, is a common factor that leads 
to ALI (6). Toll‑like receptor (TLR) signaling serves a key role 
in the pathogenesis of ALI. Following binding with LPS, TLR4 
may induce the activation of myeloid differentiation factor 
88‑dependent interleukin (IL)‑1 receptor activated kinase 1/4, and 
promote mitogen activated protein kinase (MAPK) activation 
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and nuclear factor kappa‑light‑chain‑enhancer of activated B 
cells transcription factor p65 subunit (NF‑κB p65) translocation 
to the nucleus (7). The activation of NF‑κB has been demon-
strated to regulate the expression of a series of genes, including 
pro‑inflammatory cytokines tumor necrosis factor‑α (TNF‑α), 
IL‑1β and IL‑6 (8), which may lead to lung tissue damage (9). p38 
MAPKs are involved in the occurrence and development of ALI 
caused by various etiologies (10,11). Inhibition of p38 MAPKs 
may block the activation of NF‑κB, and effectively inhibit lung 
injury induced by LPS, including neutrophil recruitment in the 
lung, protein exudation and apoptosis in bronchoalveolar lavage 
fluid (BALF)  (12). Therefore, inhibiting the activity of the 
TLR4/NF‑κB and p38 MAPKs signaling pathways has potential 
therapeutic value in LPS‑induced ALI.

Penehyclidine hydrochloride (PHC) is a novel anticho-
linergic drug, which may selectively inhibit muscarinic 
acetylcholine receptor M1 (M1), muscarinic acetylcholine 
receptor (M3) and nicotinic acetylcholine receptors N1 and 
N2 (N1 and N2), with almost no cardiovascular side effects 
associated with muscarinic acetylcholine receptor M2 (M2) 
receptors  (13). It has been demonstrated that PHC has a 
protective effect in a rat model of LPS‑induced ALI, and the 
effect may involve the inhibition of the p38 MAPKs signaling 
pathway and NF‑κB activation (14). However, the underlying 
mechanism of PHC inhibition in the activation of these 
signaling pathways remains unclear.

Caveolin‑1 (Cav‑1) is the principal structural component 
of caveolae, which are omega‑shaped invaginations of plasma 
membrane (15‑17). Previous studies have suggested that Cav‑1 
serves a crucial role in the pathogenesis of ALI, which may 
regulate acute inflammation and capillary leakage during 
lung injury  (18). Wang  et  al  (19) observed that Cav‑1 in 
murine peritoneal and alveolar macrophages had the ability 
to regulate LPS‑induced pro‑inflammatory cytokine TNF‑α 
and IL‑6 production. This effect may be due to the fact that 
Cav‑1 inhibits LPS‑induced p38 MAPKs phosphorylation and 
NF‑κB signaling pathway activation (20).

The aim of the present study was to observe the involvement 
of Cav‑1 in the PHC‑based inhibition of LPS‑induced ALI 
in vivo and in vitro and the potential underlying mechanisms.

Materials and methods

Reagents. LPS (E coli 0111:B4) was obtained from 
Sigma‑Aldrich; Merck KGaA (Darmstadt, Germany). ELISA 
kits were purchased from R&D Systems, Inc. (Minneapolis, 
MN, USA), mouse TNF‑α (PMTA00B), IL‑6 (PM6000B) 
and IL‑1β (PMLB00C) Quantikine ELISA kit, rat TNF‑α 
(PRTA00), IL‑6 (PR6000B) and IL‑1β (PRLB00) Quantikine 
ELISA kit. The myeloperoxidase (MPO) kit was obtained from 
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). 
PHC was purchased from Chengdu List Pharmaceutical Co. 
Ltd. (Chengdu, China).

Animal model. Male Sprague‑Dawley (SD) rats (170‑190 g; 
8‑10 weeks‑old) were purchased from Beijing Vital River 
Laboratory Animal Technology Co., Ltd (Beijing, China; 
certificate no. SCXK2016‑0006). The rats were housed in 
a specific pathogen‑free, laminar‑flow atmosphere under 
controlled temperature (25±2˚C), humidity (50±10%), and 12 h 

light: Dark cycle, with ad libitum access to food and water. 
The animals acclimated to this environment for 1 week prior 
to the experiment. The present study was approved by Medical 
Ethics Committee of Renmin Hospital of Wuhan University 
and was performed in accordance with the National Institutes 
of Health Guidelines for the Care and Use of Laboratory 
Animals (21).

LPS‑induced ALI in rats. Male SD rats were randomly divided 
into 3 groups: i) The control group (C group); ii) ALI model 
group (LPS group); and iii)  ALI + PHC treatment group 
(P + LPS group). The ALI model was established using a 
protocol based on the study by Shen et al (14), by intratra-
cheal instillation of LPS. A total of 0.2 ml LPS (5 mg/kg) 
was administered to rats in the LPS and P + LPS groups by 
intratracheal instillation, while rats in the C group received an 
equal volume of normal saline. A total of 30 min later, the rats 
in the P + LPS group received an intraperitoneal (i.p.) injection 
of 0.5 ml PHC (2 mg/kg), while C and LPS groups received 
0.5 ml normal saline. The doses of PHC were selected based 
on data from our previous studies (22,23). At 24 h after LPS 
treatment, the rats were anesthetized by an i.p. injection of 
pentobarbital (50 mg/kg; Sigma‑Aldrich; Merck KGaA), and 
arterial blood, BALF and lung tissue samples were collected. 
Animal death was confirmed by observation of apnea and 
asystole. Lung tissues were snap‑frozen in liquid nitrogen, and 
stored at ‑80˚C for subsequent analysis.

Arterial blood gas analysis. Following anesthesia, arterial 
blood samples were collected from the rats with a heparinized 
syringe from the carotid artery, followed by thoracotomy 
and alveolar lavage and removal of lung tissues. The arterial 
blood samples were immediately injected into an ABL700 
Radiometer (Radiometer America Inc, Brea, CA, USA) to 
measure pH value, partial gas pressures of oxygen (PaO2) and 
carbon dioxide (PaCO2), and lactic acid (Lac).

Histopathological lung examination. The right lung lobes 
were excised, washed and fixed in 4% (v/v) paraformaldehyde 
(4˚C, 12 h). Lung tissues were embedded in paraffin, sectioned 
at 4 µm thickness, and stained with hematoxylin and eosin 
(H&E) solution (Sigma‑Aldrich; Merck KGaA) (0.2% hema-
toxylin staining for 10  min, and 0.5%  eosin staining for 
2 min; each at room temperature) to estimate inflammation 
in the peribronchial and alveolar lesions. The stained slides 
were then observed with a light microscope (BX51; Olympus 
Corporation, Tokyo, Japan; magnification,  x100) and the 
digital micrographs were captured for analysis. The histo-
logic injury scores were evaluated from 0 to 4, as described 
previously (24). Briefly, the degree of lung injury was graded 
according to the following scoring system: 0, no injury and 
appears normal; 1, minimal (injury up to 25% of the field); 
2, mild (injury between 25‑50% of the field); 3, moderate 
(injury between 50‑75% of the field); and 4, severe (>75%, 
diffuse injury). Tissue sections were examined by a pathologist 
blinded to the experiment.

Ultrastructural changes of lung tissues under transmission 
electron microscopy. The lungs were isolated and cut into 
1‑2 mm3 cubes. Lung tissue samples were fixed by immersion 
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in a 2.5% buffer of glutaraldehyde for 24 h at 4˚C, washed by 
PBS solution 3 times, post‑fixed for 1 h at room temperature 
in 1% osmium tetroxide, dehydrated in graded concentrations 
of ethyl alcohol (30, 50, 70, 90 and 100%), and embedded in 
epoxy resin. Ultrathin sections (70 nm) were double‑stained 
with 1% uranyl acetate for 30 min at room temperature and 
lead citrate for 15 min at room temperature. Subsequently 
the sections were examined under a transmission electron 
microscope (JEOL 100 CX; JEOL, Ltd., Tokyo, Japan).

BALF collection and inflammatory cell counting. To obtain 
the BALF, ice‑cold PBS (2 ml) was infused into the lungs 
of the rats 3 times and withdrawn each time using a tracheal 
cannula (a total volume of 6 ml). The collected BALF was 
then centrifuged at 200 x g for 15 min at  4˚C. Following 
centrifugation, the supernatant was stored at ‑80˚C for 
subsequent assays. Following exclusion of dead cells by trypan 
blue staining (0.5 ml 0.4% trypan blue solution was transferred 
to the test tube. Subsequently, 0.3 ml Hanks balanced salt 
solution (HBSS) and 0.2 ml cell suspension were added and 
mixed sufficiently and allowed to stand for 5 to 15 min. All the 
procedures were performed at room temperature. The stained 
cell suspension was absorbed and transferred to the blood cell 
count board, and the number of living and dead cells were then 
counted under a light microscope (BX51; Olympus, Tokyo, 
Japan; magnification, x400). The total inflammatory cells in 
BALF were determined by counting cells with a hemocytometer 
(cat. no. 3100; Hausser Scientific, Horsham, PA, USA). In 
order to analyze differential cell counting, 100 µl BALF was 
centrifuged (200 x g for 10 min at 4˚C) onto slides using a 
Cytospin (Thermo Fisher Scientific, Inc., Waltham, MA, USA). 
Subsequent to natural drying of the slides, the cells were fixed, 
and stained using Wright's Stain solution (Sigma‑Aldrich; 
Merck KGaA) according to the manufacturer's protocol. Several 
drops of Wright's Stain were added to cover the slides followed 
by incubation for approximately 1 min at room temperature. 
Then we added the same amount of phosphate buffer (pH 6.4) 
and shaked the slides gently, and allowed to stand for 5 min. 
The slides were then rinsed gently with ultrapure water 3 times. 
After the slides were dried naturally, they were examined under 
a light microscope (magnification, x1,000; oil immersion lens). 
The number of polymorphonuclear neutrophils (PMNs) was 
classified to obtain the percentage of neutrophils.

Protein content determination in BALF. The frozen BALF 
supernatant was thawed and thoroughly mixed. The total 
protein concentration was determined using a bicinchoninic 
acid method.

Lung wet/dry (W/D) weight ratio. The water content of the 
lungs was determined by calculating the W/D weight ratio of 
the lung tissues. The left lobe of the lung was excised, washed 
with PBS, blotted and then weighed to obtain the ‘wet’ weight. 
The lung was then dried at 65˚C for 48 h to obtain the ‘dry’ 
weight. The W/D ratio was calculated to assess the degree of 
pulmonary edema.

MPO activity assay. Radioimmunoprecipitation assay lysis 
buffer (Sigma‑Aldrich; Merck KGaA) was used for lysing 
tissues, and 10  mg tissue was obtained for each sample. 

Following washing with cold PBS, the tissues were resus-
pended in 4 volumes of MPO Assay buffer (included with the 
Myeloperoxidase Activity Assay kit), and then centrifuged 
at 4˚C and 13,000 x g for 10 min. The supernatant was collected 
and transferred to a clean tube, which was then placed on ice. 
The MPO activity was assayed using Myeloperoxidase Activity 
Assay kit (cat. no. ab105136; Abcam, Cambridge, MA, USA), 
by measuring the absorbance of the sample at 460 nm using a 
microplate reader (Bio‑Rad Laboratories, Inc., Hercules, CA, 
USA). The specific MPO activity in the lungs was measured 
as units/mg protein.

Measurement of pro‑inflammatory cytokines in serum. Blood 
was collected from the carotid artery, and the serum was 
obtained following centrifugation at 1,000 x g for 10 min 
at 4˚C and used for ELISA analysis. The levels of TNF‑α, 
IL‑6 and IL‑1β in serum were determined using ELISA kits 
according to the manufacturer's instructions (R&D Systems, 
Inc., Minneapolis, MN, USA). The absorbance was measured 
at 450 nm using an ELISA reader (BioTek Instruments, Inc., 
Winooski, VT, USA).

Western blot analysis. A total of 24 h after LPS injection, the 
lung tissues were harvested and snap‑frozen in liquid nitrogen 
until homogenization. The lung tissues were homogenized using 
a homogenizer with tissue nuclear and cytoplasmic protein 
extraction reagents (Sigma‑Aldrich; Merck KGaA), according 
to the manufacturer's protocol. Protein concentrations were 
determined using a BCA protein assay kit. Equal amounts of 
protein (40 µg) were loaded per well on 12% SDS‑PAGE gels 
and transferred onto polyvinylidene difluoride membranes. 
The resulting membranes were blocked by incubation with 
5% skim milk in TBS + Tween‑20 (TBST) (0.1% Tween‑20) 
at room temperature for 2 h on a rotary shaker, followed by 
washing with TBST. Subsequently, the membranes were incu-
bated with specific primary antibodies at 4˚C overnight: Rabbit 
anti‑TLR4 (1:300; cat. no. ab217274; Abcam, Cambridge, UK 
Abcam, Cambridge, UK); Cav‑1 (1.2 µg/ml; cat. no. ab2910); 
p38 MAPKs (1.8 µg/ml; cat. no. ab27986); phosphorylated 
(p)‑p38 MAPKs (1:600; cat.  no.  ab47363); NF‑κB p65 
(0.5 µg/ml; cat. no. ab16502; all Abcam); GAPDH (1:1,000; 
cat.  no.  5174; Cell Signaling Technology, Inc., Danvers, 
MA, USA); and histone H3 antibody (1:2,000; cat. no. 4499; 
Cell Signaling Technology, Inc., Danvers, MA, USA). The 
membranes were then washed with TBST followed by incu-
bation with the horseradish peroxidase (HRP)‑conjugated 
secondary antibody (1:2,000; cat. no. sc‑2004; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA) at room temperature 
for 1 h. The blots were washed with TBST and detected using 
an enhanced chemiluminescence (ECL) western blotting 
detection kit (32132; Thermo Fisher Scientific, Inc. Waltham, 
MA, USA). The proteins bands were then observed using an 
ECL western blotting analysis system (Bio‑Rad Laboratories, 
Inc.) and quantified by densitometry using Image Lab v5.2.1 
software (Informer Technologies, Inc.).

J774A.1 cells culture and treatment. The mouse mono-
cyte/macrophage J774A.1 cell line was purchased from the 
American Type Culture Collection (Rockville, MD, USA). 
The J774A.1 cells were seeded (desity, 2x105/ml) onto a 
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6 cm dish and were cultured in Dulbecco's modified Eagle's 
medium (DMEM; 11965092) supplemented with 10% fetal 
bovine serum (26400044; both Thermo Fisher Scientific, 
Inc.), 50 U/ml penicillin G and 50 µg/ml streptomycin, and 
maintained at 37˚C in a humidified atmosphere containing 
5% CO2. The cells were grown until 50‑70% confluence prior 
to treatment. The cells were divided into 5 groups, as follows: 
i) The scramble (Scr)‑short interfering RNA (siRNA) control 
(S group); ii)  the Scr‑siRNA  +  LPS (LPS group); iii)  the 
Scr‑siRNA + PHC + LPS (P + LPS group); iv) the SMARTpool 
Cav‑1‑siRNA + LPS (C + LPS group); and the SMARTpool 
Cav‑1‑ siRNA + PHC + LPS (C + P + LPS group). According 
to the manufacturer's protocol, Scr‑siRNA (D‑001810‑10‑20) 
and SMARTpool Cav‑1‑siRNAs (12389) were added to the 
cells (50‑70% confluence) using DharmaFECT Transfection 
Reagent (T‑2001‑03; all Dharmacon, Lafayette, CO, USA). 
The siRNA sequences against CAV‑1 (CAV1‑1 siRNA) were 
5'‑AGA​CGA​GCU​GAG​CGA​GAA​GCA‑3' (sense) and 5'‑UGC​
UUC​UCG​CUC​AGC​UCG​UCU‑3' (antisense) and (CAV1‑2 
siRNA) 5'‑CAU‑CUA​CAA​GCC​CAA​CAA​C‑3' (sense) and 
5'‑GUU​GUU​GGG​CUU​GUA​GAU​G‑3' (antisense). The 
final siRNA concentrations were 50  nM. Cells in the S, 
LPS and P + LPS groups were transfected with Scr‑siRNA 
for 48 h, and cells in the C + LPS and C + P + LPS groups 
were transfected with SMARTpool Cav‑1‑siRNAs for 48 h. 
Following transfection, the cells in all groups, with the excep-
tion of the S group, were incubated in the presence of LPS 
(1 µg/ml) at 37˚C for 2 h, and then cells in the P + LPS and 
C + P + LPS groups were incubated with PHC (2 µg/ml) at 
37˚C for an additional 2 h. The protein expression levels of 
Cav‑1, TLR4, p38 MAPKs, p‑p38 MAPKs and nuclear NF‑κB 
p65 were the determined by western blot analysis, as described 
in the above paragraph. The primary antibodies used were: 
Rabbit anti‑TLR4 (1:500; cat. no. ab13556); Cav‑1 (1.5 µg/ml; 
cat. no. ab2910); p38 MAPKs (1.5 µg/ml; cat. no. ab27986; all 
Abcam); p‑p38 MAPKs (1:800; cat. no. ab47363); NF‑κB p65 
(0.5 µg/ml; cat. no. ab16502; both Abcam, Cambridge, UK); 
GAPDH (1:1,000; cat. no. 5174); and histone H3 antibody 
(1:2,000; cat. no. 4499; both Cell Signaling Technology, Inc.). 
HRP‑conjugated secondary antibody (1:2,000; cat. no. sc‑2004; 
Santa Cruz Biotechnology, Inc.) was selected as the secondary 
antibody. The levels of TNF‑α, IL‑6 and IL‑1β in cell culture 
supernatant were determined using Quantikine ELISA kits. 
The MPO activity was measured by colorimetry, as mentioned 
above.

Statistical analysis. The data are expressed as the 
mean ± standard error of the mean. The statistical analysis 
was performed using GraphPad Prism (version 7.0; GraphPad 
Software, Inc., La Jolla, CA, USA), and groups were compared 
using a one‑way analysis of variance followed by Dunnett's least 
significant difference post‑hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Effect of PHC on LPS‑mediated lung histopathological 
changes. To evaluate the histological changes of the lung 
tissues following LPS treatment, tissues were harvested 
at 24 h following LPS stimulation and subjected to H&E 

staining. No histological changes were observed in the lung 
tissues of rats in the C group (Fig. 1A). Significant pathological 
changes were observed in lung tissues of LPS‑treated rats, 
including pulmonary capillary congestion, pulmonary 
interstitial edema, mass inflammatory cell infiltration and 
alveolar wall thickening  (Fig.  1B). Treatment with PHC 
significantly decreased the histopathological changes induced 
by LPS  (Fig.  1C). In addition, as indicated in Fig.  1D, 
quantitative scoring of histological lung injury in the ALI rats 
was increased compared with the C group at 24 h following 
LPS administration. However, PHC pre‑treatment decreased 
the pathological scores of the lung tissues.

Effect of PHC on LPS‑mediated lung ultrastructural changes. 
Transmission electron microscopy was used to examine the 
ultrastructural changes in lung tissues. Lung tissues from the 
control group indicated normal structure (Fig. 2A). Lung tissues 
from LPS‑treated rats exhibited enlarged mitochondria and 
disrupted mitochondrial cristae in the alveolar epithelial cells, 
lamellar corpuscle vacuole‑like degeneration and degranu-
lated rough endoplasmic reticulum membrane (Fig. 2B). In the 
P + LPS group, which received PHC pre‑treatment, the level 
of pathological damage was significantly decreased compared 
with the LPS group (Fig. 2C).

Effect of PHC on pulmonary inflammation and vascular 
permeability during LPS‑induced ALI. To examine the effects 
of PHC on LPS‑induced pulmonary inflammation and vascular 
permeability, the ratio of PMNs to the total number of cells in 
the BALF, MPO activity, BALF protein content and lung W/D 
ratio were analyzed at 24 h following LPS injection. As indi-
cated in Fig. 3, following LPS stimulation, the ratio of PMNs 
to total cells in the BALF (Fig. 3A), MPO activity (Fig. 3B), 
BALF protein content (Fig. 3C) and lung W/D ratio (Fig. 3D) 
were significantly increased compared with the C group. 
However, the increase in lung injury index was decreased by 
pre‑treatment with PHC.

Effects of PHC on the arterial blood gas of rats with 
LPS‑induced lung injury. As presented in Fig. 4, compared 
with the control group, the arterial blood gas analysis of rats 
receiving LPS treatment indicated a significant change, as 
pH (Fig. 4A) and PaO2 (Fig. 4B) decreased, and the levels of 
PaCO2 (Fig. 4C) and Lac (Fig. 4D) increased. Compared with 
the LPS group, the pH and PaO2 were increased in the P + LPS 
group, while the levels of PaCO2 and Lac were decreased.

Effect of PHC on pro‑inflammatory cytokine production in 
the sera isolated from rats with LPS‑induced ALI. TNF‑α, 
IL‑6 and IL‑1β expression levels in the sera were significantly 
increased in LPS‑treated rats compared with the control group. 
By contrast, PHC‑treated rats exhibited a significant decrease 
in TNF‑α, IL‑6 and IL‑1β expression levels compared with the 
LPS group (Fig. 5).

Effect of PHC on protein expression in the lung tissue of rats 
with LPS‑induced ALI. Rats with LPS‑induced ALI exhibited 
increased TLR4, p‑p38 MAPKs and nuclear NF‑κB p65 
expression levels, and decreased Cav‑1 expression levels in the 
lung tissue samples compared with the control group. However, 
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there was a significant decrease in TLR4, p‑p38 MAPKs and 
nuclear NF‑κB p65 expression levels, and an increase in 
Cav‑1 expression levels in the lung tissue of PHC‑treated rats 
compared with the LPS‑treated rats. There was no statisti-
cally significant difference in p38 MAPKs protein expression 
among the different groups (Fig. 6).

Effect of PHC on pro‑inflammatory cytokine production in 
cell culture supernatant in LPS‑stimulated J774A.1 cells. 
Supernatants were collected from the LPS/PHC treated 
J744.A1 cells in the presence of Scr‑siRNA or SMARTpool 
Cav‑1‑siRNA. As presented in Fig. 7, treatment with LPS 
resulted in a significant increase in pro‑inflammatory cytokines 

production in supernatants compared with the negative control 
group. Compared with the LPS group, the expression levels of 
TNF‑α, IL‑6 and IL‑1β in the cell culture supernatant were 
decreased in the LPS + P group; however, the C + LPS group 
with Cav‑1 knockdown exhibited the opposite result. The 
expression levels of TNF‑α, IL‑6 and IL‑1β in the supernatant 
in the C + LPS + P group were increased compared with the 
LPS + P group, however, they were decreased compared with 
the C + LPS group.

Effect of PHC on MPO activity in LPS‑stimulated J774A.1 
cells. Compared with the negative control group, MPO activity 
was significantly increased in LPS‑stimulated J774A.1 cells. 

Figure 2. Ultrastructural changes in the lung tissues of rats at magnification, x10,000. The lung tissues were harvested at 24 h following LPS stimulation, and 
transmission electron microscopy was used to examine the ultrastructural changes in (A) C group, (B) LPS group and (C) P+LPS group. Lb, lamellar body; 
Nu, nucleus; LPS, lipopolysaccharide; P, penehyclidine hydrochloride; C, control.

Figure 1. Histological assessment of the effect of PHC on LPS‑induced acute lung injury. Representative histopathological images of lung tissues sections 
under a light microscope at magnification, x100 in the (A) C group (B) LPS group and (C) P + LPS group. (D) Lung injury score. The data are presented as 
the mean ± standard error of the mean (n=10). *P<0.05 vs. C group. #P<0.05 vs. LPS group. PHC/P, penehyclidine hydrochloride; LPS, lipopolysaccharide; 
C, control.
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Compared with the LPS group, MPO activity was decreased 
in the LPS + P group; however, the C + LPS group with Cav‑1 
knockdown exhibited the opposite result. MPO activity in the 

group C + LPS + P was increased compared with the LPS + P 
group, however, it was decreased compared with the C + LPS 
group (Fig. 7D).

Figure 4. Effects of PHC on the arterial blood gas of rats with LPS‑induced lung injury. Arterial blood sample was collected from the carotid artery 24 h 
following LPS challenge, for arterial blood gas analysis of (A) pH (B) PaO2 (C) PaCO2 and (D) Lac. The data are presented as the mean ± standard error of 
the mean (n=10). *P<0.05 vs. C group. #P<0.05 vs. LPS group. PaO2, partial pressure of arterial oxygen; PaCO2, partial pressure of arterial carbon dioxide; 
Lac, lactic acid; PHC/P, penehyclidine hydrochloride; LPS, lipopolysaccharide; C, control.

Figure 3. PHC pre‑treatment significantly decreases pulmonary inflammation and vascular permeability during LPS‑induced acute lung injury. (A) The ratio of 
PMNs to total cells in BALF and (B) MPO activity in lung tissues. (C) Total protein concentration of BALF. (D) The dry and wet weight ratio of lung tissues. 
The data are presented as the mean ± standard error of the mean (n=10). *P<0.05 vs. C group. #P<0.05 vs. LPS group. PHC/P, penehyclidine hydrochloride; 
LPS, lipopolysaccharide; PMNs, polymorphonuclear leukocytes; BALF, bronchoalveolar lavage fluid; MPO myeloperoxidase; C, control.
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Effect of PHC on protein expression levels in LPS‑stimulated 
J774A.1 cells. The involvement of Cav‑1 signaling in macro-
phages was examined directly in cross‑protection experiments, 
in which Cav‑1 expression was knocked down using siRNA. 
J744.A1 cells were transfected with Cav‑1 siRNA and a control 
siRNA, which targeted a non‑specific gene. The results of the 
western blot analysis indicated that Cav‑1 siRNA transfection 
successfully knocked down Cav‑1 in J744.A1 cells (Fig. 8A). 
As indicated in Fig. 8, TLR4, p‑p38 MAPKs and nuclear NF‑κB 
p65 protein expression levels were significantly increased in 
LPS‑stimulated J774A.1 cells, while the Cav‑1 protein expres-
sion level was significantly decreased, with the exception of 
the LPS + P group. Compared with the LPS group, TLR4, 
p‑p38 MAPKs and nuclear NF‑κB p65 protein expression 
levels were decreased and Cav‑1 protein level was increased 
in the LPS + P group; however, the C + LPS group with Cav‑1 
knockdown exhibited the opposite result. Compared with the 
LPS + P group, TLR4, p‑p38 MAPKs and nuclear NF‑κB 
p65 protein expression levels were increased, whereas Cav‑1 
expression protein level was decreased in the C + LPS + P 
group. Cells in the C + LPS + P group exhibited significantly 
decreased TLR4, p‑p38 MAPKs and nuclear NF‑κB p65 
expression levels and increased Cav‑1 expression compared 
with the C + LPS group. There was no statistical difference 
in p38 MAPKs protein expression among the different groups.

Discussion

ALI/acute respiratory distress syndrome (ARDS) is a complex 
respiratory disorder associated with high morbidity and 
mortality rates worldwide (25). In the present study, it was 
suggested that Cav‑1 may be involved in the protective role 
of PHC against LPS‑induced ALI. In addition, the potential 
underlying mechanism associated with the inhibition of p38 
MAPKs phosphorylation and TLR4/NF‑κB signaling pathway 
activation was examined.

LPS is recognized as an important participant in the 
pathogenesis of sepsis (26), which may induce ALI (27). In 
the present study, it was indicated that intratracheal injec-
tion of LPS caused histological changes of lung tissues and 

dysfunction of gas exchange, indicating that ALI was success-
fully induced by LPS in SD rats.

NF‑κB and MAPKs signal transduction pathways have been 
demonstrated to mediate inflammatory responses in the lung. 
Following recognition by TLR4, LPS causes inhibitor of κB 
phosphorylation and degradation, which subsequently induces 
NF‑κB p65 translocation to the nucleus (28). The activated 
NF‑κB in the nucleus promotes the transcription of specific 
targeting genes, including the pro‑inflammatory cytokines 
TNF‑α, IL‑6 and IL‑1β (29‑31). In patients with ALI, NF‑κB 
activation significantly increases pro‑inflammatory cytokine 
production, which in turn promotes neutrophil recruitment into 
the lung and inflammatory responses (32). The MAPKs are a 
group of signaling molecules (33), among which p38 MAPKs 
have been demonstrated to be involved in the development of 
ALI/ARDS caused by different stimuli (10,11,34). Following 
LPS challenge, p38 MAPKs are activated, which subsequently 
induces the release of pro‑inflammatory cytokines (35,36), 
neutrophil recruitment into the lung and bronchoconstric-
tion (37). Inhibition of p38 MAPKs efficiently decreases the 
effects of LPS‑induced ALI, including protein leakage and 
cell apoptosis in BALF, and neutrophil recruitment into the 
lung (12). In the present study, LPS challenge induced p38 
MAPKs phosphorylation and NF‑κB p65 translocation to the 
nucleus in vivo and in vitro.

PHC is a novel anti‑cholinergic drug, which may selec-
tively block M1 and M3 receptors, and nicotinic acetylcholine 
receptors, but has almost no demonstrated cardiovascular side 
effects associated with M2 receptors. A number of studies have 
suggested that PHC exhibits a protective effect in pulmonary 
diseases and sepsis, potentially by inhibiting pro‑inflamma-
tory cytokine production (38). According to Shen et al (14), a 
single injection of PHC significantly decreased inflammation 
and lung vascular leakage in a rat model of LPS‑induced 
ALI, as the protective effect may involve the inhibition of 
NF‑κB and p38 MAPKs signaling pathways. In the present 
study indicated that PHC post‑treatment in vivo decreased the 
degree of pulmonary edema in the rat model of LPS‑induced 
ALI, which was additionally verified by a significant decrease 
in the lung W/D ratio, PMNs/total cells and total protein 
concentration in BALF, and was associated with decreases in 
histological lung damage and improvements in gas exchange 
dysfunction induced by LPS. In addition, PHC significantly 
decreased MPO activity in the lung tissues of ALI rats and 
LPS‑stimulated J774A.1 macrophages. PHC significantly 
inhibited LPS‑induced pro‑inflammatory cytokine produc-
tion in vivo and in vitro, which indicated that PHC possesses 
anti‑inflammatory properties to inhibit the production of 
cytokines in LPS‑induced ALI. To examine the underlying 
anti‑inflammatory mechanism of PHC on LPS‑induced ALI, 
the effects of PHC on NF‑κB and p38 MAPKs pathway activa-
tion were determined in vivo and in vitro. The results indicated 
that LPS‑induced TLR4/NF‑κB and p38 MAPKs activation 
were significantly inhibited by PHC administration.

Cav‑1 has been demonstrated to serve a crucial role in acute 
inflammation and capillary leakage during ALI: Yuan et al (39) 
observed that Cav‑1‑/‑ mice exhibited an elevated lung inflam-
matory response, an elevated pro‑inflammatory cytokine 
production and an increased mortality rate following LPS 
challenge, which may be associated with NF‑κB activation. 

Figure 5. Effect of PHC on pro‑inflammatory cytokine production in the 
serum isolated from rats with LPS‑induced acute lung injury. The data are 
presented as the mean ± standard error of the mean (n=10). *P<0.05 vs. C group. 
#P<0.05 vs. LPS group. PHC/P, penehyclidine hydrochloride; LPS, lipopoly-
saccharide; C, control; TNF‑α, tumor necrosis factor α; IL, interleukin.
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Wang et al (19) revealed that Cav‑1 regulated LPS induced 
pro‑inflammatory cytokines TNF‑α and IL‑6 production 

in murine peritoneal and alveolar macrophages via the p38 
MAPKs pathway. In the present study, the results indicated 

Figure 7. Effect of PHC on pro‑inflammatory cytokine production in cell culture supernatant and MPO activity in LPS‑stimulated J774A.1 cells. (A) TNF‑α, 
(B) IL‑6, (C) IL‑1β and (D) MPO activity. The data are presented as the mean ± standard error of the mean (n=5). *P<0.05 vs. S group. #P<0.05 vs. LPS group. 
+P<0.05 vs. LPS group. $P<0.05 vs. LPS + P group. ▲P<0.05 vs. C + LPS group. MPO, myeloperoxidase; TNF‑α, tumor necrosis factor‑α; IL, interleukin; 
PHC/P, penehyclidine hydrochloride; LPS, lipopolysaccharide; C, Cav‑1‑siRNA; S, Scramble‑siRNA.

Figure 6. Effect of PHC on protein expression in the lung tissue of rats with LPS‑induced acute lung injury. (A) Western blot analysis of Cav‑1, TLR4, p38 MAPK, 
p‑p38 MAPKs and nuclear NF‑κB p65 protein expression. Relative protein expression levels of (B) Cav‑1, (C) TLR4, (D) p‑p38 MAPKs (p‑p38 MAPKs/p38 
MAPKs) and (E) nuclear NF‑κB p65. The data are presented as the mean ± standard error of the mean (n=10). *P<0.05 vs. C group. #P<0.05 vs. LPS group. PHC/P, 
penehyclidine hydrochloride; LPS, lipopolysaccharide; Cav‑1, caveolin‑1; TLR4, toll‑like receptor 4; p, phosphorylated; p38 MAPKs, p38 mitogen‑activated 
protein kinases; NF‑κB p65, nuclear factor kappa‑light‑chain‑enhancer of activated B cells transcription factor p65 subunit; C, control.
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that Cav‑1 knockdown by siRNA in J774A.1 macrophages 
increased pro‑inflammatory cytokine production and MPO 
activity induced by LPS, concomitant with the activation of 
the TLR4/NF‑κB and p38 MAPKs pathways. It was also indi-
cated that PHC upregulated Cav‑1 expression following LPS 
stimulation in vivo and in vitro.

There are a number of limitations in the present study. 
Whether LPS‑induced lung injury is aggravated in Cav‑1 
gene deficiency requires additional investigation through the 
use of Cav‑1 gene‑deficient mice. Whether other pathways 
have the ability to mediate Cav‑1 involvement in lung injury 
following LPS‑induced ALI also requires additional studies. 
Furthermore, a single macrophage cell line was selected 
in the present study; lung epithelial cells or other alveolar 
macrophage cell lines should be included in future studies.

In conclusion, the present study indicated that PHC 
possesses anti‑inflammatory activity in rats with ALI and 

LPS‑stimulated J774A.1 cells, which may due to the inhibition 
of p38 MAPKs phosphorylation and TLR4/NF‑κB signaling 
pathway by upregulating Cav‑1 expression.
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