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Background and purpose: Pulmonary arterial hypertension (PAH) is associated with increased contraction and proliferation of
pulmonary vascular smooth muscle cells. The anti-diabetic drug metformin has been shown to have relaxant and
anti-proliferation properties. We thus examined the effect of metformin in PAH.

Experimental approach: Metformin effects were analysed in hypoxia- and monocrotaline-induced PAH in rats. Ex vivo and
in vitro analyses were performed in lungs, pulmonary artery rings and cells.

Key results: In hypoxia- and monocrotaline-induced PAH, the changes in mean pulmonary arterial pressure and right heart
hypertrophy were nearly normalized by metformin treatment (100 mg-kg~'-day™"). Pulmonary arterial remodelling occurring in
both experimental models of PAH was also inhibited by metformin treatment. In rats with monocrotaline-induced PAH,
treatment with metformin significantly increased survival. Metformin increased endothelial nitric oxide synthase phosphory-
lation and decreased Rho kinase activity in pulmonary artery from rats with PAH. These effects are associated with an
improvement of carbachol-induced relaxation and reduction of phenylephrine-induced contraction of pulmonary artery. In
addition, metformin inhibited mitogen-activated protein kinase activation and strongly reduced pulmonary arterial cell
proliferation during PAH. In vitro, metformin directly inhibited pulmonary artery smooth muscle cell growth.

Conclusions and implications: Metformin protected against PAH, regardless of the initiating stimulus. This protective effect
may be related to its anti-remodelling property involving improvement of endothelial function, vasodilatory and anti-
proliferative actions. As metformin is currently prescribed to treat diabetic patients, assessment of its use as a therapy against
PAH in humans should be easier.
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Introduction

Pulmonary arterial hypertension (PAH) is a rare disease char-
acterized by a progressive increase of pulmonary vascular
resistance and pulmonary arterial pressure (PAP), leading to
right ventricle (RV) hypertrophy and death (Rubin, 2006;

Correspondence: Pierre Pacaud, Inserm U-915, Faculté de Médecine, 1 rue
Gaston Veil, BP53508, 44035 NANTES Cedex 1, France. E-mail: pierre.pacaud@
univ-nantes.fr

*Equal contributors.

Received 21 April 2009; accepted 25 May 2009

Humbert, 2008). Although major advances in the understand-
ing of disease development and treatment have been achieved
over the last 15 years, the pathogenesis of PAH remains not
clearly understood. Idiopathic, familial and connective tissue
disease-associated forms of PAH display similar pathological
changes and are considered to share common pathogenic
mechanisms, which involve endothelial dysfunction, endot-
helial and smooth muscle cell proliferation and increased
vasoconstriction (Humbert, 2008). Accordingly, current thera-
pies are based on the use of drugs that improve endothelial
function. Pharmacological agents targeting the endothelin-1
(receptor antagonists such as bosentan or sitaxsentan), the
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nitric oxide (NO) (sildenafil, type 5 phosphodiesterase inhibi-
tor) or the prostacyclin (epoprostenol, iloprost) pathways
have shown benefits for patients with PAH. However, these
treatments failed to improve the long-term survival and their
use is hampered by either side effects or inconvenient drug
administration routes (Humbert et al., 2004).

The biguanide drug metformin has been widely used for
more than 40 years for the treatment of hyperglycemia in
patients with type 2 diabetes mellitus but has been recently
described as a pleiotropic molecule. Besides reducing hyperg-
lycemia by improving peripheral sensitivity to insulin, reduc-
ing gastrointestinal glucose absorption and decreasing
hepatic glucose production (Caspary and Creutzfeldt, 1971;
Hundal et al. 2000; Borst and Snellen, 2001), metformin has
recently been shown to lower other cardiovascular risk factors
(McAlister etal.,, 2008). Moreover, metformin seems to
improve endothelial function. Indeed, metformin restores the
microvascular reactivity to histamine, bradykinin or acetyl-
choline, of arterioles and venules from diabetic animal
models (Sartoretto et al., 2005). More recently, it has been
shown that it improves the flow-mediated dilatation of nor-
moinsulinemic subjects (Romualdi et al., 2008). In addition,
metformin has been shown to have antiproliferative actions,
blocking the cell cycle progression in G(0)/G(1) phase (Ben
Sahra et al., 2008; Zhuang and Miskimins, 2008).

On the basis of these observations, we hypothesized that
metformin, already used clinically for diabetes, would
decrease PAH, facilitating its translation to use in patients
with PAH. To assess this hypothesis, we investigated the
effects of metformin on haemodynamics and pulmonary
vasculature remodelling in established models of experi-
mental PAH.

Methods

Animals

All animal care and experimental procedures were conducted
in accordance with international guidelines for the care and
use of laboratory animals. Male Wistar rats (250 g) were used.
The normoxic rats were housed in room air at normal atmo-
spheric pressure. Chronic hypoxic PAH was obtained by
housing animals in a hypobaric chamber at 380 mmHg
(Vacucell 111L, Medcenter, Munich, Germany) for 21 days.
Metformin (Calbiochem) was administered by daily intraperi-
toneal (IP) injections at a dose of 100 mg-kg'-day!, starting
either at the first or at the 14th day of the 21 days of hypoxia.
Four groups of rats were used: normoxic rats (control group),
normoxic rats receiving metformin, hypoxic rats receiving
saline and hypoxic rats treated by metformin.

For monocrotaline (MCT)-induced pulmonary hyperten-
sion, rats received a subcutaneous injection of saline
(controls) or MCT (Sigma, Saint Quentin Fallavier, France;
60 mg-kg'-rat?) to induce PAH. Experimental groups were
further divided in untreated rats (receiving saline), and
treated rats that received daily IP injections of metformin
(100 mg-kg'-day'), starting at the day of MCT injection (day
0). Rats were examined at day 30. Survival curves were estab-
lished from day O to day 55.
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Cardiac ultrasonography

Cardiac ultrasonography (SONOS 5500 echocardiograph,
Philips, 12-MHz sector scare transducer) was performed by the
same operator on anesthetized rats, placed in the left lateral
decubitus position after thorax epilation. The wall thickness
of the RV was measured. The peak tricuspid regurgitation
velocity was measured by continuous wave. Pulmonary artery
flow was recorded by pulsed-wave Doppler echocardiography
and the acceleration time of pulmonary artery blood flow was
measured from the onset of ejection to the time of peak
velocity.

Haemodynamic measures

Haemodynamic measures were made as previously described
(Guilluy et al., 2005). Rats were anaesthesized by IP injection
of ketamine and xylazine. Haemodynamic parameters were
measured using a venous catheter inserted in the right jugular
vein. The catheter was introduced in the right atrium, the RV
and then in the pulmonary artery. Systolic RV pressure,
systolic, diastolic and mean PAP were then measured
(Hewlett-Packard, M1106B).

Measurement of right ventricular hypertrophy

After death, the heart was removed and the blood washed out.
Right ventricular hypertrophy was measured using the ratio
of RV weight to left ventricle (LV) plus interventricular
septum weight [RV/(LV + S)].

Histological analysis

Histological examination of pulmonary vascular remodelling
was performed as previously described (Guilluy et al., 2005).
The left lung was removed. Left bronchus was slowly injected
with 4% paraformaldehyde in PBS to distend air-cells and the
entire piece was put in the same fixation solution to be pro-
cessed for paraffin-embedded sections (10 um). Three trans-
versal sections per lung were stained with haematoxylin-
eosin-saffron and Weigert’s staining. A total of 15-30 arterial
vessels (20 to 60 um in diameter) were examined in each
section. The wall thickness was quantified by measuring the
area using Metaview software (Universal Imaging Co., West
Chester, PA, USA). The ratio area of the lumen (LA) to the area
of the entire vessel (arterial wall plus lumen; VA) x100 was
calculated. The medial area (MA, in %) was calculated using
the formula MA = 100 - LA/VA x 100. Muscularity of distal
pulmonary arteries was assessed as previously described
(Chassagne et al., 2000) and expressed as a percentage of the
total number of arteries examined (30-60 in each condition).
Proliferation was assessed using immunohistochemistry on
lung sections stained with anti-proliferating cell nuclear
antigen (PCNA) antibody (Dako, Glostrup, Denmark). All
these analyses were performed by one observer unaware of
the group from which the sections were taken.

Western blot analysis
Pulmonary arteries (extralobar, main and first branches) were
harvested and put in NETF buffer (100 mM NaCl, 2 mM



EGTA, 50 mM Tris-Cl, pH 7.4 and 50 mM NaF) containing 1%
NP-40, 2mM orthovanadate, protease and phosphatase
inhibitor cocktails (Sigma). Lysates were obtained using Poly-
tron material and then sonicated. Protein concentration of
each sample was determined and equal amounts of protein
were loaded in each lane of polyacrylamide/SDS gels. After
electrophoresis and transfer to nitrocellulose membrane,
samples were analysed by Western blot with antibodies
against acetyl CoA carboxylase (ACC) and phospho-ACC (Cell
Signaling, Cell Signaling Technology, Inc., Danvers, MA,
USA), Endothelial NO synthase (eNOS) and phospho-eNOS
(Cell Signaling), RhoA (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), phospho-ERK (Santa Cruz), phospho-JNK (Cell Sig-
naling), phospho-p38 (Cell Signaling) and PCNA. Rho kinase
activity was quantified by Western blot analysis for phospho-
rylated myosin phosphatase target subunit (MYPT) using a
rabbit polyclonal anti-phospho-MYPT (Thr696) (Santa Cruz).
Equal loading was confirmed by reprobing the membrane
with anti-B-actin antibody (Sigma, Saint Quentin Fallavier,
France). Immunoreactive bands were visualized using horse-
radish peroxidase-conjugated secondary antibody and subse-
quent ECL kit detection (Amersham Pharmacia Biotech,
Orsay, France). Quantification was made by densitometric
analysis with QuantyOne (Biorad, Hercules, CA, USA).

Proliferation

Smooth muscle cells from rat pulmonary artery explants were
cultured in DMEM with 10% foetal calf serum, 100 U-mL!
penicillin and 100 pg-mL™" streptomycin. Secondary cultures
were obtained by serial passages after the cells were harvested
with 0.5 g-L trypsin and 0.2 g-L™* EDTA and reseeded in fresh
medium. After dissociation, cells at passage 2 were seeded on
a six-well plate, washed and maintained in serum-free
medium for 24 h, and then stimulated by platelet-derived
growth factor (PDGF) (Peprotech France, Levallois Perret)
during 24 h, with or without 4 mM metformin. Proliferation
was assessed using both Western blot on cell lysates with
antibody against PCNA and bromodeoxyuridine (BrdU)
proliferation assay.

Contraction experiments

Pulmonary arteries were collected in physiological saline solu-
tion (in mM; 130 NacCl, 5.6 KCl, 1 MgCl,, 2 CaCl,, 11 glucose,
10 Tris, pH 7.4 with HCI) and cut in rings. Rings of pulmonary
arteries were suspended under isometric conditions, con-
nected to a force transducer (Pioden controls Ltd, Canterbury,
UK) and set up at a tension of 300-500 mg in Krebs-Henseleit
solution at 37°C bubbled with 95% 0,-5% CO,. After equili-
bration, the response to KClI 60 mM was determined.
Endothelial-dependent relaxation was tested by adding
increasing concentrations of carbachol to rings pre-
contracted by phenylephrine (1 uM). Concentration-response
curves to phenylephrine were obtained by measuring the
amplitude of the contractile responses to increasing phenyle-
phrine concentrations. For the analysis of the ex vivo effect of
metformin, pulmonary arterial rings from normoxic rats were
treated by metformin (4 mM, 2.5 h) and contraction measure-
ments were performed in the continuous presence of 4 mM
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metformin. Amplitude of the phenylephrine-induced con-
traction was expressed in mg per mg of tissue (mg-mg').

Statistical analysis

Values are expressed as mean + SEM. In experiments with
comparison of two conditions, a non-paired Student’s t-test
was used. Differences among multiple groups were tested with
ANOVA (one-way ANOVA, Fisher’s test, Holm-Sidak method).
P < 0.05 was considered significant.

Materials
Ketamine and xylazine were from Merial (Lyon, France). All
other products were from Sigma.

Results

Beneficial effect of metformin on PAH

Rats maintained in a hypobaric chamber for 21 days displayed
an increased hematocrit (66.0 = 1.4% vs. 45.4 = 1.9 in con-
trols, n = 10, P < 0.001), attesting to the hypoxic condition.
The rats exposed to chronic hypoxia developed PAH charac-
terized by an increase in mean PAP (P < 0.001), thickening of
the RV wall (P < 0.001) and decrease of the pulmonary flow
acceleration time (P < 0.001) (Figure 1A-C). Right ventricular
remodelling in hypoxic rats was also demonstrated by the
marked increase in the ratio of RV weight to LV plus septum
[RV/(LV + S)] (P < 0.001) (Figure 1D). Metformin treatment
(100 mg-kg'-day') applied daily for the entire duration of
hypoxia exposure almost completely prevented PAH. Mean
PAP, RV wall thickness and the RV/(LV + S) ratio remained all
to near normal levels (Figure 1A, B and D), and the pulmo-
nary flow acceleration time was partially normalized
(Figure 1C). The protective action of metformin in hypoxic
rats depended of the dose used as shown by the gradual
increase in the effect of metformin concentrations ranging
from 0.1 to 100 mg-kg'-day' on mean PAP and RV/(LV + S)
(Figure 1E and F).

To further define the effect of metformin in the progression
of PAH in hypoxic rats, we also assessed the effect of met-
formin treatment only during the last 7 days of the 21 days of
hypoxia. Mean PAP, RV wall thickness, the RV/(LV + S) ratio
and the pulmonary flow acceleration time were all signifi-
cantly reduced by metformin administration (Figure 2).

The rats challenged with MCT developed severe PAH char-
acterized by an elevated mean PAP (Figure 3A) and an increase
in the RV/(LV + S) ratio (Figure 3B). MCT-induced PAH is
associated with a low survival rate (30% at day 30, Figure 3C).
Metformin treatment improved all the parameters of MCT-
induced PAH with a significant decrease of mean PAP at day
30 (Figure 3A), decrease of the RV/(LV + S) ratio (Figure 3B)
and a strong improvement of the survival rate to 61% at day
30 (Figure 3C).

Anti-remodelling effect of metformin in the pulmonary
vasculature

Histological examination of the pulmonary vasculature
showed that medial wall thickness of small pulmonary
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Figure 1 Metformin prevents chronic hypoxia-induced PAH. (A) Mean PAP, (B) right ventricular wall thickness, (C) pulmonary artery flow

acceleration and (D) [RV/(LV + S)] ratio determined in control rats (normoxia), rats chronically treated for 21 days with metformin
(100 mg-kg™'-day™), rats exposed to hypoxia for 21 days, and metformin-treated rats exposed to hypoxia. (E) Mean PAP and (F) [RV/(LV + S)]
ratio determined in rats exposed to hypoxia for 21 days non-treated (0) or treated with metformin doses ranging from 0.1 to
100 mg-kg~'-day". Dotted lines indicated the control values in normoxic rats (*P < 0.001 vs. control, *P < 0.001 vs. untreated, n = 5-16). LV,
left ventricle; PAH, pulmonary arterial hypertension; PAP, pulmonary arterial pressure; RV, right ventricle.

arteries (20-60 um in diameter) and distal muscularization
were markedly increased in hypoxic rats at day 21 (Figure 4).
Treatment with metformin resulted in a normalization of
pulmonary arterial wall thickness and muscularization
(Figure 4).

Similarly, lung specimens from MCT-treated rats (30 days)
displayed severe thickening and muscularization of small
artery wall and metformin treatment also significantly
reduced pulmonary arterial remodelling in MCT-treated
rats (Figure 4). The progressive arterial wall remodelling
occurring in PAH resulted from both pulmonary arterial
cell proliferation and excessive vasoconstriction. We thus
assessed the effect of metformin on these two different
processes.
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Metformin reduces pulmonary artery contraction and improves
endothelial function

To analyse potential effect of metformin on contractile prop-
erties of pulmonary artery, we analysed by Western blot,
expression and activity of markers of endothelial function
and arterial contraction in lysates of pulmonary artery from
control and hypoxic rats, treated or not by metformin. As
metformin has been shown to stimulate AMP kinase (AMPK)
activity (Zhou et al., 2001), the efficiency of metformin treat-
ment was first checked by monitoring the level of phospho-
rylation of ACC, a representative downstream target of AMPK.
The increased ACC phosphorylation observed in pulmonary
arteries from hypoxic rats treated with metformin showed the
efficiency of the treatment (Figure 5A).
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Figure 2 Metformin limits progression of PAH in hypoxic rats. (A) Mean PAP, (B) right ventricular wall thickness, (C) pulmonary artery flow
acceleration and (D) [RV/(LV + S)] ratio determined in control rats (normoxia), rats treated for 7 days with metformin (100 mg-kg™'-day™"), rats
exposed to hypoxia for 21 days (hypoxia) non-treated and treated with metformin for the last 7 days of hypoxia (*P < 0.001 vs. control, $P <
0.05 vs. untreated, n = 5-9). LV, left ventricle; PAH, pulmonary arterial hypertension; PAP, pulmonary arterial pressure; RV, right ventricle.

Phosphorylation of eNOS was used as a marker of endothe-
lial function and phosphorylation of MYPT as a marker of
RhoA/Rho kinase activation and arterial smooth muscle cell
contraction (Figure 5A). Metformin treatment strongly
increased the level of eNOS phosphorylation in hypoxic rat
(6.3 = 1.2-fold over hypoxic rats, n =8, P < 0.001) (Figure 5A).
This effect was associated with a marked decrease in hypoxia-
induced MYPT phosphorylation (4.8 = 0.9-fold over control
in hypoxic rats vs. 0.8 = 0.7-fold over control in metformin
treated rats, n = 8, P < 0.001), suggesting that metformin
decreased RhoA/Rho kinase activity, without change of RhoA
expression (Figure 5A). These data therefore suggested that
metformin treatment might limit pulmonary artery vasocon-
striction in hypoxic rats. To test this suggestion, we then
assessed the contractile properties of pulmonary artery rings
from wuntreated and metformin-treated hypoxic rats
(Figure 5B). Endothelial NO releasing capacity of the endot-
helium was assessed by measuring carbachol-induced relax-
ation of pulmonary artery rings contracted by phenylephrine
(1 uM). As shown in Figure 5B, carbachol-induced relaxation
was increased in metformin-treated hypoxic rat, indicating
that metformin limited hypoxia-induced endothelial dys-
function. This observation is in agreement with the increased
phosphorylation of eNOS observed in pulmonary arteries
form metformin-treated hypoxic rats (Figure SA). Cumulative
contraction-response curve to phenylephrine further showed
that contractile responses were significantly reduced in pul-
monary artery rings from metformin-treated hypoxic rats
(Figure 5C), in agreement with the reduced RhoA/Rho kinase

activation observed in pulmonary arteries from metformin-
treated hypoxic rats (Figure 5A). This inhibitory effect of met-
formin on pulmonary artery contraction was also observed in
control pulmonary arteries, treated ex vivo by metformin
(Figure 5D). The maximal amplitude of phenylephrine-
induced contraction was reduced by 50% in pulmonary arte-
rial rings treated by metformin (4 mM, 2.5 h). Taken together,
these results provide evidence that metformin-induced inhi-
bition of pulmonary vasoconstriction and improvement of
endothelial function could participate in its beneficial effect
on PAH.

Metformin inhibits pulmonary artery cell proliferation

In lung sections from hypoxic rats, PCNA labelling showed
cell proliferation in pulmonary arteries, compared with
control (Figure 6A) and manifested as a strong increase in
the number of PCNA positive pulmonary artery sections
(Figure 6A). In parallel to normalization of vessel morphol-
ogy, the number of PCNA positive vessels was restored to
basal levels in hypoxic rats treated with metformin
(Figure 6A). To get further insights into the antiproliferative
properties of metformin, we next examined, by Western
blot, the activation of the main members of the three major
subgroups of the mitogen-activated protein kinase family,
namely extracellular regulated kinase (ERK), p38 and C-Jun
NH2-terminal kinase (JNK), in pulmonary artery lysates. As
previously described (Welsh et al., 2001), hypoxia induced
activation of ERK (3.3 = 0.8-fold over control, n = 8), a
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Figure 3 Metformin prevents MCT-induced PAH. (A) Mean PAP
and, (B) (RV/LV + S) ratio determined in control rats, rats chronically
treated for 30 days with metformin (100 mg-kg'-day™), MCT-
injected rats at day 30 post MCT injection, and MCT-injected rats at
day 30 post MCT injection treated for 30 days by metformin
(*P < 0.001 vs. control, *P < 0.001 vs. untreated MCT-injected rats, n
= 5-10). (C) Survival rates of metformin-treated MCT-injected rats
(grey) versus untreated MCT-injected rats. LV, left ventricle; MCT,
monocrotaline; PAH, pulmonary arterial hypertension; RV, right
ventricle.

strong increase in p38 activity (5.6 = 1.1-fold over control,
n = 8) and no significant change in JNK activity (Figure 6B).
Hypoxia-induced activation of ERK and p38 was strongly
reduced in metformin-treated rats (1.1 = 0.5 and 3.3 = 0.7-
fold over control, respectively, n = 8, P < 0.001) (Figure 6B).
To analyse whether metformin directly affected pulmonary
artery smooth muscle cell proliferation, we next analysed
in vitro rat pulmonary artery smooth muscle cell prolifera-
tion induced by PDGF. PDGF (20 ng-mL™") induced pulmo-
nary artery smooth muscle cell proliferation, as shown by
Western blot, by a threefold increase in PCNA expression
(Figure 7A) and the increased number of BrDU positive cells
(Figure 7A). Both PCNA expression and the number of BrdU
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Figure 4 Metformin prevents PAH-associated pulmonary arterial
wall remodelling. Representative sections of lung tissue (A), quanti-
fication of the relative thickness of small pulmonary artery (20—
60 um) wall (B) and percentage of distal muscularization of normally
non-muscular arteries (C) in samples from control, hypoxic (21 days)
and MCT-injected rats (day 30), untreated and treated by metformin
(*P < 0.001 vs. control, *P < 0.001 vs. untreated hypoxic rats, P <
0.001 vs. untreated MCT-injected rats). MCT, monocrotaline; PAH,
pulmonary arterial hypertension.

positive cells were strongly reduced by metformin (4 mM),
indicating that metformin directly inhibited pulmonary
artery smooth muscle cell proliferation (Figure 7A and B).
This anti-proliferative action of metformin could thus partly
account for its beneficial effect on pulmonary artery remod-
elling and PAH.
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Discussion

The novel finding of the present study was the identification
of the anti-diabetic drug metformin as an effective therapeutic
agent in two well-established models of severe PAH.
Metformin improved ultrasonographic parameters used for
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Figure 5 Metformin improves endothelial function and reduces pul-
monary artery contractility. (A) ACC phosphorylation and expression,
eNOS phosphorylation and expression, Rho kinase activity (assessed
by the extent of phosphorylation of MYPT) and RhoA expression have
been analysed by Western blot in pulmonary artery from control rats
and rats exposed to hypoxia for 21 days, untreated and treated with
metformin (three different samples representative of each condition).
Equal protein loading was checked by examination of B-actin expres-
sion (B) Cumulative concentration-response curves for carbachol
(CCh)-induced relaxation of phenylephrine (PhE; 1 uM)-contracted
pulmonary artery rings from hypoxic (21 days) and metformin-
treated hypoxic rats. Tension is expressed as percentage of the ampli-
tude of the phenylephrine-induced contraction. (C) Cumulative
concentration-response curves for the contraction induced by phe-
nylephrine in pulmonary artery rings from hypoxic (21 days) and
metformin-treated hypoxic rats. (D) Cumulative concentration-
response curves for the contraction induced by phenylephrine in
pulmonary artery rings from normoxic rats under control condition
and in the presence of metformin (4 mM). ACC, acetyl CoA carboxy-
lase; CCh, carbachol; eNOS, endothelial nitric oxide synthase; MYPT,
myosin phosphatase target subunit.
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<

evaluation of the severity of PAH (free RV wall thickness,
pulmonary flow acceleration time) and normalized haemody-
namic parameters and RV hypertrophy. We further showed
that metformin had an efficient anti-remodelling effect on
pulmonary vasculature, improved endothelial function,
decreased pulmonary artery contractility and inhibited
pulmonary artery cell proliferation.

Several lines of evidence support the protective properties
of metformin in the systemic vasculature. In humans, met-
formin, at therapeutic concentration, is shown to improve
vascular endothelial reactivity in type 2 diabetic patients,
independently of its anti-hyperglycemic effects (de Aguiar
et al., 2006). Furthermore, metformin is described to have
anti-hypertensive properties in hypertensive obese women
and in patients with type 2 diabetes (Giugliano et al., 1993).
These observations therefore suggest that metformin may
affect the risk of cardiovascular diseases through mechanisms
other than lowering glycemia, possibly by direct vascular
effects. In agreement with this hypothesis, metformin acts
in vitro as an inhibitor of pro-inflammatory responses in
human vascular smooth muscle cells, macrophages and
endothelial cells (Hattori et al., 2006; Isoda et al., 2006). In
addition, in endothelial cells, metformin possesses antioxi-
dant properties that could participate in its cardiovascular
protective effects (Ouslimani et al., 2005). Metformin is also
shown to decrease arterial contraction, probably through an
intracellular calcium-lowering effect in arterial smooth
muscle cells (Dominguez et al., 1996). Metformin reduced
arterial pressure in spontaneously hypertensive rats (Bhalla
et al., 1996), and rapidly relaxed contractions to adrenoceptor
agonists in aortic rings from spontaneously hypertensive rats
(Lee and Peuler, 2001). Metformin corrected the altered
endothelium-dependent response of resistance arteries to
vasodilator agents in diabetic rats (Sartoretto et al., 200S5),
probably by increasing NOS activity and NO production
(Morrow et al., 2003; Davis et al., 2006). Our data demonstrate
for the first time the effects of metformin on pulmonary
artery contraction and endothelial function, supporting its
protective effect in experimental models of PAH. Metformin
improved endothelial-dependent vasodilation of pulmonary
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Figure 6 Metformin decreased pulmonary arterial cell proliferation
associated with hypoxic PAH. (A) Representative PCNA staining and
quantification of the percentage of PCNA-positive pulmonary arteries
in lungs from normoxic rats (normoxia), hypoxic (21 days) and
metformin-treated hypoxic rats (*P < 0.001 vs. control, *P < 0.001 vs.
untreated). (B) ERK, p38 and JNK phosphorylation and expression
analysed by Western blot in pulmonary arteries from control rats, rats
exposed to hypoxia for 21 days untreated and treated with met-
formin (three different samples representative of each condition).
B-actin amounts were also assessed in each sample. JNK, C-Jun NH2-
terminal kinase; PAH, pulmonary arterial hypertension; PCNA, prolif-
erating cell nuclear antigen.

arteries from hypoxic rats. This effect might result from the
increased eNOS phosphorylation and activity, in agreement
with previous observations in systemic arteries (Morrow et al.,
2003; Davis etal., 2006). In addition, metformin directly
reduced pulmonary artery contraction, in association with a
reduction of the activation of the RhoA/Rho kinase pathway.
This result is therefore in agreement with recent data from
pharmacological studies showing that inhibition of Rho
kinase reduced the PAP and pulmonary arterial remodelling
in rat and mouse models of PAH (Abe et al., 2004; Fagan et al.,
2004; Jernigan et al., 2004; Nagaoka et al., 2004; Guilluy et al.,
2005; Nagaoka et al., 2005). As found for sildenafil, an inhibi-
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Figure 7 Metformin inhibits PDGF-induced pulmonary artery
smooth muscle cell proliferation. (A) Analysis by Western blot of the
expression of PCNA in rat pulmonary artery smooth muscle cells,
cultured under basal conditions or stimulated by PDGF (20 ng-mL™)
for 24h, without or with metformin (4 mM). (B) Typical BrdU label-
ling of rat pulmonary artery smooth muscle cells under basal condi-
tion and stimulated by PDGF (20 ng-mL™") for 24h, without or with
metformin (4 mM). Quantification of proliferation was expressed as
the percentage of BrdU positive pulmonary arterial smooth muscle
cells (P < 0.001 vs. control, *P < 0.001 vs. PDGF alone). BrdU,
bromodeoxyuridine; PCNA, proliferating cell nuclear antigen; PDGF,
platelet derived growth factor.

tory action of metformin on the RhoA/Rho kinase signalling
could thus participate in the beneficial effect of metformin on
PAH.

In addition to its action on pulmonary artery vasoreactivity,
we also identified anti-proliferative effect of metformin on
pulmonary arterial cells. Metformin has been shown to block
cell cycle progression in G(0)/G(1) phase (Ben Sahra et al.,
2008; Zhuang and Miskimins, 2008) and a potential reduction
of cancer risk has been attributed to metformin through a
possible anti-proliferative effect (Phoenix et al., 2009). In the
cardiovascular system, metformin inhibited leptin-induced
human arterial smooth muscle cell proliferation, possibly
through the inhibition of reactive oxygen species production
(Li et al., 2005). Structural changes observed in animal models
of PAH resemble some characteristics of human pulmonary
hypertension, particularly the marked medial wall thickening
(Jeffery and Wanstall, 2001). In agreement with previous
reports, we found a marked increase of arterial cell



proliferation in pulmonary arteries of hypoxic rats. Met-
formin treatment resulted in near normal vessel morphology
and reduced the proliferation of pulmonary arterial smooth
muscle cells. Inhibition of pulmonary arterial smooth muscle
cell proliferation and vascular remodelling is likely a direct
effect of metformin because metformin also effectively inhib-
ited proliferation of cultured pulmonary arterial smooth
muscle cells. Although not studied in detail here, this anti-
proliferative action could result from the observed inhibition
of ERK and p38 activation.

An interesting and surprising point is that another antidia-
betic drug, rosiglitazone, an agonist at the peroxisome
proliferator-activated receptor (PPAR)-y and a thiazolidinedi-
one compound, has also been recently described as a protec-
tive agent against pulmonary hypertension in particular mice
models. The insulin-resistant apoE-deficient (apoE-/-) mice on
a high-fat diet spontaneously develop PAH (Hansmann et al.,
2007). Treatment of apoE-/- mice with rosiglitazone resulted
in markedly higher plasma adiponectin, improved insulin
sensitivity, and complete regression of PAH, right ventricular
hypertrophy and abnormal pulmonary artery musculariza-
tion (Hansmann et al., 2007). The potential protective role of
PPAR-y was then further supported by the observation that
mice with targeted deletion of PPAR-y in smooth muscle cells
spontaneously developed PAH (Hansmann efal., 2008). In
addition, thiazolidinedione treatment was also shown to
inhibit MCT- or hypoxia-induced PAH in rats (Matsuda et al.,
2005; Crossno et al., 2007). It is unlikely that the effect of
metformin described here involved activation of PPAR-y as, in
agreement with previous reports (Gao et al., 2008; Raso et al.,
2009), we found down-regulation of PPAR-y in metformin-
treated animals (not shown). However, the most relevant
hypothesis for the beneficial effect of both types of antidia-
betic drugs against PAH is that both PPAR-y agonists and
metformin may act through converging target(s), and the
well-known metabolic fuel gauge AMPK seems to be a good
candidate. Indeed, the numerous biological effects of met-
formin are mediated, at least in part by AMPK, and it is known
that PPAR-y agonists improve insulin sensitivity, at least in
part, by increasing the expression and release of adiponectin,
an adipokine that activates AMPK. Therefore, both PPAR-y
agonists and metformin could be considered as indirect
AMPK activators (Fryer et al., 2002). The increased phospho-
rylation of the AMPK kinase target, ACC, in pulmonary arter-
ies from hypoxic rats treated with metformin suggests that
metformin stimulated the activity of AMPK. The analysis of
the role of AMPK in the protective effects of both metformin
and PPAR-y agonists against PAH thus deserves a complete
study, including the use of AMPK deficient mice.

In conclusion, we show that treatment with metformin
prevented the development of PAH in recognized animal
models of the human disease. The demonstrated anti-
proliferative and vasodilatory action of metformin on the
pulmonary artery may contribute to its beneficial effects. A
recent study showing that the prevalence of insulin resistance
is higher in female PAH patients than in the general popula-
tion, suggested that interventions that enhance insulin sen-
sitivity in patients with PAH could be of clinical benefit
(Zamanian et al., 2009). Our present study would support this
hypothesis. As metformin is currently used to lower glycemia

Metformin prevents pulmonary hypertension

C Agard et al 1293

in diabetic patients, use of metformin as a new therapy for
PAH might therefore be plausible. Furthermore, the effective
doses of metformin used in this study (1-100 mg-kg'-day ")
are in the range of concentrations used in diabetic patients
(0.001-500 mg-kg'-day!). Metformin has been widely used
for many years, world-wide and its safety profile is well
known. The most common side effects are usually self-
limiting mild and transient gastrointestinal symptoms and
there is no risk of hypoglycaemia in normoglycemic subjects
(Caspary and Creutzfeldt, 1971; Borst and Snellen, 2001). The
most serious side effect is lactic acidosis that occurs in 0.024-
0.084 cases per 1000 patients each year. This side effect has
mostly been described in patients overdosed with metformin
or with hepatic or renal insufficiency. Metformin is consid-
ered to be safe even in patients with heart failure and may be
used in such patients, despite current theoretical contraindi-
cations (McCormack et al., 2005; Tahrani et al., 2007).
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