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Vital Roles of Gremlin-1 in Pulmonary 
Arterial Hypertension Induced by  
Systemic-to-Pulmonary Shunts
Liukun Meng, MD; Xiao Teng, MD; Yao Liu, MD; Chao Yang, MD; Shengwei Wang, MD; Wen Yuan, MD;  
Jian Meng, MD; Hongjie Chi, MD; Lihua Duan, MD; Xiaoyan Liu , PhD

BACKGROUND: Heterozygous mutation in BMP (bone morphogenetic protein) receptor 2 is rare, but BMP cascade suppres-
sion is common in congenital heart disease–associated pulmonary arterial hypertension (CHD-PAH); however, the underling 
mechanism of BMP cascade suppression independent of BMP receptor 2 mutation is unknown.

METHODS AND RESULTS: Pulmonary hypertensive status observed in CHD-PAH was surgically reproduced in rats. Gremlin-1 
expression was increased, but BMP cascade was suppressed, in lungs from CHD-PAH patients and shunted rats, whereas 
shunt correction retarded these trends in rats. Immunostaining demonstrated increased gremlin-1 was mainly in the endothe-
lium and media of remodeled pulmonary arteries. However, mechanical stretch time- and amplitude-dependently stimulated 
gremlin-1 secretion and suppressed BMP cascade in distal pulmonary arterial smooth muscle cells from healthy rats. Under 
static condition, gremlin-1 significantly promoted the proliferation and inhibited the apoptosis of distal pulmonary arterial 
smooth muscle cells from healthy rats via BMP cascade. Furthermore, plasma gremlin-1 closely correlated with hemodynamic 
parameters in CHD-PAH patients and shunted rats.

CONCLUSIONS: Serving as an endogenous antagonist of BMP cascade, the increase of gremlin-1 in CHD-PAH may present a 
reasonable mechanism explanation for BMP cascade suppression independent of BMP receptor 2 mutation.
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If left untreated, congenital heart diseases asso-
ciated with systemic-to-pulmonary shunt may ex-
pose pulmonary vasculature to persistent flow and 

pressure overload, subsequently resulting in pulmo-
nary obstructive arteriopathy, increased pulmonary 
vascular resistance, reversal of systemic-to-pul-
monary shunt, and Eisenmenger syndrome.1 The 
mechanism of pulmonary obstructive arteriopathy is 
incompletely elucidated, but studies have confirmed 
the central roles of excessive proliferation, migration, 
and apoptosis resistance of pulmonary artery smooth 
muscle cells (PASMCs) in pulmonary obstructive 
arteriopathy.2,3

Over past decades, the major breakthrough in 
heritable pulmonary arterial hypertension (PAH) and 
idiopathic PAH is the identification of BMP (bone mor-
phogenetic protein) signaling reduction caused by the 
pathogenic mutations of BMP receptor 2 (BMPR2), 
which subsequently elicits a proproliferative and an-
tiapoptotic status in PASMCs.4,5 However, as a spe-
cial form of PAH, congenital heart disease–associated 
PAH (CHD-PAH) carries the lowest level of BMPR2 
mutation but common suppression of BMP cascade in 
lungs,6–9 even in rat or piglet lungs exposed to system-
ic-to-pulmonary shunts,10–12 thus implicating the more 
common BMP cascade suppression independent of 
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BMPR2 mutation in CHD-PAH. Nonetheless, the po-
tential mechanism remains elusive.

Recent studies have found that BMP antagonist, 
gremlin-1, is significantly increased in hypoxia PAH, 
whereas knockout or blockage of gremlin-1 attenuates 

hypoxia or hypoxia/SU5416-induced PAH.13,14 Parallel 
data have also revealed that mechanical injury incurred 
gremlin-1 promotes systemic artery remodeling15; thus, 
we hypothesized that systemic-to-pulmonary shunt in-
creases gremlin-1 expression in lungs participating in 
pulmonary obstructive arteriopathy, thus presenting 
a mechanistic explanation for BMP cascade reduc-
tion in CHD-PAH independent of BMPR2 mutations. 
Therefore, the aim of this study was to investigate the 
role of gremlin-1 in CHD-PAH using our previously 
published rat PAH model.

METHODS
The data that support the findings of this study are 
available from the corresponding author on reason-
able request.

Study Design of Gremlin-1 in Human 
Samples
Clinical characteristics and grouping of subjects in-
cluded in this protocol have been presented in detail 
in our previous report.10 This part of the study com-
plied with the principles summarized in the Declaration 
of Helsinki and authorized by the “Research Ethics 
Committee of Fuwai Hospital, Chinese Academy of 
Medical Sciences and Peking Union Medical College” 
(No. 2009-229). All participants provided informed 
written consent.

Briefly, patients with CHD were divided into 3 groups: 
no PAH group (CHD–non-PAH, n=18, pulmonary vas-
cular resistance ≤3 Wood), severe PAH group (n=20, 3 
Wood<pulmonary vascular resistance<10 Wood), and 
Eisenmenger syndrome group (n=27, pulmonary vascu-
lar resistance ≥10 Wood). Patients with CHD–non-PAH or 
CHD–severe PAH all presented persistent systemic-to-pul-
monary shunt, whereas patients with CHD– Eisenmenger 
syndrome demonstrated reversed pulmonary-to-sys-
temic shunt or bidirectional shunt. Hemodynamic pa-
rameters derived from routine right heart catheterization 
procedures were collected. Blood specimens were taken 
from patients with CHD and age- and sex-matched con-
trol subjects (n=21, Table 1). Otherwise, control lung ex-
plants (n=5) were dissected from normal regions at least 
5 cm away from neoplasm margins during lung cancer 
surgery. Hypertensive lung tissues in the peripheral re-
gion were harvested during heart-lung transplantation for 
Eisenmenger syndrome (n=5).

Flow and Pressure Overload in Pulmonary 
Circulation Surgically Induced by 
Systemic-to-Pulmonary Shunts in Rats
The experimental protocols were authorized by the 
Ethics Committee on Animal Study of Fuwai Hospital 

CLINICAL PERSPECTIVE

What Is New?
•	 Systemic-to-pulmonary shunt time dependently 

upregulated gremlin-1 level in lungs.
•	 Mechanical stretch promoted gremlin-1 expres-

sion in distal pulmonary arterial smooth muscle 
cells, which exerts promoting roles in distal pul-
monary arterial smooth muscle cell phenotype 
change, partially mediated by BMP (bone mor-
phogenetic protein) cascades.

•	 Serum gremlin-1 levels correlated with the se-
verity of systemic-to-pulmonary shunt–associ-
ated pulmonary arterial hypertension.

What Are the Clinical Implications?
•	 Gremlin-1 may be a potential biomarker and 

therapeutic target for patients with congenital 
heart disease–associated pulmonary arterial 
hypertension.

Nonstandard Abbreviations and Acronyms

Bcl-2	 B-cell lymphoma-2
BMP-2	 bone morphogenetic protein-2
BMPR2	 bone morphogenetic protein receptor 2
CHD-PAH	 congenital heart disease–associated 

pulmonary arterial hypertension
CSG-12W	 combined surgery group reserving  

for 12  weeks
CSG-8W	 combined surgery group reserving 

for 8  weeks
CSG-CSL	 combined surgery group receiving 

cervical shunt ligation at the 
postoperative eighth week and 
continuously kept for the subsequent 
4  weeks

dPASMC	 distal pulmonary arterial smooth 
muscle cell

Id1	 inhibitor of DNA-binding 1
IED	 in external diameter
mPAP	 mean pulmonary arterial pressure
PAEC	 pulmonary arterial endothelial cell
SOG	 sham operation group
VSMC	 vascular smooth muscle cell



J Am Heart Assoc. 2020;9:e016586. DOI: 10.1161/JAHA.120.016586� 3

Meng et al� Vital Roles of Gremlin-1 in Shunt-Induced PAH

(approval No. 0000502) and implemented according to 
the Guide for the Care and Use of Laboratory Animals 
(NIH publication No. 85-23; National Academy Press, 
Washington, DC; revised 2011).

Forty Sprague-Dawley rats (male, 6 weeks old, 
200±10 g) were purchased from Vital River Laboratory 
Animal, Inc (Beijing, China), and randomly assigned to 
the sham operation group (SOG; n=10) and combined 
surgery group (CSG; n=30). Female rats were not used 
to eliminate the possible effect of estrogen on PAH.1 As 
demonstrated in the grouping flow chart (Figure S1), 10 
rats from CSG were kept for 8 weeks (CSG-8W; n=10), 
10 rats from CSG were kept for 12 weeks (CSG-12W; 
n=10), and 10 received surgically cervical shunt liga-
tion at the eighth week and were continuously kept for 
the subsequent 4 weeks (CSG-CSL; n=10). Surgeries 
were performed under the combined anesthesia by 
isoflurane anesthesia (1.5% vol/vol) and buprenorphine 
hydrochloride (0.03 mg/kg), as described in our pre-
vious research.16 In brief, combined surgeries were 
composed of 2 sequentially surgical procedures with 
1-week interval (ie, right pulmonary artery ligation [right 
posterolateral thoracotomy through the third intercos-
tal space] and a cervical systemic-to-pulmonary shunt 
[left common carotid artery to external jugular vein]). 
At the same time, the sham operation was also per-
formed in a 2-stage surgical procedure without ligation 
of right pulmonary arteries and the construction of left 
cervical shunts.

Postoperatively, all rats were kept under a normal 
light cycle with constant temperature (21°C) and rela-
tive humidity (50%–70%), and were routinely provided 
with standard laboratory chow, water, and prophylactic 

medicines (aspirin and hydrochlorothiazide), as we pre-
viously reported.10,16

Right Heart Catheterization in Rats
At the harvesting time points, the right heart cathe-
terization procedure was performed by an investiga-
tor blinded to the animal grouping and experimental 
protocol in a closed-chest manner, as previously re-
ported.10,16 Briefly, after right heart catheter was local-
ized in the right ventricle, and main pulmonary artery 
trunk, and after 5 minutes stabilization, mean values 
were recorded and analyzed for right ventricular sys-
tolic pressure, right ventricular developed pressure, 
pulmonary arterial systolic pressure, pulmonary artery 
diastolic pressure, mean pulmonary arterial pressure 
(mPAP), and the positive and negative maximum of 
right ventricular pressure. Meanwhile, systolic blood 
pressure of the systemic circulation and mean sys-
temic blood pressure were also measured via the left 
femoral artery, and ratios of pulmonary arterial systolic 
pressure/systolic blood pressure and mPAP/mean sys-
temic blood pressure were calculated. Data obtained 
in all rats survived until the right heart catheterization 
was included in the final statistical calculation. One rat 
in CSG-8W that died because of unknown reasons 
was excluded.

Rat Sample Harvesting
As previously reported,10 vein blood samples (0.5 mL) 
were acquired via inferior vena cava after right heart 
catheterization. Plasma was immediately centrifuged 
for 15 minutes at 1710g and 4°C, and then aliquoted 

Table 1.  Demographics of Patients Involved in This Study

Parameter Control CHD–non-PAH CHD-sePAH CHD-ES

No. of patients 21 18 20 27

Age, y 27 (22–44) 34.5 (26–49) 32 (23.5–38) 27 (20–36)

Sex (men/women), % 52.38/47.62 50/50 35/65 18.52/81.48

Diagnosis

ASD/VSD/PDA, % 0/0/0 27.78/38.89/33.33 25/35/40 33.33/40.74/25.93

Hemodynamic indexes

PASP, mm Hg 38.56±9.00 80.70±21.82 114.22±15.05

mPAP, mm Hg 23.17±7.29 53.05±15.16 82.26±12.88

CO, L/min 8.08±2.18 6.67±2.00 4.07±1.70

CI, L/min per m2 5.00±1.56 4.25±1.40 2.70±1.17

PVR, Wood 1.99±0.88 6.63±1.98 20.37±7.52

TPVR, Wood 3.17±0.70 8.27±2.13 23.32±7.85

Gremlin-1, ng/mL 82.02±20.65 140.99±30.61 253.12±47.82 313.52±62.15

Age data are presented as median (interquartile range), and hemodynamic data are presented as mean±SD. ASD indicates atrial septal defect; CHD, 
congenital heart disease; CHD-ES, CHD patients with Eisenmenger syndrome; CHD–non-PAH, CHD patients with no PAH; CHD-sePAH, CHD patients with 
severe PAH; CI, cardiac index; CO, cardiac output; mPAP, mean pulmonary arterial pressure; PAH, pulmonary arterial hypertension; PASP, pulmonary arterial 
systolic pressure; PDA, patent ductus arteriosus; PVR, pulmonary vascular resistance; TPVR, total pulmonary vascular resistance; and VSD, ventricular septal 
defect.
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and frozen at −80°C for further gremlin-1 detection 
using ELISA.

After right heart catheterization, the left lung and 
heart were perfused to pink white with 4°C physiolog-
ical saline via inferior cava vena with abdominal aorta 
being cut off, after which the left lung was extirpated, 
placed on ice, and further dissected into 2 parts. 
The superior part was snap frozen in liquid nitrogen 
for real-time polymerase chain reaction and Western 
blotting analysis, and the inferior part was routinely 
immersed into 10% neutral-buffered formalin, trimmed 
into tissue block, and processed for paraffin embed-
ding. Otherwise, right ventricular hypertrophy was an-
alyzed by the ratio of the wet weight of right ventricle/
that of the left ventricle plus septum.16

Histological Analysis
Our previous studies confirmed that pulmonary vas-
culopathy in PAH induced by combined surgery is 
mainly localized in distal pulmonary arteries <75 μm in 
external diameter (IED).10,16 To clearly define the grade 
of pulmonary vasculopathy (muscularization, medial 
hypertrophy, and luminal occlusion) in distal pulmo-
nary arteries <75 μm IED, two 5-µm lung sections from 
each rat were stained: one was stained with hematox-
ylin-eosin staining to manifest cells, whereas the other 
was initially stained with the Weigert method and then 
with the Van Gieson solution to differentiate the 3 lay-
ers with different colors. Evaluation of pulmonary vas-
culopathy in distal pulmonary arteries <75 μm IED in 
each slide was performed by one investigator blinded 
to animal grouping and experimental protocol.

Pulmonary vasculopathy in distal pulmonary ar-
teries <75 μm IED was carefully graded, referencing 
the classification proposed by Heath-Edwards and 
Wagenvoort17,18 (ie, media muscularization without 
intimal cellular proliferation or intimal fibrosis [grade 
Ⅰ], medial hypertrophy with cellular intimal prolifera-
tion [grade Ⅱ], or cellular or fibrous vascular occlusion 
[grade Ⅲ]). Quantitative analysis of muscularization, 
medial hypertrophy, and luminal occlusion in distal pul-
monary arteries <75 μm IED are described in detail in 
our previous reports.10,16

RNA Isolation and Real-Time Polymerase 
Chain Reaction Analysis
Frozen lung tissue and rat distal PASMCs (dPASMCs) 
were homogenized and total RNA was isolated with 
TRIzol reagent (Invitrogen, Carlsbad, CA) and re-
verse transcribed to cDNA using an AMV Reverse 
Transcriptase Kit (Promega, Madison, WI). Transcription 
levels of gremlin-1, BMPR2, inhibitor of DNA-binding 1 
(Id1), Bax, B-cell lymphoma-2 (Bcl-2), and GAPDH were 
detected with SYBR Green PCR MasterMix in a 7300 
Fast Real-Time PCR System (Applied Biosystems, 

Foster City, CA) with duplicate experimental samples 
for each sample, and normalized by GAPDH amplified 
from the same samples and served as the internal con-
trol. The sequences of primers for gremlin-1, BMPR2, 
Id1, Bax, Bcl-2, and GAPDH are presented in Table 2.

Western Immunoblotting Analysis
The Western blotting analysis was performed on lung 
tissues and whole protein lysates of dPASMCs, as de-
scribed in our previous report.10 In brief, after extraction 
with lysis buffer and quantification with a BCA protein 
assay kit (Pierce, Rockford, IL), protein extracts (40 μg 
per sample) were separated with 4% to 12% (vol/vol) 
gradient SDS-PAGE, blocked for 2 hours in tris-buff-
ered saline containing 0.1% (vol/vol) Tween-20 and 
10% (wt/vol) nonfat dry milk powder. After incubation 
with primary antibodies (overnight at 4°C) and second-
ary antibodies (1  hour at room temperature), signal 
densitometry of target protein band was detected with 
an ECL chemiluminescence detection kit (PK-MB902-
500-500; PromoCell, Germany) and quantified using 
ImageJ software. The value was normalized to GAPDH 
of each loading control. Primary antibodies used in this 
study are listed in Table 3.

Immunohistochemistry and 
Immunofluorescence Staining for 
Gremlin-1 in Lungs
Immunohistochemistry Staining for Gremlin-1 in 
Human Lungs

As we previously reported,10 after serial pretreatment of 
deparaffinization, rehydration, antigen retrieval (100℃ 
citrate buffer, pH 6.0, 20  minutes), permeabilization 
(0.3% Triton X-100 in PBS), and nonspecific binding 
blocking (5% normal goat serum), human lung sections 
were immunostained with gremlin-1 primary antibody 
(Table  3) overnight at 4°C, then sequentially hybrid-
ized with biotinylated secondary antibody, horserad-
ish peroxidase–conjugated streptavidin, and final 3, 
3’-diaminobenzidine. Gremlin-1 immunoreactivity was 
routinely analyzed by the Olympus imaging analyzer 
system (BX61; Tokyo, Japan).

Immunofluorescence Staining for Gremlin-1 in 
Rat Lungs

After the routine serial pretreatment that was performed 
as aforementioned, rat lung sections (5 μm) were incu-
bated with primary antibodies to gremlin-1 in the pres-
ence of endothelial marker von Willebrand factor or 
smooth muscle cell marker smooth muscle α-actin at 
4°C overnight, then were hybridized with secondary an-
tibodies at room temperature for 1 hour, further coun-
terstained with 4′6-diamidino-2-phenylindole (1:1000; 
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Sigma-Aldrich, St. Louis, MO), and finally mounted 
with fluorescence antifading solution (Vectashield; 
Vector Labs, CA). Fluorescence images were analyzed 
with a Leica SP8 confocal laser scanning microscope.

Cell Culture
Rat dPASMCs from peripheral pulmonary tissue ex-
plants of healthy rats were harvested and cultured, as 
previously reported.11 All dPASMCs used for in vitro 
functional studies were passages between 4 and 6.

Detection of Cell Cycle Distribution by 
Flow Cytometry
The cell cycle phase distribution of dPASMCs was 
determined by flow cytometry. First, dPASMCs were 
synchronically starved in serum-reduced media (0.4% 
fetal bovine serum) for 48  hours, then culture media 
were replaced with complete smooth muscle cell me-
dium for the indicated time (0, 12, or 24 hours). After 

trypsinization, harvested dPASMCs were centrifuged 
at 800g for 5 minutes at 4℃, resuspended in fluores-
cence-activated cell sorting buffer (100  mmol/L so-
dium acetate and 5.4 mmol/L EDTA, pH 5.2), fixed in 
70% ethanol overnight at 4°C, and finally permeabi-
lized with 0.2% Triton X-100 for 30 minutes. For DNA 
staining, dPASMCs were then incubated with Rnase A 
(50 μg/mL) and propidium iodide (100 μg/mL; Sigma-
Aldrich) at room temperature for 30  minutes in the 
dark. After these sequential pretreatments, the DNA 
content of dPASMCs was assessed by flow cytom-
etry (FACSAria; Becton Dickinson, San Jose, CA). 
Results were expressed as percentage of cells in each 
cell cycle phase. The experiments were performed in 
triplicate.

dPASMC Mechanical Stretch
For stretch experiments, dPASMCs were transferred 
to the Bioflex plates (BioFlex Flexcell International 

Table 2.  Primer Sequences for Real-Time PCR

Gene Forward 5’-3’ Reverse 5’-3’

Gremlin-1 (r) CCTTTCTTTGCTCTCCCTGA TTGTCTCCCCACACTCTGAA

BMPR2 (r) CCGGGCAGGATAAATCAGGA ATTCTGGGAAGCAGCCGTAG

Id1 (r) GAACCGCAAAGTGAGCAAGG GAACCGCAAAGTGAGCAAGG

GAPDH (r) GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA

Bax (r) CGTGGTTGCCCTCTTCTACT TCACGGAGGAAGTCCAGTGT

Bcl-2 (r) GTGGACAACATCGCTCTGTG CATGCTGGGGCCATATAGTT

Gremlin-1 (h) GCAAATACCTGAAGCGAGAC CGATGGATATGCAACGACAC

GAPDH (h) ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA

Bcl-2 indicates B-cell lymphoma-2; BMPR2, BMP (bone morphogenetic protein) receptor 2; h, Homo sapiens; Id1, inhibitor of DNA-binding 1; PCR, 
polymerase chain reaction; and r, Rattus norvegicus.

Table 3.  List of Primary Antibodies Used in This Study

Catalog No. Clonality Manufacturer Antibody (SR) Dilution

sc-515877 Mouse-monoclonal Santa Cruz Biotechnology (CA, USA) Gremlin-1 (rat) 1:200 (Immunofluorescence)

Ab157576 Rabbit-polyclonal Abcam (Cambridge, UK) Gremlin-1 (rat) 1:400 (WB)

AF956 Goat-polyclonal R&D Systems (Minneapolis, MN) Gremlin-1 (human) 1:200 (Immunohistochemistry)

sc-515877 Mouse-monoclonal Santa Cruz Biotechnology (CA, USA) Gremlin-1 (human) 1:1000 (WB)

sc-32233 Mouse-monoclonal Santa Cruz Biotechnology (CA, USA) GAPDH (rat, human) 1:1000 (WB)

G9545 Rabbit-polyclonal Sigma-Aldrich (St. Louis, MO) GAPDH (rat, human) 1:2000 (WB)

ab7817 Mouse-monoclonal Abcam (Cambridge, UK) α-SMA (rat) 1:100 (Immunofluorescence)

ab6994 Rabbit-polyclonal Abcam (Cambridge, UK) vWF (rat) 1:100 (Immunofluorescence)

ab130206 Mouse-monoclonal Abcam (Cambridge, UK) BMPR2 (rat) 1:1000 (WB)

ab230679 Rabbit-polyclonal Abcam (Cambridge, UK) Id1 (rat) 1:1000 (WB)

13820 Rabbit-monoclonal Cell Signaling Technology (Danvers, MA) P-Smad1/5/8 (rat) 1:1000 (WB)

21684 Rabbit-polyclonal Signalway Antibody (MD, USA) Smad1/5/8 (rat) 1:1000 (WB)

ab32503 Rabbit-monoclonal Abcam (Cambridge, UK) Bax (rat) 1:2000 (WB)

ab196495 Rabbit-polyclonal Abcam (Cambridge, UK) Bcl-2 (rat) 1:2000 (WB)

Bcl-2 indicates B-cell lymphoma-2; BMPR2, BMP (bone morphogenetic protein) receptor 2; Id1, inhibitor of DNA-binding 1; P-Smad1/5/8, phosphorylated 
Smad1/5/8; α-SMA, smooth muscle α-actin; Smad1/5/8, drosophila mothers against decapentaplegic protein 1/5/8; SR, species reactivity; vWf, von Willebrand 
factor; and WB, Western blotting.
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Corporation, Hillsborough, NC) at a density of 
1×105 cells/well with 2 mL complete smooth muscle cell 
medium per well and allowed to adhere for 48 hours. 
Subsequently, complete smooth muscle cell medium 
was replenished with basic smooth muscle cell me-
dium (0.4% fetal bovine serum) and dPASMCs were 
starved for 48 hours to induce quiescence. Thereafter, 
arresting dPASMCs were cultured in fresh complete 
smooth muscle cell medium and subjected to me-
chanical stretch by using the Flexcell FX-5000 ten-
sion system (Flexcell International Corp). To determine 
the duration of applied stretch necessary to produce 
changes in the expression of gremlin-1, BMPR2, and 
Id1, dPASMCs were subjected to stretch at 1 Hz at the 
amplitude of 15% for 6, 12, 24, and 48 hours. To deter-
mine the appropriate stretch amplitude necessary to 
incur changes in the expression of gremlin-1, BMPR2, 
and Id1, dPASMCs were stretched at a frequency of 
1 Hz for 24 hours at amplitudes of 5%, 10%, 15%, and 
20%. After this, the suitable duration and amplitude of 
optimal stretch with the maximum effect were chosen. 
Thereafter, the optimal effect of mechanical stretch 
on the protein level of gremlin-1 and BMP cascade 
were further analyzed. Control dPASMCs from the 
same batch as stretch group were statically cultured 
in BioFlex plates and were subjected to the sequential 
culture procedure but were not exposed to mechanical 
stretch.

dPASMC Proliferation Assay
The proliferation of dPASMCs from healthy rats was 
determined using 5-bromo-2-deoxy-uridine incorpora-
tion assay (Calbiochem, Gibbstown, NJ) following the 
provided protocol.

First, a total of 1×104 dPASMCs were seeded into 
each well of a 96-well plate in 100 mL complete smooth 
muscle cell medium. After overnight attachment 
and subsequent arresting with low serum starvation 
(0.4% fetal bovine serum) for 48  hours, synchronized 
dPASMCs were treated with complete smooth mus-
cle cell medium containing recombinant BMP2/4 
(355-BM, 5020-BP; R&D Systems, Minneapolis, 
MN), BMP2/4+gremlin-1 (956-GR; R&D Systems), 
and BMP2/4+gremlin-1+anti–gremlin-1 (AF956; R&D 
Systems) at indicated concentrations and were incu-
bated for different time intervals. Six hours before in-
cubation termination, 5-bromo-2-deoxy-uridine (10 mL) 
was added into each well. Subsequently, dPASMCs 
were fixed, incubated with anti–5-bromo-2-deoxy-
uridine antibody, and finally quantified by measuring 
the absorbance at 450  nm with a microplate reader 
(Mode 680; Bio-Rad, Tokyo, Japan), as we previously 
reported.10 Proliferation rates of dPASMCs were pre-
sented as relative folds to the mean value of the control 
dPASMCs. Experiments were all performed in triplicate.

dPASMC Apoptosis Detection
Apoptosis rates of dPASMCs were detected by 
Annexin V/PI staining assay kit, according to the 
manufacturer′s protocol (BD Biosciences, Oxnard, 
CA). Briefly, after pretreatment with BMP2/4, 
BMP2/4+gremlin-1, BMP2/4+gremlin-1+anti–grem-
lin-1 at indicated concentrations, dPASMCs were 
trypsinized, washed in ice-cold PBS, and labeled 
with annexin V–fluorescein isothiocyanate in the dark. 
Then, the nuclei were stained with 10 mg/mL 4′, 6′-di-
amidino-2-phenylindole dihydrochloride for 10  min-
utes at 20°C. Finally, samples were detected using 
the FACSCanto II flow cytometer (BD Biosciences) 
within 1 hour and analyzed by Flowjo software.

Detection of Plasma Gremlin-1 
Concentration
Human and rat plasma concentrations of gremlin-1 
were detected by commercially available ELISA kits 
(NBP2-75362, NBP2-75364; Novus Biologicals, 
LLC), according to the manufacturer provided pro-
tocols. The duplicate assay was performed in all the 
standards and samples, and the mean values were 
analyzed. A microplate reader (Mode 680; Bio Rad, 
Tokyo, Japan) was used to measure the absorbance 
at 450 nm. Plasma concentrations of gremlin-1 were 
calculated using a standard curve constructed by ti-
trating standards.

Statistical Analysis
Data are all expressed as mean±SD of at least 4 in-
dependent experiments. Statistical analysis was 
performed using SPSS 13.0 statistics software. 
Comparisons between 2 groups were evaluated using 
Student t test. Differences among groups were tested 
by 1-way ANOVA. Nonparametric tests were used for 
nonnormally distributed values. The correlation between 
plasma gremlin-1 concentration and hemodynamic val-
ues in rats was analyzed by linear regression analysis. 
P<0.05 was considered to be statistically significant.

RESULTS
Systemic-to-Pulmonary Shunt  
Time-Dependently Incurred Apparent 
Pulmonary Hypertensive Status in Rats
As demonstrated in Figure 1A through 1J, after expo-
sure to systemic-to-pulmonary shunt for 8 or 12 weeks, 
baseline level of right ventricular systolic pressure, right 
ventricular developed pressure, the positive and nega-
tive maximum of right ventricular pressure, ratio of 
the wet weight of right ventricle/that of the left ventri-
cle plus septum, pulmonary arterial systolic pressure, 



J Am Heart Assoc. 2020;9:e016586. DOI: 10.1161/JAHA.120.016586� 7

Meng et al� Vital Roles of Gremlin-1 in Shunt-Induced PAH

mPAP, pulmonary arterial systolic pressure/systolic 
blood pressure, and mPAP/mean systemic blood pres-
sure, observed in SOG, increased over time to a much 
higher level, as shown in CSG-8W and CSG-12W. After 
cervical shunt ligation, these parameters decreased 
to a much lower level, as detected in CSG-CSL (all 
P<0.01), which indicated that systemic-to-pulmonary 
shunt time-dependently deteriorated pulmonary hyper-
tensive status, whereas the correction of cervical shunt 
facilitated the regression of PAH.

Furthermore, as presented in Figure 1K and 1L, 
8  weeks’ exposure to systemic-to-pulmonary shunt 
induced pulmonary vasculopathy of grade I (muscu-
larization, 9/9), grade Ⅱ (cellular intimal proliferation, 

5/9), and grade III (intimal fibrosis and entirely luminal 
occlusion, 3/9) in CSG-8W, whereas 12  weeks’ ex-
posure induced pulmonary vasculopathy of grade I 
(10/10), grade Ⅱ (10/10), and grade III (6/10) in CSG-
12W, but pulmonary vasculopathies observed in 
CSG-8W regressed to a much remissive status (ie, 
grade I [10/10], grade Ⅱ [4/10], and grade III [0/10]) 
after cervical shunt ligation in rats of CSG-CSL. 
Distribution diversity in the extent of pulmonary vas-
culopathy among the above groups suggested that 
systemic-to-pulmonary shunt incurred pulmonary 
vasculopathy of grade I to III over time, which could 
be partially reversed after surgical ligation of the cer-
vical shunt.

Figure 1.  Pulmonary hypertensive status in rats with persistent systemic-to-pulmonary shunt or cervical shunt ligation.
A through J, Hemodynamic indexes derived from right heart catheterization procedure and ratio of the weight of right ventricle/that 
of left ventricle plus septum (RV/LV+S). A, Right ventricular systolic pressure (RVSP). B, Right ventricular developed pressure (RVDP). 
C, Positive maximum RV dP/dt (+RV dp/dtmax). D, Negative maximum RV dP/dt (−RV dp/dtmax). E, Pulmonary arterial systolic 
pressure (PASP). F, Pulmonary artery diastolic pressure (PADP). G, Mean pulmonary arterial pressure (mPAP). H, Ratio of pulmonary 
arterial systolic pressure/systemic arterial systolic pressure (Pp/Ps). I, mPAP/mean systemic blood pressure (mSBP). J, RV/LV+S. K, 
Proportion of pulmonary vasculopathies of different grades presented in intra-acinar pulmonary arteries <50 μm in external diameter. 
L, Representative morphological imagines of pulmonary arterioles (hematoxylin-eosin stain, ×1000). L1 to L3, Intra-acinar pulmonary 
arteries from sham operation group (SOG) with normal morphological features; L4 to L6, intra-acinar pulmonary arteries from 
combined surgery group reserving for 8 weeks (CSG-8W) with severe muscularization (L4-L5) and cellular intimal proliferation (L6); L7 
to L9, intra-acinar pulmonary arteries from combined surgery group reserving for 12 weeks (CSG-12W) with muscularization (L7-L8) 
and neointima formation and cellular luminal occlusion (L7 and L9); and L10 to L12, intra-acinar pulmonary arteries from combined 
surgery group receiving cervical shunt ligation at the postoperative eighth week and continuously kept for the subsequent 4 weeks 
(CSG-CSL) with slight muscularization (L10-L12) and intimal proliferation with patent lumen (L12). Data are mean±SD. n=9 to 10 rats 
per group. NS indicates not significant. *P<0.05, **P<0.01, and NS P>0.05.
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Systemic-to-Pulmonary Shunt Time-
Dependently Inhibited BMP Cascade But 
Increased Gremlin-1 Level in Rat Lungs
Compared with those of SOG, protein levels of 
BMPR2, P-Smad1/5/8 (phosphorylated drosophila 
mothers against decapentaplegic protein 1/5/8), and 
BMP-targeted intranuclear gene transcription of Id1 
decreased time-dependently in rat lungs (Figure  2A 
through 2D). However, corresponding to the interval 
through which rat lungs experienced systemic-to-pul-
monary shunts, mRNA level of gremlin 1 in rat lungs 
from CSG-8W and CSG-12W gradually increased, 
which indicated that increased gremlin-1 level was a 
persistent response to pressure and flow overload in 
the pulmonary circulation (Figure S2, Figure 2A and 2E).

Gremlin-1 Increase and BMP Cascade 
Suppression Partially Recovered After 
Cervical Shunt Ligation
As expected, the expression levels of BMP cascade 
(BMPR2, P-Smad1/5/8, and Id1) were also downregu-
lated in the lungs of CSG-CSL compared with those of 
SOG, but to a slightly lower level than those of CSG-8W 
and CSG-12W. On the other hand, the increased trends 
of the gremlin-1 level observed in the lungs of CSG-8W 
and CSG-12W significantly decreased in CSG-CLS 
(Figure 2A through 2E and Figure S2). Together, these 
results indicated an overall recovery of systemic-to-pul-
monary shunt induced BMP cascade suppression and 
gremlin-1 expression increment after cervical shunt li-
gation in rats of CSG-CSL.

Systemic-to-Pulmonary Shunt Increased 
Plasma Gremlin-1 Level Over Time in Rats
Interestingly, systemic-to-pulmonary shunt time-de-
pendently induced a prominent increase of plasma 
gremlin-1 level in rats, whereas systemic-to-pulmonary 

shunt elimination terminated this trend (Figure  2F). 
Furthermore, plasma gremlin-1 concentration in SOG, 
CSG-8W, CSG-12W, and CSG-CSL revealed a close 
correlation with right ventricular systolic pressure, 
right ventricular developed pressure, the positive and 
negative maximum of right ventricular pressure, pul-
monary arterial systolic pressure, mPAP, pulmonary 
arterial systolic pressure/systolic blood pressure, 
mPAP/mean systemic blood pressure, and ratio of 
the wet weight of right ventricle/that of the left ventri-
cle plus septum (Figure 2G through 2P), theoretically 
indicating the potential of secretary gremlin-1 to be 
used as a new biomarker for patients with CHD-PAH.

Immunofluorescence staining demonstrated that 
gremlin-1, colocalized with von Willebrand factor (an 
endothelium biomarker), was mainly expressed in the 
endothelial layer of PAs (25–75 μm IED) in lungs from 
SOG and CSG-8W (Figure 2Q). Gremlin-1 colocalized 
with smooth muscle α-actin (a smooth muscle marker) 
was not found in the medium of PAs (25–75 μm IED) in 
lungs from SOG, but an intense expression of grem-
lin-1 colocalized with smooth muscle α-actin was 
detected in the medium of PAs (25–75 μm IED) with 
prominent medial hypertrophy and in PAs (<25  μm 
IED) with pervasive recurrence of smooth muscle layer 
in lungs from CSG-8W (Figure 2R), thus indicating that 
systemic-to-pulmonary shunts induced gremlin-1 ex-
pression increase in the medial layer of remodeled 
PAs.

Mechanical Stretch Stimulated Gremlin-1 
Expression and Suppressed BMP 
Cascade in dPASMCs From Healthy Rats
Compared with the level of statically cultured 
dPASMCs, mechanical stretch (15%, 1  Hz) time-de-
pendently promoted gremlin-1 mRNA level, but sup-
pressed BMPR2 and Id1 mRNA levels (Figure  3A 
through 3C), whereas mechanical stretch (24  hours, 

Figure 2.  Expression change of BMP (bone morphogenetic protein) cascade and gremlin-1 in rats with persistent systemic-
to-pulmonary shunt or cervical shunt ligation.
A, Representative Western blotting image of gremlin-1, BMP cascade (BMP receptor 2 [BMPR2], P-Smad1/5/8 [phosphorylated 
drosophila mothers against decapentaplegic protein 1/5/8], T-Smad1/5/8 [total drosophila mothers against decapentaplegic protein 
1/5/8], and inhibitor of DNA-binding 1 [Id1]) in lungs from sham operation group (SOG) and combined surgery group (CSG). B through 
D, Quantitative analysis of BMP cascade by densitometric scanning: BMPR2 (B), P-Smad1/5/8 (C), and Id1 (D). E, Protein level 
of gremlin-1 in lungs from SOG and CSG. F, Plasma gremlin-1 concentration presented a stepwise increase in a time-dependent 
manner and decreased after cervical shunt closure. G through P, Regression scatterplot results demonstrate the correlation between 
plasma gremlin-1 level and right ventricular systolic pressure (RVSP) (G), right ventricular developed pressure (RVDP) (H), positive 
maximum RV dP/dt (+RV dp/dtmax) (I), negative maximum RV dP/dt (−RV dp/dtmax) (J), pulmonary arterial systolic pressure (PASP) 
(K), pulmonary artery diastolic pressure (PADP) (L), mean pulmonary arterial pressure (mPAP) (M), ratio of pulmonary arterial systolic 
pressure/systemic arterial systolic pressure (Pp/Ps) (N), mPAP/mean systemic blood pressure (mSBP) (O), and ratio of the weight of 
right ventricle/that of left ventricle plus septum (RV/LV+S) (P). Q, Immunofluorescence for gremlin-1 (green), von Willebrand factor (vWF; 
red), and nuclei (blue) in lung sections from SOG and CSG reserving for 12 weeks (CSG-12W) (bar=25 μm). White arrow indicates the 
colocalization of gremlin-1 with vWF. R, Immunofluorescence for gremlin-1 (green), smooth muscle α-actin (α-SMA) (red), and nuclei 
(blue) in lung sections from SOG and CSG-12W (bar=25 μm). White arrow indicates the colocalization of gremlin-1 with α-SMA. Data are 
mean±SD. n=9 to 10 rats per group. CSG-8W indicates CSG reserving for 8 weeks; CSG-CSL, CSG receiving cervical shunt ligation 
at the postoperative eighth week and continuously kept for the subsequent 4 weeks; DAPI, 4′6-diamidino-2-phenylindole; and NS, not 
significant. *P<0.05, **P<0.01, and NS P>0.05.
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1 Hz) amplitude-dependently upregulated the mRNA 
level of gremlin-1, yet down-regulated the mRNA level 
of BMPR2 and Id1 (Figure 3D through 3F). Furthermore, 
mechanical stretch (15%, 24 hours, and 1 Hz) induced 
upregulation of gremlin-1 protein level and correspond-
ing down-regulation of BMPR2, Smad1/5/8 phospho-
rylation, and Id1 expression in dPASMCs (Figure 3G 
through 3K), as shown by Western blotting, which 
suggested a significant suppression of BMP cascade 
in dPASMCs exposed to mechanical stretch (15%, 
24 hours, and 1 Hz).

Effects of Gremlin-1 on dPASMCs From 
Healthy Rats Under Static Condition
Gremlin-1 Expression Was Upregulated in 
Proliferative dPASMCs

To further examine the expression pattern of gremlin-1 
under static condition, dPASMCs were first synchro-
nized with 0.4% fetal bovine serum and then recovered 
in complete smooth muscle cell medium for 0, 12, and 
24  hours. At 0  hours, most cells were in the G0/G1 
phase of the cell cycle, whereas at 12 and 24 hours, 
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Figure 3.  Mechanical stretch increased gremlin-1 expression and suppressed BMP (bone morphogenetic protein) cascade 
in distal pulmonary arterial smooth muscle cells (dPASMCs) from healthy rats.
A through C, Mechanical stretch (24 hours, 1 Hz) increased the mRNA level of gremlin-1 (A) but decreased the mRNA level of BMP 
receptor 2 (BMPR2) (B) and inhibitor of DNA-binding 1 (Id1) (C) in an amplitude-dependent way and achieved the optimal effect at 
15%. D through F, Mechanical stretch (15%, 1 Hz) increased the mRNA level of gremlin-1 (D) but decreased the mRNA level of BMPR2 
(E) and Id1 (F) in a time-dependent manner and exerted an optimal effect at 24 hours. G, Representative Western blotting image 
showing that the protein level changes of gremlin-1 and BMP cascade in dPASMCs under the condition of mechanical stretch (15%, 
24 hours, and 1 Hz). H through K, Quantification analysis presented the protein level change of gremlin-1 (H), BMPR2 (I), P-Smad1/5/8 
([phosphorylated drosophila mothers against decapentaplegic protein 1/5/8) (J), and Id1 (K) in dPASMCs under the condition of 
mechanical stretch (15%, 24 hours, and 1 Hz). Data are mean±SD of 5 to 6 independent experiments. NS indicates not significant; and 
T-Smad1/5/7, total drosophila mothers against decapentaplegic protein 1/5/8. *P<0.05, **P<0.01, and NS P>0.05.



J Am Heart Assoc. 2020;9:e016586. DOI: 10.1161/JAHA.120.016586� 11

Meng et al� Vital Roles of Gremlin-1 in Shunt-Induced PAH

cells in S and G2/M phase gradually increased 
(Figure  4A). Compared with those of dPASMCs at 
0 hours, apparent increases of gremlin-1 mRNA and 
protein level were observed (Figure  4B through 4C). 
Interestingly, proliferative dPASMCs correspondingly 
secreted gremlin-1 into the culture supernatant in a 
similar manner (Figure 4D).

Gremlin-1 Promoted the Proliferation  
of dPASMCs

As demonstrated in Figure 4E and Figure S3A, recom-
binant BMP2 and BMP4 dose-dependently inhibited 
dPASMC proliferation, achieving optimally inhibitory 

effect at 20  ng/mL. Interestingly, when simultane-
ously added with BMP2/4 (20 ng/mL), gradient grem-
lin-1 commenced restoring dPASMC proliferation at 
10  ng/mL and procured an optimally reversal effect 
on dPASMC proliferation at 100  ng/mL for BMP2, 
whereas gradient gremlin-1 protein started restoring 
dPASMC proliferation at 100  ng/mL and procured 
an optimally reversal effect on dPASMC proliferation 
for BMP4 at 1000 ng/mL (Figure 4F and Figure S3B). 
Furthermore, anti–gremlin-1 (5 μg/mL)+BMP2 (20 ng/
mL)+gremlin-1 (100  ng/mL) suppressed the prolif-
erative capacity of dPASMCs to 76.25% of that of 
BMP2 (20  ng/mL)+gremlin-1 (100  ng/mL) group, 
whereas anti–gremlin-1 (15  μg/mL)+BMP4 (20  ng/

Figure 4.  Gremlin-1 antagonized the inhibitory effect of BMP2 (bone morphogenetic protein 2) on distal pulmonary arterial 
smooth muscle cell (dPASMC) proliferation.
A, Quantitative analysis of dPASMC distribution in cell phase at indicated time point. B, mRNA expression of gremlin-1 in dPASMCs 
after recovery in CSMCM for 0, 12, and 24 hours. C, Representative Western blotting image (lower panel) and densitometric analysis 
(upper panel) showing the protein level change of gremlin-1 in dPASMCs after recovery in CSMCM for 0, 12, and 24 hours. D, The 
concentration of gremlin-1 secreted into culture medium, as detected by ELISA. E, BMP2 dose-dependently suppressed dPASMC 
proliferation and procured the maximal inhibitory effect at 20 ng/mL. F, Gremlin-1 dose-dependently antagonized the proliferation 
suppressive effect of BMP2 (20 ng/mL) on dPASMCs and reached the maximally antagonistic effect at 100 ng/mL. G, Anti–gremlin-1 
(5 μg/mL) reversed the maximally antagonistic effect of gremlin-1 (100 ng/mL) for BMP2 (20 ng/mL). H through J, Representative 
Western blotting image and densitometric analysis showing that BMP2 at 20  ng/mL induced significant Smad1/5/8 (drosophila 
mothers against decapentaplegic protein 1/5/8) phosphorylation (H and I) and inhibitor of DNA-binding 1 (Id1) expression activation 
(H and J) in dPASMCs, which was apparently antagonized by gremlin-1 at 100 ng/mL and reversed by additional anti–gremlin-1 at 
5 μg/mL. Data are mean±SD of 4 to 5 independent experiments. BrdU indicates 5-bromo-2-deoxy-uridine; CSMCM, complete smooth 
muscle cell medium; and NS, not significant. *P<0.05, **P<0.01, and NS P>0.05.
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mL)+gremlin-1 (1000 ng/mL) suppressed the prolifera-
tive capacity of dPASMCs to 75.38% of that of BMP4 
(20 ng/mL)+gremlin-1 (1000 ng/mL) group (Figure 4G 
and Figure S3C).

Under the static culture condition (Figure 4H 
through 4J and Figure  S3D through S3F), recom-
binant BMP2/4 (20 ng/mL) significantly upregulated 
Smad1/5/8 phosphorylation and Id1 expression in 
dPASMCs compared with control group, whereas 
gremlin-1 (100  ng/mL for BMP2, 1000  ng/mL for 
BMP4) coincubated with dPASMCs significantly 
antagonized BMP2/4 (20  ng/mL) and induced 
Smad1/5/8 phosphorylation and Id1 expression. 
Furthermore, addition of anti–gremlin-1 (5  μg/mL 
for gremlin-1 of 100 ng/mL, 15 μg/mL for gremlin-1 
of 1000  ng/mL) apparently blocked the antagoniz-
ing effect of gremlin-1 on BMP2/4 incurring expres-
sion level of Smad1/5/8 phosphorylation and Id1 
transcription.

Gremlin-1 Inhibited the Apoptosis of dPASMCs

As shown in Figure  5A and 5B and Figure  S4A and 
S4B, under the baseline culture condition, the ap-
optotic rate ranged from 13.53±4.10% in control 

dPASMCs. Treatment of dPASMCs with recombinant 
gremlin-1 alone in incremental gradient (0, 1, 10, 100, 
and 1000 ng/mL) had no effect on dPASMC apoptosis 
(data not shown); however, treatment of dPASMCs with 
BMP2/4 at 20 ng/mL for 24 hours significantly increased 
the percentage of apoptotic dPASMCs. Interestingly, 
when cotreated with BMP2 (20  ng/mL)+gremlin-1 
(100 ng/mL) or BMP4 (20 ng/mL)+gremlin-1 (1000 ng/
mL), the percentage of dPASMC apoptosis further-
more decreased, whereas anti–gremlin-1 (5  μg/mL 
for gremlin-1 of 100 ng/mL, 15 μg/mL for gremlin-1 of 
1000 ng/mL) reversed the apoptosis rate to a similar 
level observed in dPASMCs only exposed to BMP2/4 
(20 ng/mL), thus indicating that gremlin-1 exerted an 
antiapoptotic effect on dPASMCs via BMP cascade.

Simultaneously, as presented in Figure  5C 
through 5F and Figure  S4C through S4F, incubation 
of dPASMCs with BMP-2/4 (20  ng/mL) for 24  hours 
significantly downregulated the expression level of 
Bcl-2, but coincubation of dPASMCs with BMP2 
(20  ng/mL)+gremlin-1 (100  ng/mL) or BMP4 (20  ng/
mL)+gremlin-1 (1000  ng/mL) for 24  hours reversed 
this decreasing trend of Bcl-2 level to a slight lower 
level than those of control dPASMCs, whereas anti–
gremlin-1 (5 μg/mL for BMP2+gremlin-1, 15 μg/mL for 

Figure 5.  Gremlin-1 blocks the proapoptotic effects of BMP2 (bone morphogenetic protein 2) on distal pulmonary arterial 
smooth muscle cells (dPASMCs).
A, Representative flow cytometry images showing the effects of BMP2, BMP2+gremlin-1, and BMP2+gremlin-1+anti–gremlin-1 on 
the apoptosis of dPASMCs. B, Quantification of apoptotic cells. C through F, Effect of BMP2, BMP2+gremlin-1, and BMP2+gremlin-
1+anti–gremlin-1 on Bax mRNA level (C), B-cell lymphoma-2 (Bcl-2) mRNA level (D), ratio of Bcl-2/Bax (E), and Bcl-2 protein level (F) 
in dPASMCs. Data are mean±SD of 4 to 5 independent experiments. NS indicates not significant. *P<0.05, **P<0.01, and NS P>0.05 
vs control group.
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BMP4+gremlin-1) decreased the expression level of 
Bcl-2 down to a similar level observed in dPASMCs 
exposed to BMP2/4 (2 0 ng/mL). Negligible effect of 
BMP2/4, BMP2/4+gremlin-1, and BMP2/4+gremlin-
1+anti–gremlin-1 was observed, on the mRNA expres-
sion of Bax, so the ratio of Bcl-2/Bax mRNA levels 
(Bcl-2/Bax) also demonstrated a similar trend with 
Bcl-2.

Gremlin-1 Increased in Patients With 
CHD-PAH
Gremlin-1 Expression Increased in Explanted 
Lung Tissues From Patients With End-Stage 
CHD-PAH

As demonstrated in Figure 6, when compared with con-
trol subjects, the mRNA and protein expression levels 
of gremlin-1 in lungs from patients with Eisenmenger 
syndrome were significantly upregulated. Furthermore, 

immunohistochemical staining revealed that gremlin-1 
was predominantly localized in endothelium but not 
detectable in medium and adventitia in distal pulmo-
nary arteries of control lungs. Interestingly, gremlin-1 
staining was further enhanced in endothelium and 
markedly expressed in medium, but still not detecta-
ble in adventitia of remodeled distal pulmonary arteries 
(Figure 6C), which, in turn, indicated that systemic-to-
pulmonary shunt induced the enhancement of grem-
lin-1 staining in endothelium and emergence in the 
medium of resistant distal pulmonary arteries.

Plasma Concentration of Gremlin-1 
Indicated the Extent of CHD-PAH

Compared with age- and sex-matched control sub-
jects, a significant increase of circulating gremlin-1 ac-
companied the deterioration of CHD-PAH (Figure 6D). 
Furthermore, the plasma concentration of gremlin-1 

Figure 6.  Gremlin-1 expression increased in patients with congenital heart disease with Eisenmenger syndrome (CHD-ES).
A, mRNA level of gremlin-1 in patients with CHD-ES (n=5) and control subjects (n=5). B, Representative Western blotting image of 
gremlin-1 protein level (lower panel) and densitometric analysis (upper histogram) in patients with CHD-ES (n=5) and control subjects 
(n=5). C, Representative images of immunohistological staining of gremlin-1 in control lungs (C1 and C2, ×40) and lungs with CHD-ES 
(C3 and C4, ×100) (bar=50 μm). D, Plasma level of gremlin-1 demonstrated a stepwise increase with the extent of CHD-associated 
pulmonary arterial hypertension (CHD-PAH). E through L, Plasma level of gremlin-1 positively correlated with pulmonary arterial 
systolic pressure (PASP) (E), mean pulmonary arterial pressure (mPAP) (F), pulmonary vascular resistance (G), total pulmonary 
vascular resistance (TPVR) (H), and ratio of pulmonary arterial systolic pressure/systemic arterial systolic pressure (Pp/Ps) (I), and 
negatively correlated with pulmonary/systemic shunt volume ratio (Qp/Qs) (J), cardiac output (CO) (K), and cardiac index (CI) (L). 
sePAH indicates severe PAH. **P<0.01.
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was closely correlated with pulmonary hemodynamic 
parameters (Figure 6E through 6L), which indicated 
that gremlin-1 might be used as a potential pathogen-
esis-linked biomarker for CHD-PAH.

DISCUSSION
PAH frequently encountered in patients with CHD 
represents a particular subtype among PAH clinical 
classifications based on pathologic, pathophysiologi-
cal, and clinical therapeutic features.15 Previous stud-
ies have confirmed that PAH subtypes share some 
common molecular and pathologic mechanisms, 
whereas CHD-PAH has some distinctive characteris-
tics in cause and pathogenesis, such as initial impetus 
(systemic-to-pulmonary shunt), early-stage hyperoxia 
in pulmonary circulation for systemic-to-pulmonary 
shunt, end-stage hypoxia after reversal of systemic-
to-pulmonary shunt, less of inflammation involve-
ment, and rare pathogenic mutations.1 Consequently, 
extrapolating parallel data from other PAH subtypes 
to the field of CHD-PAH needs to be done with a cer-
tain caution.

Gremlin-1 and BMP Signal Pathway
Gremlin-1 was initially discovered in a Xenopus em-
bryo cDNA library with biologically dorsalizing activity 
for its antagonism of BMPs.19 Previous developmen-
tal research found that gremlin-1 could be detected 
in embryonic lungs, and gremlin-1 overexpression or 
knockout resulted in the disruption of normal airway 
morphogenesis, lung vascular branching, defects 
in lung septation, or neonatal death.20–22 Functional 
experiments found that gremlin-1 could be noncova-
lently anchored to cellular membrane or secreted into 
culture medium or blood, where it is capable of bind-
ing to BMPs, thus blocking their interaction with their 
cognate receptors and changing the effective con-
centration of its free or active form.13,23,24 Among the 
characterized BMP family members, gremlin-1 spe-
cifically and preferentially binds to BMP-2/4, which 
have been studied in detail in PAH.15,19,25 Under the 
physiological condition, BMPs have a crucial role in 
maintaining the homeostasis, integrity, and function 
of normal pulmonary circulation,26,27 whereas genetic 
abnormalities in BMP receptor 2 (BMPR2) cause pri-
mary PAH,28–30 indicating that the balance between 
gremlin-1 and BMPs is crucial in lung homeostasis. 
However, patients with CHD-PAH tend to present with 
rare BMPR2 mutation and common reduction of BMP 
signaling in lungs without reasonable explanation,7,9 
so gremlin-1 change in lungs exposed to systemic-
to-pulmonary shunts and its antagonism of BMP cas-
cade may provide a new mechanical explanation for 
this special PAH subtype.

Parallel Data on the Role of Gremlin-1 in 
Vascular Remodeling
Pathological property switch of vascular smooth mus-
cle cells (VSMCs) from a “contractile” phenotype (a 
quiescent, nonmigratory, and differentiated state) to a 
“synthetic” phenotype (a proliferative, migratory, and 
apoptosis-resistant state) is the standard and central 
mechanism shared by systemic vascular remodeling 
and pulmonary vascular remodeling; thus, analogous 
evidence from systemic vascular remodeling and pul-
monary vascular remodeling of other PAH subtypes 
may offer some insights in the field of pulmonary vas-
cular remodeling of CHD-PAH.

In systemic vasculature, parallel research also found 
that gremlin-1 was constitutively expressed at a rela-
tively weak level in rat VSMCs from systemic arteries 
(aorta or carotid), and was significantly upregulated 
in the neointima of rat carotid arteries following bal-
loon injury, remaining detectable at the 28th day of in-
jury. Furthermore, in vitro studies found that gremlin-1 
markedly facilitated the proliferation and migration of 
VSMCs via BMP antagonism, indicating the promoting 
roles of gremlin-1 in systemic vascular remodeling.15

Interestingly, in adult lungs, previous studies re-
ported that alveolar hypoxia significantly upregulated 
gremlin-1 expression, which was mainly ascribed to 
its selective activation in pulmonary arterial endo-
thelial cells (PAECs). Sequential studies further con-
firmed that gremlin-1 gene knockout or blockage with 
neutralizing antibody partially attenuated the hypoxia 
or hypoxia/SU5416 induced mice PAH, yet it would 
be arbitrary to affirm that gremlin-1 exerts identical 
roles in CHD-PAH with those confirmed in hypoxia 
PAH. Systemic-to-pulmonary shunt–induced PAH is 
a special type of PAH, which is a different form, and 
even contrary to hypoxic PAH in some aspects. First, 
these 2 PAH subsets have different initial impetuses 
(ie, in hypoxic PAH, alveolar hypoxia first provokes 
alveolar epithelium, macrophages, and pulmonary 
adventitial fibroblasts, whereas in systemic-to-pul-
monary shunt–induced PAH, flow and pressure over-
load in pulmonary circulation mainly first affect the 
PAECs and PASMCs via increased shear stress and 
intraluminal mechanical stretch). Second, pulmonary 
vasculopathy observed in hypoxia PAH is common 
of stage Ⅰ, according to Heath-Edwards classifica-
tion, but of stage Ⅰ to Ⅲ in systemic-to-pulmonary 
shunt–induced PAH.16,17 Third, patients with hypoxia 
PAH tend to experience progressively accelerated 
hypoxia throughout the disease, whereas patients 
with CHD-PAH are exposed to hyperoxia at the early 
stage when systemic-to-pulmonary shunt still exists 
and hypoxia at the end stage of CHD-PAH when 
reversal of systemic-to-pulmonary shunt emerges. 
Consequently, further validation experiment should 
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be performed on an acceptable shunt-related model 
to confirm the accurate distribution, change, and 
roles of gremlin-1 in response to systemic-to-pulmo-
nary shunts. Furthermore, gremlin-1 expression was 
≈8-fold higher in the lungs of patients with idiopathic 
PAH but no BMPR2 mutation.31

Given these parallel research results, we partic-
ularly focused on gremlin-1 in lungs exposed to sys-
temic-to-pulmonary shunts, which may present a 
persuasive mechanism explanation for BMP signal 
reduction in lungs from patients with CHD-PAH but 
without heterozygous loss-of-function mutations in 
BMPR2.

Tissue and Cell Source of Gremlin-1
Existing studies have reported that gremlin-1 could 
be detected in pulmonary vascular endothelium, 
proximal airway epithelium, alveolar epithelium, fibro-
blasts, and macrophages,20,31–33 which presented 
a similar cellular distribution with BMPR2 expres-
sion and Smad signaling.34–39 However, up to now, 
no study has investigated the expression pattern of 
gremlin-1 in distal PASMCs and its biological roles 
in the phenotype change of distal PASMCs, espe-
cially under the condition of systemic-to-pulmonary 
shunts.

To the best of our knowledge, this is the first study 
that reported on systemic-to-pulmonary shunt induc-
ing a persistent increase of gremlin-1 in lungs com-
pared with those of normal lungs (Figure 2A and 2E), 
which is consistent with previous research on hypoxia 
PAH.13,31 Sequential immunohistochemistry and im-
munofluorescence analysis performed in patients and 
rats demonstrated that in normal PAs, gremlin-1 was 
predominantly localized in the endothelium but un-
detectable in the medial layer or adventitia, whereas 
in severely remodeled PAs, intense gremlin-1 stain-
ing was observed in the neointima and medial layer 
but not alveolar macrophages (Figure 2Q and 2R). On 
the other hand, previous studies found that hypoxia 
enhanced gremlin-1 staining in PAECs and alveo-
lar macrophages but not in medial PASMCs. These 
discrepancies of gremlin-1 distributions may be at-
tributed to their disparities in the impetus and extent 
of these 2 PAH subtypes. In hypoxia PAH, pulmonary 
vasculopathy was mainly of stage Ⅰ lesion by Heath-
Edwards classification and no neointima formation 
emerged,31 which indicated that the proportion of 
phenotype changed PASMCs was relatively lower. 
In contrast, hypoxia confirmative activated alveolar 
macrophages.40 Nevertheless, in shunted PAH, flow 
and pressure overload in pulmonary circulation in-
creased intraluminal shear stress and mechanical 
stretch that inevitably initiated and advanced the phe-
notype change of PAECs and PASMCs. Therefore, 

pulmonary vasculopathy of stage I to III of Heath-
Edwards classification was frequently observed,16 
which indicated the higher proportion of prolifera-
tive PAECs and PASMCs in remodeling pulmonary 
vascular wall. Nonetheless, no study confirmed that 
systemic-to-pulmonary shunt could activate alveolar 
macrophages. Moreover, data on human lungs also 
demonstrated no staining of gremlin-1 in PA media; 
however, these human lung specimens were all from 
patients with idiopathic or heritable PAH,13,31 whereas 
no lung specimens from patients with Eisenmenger 
syndrome were used. Taken together, we could con-
clude that gremlin-1 expression is diverse in PAH of 
different subtypes or divergent cell types.

Stimuli of Gremlin-1 Expression or 
Secretion
In systemic vasculature, gremlin-1 is constitutively 
expressed in VSMCs of rat aorta and carotid, and 
intraluminally mechanical injury or growth factors 
(transformed growth factor-β1, platelet-derived 
growth factor, and angiotensin II) could signifi-
cantly upregulate gremlin-1 expression,15 whereas 
in the pulmonary vasculature, hypoxia (10% O2 for 
48  hours) could selectively activate gremlin-1 gene 
expression in murine lungs and stimulated grem-
lin-1 protein secretion from human PAECs in vitro. 
Furthermore, treatment with gremlin-1 neutralizing 
antibody demonstrated prophylactic and therapeutic 
effects in hypoxic/SU5416-induced pulmonary vas-
cular remodeling and right ventricular hypertrophy. 
Interestingly, no attention was focused on PASMCs 
in these in vivo serial studies, which may be misdi-
rected by the observation that no staining of grem-
lin-1 was found in the media of PAs of hypoxia PAH, 
or assumption that gremlin-1 may not participate in 
the biological behavior of PASMCs exposed to hy-
poxia.15,20,33 Although this study further confirmed 
that systemic-to-pulmonary shunt induced increase 
of gremlin-1 expression in rat lungs, and the increased 
gremlin-1 was mainly localized in the neointima and 
media of remodeled PAs, subsequent in vitro ex-
periments found that mechanical stretch time- and 
amplitude-dependently stimulated gremlin-1 expres-
sion and suppressed BMP signaling pathway in distal 
PASMCs from healthy rats (Figure 3), which, in turn, 
indicated the pathogenic involvement of gremlin-1 in 
the genesis and progression of CHD-PAH.

Gremlin-1 Promoted the Phenotype 
Changes of dPASMCs
Previous studies have reported that gremlin-1 is wildly 
expressed in various tumor or hyperplasia tissues, 
such as lung, breast, digestive system (esophagus, 
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pancreas, and colon), reproductive system (ovary, cer-
vix, and endometrium), urinary system (kidney, pros-
tate, and bladder), mesothelioma, and synoviocyte 
hyperplasia.41–43 Further functional studies found that 
gremlin-1 knockdown significantly inhibited the prolifer-
ation, migration, and invasion of tumor cells in a BMP-
dependent or BMP-independent way, but promoted 
apoptosis through the accumulation of Bax, cleaved 
caspase-3, and downregulation of Bcl-2, whereas 
gremlin-1 overexpression BMP-independently induced 
tumor cell proliferation, migration, and invasion.44,45 
Research on vascular components revealed that hy-
poxia (1% O2, 24  hours) elicited gremlin-1 stimulated 
the proliferation and migration of human PAECs in a 
Nox1/Ref-1-CREB-dependent manner.46 Interestingly, 
Maciel et al found that gremlin overexpression acceler-
ated the proliferation and migration of VSMCs through 
p27kip1 downregulation.15 In contrast, gremlin gene 
silencing promoted a significant blockade on VSMC 
proliferation and migration. In clonal rat embryonic 
VSMCs, gremlin overexpression increased apoptosis, 
as demonstrated by chromatin morphological features 
and caspase-3 activity, whereas gremlin gene silenc-
ing effectively suppressed apoptosis in clonal rat em-
bryonic VSMCs and rabbit VSMCs. Consequently, 
they concluded that gremlin promotes the proliferation, 
migration, and apoptosis of VSMCs.15,47 This existing 
evidence showed that gremlin-1 could affect diverse 
cellular functions, including growth, differentiation, and 
development, whereas in the present study, we found 
that in vivo mechanical stretch stimulated the secretion 
of gremlin-1 from distal PASMCs and gremlin-1 pro-
moted the proliferation but inhibited the apoptosis of 
dPASMCs (Figures 3 through 5), which corresponds to 
the central feature of pulmonary vascular remodeling 
(ie, phenotype alteration of PASMCs [from a quiescent, 
nonmigratory, and differentiated state to a proliferation, 
migration, and synthetic state]).2

Gremlin-1 Represented an Underlying 
Mechanical Biomarker for CHD-PAH
Interestingly, Wellbrock et al reported that plasma 
gremlin-1 levels elevated in patients with PAH were in-
versely correlated with patients’ functional status and 
significantly stratified the overall survival of patients with 
PAH; thus, they considered that gremlin-1 was a poten-
tial biomarker for PAH that was directly associated with 
the underlying mechanism.48 However, the number of 
specimens in their study was only 31, and the types 
of PAH were diverse, including hereditary, idiopathic, 
and secondary PAH. Also, some clinical data were not 
available, so it is only an investigative trial with limited 
clinical guiding significance. In the present study, only 
patients with CHD-PAH were included, the number of 
patients was much larger, and the baseline information 

and detailed clinical data, including right heart hemody-
namic parameters, were available. Our results not only 
demonstrated a similar trend, as reported by Wellbrock 
et al,48 but also corroborated their findings, thus pro-
viding much more clinical guiding significance for the 
diagnosis and follow-up in patients with CHD-PAH. 
Nonetheless, large, multicentered prospective stud-
ies should be performed to determine the potential of 
gremlin-1 as a promising biomarker in clinical settings.

CONCLUSIONS
This is the first study that confirmed that systemic-to-
pulmonary shunt incurred strong expression of grem-
lin-1 in the lungs, which was predominantly localized in 
PAECs and PASMCs of remodeled PAs. Furthermore, 
mechanical stretch upregulated gremlin-1 expression 
in distal PASMCs, which exerts promoting roles in 
dPASMC phenotype transformation partially mediated 
by BMP cascades, and increased plasma gremlin-1 
was positively correlated with pulmonary hemody-
namic indexes. These results implicated the potential 
of gremlin-1 to be a new biomarker and a therapeutic 
target for patients with CHD-PAH.
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SUPPLEMENTAL MATERIAL 
 

 



Figure S1. Flow chart showing the number, grouping and RHC procedure 

performed in rats received CSG. 

 

 

 

CSG: combined surgery group; RHC: right heart catheterization; CSL: cervical shunt 

ligation. 

 

 

 



Figure S2. mRNA level of gremlin-1 in lungs from SOG and CSG. 

 

 

 

 

Data are mean ± SD. n = 9 – 10 rats pre group. **P <.01. SOG: sham operation group; 

CSG-8W: combined surgery group reserving for 8 weeks; CSG-12W: combined 

surgery group reserving for 12 weeks; CSG-CSL: combined surgery group receiving 

cervical shunt ligation at the postoperative 8th week and continuously kept for the 

subsequent 4 wk.  

 



Figure S3. Gremlin-1 antagonized the inhibitory effect of BMP4 on dPASMCs 

proliferation. 

 

 

 

 

(A). BMP4 concentration-dependently inhibitory dPASMCs proliferation and reached 

the maximal effect at 20ng/ml; (B). Gremlin-1 concentration-dependently antagonized 

the anti-proliferative effect of BMP4 (20ng/ml) on dPASMCs and achieved the 

maximally antagonistic effect at 1000ng/ml; (C). Anti-gremlin-1 (15μg/ml) reversed 

the maximally antagonistic effect of gremlin-1 (1000ng/ml) for BMP4 (20ng/ml); (D-

F). Representative Western-blotting image and densitometric analysis showing that 

BMP4 (20ng/ml) induced significant Smad1/5/8 phosphorylation (D, E) and Id1 

expression activation (D, F) in dPASMCs, which was apparently antagonized by 

gremlin 1 (1000g/ml) and reversed by additional anti-gremlin-1 (15μg/ml). Data are 

mean ± SD of 4-5 independent experiments. **P <0.01, *P <0.05 and NSP >0.05. BMP-

2: bone morphogenetic protein-2; Id1: inhibitor of DNA binding 1. 

 

 

 

 

 

 

 



Figure S4. Gremlin-1 blocks the pro-apoptotic effects of BMP4 on dPASMCs. 

 

 

 

 

 

(A). Representative flow cytometry images showing the effects of BMP4, BMP4 + 

gremlin-1, BMP4 + gremlin-1 + anti-gremlin-1 on the apoptosis of dPASMCs; (B). 

Quantification of apoptotic cells; (C-F). Effect of BMP4, BMP4 + gremlin-1, BMP4 + 

gremlin-1 + Anti-gremlin-1 on Bax mRNA level (C), Bcl-2 mRNA level (D), ratio of 

Bcl-2/Bax (E) and Bcl-2 protein level (F) in dPASMCs. Data are mean ± SD of 4-5 

independent experiments. *P＜.05, **P＜.01 and NSP >.05 vs. control group. Bcl-2: B-

cell lymphoma-2; BMP-4: bone morphogenetic protein-4. 

 

 

 


