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Gremlin 1 blocks vascular endothelial growth factor signaling
in the pulmonary microvascular endothelium
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Abstract

The bone morphogenetic protein (BMP) antagonist gremlin 1 plays a central role in the pathogenesis of hypoxic pulmonary

hypertension (HPH). Recently, non-canonical functions of gremlin 1 have been identified, including specific binding to the vascular

endothelial growth factor receptor-2 (VEGFR2). We tested the hypothesis that gremlin 1 modulates VEGFR2 signaling in the

pulmonary microvascular endothelium.

We examined the effect of gremlin 1 haploinsufficiency on the expression of VEGF responsive genes and proteins in the hypoxic

(10% O2) murine lung in vivo. Using human microvascular endothelial cells in vitro we examined the effect of gremlin 1 on VEGF

signaling.

Gremlin 1 haploinsufficiency (Grem1þ/–) attenuated the hypoxia-induced increase in gremlin 1 observed in the wild-type mouse

lung. Reduced gremlin 1 expression in hypoxic Grem1þ/– mice restored VEGFR2 expression and endothelial nitric oxide synthase

(eNOS) expression and activity to normoxic values. Recombinant monomeric gremlin 1 inhibited VEGFA-induced VEGFR2 acti-

vation, downstream signaling, and VEGF-induced increases in Bcl-2, cell number, and the anti-apoptotic effect of VEGFA in vitro.

These results show that the monomeric form of gremlin 1 acts as an antagonist of VEGFR2 activation in the pulmonary

microvascular endothelium. Given the previous demonstration that inhibition of VEGFR2 causes marked worsening of HPH,

our results suggest that increased gremlin 1 in the hypoxic lung, in addition to blocking BMP receptor type-2 (BMPR2) signaling,

contributes importantly to the development of PH by a non-canonical VEGFR2 blocking activity.
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Introduction

Chronic hypoxic lung diseases are frequently complicated by
the development of hypoxic pulmonary hypertension
(HPH), which leads to right ventricular overload and hyper-
trophy, right ventricular failure, and reduced life expect-
ancy.1,2 While the molecular pathogenesis of HPH is
incompletely understood, attenuated bone morphogenetic
protein (BMP) signaling is centrally implicated.3–5 Loss of
BMP signaling leads to dysfunction in both pulmonary
artery endothelial cells and pulmonary artery smooth
muscle cells resulting in the development of pulmonary
hypertension (PH).3,6,7

Gremlin 1 is a glycoprotein whose canonical function is
to bind to BMP2, BMP4, and BMP7 and thus prevent

interaction of these ligands with BMP receptors
(BMPR).8–13 It is expressed in monomeric and dimeric
forms, both of which act to block BMP signaling.14–16

Increased gremlin 1 in the lung during the development of
HPH and other forms of PH plays a key role in the patho-
genesis of PH; to date, this action has been attributed to its
blocking of BMP signaling.9,10

More recently, other non-canonical functions of gremlin 1
have been identified that are not mediated by modifying
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BMP signaling.17–20 Gremlin 1 binds with high affinity to
vascular endothelial growth factor receptor 2 (VEGFR2) in
human umbilical vein endothelial cells and acts as an agonist
at this receptor leading to receptor phosphorylation and
activation of downstream signaling;17,18,20 importantly,
gremlin 1 does not bind to VEGFR1 or to VEGFR3.18

More recently, it has been reported that gremlin 1 in its
monomeric form can act as an antagonist of VEGF activity
at VEGFR2, in contrast to its previously reported agonist
activity.14 In the context of PH, these actions at VEGFR2
are of particular interest since the VEGF–VEGFR2 path-
way has important homeostatic roles in the pulmonary cir-
culation.21,22 Inhibition of VEGFR2, with the VEGF
receptor blocker SU5416, in combination with chronic hyp-
oxia leads to the development of more severe hypertension
than hypoxia alone, including the development of severe
angio-obliterative pulmonary arterial hypertension (PAH)
and right heart failure in animal models.21–23 Conversely,
adenovirus mediated overexpression of VEGFA protects
against the development of HPH.24

Taken together, these reports suggested that gremlin 1
might modulate the development of PH through an inter-
action with the VEGF–VEGFR2 axis, in addition to its
canonical function of inhibition of BMP signaling. We
report here a series of experiments undertaken to examine
the role of gremlin 1 in modulating VEGFR2 signaling in
the pulmonary microvascular endothelium and to examine
its actions on endothelial cell function.

Materials and methods

Animal model

Gremlin 1 haploinsufficient knockout mice (Grem1þ/–) and
wild-type littermates (Grem1þ/þ) were bred and genotyped as
described previously.9 All animal procedures conformed to
National Institutes of Health guidelines and were approved
by the University College Dublin Animal Research Ethics
Committee. Male mice were exposed to hypoxia in a normo-
baric environmental chamber (FIO2¼ 0.10) for periods of
two days, a timepoint at which the majority of the structural
remodeling of the pulmonary circulation is taking place and
hypoxia-induced upregulation in gremlin 1 gene mRNA is
greatest, or three weeks when the structural changes are
established and hypoxia-induced gremlin 1 messenger RNA
(mRNA) expression has returned to baseline levels;9,25 con-
trols were maintained for the same periods of time in nor-
moxia (FIO2¼ 0.21). After experimental exposure, mice were
anticoagulated with heparin, deeply anesthetized using intra-
peritoneal sodium pentobarbitone and then euthanized by
exsanguination. Tissues were either immediately flash frozen
in liquid nitrogen for later extraction of protein for immuno-
blotting or the lungs fixed for immunohistochemical analysis.
Details of the primary and secondary antibodies used
are given in the online supplement (Supplemental Tables 1
and 2).

In vitro cell culture

Primary human microvascular endothelial cells from the
lung (HMVEC-L) were cultured according to the supplier’s
instructions (see Supplemental Table 3 for donor details)
and used at passage six. For stimulation experiments, cells
were seeded on six-well plates and used for experimentation
when 80% confluent. Cells were serum starved before stimu-
lation and then incubated with VEGF, gremlin 1, BMP2,
BMP4, or noggin. When used, the BMP antagonists gremlin
1 and noggin were added 1 h before ligands (VEGFA and
BMP2) to provide the optimum conditions for binding to
and altering signaling through VEGFR2. The cells were
then washed, pelleted, and lysed for extraction of protein
or mRNA. Details of primary and secondary antibodies
used are given in the online supplement (Supplemental
Table 2).

Cell counting assay

Cells, plated on six-well plates, were serum starved
overnight and then stimulated with VEGF or gremlin 1,
separately or together. The medium was removed, cells
fixed in situ, stained, rinsed, and microscopic images
taken at predetermined locations. The images were
digitized and rectangular stereological counting frames
superimposed on each image. The number of cells within
the counting frame was determined and the mean value
used to calculate the cell density (number of cells/cm2) in
each condition.

Endothelial apoptosis assay

Cells, seeded on 96-well plates for 24 h, were stimulated with
VEGF or gremlin 1, separately or together, in serum star-
vation medium for 24 h. Caspase-Glo 3/7 reagent (Abgent,
Cambridge, UK) was added in a 1:1 ratio to media. The
plates were shaken briefly then incubated at room tempera-
ture for 1 h. The supernatant was transferred to a white 96-
well plate and the luminescence recorded.

Statistical analyses

Normally distributed data are reported as mean (SD)
and non-normally distributed data are presented as
median (interquartile range [IQR]). For normally distribu-
ted data, the statistical significance of differences between
means in a priori planned comparisons was determined
with the use of paired or unpaired t-tests as appropriate.
For non-normally distributed data, statistical significance
was determined with the Mann–Whitney rank-sum
(unpaired) or Wilcoxon signed-rank (paired) tests as appro-
priate; P values were computed with the exact (permutation)
method. Multiple post hoc comparisons were corrected with
the Holms–Sidak step-down test.26 Values of P< 0.05 were
accepted as significant. For P> 0.001, exact P values
are shown.

2 | Gremlin 1 and VEGFR2 signalling in the lung Rowan et al.



Results

We first examined gremlin 1 expression in mouse lungs and
isolated human pulmonary microvascular endothelial cells
in vitro and found that it is expressed in monomeric form in
both the tissue homogenate and in endothelial cells
(Supplemental Fig. 1). We next examined the actions
of gremlin 1 in the lung in vivo using wild-type mice
(Grem1þ/þ) and gremlin 1 haploinsufficient (Grem1þ/–)
mice.9 Gremlin 1 protein expression was not detectably dif-
ferent in normoxic wild-type and normoxic Grem1þ/– lungs
(Fig. 1a). Phosphorylation of SMAD 1/5/9 and expression
of Kv1.5 were also unchanged in normoxic Grem1þ/– lungs
compared to normoxic wild-type lungs (Supplemental
Fig. 2). In hypoxia, gremlin 1 expression was significantly
reduced in the lungs of Grem1þ/– mice in comparison to
hypoxic wild-type controls (Fig. 1a). The BMP-dependent
phosphorylation of SMADs 1/5/9 and the expression of the
BMP-regulated potassium channel Kv1.5 in vascular
smooth muscle in wild-type lungs was significantly reduced
after 48 h of exposure to hypoxia. In contrast, both phos-
phorylation of SMAD 1/5/9 and Kv1.5 expression were pre-
served in the lungs of hypoxic Grem1þ/– mice (Supplemental
Fig. 2), in keeping with the augmentation of BMP activity
resulting from the reduced gremlin 1 expression in these
lungs (Supplemental Fig. 2). Normal expression of Kv1.5
plays an important role in the maintenance of normal pul-
monary vascular resistance.27–29 These findings demon-
strated that gremlin 1 was effectively reduced in the
hypoxic haploinsufficient mouse and are in keeping with
the canonical role of gremlin 1 in modulating BMP
signaling.9,30,31

In wild-type lungs, VEGFR2 expression was reduced by
hypoxic exposure (Fig. 1b), whereas in the Grem1þ/– mice,
VEGFR2 expression was unaltered by hypoxia (Fig. 1b).
Type III nitric oxide synthase or eNOS is a VEGF respon-
sive protein expressed in endothelial cells.32,33 We found
that expression of this protein in the pulmonary vascular
endothelium was reduced in the hypoxic wild-type lung
but was preserved in the hypoxic Grem1þ/– lung (Fig. 1c
and 1d). This preservation of eNOS protein expression in
the hypoxic Grem1þ/– mice was accompanied by increased
eNOS activity compared to hypoxic wild-type mice, as
shown by increased phosphorylation of vasodilator-stimu-
lated phosphoprotein (VASP) at serine 239 (Fig. 1e). This
phosphorylation site is a target of protein kinase G (PKG)
and therefore an index of the activity of the nitric oxide
(NO)/cyclic guanosine monophosphate (cGMP)/PKG sig-
naling pathway.34,35 These findings are compatible with an
autocrine function of gremlin 1 to reduce VEGFR2-
mediated signaling and thus inhibit eNOS expression and
activity in the hypoxic lung in vivo, although gremlin 1
might also inhibit eNOS expression and activity by altering
BMP signaling.

We have previously found that gremlin 1 reaches its high-
est expression during the first week of hypoxic exposure,9 at
the time when vascular remodeling has been reported to be

most active25 and subsequently returns to baseline values as
stable HPH becomes established.9 At that later stage of hyp-
oxic exposure, when there was no longer any difference in
BMP-mediated signaling between the two genotypes, eNOS
protein expression and phospho-VASP in the lungs were
similar (Supplemental Fig. 3), suggesting that gremlin 1
was directly involved in mediating the changes in eNOS.

Given the central role of VEGF acting via VEGFR2 in
regulating eNOS expression and activity,32,33,36 these find-
ings in vivo suggested that in the hypoxic lung increased
gremlin1 acts to block VEGFR2 signaling. To directly
examine the effect of gremlin 1 on VEGF-mediated signaling
in endothelial cells, we next assessed the effect of gremlin 1
on VEGFA-induced VEGFR2 phosphorylation in cultured
human pulmonary microvascular endothelial cells. Gremlin
1 attenuated VEGF-induced phosphorylation of VEGFR2
at tyrosine 1059 (Fig. 2a), an essential step in VEGFR2
kinase activation and downstream signaling.37–39 There
was no evidence of VEGFR2 phosphorylation induced by
gremlin 1 in the absence of VEGFA (Fig. 2a).

While one of the canonical actions of VEGF acting via
VEGFR2 is to increase eNOS expression and activity,32,33,36

more recently it has been reported that activation of
BMPR2 by BMPs also regulated eNOS activity.6,40–42

Furthermore, pulmonary vascular endothelial cells produce
BMP2 (Supplemental Fig. 4a), raising the possibility that
the effect of gremlin 1 that we had observed was mediated
by inhibition of an autocrine BMP signaling pathway.9,43,44

However, regulation of eNOS by these two different path-
ways can be distinguished as the response produced by
VEGFA is short latency (peak response at 2min) and
larger than the much longer latency (60min) phosphoryl-
ation caused by BMP2 (Fig. 2b).40 The mean (� SD) max-
imal fold change in eNOS phosphorylation of 1.7� 0.8,
expressed relative to vehicle-treated cells, was induced by
2min of VEGF stimulation. By comparison, after 2min of
BMP2 stimulation, the mean (� SD) BMP2-induced fold
change in eNOS phosphorylation relative to vehicle was
reduced at 0.54� 0.39. Therefore, at this timepoint
(2min), VEGF induced an easily detectable increase in
phosphorylation of eNOS while BMP2 did not alter eNOS
phosphorylation. We found that gremlin 1 inhibited the
short latency eNOS phosphorylation demonstrating that
gremlin 1 acted to block VEGFA-induced phosphorylation
(Fig. 2c). Furthermore, noggin, a potent BMP antagonist
that binds and inhibits BMP2, BMP4, and BMP7, the
same BMPs as gremlin 1 binds,45 did not block VEGFA-
induced eNOS phosphorylation, demonstrating that the
action of gremlin 1 was not mediated by blockade of auto-
crine BMP2 signaling (see Supplemental Fig. 5a). Gremlin 1
also inhibited VEGFA-induced p44/42 mitogen activated
protein kinase (MAPK) phosphorylation (Fig. 2d), a
second well-described downstream signaling response to
VEGFR2 activation.37,46,47 Gremlin 1 alone did not have
any detectable effect on these two phosphorylation reactions
(Fig. 2c and 2d). Taken together with the previous
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demonstration that gremlin 1 binds with high affinity to
VEGFR2,17,18 these data show that gremlin 1 directly
blocked VEGFA signaling at VEGFR2.

We next examined the effect of gremlin 1 on VEGFA-
induced gene expression and found that VEGFA increased
the expression of Bcl-2 (Fig. 3a), as previously reported,48

and that this action was blocked by gremlin 1 (Fig. 3b). To
exclude the possibility that this effect was in part the result
of blocking the autocrine actions of BMPs produced by the
endothelial cells (see Supplemental Fig. 4a), we undertook a
further separate series of experiments in which we first con-
firmed that VEGF stimulation caused an increase in Bcl-2

Fig. 1. Gremlin 1 haploinsufficiency reduces gremlin 1 expression and restores VEGFR2 expression and eNOS expression and activity in the

hypoxic lung in vivo. (a) Representative western blot and densitometric analysis of gremlin 1 expression in normoxic and hypoxic wild-type (þ/þ)

and Grem1þ/– lung lysate. (b) Representative western blot and densitometric analysis of VEGFR2 expression in normoxic and hypoxic wild-type
(þ/þ) and Grem1þ/– lung lysate. (c) Immunohistochemical localization of eNOS in the lungs of normoxic and hypoxic wild-type and Grem1þ/–

mice. (d) Representative western blot and densitometric analysis of eNOS expression in normoxic and hypoxic wild-type and Grem1þ/– lung

lysate. (e) Representative western blot and densitometric analysis of VASP phosphorylation in normoxic or hypoxic wild-type and Grem1þ/– lung

lysate. Densitometry values are normalized to a pooled standard. See Supplemental material for details. Bars represent median� IQR.
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expression and that gremlin 1 blocked this increase. Gremlin
1 alone did not alter Bcl-2 expression (Fig. 3c). Stimulation
of the endothelial cells with BMP2 alone or BMP4 alone did
not cause any increase in Bcl-2 expression compared to vehi-
cle (Fig. 3c). Thus, the inhibition of VEGF-induced upregu-
lation of Bcl-2 by gremlin 1 was independent of its
antagonism of the BMP signaling pathway.

In keeping with these actions of VEGFA and gremlin 1
on Bcl-2 expression, VEGFA inhibited apoptosis in these
endothelial cells and this action was significantly antago-
nized by gremlin 1 (Fig. 3d), which inhibited the anti-apop-
totic effect of VEGF in all seven independent experiments.
Interestingly, gremlin 1 alone increased endothelial apop-
tosis (Fig. 3d), an action that may have been due to its
blocking of an autocrine effect of VEGFA produced by
the endothelial cells (see Supplemental Fig 4b).

As expected, VEGFA induced an increase in endothelial
cell number in six out of six independent experiments
(Fig. 4a) when both a lower concentration (1 ng/mL)
was used (P¼ 0.017) and when a higher concentration
(16 ng/mL) was used (P¼ 0.003). This VEGFA-induced
increase was blocked by gremlin 1 in the presence of the
lower concentrations of VEGFA but not at the higher con-
centration (Fig. 4a). Interestingly, gremlin 1 also reduced
endothelial cell numbers in the absence of added VEGFA.
BMP2 alone had no effect on endothelial cell number
(Fig. 4b) at either the lower concentration (50 ng/mL) used
(P¼ 0.274) or the higher (100 ng/mL) concentration
(P¼ 0.651). In the vehicle-treated cells, gremlin 1 did not
cause a statistically significant reduction in endothelial cell
number, although it reduced the number in each of the six
independent experiments (Fig. 4B). In one experiment, the

Fig. 2. Monomeric gremlin 1 is not a VEGF agonist but blocks VEGFA-induced VEGFR2 phosphorylation and downstream signaling in vitro. (a)

Representative western blot and densitometric analysis of VEGFR2 phosphorylation in human microvascular endothelial cells from the lung

(HMVEC-L) exposed to VEGFA (16 ng/mL) for 2 min, gremlin 1 (2mg/mL) for 60 min, or VEGFA (16 ng/mL) for 2 min after pre-incubation with

gremlin 1 (2mg/mL) for 60 min. (b) Representative western blot and densitometric analysis of eNOS serine1177 phosphorylation in HMVEC-L

exposed to VEGFA (16 ng/mL) or BMP2 (100 ng/mL) stimulation for increasing periods from 2 to 60 min. VEGFA response was maximal after 2

min while the maximum BMP2 response was not observed until 60 min of stimulation. The image is representative of three independent

experiments. (c) Representative western blot and densitometric analysis of eNOS phosphorylation in HMVEC-L exposed to VEGFA (16 ng/mL)

for 2 min, gremlin 1 (2 mg/mL) for 60 min, or VEGFA (16 ng/mL) for 2 min after gremlin 1 (2 mg/mL) preincubation for 60 min. (d) Representative

western blot and densitometric analysis of p44/42 MAPK (Erk 1/2) phosphorylation in HMVEC-L exposed to VEGFA (16 ng/mL) for 2 min,

gremlin 1 (2mg/mL) for 60 min, or VEGFA (16 ng/mL) for 2 min after gremlin 1 (2 mg/mL) preincubation for 60 min. Bars represent median� IQR.
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addition of gremlin 1 caused a much greater reduction than
in any other, suggesting that this represented an outlier.
When this result was excluded, the reduction in endothelial
cell number caused by gremlin 1 alone was statistically sig-
nificant (P¼ 0.018), in agreement with the results shown in
Fig. 4a. Gremlin 1 reduced endothelial cell number in the
presence of both concentrations of added BMP2 (Fig. 4b).
Pulmonary microvascular endothelial cells produced both
BMP2 and VEGFA (Supplemental Fig. 4). As BMP2 does
not alter endothelial cell number and given the essential
requirement for autocrine VEGF activity for endothelial
cell survival,49,50 these findings suggest that gremlin 1
blocked the basal VEGFR2 activation caused by endogen-
ous VEGFA production in these microvascular cells
(Supplemental Fig. 4b).

Discussion

We report here that reduction of gremlin 1 in haploinsuffi-
cient mice (Grem1þ/–) prevented the normal

hypoxia-induced reduction of VEGFR2 expression and
increased endothelial expression and activity of nitric
oxide synthase within the hypoxic lung in vivo. In human
pulmonary microvascular endothelial cells in vitro, gremlin
1 inhibited VEGFA-induced VEGFR2 phosphorylation,
activation, and downstream signaling, Bcl-2 expression
and increases in endothelial cell number and the anti-apop-
totic effects of VEGFA. Both isolated pulmonary micro-
vascular endothelial cells and whole lung expressed the
monomeric form of gremlin 1. Taken together, these data
suggest that increased gremlin 1 in the lung acts to cause
PH, not alone by inhibiting BMP signaling, but also by
blocking VEGFA actions at VEGFR2 and reducing
VEGFR2 expression.

Gremlin 1 was first identified as a secreted glycoprotein
that binds non-covalently to BMP2, BMP4, and BMP7, pre-
venting the interaction of these ligands with their dimeric
receptor (BMPR1-BMPR2) and reducing BMP signaling.
Gremlin 1 is increased in the lung during the development of
PH and plays an important pathogenetic role by

Fig. 3. Gremlin 1 blocks the expression of the VEGFA responsive gene Bcl-2 in a BMP independent manner. (a) Relative Bcl-2 gene expression in

human microvascular endothelial cells from the lung (HMVEC-L) after stimulation with increasing concentrations of VEGFA (1–16 ng/mL) for 24 h.

(b) Relative Bcl-2 gene expression in HMVEC-L stimulated with increasing concentrations of VEGFA (1–16 ng/mL) and gremlin 1 (2 mg/mL)

together for 24 h. (c) Relative Bcl-2 gene expression in HMVEC-L stimulated for 24 h with VEGFA (16 ng/mL) alone, gremlin 1 (2 mg/mL) alone,

VEGFA (16 ng/mL) and gremlin 1 (2 mg/mL) together, BMP2 (100 ng/mL) alone, or BMP4 (80 ng/mL) alone. (d) Relative caspase activity in human

microvascular endothelial cells from the lung (HMVEC-L) after stimulation with VEGF (16 ng/mL), gremlin 1 (2 mg/mL) alone, or VEGF and gremlin

1 together for 24 h. Caspase 3/7 activity is expressed as fold change in luminescence relative to vehicle-treated cells. Bars represent

median� IQR.
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antagonizing BMP signaling.8–11,13,51 Our findings in
Grem1þ/– mice confirmed the important BMP-blocking
action caused by increased gremlin 1 during the develop-
ment of HPH (Supplemental Fig. 2).

More recently, a second important action of gremlin 1
has been identified, that is binding to the VEGFR2 and
altering signaling through that pathway.14,17,18,20,52 It has
previously been reported that in its dimeric form gremlin 1
acts as a VEGFR2 agonist whereas in its monomeric form it
acts as an antagonist, blocking VEGF mediated activation
of the receptor in human umbilical vein endothelial cells by

binding to VEGFR2 and preventing the interaction of
VEGFA with the VEGFR2;14,18,53 importantly, gremlin 1
does not bind to VEGFR1 or to VEGFR3.18 In the context
of PH, these actions at the VEGFR2 are of particular inter-
est since blockade of the VEGF-VEGFR2 pathway with the
VEGF receptor blocker SU5416, in combination with
chronic hypoxia leads to the development of more severe
hypertension than hypoxia alone, including the development
of angio-obliterative PAH and right heart failure in animal
models.21–23

Given this background, we sought evidence of augmented
VEGF actions in hypoxic mice haploinsufficient for gremlin
1 during the development of PH. We confirmed that hyp-
oxia reduced the expression of VEGFR2 in wild-type mice
(Fig. 1b) as has previously been reported.54,55 We found that
reduction of gremlin 1 in the Grem1þ/– mice completely
abolished the hypoxia-induced reduction in VEGFR2
expression observed in wild-type mice (Fig. 1b). Moreover,
reduction of gremlin 1 in the Grem1þ/– mice completely
protected against the hypoxia-induced reduction of eNOS
expression and signaling seen in wild-type mice (Fig. 1). As
eNOS expression and activity in endothelial cells are
increased by VEGF signaling,32,33 restoration of VEGFR2
expression may have contributed substantially to the aug-
mented eNOS activity and expression observed in the
Grem1þ/– mice. It is important to remember that gremlin
1 can also regulate eNOS activity by its blocking actions on
the BMP pathway, since BMPR2 activation can increase
eNOS activity both by a direct action on eNOS, and by
inducing increases in apelin, which subsequently increase
eNOS expression and activity.6,40–42 Thus, the blocking
action of increased gremlin 1 on BMP signaling could also
have contributed to the reduced eNOS activity that we
observed in the hypoxic wild-type lungs and to the restor-
ation of eNOS expression and activity observed in the
Grem1þ/– mice in hypoxia (Fig. 1). Since the pulmonary
vascular endothelium is a major source of gremlin 1 in the
pulmonary vasculature in vivo, and since gremlin 1, when
secreted, is largely bound to the extracellular glycocalyx on
the cell surfaces close to the site of secretion,9,19,31,56 these
findings are compatible with an autocrine action of gremlin
1 in the endothelial cells that mediates the early hypoxia-
induced reduction in eNOS expression and activity. This
reduction of eNOS activity is functionally important since
hypoxia-induced impairment of endothelial nitric oxide syn-
thase activity contributes to both vascular remodeling and
to hypoxia-induced vasoconstriction in PH.23,57–65

In addition to reducing VEGFR2 expression, increased
gremlin 1 in the hypoxic lung could also have altered
VEGFR2 activity by binding directly to the receptor and
altering downstream signaling.18,53 Given that gremlin 1
can act either as a VEGFR2 agonist or antagonist, increased
expression of gremlin 1 in the hypoxic wild-type lung
(Fig. 1c–e) might have reduced eNOS expression and activ-
ity if gremlin 1 acted predominantly to block VEGFR2 sig-
naling or it might have increased eNOS expression and

Fig. 4. Gremlin 1 attenuates VEGFA induced increases in human lung

microvascular endothelial cell number. (a) Numbers of human micro-

vascular endothelial cells from the lung (HMVEC-L) after exposure for

24 h to vehicle alone, vehicle and gremlin 1 (2mg/mL), VEGFA

(1 ng/mL) alone, VEGFA (1 ng/mL) together with gremlin 1 (2mg/mL),

VEGFA (8 ng/mL) alone, or VEGFA (8 ng/mL) together with gremlin 1

(2 mg/mL). Cell counts are expressed relative to control number

(vehicle) in each experiment. (b) Numbers of HMVEC-L after expos-

ure to vehicle alone, vehicle and gremlin 1 (2mg/mL), BMP2 (50 ng/mL)

alone, BMP2 (50 ng/mL) together with gremlin 1 (2mg/mL), BMP2

(100 ng/mL) alone, or BMP2 (100 ng/mL) together with gremlin 1 (2mg/

mL) for 24 h. Cell counts are expressed relative to control number

(vehicle) in each experiment. Bars represent mean� SD.
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activity if it acted predominantly as an agonist at
VEGFR2.32,36 The finding that reduction of gremlin 1 in
Grem1þ/– mice (Fig. 1a) completely abrogated the
hypoxia-induced attenuation of VEGFR2 expression (Fig.
1b) and eNOS expression and activity (Fig. 1d and 1e),
taken together with the presence of the monomeric,
VEGFR2-blocking form within the pulmonary endothelium
(Supplemental Fig. 1), suggests that the increase in gremlin 1
induced by hypoxia in wild-type mice blocked the VEGF-
mediated activation of eNOS. In contrast, if gremlin 1 nor-
mally acted in the lung as a physiologically important
VEGFR2 agonist, this complete restoration of eNOS
expression and activity would not have occurred, since
loss of the agonist activity of gremlin 1 in the haploinsuffi-
cient mice would have removed that component of eNOS
activity that was due to VEGFR2 activation. Furthermore,
it has been reported that reduction of BMPR2 signaling by
inactivating BMPR2 mutations in mice did not reduce total
eNOS expression.11 That implies that the increased eNOS
expression that we observed in the hypoxic Grem1þ/– lung
compared to the hypoxic wild-type lung (Fig. 1d) could not
be the result of the restoration of BMPR2 signaling
(Supplementary Fig. 2).

Taken together, the results in the gremlin 1 haploinsuffi-
cient mouse were compatible with a reduction in VEGFR2
signaling caused by gremlin 1 in the hypoxic lung during the
development of PH. To examine a possible direct blocking
action of gremlin 1 at VEGFR2, we assessed the action of
gremlin 1 in human pulmonary microvascular cells in vitro
and found that it antagonized VEGFR2 activation and
downstream signaling (Fig. 2), and antagonized VEGFA-
induced Bcl-2 expression (Fig. 3), a gene known to be
VEGFA-regulated.48 The inhibitory actions of gremlin 1
on endothelial cell number and the anti-apoptotic effects
of VEGFA also demonstrate blockade of VEGFA actions
(Figs. 3d and 4a). Furthermore, we found no evidence that
gremlin 1 alone acted as a VEGFR2 agonist, in contrast to
an agonist action reported in endothelial cells isolated from
other vascular beds.14,17,18,52 Rather, we found that recom-
binant gremlin 1 antagonized VEGFR2 in a manner similar
to that recently reported for monomeric gremlin 1.14 In sup-
port of this, we confirmed by immunoblotting that the
recombinant gremlin 1 that we used was monomeric
(Supplemental Fig. 1). Thus, our findings are in keeping
with the recently reported blocking action of monomeric
gremlin 1 on VEGFR2 activity in human umbilical vein
endothelial cells and extends that observation to adult pul-
monary microvascular endothelial cells.14

Since it has been previously reported that these endothe-
lial cells produce BMP2,9,43,44 which we confirmed in the
present experiments (Supplemental Fig. 4a), the possibility
that the observed actions of gremlin 1 might have been
mediated through its canonical function of inhibition of
the BMP secreted by the cells themselves had to be excluded.
We ensured that in vitro experiments were conducted at a
timepoint (2min) when VEGF induced marked eNOS

phosphorylation and BMP2 was without effect (Fig. 2b).
Furthermore, we demonstrated that the effects we examined
were not caused by stimulation with BMP2 or BMP4 (i.e.
short latency eNOS phosphorylation and increased Bcl-2
expression).66–69 Finally, we found that in contrast to grem-
lin 1, complete blockade of BMP2, BMP4, and BMP7 sig-
naling by noggin did not change VEGFA-mediated short
latency eNOS phosphorylation (Figs. 2b and 3c and
Supplemental Fig. 5). Taken together, these data suggest
that the effects of gremlin 1 on VEGFA-induced activation
of VEGFR2 that we examined were not due to blockade of
BMP signaling. An additional approach to demonstrate that
the actions of gremlin 1 on VEGFR2 were independent of
BMP signaling, which we did not use, would be to examine
the effect of gremlin 1 on VEGFR2-mediated signaling after
complete blockade of BMPR2 signaling, e.g. by knockdown
of BMPR2.

Noggin, despite being an effective BMP antagonist
(Supplemental Fig. 5b), did not have an effect on VEGF
signaling (Supplemental Fig. 5a). Noggin has been shown
to be responsive to the hypoxia mimetic, cobalt chloride, but
has previously been shown to be unresponsive to levels of
hypoxia typically found in the murine lung in vivo during
the development of PH, in contrast to the robust increases in
gremlin 1 under these conditions.9,70 Uniquely, among BMP
antagonists, surface plasmon resonance analysis has shown
that gremlin 1 can interact with VEGFR2 and exists as a
monomer and dimer in vitro and in vivo.14,53 Interestingly, it
has previously been reported that the inhibition of BMP2 by
gremlin 1 occurs by a mechanism that is distinct from other
known inhibitors of BMP signaling such as noggin and
chordin.15 These reports suggest that gremlin 1 has a struc-
ture that is different from other BMP antagonists, which
may account for its ability to bind VEGFR2, a property
that has not been reported in other BMP antagonists.

It is important to note that most secreted glycosylated
gremlin 1 remains close to the secreting cell as it binds to
the extracellular glycocalyx on the cell surface.19,31 Thus,
high local concentrations of gremlin 1 are present on the
cell surface and in the interstitial spaces within intact tissues.
Moreover, the glycosylated form, which is the predominant
form in the lung (Supplemental Fig. 1), retains its BMP and
VEGFR2 blocking actions.18,31 These high local concentra-
tions of monomeric glycosylated gremlin 1 in the intact lung
could result in blocking of VEGFR2 in addition to blocking
BMPR2 ligands in the endothelium of the intact pulmonary
vessels in vivo.

It is now well recognized that the development of HPH
and other forms of PH differs markedly in males and
females.71,72 Our study was conducted in male mice and
does not provide information on the effects of gremlin 1
on VEGF signaling during the development of HPH in
female mice. HPH is less severe in female rats than in
male rats and the actions of endogenous estrogens have a
central role in ameliorating PH in females.72,73 Of particular
importance for this study, 17b-estradiol reduces gremlin 1
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expression, in the hypoxic lung.11 Thus, the effect of gremlin
1 on VEGF signaling in females may be very different and
needs to be separately studied. It is important that our find-
ings should not be directly extrapolated to the development
of HPH in females.

In summary, we have shown that the monomeric form of
gremlin 1 acts as an antagonist of both BMP signaling
through BMPR2 and of VEGF-mediated VEGFR2 activa-
tion in the pulmonary microvascular endothelium (Fig. 5).
We found that the monomeric form is produced by the iso-
lated pulmonary endothelium and in the whole lung suggest-
ing that, in vivo, it can act in an autocrine manner to block
these pathways. Further support for an autocrine blocking
of VEGFR2 activity by native gremlin 1 in the lung is pro-
vided by the data obtained in gremlin 1 haploinsufficient
mice. Taken together with the previous evidence that
VEGFR2 signaling attenuates the development of HPH,

the data presented here suggest that increases in gremlin 1
contribute importantly to the development of PH, not alone
by blocking BMP signaling, but also by acting to block
VEGFR2 signaling.
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