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ABSTRACT: This study aimed to investigate the role of the phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt)
signaling pathway in the pulmonary vascular remodeling (PVR) of pulmonary arterial hypertension (PAH) in rats.
A PAH model in rats was established through a left pneumonectomy and monocrotaline (MCT) injection, using the
transglutaminase 2 (TG2) inhibitor cystamine dihydrochloride for intervention. Thirty healthy male Sprague Dawley
rats were randomized into a control group, a model group, and an intervention group (n = 10 for each group).
The mean pulmonary arterial pressure (mPAP) was measured in all groups after 35 days, and the right ventricular
hypertrophy index (RVHI) was calculated. Hematoxylin and eosin and lung elastic-fiber staining were used on the rats’
lung tissue in all three groups. The changes in pulmonary blood vessels and lung tissue force and the percentage of
medial hypertrophy of small pulmonary arteries (WT%), vessel wall area to total area ratio (WA%), and the neointimal
proliferation degree were observed. The Akt messenger RNA (mRNA) expression levels of lung tissues in all three
groups were measured using a real-time polymerase chain reaction (RT-PCR) assay, and the protein expression levels of
Akt and phosphorylated Akt (p-Akt) in all three groups were measured using a Western blot assay. The results indicated
that the PI3K/Akt signaling pathway might play a substantial role in inhibiting pulmonary vascular remodeling (PVR)
following intervention with a TG2 inhibitor.
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INTRODUCTION

PAH is a progressive disorder characterized by high
blood pressure (hypertension) in the arteries of the
lungs (pulmonary artery), eventually resulting in death
due to right heart failure [1]. Pathological studies
have found that PVR is the most important pathological
feature of PAH [2]. However, the diagnosis for patients
with PAH is often challenging, as there is no precise
and effective treatment regime, and the pathogenesis
remains unclear.

The PI3K/Akt signaling pathway widely exists in
cells. Currently, most studies focus on its role in the
occurrence and the development of tumors [3, 4]. It is
abnormally activated in many malignant tumors, and
the activated product combines with Akt to change its
conformation. PI3K promotes the phosphorylation of
Akt at Thr308 by 3-phosphoinositol-dependent protein
kinase-1, leading to the activation of Akt into p-Akt
with phosphokinase activity [5]. Recent studies [6–8]
have shown that the PI3K/Akt signaling pathway is in-
volved in the regulation of the proliferation, migration,
and apoptosis of pulmonary artery smooth muscle cells
(PASMCs) and pulmonary vascular endothelial cells;
thus, the pathway plays an essential role in vascular
remodeling.

Recent studies have shown that TG2 is involved in

PVR in PAH [9, 10]. However, its mechanism of action
remains unclear. The PI3K/Akt signaling pathway
is an anti-apoptotic signaling pathway. Studies [11]
have shown that the activation of TG2 expression can
subsequently activate the PI3K/Akt signaling pathway,
resulting in uncontrolled cell growth. In the MCT
induced rat pulmonary hypertension animal model,
the Akt signaling pathway is involved in PVR [12].
Cystamine dihydrochloride is a unique competitive
amine TG2 inhibitor with irreversibility [13]. In the
present study, a PAH animal model was established us-
ing left pneumonectomy and MCT injection. The TG2
inhibitor cystamine dihydrochloride was used as an
intervention, and the Akt gene and protein expression
changes were observed. Based on previous studies,
the prevention of PAH formation using TG2 inhibitors
was continuously investigated in order to identify if
this intervention was related to the activation of the
PI3K/Akt signaling pathway.

MATERIALS AND METHODS

Laboratory animals

Thirty clean-grade healthy male Sprague Dawley rats,
aged 6–8 weeks and weighing 300–350 g, were used
for this study. This study was conducted with approval
from the Ethics Committee of The Affiliated Hospital of
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Southwest Medical University.
All animals were treated in compliance with the

National Research Council’s Guide for the Care and Use
of Laboratory Animals (1996).

Establishment of the pulmonary arterial
hypertension animal model

A PAH animal model of rats was established by es-
tablishing left pneumonectomy and MCT injection,
according to Wang et al [14]. The rats were randomly
separated into three groups of ten: control, model,
and intervention groups. According to the modeling
method, the control group received no intervention,
and the model group underwent left pneumonectomy
with MCT (Sigma Company, USA) (60 mg/kg) in-
jected subcutaneously into the back on day seven after
surgery [15]. The intervention group underwent left
pneumonectomy and MCT injection in the same way
as the model group but received an intraperitoneal
injection of cystamine dihydrochloride (Sigma Com-
pany) (112 mg/kg) once daily from day five after
surgery [16] until day 35. The rats in all groups
were allowed to take water and food freely. They
were euthanized after the mPAP was measured on day
35, then the tissue samples of their right lungs were
collected.

Detection of hemodynamic indexes

The mPAP was recorded as the Ref. [17]. Tissue sam-
ples from the right lung and the entire heart were taken
from each rat. The free wall of the right ventricle (RV),
the left ventricle (LV), and the interventricular septum
(LV+ S) were separate; and the ratio (RV/[LV+S]) was
calculated after weighing to obtain the RVHI.

Detection of the histopathological indexes of the
lung

The right lung tissue samples were routinely embedded
in paraffin, and sections were made for hematoxylin
and eosin (H&E) and elastic-fiber staining. Ten fields
in each H&E-stained section were randomly observed,
with pulmonary arterioles of a diameter ¶150 µm
as the observation objects. The neointimal forma-
tion on the outer sides of the inner elastic plate and
the endothelial cells was observed, and the num-
ber of blood vessels with neointimal formation was
counted. Between 30 and 40 pulmonary arterioles
were randomly observed per section. The prolifer-
ation of neointima was calculated: proliferation of
neointima (%) = (the number of blood vessels with
neointimal formation/the total number of observed
blood vessels)×100%.

Images were processed with ImagePro Plus soft-
ware, and the total area, the wall area, the circumfer-
ence of the midline, the blood vessel thickness, and the
inner and the outer diameters of the blood vessels were
investigated. Approximately 15–20 small vessels were

observed in each section, and the average value was
calculated. The calculations were as follows: media
thickness (MT) of blood vessel = cross-sectional wall
area/the circumference on midline; vascular radius
= circumference on midline/2π; intravascular (ex-
ternal) diameter = vascular radius − (+) thickness;
WT% = (MT of pulmonary arteriole/vascular outer
diameter)×100%; and WA% = (vascular wall area/-
total vascular area)×100%.

Measurement of protein kinase messenger RNA
expression levels using RT-PCR

The lung tissues were removed from the rat and frozen,
and the instructions for TRIzol (BIOWEST Company,
France) were used to test the integrity of the RNA using
agarose gel electrophoresis.

The RNA was reversely transcribed into comple-
mentary DNA (cDNA) for PCR amplification using ran-
dom primers and reverse transcriptase. The amplified
target gene was designed with primers based on the
gene sequence of rat Akt in the National Center for
Biotechnology Information gene database. β-actin was
used as the internal reference, and the primers were
synthesized by a company (TaKaRa, Japan). The
quality qualification test was passed.

The relative expression of the target gene was
calculated using ∆Ct. The relative expression of the
target gene = 2−∆∆Ct, with 2−∆∆Ct representing the
fold of the relative expression of the target gene in
relation to the control group. ∆∆Ct was the final
quantitative result for statistical analysis.

Analysis of protein kinase and phosphorylated
protein kinase activity in lung tissues using
western blotting

The frozen lung tissues were removed to extract the
protein following the TRIzol instructions, and the pro-
tein content was measured using bicinchoninic acid
assay and sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The band diagram was measured and
analyzed for band density using ImageJ software. The
relative expression level of the target protein = the
band density of the target protein/the band density of
the internal reference protein. In this study, tubulin
was used as the internal reference protein.

Statistical analysis

All data obtained in this study were expressed as
mean± standard deviation (SD). The data in each
group were analyzed using SPSS 20.0 software, and
a one-way analysis of variance was used for statistical
analysis. The mean between the groups was compared
using Fisher’s least significant difference method. p <
0.05 was considered statistically significant.
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Fig. 1 Comparison of the mPAP and RVHI of the rats in control, model, and intervention groups: A, the mPAP; B, the RVHI.

Fig. 2 Hematoxylin-eosin staining (×400) of the lung tissue from rats in: A, control group; B, model group; C, intervention
group.

RESULTS

General conditions of the rats in each group

Rats in the three groups were raised in the same envi-
ronment. During the study, it was observed that rats in
the model group gradually developed decreased food
intake and activity, slow reactions, weight loss, tachyp-
nea, and wheezing, with symptoms becoming progres-
sively aggravated; in some cases, hepatomegaly, heart
failure, and death occurred. These symptoms also
occurred in some rats in the intervention group but
with less severity, and fewer deaths occurred. Rats in
the control group remained in good condition, with no
obvious characterization of the above symptoms, and
no deaths occurred.

As shown in Fig. 1, the mPAP and (RV/[LV + S])
of the rats in the model group were 55.92±4.30 and
57.60±3.62; and in the control group, they were
25.31±2.68 and 28.24±2.16, respectively, with a
statistically significant difference (p < 0.05) After in-
tervention with cystamine dihydrochloride, the mPAP
and (RV/[LV + S]) in the intervention group were
36.55±2.80 and 38.30±3.11, significantly lower than
in the model group, which were 55.92±4.30 and
57.60±3.62 (p < 0.05), respectively.

Comparison and morphological observations of
lung tissues of the rats in each group

Hematoxylin and eosin-stained sections of lung
tissues

As shown in Fig. 2, the wall thickness of the pul-
monary arterioles in the rats in the model group was
significantly increased. The lumen became narrowed;
and in some cases, part of the lumen was completely
occluded. Besides, more inflammatory cell infiltration
was observed around vessels in the model group. The
wall thickness of the pulmonary arterioles of the rats in
the intervention group was increased compared with
the control group but significantly reduced compared
with the model group. In contrast, the pulmonary
arterioles of the rats in the control group had relatively
thin walls and large lumens with no occlusion.

Elastic-fiber-stained sections of lung tissues

Fig. 3 and Fig. 4 show that the internal and external
elastic lamella, the vascular lumen of the pulmonary
arterioles, and the vascular wall between the internal
and external elastic lamella were clearly observed. In
the model group, the wall thickness of the pulmonary
arterioles was significantly increased, with the lumen
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Fig. 3 Elastin Van Gieson staining (×400) of the small pulmonary artery of rats in: A, control group; B, model group; C,
intervention group.

Fig. 4 Neointimal formation in model group (Elastin-Van
Gieson staining, ×400). The arrow points to the neointima.

significantly narrowed. The neointima formation was
observed on the medial side of the elastic lamella.
The wall thickness of the pulmonary arterioles in the
rats in the intervention group was also increased, with
a narrowed lumen. The neointima formation was
observed on the medial side of some elastic lamella in
the intervention group, with less severity than in the
model group. There was no obvious thickening of the
pulmonary arteriole walls and no neointima formation
in the control group.

As shown in Fig. 5, the neointima proliferation
of the pulmonary arterioles, WA%, and WT% in the
model group were 58.08±3.98, 69.80±5.28, and
43.70±5.11, respectively. After intervention with cys-
tamine dihydrochloride, the neointima proliferation of
the pulmonary arterioles, WA%, and WT% in the in-
tervention group were 28.00±4.02, 47.82±3.75, and
29.11±3.50, respectively, which were significantly
lower than the model group (p< 0.05). No neointimal
formation was observed in the control group. The
WA% and WT% in the control group were 28.81±3.13

and 19.64±3.23, respectively, which were all lower
than the other two groups, and the differences were
statistically significant.

As shown in Fig. 6, the relative expression levels
of Akt mRNA in the model group were 2.07±0.21,
significantly higher than in the control group, which
were 1.06±0.17 (p < 0.05). After intervention with
cystamine dihydrochloride, the relative expression lev-
els of Akt mRNA in the intervention group were
1.49±0.15, which was significantly lower than in the
model group (p < 0.05).

Comparison of the protein expression levels of Akt
and p-Akt in the lung tissues in all groups

As shown in Fig. 7, the protein expression levels of Akt
and p-Akt in the lung tissues of the rats in the model
group were 1.44±0.15 and 1.07±0.14, respectively,
which were significantly higher than in the control
group, which were 0.59±0.12 and 0.47±0.07 (p <
0.05). After intervention with cystamine dihydrochlo-
ride, the protein expression levels of Akt and p-Akt in
the lung tissues of the rats in the intervention group
were 1.02±0.13 and 0.73±0.11, respectively, which
were significantly lower than in the model group (p <
0.05).

DISCUSSION

In this study, we found that the mPAP, RVHI%, WT%,
WA%, and degree of neointimal proliferation in the
intervention group were significantly decreased after
the PI3K/Akt signaling pathway was inhibited by cys-
tamine dihydrochloride. Furthermore, the expression
levels of Akt mRNA and the protein expression levels
of Akt and p-Akt in the intervention group were sig-
nificantly lower than in the model group. The PAH
model in rats was successfully established using left
pneumonectomy and an MCT injection, with neointi-
mal proliferation and typical pathological characteris-
tics of PVR. The use of the TG2 inhibitor cystamine
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Fig. 5 Comparison of: A, the neointimal proliferation of the pulmonary arterioles; B, the WA%; and C, the WT% of rats in the
three groups.

Fig. 6 Comparison of the relative expression levels of Akt
mRNA in the lung tissues of rats in the three groups.

dihydrochloride suppressed the formation of PAH to
some extent and blocked PVR.

A PAH may be a disease, but it can also exist
as a complication or a syndrome. Although further
research were conducted in recent decades, leading to
significant progress, the pathogenesis of PAH remains
unclear; and further investigation and effective mea-
sures for its prevention and treatment are required.
Therefore, establishing a suitable PAH animal model
has been the basis for all studies.

Pulmonary vascular remodeling is vital in the for-
mation of PAH. It includes intracellular injury and
the proliferation of smooth muscle cells, leading to
increased MT, myotization of small arteries without
smooth muscles, and further myotization of muscular
pulmonary arteries, resulting in progressive vascular
occlusion, neointimal formation, and formation of
plexiform lesions [18].

In the present study, left pneumonectomy and
an MCT injection were administered for modeling.
The results showed the successful establishment of a
PAH animal model by left pneumonectomy and MCT

injection, with good stimulation for changes of se-
vere PAH characterized by PVR. This animal model
would be suitable for further study and drug inter-
vention trials for the pathogenesis of PAH and PVR
with neointimal formation. The results reported by
Nishimura et al [19] were consistent with the present
study. Our previous studies comparing the estab-
lishment of a PAH animal model using four different
methods (an abdominal aortocaval shunt, a left pneu-
monectomy, an MCT resection, and a left pneumonec-
tomy with MCT injection) also confirmed the above
results [17].

The TG2 is widely present in a variety of cells,
including endothelial cells, smooth muscle cells, and
immune-related cells. The TG2 is a multifunctional
protein that catalyzes the formation of covalent bonds
cross-linking between proteins to complete the protein
post-translational modifications. It is also involved in
the occurrence and development of many diseases by
activating multiple signaling pathways. Recently, the
TG2 was reported involving in the formation of PAH
through the serotonin reuptake mechanism, which was
related to PVR [9, 10, 20, 21]. However, the specific
mechanism of TG2 remains unclear. In the present
study, the TG2 inhibitor cystamine dihydrochloride
was used as an intervention. The results showed
that the TG2 inhibitor could inhibit the formation of
pulmonary hypertension to a certain extent, which
were consistent with those of previous studies [14].

Previous studies have reported that by inhibiting
the activation of the PI3K/Akt signaling pathway in hy-
poxic PAH, the proliferation of hypoxia-induced vascu-
lar smooth muscle cells was inhibited, thereby inhibit-
ing the vascular remodeling [22, 23]. Teng et al [24]
confirmed that a hypoxia-induced mitogenic factor
(HIMF) could be activated by phosphorylating Akt into
p-Akt. It was also found that when p-Akt decreased,
the proliferation of PASMCs was reduced. Moreover,
the degree of pulmonary vasoconstriction was lowered
when PI3K and HIMF recombinant protein inhibitors
were added, indicating that the PI3K/Akt signaling
pathway was involved in the proliferation of smooth
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Fig. 7 Comparison of: A, expression of Akt protein; B, expression of p-Akt protein; C, comparison of the expression of Akt
and p-Akt protein of the lung tissue from rats in the three groups.

muscle cells induced by a HIMF. Therefore, the present
study assumed that the PI3K/Akt signaling pathway
was involved in the inhibition of PVR by the TG2
inhibitor.

This study showed that the expression levels of
Akt mRNA, Akt, and p-Akt proteins in the lung tis-
sues of rats in the model group were significantly
increased. After intervention with cystamine dihy-
drochloride, these indexes were all reduced, indicating
that the inhibition of PVR by the TG2 signaling path-
way prevented the formation of PAH to some extent.
Based on what reported in previous studies that the
TG2 inhibitor monodansylcadaverine (MDC) inhibited
the proliferation of PASMCs induced by 5-HT, Penu-
matsa et al [25] continued to study the mechanisms
of the inhibition of proliferation and found that TG2
catalyzed the covalent bonding between 5-HT and Akt
to form serotonergic Akt, resulting in the activation of
Akt and its downstream signaling targets (mammalian
target of rapamycin (mTOR ), s6 kinase, and s6)
leading to the proliferation of PASMCs induced by 5-
HT. This process could be inhibited by MDC, indicating
that the Akt signaling pathway was involved in the
proliferation of PASMCs induced by 5-HT, which was
consistent with the results of the present study. Other
studies [11] have also found that the selective 5-HT
reuptake inhibitor fluoxetine can inhibit MCT-induced
PVR in rats through the Rho/ROCK and Akt signaling
pathways.

The current study had some limitations; for ex-
ample, the downstream molecules of Akt were not
investigated. The study found many effector molecules
downstream of Akt, whose activation or inhibition
could guide the cascade reactions of the signal trans-
duction pathways to play a role in the regulation of cell
proliferation and differentiation, glucose metabolism,
protein synthesis, and other biological activities. So
further investigation and improvement of the related
index assays are required.

CONCLUSION

This study preliminarily investigated the effects and
molecular mechanisms of TG2 inhibitors on the PVR of

PAH in rats. The results of the study indicated that the
PI3K/Akt signaling pathway might play a substantial
role in inhibiting PVR after an intervention with a TG2
inhibitor. The finding could be a potential strategy for
PAH treatment.
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