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Abstract. The adaptive immune response mediated by 
T lymphocytes is a well-established factor in the pathogenesis 
of pulmonary inflammation. changes in the expression of 
various connexins (cxs) or disruption of connexin-mediated 
cellular communication in T lymphocytes contribute to 
inflammation or tissue remodeling. The aim of the present 
study was to investigate the potential therapeutic value of 
blocking cxs in a monocrotaline (McT)-induced pulmonary 
inflammation rat model. Carbenoxolone (CBX) was used to 
inhibit connexin-mediated cellular communication. An McT 
rat model was established by intraperitoneal (i.p.) injection 
of a single dose of MCT (60 mg/kg), and CBX treatment 
(20 µg/kg/day, i.p.) was initiated on the day following McT 
treatment for 28 days. Vehicle-treated male Sprague-dawley 
rats were used as the negative control. The McT rat model 
was evaluated by measuring the pulmonary artery flow 
acceleration time and right ventricular hypertrophy index 
(RVHI). Histopathological features of the lung tissues and 
pulmonary arteriolar remodeling were assessed. The propor-
tions of T lymphocyte subtypes, cx40/cx43 expression in the 
T cell subtypes and  the cytokine levels in the plasma and the 
lung tissues were also analyzed. Pharmacological inhibition 
of Cxs using CBX attenuated MCT‑induced right ventricular 
hypertrophy, pulmonary arteriolar remodeling, lung fibrosis 

and inflammatory cell infiltration by decreasing the RVHI, 
pulmonary arterial wall thickening, collagen deposition and 
pro‑inflammatory cytokines production as well as CD3+ and 
cd4+ T cell accumulation in lung tissues of McT-treated rats. 
Furthermore, flow cytometry analysis revealed that CBX may 
inhibit McT-induced cx40 and cx43 expression in cd4+ 
and cd8+ T lymphocytes in lung tissues. The present study 
provides evidence that pharmacological inhibition of cxs may 
attenuate McT-induced pulmonary arteriolar remodeling 
and pulmonary inflammatory response, at least in part, by 
decreasing cx expression. The results highlight the critical 
role of cxs in T lymphocytes in the McT-induced pulmonary 
inflammatory response and that targeting of Cxs may be a 
potential therapeutic method for treating pulmonary inflam-
matory diseases.

Introduction

Pulmonary hypertension (PH) is a progressive and lethal 
pulmonary inflammatory disease characterized by sustained 
increases in pulmonary arterial pressure (PAP) and pulmo-
nary arteriolar remodeling, which ultimately results in right 
heart hypertrophy, failure or even premature mortality (1-4). 
development of PH is considered to involve the interaction 
between multiple factors (5). There is considerable circum-
stantial evidence that inflammatory responses serve a key 
role in the pathogenesis or progression of PH (6,7). Systemic 
or perivascular inflammation or immune dysregulation is a 
primary feature observed in patients with PH and experimental 
animal models of PH (7,8). Pulmonary inflammation initiates 
and participates in the injury of pulmonary arterial endothelial 
cells and aberrant proliferation of pulmonary vascular smooth 
muscle cells, and subsequently accelerates the vascular 
remodeling and progression of PH (4,9). This remodeling is 
supported by histopathological data demonstrating infiltration 
of macrophages, monocytes and lymphocytes in the vicinity 
of the remodeled pulmonary arterioles and plexiform lesions 
of patients and animal models [hypoxia and the monocrota-
line (McT) rat model] of PH (10-12). In addition, increased 
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levels of both serum and tissue pro‑inflammatory cytokines 
have been observed in patients with PH and animal models 
of PH (7,12). despite an evident association between PH and 
dysregulation of the adaptive immune response, the regula-
tory mechanisms that result from alterations in lymphocyte 
subsets and the production of inflammatory cytokines from 
injured lung tissues and immune cells remain incompletely 
understood. Although immunosuppressive drugs and several 
immunotherapeutic approaches may alleviate inflamma-
tion and prevent vascular remodeling in animal models of 
PH (13‑15), they lack therapeutic specificity (13‑15). Therefore, 
further elucidating the molecular and cellular mechanism 
underlying PH‑mediated inflammation and examining new 
immunotherapeutic strategies or agents is critical (14).

In our previous studies, it was demonstrated that 
connexin (cx)-mediated gap junction channels in T lympho-
cytes of hypertensive animals and patients were involved 
in hypertension-mediated inflammation (16-18), and that 
expressional or functional inhibition of cx (16-18), or treat-
ment with various anti-inflammatory drugs (β-estradiol 
and hydrogen sulfide) (19,20) improved hypertension- and 
pro-inf lammatory stimuli-mediated inf lammation by 
decreasing the proportion of cd4+ T lymphocytes and levels 
of pro-inflammatory cytokines (16-20). However, whether 
Cxs participate in PH‑mediated inflammation, and whether 
the inhibition of Cxs alleviates inflammation in PH remain 
unknown. Carbenoxolone (CBX), a semisynthetic derivative 
of glycyrrhetinic acid that inhibits gap junction activity (21), 
has been used to evaluate the role of cx-mediated intercel-
lular communication in acute lung inflammation (22), and to 
treat pulmonary inflammatory diseases (23,24). Inhalation of 
CBX has been demonstrated to significantly decrease lung 
inflammation in experimental asthma animal models, by 
decreasing the production of interleukin (IL)-4 and -5 and by 
decreasing the infiltration of inflammatory cells in perivas-
cular regions (24). In addition, CBX has been demonstrated 
to decrease differentiation of Th17 cells by decreasing IL-23 
production in antigen presenting cells (25). Based on our and 
other published studies, it was hypothesized that CBX may 
alleviate PH‑mediated inflammation by regulating Cxs or gap 
junctions in T lymphocytes.

Studies have demonstrated that the McT-treated rat model 
and PH exhibit similar pathological characteristics in vascular 
remodeling, production of inflammatory cytokines and infil-
tration of inflammatory cells (2,8); therefore, this model was 
deemed to be well‑suited for studying the anti‑inflammatory 
effects and corresponding molecular mechanisms of CBX on 
MCT‑induced pulmonary inflammation, and to examine the 
association between cxs function in T cells and McT-induced 
pulmonary inflammation. To investigate the therapeutic effects 
of CBX on inflammation and pulmonary arteriolar remodeling 
caused by McT, physiological and echocardiographic param-
eters in the heart were measured, histopathological changes 
in lung tissues were assessed, and the levels of cytokines and 
distribution of cd4+ and cd8+ T cells in lung tissues were 
determined in CBX‑treated MCT rats. Additionally, to the best 
of our knowledge, the present study was the first to determine 
whether cx40 and cx43 may serve as potential therapeutic 
targets in PH‑mediated inflammation, and whether CBX 
may improve the pro-inflammatory microenvironment in a 

rat McT model by regulating cx40 and cx43 expression in 
T cell subsets. Although the precise molecular mechanisms of 
CBX‑mediated regulation of Cxs are incompletely understood, 
the role of cxs in T cells in the progression of McT-mediated 
pulmonary inflammation was investigated, and the inhibition of 
Cxs or Cxs‑based gap junctions using CBX may be a potential 
therapeutic method for attenuating inflammatory lung injury.

Materials and methods

Establishment of the animal model and treatment schedules. 
Male Sprague‑Dawley rats (age, 8‑10 weeks; body weight, 
200‑250 g) were obtained from Beijing Vital River Laboratory 
Animal Technology Co., Ltd. All rats were housed in a specific 
pathogen-free barrier facility with a 12: 12 h day: night cycle 
at 22±2˚C and 60‑65% humidity. Rats had ad libitum access 
to chow and water. All animal experimental protocols were 
approved by the Institutional Animal care and Use committee 
of the Medical college of Shihezi University (permit no. 
A2019-027-01) and all experiments were performed in strict 
accordance with the Guidelines on the care and Use of 
Animals provided by the American Physiological Society 
(NIH Publication no. 85-23, revised 1996) (26).

A total of 24 rats were used, and were randomly divided 
into the following four groups, with 6 rats/group: control 
group; CBX‑treated rats (cat. no. C4790; Sigma‑Aldrich; 
Merck KGaA); MCT group; and MCT rats treated with CBX 
(MCT + CBX group). Rats from the MCT and MCT + CBX 
groups received a single intraperitoneal (i.p.) injection of 
MCT (cat. no. C2401; 60 mg/kg; day 0; Sigma‑Aldrich; Merck 
KGaA). The rats in the MCT + CBX group received daily i.p. 
injections of CBX (20 mg/kg) for 28 days following MCT 
administration, whereas the control rats received daily i.p. 
administration of normal saline or CBX from day 0 to day 28. 
The CBX dose used was based on a previous study (27). 
On day 28, all animals underwent echocardiography measure-
ment. Rats were then sacrificed under deep anesthesia by i.p. 
administration of sodium pentobarbital (100 mg/kg), and the 
lungs, hearts and blood samples were collected.

Doppler echocardiography measurement. The doppler echo 
parameter ‘pulmonary artery acceleration time’ (PAAT) is 
negatively correlated with the mean pulmonary arterial pres-
sure (PAP) measured invasively, namely increased pulmonary 
hypertension or an increase in PAP as judged by a decreased 
PAAT (28,29). Therefore, PAAT is considered as an echocar-
diographic indicator of PH (30). PH was also assessed using 
doppler echocardiography at day 28 of the study. Transthoracic 
closed-chest echocardiography was performed by an experi-
enced doctor using a Vivid E9 ultrasound system equipped 
with a 12-MHz transducer (GE Healthcare). Rats were anesthe-
tized by i.p. injection of 3% sodium pentobarbital (40 mg/kg) 
and placed in a shallow left lateral decubitus position, and an 
ultrasound gel was applied to the shaved chest. Blood flow 
through the pulmonary artery and PAAT were measured in 
the two-dimensional short-axis parasternal view by M-mode 
and Pulsed-wave doppler at the level of the pulmonary valve. 
Papillary muscles were used as the reference point for echocar-
diography measurements. PAAT was measured from the onset 
of systolic flow to peak pulmonary outflow velocity according 
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to the American Society of Echocardiography guidelines (31). 
The acquisition of Echo images and all the echocardiographic 
analyses were performed using Echopac BT11 software (v.6.5; 
GE Healthcare).

Measurement of right‑ventricular hypertrophy. Rats were 
sacrificed under deep anesthesia by i.p. administration of 
sodium pentobarbital (100 mg/kg), and the entire heart 
was isolated, immediately dissected and weighed to assess 
right-ventricular hypertrophy (RVH). The atria and extra-
neous blood vessels were removed from the isolated heart in 
cooled 0.9% saline solution. Subsequently, the two ventricles 
of the heart were separated into the free right ventricle (RV) 
and the left ventricle (LV) wall with the interventricular 
septum (S), and the 2 portions were immediately blotted dry 
and weighed separately. Finally, a weight ratio of RV to LV 
plus S [RV/(LV+S)] was calculated for determination of the 
RVH index (RVHI).

Histopathological examination of lung tissues. The left lung 
tissues obtained from sacrificed rats were fixed in 4% para-
formaldehyde for 48 h at 4˚C, embedded in paraffin and cut 
into 4 µm-thick sections using a microtome. Sections were 
stained with hematoxylin and eosin or Masson trichome 
staining according to the manufacturer's protocol (cat. 
no. 1345; Beijing Solarbio Science & Technology Co., Ltd.), 
and the histopathological changes in lung tissues and pulmo-
nary arterioles (small arterioles with an external diameter 
of 15-50 µm and medium-sized arterioles with an external 
diameter of 50-150 µm) were examined under a light micro-
scope and imaged using a digital camera (BX51; Olympus 
Corporation) at a magnification, x200 or x400. For quantitative 
analysis, the microscopic images of lung tissue sections were 
analyzed using Image-Pro Plus v.6.0 (Media cybernetics, 
Inc.). Pulmonary vascular remodeling in the arterioles was 
evaluated by the percentage of vascular wall thickness (WT%) 
and the percentage of the vascular wall area (WA%). The 
formula for WT% was: WT% = [2 x (external diameter of the 
pulmonary arterioles - internal diameter of the pulmonary 
arterioles)]/(external diameter of the pulmonary arterioles) 
x100; and the formula for WA% was: WA%=(external area ‑ 
internal area)/external area x100. The formula for WT% and 
WA% was carried out as described by Yang et al (8) with 
some minor modifications. A total of 20 randomly selected 
pulmonary arterioles/rat (6 rats/group) that were nearly 
round were analyzed and the average from each group was 
calculated. Pulmonary vascular remodeling and lung fibrosis 
was assessed using Image-Pro Plus v.6.0 by 2 professional 
pathologists whom each assessed 20 different non-overlapping 
fields of each section. The lung fibrosis index was analyzed by 
calculating the ratio of the total area of collagen to the total 
area of connective tissue in each visual field (32).

ELISA. Blood samples (5 ml) from the abdominal aorta of 
anesthetized rats were allowed to clot for 15 min at 22‑25˚C, 
centrifuged at 1,100 x g for 10 min at 4˚C and the plasma was 
collected and stored at ‑80˚C. The right lung tissues (400 mg) 
obtained from rats were minced extensively and homogenized 
for 30 sec using an ultrasonic homogenizer (Beijing HeDe 
Biotechnology Co., Ltd.) in PBS (pH 7.2; lung tissue to PBS, 

1:10) on ice. Samples were then centrifuged at 12,000 x g for 
15 min at 4˚C, and the lung tissue supernatant was obtained. 
Both the lung tissue supernatant and previously prepared 
serum were used to measure the concentrations of IL-1β 
(cat. no. 70‑EK301B), IL‑6 (cat. no. 70‑EK3062/2), IL‑10 
(cat. no. 70-EK3102/2) and tumor necrosis factor-α (TNF-α; 
cat. no. 70-EK382HS-96) using ELISA kits (Hangzhou 
Multi‑Sciences Biotech Co., Ltd.) according to the manu-
facturer's protocols. Measurements of each sample were 
performed 3 times and the inflammatory cytokine concentra-
tions are expressed as pg/ml of the supernatant.

Preparation of mononuclear cells from lung tissues. Washed 
right lung tissues were dissociated into single-cell suspensions 
as described previously, with certain modifications (33‑35). 
Lung tissues were minced with sterilized scissors and forceps 
[RNase was inactivated by high temperature (121˚C)], and 
were enzymatically digested with RPMI-1640 medium (cat. 
no. 11875085; Gibco; Thermo Fisher Scientific, Inc.) supple-
mented with 1% BSA (Beijing Solarbio Science & Technology 
co., Ltd.), 10 mmol/l HEPES, 60 units/ml deoxyribonu-
clease I (cat. no. D4527), 1 mg/ml type XI collagenase (cat. 
no. c7657), 1,000 U hyaluronidase (cat. no. H3631), and 0.1 
mg/ml Kunitz‑type soybean trypsin inhibitor (cat. no.  7659; 
Sigma‑Aldrich; Merck KGaA), and the tissues were agitated 
for 40 min in a 37˚C incubator. Following digestion, the lung 
tissue and supernatant were filtered through a 200‑gauge stain-
less steel mesh to remove cell clumps and undigested tissue. 
The filtered suspension was centrifuged at 200 x g for 10 min 
at room temperature, and lung cells were resuspended in FAcS 
buffer (cat. no. 00‑4222‑57; Thermo Fisher Scientific, Inc.) at 
a concentration of ~2x106/ml. The number of live cells was 
measured using light microscopy at low resolution (magnifica-
tion, x40) by staining cells with 0.4% Trypan Blue for 10 min 
at 22‑25˚C.

Flow cytometry.  All isolated mononuclea r cel ls 
(>1x106 cells/ml) harvested from lung tissues in 500 µL FAcS 
buffer were blocked via incubation with 5% normal mouse 
serum (cat. no. 31880; Invitrogen; Thermo Fisher Scientific, 
Inc.) for 15 min at 4˚C. Cells were subsequently stained with 
fluorescein isothiocyanate (FITC)‑conjugated anti‑rat CD3 
(cat. no. 201403), allophycocyanin (APc)-conjugated anti-rat 
cd4 (cat. no. 201509) and phycoerythrin (PE)-conjugated 
anti‑rat CD8 (cat. no. 201705) antibodies (all at 1:100; all 
from BioLegend, Inc.) at 4˚C for 30 min. FITC‑, APC‑, 
and PE- labelled IgG1or IgM isotype were used as negative 
controls (1:100; cat. no. 401607 for FITC‑conjugated isotype 
ctrl antibody; cat. no. 400111 for PE‑conjugated mouse 
isotype ctrl antibody; cat. no. 400119 for APC‑conjugated 
isotype ctrl antibody; Biolegend, Inc.). For the labeling 
of cxs in cd4+ or cd8+ T cells from lung tissues, stained 
T cells with APc-labeled anti-cd4 and PE-labeled anti-cd8 
antibodies were incubated with permeabilization solution 
(Cytofix/Cytoperm kit; BD Biosciences) for 30 min at room 
temperature. Following permeabilization, cells were incubated 
with anti‑Cx40 monoclonal antibody (1:100; cat. no. sc‑365107; 
Santa Cruz Biotechnology, Inc.) or anti‑Cx43 antibody (1:100; 
cat. no. sc‑13558; Santa Cruz Biotechnology, Inc.) for 30 min 
at 4˚C. Following washing using FACS buffer, the T cells were 
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then incubated with a FITc-conjugated anti-mouse secondary 
antibody (1:100; cat. no. ZF0312; OriGene Technologies, Inc.) 
for 30 min at 4˚C in the dark. All stained cells were analyzed 
using a FACSort flow cytometer (BD Pharmingen; BD 
Biosciences) together with BD CellQuest Pro software (v.2.0, 
system OS2; Becton Dickinson and Company). Double‑color 
flow cytometry was performed to calculate the percentages 
of cd4/cd8 positive T cells, and cx40/cx43 expression in 
different T lymphocyte subpopulations.

Statistical analysis. All experimental data are presented as the 
mean ± standard error of mean of 3 independent experiments. 
GraphPad Prism v.5.0 (GraphPad Software, Inc.) was used for 
statistical analysis. comparisons between two groups were 
performed using an unpaired Student's t-test, and comparisons 
between multiple groups were performed using a one-way 
analysis of variance followed by Tukey's post hoc test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Administration of CBX prevents MCT‑induced hemodynamic 
changes. A change in the shape of the pulmonary artery outflow 
waveform in combination with PAAT have been demonstrated 
to be a good echocardiographic indicator of PH (36); therefore, 
doppler echocardiography was used to confirm the establish-
ment of MCT‑induced PH (Fig. 1A and B). Fig. 1A shows 
representative images of the pulmonary artery flow pattern 
among the four groups of rats. compared with the control and 
CBX group, the MCT rats exhibited a profile of pulmonary 

artery flow with more triangular, dagger‑shaped signals, indic-
ative of high resistance in the pulmonary artery (Fig. 1A). By 
contrast, CBX administration attenuated the high resistance 
induced by McT (Fig. 1A). doppler echocardiography of the 
MCT group indicated that PAAT was significantly decreased 
compared with the control group (Control, 43.80±1.99 ms; 
MCT, 27.80±2.52 ms; P<0.01; Fig. 1B), indicating that the 
rats in the MCT group developed PH. The effect of CBX on 
pulmonary artery function was investigated by measuring 
PAAT at the end of the treatment period. Intraperitoneal 
administration of CBX significantly increased PAAT 
compared with the MCT‑treated rats (MCT=27.80±2.52 ms; 
MCT + CBX=36.20 ± 2.60 ms; P<0.05; Fig. 1B). These results 
suggest that CBX administration prevented the effect of 
McT-mediated induction of PH.

RVH is associated with PH, therefore right ventricular 
hypertrophy was evaluated by measuring the RVHI. RVHI in 
the MCT group was significantly increased compared with the 
control group (Control=22.33±0.94%; MCT=52.46±2.48%; 
P<0.01; Fig. 1C), suggesting that rats exhibited RVH as a 
consequence of elevated pulmonary pressure when treated with 
MCT. CBX administration of MCT‑treated rats ameliorated 
the deleterious effect of PH-induced RVH in rats, as depicted 
by the decreased RVHI compared with the rats treated with 
MCT alone (MCT=52.46±2.48%; MCT + CBX=44.90±1.32%; 
P<0.05; Fig. 1C).

Administration of CBX attenuates MCT‑induced pulmo‑
nary vascular remodeling, lung fibrosis and inflammatory 
cell infiltration. The effect of McT on pulmonary vascular 

Figure 1. CBX attenuates MCT‑induced pulmonary hypertension and right ventricular hypertrophy in an MCT‑induced rat model of pulmonary inflammation. 
(A) Representative pulse‑wave Doppler acquisition of pulmonary flow in the control, CBX + single intraperitoneal injection of CBX, MCT and MCT + CBX 
groups. The distance between the 2 red dashed line in each group represents PAAT. (B) PAAT from onset of pulmonary valve flow to peak velocity as a sur-
rogate measure of mean pulmonary arterial pressure measured by pulsed wave-doppler echocardiography. PAAT is negatively correlated to mean pulmonary 
arterial pressure and pulmonary vascular resistance measured. Statistical analysis of PAAT in the four experimental groups. PAAT was significantly decreased 
in the MCT treatment group compared with the control group after 28 days. Treatment with CBX significantly increased PAAT compared with the MCT 
group. (C) CBX administration decreased RVHI (the ratio of RV weight/left ventricular plus septal weight) in MCT‑treated rats. Data are presented as the 
mean ± standard error of the mean of 6 rats per group. **P<0.01 vs. Control and CBX group treated with a single intraperitoneal injection of CBX. #P<0.05 vs. 
MCT + CBX group. CBX, carbenoxolone; MCT, monocrotaline; CON, control; PAAT, pulmonary artery valve flow acceleration time; RVHI, right ventricle 
hypertrophy index.
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remodeling in small arterioles and medium arterioles of 
lungs in the rat model were determined, and the effect of 
CBX administration on MCT‑induced pulmonary arte-
riolar remodeling were evaluated (Fig. 2 and 3). compared 
with the control rats, McT treatment significantly 
induced muscularization, stenosis and occlusion of the 
arterioles in the lungs, and this was accompanied by inflam-

matory cell infiltration around the vessel wall and lung tissues 
(Fig. 2A and 3A). The WT% in the small (Control=20.45±2.24; 
MCT=64.21±4.47%) and medium pulmonary arterioles 
(Control=43.51±4.62; MCT=67.82±3.88%), and the WA% 
in the small (Control=58.74±3.15; MCT=91.24±3.34%) 
and medium pulmonary arterioles (Control=63.71±3.07; 
MCT=82.56±5.04%) were significantly increased in the 

Figure 2. MCT‑induced remodeling of small pulmonary arterioles and inflammatory cell infiltration is alleviated by CBX. (A) Representative hematoxylin 
and eosin staining demonstrating histopathological changes in small pulmonary arterioles at magnification, x200 (scale bar=50 µm; upper panel) and mag-
nification, x400 (scale bar=25 µm; lower panel). Pulmonary arteriole walls in the control group were thin and single layered. The intima, media and externa 
were difficult to distinguish. Pulmonary vascular remodeling was observed in MCT‑treated animals, characterized by obliterated vessels (black arrows); no 
obliteration was detected in the control rats and the rats treated with a single intraperitoneal injection of CBX. CBX prevented pulmonary arterial obliteration 
in small pulmonary arterioles of MCT‑treated animals. The black and yellow arrows indicate pulmonary arterial obliteration and perivascular infiltration of 
inflammatory cells in small pulmonary arterioles, respectively. (B) WT% and WA% of the MCT‑treated rats were significantly increased, and CBX treatment 
of the MCT rats significantly decreased WT% and WA%. Data are presented as the mean ± standard error of the mean of 6 rats/group. **P<0.01 vs. control. 
#P<0.05 vs. MCT group. CBX, carbenoxolone; MCT, monocrotaline; CON, control; WT%, percentage of vascular wall thickness; WA%, percentage of the 
vascular wall area.

Figure 3. Administration of CBX prevents MCT‑induced remodeling of medium‑sized pulmonary arterioles. (A) Representative hematoxylin and eosin 
staining indicating the histopathological changes in medium‑sized pulmonary arterioles at magnification, x200 (scale bar=50 µm; upper panel) and magnifica-
tion, x400 (scale bar=25 µm; lower panel). MCT‑treated animals had obliterated vessels (black arrows). No obliteration was observed in the control rats or 
rats treated with a single intraperitoneal injection of CBX. CBX administration did not decrease lumen obliteration of medium‑sized pulmonary arterioles. 
Black and yellow arrows indicate pulmonary arterial obliteration and perivascular infiltration of inflammatory cells in medium‑sized pulmonary arterioles, 
respectively. (B) WT% and WA% were significantly increased in MCT‑treated rats, and CBX treatment of the MCT rats significantly decreased WT% and 
WA% in the medium‑sized pulmonary arteries compared with those in MCT‑treated animals. Data are presented as the mean ± standard error of the mean 
of 6 rats/group. **P<0.01 vs. control. #P<0.05 vs. MCT group. CBX, carbenoxolone; MCT, monocrotaline; CON, control; WT%, percentage of vascular wall 
thickness; WA%, percentage of the vascular wall area.
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MCT‑treated rats compared with the control (all P<0.01; 
Fig. 2B and 3B). CBX administration prevented medial 
hypertrophy, occlusion and muscularization of the pulmonary 
arterioles, as well as inflammatory infiltration compared with 
the MCT‑treated rats (Fig. 2A and Fig. 3A). In particular, CBX 
significantly decreased the MCT‑induced increase in WT% in 
the small (MCT=64.21±4.47%; MCT + CBX=50.41±3.80%) 
and in medium pulmonary arterioles (MCT=67.82±3.88%; 
MCT + CBX=54.53±3.98%), and the WA% in the small 
(MCT=91.24±3.34%; MCT + CBX=77.62±5.04%) and 
medium pulmonary ar ter ioles (MCT=82.56±5.04%; 
MCT + CBX=67.93 ±4.20%) (all P<0.05; Fig. 2B and Fig. 3B). 

Lung fibrosis is a primary feature of McT-induced 
pulmonary inflammation (37). Masson trichrome staining 
was used to demonstrate the presence of fibrosis by collagen 
deposition. The results of Masson staining indicated that the 
McT-treated rats displayed notable collagen deposition in 
the interstitium and arteries of the lungs compared with the 
control rats (Control=24.18±1.31; MCT=55.55±3.76%; P<0.01). 
CBX administration significantly decreased lung interstitial 
fibrosis (MCT=55.55±3.76; MCT + CBX=41.78±2.62%; 
P<0.05; Fig. 4A and B). The histological results suggest that 
CBX exerted protective effects on MCT‑induced pulmonary 
vascular remodeling and lung fibrosis.

Figure 4. Administration of CBX ameliorates MCT‑induced pulmonary fibrosis. (A) Masson trichrome staining of lung tissue at magnification, x200 (scale 
bar =50 µm; upper panel) and magnification, x400 (scale bar =25 µm; lower panel). Black arrows indicate collagen deposition, indicative of fibrosis, and col-
lagen fibers are stained blue. Nuclei are stained dark red/purple, and the cytoplasm is stained red/pink. (B) Quantification of interstitial fibrosis as a percentage 
derived from positive collagen staining. The lung fibrosis index was defined as the percentage of the total area stained with collagen divided by the sum of total 
connective tissue area in the entire visual field. Data are presented as the mean ± standard error of the mean of 6 rats/group. **P<0.01 vs. control. #P<0.05 vs. 
MCT group. CBX, carbenoxolone; MCT, monocrotaline; CON, control.

Figure 5. Effect of CBX on cytokine production in rat lung tissues treated with MCT. Images indicate the protein expression levels of IL‑1β, IL-6, IL-10 and 
TNF-α in rat lung tissues. Pulmonary levels of IL-1β, IL-6 and TNF-α were significantly elevated in MCT‑treated animals compared with the control rats. 
Pulmonary levels of IL‑10 were decreased in MCT treated rats compared with the control group. Pro‑inflammatory cytokines IL‑1β, IL-6 and TNF-α were 
increased in MCT‑induced inflammation, and CBX treatment significantly decreased the levels of these cytokines. IL‑10 levels were increased in the lung 
tissues of the CBX‑treated rats compared with the MCT‑treated animals. Data are presented as the mean ± standard error of the mean of 6 rats/group. **P<0.01 
vs. control. ##P<0.01 vs. MCT treatment group. CBX, carbenoxolone; IL, interleukin; MCT, monocrotaline; CON, control; TNF‑α, tumor necrosis factor-α.
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CBX administration prevents MCT‑induced changes 
in cytokine production in lung tissues and serum. The 
inf lammatory markers IL-1β, IL-6, IL-10 and TNF-α 
serve pivotal roles in McT-induced inf lammation and 
pulmonary vascular remodeling (38). To identify the 
possible mechanisms involved in the beneficial effects 
of CBX on MCT‑induced systemic inf lammation in 
rats, the levels of these cytokines were measured in 
the lungs and serum using ELISAs. compared with the 
control rats, lung tissues and serum from the McT rats 
exhibited a significant increase in: IL‑1β in the lung 
(Control=130.0±6.23 pg/ml; MCT=702.50±27.86 pg/ml; 
P<0.01; Fig. 5) and serum (Control=77.16±5.80 pg/ml; 
MCT=253.0±15.13 pg/ml; P<0.01; Fig. 6); IL‑6 in the lung 
(Control=93.24±2.87 pg/ml; MCT=232.3±15.05 pg/ml; 
P<0.01; Fig. 5) and serum (Control=97.20±4.85 pg/ml; 
MCT=153.90±2.44 pg/ml; P<0.01; Fig. 6); and TNF‑α 
concentration in the lung (Control=130.10±7.52pg/ml; 
MCT=243.10±11.39 pg/ml; P<0.01; Fig. 5) and serum 
(Control=77.89±3.58 pg/ml; MCT=112.70±7.28 pg/ml; P<0.01; 
Fig. 6), and a significant decrease in IL‑10 levels in the lung 
(Control=391.60±21.09 pg/ml; MCT=227.80±15.30 pg/ml; 
P<0.01; Fig. 5) and serum (Control=210.20±4.20 pg/ml; 
MCT =184.20±5.69 pg/ml; P<0.05; Fig. 6). In contrast, 
CBX admin ist rat ion sign i f icant ly  decreased the 
levels of pro-inf lammatory cytokines: IL-1β (McT 
=702.50±27.86 pg/ml; MCT + CBX =461.40±21.84 
pg/ml), IL‑6 (MCT =232.30±15.05 pg/ml; MCT + CBX 
=145.80±4.00 pg/ml) and TNF‑α (MCT =243.10±11.39 
pg/ml; MCT + CBX =149.50±7.18 pg/ml) in lung tissues 
(all P<0.01; Fig. 5) in MCT‑treated rats, and significantly 
reduced the McT-induced increase in IL-1β (McT 
=253.00±15.13 pg/ml; MCT + CBX =177.50±12.78 pg/ml; 
P<0.01; Fig. 6) in the serum; however, the MCT‑induced 
increases in the serum levels of IL-6 and TNF-α were not 

attenuated by CBX when compared with the MCT‑treated 
group (P>0.05; Fig. 6). In addition, the levels of IL‑10 
in the lung (MCT =227.80±15.30 pg/ml; MCT + CBX 
=310.70±16.23 pg/ml; P<0.01; Fig. 5) and serum (MCT 
=184.20±5.69 pg/ml; MCT + CBX =202.90±4.43 pg/ml; 
P<0.05, Fig. 6) of McT-treated rats were significantly 
increased in the CBX treated rats. These results demon-
strate that CBX administration may alleviate pulmonary 
inflammation induced by McT in rats.

Administration of CBX alleviates MCT‑induced lung inflam‑
mation. It has previously been reported that T lymphocytes 
serve a potential pathological role in McT-induced pulmonary 
inflammation (14,39) and in patients with PAH (39). To deter-
mine whether CBX prevented MCT‑induced changes to the 
adaptive immune system, T cell subset analysis in lung tissues 
was performed. As demonstrated in Fig. 7, in the rats treated with 
McT, the percentages of the total cd3+ (Control=19.60±2.51%; 
MCT=35.20±2.01%) and CD4+ (Control=50.78±1.45%; 
MCT=70.23±3.08%) T cells in lung tissues were significantly 
increased (both P<0.01; Fig. 7B), whereas CD8+ T cell counts 
were significantly decreased in the lungs of McT-treated 
rats (Control=48.40±2.39%; MCT=19.25±1.74%; P<0.01; 
Fig. 7B) compared with the control rats. MCT treatment 
resulted in a significant disruption of the CD4+/cd8+ T cell 
subset ratios (Control=1.28±0.17; MCT=3.26±0.22; P<0.01; 
Fig. 7B) in the lung tissues. However, treatment with CBX 
resulted in significant decreases in the percentages of 
cd3+ (MCT=35.20±2.01%; MCT + CBX=29.13±1.06%; 
P<0.05), cd4+ T cells (MCT=70.23±3.08%; MCT + CBX 
=59.93±1.89%; P<0.05) and CD4+/cd8+T cell subset ratios 
(MCT=3.26±0.22; MCT + CBX=1.91±0.22; P<0.01) as well 
as a significant increase in the percentage of CD8+ T cells 
(MCT=19.25±1.74%; MCT + CBX=29.95±1.99%; P<0.01) 
compared with the MCT‑treated rats (Fig. 7B).

Figure 6. Effect of CBX on cytokine production in the serum of rats following treatment with MCT. Concentrations of IL‑1β, IL-6, IL-10 and TNF-α in the 
serum were measured by ELISA. Serum levels of IL-1β, IL-6 and TNF-α were significantly increased in MCT‑treated rats compared with the control rats. 
Serum levels of IL-10 were decreased in the McT-treated rats compared with the control. The McT-induced increase in the IL-1β level and decrease in the 
IL‑10 level were significantly reversed in the CBX‑treated rats. There were no significant differences in serum levels of IL‑6 and TNF‑α between McT-treated 
rats and the MCT + CBX group. Data are presented as the mean ± standard error of the mean of 6 rats/group. *P<0.05 and **P<0.01 vs. the control group. 
#P<0.05 and ##P<0.01 vs. the MCT‑treated group. CBX, carbenoxolone; IL, interleukin; MCT, monocrotaline; CON, control; TNF‑α, tumor necrosis factor-α. 
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Treatment with CBX decreases Cx40 and Cx43 protein 
expression levels in T lymphocyte subsets in the lungs of 
MCT‑treated rats. As the pro‑inflammatory response is asso-
ciated with upregulation of cx expression or the functionality 
of cx-mediated gap junction in T lymphocytes (16-18,40-42), 
the effect of McT treatment on cx expression in T lympho-
cytes in lung tissues of McT-treated rats was studied, and in 
particular whether non‑specific blocking of channels formed 
of Cx decreased MCT‑induced pulmonary or systemic inflam-
mation. Flow cytometry was used to detect cx40 and cx43 
expression levels in cd4+ and cd8+ T lymphocyte subsets 
from lung tissues. As indicated in Fig. 8 and 9, the percentages 
of cd4+cx40+ (Control=19.78±1.82%; MCT=34.85±2.97%; 
P<0.01; Fig. 8B), CD8+cx40+ (Control=31.67±1.34%; 
MCT=39.37±1.67%; P<0.05; Fig. 8B), CD4+cx43+ 
(Control=10.43±1.76%; MCT =32.07±2.91%; P<0.01; Fig. 9B) 
and cd8+cx43+ (Control=24.17±2.15%; MCT =34.90±1.90%; 
P<0.05; Fig. 9B) double‑positive T lymphocytes were 
significantly increased in the lung tissues of MCT‑treated rats 
compared with the control rats treated with normal saline. 
Compared with the MCT‑treated group, CBX administration 

significantly decreased the McT-induced increases in the 
percentages of cd4+cx40+ (MCT, 34.85±2.97%; MCT + CBX 
26.70±1.97%; P<0.05; Fig. 8B), CD8+cx40+ (McT, 
39.37±1.67%; MCT + CBX 30.92±2.30%; P<0.05; Fig. 8B), 
cd4+cx43+ (MCT, 32.07±2.91%; MCT + CBX 22.58±1.79%; 
P<0.05; Fig. 9B) and CD8+cx43+ (MCT, 34.90±1.90%; 
MCT + CBX, 27.87±2.39%; P<0.05; Fig. 9B) double‑positive 
T lymphocytes in lung tissues.

Discussion

Elevated PAP, pulmonary vascular remodeling and RVH 
are pathophysiological characteristics of PH (43) and 
McT-induced lung damage (11). In the present study, PAP 
was assessed using the echo parameter, PAAT. A decrease 
in PAAT is associated with an increase in PAP (30). In the 
present study, McT-induced lung damage was accompanied 
by a decrease in PAAT, an increase in RVHI and thickening 
of the pulmonary arteriole walls in the McT-treated rats. A 
number of studies have demonstrated that inflammation is 
an important initial step of pulmonary arteriolar remodeling 

Figure 7. CBX administration reversed the changes in the proportions of T lymphocyte subtypes in the lungs of MCT‑treated rats. (A) Gating for T lymphocytes 
among mononuclear cells and representative flow cytometry plots of pulmonary T lymphocytes subtypes (CD4+ and cd8+). McT-treated rats exhibited 
significantly increased levels of CD3+ and cd4+ T cell infiltration in the lungs. Intraperitoneal administration of CBX reversed the changes in the percentages 
of various T lymphocyte subpopulations in the lungs of the MCT‑treated rats. (B) Bar graphs representing the proportions of various T cell subpopulations 
and cd4+/cd8+ T cell subset ratios. data are presented as the mean ± standard error of the mean of 6 rats/group. **P<0.01 vs. control. #P<0.05 and ##P<0.01 vs. 
MCT‑treated group. CBX, Carbenoxolone; CD, cluster of differentiation; CON, control; FITC, fluorescein isothiocyanate; PE, phycoerythrin; APC, allophy-
cocyanin; MCT, monocrotaline; CON, control.
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and lung damage in animal models of PH and patients with 
PH (3,44), and these alterations are closely associated with the 
development and outcome of PH (44). The histopathological 
data corroborated these results, with notable inflammatory 
infiltration in the lungs of rats treated with MCT, accompanied 
by accumulation of the pro‑inflammatory molecules, IL‑1β, 
IL-6 and TNF-α, in the lung tissues and serum. Inflammatory 
cells, in particular T lymphocytes, have been observed in 
the lungs and in the walls of resistance arteries in patients 
with PH (5). In the present study, the lung tissues exhibited 
significantly increased numbers of CD4+ T lymphocytes and 

significantly decreased numbers of CD8+ T lymphocytes in the 
McT-treated rats. The elevation of cd4+ T cells and decrease 
in cd8+ T cells in the lungs of McT rats was consistent with 
data from a previous study, which demonstrated the similar 
changes to the T lymphocyte counts in the peripheral blood of 
McT-treated rats (2).

The presence of lung inflammation in pulmonary inflam-
matory diseases  indicates that drugs targeting the adaptive 
immune component of the disease should be considered 
for treatment (13). The structures mediating direct cell-cell 
and cell extracellular environment interactions are cxs, 

Figure 8. CBX administration decreases the percentages of Cx40‑expressing CD4+ and cd8+ T cells in lung tissues of McT-treated rats. (A) Representative 
dot plots of cd4+cx40+ or cd8+cx40+ double‑positive monocytes in lungs. (B) Quantitative analysis of the percentages of CD4+cx40+ or cd8+cx40+ T cells 
indicated that the percentages of cd4+cx40+ and cd8+cx40+ T cells were significantly increased in the MCT‑treated rats compared with the control group. 
compared with the McT-treated group, the frequencies of cd4+cx40+ and cd8+cx40+ T cells were significantly decreased in the MCT + CBX group. The 
frequencies of cd4+cx40+ and cd8+cx40+ T cells were not significantly different between the lungs of control rats and the rats treated with a single intraperito-
neal injection of CBX Data are presented as the mean ± standard error of the mean of 6 rats/group. **P<0.01 vs. the control; #P<0.05 vs. McT-treated rats. APc, 
allophycocyanin; CBX, carbenoxolone; CON, control; Cx, connexin; CD, cluster of differentiation; FITC, fluorescein isothiocyanate; MCT, monocrotaline.

Figure 9. CBX administration decreases the percentages of Cx43‑expressing CD4+ and cd8+ T cells in the lung tissues of the McT-treated rats. (A) Representative 
flow cytometry plots and (B) quantitative analysis demonstrating the proportions of CD4+cx43+ or cd8+cx43+ double-positive T cells were increased in lung 
tissues of MCT‑treated rats compared with the control group. There was a significant decrease in the frequencies of CD4+cx43+ and cd8+cx43+ T cells in 
the MCT + CBX‑treated rats compared with the MCT‑treated rats. The frequencies of CD4+cx43+ and cd8+cx43+ T cells did not significantly differ between 
the lungs of control rats and the rats treated with a single intraperitoneal injection of CBX. Data are presented as the mean ± standard error of the mean of 
6 rats/group. **P<0.01 vs. the control group. #P<0.05 vs. the MCT‑treated rats. APC, allophycocyanin; CBX, carbenoxolone; CON, control; Cx, connexin; CD, 
cluster of differentiation; FITC, fluorescein isothiocyanate; MCT, monocrotaline.
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which form channels including gap junction channels and 
hemi‑channels. Cxs participate in inflammatory responses and 
regulate production of cytokines (40-42,45). cx40 and cx43 
in T cells may serve a pivotal role in mediating inflammatory 
changes (40-42,46) and the progression of hypertension-medi-
ated inflammatory response (16-20), as decreases in cx 
expression or blocking of cx43 channels in T cells resulted 
in a decreased production of inflammatory cytokines by 
T lymphocytes, decreased activation and proliferation of 
T lymphocytes and attenuated circulating inflammatory 
cell accumulation in spontaneously hypertensive rats and 
hypertensive patients (16-20). Therefore, cxs represent novel 
potential targets for the treatment of cardiovascular disease 
induced chronic low‑grade inflammation. To further ascertain 
the regulatory role of cxs in T lymphocytes in McT-induced 
PH mediated lung inflammation, and whether cxs were a 
suitable target for therapeutic intervention in lung inflamma-
tion, CBX, a Cx inhibitor, was used to investigate the effect 
of inhibiting Cx function in lung inflammation and vascular 
remodeling in McT-treated rats. Previous studies have demon-
strated the effectiveness of CBX in the treatment of acute lung 
inflammation and pulmonary inflammatory diseases (22‑24). 
CBX inhalation significantly alleviates asthma‑induced lung 
inflammation by downregulating the production of inflamma-
tory cytokines, and by decreasing inflammatory infiltration in 
perivascular areas (24). In addition, CBX has been suggested 
to be effective in the treatment of Th17-mediated autoimmune 
diseases by decreasing the number of Th17 cells and inhib-
iting the synthesis of IL-23 in antigen presenting cells (25). 
The present study demonstrated that CBX administration in 
the McT-treated rats decreased PAAT, RVHI and pulmonary 
vascular remodeling. The data from the collagen staining 
assay also demonstrated a significant therapeutic effect of 
CBX in decreasing collagen fiber proliferation and inflam-
matory infiltration. Similarly, CBX administration decreased 
MCT‑induced lung inflammation by downregulating the levels 
of IL-1β, IL-6 and TNF-α, and by decreasing the counts 
of cd3+cd4+ T cells in lung tissues. Furthermore, IL-10 
levels, an anti‑inflammatory cytokine, were increased in the 
lungs of CBX‑administered rats. These results are similar 
to our previous studies (17,19,20) indicating that gap junc-
tion blockers or anti‑inflammatory agents (H2S donor and 
β‑estradiol) prevent hypertension‑mediated inflammation by 
decreasing inflammatory cytokine synthesis/secretion and 
preventing an imbalance between T cell subsets in experi-
mental rats and patients with hypertension. The results suggest 
that CBX may alleviate MCT‑induced PAH and may protect 
against MCT‑induced inflammatory response by suppressing 
inflammation.

As aforementioned, our recent studies have demonstrated 
the role of cx-based gap junctions in hypertension-mediated 
inflammatory responses (16‑20), and various anti‑inflammatory 
agents and Cx blockers were observed to decrease inflamma-
tion by inhibiting cx expression or function in peripheral blood 
lymphocytes of hypertensive animals and patients (16,17). In 
an attempt to clarify the molecular mechanisms underlying 
the anti‑inflammatory effects of CBX in MCT‑mediated 
pulmonary inflammation in rats, the expression of Cx40 and 
cx43 in T lymphocyte subsets was analyzed in lung tissue 
homogenates. The results indicated that the percentages of 

cx40 and cx43 expressing T lymphocytes were upregulated 
in lungs of the McT rats, indicating an association between 
Cxs in T lymphocytes and MCT‑mediated lung inflammation. 
This suggests a functional significance of Cxs in controlling 
T lymphocyte‑mediated pulmonary inflammation and pulmo-
nary vascular remodeling. CBX administration decreased the 
percentages of cx40- and cx43-expressing T lymphocytes in 
the lungs of McT-treated rats. Therefore, it may be assumed 
that CBX exerts its anti‑inflammatory and protective effects on 
lungs in McT-treated by inhibiting cx40 and cx43 expression 
in T lymphocytes. These results highlight mononuclear cxs as 
a potential target for treating pulmonary inflammation. 

The present study has the following limitations. Firstly, only 
one animal model of MCT‑induced pulmonary inflammation 
was established; other rodent models of PH or lung inflamma-
tion and larger animals should be examined, to verify long-term 
efficacy and safety of CBX therapy on PH or lung inflamma-
tion. Secondly, the present study did not analyze the expression 
levels of cytokines at the protein level by western blot analysis. 
Although the analysis of cytokines protein expression levels 
may provide a more convincing evidence for the therapeutic 
effect of CBX on MCT induced pulmonary inflammation, a 
recent study demonstrated that carbenoxolone may decrease 
pro‑inflammatory cytokine levels in lungs [IL‑17, C‑C motif 
chemokine 5, chemokine (C‑X‑C motif) ligand 1, C‑C motif 
chemokine 2, TNF-α, and IL-6] in a murine model of lung 
ischemia-reperfusion injury (47). Therefore, carbenoxolone is 
hypothesized to prevent the production of pro‑inflammatory 
cytokines from serum and lung in pulmonary inflammation. 
In addition, only 1 experimental method was used to detect 
the expression levels of cxs. Future studies will be required to 
further determine the alterations of cxs expression at a protein 
level in T lymphocytes of lung tissues and peripheral blood 
using immunoblotting. Thirdly, CBX has not exhibited a clear 
selectivity for any particular Cx subtypes; other mechanisms 
of action, unrelated to cxs inhibition, are considered to be 
involved in their anti‑inflammatory effects (43). Thus, only the 
specific blockade of Cxs in T lymphocytes completely explain 
the role of Cxs in MCT‑induced pulmonary inflammation. 
Although we have also tried to prevent McT-induced pulmo-
nary inflammation in vivo by i.p. injection of Cx43 specific 
mimetic peptide Gap27 (Gap27), both chronic (4 weeks) and 
short-term (1 week) treatment schedules of Gap27 resulted 
in the death of normal and McT-treated animals, owing to 
the systemic effect of Gap27 (Fan et al, unpublished data). 
Therefore, systemic knockdown of cx or systemic inhibition 
of cxs systemically may affect reproduction and life span 
or survival of experimental animals, which is not beneficial 
to the study of chronic lung inflammation. However, condi-
tional T lymphocytes-specific knockdown of cxs using 
cre/loxP-regulated RNA interference (RNAi) may be the 
best choice for studying the role of cxs in McT or pulmo-
nary hypertension mediated inflammation, although it is not 
clear whether RNAi knockdown of cx43 will affect survival 
in hypertensive animals. Further studies will be designed to 
determine whether Cxs is involved in pulmonary inflammatory 
disease using conditional T lymphocyte‑specific knockdown 
of cxs, or small interfering RNA (siRNA) targeting of cxs in 
T lymphocytes by siRNA strategies. Finally, although having 
determined the involvement of Cxs in pulmonary inflamma-
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tion in the present study and previous studies (43,48), future 
studies are required to examine whether the changes of cxs 
and the effect of CBX on Cxs are present in different pulmo-
nary inflammation‑associated cell types of the lung tissues, 
including pulmonary arterial endothelium, smooth muscle and 
alveolar macrophages.

despite these limitations, the present study provided 
important evidence that cxs and cxs-based channels in 
T lymphocytes may have an important role in pulmonary 
inflammatory diseases, and inhibition of the Cxs‑based 
channels using CBX attenuated MCT‑induced pulmonary 
inflammation and pulmonary arteriolar thickening, as well as 
RVH by decreasing pulmonary inflammatory monocyte infil-
tration and inhibiting pro‑inflammatory cytokine production 
in the lungs. The beneficial effects of CBX were accompanied 
by attenuation of cx40 and cx43 expression in T lymphocytes 
in lung tissues in the CBX‑treated MCT rats. Together, the 
present and previous studies from our study group support 
the hypothesis that cx and cx-based channels may be novel 
therapeutic targets for decreasing the T lymphocyte-medi-
ated inflammatory response in PH and other pulmonary 
inflammatory diseases.
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