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	 Background:	 Penehyclidine hydrochloride is a novel drug for acute respiratory distress syndrome. The aim of the study was 
to reveal the impact of smoking on the efficacy of the drug in rats with acute respiratory distress syndrome.

	 Material/Methods:	 A 132 Sprague-Dawley rats were used in this study; 72 rats were used in the smoking models. Penehyclidine 
hydrochloride (3 mg/kg) was injected to induce acute respiratory distress syndrome. Rats were divided into the 
smoking group and the non-smoking group; these 2 groups were subdivided according to different treatments. 
The arterial blood gas analysis (PaO2/FiO2) and extent of pneumonedema (wet-to-dry weight ratio) was ana-
lyzed to evaluate disease severity. Expressions of mitogen-activated protein kinases (p-p38MAPK, p38MAPK, 
p-ERK, ERK, p-JNK, and JNK) in lung tissue were measured using western blot assay.

	 Results:	 Penehyclidine hydrochloride improved the pneumonedema (wet-to-dry weight ratio) and hyoxemia (PaO2/FiO2) of 
the disease in non-smoking group (P<0.001, P<0.001 respectively), but not in smoking group (P=0.244, P=0.424 
respectively). The drug inhibited the expressions of phospho-p38MAPK and phospho-ERK in non-smoking 
group (P<0.001, P<0.001 respectively), but not in smoking group (P=0.350, P=0.507 respectively). In the smok-
ing group, blocking the phospho-p38MAPK or phospho-ERK signal pathway by their inhibitors showed a bet-
ter therapeutic effect on the pneumonedema and hyoxemia compared with the use of penehyclidine hydro-
chloride (phospho-p38MAPK: P=0.004, P=0.010 respectively; phospho-ERK: P=0.022, P=0.004 respectively).

	 Conclusions:	 The study confirmed the protective effect of penehyclidine hydrochloride in acute respiratory distress syn-
drome, mainly in the non-smoking group, which might be explained by the fact that phospho-p38MAPK and 
phospho-ERK signal pathways were difficult to inhibit by the drug in the smoking group.
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Background

Acute respiratory distress syndrome (ARDS) is a clinical condi-
tion occurring in severe illness or trauma patients. According to 
the “Berlin definition” in 2012, ARDS is characterized by an ap-
parent lung injury in 1 week, continuous progression of respira-
tory symptoms, bilateral infiltration on lung imaging (consistent 
with edema) not explained by other lung diseases, respiratory 
failure not caused by cardiovascular factors, and decreased 
PaO2/FiO2 ratio [1,2]. Severity of the disease is classified as mild 
(PaO2/FiO2: 201 to 300 mmHg), moderate (PaO2/FiO2: 101 to 
200 mmHg) and severe (PaO2/FiO2: £100 mmHg) [1,2]. ARDS 
is usually triggered by sepsis, mechanical ventilation, pneu-
monia, drowning, circulatory shock, aspiration, or trauma [3]. 
Alveolar epithelial cell injuries, capillary endothelial cell inju-
ries, and diffuse interstitial and alveolar edemas are the main 
pathologic changes in ARDS [4].

ARDS is a very critical syndrome with a death rate varying from 
25% to 50% in different centers globally [5,6]. An increasing 
number of studies have revealed that widespread inflamma-
tion and pro- and anti-inflammatory cytokine imbalance are 
responsible for the development and progression of the dis-
ease [7–9]. Therefore, anti-inflammatory drugs might be help-
ful to improve the prognosis of ARDS patients.

Penehyclidine hydrochloride (PHC) is one kind of selective 
anti-cholinergic drug, and exerts not only anti-nicotinic and 
anti-muscarinic effects, but also significant anti-inflammatory 
effect [10,11]. Previous in vivo studies demonstrated the pro-
tective action of PHC against myocardial ischemia/reperfu-
sion injury [12], cerebral ischemia/reperfusion injury [13], and 
acute kidney injury [14]. An increasing number of studies also 
revealed that PHC pre-conditioning as well as post-condition-
ing improved pulmonary gas exchange, histological injury, and 
wet-to-dry weight (W/D) ratio in rat models of ARDS [15–17].

Many early studies have demonstrated the important role of p38 
mitogen-activated protein kinase (MAPK) and extracellular signal-
regulated kinase (ERK) in the development of ARDS. Chen et al. 
suggested that p38MAPK activation was one important aspect 
of the signaling event that mediated the release of tumor ne-
crosis factor-a (TNF-a) and interleukin (IL)-1b and contributed to 
burn-induced ARDS [18]. Nash et al. reported that oral adminis-
tration of an agent inhibitory for p38MAPK offered a protective 
effect in the lungs from both neutrophil influx and protein leak 
associated with ARDS [19]. Schuh et al. revealed that ERK signal-
ing cascade was involved in the inflammatory response of ARDS, 
and pharmacologic inhibition of this signaling pathway provid-
ed a promising new therapeutic strategy for lung inflammato-
ry diseases [20]. Further studies focusing on PHC reported that 
the protective effect of the drug against ARDS was implemented 
partly by inhibiting the activation of p38MAPK and ERK [15,16].

Previous studies have reported the association of p38MAPK 
and ERK with cigarette smoking in several inflammatory lung 
diseases. Kuo et al. suggested that smoking caused the ac-
tivation of p38MAPK, ERK and c-Jun N-terminal kinase (JNK), 
which led to Jun or p53 phosphorylation and FasL induction 
links Fas phosphorylation and triggered cellular apoptosis [21]. 
Li et al. reported that smoking induced chronic inflammation 
and upregulated the phosphorylated-ERK and Nrf2 expres-
sion, which regulated the production of pro-inflammatory cy-
tokines in chronic obstructive pulmonary disease (COPD) [22]. 
Volpi et al,. revealed that a,b-unsaturated aldehydes and pos-
sibly reactive oxygen species contained in cigarette smoke 
stimulated the vascular endothelial growth factor expression 
and released from pulmonary cells through p38MAPK signal-
ing in COPD [23]. So, cigarette smoking might activate the ex-
pressions of p38MAPK and ERK and affect the protective ef-
fect of PHC on ARDS.

Therefore, we conducted an in vivo study to validate the pro-
tective effect of PHC against ARDS, to confirm the relationship 
between cigarette smoking and the activations of MAPKs, and 
to further explore the potential effect of cigarette smoking on 
efficacy of PHC in ARDS rats.

Material and Methods

The study was approved by the Animal Care and Use Committee 
of the Shandong Provincial Hospital Affiliated to Shandong 
University. All procedures were conducted according to the 
Guide for the Care and Use of Laboratory Animals in 2011.

Animals

A total of 132 adult male Sprague-Dawley rats (weighing 220 
to 290 g) were purchased from Beijing Vital River Laboratory 
Animal Technology Company. These rats were kept in a rela-
tively stable environment with a constant temperature and an 
artificial 12-hour light-dark cycle. Before the study, they were 
fed a standard diet for a week.

As shown in Figure 1, the rats were divided into a smok-
ing group (n=72) and a non-smoking group (n=60). In order 
to establish a rat model of smoking, the rats in the smok-
ing group were exposed to cigarette smoke 60 minutes each 
time, 2 times a day, 6 days per week for 24 weeks [24]. After 
smoking exposure, rats were treated with different sched-
ules. In the smoking group, there were 7 subgroups. (1) IN 
the control subgroup (n=6), normal saline (0.9%) was adminis-
tered intravenously. (2) In the PHC subgroup (n=16), only PHC 
(3 mg/kg) was administered intravenously. Among these 16 
rats, 10 rats were only included in survival analysis. (3) In the 
ARDS subgroup (n=16), only penehyclidine hydrochloride (LPS) 
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(3 mg/kg) was injected into the trachea to induce ARDS. The 
ARDS model was constructed as described in Lang et al. [25] 
and Wei et al. [26]. Briefly, rats were anesthetized by 2% pen-
tobarbital (40 mg/kg) through intraperitoneal injection. Then 
they were instilled with a saline dissolved 5 mg/kg LPS (from 
Escherichia coli O111: B4; Sigma, St. Louis, MO, USA) into the 
trachea. Of the 16 ARDS rats, 10 rats were included in survival 
analysis. (4) In the treatment subgroup (n=16): 3 mg/kg PHC 
was injected intravenously into the ARDS models. Similarly, 
10 treatment rats were included in survival analysis. In or-
der to explore the role of MAPKs in the relationship between 
smoking and the efficacy of PHC, another 3 subgroups were 
also set up. (5) In the p38 inhibited subgroup (n=6), both PHC 
(3 mg/kg) and SB203580 (10 mg/kg) were injected into the 
ARDS models. SB203580 was a pyridinyl imidazole inhibitor 
widely used to elucidate the roles of p38 mitogen-activated 
protein (MAP) kinase [27]. (6) IN the ERK inhibited subgroup 
(n=6), both PHC (3 mg/kg) and PD98059 (0.3 mg/kg) were in-
jected into the ARDS models. PD98059 was a selective, cell 
permeable inhibitor of the MEK/ERK pathway that acted by 
preventing the activation of MEK1 and MEK2 by upstream ki-
nases [28]. (7) IN the JNK inhibited subgroup (n = 6), both PHC 
(3 mg/kg) and SP600125 (15 mg/kg) were administered in-
travenously into the ARDS models. SP600125 was a potent, 
cell-permeable, selective and reversible inhibitor of JNK [29].

In the non-smoking group, there were 5 subgroups: con-
trol subgroup (n=6), PHC subgroup (n=16), ARDS subgroup 
(n=16), and treatment subgroup (n=16). These 4 subgroups 
received the same research protocol as the corresponding sub-
groups in the smoking group. Muscarinic acetylcholine receptor 
(M-receptor) was involved in the activations of MAPKs [30,31]. 
In order to reveal the potential role of M-receptor in the asso-
ciation of smoking with the efficacy of PHC, the fifth subgroup 

in the non-smoking group was set up. It was M-receptor acti-
vated subgroup (n=6), and LPS (5 mg/kg), PHC (3 mg/kg) and 
pilocarpine (0.2 mg/kg) were administered in this subgroup. 
Pilocarpine was a muscarinic agonist that activated the activ-
ity of M-receptor [32].

The safety and efficacy of all the research drugs had been vali-
dated in the preliminary experiment. LPS-induced rat model 
simulated one kind of ARDS caused by Gram negative bacilli 
infection or septic shock. Because endotoxin was the most 
important risk factor for ARDS, this LPS-induced model had 
great practical significance [3]. The intravenous injection of LPS 
(5 mg/kg) had been widely used to induce ARDS in rats in sev-
eral studies [33–35]. So, the conventional dose (5 mg/kg) of 
LPS had also been adopted in this study. In the previous stud-
ies, the rats were injected with PHC from low dose (0.3 mg/kg) 
to high dose (3 mg/kg), and the protective effect of the drug 
against ARDS had always be demonstrated [15–17]. Because 
the purpose of the study was to explore the dilution effect of 
smoking on the drug, we adopted a high dose (3 mg/kg) of 
PHC in this study.

Survival analysis

As mentioned, there were 60 smoking or non-smoking rats 
identified for survival analysis separately from 2 PHC sub-
groups, 2 ARDS subgroups and 2 treatment subgroups. These 
rats were observed for 96 hours. Poor outcome was defined 
as death due to any cause.

Specimen collection

All the rats were included in the following experiment except 
the 60 rats for the survival analysis.
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Figure 1. �Flow chart in the study. PHC – penehyclidine hydrochloride; ARDS – acute respiratory distress syndrome.
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Six hours after injection, arterial blood specimens were col-
lected from carotid arteries under anesthesia. Then, the rats 
were sacrificed to dissect the lung tissue specimens. The tis-
sue specimens from the left lung were lavaged for 5 times with 
5 mL ice-cold phosphate buffered saline (PBS). More than 90% 
of these bronchoalveolar lavage fluids (BALFs) were recovered 
successfully. Then, BALFs were centrifuged and isolated to ob-
tain their supernatants. The tissue and BALFs specimens were 
stored at –70°C for the following analysis.

Lung injury assessment

The left cranial lobes were processed routinely and stained 
with hematoxylin-eosin. A light microscope (100× magnifica-
tion) was adopted for observing the histopathological chang-
es in these specimens.

Arterial blood gas analysis was conducted at room temperature 
immediately after being sacrificed using a blood gas analyzer 
(ABL 520 Radiometer, Copenhagen, Denmark). Respiratory in-
dex (PaO2/FiO2) was reported.

BALF levels of TNF-a, IL-6, and albumin (ALB) were determined 
using several commercial enzyme linked immunosorbent as-
say (ELISA) kits (R&D, Minneapolis, MN, USA) according to the 
manufacturer’s instructions.

Pulmonary edema in the right cranial lobes was evaluated us-
ing W/D ratio. The specimens were excised, rinsed in PBS, blot-
ted and weighed to determine the “wet” weight. Then, these 
lung lobes were dried at 80°C for 72 hours and weighed to 
determine the “dry” weight. W/D ratio was calculated using a 
following formula: W/D ratio=wet weight/dry weight×100%.

Neutrophil infiltration in the right caudal lobes was detected 
by myeloperoxidase (MPO) activity [31]. The specimens were 
homogenized with 0.5% hexadecyl-trimethylammonium bro-
mide (HETAB) solution. The resulting homogenates were cen-
trifuged and adopted for detection of MPO activities using a 
commercial MPO activity assay kit (Fluorometric). The proce-
dures were conducted according to the instructions. The ab-
sorbance was measured at 460 nm using a spectrometer.

Expression of MAPKs

Expression levels of phospho-p38MAPK, phospho-ERK, and 
phospho-JNK in the left caudal lobes were measured using 
several commercial western blot kits (Life Technologies, Grand 
Island, NY, USA). The specimens were homogenated, and the 
resulting supernatants were used for the following detection. 
Equal amounts of protein (50 ug) were separated by 12% so-
dium dodecyl sulfate (SDS) polyacrylamide gel. The proteins 
were transferred to nylon membranes, which were blocked by 

5% skimmed milk with Tris-buffered saline. Primary antibodies 
were adopted for probing the proteins overnight. The prima-
ry antibodies were listed as follows: mouse monoclonal anti-
p38MAPK (1: 1000 dilution), mouse monoclonal anti-phospho-
p38MAPK (1: 1000 dilution), mouse monoclonal anti-ERK1/2 
(1 µg/mL dilution), mouse monoclonal anti-phospho-ERK1/2 
(1 µg/mL dilution), mouse monoclonal anti-JNK (1 µg/mL di-
lution), mouse monoclonal anti-phospho-JNK (1: 2000 dilu-
tion) and mouse monoclonal anti-b-actin (1: 5000 dilution). 
The membranes were incubated in goat anti-mouse immuno-
globulin G for 2 hours (0.1 µg/mL dilution). All the antibodies 
were purchased from Life Technologies, Grand Island, NY, USA. 
The bands were visualized by enhanced chemiluminescence 
kits (Amersham Life Science, Buckinghamshire, UK). TotalLab 
v2.01 software was used to quantify the intensities of the 
bands, and the relative intensity of each protein was calculated.

Statistical analysis

Continuous variable was showed as mean ± standard devia-
tion. Difference of these variables among more than 2 groups 
was determined by one-way variance analysis (ANOVA) with 
Duncan’s post-hoc test. Kaplan-Meier survival analysis was 
used to evaluate the difference of the survival rates between 
the different subgroups. If P value <0.05, the difference was 
considered to be statistically significant. Statistical analysis 
in the study was performed using SPSS Statistics 17.0 (SPSS 
Inc, Chicago, IL, USA).

Results

To assess the degree of lung injury, we observed that the path-
ological changes in lung tissues. As a result, there was signif-
icant difference of the pathological characteristics between 
the control group and the ARDS group. Lung tissues obtained 
from the control group showed normal without any sign of in-
terstitial edema or inflammatory cells. However, lung tissues 
in the ARDS group showed interstitial inflammation, atelec-
tasis, and edema (Figure 2). From the cellular morphology, we 
concluded that the ARDS model was successfully constructed.

Compared with the control rats, the PHC rats showed no path-
ological change in the smoking group as well as the non-smok-
ing group, but the ARDS rats showed more significant pulmo-
nary edema both in the smoking group and the non-smoking 
group. PHC in the treatment rats improved this pathological 
change in the non-smoking group, but not in the smoking group.

Figure 3A–3C show that there was no significant change in 
the BALF levels of TNF-a, IL-6, and ALB between the control 
rats and the PHC rats both in the smoking group (P=0.835, 
P=0.605, and P=0.361 respectively) and the non-smoking 
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group (P=0.924, P=0.591, and P=0.274 respectively). The ele-
vated levels of TNF-a, IL-6, and ALB in BALFs were found in the 
ARDS rats compared with the PHC rats in the smoking group 
(P<0.001, P<0.001, and P<0.001 respectively) as well as the non-
smoking group (P<0.001, P<0.001, and P<0.001 respectively). 
More importantly, the levels of TNF-a, IL-6, and ALB in BALFs 
dropped in the treatment rats compared with the ARDS rats 
in the non-smoking group (P<0.001, P<0.001, and P<0.001 re-
spectively), but not in the smoking group (P=0.529, P=0.363, 
and P=0.594 respectively).

Figure 3D–3E shows the W/D ratios and MPO activities were 
similar for the control rats compared with the PHC rats both 
in the smoking group (P=0.751 and P=0.602 respectively) and 
the non-smoking group (P=0.403 and P=0.574 respectively). 
Compared with the PHC rats, the W/D ratios and MPO activities 
of the ARDS rats significantly increased both in the smoking 
group (P<0.001 and P<0.001 respectively) and the non-smoking 
group (P<0.001 and P<0.001 respectively). In the non-smoking 
group, the W/D ratios and MPO activities dropped in the treat-
ment rats compared with the ARDS rats (P<0.001 and P<0.001 
respectively). But, in the smoking group, the W/D ratios and 
MPO activities were equivalent between the ARDS rats and the 
treatment rats (P=0.244 and P=0.572 respectively).

Figure 3F shows that the PaO2/FiO2 ratios were equivalent 
between the control rats and the PHC rats in the smoking 
group (P=0.533) as well as the non-smoking group (P=0.166). 
Compared with the control rats, the ARDS rats showed the 

decreased PaO2/FiO2 ratios both in the smoking group (P<0.001) 
and the non-smoking group (P<0.001). In the non-smoking 
group, the treatment rats showed the increased PaO2/FiO2 ra-
tios compared with the ARDS rats (P<0.001). However, in the 
smoking group, the treatment rats had the similar PaO2/FiO2 
ratios compared with the ARDS rats (P=0.424). The detailed 
results of Figure 3 were shown in Table 1.

In the 96-hour period, none of the rats died in the PHC sub-
groups. So, only the rats in the ARDS subgroups and the 
treatment subgroups were included in the survival analysis. 
Figure 4A shows that the survival rate was equivalent between 
the treatment rats and the ARDS rats in the smoking group 
(P=0.383). Figure 4B shows that the treatment rats showed 
significantly higher survival rate compared with the ARDS rats 
in the non-smoking group (P=0.024).

Figure 5 shows that there was no change in the expression lev-
els of the phospho-p38MAPK, phospho-ERK, and phospho-JNK 
proteins between the control rats and the PHC rats both in the 
smoking group (P=0.932, P=0.648, and P=0.700 respectively) 
and the non-smoking group (P=0.082, P=0.145, and P=0.341 
respectively). The expressions of these 3 proteins in the ARDS 
rats were significantly increased compared with the control 
rats in the non-smoking group (P<0.001, P<0.001, and P<0.001 
respectively) as well as the smoking group (P<0.001, P<0.001, 
and P<0.001 respectively). In the non-smoking group, the ex-
pressions of the phospho-p38MAPK and phospho-ERK pro-
teins (P<0.001 and P<0.001 respectively), but not phospho-JNK 

Control PHC

ARDS

Non-smoking group

Treatment

Control PHC

ARDS

Smoking group

Treatment

Figure 2. �Characteristics of the lung tissue specimens stained by hematoxylin-eosin in the rats (original magnification 100×). 
Pulmonary edema is indicated by the arrowheads. PHC – penehyclidine hydrochloride; ARDS – acute respiratory distress 
syndrome.
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protein (P=0.581), were remarkably lower in the treatment rats 
than in the ARDS rats. In the smoking group, there was no sig-
nificant change in the expressions of phospho-p38MAPK, phos-
pho-ERK, and phospho-JNK proteins between the ARDS rats 
and the treatment rats (P=0.350, P=0.507, and P=0.679 respec-
tively). The detailed results of Figure 5 were shown in Table 2.

Figure 6 shows that compared with the treatment rats in the 
non-smoking group, the M-receptor activated rats in the non-
smoking group and the treatment rats in the smoking group 
showed the decreased PaO2/FiO2 ratios and increased levels 
of ALB, W/D ratios and MPO activities (M-receptor activated 
rats in the non-smoking group: P<0.001, P<0.001, P<0.001, 
and P<0.001 respectively; treatment rats in the smoking 
group: P<0.001, P<0.001, P<0.001, and P<0.001 respectively). 
Compared with the treatment rats in the smoking group, the 
p38 inhibited rats and the ERK inhibited rats in the smoking 
group showed the increased PaO2/FiO2 ratios and decreased 
levels of ALB, W/D ratios, and MPO activities (p38 inhibited 
rats: P=0.010, P<0.001, P=0.004, and P<0.001 respectively; 
ERK inhibited rats: P=0.004, P<0.001, P=0.022, and P<0.001 

respectively). However, there was no significant difference in 
the levels of PaO2/FiO2 ratios, ALB, W/D ratios, and MPO ac-
tivities between the treatment rats in the smoking group and 
the JNK inhibited rats in the smoking group (P=0.808, P=0.923, 
P=0.373, and P=0.533 respectively). The detailed results of 
Figure 6 were shown in Table 3.

Discussion

To our knowledge, this was the first published article focus-
ing on the effect of cigarette smoking on the efficacy of PHC 
in ARDS rats. Based on the results of the study, we discov-
ered that the ARDS rats which were induced by LPS showed a 
series of pathophysiological changes, such as respiratory aci-
dosis, hypoxemia, pulmonary edema, neutrophil infiltration 
and cytokine releasing. The ARDS rats which had a history of 
smoking showed more severe conditions compared with the 
ARDS rats without a history of smoking. We also found that 
PHC treatment might be able to improve these abnormalities, 
which was consistent with several previous studies [15–17]. 
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Figure 3. �Characteristics of the pathological and physiological indicators in the arterial blood and lung tissue specimens. (A–C) BALF 
levels of TNF-a, IL-6, and ALB between the control rats and the PHC rats both in the smoking group and the non-smoking 
group. (D, E) The W/D ratios and MPO activities of control rats, PHC rats, and ARDS rats in the smoking group and the non-
smoking group. (F) The PaO2/FiO2 ratios of control rats, PHC rats, and ARDS rats in the smoking group and the non-smoking 
group. The detailed results were shown in Table 1. # Compared with the PHC rats, P<0.05; * compared with the ARDS rats, 
P<0.05. PHC – penehyclidine hydrochloride; ARDS – acute respiratory distress syndrome; TNF-a – tumor necrosis factor-a; 
IL-6 – interleukin-6; ALB – albumin; W/D – wet-to-dry weight; MPO – myeloperoxidase.
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However, the protective effect of PHC against ARDS exerted 
mainly in the non-smoking rats. In the ARDS rats with a histo-
ry of smoking, such protective effect of the drug disappeared.

Previous studies suggested that the development of ARDS 
was associated with the activation of p38MAPK and ERK sig-
nal pathways, and the protective effect of PHC was implement-
ed partly by inhibiting these signal pathways [15,16]. In this 

study, there were some more findings. First, the expressions 
of phospho-p38MAPK and phospho-ERK proteins were signif-
icantly elevated in the ARDS rats, especially in the ARDS rats 
with a history of smoking. Second, PHC treatment improved 
the conditions of ARDS in the rats in the non-smoking group, 
but not in the smoking group. Third, PHC treatment reduced 
the expressions of these 2 proteins in the non-smoking group, 
but not in the smoking group. Fourth, in the smoking group, 

Group Control PHC ARDS Treatment

P value

Control vs. 
PHC

PHC vs. 
ARDS

ARDS vs. 
treatment

Non-smoking group       

	 TNF-a (pg/mL) 	 180.3±9.4 	 180.8±8.2 	 912.2±71.0 	 619.2±26.2 0.924 <0.001 <0.001

	 IL-6 (pg/mL) 	 453.3±30.8 	 465.2±42.2 	3883.3±147.2	2050.0±118.3 0.591 <0.001 <0.001

	 ALB (mg/L) 	 161.3±7.8 	 168.0±11.8 	 276.0±10.3 	 208.8±4.3 0.274 <0.001 <0.001

	 W/D ratio 	 3.3±0.1 	 3.4±0.1 	 4.3±0.2 	 3.8±0.1 0.403 <0.001 <0.001

	 MPO activity (μU/mg prot) 	 9.7±2.8 	 10.2±2.2 	 30.3±2.8 	 17.5±2.0 0.574 <0.001 <0.001

	 PaO2/FioO2 	 435.2±10.0 	 427.5±7.6 	 331.7±14.7 	 400.8±14.3 0.166 <0.001 <0.001

Smoking group

	 TNF-a (pg/mL) 408.3 410.2 	1048.3±37.5 	1035.5±30.2 0.835 <0.001 0.529

	 IL-6 (pg/mL) 	1553.3±100.3	1583.3±94.2 	4752.5±104.2	4705.0±73.4 0.605 <0.001 0.363

	 ALB (mg/L) 	 216.3±5.3 	 220.3±8.8 	 328.5±12.1 	 324.2±15.0 0.361 <0.001 0.594

Table 1. Characteristics of the pathological and physiological indicators in the arterial blood and lung tissue specimens.

n=6 in each group. PHC – penehyclidine hydrochloride; ARDS – acute respiratory distress syndrome; TNF-a – tumor necrosis factor-a; 
IL-6 – interleukin-6; ALB – albumin; W/D – wet-to-dry weight; MPO – myeloperoxidase.
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Figure 4. �Kaplan-Meier survival analyses in the rats. (A) The survival rate was equivalent between the treatment rats and the acute 
respiratory distress syndrome (ARDS) rats in the smoking group (P=0.383). (B) The treatment rats showed significantly higher 
survival rate compared with the ARDS rats in the non-smoking group (P=0.024).
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Group Control PHC ARDS Treatment

P value

Control vs. 
PHC

PHC vs. 
ARDS

ARDS vs. 
treatment

Non-smoking group       

	 p-p38MAPK 1 	 1.1±0.1 	 1.8±0.1 	 1.2±0.1 0.082 <0.001 <0.001

	 p-ERK 1 	 1.0±0.1 	 2.0±0.1 	 1.5±0.1 0.145 <0.001 <0.001

	 p-JNK 1 	 1.0±0.1 	 1.8±0.1 	 1.8±0.1 0.341 <0.001 0.581

Smoking group

	 p-p38MAPK 	 1.5±0.1 	 1.5±0.1 	 2.3±0.1 	 2.2±0.1 0.932 <0.001 0.35

	 p-ERK 	 1.6±0.2 	 1.7±0.2 	 2.6±0.1 	 2.6±0.1 0.648 <0.001 0.507

	 p-JNK 	 1.6±0.1 	 1.6±0.1 	 2.4±0.1 	 2.3±0.1 0.7 <0.001 0.679

Table 2. Expression levels of mitogen-activated protein kinases in lung tissue specimens.

n=6 in each group. PHC – penehyclidine hydrochloride; ARDS – acute respiratory distress syndrome.
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blocking the phospho-p38MAPK and phospho-ERK signal path-
ways also improved the conditions of ARDS. Taken together, 
PHC exerted its efficacy against ARDS following by the inhibi-
tion of the phospho-p38MAPK and phospho-ERK signal path-
ways only in the non-smoking group. In the rats in the smoking 
group, these 2 signal pathways were difficult to be inhibited 
by the drug. The inhibitors of these signal pathways were able 
to simulate the efficacy of the drug in the rats in the smoking 
group. Therefore, cigarette smoking might attenuate the pro-
tective efficacy of PHC against ARDS partly by activating the 
p38MAPK and ERK signal pathways.

G protein coupled pathway was a classical signal pathway 
in human cells. M-receptors received external signals, trans-
mitted these signals into the cells through the G protein cou-
pled pathway and regulated several kinds of physiological ac-
tivities including the activation of MAPKs [30,31]. The study 
found that the activation of M-receptors partly offset the effi-
cacy of PHC, indicating that M-receptors were involved in the 
protective effect of PHC on ARDS. PHC, a selective anti-cholin-
ergic drug, might exert its inhibitory effect on p38MAPK and 
ERK signal pathways through the downregulation of M recep-
tor and G protein signaling pathway. Furthermore, cigarette 

smoking was able to reverse the expression of G protein and 
upregulate G protein signaling pathway [32,33]. This could 
partly explain the disappearance of PHC efficacy in the rats in 
the smoking group.

In addition, this study found that LPS caused more severe hy-
poxia, pulmonary edema, and inflammation in the rats in the 
smoking group than in the non-smoking group. More severe 
conditions led to worse efficacy of the drug. This might be an-
other explanation for the reverse effect of cigarette smoking 
on the efficacy of PHC.

It is well known that cigarette smoking is still very common in 
the world. The results from this study indicate that a patient 
who smoked in the recent past before the development of 
ARDS not only might show a more serious condition, but also 
might have an increased risk of PHC resistance. Considering 
that many studies have been exploring the therapeutic effect 
of PHC on ARDS, our findings might limit the possible clinical 
application of the drug in the future.

This was a preliminary study without a firm conclusion, and 
more solid evidence is required to validate the effect of smoking 
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Figure 6. �(A–D) Potential roles of M-receptor and mitogen-activated protein kinase signal pathways in the rats. ALB – albumin; 
W/D – wet-to-dry weight; MPO – myeloperoxidase. # Compared with the treatment rats in the non-smoking group, P<0.05; 
* compared with the treatment rats in the smoking group, P<0.05. The detailed results were shown in Table 3.
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on the efficacy of PHC. First, possible dose-effect relationship 
between cigarette smoking and the efficacy of PHC should 
be explored. The interval from stopping smoking to the de-
velopment of ARDS might be an important marker for the ef-
ficacy of PHC, and should be fully studied. Second, except 
for M receptor – G protein – MAPKs signaling pathway, there 
should be other molecular mechanisms involved in the effect 
of smoking on PHC, which need to be discussed in more de-
tail in the future. In addition, there were some methodologi-
cal limitations in the study. The size of the sample was small, 
and only 6 rats in each subgroup were included in the patho-
physiological and mechanism experiments. Grouping was not 
fully based on the principle of randomization. So, our results 
should be validated by more well-designed studies at the mo-
lecular level in the future.

Conclusions

In conclusion, the study confirmed the protective effect of 
PHC on ARDS mainly in rats in the non-smoking group, which 
might be explained by the fact that phospho-p38MAPK and 
phospho-ERK signal pathways were difficult to inhibit by PHC 
in rats in the smoking group. Considering that the inhibitors 
of these 2 signal pathways were able to simulate the effica-
cy of the drug in rats in the smoking group, we speculated 
that cigarette smoking activated the p38MAPK and ERK signal 
pathways, offset the effect of PHC on these 2 signal pathways 
and attenuated the efficacy of PHC on LPS-induced ARDS rats.
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 PaO2/FiO2 ALB (mg/L) W/D ratio
MPO activity
(μU/mg prot)

Treatment rats in non-smoking group 	 400.8±14.3 	 208.8±4.3 	 3.8±0.1 	 17.5±2.0

M-receptor inhibited rats in non-smoking group 	 325.8±13.6 	 280.7±15.1 	 4.5±0.1 	 33.2±2.5

P value <0.001 <0.001 <0.001 <0.001

Treatment rats in non-smoking group 	 400.8±14.3 	 208.8±4.3 	 3.8±0.1 	 17.5±2.0

Treatment rats in smoking group 	 317.7±10.6 	 324.2±15.0 	 4.6±0.3 	 36.1±2.4

P value <0.001 <0.001 <0.001 <0.001

Treatment rats in smoking group 	 317.7±10.6 	 324.2±15.0 	 4.6±0.3 	 36.1±2.4

P38 inhibited rats in smoking group 	 347.8±20.5 	 250.8±14.4 	 4.0±0.3 	 26.4±2.6

P value 0.01 <0.001 0.004 <0.001

Treatment rats in smoking group 	 317.7±10.6 	 324.2±15.0 	 4.6±0.3 	 36.1±2.4

ERK inhibited rats in smoking group 	 350.0±17.9 	 247.2±12.9 	 4.1±0.3 	 27.7±2.8

P value 0.004 <0.001 0.022 <0.001

Treatment rats in smoking group 	 317.7±10.6 	 324.2±15.0 	 4.6±0.3 	 36.1±2.4

JNK inhibited rats in smoking group 	 319.1±9.5 	 326.0±12.6 	 4.5±0.2 	 35.2±2.8

P value 0.808 0.923 0.373 0.533

Table 3. Potential roles of M-receptor and mitogen-activated protein kinase signal pathways in the rats.

ALB – albumin; W/D – wet-to-dry weight; MPO – myeloperoxidase.
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