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Penehyclidine hydrochloride inhibits TLLR4 signaling and
inflammation, and attenuates blunt chest trauma and
hemorrhagic shock-induced acute lung injury in rats
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Abstract. Blunt chest trauma with hemorrhagic shock (THS)
frequently induces pulmonary inflammation that leads to
acute lung injury (ALI). Penehyclidine hydrochloride (PHC)
possesses anti-inflammatory properties that may attenuate the
systemic inflammatory response. The present study aimed
to evaluate the molecular mechanism of PHC in modifying
THS-induced ALI in rats. Rats underwent either THS or
a sham procedure. At 6 h subsequent to blunt chest trauma,
arterial blood was drawn for blood gas and pro-inflammatory
factors analyses, and lung tissue samples were collected to
examine pulmonary histopathological alterations, the wet/dry
weight ratio, myeloperoxidase activity, and the protein expres-
sion levels of Toll-like receptor 4 (TLR4), phosphorylated
(p-)p38 mitogen-activated protein kinase (MAPK), nuclear
factor (NF)-kB and activator protein-1 (AP-1). THS caused
significant reductions in heart rate and mean arterial blood
pressure, and was associated with significant increases in tumor
necrosis factor-a, interleukin (IL)-6, IL-1p, p-p38MAPK,
NF-kB and AP-1 activation, in addition to TLR4 expres-
sion, in the lung. PHC effectively attenuated THS-induced
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ALI, and inhibited TLR4 expression, reduced the activation
of p-p38MAPK, NF-kB and AP-1, and downregulated the
expression of pro-inflammatory mediators. In conclusion, the
results of the present study demonstrated that PHC may exert
an anti-inflammatory effect and attenuate THS-induced ALI
by inhibiting the TLR4 signaling pathway. These preclinical
findings may offer a novel therapeutic strategy to restrict
TLR4 overactivation in ALI.

Introduction

Blunt chest trauma frequently occurs in patients with
poly-trauma, including victims of vehicular accidents, and
is frequently associated with hemorrhagic shock (HS) (1).
Blunt chest trauma with HS (THS) is associated with a high
risk of acute lung injury (ALI) and acute respiratory distress
syndrome (ARDS), which results in considerable morbidity
and mortality (2). Previous studies have demonstrated that
ALI due to THS is associated with a progressive inflam-
matory response during the development of the ALI (3,4).
Toll-like receptors (TLRs) are innate immune receptors
that serve a crucial role in the regulation of inflammatory
and innate immune responses. Among these receptors,
Toll-like receptor 4 (TLR4) is specifically recognized to
be a candidate gene that is involved with distinct forms of
ALI (5). TLR4 may activate multiple intracellular signaling
systems, including the p38 mitogen-activated protein kinase
(p38MAPK) and nuclear factor-kB (NF-xB) pathways,
and induce the expression of pro-inflammatory cytokines,
including tumor necrosis factor-a (TNF-a), interleukin-6
(IL-6), IL-1p and additional pro-inflammatory mediators
involved in ALI. MAPKs are well known as important medi-
ators of inflammation-induced tissue injury. Notably, MAPK
activation has been studied in inflammation-associated lung
dysfunction and has been demonstrated to contribute to ALI.
In addition, p38MAPK is known to be important for the
expression of components of activator protein-1 (AP-1) (6,7).
However, the potential involvement of TLR4-mediated
MAPK phosphorylation following THS-induced ALI has not
been examined.
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Penehyclidine hydrochloride (PHC), a novel anti-
cholinergic drug which is derived from hyoscyamine, has
been reported to attenuate systemic inflammatory responses
and exhibit anti-apoptotic properties (8). Increasing basic
and clinical evidence has indicated that PHC may suppress
pro-inflammatory cytokine production. Zhan et al (9) reported
that PHC preconditioning may exert protective effects by
inhibiting inflammatory factor production and suppressing
p38MAPK activation in septic mice. Additionally, Li ez al (10)
reported that treatment with PHC reduced the level of
pro-inflammatory cytokines and suppressed lipid peroxidation
in rats with ARDS. Li ef al (11) discovered that PHC exhibited
marked effects on inhibiting the upregulation of inflamma-
tory molecules downstream of the TLR4 signaling pathway
in patients with traumatic ALI. Although a number of studies
have addressed the therapeutic potential of PHC, whether PHC
can protect against ALI from THS remains unknown. A 2012
study (12) reported the protective effect of PHC on pulmonary
contusion induced by blunt chest trauma in rats; in that study,
a rat model of blunt chest trauma alone was used.

In the present study, a novel combination rat model of THS
was used. The present study elucidated the effects of PHC
on THS-induced ALI, which inhibited TLR4 signaling and
inflammation in the rats. The important proteins and transcrip-
tion factors of the TLR4 signaling pathway (p-p38MAPK,
NF-kB and AP-1) were additionally examined.

Materials and methods

Animalsandreagents. Atotal of 30 healthy male Sprague-Dawley
rats (aged 8 weeks, weighing 240-280 g) were obtained from
Hunan Institute for Biological Sciences (Hunan, China; certifi-
cate no. SCXX 2009-0004) and maintained under specific
pathogen-free conditions. Rats were housed in conditions
of a 12/12 h light/dark cycle, a mean room temperature of
22-24°C, and a humidity of 50-60%. All animal experiments
complied with the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health (Bethesda, MD,
USA), and were approved by the Bioethics Committee of
Renmin Hospital of Wuhan University (Wuhan, China). PHC
was purchased from Chengdu List Pharmaceutical Co., Ltd.
(Chengdu, China). TLR4 and phosphorylated (p)-p38MAPK
antibodies were purchased from Cell Signaling Technology,
Inc. (Danvers, MA, USA). ELISA kits were obtained from BD
Biosciences (BD Pharmingen; BD Biosciences, San Jose, CA,
USA) and myeloperoxidase (MPO) kits were purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

THS model. The present study used a novel combination rat
model of THS previously described by Raghavendran et al (13)
and Knoferl ef al (14). Rats were anesthetized with intraperito-
neal sodium pentobarbital (50 mg/kg) injections and subjected
to sham or THS surgery. The femoral artery and vein were
cannulated with polyethylene tubing for continuous invasive
pressure monitoring and to establish venous access. Heart rate
(HR) and mean arterial blood pressure (M AP) were determined
using Philips IntelliVue MP40 (Philips Healthcare, Andover,
MA, USA). Blunt chest trauma was induced in anesthetized
rats at a fixed chest impact energy of 2.45 J, as described
previously (12). Following 1-3 min, HS was induced by blood
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withdrawal through the tubing, which was not attached to the
monitor until the MAP reached 35-40 mmHg. This pressure
was maintained for 1 h. During the next 1 h, the rats were
resuscitated by transfusion of the withdrawn blood, and the
withdrawn blood volume was infused twice in the form of
Ringer's lactate solution (Baxter Healthcare Co., Ltd., Tianjin,
China).

Experimental protocols. A total of 30 rats were randomly
assigned to three equal groups (n=10 rats/group): The sham
group, THS group and PHC group. In the PHC group, the rats
were infused with PHC at 2 mg/kg for 30 min prior to the
induction of blunt chest trauma. The sham control and THS rats
received the same volume of 0.9% normal saline solution. The
sham control animals were subjected to the same experimental
procedures, including cannulation of the femoral artery and
vein, although no blunt chest trauma or HS was induced. All
animals were sacrificed under anesthesia via intraperitoneal
injection of sodium pentobarbital (50 mg/kg) and exsanguina-
tion from the right carotid artery at 6 h post-THS challenge.
Blood samples and lung tissue specimens were harvested.

Blood gas analysis and lactic acid. Arterial blood was assayed
following collection from the right carotid artery (1.0 ml each)
when the animal was sacrificed by exsanguination. Arterial
blood samples were analyzed for pH, partial pressure of
oxygen (Pa0,), PaCO,, PaO,/fraction of inspired oxygen
(Fi0O,) and lactic acid, which were immediately determined
using an i-STAT Portable Clinical Analyzer (Abbott Point of
Care Inc., Princeton, NJ, USA).

Measurement of the lung wet/dry weight (W/D) ratio and
MPO activity. The water content of the lungs was determined
by calculating the W/D ratio of lung tissues at 6 h post-THS
challenge. The right lower lobe of the lung was dissected free
from nonpulmonary tissues, and weighed and dried in an oven
at 60°C for 72 h, followed by reweighing. The W/D ratios are
reported as a measure of pulmonary edema.

MPO activity was determined as an index of neutrophil
accumulation in the lungs. Frozen (4°C) lung tissues were
homogenized and centrifuged at 1,500 x g for 10 min at 4°C.
Following weighing, the lungs were homogenized, centrifuged
(1,000 x g for 30 min at4°C) and resuspended in 50 mM KH,PO,
buffer (Ph 6.0; cat. no. p0662; Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) with 0.5% hexadecyltrimethylammo-
nium bromide (cat. no. H5882; Sigma-Aldrich; Merck KGaA).
Subsequently, samples were sonicated for 1 min at 4°C and
20 KHz, and then incubated at 60°C for 2 h. The absorbance
of visible light at 460 nm was measured and the MPO activity
was calculated in units/gram of lung tissue. The MPO content
was determined by following the manufacturer's protocol for
the MPO assay kit. The results are expressed as units/gram of
protein/minute (U/g).

Transmission electron microscopy (TEM). The fragments of
the right middle-lung tissue were cut into 1-mm-thick slices,
immersion-fixed in 2.5% buffered glutaraldehyde at 0-4°C for
2 h, buffered in PBS three times, fixed with 1% osmic acid
for 1 h at room temperature, washed with distilled water and
dehydrated with dimethylketone. Following embedding in
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Epon-812, they were cut into ultrathin sections (60 nm) using
an LKB-V ultramicrotome (LKB Produkter AB; Bromma,
Stockholm, Sweden) and stained with 1% uranyl acetate
for 30 min at room temperature and lead citrate for 15 min
at room temperature. The sections were examined using a
Hitachi H-600 transmission electron microscope (Hitachi,
Ltd., Tokyo, Japan).

Hematoxylin and eosin (H&E) staining. All animals were
sacrificed via exsanguination from the right carotid artery at
6 h post-THS, and lung tissue samples were harvested imme-
diately. The right middle-lung specimens were fixed in 10%
formalin at 4°C for 24 h, sectioned (5 #m) and then stained
with H&E at room temperature. Following this, paraffin
sections were incubated at 60°C for 30 min, twice immersed
in xylene for 15 min at room temperature and then treated with
a descending ethanol series (100, 95, 90, 85 and 75%) for 5 min
each at room temperature. The sections were then treated with
0.5% hematoxylin for 1-5 min at room temperature and then
rinsed in tap water for 1 min. Sections were incubated with PBS
for 8 sec until a blue color was observed, and then the sections
were washed using tap water for 1 min and then distilled water
for 8 sec. Sections were then stained with 1% eosin for 3 min at
room temperature and then washed with tap water. Following
this, sections were treated with an ascending ethanol series
(75, 85, 90 and 95%) for 1 min each at room temperature.
Sections were then analyzed and graded using the index of
quantitative assessment (IQA) for the presence of interstitial
neutrophilic infiltrates, intra-alveolar hemorrhage and pulmo-
nary edema using a TEM microscope (magnification, x200;
BX51; Olympus Corporation, Tokyo, Japan) according to the
aforementioned protocol. Upon viewing ~10 fields/sector under
low and high power, each section was assigned a numerical
histological IQA of lung injury using the following criteria:
0, normal; +1, focal epithelial edema, pleural-based lesions
occupying <25% of the lung; +2, diffuse swelling with villi
necrosis, more extensive fibrosis involving 26-50% of the lung
and fibrotic regions; +3, diffuse pathology, neutrophil infiltra-
tion and widespread fibrosis involving 51-70% of the lung; and
+4, major widespread injury with massive neutrophil infiltra-
tion and hemorrhage, and widespread fibrosis involving >70%
of the lung.

Western blot analysis. Western blot analysis was used to
determine TLR4 (rabbit anti-mouse) and p-p38MAPK kinase
(rabbit anti-mouse) activity in the lungs. Lung tissue samples
were thawed and suspended in homogenization buffer (25 mM
Tris-HCI, pH 7.6, 1% NP-40, 0.5% sodium deoxycholate and
0.1% SDS) and homogenized. The homogenate was centri-
fuged at 3,000 x g at 4°C for 10 min, and the supernatant was
centrifuged again at 10,000 x g at 4°C for 10 min. Solubilized
protein concentrations were determined using a bicinchoninic
acid (BCA) protein assay kit and equal amounts of protein
(10 pm/mg) were loaded per well on a 10% SDS-PAGE gel.
Subsequently, the proteins were transferred onto a polyvi-
nylidene difluoride membrane. Blots were blocked overnight
at 4°C with TBS containing 0.1% Tween-20 and 5% non-fat
milk, and subsequently incubated with rabbit anti-TLR4
(1:500; cat. no. ab13556; Abcam, Shanghai, China) and p-p38
MAPK rabbit mAb (1:1,000; cat. no. 9215s; Cell Signaling
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Technology, Inc.) separately at room temperature for 1 h
followed by incubation with secondary antibody goat
anti-rabbit IgG-HRP (1:2,000; cat. no. sc-2004; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) at room temperature
for 1 h. The blots were stripped with stripping buffer [2-metap-
toethanol (35 pl), 10% SDS (1 ml), Tris (0.5 M, pH 6.7, 625 ul)
and dH,0 (3.34 ml)] and reprobed with rabbit anti-rat GAPDH
(1:2,000; cat. no. 51332; Cell Signaling Technology, Inc.) at
room temperature for 1 h. The immunore active proteins were
detected and densitometric analysis was performed using the
Odyssey® Fc Imaging System (LI-COR Biosciences, Lincoln,
NE, USA).

Immunofluorescence staining and quantitative analysis. The
lungs of rats were flushed with ice-cold PBS, and then fixed
with 10% formalin overnight at 4°C. Paraffin-embedded lung
sections (5 ym) were stained using the streptavidin-biotin
complex immunofluorescence technique for p-p38MAPK
detection as follows: The sections were then dewaxed in
xylene three times for 5 min each at room temperature and
rehydrated in a descending series of ethanol (100 and 95%)
at room temperature for 10 min each. Following deparaf-
finization, sections were brought to a boil in 10 mM sodium
citrate buffer (pH 6.0) and then maintained at a sub-boiling
temperature for 10 min. Slides were then cooled for 30 min at
room temperature. Sections were then blocked using blocking
buffer [1X PBS/5% normal goat serum (cat. no. 5425; Cell
Signaling Technology, Inc.)/0.3% Triton X-100] for 1 h at
room temperature to minimize non-specific staining and
then incubated overnight at 4°C with p-p38MAPK rabbit
mADb (1:50; cat. no. 8632; Cell Signaling Technology, Inc.).
Following washing with PBS three times at room tempera-
ture for 5 min each, sections were incubated with anti-rabbit
IgG (1:1,000; cat. no. 8889; Cell Signaling Technology, Inc.)
for 30 min at room temperature in the dark. Red staining in
the nucleus and cytoplasm was considered to be an indicator
of positive expression. The mean optical densities of p-p38
MAPK-positive cells from each section were analyzed by
image cytometry using HIPAS-2000 image analysis software
(Wuhan Qianli Technical Imaging Co. Ltd., Wuhan, China).
Using the HIPAS-2000 software, the results were evaluated
semi-quantitatively according to the optical density values of
positive expression.

Nuclear protein extraction and electrophoretic mobility shift
assays. Nuclear extracts were prepared from lung tissues
using Nuclear Extraction Reagent, according to the manufac-
turer's protocol (Viagene Biotech, Inc., Tampa, FL, USA), and
aliquots were incubated with y-*>P-ATP-labelled oligonucle-
otides containing the binding sites for NF-xB (5'-AGTTGA
GGGGACTTTCCCAGGC-3') and AP-1 (5-CGCTTGATG
AGTCAGCCGGAA-3") (Pierce; Thermo Fisher Scientific,
Inc.). The protein content was measured via the BCA assay.
DNA-protein complexes were separated on a 4% nondena-
turing polyacrylamide gel at 90 V for 1.5 h. The gels were
dried, autoradiographed, and quantified using phosphor-imager
analysis (Santa Cruz Biotechnology, Inc.).

Determination of TNF-a, IL-6 and IL-1 in the serum.
Following collection of arterial blood samples, the blood
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was immediately separated by centrifugation at 1,500 x g
for 15 min at 4°C. The serum was divided into aliquots and
stored at -80°C until the assay. Cytokines (TNF-a, IL-6 and
IL-1pB) were measured using commercially available ELISA
kits (cat. nos. 558532, 550319 and 559603, respectively; BD
Biosciences), according to the manufacturer's protocol. The
absorbance of each well was read at 450 nm using an ELISA
plate reader.

Statistical analysis. The data are presented as the
mean + standard deviation. Data analysis was performed
using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA).
Differences associated with the primary sources of variation
were tested with one-way analysis of variance (ANOVA).
When the F-statistic was significant in the ANOVA compari-
sons, differences between individual means were tested for
significance using the Bonferroni test. The Bonferroni test is a
post hoc test that adjusts the o for multiple comparisons. Each
experiment was replicated thrice. P<0.05 was considered to
indicate a statistically significant difference.

Results

Hemodynamics (HR and MAP). HR and MAP in the three
groups of rats were observed at the different time points. No
significant alterations in MAP and HR were observed in the
sham control group at 6 h. At 2 and 4 h, MAP and HR were
decreased significantly in the THS rats (P<0.05) compared
with those in the sham controls, whereas fluctuations in MAP
and HR were markedly attenuated following the infusion of
2 mg/kg of PHC (Fig. 1).

Effects of PHC on blood gas and lactic acid in THS-induced
ALI rats. PaO,/Fi0,, as an evaluation index of gas exchange,
was measured to determine the degree of lung injury at 6 h
post-THS challenge. The rats in the THS group exhibited
a significant decrease in arterial blood PaO, and notable
increases in arterial blood PaCO, and lactic acid (P<0.05).
Furthermore, the pH and the PaO,/FiO, ratio in the arterial
blood were decreased (P<0.05). Pretreatment with PHC effi-
ciently reversed the decreases in PaO,, pH and PaO,/FiO,, and
attenuated the increases in PaCO, and Lac induced by the THS
challenge (Fig. 2).

Effects of PHC on the lung W/D ratio and MPO activity in
THS-induced ALI rats. Neutrophil accumulation in the lung
tissue and organ edema were evaluated by MPO assay and
the W/D ratio, respectively. As presented in Fig. 3, the lung
W/D ratio and MPO activity were significantly elevated at
6 h following ALI due to the THS challenge, compared with
those of the sham control animals (P<0.05). Treatment with
PHC caused a significant decrease in the W/D ratio and MPO
activity (P<0.05 vs. THS) (Fig. 3).

Effects of PHC on THS-mediated lung pathological alterations.
As presented in Fig. 4A, the hematoxylin and eosin staining
microscopic findings in the lung sections revealed a normal
lung parenchyma in the sham group. In the THS group, the
normal alveolar structure of the rat lung was disrupted, with
severe hemorrhage and congestion with infiltrating leukocytes.
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Figure 1. Hemodynamics (HR and MAP). Alterations in (A) HR and (B) MAP
in the three groups of rats over the observation period. "P<0.05 vs. sham
group; “P<0.05 vs. THS group. The data are presented as the mean * standard
deviation (n=10). HR, heart rate; MAP, mean arterial pressure; THS, blunt
chest trauma with hemorrhagic shock; PHC, penehyclidine hydrochloride.

By contrast, the rats in the PHC group exhibited significantly
less hemorrhaging and leukocyte infiltration compared with the
THS group. The IQA scores were 0.5, 3.2 and 2.3 in the sham,
THS and PHC groups, respectively (Fig. 4B). The IQA scores
in the THS group were increased compared with those in the
sham control group (P<0.05), and the PHC group (P<0.05).

InFig.5,electron microscopy of the THS rat tissues demon-
strated ridge dissolution and mitochondrial vacuolization in
certain vascular endothelial cells and alveolar epithelial cells,
in addition to emptied lamellar bodies. Furthermore, in the
THS group, mitochondria in type II alveolar cells appeared
swollen, osmiophilic lamellar bodies were emptied, and the
cellular ridge had lodged and disappeared. Additionally,
the conjunctions between the alveolar epithelial cells and
the capillary endothelial cells were damaged, as indicated
by gaps, in the THS rats. In comparison, pretreatment with
PHC resulted in a marked attenuation of these pathological
alterations.

Effects of PHC on TLR4 and p-p38MAPK protein expression
in lung tissue, assessed by western blotting and immuno-
Sfluorescence analysis. The present study assayed the effects of
PHC on the activation of TLR4 and p-p38MAPK by western
blotting. Following the THS challenge, TLR4 and p-p38MAPK
expression increased, and PHC decreased the THS-induced
expression of TLR4 and p-p38MAPK (Fig. 6A-C).
p-p38MAPK expression in lung tissues was measured by
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Figure 2. Alterations of blood gas levels and lactic acid in arterial blood gases. (A) pH, (B) Pa0,, (C) PaCO,, (D) PaO,/FiO,, and (E) lactic acid. "P<0.05 vs.
sham group; “P<0.05 vs. THS group. The data are presented as the mean + standard deviation (n=10). Pa, partial pressure; FiO,, fraction of inspired oxygen;
THS, blunt chest trauma with hemorrhagic shock; PHC, penehyclidine hydrochloride.
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Figure 3. Lung W/D ratio and MPO activity. Compared with the results for the sham group, (A) the lung W/D weight ratio and (B) MPO activity were signifi-
cantly increased at 6 h following ALI due to the THS challenge. "P<0.05 vs. sham group; “P<0.05 vs. THS group. The data are presented as the mean + standard
deviation (n=10). W/D, wet/dry weight; MPO, myeloperoxidase; THS, blunt chest trauma with hemorrhagic shock; PHC, penehyclidine hydrochloride; ALI,

acute lung injury.

immunofluorescence analysis. In the sham group, positive cells
were distributed in clumps with red colorization. In the THS
rats, p-p38MAPK-positive cells were distributed throughout
the visual fields, including alveolar macrophages, vascular
endothelial cells, bronchial epithelial cells and interstitial

cells, and were stained red. p-p38MAPK expression in tissues
was increased following the THS challenge compared with
that in the sham controls (P<0.05). Compared with the THS
group, PHC administration inhibited p-p38MAPK expression
in tissues (Fig. 6D and E).
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Figure 4. Pulmonary hematoxylin and eosin staining. (A) Microscopic findings of lung inflammation in lung tissues stained with hematoxylin and eosin
(original magnification, x200). The THS group exhibited disruption to the normal alveolar structure, with severe congestion and hemorrhage associated with
inflammatory cell infiltration. The PHC group exhibited comparatively mild inflammatory cellular infiltration and intra-alveolar hemorrhage. (B) Lung injury
scores in each group. "P<0.05 vs. sham group; “P<0.05 vs. THS group. The data are presented as the mean + standard deviation (n=10). THS, blunt chest trauma

with hemorrhagic shock; PHC, penehyclidine hydrochloride.

Figure 5. Detection of lung injury by transmission electron microscopy (original magnification, x10,000). In the sham group, the edge of the nuclear membrane
was clear. The THS group exhibited significant pulmonary injury (degranulation of pulmonary alveolar type II cells, emptied osmiophilic lamellar bodies
and obscured or disappeared cellular ridge). In the PHC group, a comparatively greater number of lamellar bodies was evident. THS, blunt chest trauma with

hemorrhagic shock; PHC, penehyclidine hydrochloride.

Effects of PHC on NF-kB and AP-1 activation in
THS-induced ALI rats. NF-kB, a transcription factor known
to regulate inflammatory gene expression in macrophages,
is additionally considered to be a marker of classically acti-
vated pro-inflammatory macrophages. The role of PHC in
the activation of NF-kB and AP-1 nuclear binding activity,
due to THS-induced ALI, was analyzed. In response to THS,
the DNA binding activity of NF-xB and AP-1 in lung tissues

was significantly increased compared with those in sham
group rats (P<0.05). PHC administration efficiently attenu-
ated the increases in NF-xB and AP-1 activity induced by
THS (P<0.05; Fig. 7).

Effect of PHC on serum TNF-a, IL-6 and IL-1§ expression
levels in THS-induced ALI rats. The serum expression levels
of TNF-a, IL-6 and IL-1p were evaluated by ELISA, since
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Figure 6. PHC treatment inhibits the THS-induced expression of TLR4 and p-p38MAPK. (A) Western blot analysis revealed that the expression of (B) TLR4
and (C) p-p38MAPK in the THS group was increased compared with that in the sham group. PHC attenuated the increase in the expression of TLR4 and
p-p38MAPK compared with that in the THS group. The expression of p-p38MAPK in the lung tissue was examined under a light microscope following
(D) the immunofluorescence assay (magnification, x200), and (E) the expression was quantified. ‘P<0.05 vs. sham group; “P<0.05 vs. THS group. The data are
presented as the mean + standard deviation (n=10). THS, blunt chest trauma with hemorrhagic shock; PHC, penehyclidine hydrochloride; p, phosphorylated;
MAPK, mitogen-activated protein kinase; TLR4, Toll-like receptor 4.
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Figure 7. Effects of PHC treatment on alterations in NF-kB and AP-1 activation in the lungs of rats subjected to THS. Electrophoretic mobility shift assay
analysis demonstrated decreased activity of (A) NF-kB and (B) AP-1 in the lung tissues of the sham group. By contrast, significantly higher activity levels of
NF-kB and AP-1 were observed in the THS group. Compared with the THS group, the activity of NF-xB and AP-1 was decreased in lung tissues from the
PHC group. ‘P<0.05 vs. sham group; “P<0.05 vs. THS group. The data are presented as the mean + standard deviation (n=10). THS, blunt chest trauma with
hemorrhagic shock; PHC, penehyclidine hydrochloride; NF-kB, nuclear factor-kB; AP-1, activator protein-1.
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Figure 8. Effects of PHC treatment on alterations in the serum levels of
TNF-a, IL-6 and IL-1f in THS-induced acute lung injury. Compared with the
results for the sham group, serum TNF-a, IL-6 and IL-1f3 levels were signifi-
cantly increased following THS challenge. Treatment with PHC significantly
reduced TNF-a, IL-6 and IL-1f levels due to THS. The parameters depicted
are (A) TNF-a, (B) IL-6 and (C) IL-1B. "P<0.05 vs. sham group; “P<0.05 vs.
THS group. The data are presented as the mean + standard deviation (n=10).
THS, blunt chest trauma with hemorrhagic shock; PHC, penehyclidine
hydrochloride; TNF-a, tumor necrosis factor-a; IL, interleukin.

the enhanced expression of these pro-inflammatory cytokines
has been demonstrated to be associated with the activation of
innate immunity. The serum TNF-a, IL-6 and IL-1{ expres-
sion levels were significantly increased post-THS challenge, as
presented in Fig. 8. Treatment with PHC significantly reduced
the serum expression levels of TNF-a, IL-6 and IL-1f induced
by THS (P<0.05; Fig. 8).

Discussion

ALI and ARDS following blunt chest trauma are important
contributors to increased morbidity and mortality among
patients worldwide (15). HS is a principal cause of mortality
in the context of blunt chest trauma (16). ALI and ARDS
are well-known common causes of pathogenesis following
THS, and lead to an uncontrollable systemic inflammatory
response (17,18). The present study used a novel rat model
of THS and investigated the effects of PHC on the TLR4
signaling pathway during ALI, including inflammation and
lung damage. At 6 h post-THS challenge, the rats exhibited
marked hypotension, arterial hypoxemia, leukocytosis and
alveolar edema in the interstitial capillaries, and alveolar
hemorrhage in histological assessments, which is consistent
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with the findings of Wu et al (12). Additionally, PaO,/FiO,
ratios <300 mmHg were measured in THS rats, indicating that
the replication of the two-hit-induced ALI model in the rats
was successful.

Hoth ef al (19) demonstrated that pulmonary inflam-
matory responses and systemic inflammatory responses are
important characteristics post-THS-induced pulmonary
contusion, including activated innate immune responses and
an overwhelming release of pro-inflammatory cytokines,
particularly TLR4, which serves a pivotal role in the host
defense against invading pathogenic microorganisms and
the recognition of pathogen-associated molecular patterns. A
number of studies have demonstrated that TLR4 is an impor-
tant pattern recognition receptor involved in the internal and
external-derived inflammatory factor-mediated pulmonary
inflammatory response (20,21). TLR4 activation has been
demonstrated to be involved in the pathogenesis of ALI and
in the activation of numerous intracellular signaling systems,
including the p38MAPK and NF-kB pathways, all of which
are crucial regulators of inflammatory responses (22,23).
Barrenschee et al (24) reported that activation of p38MAPK
by TLR4 upregulated inflammation-associated gene expres-
sion and stimulated the release of inflammatory cytokines.
Yang et al (25) revealed that TLR4 mediated the activation
of p38MAPK and contributed to high mobility group protein
Bl-induced ALI following liver ischemia/reperfusion injury.
Furthermore, AP-1 is an important transcription factor required
for the expression of numerous pro-inflammatory cytokines
involved in the pathogenesis of ALI. Therefore, the present
study aimed to determine potential therapeutic avenues for
ALI with respect to the TLR4 signaling pathway. The results of
the present study suggested that TLR4 may serve an important
role in the pathophysiological mechanisms of THS-induced
ALI and inflammation, and that pP38MAPK, NF-kB and AP-1
may be involved in TLR4 signaling pathway-mediated lung
inflammatory processes during THS.

PHC is a novel anticholinergic agent with antimusca-
rinic and antinicotinic activity, although it has little effect
on HR and myocardial oxygen consumption. Animal and
clinical studies have demonstrated that PHC selectively
blocks muscarinic acetylcholine receptors 1 and 2 (M, and
M,), and the nicontinic acetylcholine receptor, with fewer
M, receptor-associated cardiovascular side effects compared
with other hyoscyamine medicines marketed in China (26,27).
Previous studies reported that PHC may have potential posi-
tive effects on lung/liver/renal injury, sepsis/septic shock, and
ischemia/reperfusion injury (28-32). In the present study, it
was demonstrated that pretreatment with PHC attenuated the
development of lung damage, as indicated by a significantly
elevated MAP, a stabilized HR, improved pulmonary oxygen-
ation, and decreased MPO activity, W/D ratio and serum levels
of TNF-a, IL-6 and IL-1p, in addition to the activation of their
transcription factors, NF-kB and AP-1, in the lung. These are
important advances regarding the effects of PHC.

A number of studies have confirmed that PHC exerts
anti-inflammatory, anti-apoptotic and antioxidative stress
effects inanimal injury models. In 2009, Shen ez al (33) reported
that PHC administration markedly attenuated the upregulation
of the lung inflammatory response and decreased lung vascular
leakage in a rat model of lipopolysaccharide-induced ALI. In
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2010, Wang et al (34) confirmed that PHC may alleviate lung
injury by inhibiting the apoptosis regulator Bax/apoptosis
regulator Bcl-2 signaling pathway in traumatic ALI. In 2011,
Zhan et al (9) revealed that PHC was able to reduce inflamma-
tory cytokine expression in septic mice. In 2012, Shu ez al (35)
demonstrated that PHC may decrease the expression levels of
pro-inflammatory cytokines in the plasma following cardio-
pulmonary bypass. In 2013, Wang et al (36) discovered that
PHC attenuated oxidative stress, the inflammatory response
and apoptosis induced by renal ischemia/reperfusion in rats.
The findings of the present study that the pro-inflammatory
cytokine (TNF-a, IL-6 and IL-1f) responses induced by THS
were significantly attenuated by PHC, indicated that PHC has
potent anti-inflammatory effects in ALI due to THS.

In conclusion, the results of the present study suggested
that the activation of the TLR4 signaling pathway is a poten-
tially important pathophysiological mechanism during the
development of ALI following THS. These results indicate
that PHC has anti-inflammatory properties and exerts a
protective effect against the damage in ALI caused by THS, by
inhibiting the TLR4 signaling pathway. Therefore, activation
of the TLR4 signaling pathway may be one of the patho-
physiological mechanisms of ALI, and PHC therapy may be
a treatment option for inflammatory diseases, including ALI,
in the future.
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