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Penehyclidine ameliorates acute lung injury by inhibiting
Toll-like receptor 2/4 expression and nuclear factor-xB activation
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Abstract. The aim of the present study was to investigate the
effect of penehyclidine (PHC) on endotoxin-induced acute
lung injury (ALI), as well as to examine the mechanism
underlying this effect. A total of 60 rats were randomly
divided into five groups, including the control (saline), LPS
and three LPS + PHC groups. ALI was induced in the rats by
injection of 8 mg lipopolysaccharide (LPS)/kg body weight.
The rats were then treated with or without PHC at 0.3, 1 or
3 mg/kg body weight 1 min following LPS injection. After 6 h,
serum levels of tumor necrosis factor (TNF)-a and interleukin
(IL)-6 were determined by ELISA. In addition, the mRNA
expression levels of toll-like receptor (TLR)2 and TLR4 were
examined by reverse transcription-quantitative polymerase
chain reaction in the lung tissue samples, and nuclear factor
(NF)-kB p65 protein expression levels were examined by
western blot analysis. The results demonstrated that lung
injury was ameliorated by treatment with PHC (1 and 3 mg/kg
body weight) as compared with treatment with LPS alone.
Injection of LPS significantly increased the mRNA expression
levels of TLR2 and TLR4, as well as the protein expression
levels of NF-kB p65 in the lung tissue samples. Serum levels
of TNF-a and IL-6 were also upregulated by LPS injection.
Treatment of the rats with PHC following LPS injection
suppressed the LPS-induced increase in TLR2/4 mRNA and
NF-«B p65 protein expression levels. PHC also inhibited the
increase in TNF-o and IL-6 serum levels. In addition, PHC
reduced LPS-induced ALI and decreased the serum levels of
TNF-a and IL-6, possibly by downregulating TLR2/4 mRNA
expression and inhibiting NF-«kB activity, and consequently
alleviating the inflammatory response.
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Introduction

Acute lung injury (ALI) is characterized by damage to the
alveolar epithelial and capillary endothelial cells (1). ALI can
be induced by various factors, such as pulmonary alveolar
hemorrhage, shock and transfusion, resulting in diffuse pulmo-
nary interstitial and alveolar edema, refractory hypoxemia and
respiratory distress (2-4). Although the pathogenesis of ALI
remains unclear, Toll-like receptor (TLR)-mediated systemic
inflammatory response may be involved (5-8).

TLRs are a class of cellular receptors that recognize
pathogen-associated molecular patterns in innate immunity.
TLRs associate the innate and adaptive immunity (9). The
activation of TLR2 and TLR4 signaling cascades leads to the
production of cytokines and co-stimulatory factors (9,10). The
release of inflammatory cytokines by various effector cells
is an important factor contributing to ALI (11). Ligands bind
TLR4, which in turn activates nuclear factor (NF)-«B through
a myeloid differentiation protein 88 (MyD88)-dependent
signaling pathway. This ultimately stimulates the expression
of pro-inflammatory cytokines, such as interleukin (IL)-1,
IL-6 and tumor necrosis factor (TNF)-a, which leads to patho-
logical changes in ALI (12).

Anticholinergic drugs are an effective and widely accepted
treatment for ALI (13,14). They decrease pro-inflammatory
effects by resisting M cholinergic function, inhibiting choline
and preventing the release of 5-hydroxytryptamine from
epithelial cells and of neutrophilic chemotactic factor from
lung alveolus macrophages (15). Anisodamine treatment of
lipopolysaccharide (LPS)-induced ALI in rats has been found to
inhibit the expression of pro-inflammatory cytokines, including
TNF-a and IL-8 (16). Penehyclidine (PHC) is a novel anti-
cholinergic agent that selectively acts on receptors of M1, M3,
ganglion and central N1 cells to decrease the TNF-a expres-
sion levels and NF-«xB activity, inhibiting the inflammatory
response (17). Furthermore, PHC treatment decreased TNF-a
and IL-6 expression levels and suppressed the inflammatory
response following extracorporeal circulation (18). However,
the mechanism underlying the effects of PHC treatment on
the inflammatory response remains unclear. To the best of our
knowledge, few studies have investigated the effect of PHC
on endotoxin-induced ALI (19,20). Therefore, the aim of the
present study was to investigate whether PHC treatment was
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able to alleviate ALI in rats. The expression levels of TLR2/4
and NF-«B activation were also examined in the lung tissue.

Materials and methods

Animals and reagents. A total of 60 Sprague-Dawley rats
(age, 8-10 weeks; weight, 200-220 g) were used in the
present study (Identification Institute of Pharmaceutical and
Biological Products of Beijing, Beijing, China). Rats were
maintained in the animal laboratory at the Tuberculosis and
Thoracic Tumor Research Institute (Beijing, China) at room
temperature (16-26°C) and relative humidity (60%)with a
12:12 h light/dark cycle. A total of 12 100% fresh air changes
were made per hour. Rats had ad libitum access to a standard
diet and water. All experimental procedures in the present
study adhered to the Principles of Experimental Animal Care
and Use in accordance with the guidelines of the Helsinki
Declaration and was approved by the Ethics Committee of the
Beijing Chest Hospital, Capital Medical University. Ethical
approval was obtained from the Institutional Review Board
and Ethics Committee of the Tuberculosis and Thoracic Tumor
Research Institute. LPS was purchased from Sigma-Aldrich
(St. Louis, MO, USA; cat. no. L.2880). PHC injection solution
was purchased from Chengdu Lisite Pharmaceutical, Co., Ltd.
(Chengdu, China; batch, H20020606). Rat TNF-a and IL-6
ELISA kits were purchased from Sigma-Aldrich.

Animal models and grouping. Rats were randomly divided into
five equal groups (n=12) and intraperitoneally injected with
2 ml 0.9% saline (control group), 2 ml 0.9% saline containing
LPS (8 mg/kg body weight; LPS-alone group), or three groups
injected with 2 ml 0.9% saline containing LPS (8 mg/kg body
weight) and different PHC concentrations (0.3, 1, or 3 mg/kg
body weight). PHC was administered 1 min following the LPS
injection. At 6 h after drug administration, the rats were sacri-
ficed via cervical dislocation following anesthetization via
intraperitoneal injection of sodium pentobarbital (35 mg/kg
body weight; Tianjin Jinyao Amino Acid Co., Ltd., Beijing,
China). Whole blood (1 ml) was harvested from the ventricles
and placed into disposable vacuum vessels to measure the
serum levels of TNF-a and IL-6. Left lung tissue samples
were obtained, homogenized, snap-frozen and stored in liquid
nitrogen until further use. The remaining lung tissue samples
were fixed in 10% formaldehyde solution.

ELISA. The levels of TNF-a and IL-6 in the blood samples
were detected using ELISA kits according to the manufac-
turer's protocol. Briefly, 100 pl serum was added to a 96-well
plate pre-coated with TNF-a or IL-6 antibody and incubated
at 4°C overnight. Following washing three times with washing
buffer, 100 ul 1x biotinylated detection antibody was added to
each well and incubated at room temperature for 1 h with gentle
shaking, following with incubation with 100 pl horseradish
peroxidase (HRP) conjugated-streptavidin solution for 45 min
at room temperature. Subsequently, the plate was treated with
100 ul 3,3',5,5'-tetramethylbenzidine substrate, incubated
for 30 min at room temperature and then the reaction was
terminated with 50 ul Stop solution per well. Immediately, the
plate was read at 450 nm using a microplate reader (Molecular
Devices, LLC, Sunnyvale, CA, USA).
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Western blot analysis of NF-kB p65 expression. Nuclear
extracts of the left lung tissue samples (0.2 g) were extracted
using buffer A [10 mM HEPES pH 7.9, 10 mM KClI, 1.5 mM
MgCl,, 1 mM dithiothreitol (DTT), 0.4 mM phenylmeth-
anesulfonyl fluoride (PMSF)] and buffer B (20 mM HEPES
pH 7.9, 420 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA,
1 mM DTT, 0.4 mM PMSF, 10 ug/ml leupeptin, 1 ug/ml
aprotinin, 25% glycerol). Nucleoprotein concentrations were
determined using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) and
adjusted to 0.2 ug/ul. Equal amounts (20 ug) of protein
samples were resolved by 4-12% SDS-PAGE, and transferred
to nitrocellulose membranes (Beijing Dingguo Biological
Technology Co., Ltd., Beijing, China). Following blocking
with 5% milk/Tris-buffered saline with Tween 20 (TBST;
Sigma-Aldrich) at room temperature for 1 h, the membranes
were incubated at 4°C overnight with rat anti-NF-xB p65
polyclonal antibody (1:300; BA0610) in 5% milk/TBST, then
incubated with HRP-conjugated goat anti-rabbit immuno-
globulin G (1:4,000; BA1054; both Wuhan Boster Biological
Technology, Ltd., Wuhan, China) in 5% milk/TBST. Blots
were analyzed using a gel imager (Gel Doc XR; Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Band Leader 3.0
software (Magnitec, Ltd., Tel Aviv, Israel) was used for
semi-quantitative analysis of protein expression.

Reverse transcription-quantitative polymerase chain reac-
tion (PCR) analysis of TLR2/4 expression in the lung tissue
samples. A total of 100 mg left lung tissue sample was lysed
with TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.,)
and RNA was extracted according to the manufacturer's
protocol. An equal amount of total RNA (1 pg) was used for
each sample to synthesize cDNA, prior to PCR analysis. The
following primers were designed using Primer 3 software and
synthesized by SBS Genetech Co., Ltd., (Shanghai, China):
TLR4, forward 5'-GGCATGGCATGGCTTAAACC-3'
and reverse 5'-AATTCTCCCAAGATCAACCGATG-3
TLR2, forward 5'-GGGCTGACCTCTCTCAACGA-3' and
reverse 5'-CAGTTCCAAGATGTAACGCAACA-3"; and
B-actin, forward 5'-ACTGCCGCATCCTCTTCCTC-3'
and reverse 5-AAGCATTTGCGGTGCACGA-3'. Thermal
cycling was performed using SYBR Green PCR Master
Mix on a MyCycler (both Bio-Rad Laboratories, Inc.) as
follows: TLR4, 95°C for 2 min, followed by 30 cycles of 95°C
for 1 min, 59°C for 1 min and 72°C for 45 sec, with a final
hold at 72°C for 10 min; TLR2, 95°C for 2 min, followed by
30 cycles of 95°C for 1 min, 60°C for 1 min and 72°C for
45 sec, with a final hold at 72°C for 10 min; and B-actin: 95°C
for 2 min, followed by 28 cycles of 95°C for 1 min, 59°C for
1 min and 72°C for 45 sec, with a final hold at 72°C for 7 min.
Amplification products were resolved by 2% agarose gel elec-
trophoresis, and imaged using a Gel Doc EZ imaging system,
and analyzed using GIS gel analysis software (Gel Doc XR;
Bio-Rad Laboratories, Inc.). TLR2 and TLR4 mRNA expres-
sion levels were normalized to those of -actin.

Examination of lung tissue pathology. Left lung tissue
samples were obtained and embedded in paraffin wax,
sectioned (0.5x0.5 cm), and then stained with hematoxylin and
eosin (Beijing Dingguo Biological Technology Co., Ltd.). The
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Figure 1. Histology and pathological scoring of the left lung tissue samples in LPS-treated rats with or without PHC treatment. Rats were treated with 8 mg
LPS/kg body weight for 1 min prior to treatment with the indicated concentrations of PHC (mg/kg body weight). After 6 h of treatment, the left lung tissue samples
were harvested and stained with hematoxylin and eosin. The tissue sections were analyzed by light microscopy (magnification, x400). (A) Control group; (B)
LPS-only group; (C) 0.3, (D) 1 and (E) 3 mg PHC/kg body weight + LPS groups. (F) Pathology of the left lung tissue samples was scored using Smith-scoring.
Data are presented as the mean =+ standard deviation. "P<0.05 vs. the saline control; “P<0.05 vs. the LPS-treated groups. TNF-a, tumor necrosis factor-a; IL-6,

interleukin-6; LPS, lipopolysaccharide; PHC, penehyclidine.
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Figure 2. Effect of PHC on LPS-induced expression of inflammatory cytokines. Rats were treated with 8 mg LPS/kg body weight for 1 min prior to treatment
with the indicated concentrations of PHC (mg/kg body weight). After 6 h of treatment, the blood was collected and the serum levels of (A) TNF-a and (B) IL-6
were measured by ELISA. Data were expressed as the mean + standard deviation (n=12). "P<0.05 vs. the saline control; “P<0.05 vs. the LPS-treated groups.
TNF-a, tumor necrosis factor-a; IL-6, interleukin-6; LPS, lipopolysaccharide; PHC, penehyclidine.

tissue was analyzed using a light microscope (DM4; Leica
Microsystems GmbH, Wetzlar, Germany) at x400 magnifica-
tion. Smith-scoring (21) was performed on the tissue samples.
Lung pathology was assessed for edema and alveolar and inter-
stitial inflammation and hemorrhage scored on a 0- to 4-point
scale: 0, no injury; 1, injury in 25% of the field; 2, injury in
50% of the field; 3, injury in 75% of the field; and 4, injury
throughout the field (>75%) (21).

Statistical analysis. All values are expressed as the
mean + standard deviation. One-way analysis of variance was
performed using SPSS 13.0 (SPSS Inc., Chicago, IL, USA).
P<0.05 was considered to indicate a statistically significant
result.

Results

LPS-induced endotoxemia in rats. LPS-induced endotoxemia
rat models are recognized as valid experimental models for
clinical and experimental applications (22). In the ALI model
established in the present study, rats injected with LPS exhib-
ited mental fatigue, curling-up behavior, a delayed response,
ocular discharge, and steady breathing compared with the
control rats. Pathological analysis demonstrated that the lung
tissue samples in the LPS group contained lesions, vascular
engorgements and alveolar epithelial cells with edema (Fig. 1).
Lymphocyte and neutrophil infiltration was observed in the
alveolar wall, peribronchiolar and interstitial lungs, as well
as serous effusion and extravasated red cells in the alveolar
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Figure 3. (A) TLR2 and TLR4 mRNA expression in the left lung tissue samples of LPS-treated rats, as determined using reverse transcription-quantitative
polymerase chain reaction and agarose gel electrophoresis. 3-actin was used as the loading control. (B) TLR2 and (C) TLR4 mRNA expression levels,
quantified from the gels based on the average absorbance values of the bands. TLR mRNA expression levels are presented as the mean + standard deviation
of TLR/B-actin for each sample. Groups: Lane 1, marker; lane 2, control (saline-treated); lane 3, LPS only; lane 4, 0.3 mg PHC/kg body weight + LPS; lane 5,
1 mg PHC/kg body weight + LPS; lane 6,3 mg PHC/kg body weight + LPS. "P<0.05 vs. the saline control; “P<0.05 vs. the LPS-treated groups. TLR2/4, toll-like

receptor 2/4; LPS, lipopolysaccharide; PHC, penehyclidine.
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Figure 4. NF-xB p65 expression in the left lung tissue samples of LPS-treated rats. Rats were treated with 8 mg/kg body weight LPS for 1 min prior to treatment
with the indicated concentrations of PHC (mg/kg body weight) for 6 h. Western blot analysis was performed using NF-kB p65 and -actin, which was used as
the internal control. Treatment with 1 and 3 mg/kg LPS significantly attenuated the LPS-induced upregulation of NF-xB p65 expression. "P<0.05 vs. the saline
control “P<0.05 and *P<0.01 vs. the LPS-treated groups. NF-kB, nuclear factor-xB; PHC, penehyclidine; TLR2/4, toll-like receptor 2/4.

cavities. These data indicate that a rat model of endotoxemia
was successfully established.

Smith-scoring and examination of lung tissue pathology.
Tissue analysis was performed using a light microscope
(magnification, x400). The pulmonary morphology was normal
in the control group (Fig. 1A). By contrast, pulmonary consoli-
dations, vascular engorgements, alveolar epithelial cells with
edema, lymphocyte and neutrophil infiltration in the alveolar
wall, peribronchiolar and interstitial lungs, serous effusion and
extravasated red cells in the alveolar cavities were observed
in the LPS-treated group (Fig. 1B). Lung tissue inflammatory

changes, inflammatory cell infiltration, widening of the
alveolar septum and hyperemia were observed in the rats
treated with high doses of PHC (1 and 3 mg/kg body weight);
however, there was no serous effusion or extravasated red cells
in the alveolar space (Fig. 1C-E). Low dose PHC (0.3 mg/kg
body weight) had no significant effect. The Smith-scores in all
of the LPS-induced groups were increased compared with the
control group (P<0.05; Fig. 1F), which indicated edema of lung
epithelial cells and infiltration of lymphocytes and neutrophils
into the lung parenchyma (1,21). Scores in the PHC-treated
groups (1 and 3 mg/kg body weight) were decreased compared
with the LPS group (P<0.05).
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Effects of PHC treatment on TNF-a and IL-6 expression
levels in the endotoxemia rat model. LPS markedly increased
the expression levels of TNF-a, which is primarily produced
by monocytes and macrophages. Following the intraperito-
neal injection of LPS, TNF-a is the first cytokine to increase
to detectable levels (11). IL-6, which is primarily generated
by T cells, endothelial cells and monocytes, mediates acute
responses contributing to lung injury during systemic inflamma-
tory response syndrome (SIRS). Trauma, shock, infection and
surgical procedures have been shown to increase IL-6 expres-
sion levels (18). Increased expression levels of IL-6 activate
complement activity and C-reactive protein, causing cellular
damage, adhesion factor production, and activation of glial cells,
vascular endothelial cells and lymphocytes, leading to an aggra-
vated inflammatory response (23). In the present study, serum
levels of TNF-a and IL-6 significantly increased following
intraperitoneal injection of LPS compared with the levels in
the control rats. PHC treatment at doses of 1 and 3 mg/kg body
weight following LPS injection resulted in decreased serum
levels of TNF-a and IL-6 compared with the group treated with
LPS alone (P<0.05; Fig. 2); whereas 0.3 mg/kg PHC had no
significant effect.

TLR2/4 mRNA expression levels in the lung tissue of
LPS-induced rats. TLR2 and TLR4 mRNA expression levels
in the lung tissue samples were increased in the LPS-induced
rats compared with the levels in the control group (P<0.05;
Fig. 3). PHC treatment significantly decreased TLR2 and
TLR4 mRNA expression levels in lung tissue samples at a
dose of 1 and 3 mg PHC/kg body weight, although no statis-
tically significant difference was observed between the rats
treated with 0.3 mg PHC/kg body weight and those treated
with LPS alone (Fig. 3).

Effects of PHC treatment on nuclear NF-kB p65 expression
levels in endotoxemic rats. Cellular inflammatory signaling
pathways may be regulated by activated nuclear factors. In
particular, NF-xB is an important nuclear transcription factor
during this process. NF-kB mediates various inflamma-
tory cellular events, including immune cell activation, T and
B lymphocyte development, stress response and apoptosis (24).
In the current study, NF-xB p65 protein expression levels were
increased in the lung tissue samples in the LPS group, compared
with those in the control group (Fig. 4). However, PHC treatment
resulted in a dose-dependent decrease in NF-kB p65 expression
levels in lung tissue samples, as compared with the LPS group
(1 and 3 mg/kg groups, P<0.05).

Discussion

Cytokine release in SIRS is involved in the pathogenesis of
ALI (25). The response to intravenous or intraperitoneal injec-
tion of LPS is similar to the response to endotoxin release in
severe gram-negative bacterial infection, which triggers the
inflammatory response (26). In the present study, intraperitoneal
injection of LPS was used to establish a rat model of endotox-
emia.

TLRs mediate the innate immunity and play important
roles in inflammation, signal transduction, apoptosis and
tumorigenesis (27). As a specific receptor of LPS, TLR4
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transmits the inflammatory signal induced by LPS (28). The
LPS-binding protein (LBP) is a plasma protein that is synthe-
sized and secreted by the liver. When LBP binds lipid A in
LPS, a CD14-LPS complex forms. LBP is involved in phos-
pholipid transfer, and disassociates LPS from its oligomeric
state into monomers (29). Depolymerized LPS binds to TLR4,
leading to polymerization and activation of TLR4.

MD-2 is a secretory protein lacking a transmembrane
region that assists in the binding of the cytoplasmic tail of
TRL4 to the TLR4 receptor-binding domain of the MyD88
adaptor protein (30). MyD88 binds IL-1 receptor-associated
kinase (IRAK) via its death domain. IRAK is autophosphory-
lated, and TNF-a receptor-associated factor-6 (TRAF-6)
is activated. Subsequent activation of the mitogen-binding
protein kinase family leads to the activation of NF-kB-inducing
kinase (NIK) (31). IxB kinase is activated and phosphorylated
by NIK, leading to its degradation and NF-«B release. NF-xB
then translocates to the nucleus to initiate transcription (32).
TRAF-6 also activates mitogen-activated protein kinase kinase
kinase (MAPKKK), MAPKK, extracellular signal-regulated
kinase, p38 and c-Jun N-terminal kinase/stress-activated
protein kinase signaling, leading to the activation of tran-
scription factor-activating protein-1 (AP-1) (33). Activation
of NF-kB and AP-1 leads to increased expression levels of
inflammatory factors, such as TNF-a, IL-1, IL-6 and nitric
oxide, resulting in ALI/acute respiratory distress syndrome.

TLR2 predominantly mediates the activation of cells by
gram-positive bacteria. LPS and cytokines induced by LPS
upregulate TLR2 mRNA expression in macrophages (34).
Therefore, although TLR2 does not bind LPS directly, it may
play an important role in enhancing stress-induced lung injury
by functioning as a secondary receptor. TLR2 expression is
known to be regulated by NF-«B (35). In addition, LPS-induced
activation of TLR4 leads to NF-xB activation, and has been
shown to induce the synthesis of large quantities of inflam-
matory factors and to upregulate TLR2 mRNA expression,
increasing the inflammatory response (31,36,37). The results
demonstrated that PHC treatment may alleviate ALI caused
by hemorrhagic shock by decreasing TLR4 mRNA expression
levels in the lung, inhibiting NF-«kB activity and reducing
TNF-a expression.

In the present study, the results suggested that PHC treat-
ment of LPS-induced rats resulted in decreased TLR4 and
TLR2 mRNA expression levels and NF-kB activity levels
in the lung tissue samples, as well as reduced serum levels
of TNF-a and IL-6. The extent of lung tissue damage was
reduced, consistent with the molecular results, suggesting that
PHC may inhibit rat inflammatory responses and alleviate ALI
by acting on the inflammatory response signaling pathways in
a dose-dependent manner.

There were several limitations to the present study. Firstly, a
limited number of animals were used, and therefore additional
studies should be performed to further examine the results.
Secondly, clinical data demonstrating the results presented
here would be beneficial. Thirdly, additional experiments
such as investigations of the exact mechanism underlying
TLR ligand recognition and of the transcriptional regulation
of TLR4 and TLR activation signaling pathway that links the
innate and acquired immunity should be performed to provide
further evidence for the results presented in the current study.
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In conclusion, the present study demonstrated that treatment

with 1 and 3 mg/kg PHC significantly attenuated LPS-induced
upregulation of lung TLR2 and TLR4 mRNA and decreased
NF-«B activation and serum TNF-a and IL-6 levels, resulting
in the alleviation of inflammation. Therefore, PHC may have a
protective role in LPS-induced ALI in rats and may be a novel
candidate for the treatment of inflammation-related lung injury.
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