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Abstract

Aims Orchestrating the transition from reversible medial hypertrophy to irreversible plexiform lesions is crucial for pulmo-
nary arterial hypertension related to congenital heart disease (CHD-PAH). Transgelin is an actin-binding protein that modulates
pulmonary arterial smooth muscle cell (PASMC) dysfunction. In this study, we aimed to probe the molecular mechanism and
biological function of transgelin in the pathogenesis of CHD-PAH.
Methods and results Transgelin expression was detected in lung tissues from both CHD-PAH patients and monocrotaline
(MCT)-plus aortocaval (AV)-induced PAH rats by immunohistochemistry. In vitro, the effects of transgelin on the proliferation,
migration, and apoptosis of human PASMCs (HPASMCs) were evaluated by the cell count and EdU assays, transwell migration
assay, and TUNEL assay, respectively. And the effect of transgelin on the expression of HPASMC phenotype markers was
assessed by the immunoblotting assay. (i) Compared with the normal control group (n = 12), transgelin expression was signif-
icantly overexpressed in the pulmonary arterioles of the reversible (n = 15) and irreversible CHD-PAH group (n = 4) (reversible
group vs. control group: 18.2 ± 5.1 vs. 13.6 ± 2.6%, P < 0.05; irreversible group vs. control group: 29.9 ± 4.7 vs. 13.6 ± 2.6%,
P < 0.001; irreversible group vs. reversible group: 29.9 ± 4.7 vs. 18.2 ± 5.1, P < 0.001). This result was further confirmed in
MCT-AV-induced PAH rats. Besides, the transgelin expression level was positively correlated with the pathological grading
of pulmonary arteries in CHD-PAH patients (r = 0.48, P = 0.03, n = 19). (ii) Compared with the normal control group
(n = 12), TGF-β1 expression was notably overexpressed in the pulmonary arterioles of the reversible (n = 15) and irreversible
CHD-PAH group (n = 4) (reversible group vs. control group: 14.8 ± 4.4 vs. 6.0 ± 2.5%, P < 0.001; irreversible group vs. control
group: 20.1 ± 4.4 vs. 6.0 ± 2.5%, P < 0.001; irreversible group vs. reversible group: 20.1 ± 4.4 vs. 14.8 ± 4.4, P < 0.01). The
progression-dependent correlation between TGF-β1 and transgelin was demonstrated in CHD-PAH patients (r = 0.48,
P = 0.04, n = 19) and MCT-AV-induced PAH rats, which was further confirmed at sub-cellular levels. (iii) Knockdown of
transgelin diminished proliferation, migration, apoptosis resistance, and phenotypic transformation of HPASMCs through
repressing the TGF-β1 signalling pathway. On the contrary, transgelin overexpression resulted in the opposite effects.
Conclusions These results indicate that transgelin may be an indicator of CHD-PAH development via boosting HPASMC dys-
function through positive regulation of the TGF-β1 signalling pathway, as well as a potential therapeutic target for the treat-
ment of CHD-PAH.
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Introduction

Pulmonary arterial hypertension (PAH) is a relatively common
complication of congenital heart disease (CHD). It is charac-
terized by progressive narrowing of the small pulmonary ar-
teries due to abnormal cellular proliferation, fibrosis, and in
situ thrombosis, ultimately resulting in successive elevation
of pulmonary vascular resistance and subsequent right
ventricular failure.1 In the European registry, 4–28% of CHD
patients had various degrees of PAH, while 30% of unrepaired
CHD patients have PAH.2 In CHD-PAH patients, the
arteriopathy is trigged by increased pulmonary blood flow
resulting from a left-to-right shunt due to an intracardiac or
extracardiac defect. Closing the shunt in time can reverse this
arteriopathy in the early disease phase, but salutary effects
diminish considerably once the disease state is established.3,4

After the correction of complete atrioventricular septal de-
fects, 14% of CHD patients still reported severe PAH, and
their 1 year mortality rate was 18.5%.5 Furthermore, due to
sudden hemodynamic change, the 10 year postoperative sur-
vival rates of persistent post-operative PAH patients were
worse than those of Eisenmenger syndrome patients.6 This
implies that the pulmonary vascular lesion changes become
irreversible and the progressive hemodynamic disorder can-
not be surgically reversed. Accurate early detection of this
‘window for reversibility’ is therefore extremely important
before surgery in patients with CHD-PAH. Increased research
on identifying key molecules and pathways participating in
maladaptive arterial remodelling will have important implica-
tions in further elucidating the progression of irreversible
PAH and improving the identification of reversibility in CHD-
PAH.

Phenotypic transformation of vascular smooth muscle cells
(VSMCs) plays a major role in the initial stage of vascular
proliferative diseases, such as PAH, atherosclerosis, and
restenosis.7 Transgelin, a transforming growth factor-beta 1
(TGF-β1)-inducible protein, is characterized by its specificity
to smooth muscle and phenotype-specific expression in
VSMCs.8,9 It functions as an actin-associated protein that par-
ticipates in cytoskeleton remodelling and modulation of pro-
liferation, migration, apoptosis, and oxidative stress in
VSMCs.10 Growing evidence has shown a close correlation
between transgelin and the progression of PAH. Suppression
of transgelin attenuated the phenotypic transformation of
pulmonary artery smooth muscle cells (PASMCs) from con-
tractile to synthetic cells, resulting in reduced proliferation,
migration, resistance to apoptosis in vitro, and prevention
of PAH and pulmonary vascular remodelling in vivo.11,12

Recently, our group demonstrated that transgelin was
markedly elevated in irreversible CHD-PAH patients com-
pared with reversible CHD-PAH and normal control groups,
and its expression was positively correlated with pathological
grading of pulmonary arterioles,13 which implied that
transgelin may be involved in the progression of CHD-PAH.

TGF-β1, a member of the TGF-β family, has been well-stud-
ied and is recognized as a key regulatory cytokine that partic-
ipates in the pathogenesis of vascular remodelling.14 The ex-
pression of TGF-β1 is highly up-regulated in pre-clinical
experimental models of PAH, which results in PASMC prolifer-
ation and migration, thus indicating that TGF-β1 contributes
to the progression of PAH and pulmonary vascular remodel-
ling; however, the underlying molecular mechanism has not
been thoroughly elucidated. Chen et al. reported the
progression-dependent correlation between TGF-β1 and
transgelin was found at both the tissue and the sub-cellular
levels in bladder cancer, while TGF-β1-mediated migration
was completely inhibited by the suppression of transgelin.15

Nevertheless, little is known about how transgelin partici-
pates in the TGF-β1 signalling pathway during the progression
of CHD-PAH.

In this study, we demonstrate that transgelin and TGF-β1
were overexpressed in lung tissues of CHD-PAH patients
and MCT-AV-induced PAH rats, and there was a significant
correlation between them. Transgelin expression was signifi-
cantly positively correlated with the pulmonary vascular
remodelling in CHD-PAH patients. Importantly, TGF-β1 up-
regulated transgelin expression, whereas transgelin overex-
pression promoted TGF-β1-induced proliferation, migration,
and apoptosis resistance of human PASMCs (HPASMCs).
Overall, these results may contribute to an improved under-
standing of maladaptive arterial remodelling in CHD-PAH.

Methods

Human lung tissue collection

This study protocol adhered to the principles of the Helsinki
Declaration and was confirmed by the Medical Ethics Com-
mittee of Fuwai Hospital. Informed consent was obtained
from all subjects before the study. Lung tissues were derived
from patients with CHD-PAH who met the standard entry re-
quirements as determined using right heart catheterization
(RHC) and underwent repair surgery. According to today’s
recommendations, operability is determined by the level of
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pulmonary vascular resistance (PVR) in congenital heart
disease-associated pulmonary arterial hypertension (CHD-
PAH). From the strict hemodynamic point of view from the
2015 ESC/ERS Guidelines for the diagnosis and treatment of
pulmonary hypertension, closure of the defect is contraindi-
cated when PVR index >8 WU m2, but permitted when PVR
index is <4 WU m2. Patients with borderline PVR index be-
tween 4 and 8 WU m2 (in the ‘grey zone’) should be evalu-
ated in tertiary centres with expertise in CHD-PAH (European
Heart Journal. 2016 Jan 1;37 (1):67–119). In our study, the
patient who fulfilled the surgical criteria were enrolled to fur-
ther study (Table 1). One year post-surgery, the patients were
divided into reversible (mPAP < 25 mmHg, n = 15) and irre-
versible CHD-PAH groups (mPAP ≥ 25 mmHg, n = 4). Normal
lung tissue specimens were collected from 12 patients who
underwent lung surgery. To ensure normal tissues, these lung
tissues were sufficiently distal to the tumour. All specimens
were processed in paraffin and stored at �20°C.

Shunt-related pulmonary arterial hypertension
rat model

All animal experiments were conducted by the Institutional
Animal Care and Use Committee. Sixty-six adult male
Sprague–Dawley rats (aged 8 weeks and weighing 260–
280 g) purchased from Vital River Laboratory Animal Technol-
ogy Co., Ltd. (Beijing, China) were randomized into three
groups as follows: (i) Control (n = 8); (ii) Monocrotaline plus

aortocaval shunt (MCT-AV; n = 50); and (iii) Sham (n = 8).
Shunt-related PAH was induced in rats by injection of MCT
(60 mg/kg) combined with an abdominal aortocaval shunt
1 week later.16,17 The patency of the shunt was determined
visually based on swelling of the vena cava and admixture
of arterial and venous blood. Baseline body weight and he-
modynamic parameters of rats were recorded at 0, 1, 2, 3,
and 4 weeks post-surgery, and lung tissues were obtained.

Immunohistochemistry (IHC) staining

Paraffin sections were used for immunohistochemical detec-
tion of transgelin and TGF-β1 localization using rabbit poly-
clonal antibodies (Supporting Information, Table S1). The
average optical density (AOD) of transgelin or TGF-β1 in each
pulmonary arteriole was quantified by the ratio of optical den-
sity (IOD) to the positive area (AOD% = IOD/positive area). Ten
representative pulmonary arterioles with diameters between
50 and 200 μm were randomly chosen in each section.

Lentivirus infection in human pulmonary arterial
smooth muscle cells

HPASMCs (ScienCell Research Laboratories, Carlsbad, CA,
USA) were infected with lentiviruses in the presence of
smooth muscle cell medium (SMCM; ScienCell) containing
2% fetal bovine serum. Lentivirus/GV248-siTAGLN (hU6-
MCS-Ubiquitin-EGFP-IRES-puromycin) and lentivirus/GV358-

Table 1 The clinical features of the enrolled reversible and irreversible CHD-PAH patients

No. Age (year) Gender Aetiology
Pre-sPAP
(mmHg)

Pre-dPAP
(mmHg)

Pre-mPAP
(mmHg)

PVR index
(WU m2) PG

Post-sPAP
(mmHg)

Post-dPAP
(mmHg)

Post-mPAP
(mmHg)

Reversible group
1 45 F ASD 40 23 31 3.5 I 23 11 16
2 45 F ASD 56 37 28 3.8 II 27 13 17
3 5 M VSD 47 22 27 2.6 I 23 14 17
4 54 F ASD 88 24 48 3.2 I 31 12 21
5 59 M VSD 42 22 30 2.4 0 26 15 18
6 55 F ASD 50 17 28 2.6 II 29 16 21
7 15 M ASD 64 22 36 2.5 I 32 15 22
8 15 M VSD 35 15 25 2.9 0 25 10 15
9 16 F ASD 39 20 26 1.6 0 25 10 15
10 4 F VSD 106 54 70 3.1 I 35 8 17
11 9 F VSD 55 23 35 1.2 I 39 12 21
12 41 M ASD 54 21 35 0.9 0 30 12 23
13 19 F ASD 70 23 41 1.9 I 17 5 8
14 21 F ASD 69 27 40 4.5 I 29 6 14
15 13 M VSD 88 49 62 2.4 I 29 6 14

Irreversible group
1 65 M ASD 63 29 40 3.5 I 40 20 26
2 49 F ASD 80 16 30 2.6 III 50 25 32
3 40 M VSD 104 34 60 2.5 III 63 27 35
4 31 F Other 126 61 83 2.3 II 70 35 47

ASD, atrial septal defect; dPAP, diastolic pulmonary artery pressure; F, female; M, male; mPAP, mean pulmonary artery pressure; other,
complete endocardial cushion defect; PG, pathological grading; Post, postoperative; PVR, pulmonary vascular resistance; Pre, preopera-
tive; sPAP, systolic pulmonary artery pressure; VSD, ventricular septal defect.
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TAGLN (Ubi-MCS-3FLAG-SV40-EGFPIRES-puromycin), and
their corresponding control lentiviruses, lentivirus/GV248,
and lentivirus/GV358 were synthesized by GeneChem
(Shanghai, China).

Cell proliferation detection by cell count

Transduced HPASMCs were seeded into cell culture plates for
24 h. Cells were resuspended in 1 mL SMCM and counted
with a haemocytometer (Countess™, ThermoFisher Scientific,
Waltham, MA, USA) under a microscope.

Cell proliferation detected by EdU assay

EdU (5-ethynyl-2′-deoxyuridine) (Invitrogen, ThermoFisher
Scientific) was used to detect the proliferation of transduced
HPASMCs. Sections were counterstained with Hoechst 33342
for 30 min to mark cell nuclei. Cells were observed and
counted under a fluorescence microscope. Proliferation was
assessed by the ratio of proliferative cells to the total number
of cells.

Transwell migration assay

A transwell chamber apparatus was used to measure the mi-
gration of transduced HPASMCs. Transduced HPASMCs were
harvested in serum-free SMCM and added to the upper com-
partment of the transwell chamber, whereas SMCM contain-
ing 2% FBS was added to the lower chamber. After 16 h, the
membranes were fixed with 4% paraformaldehyde for 90 min
at room temperature and then stained with toluidine blue for
30 min. The number of migratory cells was counted five times
in random fields under a microscope. Data are presented as
the fold change of the migrated cells.

Apoptosis detection by TUNEL assay

Transduced HPASMCs were cocultured with TdT-mediated
dUTP Nick End Labeling (TUNEL) reaction mixture (Roche,
Basel, Switzerland) for 1 h. Cell nuclei were stained with DAPI
solution for 5 min and visualized under a fluorescence micro-
scope. Apoptosis was calculated as the ratio of the percent-
age of positive cells in the experimental and control groups.

Immunoblotting assay

Lung tissues were lysed in radioimmunoprecipitation (RIPA)
lysis buffer for 30 min on ice. Protein concentration was
quantified by Bradford assay. Immunoblotting was carried
out using sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE) followed by protein transfer to a PVDF
membrane (Millipore, St. Louis, MO, USA). Specific primary
antibodies (Supporting Information, Table S1) were incubated
overnight followed by incubation with secondary antibodies
for 1 h. Protein expression is reported as fold change relative
to GAPDH.

Statistical analysis

Data analysis was conducted using SPSS Version 23 statistical
software. Data are represented as the mean ± standard error
of the mean (SEM) of three independent experiments.
One-way analysis of variance (ANOVA) statistical test was ap-
plied followed by Bonferroni’s multiple comparison test to
identify individual differences among groups. Spearman’s
rank-order correlation was applied to determine the relation-
ship between transgelin expression in lung tissues and clinical
parameters or pathological grading. Differences were consid-
ered significant at P < 0.05.

Results

Characteristics of the pulmonary arterial
hypertension related to congenital heart disease
patients

The detailed clinical characteristics of CHD-PAH patients are
described in Table 1. After 1 year of follow-up, 19 CHD-PAH
patients were enrolled, 42% (8/19) of which were men. The
major aetiologies of these CHD-PAH patients were atrial sep-
tal defect (ASD) and ventricular septal defect (VSD), account-
ing for 57% (11/19) and 42% (8/19) of cases, respectively. Of
these, 15 were defined as reversible CHD-PAH, while four pa-
tients were confirmed to have irreversible CHD-PAH. There
were no significant age differences between reversible and ir-
reversible CHD-PAH patients (27.7 ± 19.7 and 46.3 ± 14.5 years,
respectively, P > 0.05). In the reversible group, four patients
showed normal pulmonary arterioles, nine patients had path-
ological grade I, and two patients showed grade II, while all
patients in the irreversible group had abnormal pathologic
changes: one in grade I, one in grade II, and two in grade III.

Expression of transgelin and transforming growth
factor-beta 1 in lung tissues from pulmonary
arterial hypertension related to congenital heart
disease patients

Previous proteomic analysis revealed that transgelin expres-
sion was higher in cases of irreversible CHD-PAH compared
with reversible.13 Compared with the normal control group
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Figure 1 Expression of transgelin and TGF-β1 in lung tissues from CHD-PAH patients. (A) IHC staining for transgelin expression in lung tissues from
CHD-PAH patients. The black arrows indicate transgelin+ cells located in pulmonary arterioles. Scar bars, 20 μm. (B) IHC staining for TGF-β1 expression
in lung tissues from CHD-PAH patients. The black arrows indicate TGF-β1+ cells located in pulmonary arterioles. Scar bars, 20 μm. (C) Immunoblotting
for TGF-β1-induced transgelin expression in HPASMCs. Data are represented as mean ± SEM from three independent experiments. *P < 0.05,
**P < 0.01, ***P < 0.001.
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(n = 12), transgelin expression was significantly overex-
pressed in the pulmonary arterioles of the reversible
(n = 15) and irreversible CHD-PAH group (n = 4) (reversible
group vs. control group: 18.2 ± 5.1 vs. 13.6 ± 2.6%,
P < 0.05; irreversible group vs. control group: 29.9 ± 4.7 vs.
13.6 ± 2.6%, P < 0.001; irreversible group vs. reversible
group: 29.9 ± 4.7 vs. 18.2 ± 5.1, P < 0.001) (Figure 1A).
Notably, the transgelin expression level was positively
correlated with the pathological grading of pulmonary
arteries in 19 CHD-PAH patients (r = 0.48, P = 0.03, n = 19)
(Figure 1A).

The TGF-β1 signalling pathway is a critical pathway asso-
ciated with inflammation and excessive proliferation. In
CHD-PAH, this pathway is associated with reduced apopto-
sis of lung vascular cells.18 Given the known role of TGF-
β1 signalling in the regulation of transgelin expression,8,9

we subsequently explored the expression of transgelin in
lung tissues from CHD-PAH patients and in HPASMCs cul-
tured with TGF-β1. Compared with the normal control
group (n = 12), TGF-β1 expression was notably overex-
pressed in the pulmonary arterioles of the reversible
(n = 15) and irreversible CHD-PAH group (n = 4) (reversible
group vs. control group: 14.8 ± 4.4 vs. 6.0 ± 2.5%,
P < 0.001; irreversible group vs. control group: 20.1 ± 4.4
vs. 6.0 ± 2.5%, P < 0.001; irreversible group vs. reversible
group: 20.1 ± 4.4 vs. 14.8 ± 4.4, P < 0.01) (Figure 1B). In
addition, significant positive correlations were found
between TGF-β1 and transgelin expression in CHD-PAH pa-
tients (r = 0.48, P = 0.04, n = 19) (Figure 1B). Importantly,
dose–response experiments demonstrate induction of
transgelin 48 h after treatment by TGF-β1 at concentrations
of 0–20 ng/mL (Figure 1C).

Time course of transgelin and TGF-β1 expression
in lung tissues from MCT-AV-induced PAH rats

To further explore the changes of transgelin in the progres-
sion of CHD-PAH, a shunt-related PAH rat model was devel-
oped by AV shunt surgery following MCT injection.16,17 The
MCT-AV-induced PAH rats displayed progressive pulmonary
vascular remodelling typical of CHD-PAH, which was charac-
terized by the increased medial wall thickness of the small
pulmonary arteries and abnormal muscular extension to
peripheral pulmonary arteries as well as increased pulmonary
blood flow.16,19,20 IHC showed transgelin mainly localized in
the PASMCs of the middle pulmonary arterioles (Figure 2A).
Finally, immunoblotting indicated that transgelin expression
was dramatically increased between 1 and 4 weeks post-sur-
gery, peaking at 3 weeks (Figure 2B). This observation is com-
parable with the progress of morphological signs of pulmo-
nary vascular remodelling. Expression of TGF-β1 in these
tissues changed along with a similar trend as transgelin
resulting in a significant increase in TGF-β1 expression 1 to
2 weeks after shunt establishment (Figure 2B).

Transgelin promotes human pulmonary arterial
smooth muscle cell dysfunction via the
transforming growth factor-beta 1 signalling
pathway

Based on the known involvement of transgelin in HPASMC
dysfunction and that TGF-β1 regulation of transgelin has
been reported,21,22 we sought to determine if the expression

Figure 2 Time course of transgelin and TGF-β1 expression in lung tissues from MCT-AV-induced PAH rats. (A) IHC staining for transgelin expression in
lung tissues from MCT-AV-induced PAH rats. The black arrows indicate transgelin+ cells located in pulmonary arterioles. Scar bars, 20 μm. (B) Immu-
noblotting for expression of transgelin and TGF-β1 in lung tissues from MCT-AV-induced PAH rats. Data are represented as mean ± SEM (n = 8).
*P < 0.05, **P < 0.01, ***P < 0.001, NS = no significance.
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Figure 3 Transgelin promotes the phenotypic transformation of HPASMCs via TGF-β1 signalling pathway. (A) HPASMCs were transfected with lentivi-
rus to regulate transgelin expression. The efficiency of virus transfection was evaluated by immunoblotting. Data are represented as mean ± SEM
(n = 3). **P < 0.01; ***P < 0.001. (B) Effects of transgelin on the TGF-β1-induced expression of HPASMC phenotype markers, as determined by immu-
noblotting assay. Data are represented as mean ± SEM (n = 3). *: MOCK vs. negative control (NC);

#
: LV-siTAGLN vs. LV-GV248;

#
: LV-TAGLN vs. LV-

GV358. *P < 0.05, **P < 0.01, ***P < 0.001; #P < 0.05, ##P < 0.01, ###P < 0.001.
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Figure 4 Transgelin enhances the proliferation, migration, and apoptosis resistance of HPASMCs via TGF-β1 signalling pathway. Effects of transgelin on
the TGF-β1-induced proliferation, apoptosis and migration of HPASMCs, as determined by EdU assay (or cell count), TUNEL assay and transwell assay,
respectively. Data are represented as mean ± SEM (n = 3). **P < 0.01, ***P < 0.001, NS = no significance. Scar bars (white: 25 μm; blue: 500 μm; red:
100 μm; black: 200 μm).
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of HPASMC phenotype markers was changed in the presence
of TGF-β1. HPASMCs were transduced with lentiviral RNA
vectors to regulate transgelin expression (LV-siTAGLN).
Immunoblotting showed that LV-siTAGLN inhibited the ex-
pression of transgelin while LV-TAGLN enhanced expression
(Figure 3A). As expected, the expression of HPASMC synthetic
phenotype markers [osteopontin (OPN), vimentin (VIM), and
proliferating cell nuclear antigen (PCNA)] was increased by
TGF-β1 stimulation, accompanied by decreased expression
of contractile phenotype markers (α-SMA, calponin [CALP])
and caspase-3 (CASP3) (Figure 3B). The proliferation and
migration ability of HPASMCs were dramatically enhanced
following TGF-β1 stimulation, but not antiapoptotic ability
(Figure 4). And these effects were abolished by transgelin
knockdown (Figures 3B and 4C), while enhanced by transgelin
overexpression. As described above, TGF-β1 stimulates
transgelin expression in HPASMCs (Figure 1C). Thus, these
observations suggest that transgelin modulates the pheno-
typic transformation, proliferation, migration, and apoptosis
resistance in HPASMCs through the TGF-β1 signalling path-
way, thereby contributing to pulmonary vascular remodelling
in CHD-PAH.

Discussion

In this study, we investigated transgelin expression in lung tis-
sues of CHD-PAH patients and MCT-AV-induced PAH rats, the
molecular functions of transgelin in HPASMCs, and the role of
transgelin in the progression of PAH and pulmonary vascular
remodelling in MCT-AV-induced PAH rats. The results showed
that transgelin was overexpressed in lung tissues from CHD-
PAH patients and MCT-AV-induced PAH rats, and positively
correlated with the pathological grading of pulmonary arter-
ies in CHD-PAH patients. The positive correlation between
TGF-β1 and transgelin expression during the progression of
CHD-PAH was confirmed. Interestingly, TGF-β1 promoted
transgelin overexpression, which in turn enhanced TGF-β1-in-
duced HPASMC dysfunction. Additionally, knockdown of
transgelin significantly suppressed TGF-β1-induced HPASMC
dysfunction. Overall, these results provide further insight into
the molecular mechanisms of maladaptive arterial remodel-
ling in CHD-PAH, indicating that transgelin may represent a
potential therapeutic target for pulmonary vascular remodel-
ling in CHD-PAH.

Changes of transgelin in lung tissue of
shunt-related pulmonary arterial hypertension
and its significance

In CHD-PAH, remodelling of the pulmonary vasculature
reaches an irreversible phenotype comparable with all types

of end-stage PAH. However, it can be completely reversible
if an early reversible stage is identified. Thus, recognition of
the transition from reversible medial hypertrophy into irre-
versible plexiform lesions is central to the clinical evaluation
of CHD-PAH progression. Transgelin is an abundant protein
expressed in the smooth muscle of mammals. In this study,
we demonstrated that transgelin expression is enhanced in
PASMCs of remodelled pulmonary arterioles of CHD-PAH pa-
tients, especially in those with irreversible CHD-PAH. This was
further substantiated by the observation that transgelin was
also expressed in PASMCs of the pulmonary artery media of
MCT-AV-induced PAH rats. Transgelin expression was in-
creased between 1 and 4 weeks post-surgery, peaking at
3 weeks, in MCT-AV-induced PAH rats. A previous study
showed that the proliferative activity of PASMCs is maxi-
mized 1 week after exposure to hypoxic conditions, and then
mild proliferative activity was sustained for the following 2 to
4 weeks.23 Therefore, we speculate that the dynamic expres-
sion of transgelin may be involved in phenotypic changes in
PASMCs during the progression of pulmonary vascular re-
modelling in shunt-related PAH. Moreover, transgelin expres-
sion was positively correlated with the degree of pulmonary
vascular remodelling in CHD-PAH patients, and comparable
with the morphological signs of pulmonary vascular remodel-
ling in lung tissues of MCT-AV-induced PAH rats, suggesting
that transgelin may be an indicator of pulmonary vascular re-
modelling in shunt-related PAH.

These findings demonstrate the importance of exploring
the factors that affect the expression of transgelin in the pro-
gression of CHD-PAH. TGF-β1 induction of transgelin has
been reported in various systems, but this has not been ade-
quately studied in CHD-PAH. Several lines of evidence have
confirmed the presence of a TGF-β1 control element (TCE)
in the transgelin promoter, suggesting a genetic mechanism
of transgelin regulation by TGF-β1.8,9 Increasing evidence
demonstrates that TGF-β1 is up-regulated and plays a central
role in pulmonary vascular remodelling of shunt-related
PAH.18,24 Accordingly, TGF-β1 was highly expressed in lung
tissues of CHD-PAH patients and showed a strong positive
correlation with increased transgelin levels. Likewise, the ex-
pression of TGF-β1 changed along with a similar trend as
transgelin over time. In HPASMCs, TGF-β1 strongly stimulated
transgelin expression. Based on these results, we suggest that
increased pulmonary blood flow dysregulates TGF-β1 signal-
ling, leading to a sharp increase in transgelin, which may be
important in vascular remodelling in shunt-related PAH.

Crucial roles for transgelin in human pulmonary
arterial smooth muscle cell dysfunction

TGF-β1 is a multifunctional cytokine involved in the regula-
tion of proliferation, differentiation, migration, and apoptosis
in PASMCs in PAH. Blockade of the TGF-β1 signalling pathway
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is effective in many pre-clinical models of experimental PAH
including experimental hypoxia, MCT, and exposure to the
parasite Schistosoma mansoni.18,25,26 Therefore, we explored
the role of TGF-β1 in HPASMC dysfunction. Consistent with
previous work, TGF-β1 enhanced the phenotypic transforma-
tion, and proliferative, migratory, and antiapoptotic capability
of HPASMCs,27–29 and these effects were enhanced by
transgelin overexpression. Based on our observations, we
may conclude that transgelin patriciates in enhancing
HPASMC dysfunction via the TGF-β1 signalling pathway. These
results are in line with prior studies that showed increased ex-
pression of transgelin accelerated cell proliferation and migra-
tion through the TGF-β1 signalling pathway.11,15,30,31 In
contrast, transgelin overexpression has been reported to sup-
press VSMC proliferation and neointimal formation.32 These
paradoxical roles may be the result of an organ-specific mech-
anism and/or variable pathological conditions. It has been
shown that TGF-β1 can modulate cell contraction by altering
actin cytoskeletal components. Exposure of cells in culture
to TGF-β1 promoted stress fibre formation, which can affect
the phenotype marker expression of smooth muscle cells
(SMCs), implying a functional interaction between the actin
cytoskeleton and the smooth muscle contractile apparatus.
Transgelin is a member of the calponin family of
actin-binding proteins and is localized in the cytoskeleton.33,34

Cytoskeletal remodelling may be involved in the mechanism
by which transgelin enhances HPASMC phenotypic transfor-
mation. Further studies focusing on the effects of transgelin
on the cytoskeletal organization may help to elucidate its
mechanisms in these discrepant roles.

Conclusions

In summary, this study has identified that transgelin may be
an indicator of CHD-PAH development, due to its function
in promoting HPASMC dysfunction through the TGF-β1 sig-

nalling pathway. Transgelin was also shown to be induced
by TGF-β1 in HPASMCs. Based on our findings, transgelin
may serve as a promising factor for assessing the degree of
vascular remodelling in CHD-PAH and represent a potential
therapeutic target for treatment.
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