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Abstract. – OBJECTIVE: The aim of this 
study was to investigate the regulatory role of 
micro-ribonucleic acid (miR)-135a in monocro-
taline (MCT)-induced pulmonary arterial hyper-
tension (PAH) in rats, and to analyze the possi-
ble regulatory mechanism. 

MATERIALS AND METHODS: A total of 30 
Sprague-Dawley rats were randomly divided in-
to three groups, including the blank control 
group, model group and miR-135a inhibitor in-
tervention group. The right ventricular systol-
ic pressure (RVSP) and right ventricle hypertro-
phy index (RVHI) were measured in rats of each 
group. Hematoxylin and eosin (HE) staining was 
adopted to detect the pathological changes in 
lung tissues of rats. Enzyme-linked immunosor-
bent assay (ELISA) was performed to measure 
the levels of interleukin-6 (IL-6) and IL-1β in lung 
tissues. Meanwhile, the messenger RNA (mR-
NA) and protein levels of β-catenin and glyco-
gen synthase kinase-3β (GSK-3β) in lung tissues 
of rats were determined via Reverse Transcrip-
tion-Polymerase Chain Reaction (RT-PCR) and 
Western blotting assay, respectively. 

RESULTS: Compared with the blank control 
group, RVSP and RVHI increased significantly in 
the model group. The pathological morphology 
of the lung tissues was poor, and the content of 
IL-6 and IL-1β was markedly up-regulated in the 
model group. Meanwhile, the mRNA and protein 
levels of β-catenin and GSK-3β were notably el-
evated in the model group than the blank con-
trol group. In the miR-135a inhibitor intervention 
group, RVSP and RVHI decreased significantly, 
and the pathological morphology of lung tissues 
was evidently improved when compared with 
the blank control group. Furthermore, the con-
tent of IL-6 and IL-1β was remarkably reduced, 
and the mRNA and protein levels of β-catenin 
and GSK-3β were significantly declined in the 
miR-135a inhibitor intervention group. 

CONCLUSIONS: MiR-135a inhibitor signifi-
cantly alleviates inflammatory response in the 
lung tissues and ameliorates damage to the 
pathological morphology. The possible under-
lying mechanism may be associated with the 
β-catenin/GSK-3β signaling pathway.
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Introduction

Pulmonary arterial hypertension (PAH) is a 
severe disease characterized by a progressive 
increase in pulmonary vascular resistance and 
artery pressure caused by pulmonary artery 
occlusion. Meanwhile, PAH is accompanied 
by irreversible pulmonary vascular remodeling, 
eventually resulting in right heart failure relat-
ed death1,2. The characteristics of PAH include 
increased pulmonary vascular resistance, pul-
monary vascular endothelial dysfunction and 
aggravated thrombosis and inflammatory re-
sponse. However, the pathogenesis of PAH is 
complex and remains unknown. Major theories 
of PAH pathogenesis include abnormal prolif-
eration and differentiation of pulmonary artery 
smooth muscle cells and endothelial cells, as 
well as excessive proliferation and migration 
of pulmonary vascular fibroblasts3,4. In recent 
years, researchers have paid more and more 
attention to the important role of abnormal pro-
liferation of pulmonary artery smooth muscle 
cells in the pathogenesis of PAH. Under nor-
mal physiological conditions, pulmonary artery 
smooth muscle cells are quiescent in organisms. 
However, they are in a state of abnormal prolif-
eration in patients with PAH5.

The β-catenin/glycogen synthase kinase-3β 
(GSK-3β) signaling pathway is a vital signaling 
pathway in the Wnt family. When stimulated, 
the Wnt protein can penetrate the cell membrane, 
activate downstream signals in the cytoplasm and 
promote the GSK-3β compound to detach from 
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the complex. This may eventually trigger the dis-
turbance of β-catenin ubiquitination and lead to 
massive β-catenin deposition in the cytoplasm6,7. 
Acting as a downstream target of β-catenin, GSK-
3β widely existed in cells. Meanwhile, it regulates 
multiple biological processes, such as cell surviv-
al, proliferation, differentiation and apoptosis8. 
Bahrami et al9 have indicated that GSK-3β plays 
a crucial role in the growth, development and 
senescence of living individuals.

Microribonucleic acids (miRNAs) are a catego-
ry of highly conserved non-coding single-strand-
ed RNAs with 20-25 nucleotides in length. MiR-
NAs mainly promote the degradation of target 
genes or inhibit their translation into proteins. 
A large number of researches have found that 
miRNAs participate in the occurrence and devel-
opment of PAH10. Currently, studies have demon-
strated that miR-135a is significantly up-regulat-
ed in PAH patients. However, its mechanism of 
regulating PAH has not been fully elucidated. In 
this paper, a rat model of PAH was successfully 
established via intraperitoneal injection of mono-
crotaline (MCT). The aim of this study was to 
investigate the role of miR-135a inhibitor in PAH, 
and to explore the regulatory mechanism.

Materials and Methods

Laboratory Animals
Sprague-Dawley rats used in this experiment 

were purchased from the Laboratory Animal 
Center of Sun Yat-Sen University. All rats were 
fed under the conditions of 12/12 h light/dark cy-
cle and constant temperature of (22±2)°C. Mean-
while, the rats were given free access to water 
and food. This study was approved by the Animal 
Ethics Committee of Xuhui District Central Hos-
pital Animal Center. 

Experimental Reagents
MCT (Sigma-Aldrich, St. Louis, MO, USA), 

β-catenin, GSK-3β and β-actin antibodies (Cell 
Signaling Technology, Danvers, MA, USA), 
Horseradish Peroxidase (HRP)-labeled secondary 
antibodies (Beijing Bioss Biological Technology 
Co., Ltd., Beijing, China), 4% paraformaldehyde 
and diaminobenzidine (DAB) developer (Beijing 
Solarbio Science & Technology Co., Ltd., Bei-
jing, China), interleukin-6 (IL-6) and IL-1β kits 
(Abcam, Cambridge, MA, USA), and β-catenin 
and GSK-3β primers (Thermo Fisher Scientific, 
Waltham, MA, USA).

Experimental Instruments
PowerLab Biological Signal Collection and 

Processing System was purchased from ADIn-
struments (Bella Vista, NSW, Australia), Poly-
merase Chain Reaction (PCR) instrument from 
Hangzhou LongGene Scientific Instruments Co., 
Ltd. (Hangzhou, China), and microplate reader 
from Thermo Fisher Scientific (Waltham, MA, 
USA).

Establishment of Rat Model of PAH
A total of 30 rats were randomly divided into 

three groups, including the blank control group, 
model group and miR-135a inhibitor intervention 
group. The symptoms of PAH model established 
through the injection of monocrotaline, a kind of 
alkaloid, were the most similar to those of human 
idiopathic PAH. In this experiment, MCT (60 mg/
kg) was injected intraperitoneally to establish the 
rat model of PAH in the model group and miR-
135a inhibitor intervention group. 14 d later, the 
modeling status was observed among the rats. 
Meanwhile, rats in the blank control group were 
intraperitoneally injected with normal saline as 
controls.

Measurement of Right Ventricular 
Systolic Pressure (RVSP) and Right 
Ventricle Hypertrophy Index (RVHI)

The rats in each group were intraperitoneal-
ly injected with pentobarbital sodium (40 mg/
kg). After anesthesia, an incision was made on 
the neck. The right external jugular vein was 
dissected using a blunt separator. After ligating 
the distal end of the external jugular vein, the 
proximal end was cut open. Subsequently, a PE-
50 catheter was gently inserted, with the other 
end connected to a pressure converter. The po-
sition of the catheter was determined according 
to the changes in pressure value and pressure 
curve displayed on the screen. The catheter was 
then fixed after the pulmonary arterial pressure 
waveform occurred. RVSP was recorded using 
the PowerLab Biological Signal Collection and 
Processing System. After that, the catheter was 
withdrawn, and the right external jugular vein 
was ligated. Next, the heart was separated. The 
ventricle was cut into two parts, namely right 
ventricular free wall (RV) and left ventricle + 
septum (LV+S), followed by weighing separate-
ly. The ratio of RV to LV+S was calculated as 
RVHI [RVHI = RV/(LV+S)]11.
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Detection of Changes in Pathological 
Morphology of Rat Lung Tissues via 
Hematoxylin and Eosin (HE) Staining

The lung tissues of rats in each group were 
dissected and soaked in paraformaldehyde for 
fixation. Then, the tissues were dehydrated in 
80% ethanol and embedded in paraffin. After 
being sliced into sections and deparaffinized with 
xylene, the sections were dehydrated in a gradient 
of ethanol. Next, the sections were stained with 
hematoxylin and eosin for 1 min, respectively, 
followed by washing with Phosphate-Buffered 
Saline (PBS; Gibco, Grand Island, NY, USA) 
3 times (5 min each). Finally, the tissues were 
mounted in neutral resin and observed under a 
microscope.

Detection of IL-6 and IL-1β Levels in 
Rat Lung Tissues via Enzyme-Linked 
Immunosorbent Assay (ELISA)

The lung tissues of rats were extracted, ground 
and centrifuged. Then, the supernatant was col-
lected. According to the instructions of ELISA 
kit (R&D Systems, Minneapolis, MN, USA), 100 
μL Assay Diluent RD1W solution was added into 
each well, followed by addition of 100 μL stan-
dard substance and sample for 2 h of incubation 
at room temperature. Subsequently, the solution 
was absorbed, and 200 μL Substrate Solution was 
added for 20 min of incubation. 50 μL stop buffer 
was added to terminate the reaction. Finally, the 
absorbance at λ =450 nm was measured.

Detection of Messenger RNA (mRNA) 
Levels of β-Catenin and GSK-3β in Rat 
Lung Tissues via Reverse Transcription 
(RT)-PCR

Total RNA was extracted from lung tissues 
of rats in each group using the TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA). After the ad-
dition of chloroform and isopropyl alcohol, the 
tissues were centrifuged and the supernatant 
was collected. The concentration of extracted 
RNA was measured. Subsequently, RNA sam-
ple was reversely transcribed into complemen-
tary deoxyribose nucleic acid (cDNA) accord-
ing to the instructions of the RT kit. Specific 
Polymerase Chain Reaction (PCR) amplification 
was performed as follows: annealing at 58°C 
for 35 cycles. After that, 1% agarose gel elec-
trophoresis was conducted. Primer sequences 
used in this study were as follows: β-catenin, F: 
5’-CAAGCGAATCCTCACACGC-3’, R: 5’-GC-
TACGGACGTATCCGGAGCC-3’; GSK-3β, F: 

5’-ATGCCAAGTGGCAGGATAA-3’, R: 5’-GC-
GAGCGACTACCTCAGTACT-3’; β-actin: F: 
5’-CCTGGCACCCAGCACAAT-3’, R: 5’-GCT-
GATCCACATCTGCTGGAA-3’.

Detection of Protein Levels of β-Catenin 
and GSK-3β in Rat Lung Tissues via 
Western Blotting Assay

Total proteins in lung tissues of rats in each 
group were extracted. The tissues were lysed us-
ing lysis buffer (Beyotime, Shanghai, China), fol-
lowed by centrifugation and collection of the su-
pernatant. The concentration of extracted protein 
was determined by the Bradford method. Subse-
quently, extracted protein samples were separated 
by 10% sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred 
onto polyvinylidene difluoride (PVDF) mem-
branes (Millipore, Billerica, MA, USA) at 25 V 
for 2.5 h. After sealing with 5% bovine serum 
albumin (BSA), the membranes were washed 
with Tris-Buffered Saline and Tween 20 (TBST, 
Sigma-Aldrich, St. Louis, MO, USA) for 5 min 
and incubated with primary antibodies at 4°C 
overnight. On the next day, the membranes were 
incubated with secondary antibodies at room 
temperature for 1 h. Color development was per-
formed with diaminobenzidine (DAB; Solarbio, 
Beijing, China) developer. The optical density 
of immune-reactive bands was analyzed using 
Image J software (NIH, Bethesda, MD, USA). 
β-actin was used as an internal control.

Statistical Analysis
Statistical Product and Service Solutions 

(SPSS) 17.0 software (SPSS Inc., Chicago, IL, 
USA) was adopted for all statistical analysis. 
Experimental data were presented as mean ± 
standard deviation. One-way analysis of variance 
(ANOVA) was used to compare the differences 
among different groups, followed by Post-Hoc 
Test (Least Significant Difference). p<0.05 was 
considered statistically significant.

Results

Establishment of PAH Model in Rats
7 d after injection, the body weight, activity 

amount and food intake decreased significantly 
in the rat model of PAH. As for modeling by 
MCT injection, it has been reported that an ideal 
PAH model can be established within about 14 d. 
After the rats were sacrificed, the lung surface 
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was smooth and off-white, with poor elasticity. 
Meanwhile, the right ventricle was thickened. 
According to the measurement of pulmonary 
artery pressure via PowerLab Biological Signal 
Collection and Processing System, pulmonary 
artery pressure value >25 mmHg indicated the 
successful establishment of PAH model in rats. 
Subsequently, the rats were used for subsequent 
experiments.

The RVSP and RVHI Declined in 
Rats After Intervention with 
MiR-135a Inhibitor

Statistical analysis was performed in accor-
dance with the results of the PowerLab Biological 
Signal Collection and Processing System. The 
results showed that compared with the blank 
control group, the RVSP increased (>25 mmHg) 
in the model group, displaying a statistically 
significant difference (**p<0.01). However, the 
RVSP decreased markedly after intervention with 
miR-135a inhibitor compared with that of the 
model group (##p<0.01; Figure 1A). This suggest-
ed that miR-135a inhibitor could reduce RVSP 
in PAH rats. According to the records of RV and 
LV+S in rats of each group, RVHI was calculat-
ed. The results indicated that RVHI in the blank 
control group was remarkably lower than that of 
the model group (**p<0.01). Meanwhile, it de-
creased markedly in miR-135a inhibitor interven-
tion group in comparison with the model group 
(#p<0.05; Figure 1B). The above results indicated 
that miR-135a inhibitor could reduce RVSP and 
RVHI in rats prominently.

Pathological Morphology of Rat Lung 
Tissues was Improved after Intervention 
with MiR-135a Inhibitor

HE staining of rat lung tissues in each group 
indicated that lung tissue cells were normal in 
morphology and were arranged closely in the 
blank control group. In the model group, the 
tunica media of the lung tissues were thickened 
evidently, and the cells were arranged loosely. 
Compared with the model group, the degree of 
vascular hypertrophy of lung tissues decreased 
markedly in the miR-135a inhibitor intervention 
group. Furthermore, the pathological damage was 
ameliorated prominently.

IL-6 and IL-1β Levels in Rat Lung  
Tissues were Down-Regulated after  
Intervention with MiR-135a Inhibitor

The expression levels of IL-6 in the superna-
tant of lung tissues were (4.88±0.51), (25.08±1.33) 
and (12.66±1.40) ng/L in the blank control group, 
model group and miR-135a inhibitor interven-
tion group, respectively (Figure 3A). Statistical 
analysis indicated that the level of IL-6 in lung 
tissues was significantly elevated in the mod-
el group in comparison with the blank control 
group (**p<0.01). However, it was markedly de-
clined after intervention with miR-135a inhibitor 
(##p<0.01). Subsequently, the level of IL-1β in rat 
lung tissues was detected as well. The results 
demonstrated that the level of IL-1β in lung tis-
sues of the model group was evidently higher 
than that of the blank control group (**p<0.01). 
However, it decreased remarkably after interven-

Figure 1. RVSP and RVHI of rats. A, RVSP of rats, B, RVHI of rats. (**p<0.01, ##p<0.01, #p<0.05). 
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tion with miR-135a inhibitor (#p<0.05; Figure 3B). 
These results manifested that miR-135a inhibitor 
was capable of alleviating inflammatory response 
in the lung tissues of PAH rats.

The mRNA Levels of β-Catenin and 
GSK-3β in Rat Lung Tissues were 
Repressed after Intervention with 
MiR-135a Inhibitor

The changes in the mRNA levels of β-caten-
in and GSK-3β in the β-catenin/GSK-3β signal-
ing pathway were detected by RT-PCR (Figure 
4A). The results discovered that compared with 
the blank control group, the mRNA levels of 
β-catenin and GSK-3β in the lung tissues of the 
model group increased significantly (*p<0.05, 

**p<0.01). However, they decreased notably after 
intervention with miR-135a inhibitor (#p<0.05, 
#p<0.05; Figure 4B). The findings manifested that 
miR-135a inhibitor could suppress the activation 
of the β-catenin/GSK-3β signaling pathway at the 
transcription level.

The Protein Levels of β-Catenin and 
GSK-3β in Rat Lung Tissues were 
Repressed after Intervention with 
MiR-135a Inhibitor

To further explore the mechanism of miR-135a 
inhibitor in the rat model of PAH, the protein 
levels of β-catenin and GSK-3β in the β-catenin/
GSK-3β signaling pathway were detected via 
Western blotting. The analysis of the optical 

Figure 2. Changes in pathological morphology of rat lung tissues detected via HE staining (20×).

Figure 3. IL-6 and IL-1β levels in rat lung tissues. A, IL-6 level in rat lung tissues, B, IL-1β level in rat lung tissues. 
(**p<0.01, ##p<0.01, #p<0.05). 
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density of bands (Figure 5A) revealed that the 
protein expression levels of β-catenin and GSK-
3β were significantly up-regulated in the model 
group when compared with the blank control 
group (*p<0.05, *p<0.05). However, they were 
significantly down-regulated after intervention 
with miR-135a inhibitor (##p<0.01, #p<0.05; Fig-
ure 5B). The results indicated that miR-135a 
inhibitor might exert therapeutic effects on the 
rat model of PAH by repressing the β-catenin/
GSK-3β signaling pathway.

Discussion

PAH is a chronic, progressive fibrotic lung 
disease characterized by intimal hyperplasia 
and remodeling of small pulmonary arteries. 
The primary pathological changes of PAH in-

clude collagen fiber deposition in lung tissues, 
hypertrophy and abnormal proliferation of pul-
monary artery smooth muscle cells and pulmo-
nary thrombosis12. However, the pathogenesis of 
PAH has not been fully elucidated. Generally, 
hypoxic pulmonary vasoconstriction, pulmo-
nary vascular remodeling, pulmonary vascular 
endothelial dysfunction and autoimmune ab-
normality are accepted theories for PAH patho-
genesis. Recently, researchers have discovered 
that the inflammatory response in PAH patients 
is abnormal. Hashimoto-Kataoka et al13 have 
found that the expression of IL-6 is remarkably 
elevated in the serum of PAH patients. Mean-
while, the downstream target IL-21 is abnor-
mally activated, further aggravating the inflam-
matory response. Lei et al14 have indicated that 
the levels of serum IL-1β and TNF-α increase 
notably in PAH patients, while those of IL-10 

Figure 4. MRNA levels of β-catenin and GSK-3β. A, RT-PCR bands, with β-actin as the internal reference, B, Statistical 
charts of bands. (**p<0.05, ##p<0.01, #p<0.05).

Figure 5. Protein levels of β-catenin and GSK-3β. A, Western blotting bands, with β-actin as the internal reference, B, 
Statistical charts of bands. (**p<0.05, ##p<0.01, #p<0.05).
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and cGMP are markedly down-regulated. These 
findings indicate that abnormal inflammatory 
response plays a vital role in PAH.

As a multifunctional factor regulating cell 
activity, β-catenin is involved in various pro-
cesses, including abnormal proliferation, differ-
entiation and migration15. The expression level 
of β-catenin is positively correlated with the 
severity of pulmonary fibrosis. That is, highly 
expressed β-catenin indicates severe pulmonary 
fibrosis. Some studies have revealed that if the 
expression of β-catenin is suppressed by miR-
NA inhibitors, the production of myofibroblasts 
will be inhibited. This may eventually repress 
the occurrence of pulmonary fibrosis. GSK-3β, a 
downstream gene of β-catenin, plays crucial roles 
in embryogenesis and adult tissue homeostasis16. 
The β-catenin/GSK-3β signaling pathway exerts 
key effects on the oxidative stress response, in-
flammatory response and fibro-genic response. 
In particular, the pathway plays a crucial role 
in pulmonary fibrosis. Previous studies have in-
dicated that inhibition on the activation of the 
β-catenin/GSK-3β signaling pathway can repress 
the occurrence and development of pulmonary 
fibrosis to a great extent. Silencing of GSK gene 
may lower or completely block the expression of 
fibronectin, thereby repressing the transformation 
of lung fibroblasts into myofibroblasts. For exam-
ple, Cheng et al17 have discovered that T helper 17 
cells exert key effects on acute lung injury. The 
possible mechanism is associated with the activa-
tion of the Wnt/β-catenin signaling pathway. This 
implies that searching for targeted drugs capable 
of regulating β-catenin provides novel ideas for 
PAH treatment.

MiRNAs are short-chain small RNAs partic-
ipating in the regulation of the transcription or 
translation of target genes or proteins. In recent 
years, the relationship between miRNAs and 
diseases has become a hotspot of research in 
the medical field. For example, miR-135a has 
been found to be involved in multiple biolog-
ical processes in the body. It mediates the oc-
currence and development of various diseases, 
such as coronary heart disease, hypertension 
and tumors18,19. Lee et al20 have discovered that 
abnormal expression of miRNAs can induce 
the occurrence and development of PAH. How-
ever, few papers have elucidated the relation-
ship between miR-135a and PAH.

In this report, the rat model of PAH was suc-
cessfully established via intraperitoneal injection 
of MCT. The results revealed that compared with 

the model group, the pathological damage to lung 
tissues of rats was ameliorated prominently, and 
RVSP and RVHI declined remarkably after treat-
ment with the miR-135a inhibitor. Meanwhile, the 
release of inflammatory factors was significantly 
reduced. To further explore the regulatory mech-
anism, the mRNA and protein expressions of 
β-catenin and GSK-3β in the β-catenin/GSK-3β 
signaling pathway were detected. Quantitative 
Real Time-Polymerase Chain Reaction (QRT-
PCR) and Western blotting showed that the mR-
NA and protein expressions of β-catenin and 
GSK-3β were both significantly down-regulated 
after the intervention with miR-135a inhibitor. 
Our findings indicated that miR-135a inhibitor 
exerted its therapeutic effects on the rat model of 
PAH by inhibiting the β-catenin/GSK-3β signal-
ing pathway.

Conclusions

We found that miR-135a inhibitor can signifi-
cantly alleviate inflammatory response in lung 
tissues and ameliorate damage to the pathological 
morphology. The possible underlying mechanism 
may be associated with the β-catenin/GSK-3β 
signaling pathway.
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