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Multidrug	resistance–associated	protein	4	(MRP4,	also	known	as	Abcc4)	regulates	intracellular	levels	of	cAMP	
and	cGMP	in	arterial	SMCs.	Here,	we	report	our	studies	of	the	role	of	MRP4	in	the	development	and	progres-
sion	of	pulmonary	arterial	hypertension	(PAH),	a	severe	vascular	disease	characterized	by	chronically	elevated	
pulmonary	artery	pressure	and	accompanied	by	remodeling	of	the	small	pulmonary	arteries	as	a	prelude	to	
right	heart	failure	and	premature	death.	MRP4	expression	was	increased	in	pulmonary	arteries	from	patients	
with	idiopathic	PAH	as	well	as	in	WT	mice	exposed	to	hypoxic	conditions.	Consistent	with	a	pathogenic	role	
for	MRP4	in	PAH,	WT	mice	exposed	to	hypoxia	for	3	weeks	showed	reversal	of	hypoxic	pulmonary	hyperten-
sion	(PH)	following	oral	administration	of	the	MRP4	inhibitor	MK571,	and	Mrp4–/–	mice	were	protected	from	
hypoxic	PH.	Inhibition	of	MRP4	in	vitro	was	accompanied	by	increased	intracellular	cAMP	and	cGMP	levels	
and	PKA	and	PKG	activities,	implicating	cyclic	nucleotide-related	signaling	pathways	in	the	mechanism	under-
lying	the	protective	effects	of	MRP4	inhibition.	Our	data	suggest	that	MRP4	could	represent	a	potential	target	
for	therapeutic	intervention	in	PAH.

Introduction
Pulmonary arterial hypertension (PAH) is a severe vascular disease 
characterized by persistent precapillary pulmonary hypertension 
(PH), leading to progressive right heart failure and premature 
death (1, 2). PAH may be idiopathic, heritable, or associated with 
other diseases such as systemic sclerosis (3). The pathological 
mechanisms underlying this condition remain unclear. Pulmonary 
artery endothelial cell (PAEC) dysfunction and structural remodel-
ing of the pulmonary vessels are early features of PAH. Pulmonary 
vascular remodeling includes proliferation and migration of pul-
monary artery SMCs (PASMCs), leading to medial hypertrophy 
and increased pulmonary vascular resistance (3). Hypoxia-induced 
PH in mice is associated with PASMC proliferation, precapillary 
PH, and right heart hypertrophy (4).

Abnormalities in the homeostasis of cyclic nucleotides (namely 
cAMP and cGMP) are reflected in changes in vascular tone and 
PASMC proliferation. PASMCs from PH patients show decreased 
cGMP intracellular levels as well as reduced endothelial nitric 
oxide production, an increase in phosphodiesterase 5 expression 
and activity, and PASMC vasoconstriction and proliferation (5, 6). 
In recent years, phosphodiesterase type 5 (PDE5) inhibitors (silde-
nafil and tadalafil) have been approved for the treatment of PAH 
(7–12). The levels of cAMP have also been shown to be reduced in 
PASMCs from PH patients, in line with an increased expression of 
PDE types 1 and 3 (13, 14), also promoting PASMC proliferation. 
Prostacyclin analogs (epoprostenol, iloprost, and treprostinil) that 
increase PASMC cAMP levels have also been approved for the treat-
ment of PAH (10, 11, 15).

In addition to hydrolysis by PDEs, cAMP and cGMP levels are also 
affected by a process involving active efflux out of cells. Multidrug 
resistance–associated protein 4 (MRP4), a member of a large fam-
ily of transmembrane proteins (ATP-binding cassette transporter 
family class C), has been shown to function as an energy-dependent 
transporter for cyclic nucleotides (16, 17). MRP4 has recently been 
characterized as an endogenous regulator of intracellular cyclic 
nucleotide levels and cyclic nucleotide–mediated signaling path-
ways in coronary artery SMCs (18, 19).

The specific role of MRP4 in the progression of pulmonary artery 
vascular remodeling remains unclear. In this report, we describe 
the effects of MRP4 inhibition in experimental hypoxia-induced 
PH and also its expression in biopsy samples from PAH patients.

Results
MRP4 overexpression during PAH. We initially compared the expres-
sion profiles of MRP4 in lung samples from normal human subjects 
and from patients with clinical PH. Immunohistochemistry analy-
sis on human pulmonary arteries in sections from PAH patients 
revealed MRP4 expression in the media of arteries, endothelial cells, 
and pneumocytes (Figure 1A). In contrast, MRP4 expression was 
barely detectable in samples from control patients. Western blot 
analysis was performed on total lung extracts from PAH patients 
and normal subjects. In Figure 1, B and C, we show a 2.5-fold 
increase in MRP4 expression in the lungs of PAH individuals. Then 
we explored MRP4 expression profile in a model of hypoxia-induced 
PH in mice. We observed a 2.1-fold increase in MRP4 expression in 
lungs from WT mice exposed to hypoxia compared with normoxia 
(Figure 2, A and B). In the lung, MRP4 was constitutively expressed 
in pulmonary arteries (assessed by α-SMA staining), and its expres-
sion was increased in hypoxic conditions (Figure 2B).

Prevention of hypoxia-induced PH in MRP4-knockout mice. To further 
study the role of MRP4 on the development of hypoxia-induced PH, 
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we exposed MRP4-knockout mice (Mrp4–/–) and WT mice to hypoxia  
for 4 weeks. Maintenance under normoxia was used as internal 
control. At baseline, as expected, MRP4 expression in the lung was 
completely abolished in Mrp4–/– mice (Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCI45023DS1). In WT mice, hypoxia resulted in a marked increase in 
RV systolic pressure (RVSP) (Figure 3A), RV hypertrophy (assessed by 
the Fulton index) (Figure 3A), and distal pulmonary artery remodel-
ing (Figure 3, B and C). In contrast, we were not able to detect sig-
nificant changes in these parameters in Mrp4–/– mice (Figure 3, A–C). 
Similar results were obtained when assessing indices of vascular 
SMC proliferation by using Ki67 immunostaining (Supplemental 
Figure 2, A and B). These results demonstrate that knocking out 
MRP4 protects from hypoxia-induced PH development.

Reversal of hypoxia-induced PH by MRP4 inhibitor MK571. We next 
wished to determine whether it is possible to reverse PH induced 
by hypoxia in WT mice. In these experiments, we used MK571, 
a pharmacological inhibitor of MRP4 (20). As shown in Figure 
4A, PH was induced by maintaining WT mice under hypoxia for  
3 weeks. Development of PH was monitored by RVSP (Figure 4B), 
Fulton index (Figure 4C), and distal pulmonary artery wall thick-
ness (Figure 4, D–J). Hypoxia-exposed WT mice were treated with 
either saline or MK571 (5 mg/kg/d or 25 mg/kg/d) for 2 more 
weeks while being maintained in hypoxic conditions. Saline-treat-
ed mice displayed all the hallmarks of PH (i.e., an increase in RVSP, 
Fulton index, and arterial wall thickness). However, following 
hypoxia, MK571-treated mice displayed lower RVSP (Figure 4B) 

and Fulton index (Figure 4C) and a decrease in the medial thick-
ening of small pulmonary arteries and arterioles (Figure 4, D–J). 
The RV indices were similar to those observed in control animals 
maintained under normoxia (Figure 4C). MK571 had no effect 
on any physiological parameters (RVSP, mean arterial pressure), 
as measured in mice maintained in normoxia (data not shown). 
To our knowledge, this is the first demonstration in which devel-
opment of hypoxia-induced PH was reversed by treatment with a 
compound targeting MRP4.

To gain a better understanding of the molecular pathway(s) 
involved in the beneficial effect of MRP4 reversal of PH, we assessed 
PKA and PKG activity. Specifically, we analyzed vasodilator-stim-
ulated phosphoprotein (VASP) phosphorylation on serine 157 
and serine 239, respectively. In Figure 4K, we show increased PKA 
and PKG activities in lung lysates from hypertensive mice treated 
with MK571. Similar increases were not seen in animals receiving 
vehicle (saline) controls. These results suggested a possible role for 
PKA- and/or PKG-mediated signaling pathways in the biological 
effects seen following administration of an MRP4 inhibitor.

Since MK571 has also been reported to inhibit MRP1 (another 
member of the ATP-binding cassette transporter superfamily) (21), 
we measured the effect of MRP1 silencing on the cyclic nucleotide 
levels. MRP1 silencing in vitro by MRP1 siRNA did not increase 
intracellular nucleotide levels or PKA and PKG activities assessed by 
VASP phosphorylation (Supplemental Figure 3).

MRP4 function in PASMCs and endothelial cells. PASMC prolifera-
tion and migration are characteristics of PH (5). We next tested the 
biological consequences of MRP4 knockdown on proliferation and 
serum-induced migration on cultured human PASMCs. Compared 
with scrambled siRNA, MRP4 silencing led to a marked decrease 
in PDGF-induced proliferation (Figure 5A) and in serum-induced 
migration of hPASMCs (Figure 5B). Interestingly, there was no 
difference in apoptosis between scrambled and MRP4 siRNA–
transfected cells (Supplemental Figure 4). Western blot analysis 
of VASP phosphorylation further revealed a significant increase 
in PKA and PKG activities following MRP4 silencing (Figure 5C). 
We then confirmed that MRP4 silencing increased intracellular/
extracellular ratios of both cAMP and cGMP in hPASMCs in vitro 
(Figure 5, D and E). MRP4 is also a physiological transporter of 
endogenous substrates such as prostaglandins (22) whose accu-
mulation may influence cyclic nucleotide homeostasis. However, 
inhibition of prostaglandin synthesis did not affect the increase 
in cAMP intracellular levels following MRP4 silencing (data not 
shown), thus suggesting a direct blockade of cyclic nucleotide 
efflux. Interestingly, we observed that changes in cyclic nucleotide 
levels following MRP4 silencing were further enhanced in the pres-
ence of the PDE5 inhibitor sildenafil (Figure 5, D and E). In addi-
tion, treatment with sildenafil led to an increase of MRP4 protein 
in sildenafil-treated WT mice (25 mg/kg/d) or in PASMCs isolated 
from PH patients (Supplemental Figure 5, A and B). These results 
further suggest that MRP4 overexpression could act in a manner 
to compensate for PDE5 inhibition. In contrast, PDE5 protein 
expression was unchanged in Mrp4–/– mice and in MRP4-silenced 
hPASMCs (Supplemental Figure 5, C and D). Similar results were 
observed for PDE3A and PDE4A isoforms (Supplemental Figure 
5, E and F). Thus, MRP4 silencing inhibits both PASMC prolif-
eration and migration, in line with the regression of pulmonary 
artery medial hypertrophy observed in vivo. MRP4 modifies the 
cyclic nucleotide homeostasis in these cells, and the combination 
of both PDE5 inhibitors and MRP4 inhibitors could be considered 

Figure 1
MRP4 expression in control and PAH patients’ lungs. (A) MRP4 local-
ization assessed by immunohistochemistry in human pulmonary arter-
ies from control and PAH patients. Arrows indicate the localization of 
MRP4 proteins found in endothelial cells, SMCs, and pneumocytes. 
(B) Western blot analysis of MRP4 in lung homogenates from patients 
showing controls (n = 4) and PAH (n = 4) patients. (C) Quantitative 
analysis of the results (*P < 0.05). Scale bar: 100 μm.
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in order to provide a higher increase in cyclic nucleotide levels and 
further promote their antiproliferative action (23). Of note, the 
beneficial effect of sildenafil in PAH patients can also be partly 
linked to MRP4 inhibition (20).

Because PAEC dysfunction is also characteristic of PH, we fur-
ther tested the biological consequences of MRP4 knockdown in 
cultured human PAECs by analyzing cell migration. Compared 
with scrambled siRNA, MRP4 silencing resulted in a significant 
decrease in PDGF-induced migration (Supplemental Figure 6, A 
and B). This later result suggests that MRP4 silencing might also 
influence endothelial cell activation during PAH.

Pulmonary artery contraction and relaxation in MRP4-knockout mice. 
We then addressed the role of MRP4 in the relaxation and contrac-
tion of intrapulmonary arteries from WT mice and Mrp4–/– mice 
subjected to chronic hypoxia or maintained under normoxia. The 
relaxation response to carbamylcholine was not significantly dif-
ferent in WT and Mrp4–/– mice in normoxic or chronic hypoxic 
conditions (Figure 6A). However, the relaxation response to carba-
mylcholine was strongly reduced in mice with hypoxia-induced PH, 
suggesting an endothelial dysfunction, as previously described (24). 
The contraction to PGF2α (Figure 6A), phenylephrine (Phe) (Figure 
6B), and high potassium solutions (KCl 80 mM) (Figure 6C) was 
similar in WT mice compared with Mrp4–/– mice. However, in WT 
mice as in Mrp4–/– mice, the contraction to PGF2α, Phe, and KCl  
(80 mM) was significantly higher in hypoxic conditions compared 
with normoxic conditions (Figure 6, A–C).

MRP4 silencing prevents hypoxia-induced inflammatory response. As 
inflammation is known to be increased in PH, we finally studied 
the effect of MRP4 inhibition on the inflammatory response in 
hypoxia-induced PH. We analyzed macrophage and lymphocyte 
cell recruitment in Mrp4–/– mice by measuring CD68 and CD45 
expression, respectively. In both cases, we found a significant 
reduction in the hypoxia-induced inflammatory response in 

Mrp4–/– mice as compared with WT mice (Figure 7, A and B). We 
then measured the proinflammatory cytokine IL-6 in total lung 
homogenates. Under normoxic conditions, there was no differ-
ence in the IL-6 levels between WT and Mrp4–/– mice. The amount 
of IL-6 was, however, increased after hypoxia in WT mice but not 
in Mrp4–/– mice (Figure 7C). These results suggest that hypoxia-
induced PH protection by MRP4 knockout is associated with a 
decrease in the inflammatory response.

Discussion
This study identifies MRP4 as a key regulator in PH. Such evidence 
first came from in vivo experiments in which mice deficient for 
MRP4 were resistant to hypoxia-induced PH. Furthermore, in an 
established model of PH induced in WT mice by hypoxia, MK571, 
an MRP4 inhibitor, reversed PH. MRP4 deletion is particularly 
associated with a strong reduction in the vascular remodeling of 
small pulmonary arteries. We further demonstrate that MRP4 inhi-
bition is associated with a significant reduction in PASMC prolif-
eration and migration, a significant reduction in PAEC migration, 
and in turn, a significant reduction in hypoxia-induced inflam-
matory response. These results suggest that inhibiting MRP4 may 
be a useful strategy in human PAH, as MRP4 is overexpressed in 
human lungs from patients with PAH.

The pulmonary vascular alterations in PAH are characterized by 
the pathological proliferation and migration of small pulmonary 
artery vessel wall constituents including SMCs and endothelial 
cells. Several mechanisms have been proposed, such as abnormal 
growth responses to bone morphogenetic protein (BMP) and TGF-β  
(3, 25, 26), abnormal activation of RhoA (27), and hypersecretion 
of endothelin-1 (3), but the causal mechanism remains undeter-
mined. Many studies have suggested a role for the dysregulation in 
cyclic nucleotide homeostasis observed in PASMCs. Pharmacother-
apy that aims to increase intracellular levels of cyclic nucleotides 

Figure 2
Increased MRP4 expression in hypoxia-
induced PH in mice. (A) Western blot anal-
ysis of MRP4 in lung homogenates from 
mice. Immunoblots are representative 
of 4 individual lungs for each group. The 
lanes were run on the same gel but were 
not contiguous. (B) Quantitative analy-
sis of the results (*P < 0.05). (C) MRP4 
and SMC actin expression assessed by 
immunofluorescence staining in sections 
of small pulmonary arteries from lungs 
of WT and Mrp4–/– mice in normoxia and 
hypoxia conditions. Scale bars: 20 μm.
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has concordantly shown beneficial effects in PAH. PDE5 inhibitors 
and prostacyclin analogs have been approved for the treatment of 
PAH. Until now, the increase in cyclic nucleotide levels has been 
obtained either by promoting their synthesis (such as prostacyclin 
and nitric oxide therapies) or blocking their degradation by the use 
of phosphodiesterase inhibition (10). We identified a transmem-
brane protein called MRP4 as an endogenous regulator that has 
been previously shown to limit the amplitude of cyclic nucleotide 
signaling in vascular SMCs (19). Immunohistochemistry analy-
sis on human pulmonary arteries in sections from PAH patients 
revealed MRP4 expression in the media of arteries. In contrast, 
MRP4 expression was barely detectable in samples from control 
patients. Our results suggest a preferential expression of MRP4 
in proliferative SMCs and ECs in pathological conditions. In 
mice subjected to hypoxia, MRP4 was also upregulated. As seen 
for PDE1C and PDE5 that are overexpressed in PAH conditions, 
MRP4 could contribute to the deficiency of cyclic nucleotide 
intracellular levels in idiopathic PAH. The mechanism involved 
in the overexpression of MRP4 remains to be determined, but its 
overexpression in hypoxia can be explained by the presence of an 
HIF element in its promoter (28).

MRP4 uses the energy of ATP hydrolysis to translocate various 
molecules such as cyclic nucleotides across cell membranes. Here 
we demonstrate that MRP4 is present in PASMCs and that specific 

inhibition of MRP4 in PASMCs modified the intracellular content 
of cyclic nucleotides and resulted in an activation of the down-
stream pathways, namely PKA and PKG (29, 30), as shown by VASP 
phosphorylation. These effects were interestingly obtained with-
out PDE inhibition. This indicates that MRP4 acts as a comple-
mentary mechanism, in addition to PDEs, to ensure intracellular 
cyclic nucleotide homeostasis. This was notably supported by the 
additional effect of concomitant PDE5 and MRP4 inhibition on 
the increase of cyclic nucleotide intracellular levels. These results 
also suggest that the combination of both PDE5 inhibitors and 
MRP4 inhibitors could be considered in order to provide a high-
er increase in cyclic nucleotide levels and further promote their 
antiproliferative action (23, 31–36). In addition, treatment with 
sildenafil led to an increase of MRP4 protein in PASMCs isolated 
from PH patients, further suggesting that MRP4 overexpression 
could act in a manner to compensate for PDE5 inhibition. In con-
trast, PDE5 protein expression was unchanged in Mrp4–/– mice 
or in MRP4-silenced hPASMCs. Similar results were observed for 
PDE3A and PDE4A isoforms.

We also found that MRP4 inhibition results in a notable reduc-
tion in hypoxia-induced inflammatory response. Inflammatory 
response is moderately increased in hypoxia-induced PH, but is 
markedly increased during PAH. Many studies have established 
the involvement of leukocytes, macrophages, and lymphocytes 

Figure 3
Prevention of hypoxia-induced PH in Mrp4–/– mice. (A) RVSP (mmHg) and RV hypertrophy reflected by the RV weight over LV plus interventricu-
lar septum (S) weight ratio (RV/[LV + S] = Fulton index) in each group (n = 15, ***P < 0.001). (B) Representative H&E-stained sections of small 
pulmonary arteries from lungs of WT and Mrp4–/– mice in normoxia and hypoxia conditions. (C) Percentage of medial thickness of small arteries 
in relation to cross-sectional diameter (**P < 0.01). Scale bars: 20 μm.
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in complex vascular lesions of PAH (37–39). Cytokine and 
growth factors such as IL-6 and TGF-β1, which lead to inflam-
matory cell recruitment, also have an important role in the 
development of pulmonary vascular remodeling (40, 41). It is 
likely that the reduction in vascular remodeling observed after 
MRP4 inhibition results in a reduction in the release of proin-
flammatory factors from activated endothelial cells and SMCs. 
To our knowledge, there is no evidence that MRP4 directly con-
trols the release of such factors or directly modulates the func-
tion of inflammatory cells. MRP4 expression has, however, been 
reported in blood cell progenitors (42). Whether MRP4 prevents 
the development of PH through a direct impact on the inflam-
matory process on top of its action on vascular endothelial and 
SMCs would deserve further investigation.

We also observed an important effect of the MRP4 inhibitor 
MK571 on the development of RV hypertrophy. Beyond the reduc-
tion in pulmonary pressure following MRP4 inhibition, this ben-

eficial effect could also be linked to a more direct impact of MRP4 
inhibition on the RV as previously reported with PDE5 inhibitors 
(43, 44). MK571 is, however, also an inhibitor of MRP1, another 
transporter of the ABCC family that is able to extrude leukotrienes 
(21), molecules acting against oxidative stress (45). However, the 
activation of PKA and PKG found in MK571-treated mice is unlikely  
to be carried by MRP1 inhibition, as MRP1 silencing in isolated 
PASMCs had no effect on PKA and PKG activities and on cAMP 
and cGMP levels. Moreover, MK571 has also been recognized as a 
leukotriene D4 receptor antagonist. LTD4 has been implicated in 
mitogen-induced proliferation of vascular SMCs (46). Inhibition 
of LTD4-mediated pathways could have been involved in reversal 
of PH in our model but is unlikely to explain the dramatic increase 
in PKA or PKG activities. Thus, it is more plausible that the reversal 
of PH in MK571-treated animals was the result of MRP4 inhibition 
alone. Thus, the reversal of PH in MK571-treated animals should 
essentially and directly be related to MRP4 inhibition.

Figure 4
Reversal of hypoxia-induced PH after MRP4 inhibition. (A) Schematic representation of PH-reversal experimental study design. (B) RVSP 
(mmHg) measured after 3 and 5 weeks (w) of normoxia and hypoxia conditions and in mice that were exposed for 5 weeks to hypoxia and treated 
with saline or 5 mg/kg/d or 25 mg/kg/d of MK571 (6 mice at least per group) during the last 2 weeks (***P < 0.001; **P < 0.01). (C) RV hypertrophy 
reflected by the Fulton index for the same groups (at least 6 mice per group). (D–I) Representative H&E-stained sections of small pulmonary 
arteries from the different groups: control normoxia versus hypoxia at 3 weeks (D and F), control normoxia at 5 weeks (E) versus hypoxia at  
5 weeks after 2 weeks of saline (G), MK571 5 mg/kg/d (H), and 25 mg/kg/d (I) treatments. (J) Percentage of medial thickness of small arteries 
in relation to cross-sectional diameter. (K) Western blot analysis of total lung extracts from mice. Proteins were incubated with anti-MRP4 and 
anti–pVASP-Ser157 to assess PKA activity and anti–pVASP-Ser239 to assess PKG activity. Anti-VASP was used for normalization and anti-
GAPDH as a loading control. Immunoblots are representative of 4 individual lungs for each groups (*P < 0.05). Scale bars: 20 μm.
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MRP4 is also a physiological transporter of endogenous mol-
ecules such as glutathion, glucuronate, sulfate conjugates, urate, 
and prostaglandins (20, 22, 47–49), but none of these molecules 
had previously been described as modulators of PKA and PKG 
activity. Finally, the enhancement of PASMC apoptosis has been 
proposed as a potential mechanism to reverse pulmonary vascu-
lar remodeling during PH (5, 50–54). Some studies have shown 
the role of cyclic nucleotides in modulating apoptosis in PASMCs 
(6). In short-term in vitro experiments, we were, however, unable 
to observe an induction of apoptosis following MRP4 silencing. 
This could be related to a balance between the cAMP antiapop-
totic effects and the cGMP proapoptotic ones (55, 56). However, 
the dramatic reversal of PAH observed in vivo in MK571-treated 
mice raises the question of whether apoptosis could be induced 
following long-term MRP4 inhibition.

We addressed the role of MRP4 in the relaxation and contrac-
tion of intrapulmonary arteries from WT mice and Mrp4–/– mice 
subjected to chronic hypoxia or maintained under normoxia. The 
results suggest a general hyperreactivity in intrapulmonary arter-

ies from animals with hypoxia-induced PH in response to contrac-
tile stimuli (57). We were unable to find differences in pulmonary 
artery relaxation and contraction in Mrp4–/– mice even in chronic 
hypoxic conditions. These experiments were performed in intrapul-
monary arteries with an internal diameter of 521.8 ± 8.7 μm (322.6 
to 645.4 μm; n = 87), as it was not possible for technical reasons to 
perform such experiments in smaller vessels (15 to 50 μm in diame-
ter). The alteration of pulmonary arterial tone and pulmonary arte-
rial remodeling are, however, known to be higher when the vessels 
are smaller (58). Our histological analyses in lungs from hypoxic 
Mrp4–/– mice showed a major change in vascular remodeling for ves-
sels with a lower diameter of 15 to 50 μm but not in larger vessels.

In conclusion, by acting on the possible extrusion of the cyclic 
nucleotides, inhibition of MRP4 not only blocks but also reverses 
hypoxia-induced PH in mice. In addition, targeting MRP4 can 
affect PH-associated proliferation and migration of vascular wall 
components in vitro. Collectively, we have presented both in vitro 
and in vivo findings strongly suggesting inhibition of MRP4 as a 
novel therapy for treating patients with human PAH.

Figure 5
Inhibition of hPASMC proliferation and migration after MRP4 silencing. (A) Effect of MRP4 siRNA on hPASMC proliferation (assessed by 
BrdU incorporation) compared with scrambled siRNA. Proliferation was normalized to the value obtained in 0.1% PDGF. 4 experiments were 
done in triplicate (**P < 0.01). (B) Effect of MRP4 siRNA on hPASMC migration (assessed by colorimetric assay OD at 560 nm) compared 
with scrambled siRNA. 4 experiments were done in triplicate (*P < 0.05). (C) Western blot analysis of total lysates from hPASMC transfected 
with scrambled or MRP4 siRNAs for 72 hours. Proteins were incubated with anti-MRP4, anti–pVASP-Ser157 to assess PKA activity, and 
anti-pVASP-Ser239 to assess PKG activity. Anti-VASP was used for normalization and anti-GAPDH as a loading control. 3 experiments 
were done. (D and E) Intracellular/extracellular ratios of cAMP and cGMP, measured with a specific competitive enzyme immunoassay, in 
isolated hPASMCs transfected with scrambled or MRP4 siRNAs for 72 hours and treated or not with sildenafil (1 μM, 48 hours). 4 experi-
ments were done in triplicate.
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Methods
Experimental procedures are described in detail in Supplemental Methods.

Reagents. See Supplemental Methods.
Animal model of PH. The Mrp4–/– mice were originally derived in the labo-

ratory of John Schuetz and repeatedly backcrossed to FVB (Friend virus 
B-type) mice to greater than 99% FVB. Homozygous Mrp4–/– mice on an 
FVB background were compared with FVB WT mice kept in the same con-
ditions. For the PH prevention protocol, 15 mice from each group (Mrp4–/–  
and WT, 6 weeks old) were exposed to chronic hypoxia (10% O2) in a ven-
tilated chamber for 28 days. Animals were fed standard chow and water 
ad libitum. Animal studies were approved by the administrative panel on 
animal care at Centre de Chirurgie Expérimentale Marie Lannelongue  
(Le Plessis-Robinson, France). Concerning the PH reversal study, 5-week-
old WT mice were maintained in hypoxia for 3 weeks, then were random-
ized to receive, for 2 weeks, oral vehicle or MK571 at the doses of either  
5 mg/kg/d or 25 mg/kg/d. At the same time, the experiment was designed 
for mice in normoxia conditions. Increased hematocrit values were checked 
to assess the efficiency of hypoxia. For hemodynamic measurements, mice 
were anesthetized with an intraperitoneal injection of ketamin (100 mg/ml;  
MTC Pharmaceuticals) and xylazine (10 mg/kg; Bayer). A 24-gauge cath-
eter was advanced to the RV through the right jugular vein for measure-
ment of RV pressure with fluid-filled force transducers. RV hypertrophy 
was expressed as the ratio of the RV wall to LV wall plus septum weight 

(RV/[LV + S] – Fulton index). Experiments were performed by 2 investiga-
tors in a blinded fashion. After mice were euthanized, a thoracotomy was 
performed, and after exsanguination, the left lung was fixed for histology 
in 10% neutral buffered formalin and the right lung was snap-frozen in 
liquid nitrogen. H&E staining was performed on 6-μm sections accord-
ing to common procedures. To assess the type of remodeling of muscular 
pulmonary arteries, microscopic images were analyzed using a computer-
ized morphometric system (Leica). For each mouse, medial thickness of  
50 intraracinar arteries in 4 different sections was measured and extrapo-
lated to estimate cross-sectional diameter. Arteries were categorized accord-
ing to their external diameters: category I included arteries with an external 
diameter between 15 and 30 μm; category II included arteries with an exter-
nal diameter between 31 μm and 50 μm; category III included arteries with 
an external diameter between 51 μm and 75 μm; and category IV included 
arteries with an external diameter between 76 μm and 100 μm. Analysis 
was done in a blinded fashion.

Patients with idiopathic PAH and controls. We studied lung specimens 
obtained at the time of lung transplantation in 8 patients with idiopathic 
PAH and at the time of thoracic surgery (lobectomy or pneumonectomy 
for localized lung cancer) in 5 control patients. This study was approved 
by the local ethics committee (Comité de Protection des Personnes, CPP 
Ile de France VII, Le Kremlin Bicêtre, France), and patients gave informed 
consent. See Supplemental Methods for details.

Figure 6
Relaxation and contraction of intrapulmonary arteries from WT and Mrp4–/– mice in normoxic or hypoxic conditions. (A) Relaxation to car-
bamylcholine (0.01 to 1000 μM) in intrapulmonary arteries precontracted with either 10 μM or 30 μM of PGF2a in normoxic and chronic 
hypoxic mice, respectively (n = 8–13 rings, 4–5 mice and n = 10 rings, 6 mice, respectively). Relaxation is expressed as a percentage of the 
precontraction to PGF2a. Dose-dependent contraction to PGF2a (0.01 to 300 μM) (n = 8 rings, 3 mice in normoxia and n = 6 rings, 6 mice in 
chronic hypoxia) (**P < 0.001). (B) Comparison of the contraction to 10 μM phenylephrine (Phe) (n = 9–13 rings, 4–5 mice in normoxia and 
n = 16 rings, 6 mice in chronic hypoxia). (C) Comparison of the contraction to high potassium solutions (80 mM KCl) (n = 16 rings and 6 mice 
in normoxia and chronic hypoxia). (*P < 0.05).
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Immunofluorescence staining. See Supplemental Methods.
Isolation and culture of PASMCs and PAECs. Human PASMCs were isolated 

as previously described (59). To identify PASMCs, we examined cultured 
cells for expression of muscle-specific contractile and cytoskeletal proteins 
including α-SMA, desmin, and vinculin. Cells were cultured in SMCBM2 
containing 5% FCS (FCS supplemented with 10 ng/ml epidermal growth 
factor, 40 ng/ml basic fibroblast growth factor, 1 mg/ml insulin) (Promo-
Cell) and antibiotics at 37°C with 5% CO2. The cells were used between 
passages 3 and 6. Pulmonary artery endothelial cells were purchased from 
Lonza (CC-2527), cultured in EBM-2 (Lonza) containing 5% growth factors, 
and used between passages 2 and 3.

RNA interference and cellular experiments in PASMCs and PAECs. Cells were 
transfected with siRNA (50 nM) using Lipofectamine 2000 (Invitrogen) 
or electroporation using Amaxa Nucleofector technology according to the 
manufacturer’s instructions. A colorimetric BrdU cell proliferation assay 
was performed according to the manufacturer’s instructions (Roche). 
Migration of hPASMCs was assessed using a micro Boyden Chamber QCM 
24-Well Colorimetric Cell Migration Assay (Chemicon International), 
and apoptosis was assessed by using the ApopTag Red In Situ Apoptosis 

Detection Kit (Chemicon International) according to the manufacturer’s 
instructions. Cyclic GMP and AMP were measured by specific competitive 
enzyme immunoassay as recommended by the manufacturer (R&D Sys-
tems). See Supplemental Methods for details.

Quantitative real-time PCR and Western blotting. See Supplemental Methods.
Vascular reactivity. FVB mice were exposed to chronic hypoxia in a hypo-

baric chamber (380 mmHg) for 21 days. The chamber was opened three 
times a week for 30 minutes for animal care and cleaning. Control mice 
(normoxic group) were housed in room air at ambient atmospheric pres-
sure. Mice were sacrificed using CO2 asphyxia as approved by the animal 
care and use local ethics committee (Comité d’éthique régional d’Aquitaine; 
referenced AP 21/06/2010). The left lung was rapidly removed and rinsed 
in Krebs solution containing 119 mM NaCl, 4.7 mM KCl, 1.17 mM MgSO4, 
25 mM NaHCO3, 1.18 mM KH2PO4, 1.5 mM CaCl2, and 5. mM 5 D-glu-
cose. Intrapulmonary arteries with an internal diameter of 515.9 ± 11.7 
μm (322.6 to 638.5 μm; n = 45) for WT mice and 528 ± 12.9 μm (368.9 to 
645.4 μm; n = 43) for MRP4 KO mice (intrapulmonary arteries of the first 
order) were then dissected free from surrounding connective tissues under 
binocular control. Segments of pulmonary artery (1.8–2 mm length) were 

Figure 7
Reduction of hypoxia-induced inflammatory response in Mrp4–/– mice. (A) Lung macrophage recruitment under hypoxia conditions in WT 
versus Mrp4–/– mice. CD68 was used as a macrophage marker. The photographs are representative of each condition. Scale bars: 40 μm.  
(**P < 0.01) (B) CD45 quantification in total lung extracts from WT versus Mrp4–/– mice. Anti-GAPDH was used as a loading control, and immu-
noblots are representative of lungs from 4 individuals for each group. (C) Dosage of IL-6 in lung extracts determined by ELISA. The level was 
normalized according to the protein total quantity (*P < 0.05).
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mounted in a Mulvany Myograph (Multi Myograph System, model 610M; 
J.P. Trading), as previously described (60). Passive length-tension relation-
ship demonstrated that the optimal resting tension corresponded to an 
equivalent transmural pressure of 15 and 30 mmHg in arteries from con-
trol and hypoxic mice, respectively. After 60 minutes equilibration period 
under resting conditions, viability of arteries was evaluated using Krebs 
containing 80 mM KCl. High potassium solutions were obtained by substi-
tuting an equimolar amount of KCl for NaCl from Krebs solution. Arteries 
developing a wall tension below 0.5 mN/mm were discarded. Concentra-
tion-response curves to PGF2α (0.01 to 300 μM) were then constructed. 
Relaxation was investigated by constructing concentration-response curves 
with carbamylcholine (as reference endothelial NO-dependent agent) (0.01 
to 1000 μM) on arteries submaximally precontracted with PGF2α (10 μM 
and 30 μM for normoxic and chronic hypoxic conditions, respectively).

IL-6 measurements. Levels of IL-6 were measured in total lung extracts using 
an ELISA kit according to the manufacturer’s instructions (R&D Systems). For 
each test, the quantities were normalized on the total protein concentration.

Statistics. All quantitative data are reported as means ± SEM. Statistical 
analysis was performed with the Prism software package (GraphPad v3). 
One-way ANOVA was used to compare each parameter. Post hoc t test com-
parisons were performed to identify which group differences accounted for 
significant overall ANOVA results. P < 0.05 was considered significant. See 
Supplemental Methods for details.
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