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Abstract

Background: Pulmonary hypertension (PH) is a progressive disease leading to death ultimately. Our recently
published data demonstrated that inhibiting dipeptidyl peptidase IV (DPP-4) alleviated pulmonary vascular
remodeling in experimental PH. However, whether glucagon-like peptide-1 (GLP-1) mediated the protective
effect of DPP-4 inhibition (DPP-4i) on PH is unclear.

Results: In the present study, GLP-1 receptor antagonist (exendin-3) abolished the protective effects of DPP-4
inhibitor (sitagliptin) on right ventricular systolic pressure (RVSP) and pulmonary vascular remodeling (PVR) in
monocrotaline (MCT, 60 mg/kg)-induced PH in rat. Notably, activation of GLP-1 receptor by GLP-1 analogue
liraglutide directly attenuated RVSP and PVR in MCT-induced PH, as well as bleomycin- and chronic hypoxia-
induced PH. Moreover, liraglutide potently inhibited MCT-induced inflammation and suppressed MCT-induced
down-regulation of vascular endothelial marker (VE-cadherin and vWF) in lung. In vitro studies showed
liraglutide reversed TGF-β1 (5 ng/ml) combining IL-1β (5 ng/ml) induced endothelial-mesenchymal transition
(EndMT) in human umbilical vein endothelial cells (HUVECs), which could be abolished by GLP-1 receptor
antagonist (exendin-3). Furtermore, liraglutide suppressed TGF-β1-IL-1β-induced phosphorylation of both
Smad3 and ERK1/2.

Conclusions: Our data suggest that GLP-1 mediated the protective effects of DPP-4i on pulmonary vascular
and RV remodeling in experimental PH, which may be attributed to the inhibitory effect on EndMT.
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Background
Pulmonary hypertension (PH), characterized by pulmon-
ary vasoconstriction and vascular remodeling, is a pro-
gressive disease leading to right ventricular (RV) failure
and finally death [1, 2]. The hyperproliferative responses
of pulmonary vascular medial smooth muscle cells con-
tribute to the thickening of large elastic vessels and the
muscularization of small arteries, thereafter leading to

increased pulmonary vascular resistance [3, 4]. Besides,
accumulation of inflammatory cells around pulmonary
arteries, including macrophages and mast cells, is an-
other obvious profile of pulmonary vascular remodeling
(PRV) [5]. Recently, endothelial-mesenchymal transition
(EndMT) has been noted in the pulmonary vascular in-
tima both in patients with PH [6, 7] and in animal model
of PH [6, 8]. EndMT results in endothelial dysfunction
and pro-inflammatory response [9]. Nowadays, inhibit-
ing EndMT has been suggested as a promising thera-
peutic strategy for the treatment of PH [10].
Our previous study demonstrated that dipeptidyl

peptidase IV (DPP-4) inhibition (DPP-4i) alleviated

* Correspondence: konghui@njmu.edu.cn; wpxie@njmu.edu.cn
†Jingjing Wang and Min Yu contributed equally to this work.
2Department of Respiratory and Critical Care Medicine, The First Affiliated
Hospital of Nanjing Medical University, 300 Guangzhou Road, Nanjing,
Jiangsu 210029, People’s Republic of China
Full list of author information is available at the end of the article

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Wang et al. Journal of Biomedical Science            (2019) 26:6 
https://doi.org/10.1186/s12929-019-0496-y

http://crossmark.crossref.org/dialog/?doi=10.1186/s12929-019-0496-y&domain=pdf
mailto:konghui@njmu.edu.cn
mailto:wpxie@njmu.edu.cn
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


pulmonary vascular remodeling in monocrotaline
(MCT)-induced PH rats [11]. DPP-4 is a serine protease
which selectively cleaves off N-terminal dipeptides from
its substrates such as glucagon-like peptide-1 (GLP-1)
[12]. GLP-1, an incretin hormone derived from enter-
oendocrine cells, can be rapidly degraded by DPP-4,
resulting in a short half-life time about 2 min [13]. Accu-
mulating data from both pre-clinical and clinical studies
suggest that GLP-1 or GLP-1 analogues are beneficial
for cardiovascular diseases (CVDs). For instance, infu-
sion of recombinant GLP-1 could improve LV function
in animals with advanced dilated cardiomyopathy [14].
Activating GLP-1 receptor (GLP-1R) with GLP-1 analogue
could improve the survival of human aortic endothelial
cells after ischemia-reperfusion injury [15]. Notably,
GLP-1 could induce an endothelial-dependent relaxation
of norepinephrine-challenged constriction of pulmonary
artery rings [16]. These results suggest activation of
GLP-1/GLP-1R axis may be beneficial for pulmonary
circulation under specific stress conditions. However,
whether GLP-1/GLP-1R axis could mediate the thera-
peutic effect of DPP-4i on PH or could exert anti-PH activ-
ity itself needs to be further validated. In the present study,
sitagliptin (a selective DPP-4 inhibitor), exendin-3 (a
GLP-1R antagonist), and liraglutide (a GLP-1 analogue)
were used to investigate the effect of GLP-1/GLP-1R axis
on PRV in rat model of MCT-induced PH. In addition, the
effects of GLP-1R activation on endothelial-mesenchymal
transition (EndMT) of human umbilical vein endothelial
cells (HUVECs) were investigated.

Materials and methods
Ethical approval
All procedures in the present study were performed ac-
cording to the National Institutes of Health Guide for
the Care and Use of Laboratory Animals (publication
no. 85–23, revised 1996) and approved by the Institu-
tional Animal Care and Use Committee of Nanjing
Medical University (NJMU/IACUC-1601196).

Experimental animals and design
For MCT model of PH, 64 male Sprague-Dawley (SD)
rats (200 ± 10 g) (Shanghai Bikai Laboratory Animal
Company, Shanghai, China) were randomly assigned
into two groups after raised under standard laboratory
conditions for 1 week. One group received an intraperi-
toneal injection of 0.8-mL saline (n = 24), when the other
group was injected intraperitoneally with MCT (60 mg/
kg, Sigma-Aldrich, MO, USA). Once rats were chal-
lenged with MCT, 16 of them were administrated with
sitagliptin (SG) daily (80 mg/kg, gavage, Januvia, Merck
Sharp, UK) with/without exendin-3 injection (Ex-3,
40 μg/kg, intraperitoneal, Santa Cruz Biotechnology,
USA). Eight MCT-treated rats and eight saline-treated

rats were randomly picked up for a daily subcutaneous
injection with liraglutide (Li) at the doses of 0.2 mg/kg
(NovoNordiskA/S, Denmark). The body weights of the
rats were measured every other 2 days for dose adjust-
ment during the following 4 weeks.
For bleomycin (BLM) model of PH, 32 rats were

assigned into two groups randomly. One group (n = 16)
was treated with 50-μL 0.9% saline intratracheally, when
the other group (n = 16) was given an intratracheal ad-
ministration of BLM (4 U/kg, Nippon Kayaku, Tokyo,
Japan). Thereafter on the same day, half of the rats in
two groups were daily injected with liraglutide (0.2 mg/
kg, subcutaneous) for 4 weeks.
For chronic hypoxia model of PH, 16 rats were housed

under normal oxygen, when the other 16 rats were raised
in a hypoxia chamber (Biospherix Ltd., USA) for 4 weeks
in which the fraction of oxygen was maintained at 10%.
Eight rats out of these two groups (normoxia and hypoxia)
were injected with liraglutide daily (0.2mg/kg, subcutane-
ous), when the rest rats were given 0.2mL saline daily.

Hemodynamic measurement and specimen collection
On day 28, after rats were anesthetized by 1% pentobarbital
sodium (60mg/kg, intraperitoneal), RV systolic pressure
(RVSP) was determined using right-heart catheterization
via right jugular vein according to the protocol described
previously [17]. Thereafter, rats were sacrificed for speci-
men collection. The lung and RV tissues were harvested
for morphological evaluation, quantitative real-time reverse
transcriptase polymerase chain reaction (RT-qPCR), and
Western blot analysis. The weights of RV as well as left
ventricle + interventricular septum (LV + S) were measured
respectively.

Assessment of pulmonary morphology
Collected rat lung tissues and RV tissues were immedi-
ately fixed in 4% polyformaldehyde (pH 7.4) for 24 h,
embedded in paraffin, and then sliced into 4 μm sec-
tions. Then lung sections were stained with hematoxylin
and eosin (H&E), toluidine blue (TB), picrosirius red
(PSR) staining, Masson trichrome staining (MTS), and
primary antibody against CD68 (Abcam, MA, USA) ac-
cording to the protocols described previously [17]. Pul-
monary arterial wall thickness (PAWT) was determined
according to the ratio of (external diameter − internal
diameter) to external diameter based on H&E staining.
The right ventricular hypertrophy was determined by
the cross section area (CSA) of cardiomyocytes using
H&E staining. Graphs were observed under a Leica 2500
microscope (Leica Microsystems, Wetzlar, Germany).

Cell culture
Human umbilical vein endothelial cells (HUVECs), pur-
chased from ScienCell (CA, USA), were maintained in
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endothelial growth medium (EGM, ScienCell) containing
penicillin (10 U/mL), streptomycin (10 μg/mL), and 5%
heat-inactivated fetal bovine serum (ScienCell) as well as
endothelial growth factors. When cells (passage 6–7)
grew to 100% confluence, EGM was replaced by basal
medium with 0.5% serum. Eight hours later, cells were
challenged using TGF-β1 (5 μg/ml) & IL-1β (5 μg/ml)
with/without liraglutide (25, 50, 100 nM) or exendin 3
(200 nM) pretreatment for 30 min at indicated concen-
trations. For detecting intercellular signaling transduc-
tion, cells were collected for protein extraction and
Western blot analysis after challenged with TGF-β1 &
IL-1β for 1 h, while for other detections, cells were har-
vested 72 h after TGF-β1 & IL-1β challenge.

Identification of EndMT
After cells were challenged with TGF-β1-IL-1β for 72 h,
cells were observed under a phase contrast microscope
(Nikon, Tokyo, Japan), then fixed in 4% polyformalde-
hyde for 30 min, blocked with 3% FBS, incubated with
primary antibodies against vascular endothelial cadherin
(VE-cadherin) and vimentin overnight at 4 °C, and then
labeled with second antibody (donkey anti-mouse IgG,
Alexa Fluor 555; and donkey anti-rat IgG, Alexa Fluor
488) at room temperature for 1 h. The morphologies of
HUVECs were then identified under a Leica 2500 micro-
scope. Besides, cells were also collected for western blot
analysis to determine the expression of endothelial
markers [VE-cadherin, zonula occludens-1 (ZO-1)] and
mesenchymal markers [alpha smooth muscle Actin
(α-SMA) and Vimentin].

Western blot and RT-qPCR
As described previously [18], total protein extracted
from lung tissues and HUVECs were electrophoresed on
a 8 or 10% sodium dodecyl sulfate (SDS)-polyacrylamide
gel, electroblotted to a polyvinylidene difluoride mem-
brane (Millipore, Billerica, MA), incubated with primary
antibodies against DPP-4 (Abcam), GLP-1 (Abcam),
VE-cadherin (Abcam), Fibronectin (Abcam), α-SMA
(Abcam), ZO-1 (ProteinTech Group, Inc., Chicago, IL,
USA), vimentin, Smad2/3, p-Smad2/3, extracellular reg-
ulated protein kinases1/2 (ERK1/2), p-ERK1/2 (Cell
Signaling Technology, MA, USA), or β-actin (Protein-
Tech Group). After 18 h, the membrane was incubated
with HRP-conjugated second antibody for 1 h at room
temperature, and then labeled with chemiluminescence
(ECL, Cell Signaling Technology). Band signal intensities
were analyzed densitometrically using ImageJ software.
Total RNA was extracted from lung tissues using Trizol

reagent (Gibco BRL, Grand Island, NY) according to the
manufacturer’s instructions. Reverse transcription was
conducted with SYBR Premix Ex Taq™ kit (TaKaRa Bio
Inc., Dalian, China). Quantitative RCR was performed

using an ABI Prism 7500 FASTapparatus (Applied Biosys-
tems, Foster City, CA, USA). The expression for each gene
was determined as the relative expression of the house-
keeping gene β-actin. PCR primers are listed in Table 1.

Statistical analysis
All values are presented as means ± S.E.M.. Comparisons
among groups were performed using one-way ANOVA
followed by least significant difference (LSD) post hoc test.
P < 0.05 was considered statistically significant.

Results
GLP-1R antagonist abolished the protective effects of
DPP-4i on PH
As presented in Fig. 1a, the expression of GLP-1 was al-
most undetectable in lungs of control rats, while it was
significantly expressed in lungs of MCT-challenged rats.
Daily treated with DPP-4i (sitagliptin, SG, 80 mg/kg)
significantly inhibited MCT-induced up-regulation of
GLP-1 in lung tissues. Nevertheless, this effect of SG
was completely blocked by the GLP-1R antagonist (Ex-3,
40 μg/kg, daily). Similarly, SG alleviated MCT challenge
resulted loss of weight gain (Δweight) in rats, which was
alleviated by Ex-3 (Fig. 1b). In addition, the inhibitory
effects of SG on MCT-induced increment of RVSP
(Fig. 1c), hypertrophy of pulmonary vascular medial
layer (Fig. 1d), hypertrophy of RV [the ratio of RV to

Table 1 The primer sequences of targeted RNA

Gene primer Species Sequence (5′ to 3′)

tnf-α Rat Forward GCATGATCCGAGATGTGGAA

Reverse AGACAGAAGAGCGTGGTGGC

il-1β Rat Forward ACAAGGAGAGACAAGCAACGACAA

Reverse TTTCCATCTTCTTCTTTGGGTATTG

il-6 Rat Forward AGACTTCACAGAGGATACCACCCAC

Reverse CAATCAGAATTGCCATTGCACAA

tgf-β1 Rat Forward ATTCCTGGCGTTACCTTG

Reverse CCCTGTATTCCGTCTCCT

vimentin Rat Forward GCAAAGCAGGAGTCAAACGAATA

Reverse TAGCAGCTTCAAGGGCAAAATTC

fibronectin Rat Forward GAGGCACAAGGTCCGAGAAGAG

Reverse GAAACCGTGTAAGGGTCAAAGCA

ve-cadherin Rat Forward GCCAATACTTCCGAATAACCAAAC

Reverse TGTCATTCTCATCCAAAACTTCAA

vwf Rat Forward CCAGACACTTGCGTTCATC

Reverse CTACGGCTTGCACTATTCA

β-actin Rat Forward CTGAACCCTAAGGCCAACCG

Reverse GACCAGAGGCATACAGGGACAA

tnf-α, tumor necrosis factor-α; il-1β, interleukin-1β; il-6, interleukin-6; tgf-β1,
transforming growth factor-β1; ve-cadherin, vascular endothelial cadherin; vwf,
von Willebrand Factor
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(LV + S)] (Fig. 1e), and hypertrophy of cardiomyocytes
(CSA) (Fig. 1f ) were abolished by Ex-3 (Fig. 1c-f ). These
results indicate that antagonism of GLP-1R could abol-
ish the protective effects of DPP-4i on PH.

GLP-1 analogue liraglutide alleviated MCT-induced PH
MCT challenge significantly increased DPP-4 and GLP-1
levels in lung tissues, which was inhibited by GLP-1
analogue liraglutide (Fig. 2a). As shown in Fig. 2b, lira-
glutide significantly reduced MCT challenge-resulted in-
crement of RVSP in rats. Consistently, liraglutide also
reversed MCT-induced PVR (Fig. 2c), pulmonary vascu-
lar fibrosis (Fig. 2d), cardiomyocyte hypertrophy (Fig. 2e),
RV hypertrophy (Fig. 2f ), as well as RV fibrosis (Fig. 2g).
These results suggest that GLP-1 analogue could prevent
MCT-induced PH in rats directly.

Liraglutide suppressed MCT-induced inflammation and
EndMT in pulmonary arteries
Inflammatory cell infiltration around pulmonary vascular
contributes to PRV during the development of PH [5]. The
accumulation of CD68 positive macrophages around pul-
monary arteries was noted in MCT-challenged rats, which
was attenuated by the treatment of liraglutide (Fig. 3a).
Similarly, liraglutide treatment significantly inhibited the
accumulation of TB staining positive mast cells around
pulmonary arteries (Fig. 3b). Besides, MCT treatment sig-
nificantly up-regulated mRNA levels of TGF-β1, IL-1β,
IL-6 and TNF-α in lung tissue (Fig. 3c). Consistent with
the results from inflammatory cell infiltration in lung,

liraglutide completely reversed up-regulation of TGF-β1,
IL-1β, TNF-α, and partially reversed up-regulation of IL-6
mRNA in lung induced by MCT treatment.
In addition, immunofluorence analysis showed liraglu-

tide significantly reduced the number of α-SMA positive
endothelial cells (labeled by CD31) (Fig. 3d), white
arrow). RT-qPCR detection indicated that liraglutide
partly reversed MCT-induced down-regulation of endo-
thelial marker mRNA (VE-cadherin and vWF) and
up-regulation of mesenchymal marker mRNA (vimentin
and fibronectin) in lung (Fig. 3e). In addition, endothelial
marker VE-cadherin along with mesenchymal marker fi-
bronectin were selected for further examination by west-
ern blot. As indicated in Fig. 3f, liraglutide significantly
reversed MCT-induced increase in fibronectin and re-
covered VE-cadherin partially.

Liraglutide alleviated BLM- and chronic hypoxia-induced PH
BLM-induced PH in rats was established using an
intratracheal administration of BLM while chronic
hypoxia-related PH was induced through raising rats in a
hypoxia chamber (10% oxygen) for 4 weeks. In BLM-PH
model, evaluated DPP-4 and GLP-1 were noted in PH rats,
which were significantly inhibited by liraglutide treatment
(Fig. 4a). Besides, liraglutide significantly alleviated BLM
treatment-induced increasing of RVSP (Fig. 4b), hyper-
trophy of right ventricle (RV/LV + S) (Fig. 4c), thickening of
pulmonary vascular medial layer (PAWT) (Fig. 4d),
and, accumulation of CD68 positive macrophages (Fig. 4e).
In chronic hypoxia-induced PH rats, liraglutide also

Fig. 1 GLP-1R antagonist exendin-3 (Ex-3) abolished the effect of DPP-4i sitagliptin (SG) on GLP-1 expression in lung tissues (a), right
ventricular systolic pressure (RVSP) (b), pulmonary arterial wall thickness (PAWT) (c), weight gain during the 4 weeks (ΔWeight) (d), and on
the ratio of RV to LV + S (e), as well as on the hypertrophy of cardiomyocytes [cross section area (CSA) of cardiomyocytes] (f). Data were
presented as the mean ± s.e.m. (n = 6–8). *P < 0.05, **P < 0.01, ***P < 0.001. DPP-4i, Dipeptidyl peptidase IV inhibitor; GLP-1, glucagon-like
peptide-1; GLP-1R, GLP-1 receptor; RV, right ventricle; LV + S, left ventricle + interventricular septum
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significantly suppressed hypoxia-induced increase in DPP-4
and GLP-1 expression (Fig. 4f). In addition, liraglutide
treatment showed significant beneficial effects as indicated
by lower RVSP, RV/LV + S, PAWT, and macrophages infil-
tration (Fig. 4g-j) compared to chronic hypoxia-challenged
rats.

Liraglutide attenuated TGF-β1 combining IL-1β induced
EndMT
Recently, EndMT was reported to be involved in the de-
velopment of PH and suggested to be a promising

therapeutic target for the treatment of PH [10]. TGF-β1
and IL-1β are key cytokines contributing to EndMT.
Therefore, TGF-β1 (5 ng/ml) in combination with IL-1β
(5 ng/ml) (T&I) were used to induce EndMT in cultured
HUVECs. As shown in Fig. 5a, HUVECs with cobble-
stone morphology transited to spindle-like morphology
72 h after T&I challenge. Morphology assay found that
liraglutide inhibited T&I-induced EndMT of HUVECs in
a dose-dependent manner (25, 50, 100 nM). VE-cadherin
and vimentin are specific markers for endothelial cells and
mesenchymal cells respectively in EndMT. After T&I

Fig. 2 GLP-1 analogue liraglutide inhibited MCT-induced up-regulation in GLP-1 and DPP-4 expression in lung tissues (a), reversed the increase in
right ventricular systolic pressure (RVSP) (b), meanwhile reduces hypertrophy of pulmonary vascular media layer (PAWT) (c), pulmonary vascular
fibrosis labeled by Masson trichrome staining (MTS) (d), cross section area (CSA) of cardiomyocytes (e), right ventricle hypertrophy (RV / LV + S) (f),
and RV fibrosis labeled by picrosirius red staining (PSR) (g). Data were presented as the mean ± s.e.m. (n = 6–8). *P < 0.05, **P < 0.01, ***P < 0.001
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challenge for 72 h, VE-cadherin between neighboring
HUVECs were almost disappeared, while mesenchymal
marker vimentin became abundant (Fig. 5b). When treated
with liraglutide together, the percent of vimentin-positive
cells undergoing EndMT decreased dose-dependently.
For further confirmation, the expressions of endothe-

lial markers (VE-cadherin and ZO-1) and mesenchymal
markers (α-SMA and vimentin) in HUVECs were de-
tected by West blotting. As shown in Fig. 5c, T&I chal-
lenge resulted in a significant decrease in endothelial
markers (VE-cadherin and ZO-1), and a remarkable
increase in mesenchymal markers (α-SMA and vimen-
tin). However, these alterations on EndMT-related cell
phenotypic markers induced by T&I were significantly
inhibited by liraglutide.
During T&I-induced EndMT, Smad and non-Smad sig-

naling are the most important signaling underlying.
Therefore, the phosphorylations of Smad2/3 and ERK1/2,

representative kinases of Smad and non-Smad signaling
respectively, were determined by Western blotting. As
shown in Fig. 5d, treated with T&I for 2 h induced a sig-
nificant phosphorylations of Smad2/3 and ERK1/2 in
HUVECs, which were inhibited by liraglutide in a
dose-dependent manner.

GLP-1 analogue suppressed EndMT via GLP-1R
When T&I-challenged HUVECs were treated with
liraglutide (100 nM), percent of spindle-like cells under-
going EndMT was significantly inhibited (Fig. 6a). How-
ever, after liraglutide-treated HUVECs was incubated
with GLP-1R antagonist (Ex-3, 200 nM), the percent of
spindle-like cells increased obviously. Similarly, liraglu-
tide remarkably suppressed T&I-induced increase in the
percent of vimentin+ HUVECs, which was significantly
abolished by Ex-3 supplement (Fig. 6b).

Fig. 3 GLP-1 analogue liraglutide suppressed CD68 positive macrophages infiltration (a), TB staining positive mast cells accumulation (b),
and decreased the mRNA expression of tgf-β1, il-1β, il-6 and tnf-α in lung tissues from rats with MCT-induced PH (c). Besides, liraglutide
reduced the number of α-SMA positive endothelial cells (labeled by CD31) (white arrow) (d), and partly recovered the expression of
endothelial markers (ve-cadherin and vwf), as well as inhibited mesenchymal markers (vimentin and fibronectin) in mRNA levels in lung
tissues from rats with MCT-induced PH (e). Furthermore, liraglutide successfully suppressed MCT-induced decrease in VE-cadherin and
increase in Fibronectin (f). Data were presented as the mean ± s.e.m. (n = 6–8). *P < 0.05, **P < 0.01, ***P < 0.001. VE-cadherin, vascular
endothelial cadherin; vwf, von Willebrand Factor
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Discussion
In previous study, we reported that DPP-4i suppressed
MCT-induced PH in rats [11]. In the current study, we
showed that blockage of GLP-1R abolished protective
effects of DPP-4i in MCT-induced PH. Moreover, GLP-1
analogue liraglutide successfully alleviated RVSP,
pulmonary arterial remodeling, and RV remodeling in
rats with MCT-PH, as well as bleomycin- and chronic
hypoxia-induced PH. In vitro study on HUVECs pro-
vides evidence that GLP-1 analogue could inhibit
TGF-β1&IL-1β-challenged activation of Smad/non-Smad
signaling, and prevent TGF-β1&IL-1β-induced EndMT.

DPP-4, a serine protease, cleaves a large number of che-
mokine and peptide hormones and makes them lose bio-
logical function [12]. Among them, stromal cell-derived
factor-1α (SDF-1α) [19] and brain natriuretic peptide
(BNP) [20, 21] presented a protective role in PH. GLP-1 is
another important substrate of DPP-4, being inactivated
by cleavage of the N-terminal histidine-alanine dipeptide.
In the present study, we found GLP-1R antagonist abol-
ished the inhibitory role of DPP-4i in pulmonary vascular
remodeling and PH in rats induced by MCT. These re-
sults suggested that GLP-1 might be an important down-
stream molecule mediating the protective effect of DPP-4i

Fig. 4 GLP-1 analogue liraglutide partly alleviated bleomycin hydrochloride- and hypoxia-induced PH, including reversing GLP-1 and DPP-4
expression (a and f), reducing RVSP (b and g), attenuating RV hypertrophy (RV / LV + S) (c and h), decreasing the thickness of pulmonary vascular
media layer (PAWT) (d and i), as well as reducing the CD68 positive macrophages infiltration (e and j). Data were presented as the mean ± s.e.m.
(n = 6–8). *P < 0.05, **P < 0.01, ***P < 0.001. BLM, bleomycin hydrochloride
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on PH. Subsequent study confirmed that GLP-1 could dir-
ectly prevented pulmonary vascular remodeling in differ-
ent models of experimental PH. Based on these results, it
is suggested that GLP-1 might be a promising target for
PH management.
Mounting evidence indicate that GLP-1 exert a broad

range of protective effects on cardiovascular diseases, in-
cluding hypertension [22], chronic heart failure [23, 24],
and ischemia-reperfusion injury [25]. Not only in pre-
constricted systemic circulation arteries, but also in pul-
monary arteries, GLP-1 receptor agonist could induce a
relaxation in endothelium-dependent manner [16, 26].
In current study, GLP-1 analogue liraglutide alleviates

increment of RVSP in different models of PH in rat, sug-
gesting the anti-vasoconstrictive effect may contribute to
the therapeutic effect of liraglutide in experimental PH.
Besides sustained constriction of pulmonary arteries,
pulmonary vascular remodeling characterized by pul-
monary arterial intimal and medial hypertrophy is an-
other predominant profile of PH [27].
Inflammatory cytokines (such as TGF-β1 and IL-1β), de-

rived from inflammatory cells, could result in intima
EndMT in the development of PH. In the present study,
GLP-1 analogue liraglutide treatment successfully attenu-
ated the accumulation of macrophages and mast cells
around pulmonary vessels, thereafter inhibited the cytokine

Fig. 5 GLP-1 analogue liraglutide attenuated TGF-β1 combining IL-1β induced increment in the percent of spindle-like cells which underwent EndMT
(a), reduced vimentin positive endothelial cells (labeled by VE-cadherin) undergoing EndMT (b), and recovered endothelial markers (VE-cadherin and
ZO-1) as well as inhibited mesenchymal markers (α-SMA and vimentin) (c). Besides, liraglutide obviously reduced TGF-β1 combining IL-1β induced
phosphorylation of Smad2/3 and ERK1/2 (d). Data were presented as the mean ± s.e.m. (n = 3–4). *P < 0.05, **P < 0.01, ***P < 0.001. T&I, TGF-β1 (5 ng/
ml) combining IL-1β (5 ng/ml); EndMT, endothelial-mesenchymal transition; α-SMA, alpha smooth muscle actin; ZO-1, zonula occludens-1; ERK,
extracellular signal-regulated kinases; liraglutide, Li, 25, 50, 100 nM
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release in lung. Till now, the anti-inflammatory effects of
GLP-1R agonist have been confirmed in different diseases,
such as renal injury [28], atherosclerosis [29], type 2 dia-
betes mellitus [30], and intracerebral hemorrhage [31].
EndMT, the most recently discovered pathological

features of PH, is a complex process in which cells
detach from the endothelial layer, lose their specific
molecular markers, and acquire a mesenchymal
phenotype [32]. It was reported that GLP-1 protected
against hyperglycemic-induced EndMT of human aor-
tic endothelial cells and improves myocardial dysfunc-
tion [33]. In experimental PH models, EndMT can be
induced by chronic hypoxia [34] or inflammatory re-
sponses [9]. Our in vivo study showed that endothe-
lial specific markers were significantly down-regulated
and mesenchymal markers were up-regulated in lungs
of MCT-induced PH rats, while these changes were
partially reversed by the treatment of GLP-1 analogue
liraglutide. These results suggest that GLP-1R activa-
tion may inhibit EndMT in MCT-induced PH. Al-
though we found that GLP-1 analogue significantly
inhibit MCT-induced inflammation, the effects of
GLP-1R activation on inflammatory cytokines-induced
EndMT is unclear. Our in vitro study showed
that TGF-β1 combining IL-1β induced EndMT of
HUVECs as indicated by the morphologic change
and alterations of endothelial/mesenchymal-specific
markers. As expected, GLP-1 analogue liraglutide not
only inhibited expression of mesenchymal markers
(vimentin and α-SMA), but also recovered expression
of endothelial markers (VE-cadherin, ZO-1). There-
fore, our data suggest that inhibiting EndMT could be

one of the potential mechanisms for the therapeutic
effects of GLP-1 analogue on PH.
Accumulating evidence has revealed the importance of

TGF-β signaling in EndMT [35]. Smad2/3 as well as
Smad-independent signaling (including ERK1/2) play an
essential role in TGF-β-induced EndMT [36]. In the
present study, GLP-1 analogue could reduce the phos-
phorylation of both Smad2/3 and ERK1/2, suggesting
GLP-1 analogue could suppress EndMT by inhibiting
Smad-dependent and Smad-independent ways. Consist-
ent with our results, GLP-1 analogue could also reduce
the phosphorylation of both Smad2/3 in Ang II-induced
cardiac fibrosis, enhance bone morphogenetic proteins
(BMP) signaling [37] which in turn inhibited TGF-β/
Smad2/3 signaling, and decreased the phosphorylation
of ERK1/2 in vascular smooth muscle cells [38, 39].
GLP-1 analogues have also been reported to prevent

and reverse monocrotaline-induced pulmonary arterial
hypertension by suppressing ET-1 and enhancing eNOS/
sGC/PKG pathways [40], and to improve hypoxia-induced
pulmonary hypertension in mice partly via normalization
of reduced ET(B) receptor expression [41]. Besides, the
anti-proliferation effect of GLP-1 analogues on different
vascular smooth muscle cells, including pulmonary arter-
ial smooth muscle cells (PASMCs) [40] and aortic smooth
muscle cells (ASMCs) [39, 42], might also contribute to
the beneficial effect of GLP-1R agonist on PH.
Increased GLP-1 was noted in lung tissues from rats

with PH, which means that the rats could partly protect
themself against PH via up-regulating GLP-1expresseion.
On the other hand, GLP-1, expressed in the lung tissues,
might also indicate the severity of PH since GLP-1 was

Fig. 6 GLP-1 receptor antagonist (exendin-3, 200 nM) abolished the inhibition role of liraglutide in TGF-β1 combining IL-1β induced EndMT, including
increase the percent of spindle-like cells (a) and vimentin positive endothelial cells (b). Data were presented as the mean ± s.e.m. (n = 3–4). *P < 0.05,
**P < 0.01, ***P < 0.001
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nearly not expressed in lung tissues from control rats. It
seems that DPP-4i decreased GLP-1 expression in lung
tissues form rats with PH in the present study, but it is
not the fact. We suspect that the decreased expression
in GLP-1 was mainly attributed to the DPP-4i-mediated
alleviation of PH even though DPP-4i could up-regulate
GLP-1 directly. Consistent with DPP-4i treatment,
GLP-1 analogue liraglutide treatment also reduced
GLP-1 expression in lung tissues from rats with PH,
which might also result from the alleviation of PH.

Conclusions
GLP-1 mediated the protective effects of DPP-4i on pul-
monary vascular and RV remodeling in experimental
PH, which may be attributed to the inhibitory effect on
EndMT. Targeted on GLP-1 could be a novel thera-
peutic option for the treatment of PH.
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