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The pathobiology of pulmonary arterial hypertension (PAH) involves multiple molecular
pathways and environmental modifiers and is characterized by progressive obliteration of pulmonary arterioles, leading to increased pulmonary vascular resistance (PVR),
right heart failure, and death in ≈40 to 60% of patients 5 years after diagnosis. There
is emerging evidence that many key genes involved in PAH development are targets
of the insulin-sensitizing transcription factor peroxisome proliferator–activated receptor γ (PPARγ), and that pharmacological PPARγ activation would lead to their beneficial
induction or repression and subsequent antiproliferative, anti-inflammatory, proapoptotic, and direct vasodilatory effects in the vasculature. PPARγ acts downstream of bone
morphogenetic protein receptor II (BMP-RII), which is the cell surface receptor that is
mutated or dysfunctional in many forms of PAH. Because our recent clinical observations
indicate that insulin resistance may be an environmental risk factor or disease modifier
(“second hit”), we suggest that PPARγ-activating agents might be beneficial in the future
treatment of both insulin-resistant and insulin-sensitive PAH patients with or without
BMP-RII mutations.

INTRODUCTION
Pulmonary arterial hypertension (PAH) is
characterized by progressive obliteration
of small muscularized pulmonary arteries
(arterioles), leading to increased pulmonary vascular resistance (PVR), right heart
failure, and death. The pathobiology of PAH
is complex and multifactorial: Pulmonary
vascular remodeling includes structural
and functional changes such as (i) (peri)
vascular inflammation; (ii) endothelial cell
(EC) damage and dysfunction; (iii) vasoconstriction; (iv) proliferation, migration,
resistance to apoptosis, and survival of
smooth muscle cells (SMCs), fibroblasts,
and related cell types; (v) recruitment of
progenitor cells; and (vi) crosstalks among
vascular and circulating cells (1, 2). Therefore, it is unlikely that only one factor,
pathway, or gene mutation (3) will explain
all forms and cases. This underscores the
need to explore several (frequently linked)
signaling pathways and environmental
modifiers of PAH. Because it is uncertain
which pathway(s) are particularly active or
inactive in an individual patient, tailored
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PAH therapy is hardly possible. PAH biomarkers and validated imaging techniques
indicating disease severity, progression,
and prognosis of PAH and associated RV
dysfunction would be extremely helpful in
guiding established and more-experimental clinical therapies.
Currently, there are nine approved drugs
for the treatment of PAH in adults in the
United States, all of which are considered to
be pulmonary vasodilators: endothelin-1
(ET-1) receptor antagonists, phosphodiesterase-5 (PDE-5) inhibitors, inhaled nitric oxide, prostanoids (PGI2 analogs), and
calcium channel blockers. However, none
of the current medical therapies has been
shown to be universally effective or able
to reverse advanced pulmonary vascular
disease. Promising drugs being explored
for their potential to reverse PAH include
platelet-derived growth factor receptor β
(PDGFR-β) and epidermal growth factor
receptor (EGFR) blockers; multi-kinase,
elastase, and Rho-kinase (ROCK) inhibitors; mitochondrial metabolic modulators
(dichloroacetate) (1, 2); and—as we suggest
here—peroxisome proliferator–activated
receptor γ (PPARγ) agonists (4–6).
GROWTH FACTOR SIGNALING IN
SMCS AND ITS ROLE IN PAH
A hallmark of idiopathic (I) and heritable
PAH (7) is enhanced signaling by growth

factors such as PDGF-BB, EGF, and transforming growth factor β1 (TGF-β1) [reviewed in (1)]. PDGF-BB (through its receptor), PDGFR-β, and EGF (via EGFR)
activate mitogen-activated protein kinases
(MAPKs) in vascular SMCs. Activated
MAPKs such as extracellular-regulated kinase (ERK) induce cell cycle–promoting
genes (encoding products such as cyclin
D1/D2 and telomerase) and subsequently
SMC proliferation, migration, resistance to
apoptosis, and survival—all key features of
pulmonary vascular remodeling (Figs. 1 and
2A). RhoA/ROCK pathways downstream
of the aforementioned growth factors are
also involved in the pathogenesis of PAH
(2). ROCK is activated by angiotensin II
and receptor tyrosine kinases (RTKs) such
as PDGFR-β and EGFR and participates
in subsequent MAPK phosphorylation and
SMC proliferation [reviewed in (8)].
Imatinib (STI571), a compound used
to treat chronic myeloid leukemia, blocks
the activity of the RTKs PDGFR-β, c-Kit,
and Bcr-Abl but hardly affects the EGFR
(also an RTK). Hence, a drug target downstream of PDGFR-β and EGFR that when
activated inhibits MAPK activity and other
growth-promoting pathways might be of
additional and even greater benefit than
RTK blockers, and be able to arrest or reverse advanced clinical PAH [Fig. 2B and
supporting online material (SOM)].
ROLE OF PEROXISOME
PROLIFERATOR–ACTIVATED
RECEPTORS IN VASCULAR BIOLOGY
PPARs (-α, -β, -γ, and -δ) are ligand-activated transcription factors belonging to
the nuclear receptor superfamily. PPARγ is
ubiquitously expressed and plays a major
role in adipogenesis, glucose metabolism,
and placental and cardiac development.
PPARγ is an established vasoprotective transcription factor in systemic atherosclerotic
diseases (9); however, its role in pulmonary
vascular disease has not been explored in
comparable depth. Upon ligand activation,
PPARγ heterodimerizes with the retinoid
X receptor and regulates multiple target
genes, such as those encoding adiponectin,
interleukin-6 (IL-6), monocyte chemotactic
protein–1 (MCP-1), ET-1, and the endogenous endothelial nitric oxide (NO) synthase (eNOS) inhibitor asymmetric dimethyl-arginine (ADMA), many of which are
strongly implicated in the pathobiology of
PAH (SOM). The antidiabetic drugs pioglitazone and rosiglitazone, both PPARγ li-
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tor p27KIP1 (13) or inhibiting telomerase (14).
By blocking important survival pathways
downstream of activated PDGFR-β [such
as those regulated by phosphatidylinositol
3-kinase (PI3K)], PPARγ agonists also induce apoptosis of proliferating SMCs (9)
(Fig. 2B). In addition, fluid shear stress reduces PPARγ expression in ECV304 ECs.
When transfected with a dominant negative
version of PPARγ and injected into the tail
vein of nude mice, ECV304 cells formed
lumen-obliterating pulmonary vascular lesions (12). Hence, decreased PPARγ expresMULTIPLE BENEFICIAL EFFECTS OF
sion appears to characterize an abnormal,
PPARγ ACTIVATION IN PULMONARY
proliferating, apoptosis-resistant EC phenoVASCULAR DISEASE
type that may be reversed by pharmacologiThe unique potential of PPARγ agonists for
cal PPARγ activation.
the treatment of pulmonary vascular disease
PPARγ, apoE, and adiponectin counrelates to the fact that many of its downterbalance growth factor–mediated vasstream targets are positively or negatively
cular remodeling. The PPARγ targets apoE
associated with the development of PAH.
and adiponectin inhibit PDGF-BB–induced
PPARγ: A drug target downstream
PASMC proliferation, and deficiency of eiof bone morphogenetic protein recepther target protein has been linked to PAH
tor II. Heritable PAH includes nonfamilial
(4, 5, 15, 16). ApoE promotes the internalPAH associated with germline mutations in
ization of PDGFR-β (17), and adiponectin
the bone morphogenetic protein
sequesters the ligand PDGF-BB
receptor II (BMP-RII) gene and
(18) (Fig. 2B). Both BMP-2 and a
familial cases with or without
PPARγ agonist also induce apoE
identified germline mutations.
expression and secretion, thereLoss-of-function mutations in
by impairing PDGF-BB/MAPK
the BMP-RII gene occur in up
signaling (i.e., ERK phosphoryto 70% of PAH patients with a
lation) (5) in human PASMCs.
positive family history of PAH,
Activated PPARγ also blocks
in 10 to 40% of PAH patients
PDGF gene expression (19) and
without a family history of
induces low-density lipoprotein
the disease (3, 7), and in 6 to
receptor–related protein (LRP)
9% of patients with secondary
(20), the receptor necessary for
forms of PAH associated with
apoE-mediated suppression of
anorexic drug use or congeniPDGF-BB signaling (17) (Fig.
tal heart defects. However, the
2B). Additional counteractive
inheritance pattern of BMPR-II
interactions between PPARγ and
is that of a dominant gene with
phosphoERK exist intracellularlow penetrance, in that only
ly; these include both the activa≈10 to 20% of affected family
tion of phosphatases and the premembers develop the disease Fig. 1. Plexiform lesion in advanced pulmonary arterial hypertension. vention of nuclear translocation
(3). This observation under- The pulmonary artery (arrowheads) is eccentrically expanded by cell pro- in SMCs, and the phosphorylascores the importance of envi- liferation surrounding slit-like and dilated vascular channels. The residual tion of PPARγ at its N terminus
ronmental modifiers such as IR artery shows medial and intimal thickening (hematoxylin and eosin stain; that leads to its inactivation (Fig.
that could potentiate BMP-RII scale bar, 50 μm).
2; for details see the legend and
dysfunction, thereby triggerSOM). Furthermore, transgenic
ing or worsening PAH (4, 6).
mice with a targeted deletion of
Abnormalities in downstream effectors of at activating PPARγ could reverse the PAH PPARγ in ECs and macrophages (Tie 2 Cre
BMP-RII probably contribute to PAH de- phenotype (4).
PPARγ flox/flox) have significantly higher pulPPARγ-mediated cell-cycle regula- monary PDGFR-β protein expression than
velopment.
Recently, we demonstrated that BMP-2, tion and apoptosis. PPARγ activation ul- littermate controls (21). Thus, decreased
an antiproliferative ligand of the crucial cell- timately inhibits the G1→S–phase transition levels of PPARγ, apoE, and adiponectin are
surface receptor BMP-RII, induces nuclear that is mandatory for cell cycle progression expected to enhance PDGF-BB–pERK sigshuttling and DNA binding of PPARγ in and vascular SMC proliferation, e.g., by sta- naling and pulmonary vascular remodeling
human pulmonary artery SMCs (PASMCs) bilizing the cyclin-dependent kinase inhibi- (Fig. 2).
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gands of the thiazolidinedione (TZD) class,
have anti-inflammatory properties through
PPARγ-dependent and -independent effects
in macrophages, adipocytes, and vascular
cells (9). In addition, PPARγ ligands exert
antiproliferative, proapoptotic, and direct
vasodilatory effects (10) in the vasculature
and improve endothelial dysfunction and
systemic arterial hypertension in vivo (9).
PPARγ agonists therefore have therapeutic
potential beyond the treatment of insulin
resistance (IR).

(5). Previous work by others showed that
PAH patients have reduced pulmonary expression of BMP-2 (11), PPARγ (12), and
apolipoprotein E (apoE) (11) mRNAs. We
found that all three factors are linked and
demonstrated an antiproliferative BMP-2/
PPARγ/apoE axis in human and murine
PASMCs (5) (Fig. 2B): (i) Using small hairpin RNA interference and transgenic techniques, the antiproliferative effect of BMP2 was shown to be BMP-RII-, PPARγ-, and
apoE-dependent (4, 5); (ii) pharmacological PPARγ activation inhibited PDGFBB–induced ERK phosphorylation and
completely blocked PDGF-BB–induced
proliferation of PASMCs isolated from a
PAH patient with a frameshift mutation
in the BMP-RII gene; and (iii) deletion of
PPARγ in vascular SMCs caused PAH in
vivo (5).
These findings suggest that BMP-RII
dysfunction decreases endogenous PPARγ
activity and enhances PDGF-BB/MAPK
(e.g., ERK) pathways and associated vascular remodeling. Hence, a strategy aimed
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FIGURE CONCEPT: G. HANSMANN, ILLUSTRATION: C. BICKEL/SCIENCE

Fig. 2. Model of how PPARγ activation might reverse pulmonary arterial hypertension (PAH). (A)
Heightened PDGF-BB and EGF signaling leading
to smooth muscle cell (SMC) proliferation and
survival are key features of PAH. Deﬁciency of
both apoE and LRP enhances mitogenic PDGFBB–MAPK signaling that turns on the cell-cycle
machinery, for example, expression of NOR1 and
cyclin D1/D2, and induces other growth-promoting genes. PDGF-BB–/PDGFR-β–mediated
phosphorylation of MAPKs such as ERK has
been shown to lead to N-terminal phosphorylation and thereby inactivation of PPARγ. (B)
PPARγ activation induces growth-inhibitory and
proapoptotic genes in SMCs and inhibits cellcycle–promoting genes such as those encoding telomerase, cyclin D1, and retinoblastoma
protein. Moreover, PPARγ induces phosphatases
that can directly inactivate MAPKs (such as
pERK) downstream of PDGFR-β and EGFR. In
addition, PPARγ activation can directly inhibit
PDGF-BB–mediated pERK activity by blocking its
nuclear translocation. Besides gene regulation
in SMCs, PPARγ agonists induce the antimitogenic adipocytokine apiponectin, which [in its
high molecular weight (HMW) form] sequesters the ligand PDGF-BB (“vasocrine signaling
from fat cells”). Thus, decreased levels of PPARγ,
apoE, and adiponectin are expected to enhance
PDGF-BB/pERK signaling and pulmonary vascular remodeling. By blocking important survival
pathways downstream of activated PDGFR-β
(such as PI3K), PPARγ agonists might also lead to
SMC apoptosis. Therefore, PPARγ agonists have
the potential to reverse SMC proliferation and
vascular remodeling in PAH patients. TF, transcription factor.

Male apoE-deficient mice (apoE−/−),
when fed a high-fat diet, do not up-regulate

the insulin sensitizers adiponectin and leptin (in contrast to control mice), but devel-

op IR and severe PAH. A 4-week treatment
with the PPARγ agonist rosiglitazone led to
an eightfold induction of plasma adiponectin, improved insulin sensitivity, and complete regression of PAH (4) (Fig. 2B). Thus,
PPARγ target genes other than apoE (e.g.,
the adiponectin gene) are also implicated in
the antiremodeling and anti-inflammatory
effects of PPARγ agonists (4, 5, 15, 16).
Moreover, adiponectin is an endogenous
antithrombotic factor (22). Hence, induction of adiponectin might be beneficial
in pulmonary hypertension, even in the
secondary forms associated with chronic
thromboembolism, or parenchymal lung
disease/chronic alveolar hypoxia (23).
PPARγ, detrimental adipocytokines,
endothelin-1, and the NO pathway.
Yudkin and colleagues (24) previously
proposed that detrimental adipocytokines,
such as tumor necrosis factor–α and IL-6,
are secreted from perivascular fat cells and
inhibit the eNOS pathway of insulin signaling, leaving unopposed vasoconstriction
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mediated by endothelium-derived ET-1, a
key player in PAH. PPARγ agonists would
counteract these deleterious effects as they
induce eNOS, and impair the expression of
thrombin, ET-1, and the endogenous NO
synthase inhibitor ADMA, thereby potentially reversing endothelial dysfunction.
Increased pulmonary ET-1 expression and
elevation of the ADMA plasma concentration were observed in PAH patients, and
increased ADMA concentrations negatively correlated with cardiac index and human
survival rates (25).
Endothelial progenitor cells, PDE
inhibitors, and PPARγ agonists. Adult
IPAH patients have reduced numbers of
endothelial progenitor cells (EPCs) as
compared with healthy controls; a reduced number of circulating EPCs correlated with poor hemodynamics and
abnormal concentrations of inflammatory markers and ADMA. Treatment with
sildenafil, a vasodilatory PDE-5 inhibitor
commonly used for PAH therapy, led to a
dose-dependent rise in EPC numbers that
was greater than those found with other
therapies (26). Intriguingly, rosiglitazone
inhibited the negative effects of C-reactive
protein (CRP) on EPC survival, differentiation, and function in a separate study
(27), and transplantation of autologous
EPCs improved mean pulmonary arterial pressure, PVR, cardiac output, and the
distance walked in 6 min in patients with
IPAH (28). Hence, sildenafil and PPARγ
agonists might represent a pharmacological means of increasing circulating EPCs
in PAH patients that probably can improve
clinical outcome.
PPARγ activation suppresses vascular and perivascular inflammation. Circulating proinflammatory cytokines (e.g.,
IL-6 and MCP-1) that are mainly derived
from monocytes and macrophages and regulated by nuclear factor kappa B (NF-κB),
nuclear factor of activated T cells, and other
transcription factors, substantially contribute to the development and/or progression
of PAH (1, 2). TZDs reduce the activation
and inflammation of ECs by suppressing the
activity of NF-κB and activator protein–1
via PPARγ-dependent and -independent
mechanisms. The overall result is an impaired production of chemokines, adhesion
molecules, reactive oxygen species, and major histocompatibility complex class II proteins, which are crucial for T cell activation
and initiation of an immune response (9).
PPARγ agonists inhibit DNA binding of NF-

κB (29) and NF-κB–dependent matrix metalloproteinase (MMP)–9 activation in vascular SMCs (30), which are both implicated
in PAH development (31). Thus, PPARγ agonists have the potential to counteract proinflammatory NF-κB pathways and associated
MMP-9 hyperactivity in PAH patients.
PPARγ-mediated inhibition of extracellular matrix proteinases. PPARγ
ligands impair MMPs that are activated by
elastase. Elastase inhibitors not only prevent but also reverse advanced fatal PAH
in rats (32). Rosiglitazone has been shown
to activate glycogen synthase kinase–3β
in vascular SMCs, which inhibits proliferation and migration by blocking NFκB–dependent MMP-9 activation (30).
Hence, along with elastase inhibitors such
as elafin, PPARγ agonists could block the
detrimental PAH-promoting effects of
heightened elastase and MMP activity.
Rho kinase inhibition by PPARγ. Besides the induction of SMC proliferation
(see above), RhoA/ROCK activation leads
to endothelial dysfunction, induction of
vasoactive cytokines via the NF-κB pathway, and chronic pulmonary remodeling
that may involve up-regulation of TGF-β1
and down-regulation of the cell-cycle inhibitor p27KIP1. Pioglitazone improves
endothelial dysfunction in the presence
or absence of inflammation and inhibits
ROCK pathways in vascular SMCs–the latter through up-regulation of the cytosolic
protein tyrosine phosphatase SHP-2 (33).
Thus, PPARγ agonists might provide antimitogenic ROCK inhibition, which has
been effective in experimental and clinical
PAH [reviewed in (8)].
THE LINK BETWEEN IR AND PAH
Low adiponectin and high CRP and IL-6
levels are associated with an increased risk
for IR, metabolic syndrome, and systemic
and possibly also pulmonary vascular disease in humans. ET-1 might be a key component of this pathobiology, because it
inhibits adiponectin secretion and insulin
sensitivity in healthy humans. We recently
demonstrated that IR and dyslipidemia are
more common in female PAH patients than
in the general population (45.7% versus
21.5%; P < 0.001) and may be environmental risk factors or disease modifiers that
might increase the incidence of PAH in the
upcoming years. The presence of IR was associated with poorer combined 6-month
event-free survival from RV failure, transplantation, or death (58% versus 79%,

hazard ratio 2.57, 95% confidence interval
1.03-6.06; P < 0.05) (6). Based on our preliminary experimental (4) and clinical data
(6), we hypothesize that IR, dyslipidemia,
and dysregulation of ET-1– and PPARγdependent factors such as adiponectin may
increase the susceptibility to PAH that can
be reversed by PPARγ activation. However,
it is important to note that the beneficial
effects of PPARγ agonists in the pulmonary
(4, 23, 34) and systemic circulation (9) do
not depend on the presence of IR. Recently,
Walcher et al. demonstrated a very rapid
effect of single-dose rosiglitazone treatment on endothelial function in nondiabetic healthy men, underscoring the fact
that PPARγ agonists exhibit direct vascular
(vasodilatory) effects (10).
PPARγ AGONISTS FOR THE
TREATMENT OF PAH: TRANSLATION
INTO CLINICAL PRACTICE
Prospective studies are needed to address
whether IR, dyslipidemia, impaired PPARγ
and apoE function, and low adiponectin
levels are risk factors for the development
or progression of PAH in humans. Most
importantly, randomized controlled trials
(RCTs) should investigate the potential of
Food and Drug Administration–approved
PPARγ agonists in the treatment of PAH
in the presence or absence of IR. [For a
discussion of the safety of PPARγ agonists
(TZDs), see the SOM.] The molecular links
and mechanisms that underlie IR, apoE,
and adiponectin levels, PPARγ function,
and known PAH pathways should also be
explored. By applying advanced technologies such as proteomics and metabolomics, biomarkers might be found that will
aid in (i) monitoring PAH progression and
response to therapy, (ii) tailoring pharmacotherapy, and (iii) PAH screening, potentially, in certain at-risk populations. In
addition, it will be important to study the
prevalence and clinical relevance of genetic
polymorphisms of PPARG 1/2 and PPARγ
target genes in PAH patients.
INTERDISCIPLINARY INSIGHTS FROM
STUDYING PPARγ FUNCTION IN THE
PULMONARY CIRCULATION
Several RCTs currently investigate the therapeutic potential of pioglitazone in proliferative-inflammatory lung diseases other
than PAH, such as non–small-cell lung
cancer and asthma (35). The magnitude
of these very recent research efforts underlines the potential of PPARγ-activating
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drugs beyond diabetes therapy. The antiproliferative BMP-2/PPARγ/apoE axis in
SMCs (5) probably exists in other cell types
and very likely has additional proapoptotic
and anti-inflammatory properties, given
that the key player PPARγ affects multiple
genes besides apoE (9). Thus, the aforementioned translational studies on the
protective role of PPARγ in PAH will have
substantial impact on our understanding
and future treatment of other emerging
lung and collagen vascular diseases, as well
as cancer, all of which are characterized by
uncontrolled proliferation, inflammation,
and resistance to apoptosis. Moreover, a
connection between PPARγ and apoE has
been made in patients with Alzheimer’s disease, in that the improvement of cognitive
function with rosiglitazone is not apparent
in patients who carry the APOE epsilon 4
allele (36). We speculate that disruption of
BMP-RII–PPARγ and PPARγ-apoE signaling might underlie many different pathologic processes.
CONCLUSIONS
Taken together, emerging evidence indicates that multiple key genes involved
in the pathobiology of PAH are targets of
PPARγ and that pharmacological activation of PPARγ would lead to their beneficial induction and stabilization (genes encoding eNOS, p27KIP1, adiponectin, apoE,
and LRP) or repression (genes encoding
PDGF, MAPK, cyclin D1, telomerase, ET1, ADMA, IL-6, NF-κB, elastase/MMP, and
RhoA/ROCK). We suggest that PPARγ agonists might reverse pulmonary vascular remodeling in PAH patients with or without
BMP-RII dysfunction and that IR might be
a risk factor or disease modifier (so-called
“second hit”). Hence, future treatment of
both insulin-resistant and insulin-sensitive
PAH patients might include PPARγ agonists or selective PPARγ modulators. RCTs
on the use of these agents in pulmonary
vascular disease are urgently needed.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

SUPPORTING ONLINE MATERIAL
www.sciencetranslationalmedicine.org/cgi/content/
full/1/12/12ps14/DC1
SOM Text
References

13.

14.

REFERENCES AND NOTES
1. P. M. Hassoun, L. Mouthon, J. A. Barberà, S. Eddahibi, S.
C. Flores, F. Grimminger, P. L. Jones, M. L. Maitland, E. D.
Michelakis, N. W. Morrell, J. H. Newman, M. Rabinovitch,
R. Schermuly, K. R. Stenmark, N. F. Voelkel, J. X. Yuan, M.

15.

Humbert, Inﬂammation, growth factors, and pulmonary
vascular remodeling. J. Am. Coll. Cardiol. 54 (suppl.), S10–
S19 (2009).
N. W. Morrell, S. Adnot, S. L. Archer, J. Dupuis, P. L. Jones,
M. R. MacLean, I. F. McMurtry, K. R. Stenmark, P. A. Thistlethwaite, N. Weissmann, J. X. Yuan, E. K. Weir, Cellular
and molecular basis of pulmonary arterial hypertension.
J. Am. Coll. Cardiol. 54 (suppl.), S20–S31 (2009).
R. D. Machado, O. Eickelberg, C. G. Elliott, M. W. Geraci,
M. Hanaoka, J. E. Loyd, J. H. Newman, J. A. Phillips, 3rd, F.
Soubrier, R. C. Trembath, W. K. Chung, Genetics and genomics of pulmonary arterial hypertension. J. Am. Coll.
Cardiol. 54 (suppl.), S32–S42 (2009).
G. Hansmann, R. A. Wagner, S. Schellong, V. A. Perez, T.
Urashima, L. Wang, A. Y. Sheikh, R. S. Suen, D. J. Stewart, M. Rabinovitch, Pulmonary arterial hypertension is
linked to insulin resistance and reversed by peroxisome
proliferator-activated receptor-gamma activation. Circulation 115, 1275–1284 (2007).
G. Hansmann, V. A. de Jesus Perez, T. P. Alastalo, C. M.
Alvira, C. Guignabert, J. M. Bekker, S. Schellong, T. Urashima, L. Wang, N. W. Morrell, M. Rabinovitch, An antiproliferative BMP-2/PPARgamma/apoE axis in human and
murine SMCs and its role in pulmonary hypertension. J.
Clin. Invest. 118, 1846–1857 (2008).
R. T. Zamanian, G. Hansmann, S. Snook, D. Lilienfeld, K. M.
Rappaport, G. M. Reaven, M. Rabinovitch, R. L. Doyle, Insulin resistance in pulmonary arterial hypertension. Eur.
Respir. J. 33, 318–324 (2009).
G. Simonneau, I. M. Robbins, M. Beghetti, R. N. Channick, M. Delcroix, C. P. Denton, C. G. Elliott, S. P. Gaine,
M. T. Gladwin, Z. C. Jing, M. J. Krowka, D. Langleben, N.
Nakanishi, R. Souza, Updated clinical classiﬁcation of
pulmonary hypertension. J. Am. Coll. Cardiol. 54 (suppl.),
S43–S54 (2009).
M. Oka, K. A. Fagan, P. L. Jones, I. F. McMurtry, Therapeutic potential of RhoA/Rho kinase inhibitors in pulmonary
hypertension. Br. J. Pharmacol. 155, 444–454 (2008).
S. Z. Duan, M. G. Usher, R. M. Mortensen, Peroxisome proliferator-activated receptor-gamma-mediated eﬀects in
the vasculature. Circ. Res. 102, 283–294 (2008).
T. Walcher, D. Walcher, J. Hetzel, C. Mielke, M. Rau, R. H.
Böger, E. Schwedhelm, W. Koenig, N. Marx, Abstract 407:
Rapid eﬀect of single dose rosiglitazone treatment on
endothelial function in healthy men with normal glucose
tolerance: data from a randomized, placebo-controlled,
double-blind study. Circulation 118, S_297 (2008). Available at http://circ.ahajournals.org/cgi/content/meeting_abstract/118/18_MeetingAbstracts/S_297-e
M. W. Geraci, M. Moore, T. Gesell, M. E. Yeager, L. Alger, H.
Golpon, B. Gao, J. E. Loyd, R. M. Tuder, N. F. Voelkel, Gene
expression patterns in the lungs of patients with primary
pulmonary hypertension: a gene microarray analysis.
Circ. Res. 88, 555–562 (2001).
S. Ameshima, H. Golpon, C. D. Cool, D. Chan, R. W. Vandivier, S. J. Gardai, M. Wick, R. A. Nemenoﬀ, M. W. Geraci,
N. F. Voelkel, Peroxisome proliferator-activated receptor gamma (PPARgamma) expression is decreased in
pulmonary hypertension and aﬀects endothelial cell
growth. Circ. Res. 92, 1162–1169 (2003).
S. Wakino, U. Kintscher, S. Kim, F. Yin, W. A. Hsueh, R. E.
Law, Peroxisome proliferator-activated receptor gamma
ligands inhibit retinoblastoma phosphorylation and
G1—> S transition in vascular smooth muscle cells. J.
Biol. Chem. 275, 22435–22441 (2000).
D. Ogawa, T. Nomiyama, T. Nakamachi, E. B. Heywood, J.
F. Stone, J. P. Berger, R. E. Law, D. Bruemmer, Activation of
peroxisome proliferator-activated receptor gamma suppresses telomerase activity in vascular smooth muscle
cells. Circ. Res. 98, e50–e59 (2006).
R. Summer, C. A. Fiack, Y. Ikeda, K. Sato, D. Dwyer, N.
Ouchi, A. Fine, H. W. Farber, K. Walsh, Adiponectin deﬁ-

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

www.ScienceTranslationalMedicine.org

ciency: A model of pulmonary hypertension associated
with pulmonary vascular disease. Am. J. Physiol. Lung
Cell. Mol. Physiol. 297, L432–L438 (2009).
B. D. Medoﬀ, Y. Okamoto, P. Leyton, M. Weng, B. P. Sandall,
M. J. Raher, S. Kihara, K. D. Bloch, P. Libby, A. D. Luster, Adiponectin deﬁciency increases allergic airway inﬂammation and pulmonary vascular remodeling. Am. J. Respir.
Cell Mol. Biol. 41, 397–406 (2009).
P. Boucher, M. Gotthardt, W. P. Li, R. G. Anderson, J. Herz,
LRP: Role in vascular wall integrity and protection from
atherosclerosis. Science 300, 329–332 (2003).
Y. Wang, K. S. Lam, J. Y. Xu, G. Lu, L. Y. Xu, G. J. Cooper,
A. Xu, Adiponectin inhibits cell proliferation by interacting with several growth factors in an oligomerizationdependent manner. J. Biol. Chem. 280, 18341–18347
(2005).
J. Zhang, M. Fu, L. Zhao, Y. E. Chen, 15-Deoxy-prostaglandin J(2) inhibits PDGF-A and -B chain expression in
human vascular endothelial cells independent of PPAR
gamma. Biochem. Biophys. Res. Commun. 298, 128–132
(2002).
A. Gauthier, G. Vassiliou, F. Benoist, R. McPherson, Adipocyte low density lipoprotein receptor-related protein gene expression and function is regulated by peroxisome proliferator-activated receptor gamma. J. Biol.
Chem. 278, 11945–11953 (2003).
C. Guignabert, C. M. Alvira, T. P. Alastalo, H. Sawada, G.
Hansmann, M. Zhao, L. Wang, N. El-Bizri, M. Rabinovitch,
Tie2-mediated loss of peroxisome proliferator-activated
receptor-gamma in mice causes PDGF receptor-betadependent pulmonary arterial muscularization. Am. J.
Physiol. Lung Cell. Mol. Physiol. 297, L1082–L1090 (2009).
H. Kato, H. Kashiwagi, M. Shiraga, S. Tadokoro, T. Kamae, H. Ujiie, S. Honda, S. Miyata, Y. Ijiri, J. Yamamoto,
N. Maeda, T. Funahashi, Y. Kurata, I. Shimomura, Y. Tomiyama, Y. Kanakura, Adiponectin acts as an endogenous
antithrombotic factor. Arterioscler. Thromb. Vasc. Biol. 26,
224–230 (2006).
R. E. Nisbet, J. M. Bland, D. J. Kleinhenz, P. O. Mitchell,
E. R. Walp, R. L. Sutliﬀ, C. M. Hart, Rosiglitazone attenuates chronic hypoxia-induced pulmonary hypertension
in a mouse model. Am. J. Respir. Cell Mol. Biol. Published
online 11 June 2009. http://www.ncbi.nlm.nih.gov/
pubmed/19520921.
J. S. Yudkin, E. Eringa, C. D. Stehouwer, “Vasocrine” signalling from perivascular fat: a mechanism linking insulin
resistance to vascular disease. Lancet 365, 1817–1820
(2005).
J. T. Kielstein, S. M. Bode-Böger, G. Hesse, J. MartensLobenhoﬀer, A. Takacs, D. Fliser, M. M. Hoeper, Asymmetrical dimethylarginine in idiopathic pulmonary
arterial hypertension. Arterioscler. Thromb. Vasc. Biol. 25,
1414–1418 (2005).
G. P. Diller, S. van Eijl, D. O. Okonko, L. S. Howard, O. Ali,
T. Thum, S. J. Wort, E. Bédard, J. S. Gibbs, J. Bauersachs,
A. J. Hobbs, M. R. Wilkins, M. A. Gatzoulis, J. Wharton,
Circulating endothelial progenitor cells in patients with
Eisenmenger syndrome and idiopathic pulmonary arterial hypertension. Circulation 117, 3020–3030 (2008).
S. Verma, M. A. Kuliszewski, S. H. Li, P. E. Szmitko, L. Zucco,
C. H. Wang, M. V. Badiwala, D. A. Mickle, R. D. Weisel, P. W.
Fedak, D. J. Stewart, M. J. Kutryk, C-reactive protein attenuates endothelial progenitor cell survival, diﬀerentiation, and function: further evidence of a mechanistic link
between C-reactive protein and cardiovascular disease.
Circulation 109, 2058–2067 (2004).
X. X. Wang, F. R. Zhang, Y. P. Shang, J. H. Zhu, X. D. Xie, Q.
M. Tao, J. H. Zhu, J. Z. Chen, Transplantation of autologous endothelial progenitor cells may be beneﬁcial in
patients with idiopathic pulmonary arterial hypertension: a pilot randomized controlled trial. J. Am. Coll. Cardiol. 49, 1566–1571 (2007).

23 December 2009 Vol 1 Issue 12 12ps14

5

PERSPECTIVE
29. Y. Takata, Y. Kitami, Z. H. Yang, M. Nakamura, T. Okura, K.
Hiwada, Vascular inﬂammation is negatively autoregulated by interaction between CCAAT/enhancer-binding
protein-delta and peroxisome proliferator-activated
receptor-gamma. Circ. Res. 91, 427–433 (2002).
30. C. S. Lee, Y. W. Kwon, H. M. Yang, S. H. Kim, T. Y. Kim, J. Hur,
K. W. Park, H. J. Cho, H. J. Kang, Y. B. Park, H. S. Kim, New
mechanism of rosiglitazone to reduce neointimal hyperplasia: activation of glycogen synthase kinase-3beta followed by inhibition of MMP-9. Arterioscler. Thromb. Vasc.
Biol. 29, 472–479 (2009).
31. Y. Yu, S. H. Keller, C. V. Remillard, O. Safrina, A. Nicholson,
S. L. Zhang, W. Jiang, N. Vangala, J. W. Landsberg, J. Y.
Wang, P. A. Thistlethwaite, R. N. Channick, I. M. Robbins,
J. E. Loyd, H. A. Ghofrani, F. Grimminger, R. T. Schermuly,
M. D. Cahalan, L. J. Rubin, J. X. Yuan, A functional singlenucleotide polymorphism in the TRPC6 gene promoter
associated with idiopathic pulmonary arterial hypertension. Circulation 119, 2313–2322 (2009).
32. K. N. Cowan, A. Heilbut, T. Humpl, C. Lam, S. Ito, M. Rabinovitch, Complete reversal of fatal pulmonary hyperten-

33.

34.

35.

36.

sion in rats by a serine elastase inhibitor. Nat. Med. 6,
698–702 (2000).
S. Wakino, K. Hayashi, T. Kanda, S. Tatematsu, K. Homma,
K. Yoshioka, I. Takamatsu, T. Saruta, Peroxisome proliferator-activated receptor gamma ligands inhibit Rho/
Rho kinase pathway by inducing protein tyrosine phosphatase SHP-2. Circ. Res. 95, e45–e55 (2004).
J. T. Crossno, Jr, C. V. Garat, J. E. Reusch, K. G. Morris, E.
C. Dempsey, I. F. McMurtry, K. R. Stenmark, D. J. Klemm,
Rosiglitazone attenuates hypoxia-induced pulmonary
arterial remodeling. Am. J. Physiol. Lung Cell. Mol. Physiol.
292, L885–L897 (2007).
See http://www.clinicaltrials.gov. Several RCTs currently investigate the therapeutic potential of pioglitazone in proliferative and inﬂammatory lung diseases,
such as non–small-cell lung cancer (NCT00923949
and NCT00751725) and asthma (NCT00604578 and
NCT00634036).
M. E. Risner, A. M. Saunders, J. F. Altman, G. C. Ormandy,
S. Craft, I. M. Foley, M. E. Zvartau-Hind, D. A. Hosford, A.
D. Roses; Rosiglitazone in Alzheimer’s Disease Study

Group, Eﬃcacy of rosiglitazone in a genetically deﬁned
population with mild-to-moderate Alzheimer’s disease.
Pharmacogenomics J. 6, 246–254 (2006).
37. We are indebted to G. Berry of Stanford University for his
help with the histology shown in Fig. 1. G.H. was supported by the American Heart Association/Pulmonary
Hypertension Association (grant 0425943H). R.T.Z. is a recipient of an Actelion Entelligence Career Development
Award. The authors declare that they have no conﬂict
of interest related to the topic of this article. R.T.Z. has
served on the speaker’s bureau for Actelion (2005–2007)
and Co-Therix (2006), is a consultant to Gilead Pharmaceuticals (2009), and serves on the CHARTER advisory
board to United Therapeutics (2008–2009).

10.1126/scitranslmed.3000267
Citation: G. Hansmann, R. T. Zamanian, PPARγ activation: A
potential treatment for pulmonary hypertension. Sci. Transl.
Med. 1, 12ps14 (2009).

www.ScienceTranslationalMedicine.org

23 December 2009 Vol 1 Issue 12 12ps14

6

www.sciencetranslationalmedicine.org/cgi/content/full/1/12/12ps14/DC1

Supplementary Materials for
PPARγ Activation: A Potential Treatment For Pulmonary Hypertension
Georg Hansmann,* Roham T. Zamanian
*Corresponding author. E-mail: georg.hansmann@gmail.com
Published 23 December 2009, Sci. Transl. Med. 1, 12ps14 (2009)
DOI: 10.1126/scitranslmed.3000267

This PDF file includes:
Supplementary Text
References

Hansmann G & Zamanian RT (2009)

PPARγ Activation : A Potential Treatment For Pulmonary Hypertension

Science Translational Medicine

SUPPLEMENTARY MATERIAL

SUPPLEMENTARY MATERIAL
Imatinib (STI571), a compound used to treat chronic myeloid leukemia, blocks the activity of the
receptor tyrosine kinases (RTK) PDGFR-β, c-Kit and Bcr-Abl, but hardly affects EGFR (also an
RTK) (S1). A recently completed phase II randomized controlled trial (RCT) on the RTK
inhibitor imatinib as add-on therapy for severe PAH failed to show differences in exercise
capacity but improved pulmonary vascular resistance (S2). Some PAH patients do not respond to
PDGFR-β blockade by imatinib (S3), probably due to ongoing signaling through EGF and other
mitogens. Hence, a drug target downstream of PDGFR-β and EGFR that--when activated-inhibits MAPK activity and other growth-promoting pathways, might be of additional and even
greater benefit than RTK blockers, and able to arrest or reverse advanced clinical PAH (see Fig.
2, main manuscript).

Role of Peroxisome Proliferator-Activated Receptors in Vascular Biology
(…) Upon ligand activation, PPARγ heterodimerizes with the retinoid X receptor and regulates
multiple target genes, e.g., those encoding adiponectin (S4-8), interleukin 6 (IL-6) (S9-12),
monocyte chemotactic protein-1 (MCP-1, also known as CCL2) (S13-16), ET-1 (S17-19) and the
endogenous endothelial NO synthase (eNOS) inhibitor asymmetric dimethyl-arginine (ADMA)
(S20, S21), many of which are strongly implicated in the pathobiology of PAH. (…)
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Multiple Beneficial Effects of PPARγ Activation In Pulmonary Vascular Disease
(…) PPARγ, Apolipoprotein E (ApoE), and Adiponectin (APN) Counterbalance Growth FactorMediated Vascular Remodeling
(…) PPARγ has been shown to activate phosphatases (S22) and prevent ERK phosphorylation in
vascular SMC (S23, S24). In addition, PPARγ activation can directly inhibit PDGF-BB-mediated
pERK activity by blocking its nuclear translocation (S25). Conversely, PDGF-BB-/PDGFR-βmediated ERK phosphorylation leads to phosphorylation and thereby inactivation of PPARγ at
its N-terminal (S26). Furthermore, transgenic mice with targeted deletion of PPARγ in ECs and
macrophages (Tie 2 Cre PPARγflox/flox) have significantly higher pulmonary PDGFR-β protein
expression than littermate controls (S27). Thus, decreased levels of PPARγ, apoE, and
adiponectin are expected to enhance PDGF-BB-/pERK-signaling and pulmonary vascular
remodelling (see Fig. 2, main manuscript).

Differential Safety Profile of PPARγ Agonists (TZDs)
Currently, clinical data on the potential adverse effects of the TZDs rosiglitazone and
pioglitazone are almost exclusively based on randomized controlled trials (RCTs) and metaanalyses investigating add-on therapy of either drug to oral glucose and lipid lowering
medications in diabetic adults with cardiovascular co-morbidities. Particularily, the safety profile
of rosiglitazone is the subject of an ongoing debate (S28-33). A systematic but limited metaanalysis of 42 trials reported a higher incidence of myocardial infarction (MI) and cardiovascular
death in diabetic patients taking rosiglitazone (S28) (note: adverse event rate <1%; absolute
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difference in MI rates <0.1%), whereas RECORD, a large RCT designed to study cardiovascular
outcomes in diabetic patients, did not show such an association with rosiglitazone, but did report
higher rates of non-fatal congestive heart failure (CHF), and limb fractures (mainly in women)
(S32).

A meta-analysis of 4 large RCTs with at least 12 months follow-up did find an

association between rosiglitazone use and MI but not with cardiovascular mortality (29).
However, there is no evidence that the other FDA-approved TZD, pioglitazone, is associated
with higher MI rates as proposed for rosiglitazone (i.e., no TZD-class effect): In fact, a recent
meta-analysis (n=16,390) shows that pioglitazone reduces macrovascular events including MI in
patients with type 2 diabetes, and does not increase the incidence of death from CHF (34). In
several but not all (S35) studies, pioglitazone was associated with mild to moderate, non-fatal
CHF (meta-analysis: 200 vs. 138 of a total of 16,390 patients (S34)--an adverse event also
observed with rosiglitazone (S29, S32). CHF in high risk (i.e., diabetic) patients given TZDs did
not increase mortality and probably does not carry the risk of progressive left ventricular (LV)
dysfunction (S36). At present, it is unclear whether direct renal (rather than cardiodepressant)
effects of TZDs are the major cause of the fluid retention/peripheral edema seen in (diabetic)
patients receiving either rosiglitazone or pioglitazone. The renal collecting duct appears to be the
major site for increased fluid reabsorption in response to rosiglitazone or pioglitazone (S37), but
it is controversial whether the underlying mechanisms involve altered activity of the epithelial
sodium channel (ENaC) (S38).
It is also unknown whether the forementioned adverse effects of TZDs could be decreased in
frequency or quantity by simply reducing the drug dose. Both fluid retention and heart failure
observed with TZDs such as pioglitazone are reversible and do not appear to negate the
beneficial effects of the drug on irreversible ischemic and fatal end points (S34). Nevertheless,
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TZDs should be avoided in patients with significant preexisting LV dysfunction or chronic renal
insufficiency.
Pioglitazone has more favourable effects on serum lipids than does rosiglitazone (S39, S40) and
a large RCT on patients with existing macrovascular disease suggested that treatment with
pioglitazone prevents cardiovascular events (S41). A recent population-based cohort study
explored adverse cardiovascular events in 39,736 patients ≥ 66 years old during treatment with
either pioglitazone or rosiglitazone (S33): During the six year study period, the primary
composite outcome of death or hospital admission for either acute MI or CHF was reached in
895 (5.3%) of patients taking pioglitazone and 1563 (6.9%) of patients taking rosiglitazone.
After extensive adjustment for demographic and clinical factors and drug doses, pioglitazone
treated patients had a lower risk of developing the primary outcome than did patients treated with
rosiglitazone (adjusted hazard ratio 0.83, 95% confidence interval 0.76 to 0.90). Juurlink et al.
concluded that pioglitazone is associated with a significantly lower risk of heart failure and death
than is rosiglitazone among older patients with diabetes (S33). A meta-analysis of 10 RCTs
involving 13,715 participants and from 2 observational studies involving 31,679 participants
(S42), demonstrate that both rosiglitazone and pioglitazone increase the risk of peripheral bone
fractures in older diabetic patients -- mainly in women and increasingly with age (S42, S43).
Most importantly, the absolute cardiovascular risk attributed to PPARγ agonists of the TZD class
is probably lower (<<1%) in PAH (vs. diabetic) patients who generally are less than 60 years
old, have preserved LV function, normal blood pressure and blood glucose (S44). High dose
pioglitazone used to treat non-diabetic children with autistic spectrum disorders had no
significant cardiovascular adverse effects (weight gain and periorbital edema in 3-5%) (S45). In
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line with this view, Hori et al. (2005) (S46) demonstrated that pioglitazone improves LV
diastolic function in hypertensive patients without overt diabetes mellitus: the drug had no side
effects except mild leg edema. Interestingly, the observed increase in plasma adiponectin
concentrations after 6 months of treatment (+270%) correlated with echocardiographic
improvement of LV diastolic function (S46). We speculate that pioglitazone/adiponectin-induced
RV afterload-reduction and the drug’s direct effects on the myocardium might improve RV
function in future RCTs on PAH.

References (Supplementary Material)
1.

2.

3.

4.
5.

6.

7.

8.

Merklinger, S.L., P.L. Jones, E.C. Martinez, and M. Rabinovitch. 2005. Epidermal growth factor
receptor blockade mediates smooth muscle cell apoptosis and improves survival in rats with
pulmonary hypertension. Circulation 112:423-431.
Ghofrani, H.A., N.W. Morrell, M.M. Hoeper, H. Olschewski, D. Peacock, R.J. Barst, S. Shapiro,
H. Golpon, M. Toshner, F. Grimminger, and S. Pascoe. 2009. Imatinib in patients with severe
pulmonary artery hypertension (PAH) refractory to standard therapy. Am J Respir Crit Care Med
179:A1044 (abstract).
Garcia Hernandez, F.J., M.J. Castillo Palma, R. Gonzalez Leon, R. Garrido Rasco, C. Ocana
Medina, and J. Sanchez Roman. 2008. [Experience with imatinib to treat pulmonary arterial
hypertension]. Arch Bronconeumol 44:689-691.
Kintscher, U., and R.E. Law. 2005. PPARgamma-mediated insulin sensitization: the importance
of fat versus muscle. Am J Physiol Endocrinol Metab 288:E287-E291.
Hansmann, G., R.A. Wagner, S. Schellong, V.A. Perez, T. Urashima, L. Wang, A.Y. Sheikh, R.S.
Suen, D.J. Stewart, and M. Rabinovitch. 2007. Pulmonary arterial hypertension is linked to
insulin resistance and reversed by peroxisome proliferator-activated receptor-gamma activation.
Circulation 115:1275-1284.
Medoff, B.D., Y. Okamoto, P. Leyton, M. Weng, B.P. Sandall, M.J. Raher, S. Kihara, K.D.
Bloch, P. Libby, and A.D. Luster. 2009. Adiponectin-deficiency increases allergic airway
inflammation and pulmonary vascular remodeling. Am J Respir Cell Mol Biol 41:397-406.
Nakagawa, Y., K. Kishida, S. Kihara, T. Funahashi, and I. Shimomura. 2009. Adiponectin
ameliorates hypoxia-induced pulmonary arterial remodeling. Biochem Biophys Res Commun
382:183-188.
Summer, R., C.A. Fiack, Y. Ikeda, K. Sato, D. Dwyer, N. Ouchi, A. Fine, H.W. Farber, and K.
Walsh. 2009. Adiponectin deficiency: a model of pulmonary hypertension associated with
pulmonary vascular disease. Am J Physiol Lung Cell Mol Physiol 297:L432-438.

6

Hansmann G & Zamanian RT (2009)

PPARγ Activation : A Potential Treatment For Pulmonary Hypertension

Science Translational Medicine

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

SUPPLEMENTARY MATERIAL

Humbert, M., G. Monti, F. Brenot, O. Sitbon, A. Portier, L. Grangeot-Keros, P. Duroux, P.
Galanaud, G. Simonneau, and D. Emilie. 1995. Increased interleukin-1 and interleukin-6 serum
concentrations in severe primary pulmonary hypertension. Am J Respir Crit Care Med 151:16281631.
Zhang, W.Y., E.A. Schwartz, P.A. Permana, and P.D. Reaven. 2008. Pioglitazone inhibits the
expression of inflammatory cytokines from both monocytes and lymphocytes in patients with
impaired glucose tolerance. Arterioscler Thromb Vasc Biol 28:2312-2318.
Steiner, M.K., O.L. Syrkina, N. Kolliputi, E.J. Mark, C.A. Hales, and A.B. Waxman. 2009.
Interleukin-6 overexpression induces pulmonary hypertension. Circ Res 104:236-244, 228p
following 244.
Selimovic, N., C.H. Bergh, B. Andersson, E. Sakiniene, H. Carlsten, and B. Rundqvist. 2009.
Growth factors and interleukin-6 across the lung circulation in pulmonary hypertension. Eur
Respir J 34:662-668.
Sanchez, O., E. Marcos, F. Perros, E. Fadel, L. Tu, M. Humbert, P. Dartevelle, G. Simonneau, S.
Adnot, and S. Eddahibi. 2007. Role of endothelium-derived CC chemokine ligand 2 in idiopathic
pulmonary arterial hypertension. Am J Respir Crit Care Med 176:1041-1047.
Kintscher, U., S. Goetze, S. Wakino, S. Kim, S. Nagpal, R.A. Chandraratna, K. Graf, E. Fleck,
W.A. Hsueh, and R.E. Law. 2000. Peroxisome proliferator-activated receptor and retinoid X
receptor ligands inhibit monocyte chemotactic protein-1-directed migration of monocytes. Eur J
Pharmacol 401:259-270.
Ikeda, Y., Y. Yonemitsu, C. Kataoka, S. Kitamoto, T. Yamaoka, K. Nishida, A. Takeshita, K.
Egashira, and K. Sueishi. 2002. Anti-monocyte chemoattractant protein-1 gene therapy attenuates
pulmonary hypertension in rats. Am J Physiol Heart Circ Physiol 283:H2021-2028.
Pfützner, A., N. Marx, G. Lübben, M. Langenfeld, D. Walcher, T. Konrad, and T. Forst. 2005.
Improvement of cardiovascular risk markers by pioglitazone is independent from glycemic
control: results from the pioneer study. Journal of the American College of Cardiology 45:19251931.
Delerive, P., F. Martin-Nizard, G. Chinetti, F. Trottein, J.C. Fruchart, J. Najib, P. Duriez, and B.
Staels. 1999. Peroxisome proliferator-activated receptor activators inhibit thrombin-induced
endothelin-1 production in human vascular endothelial cells by inhibiting the activator protein-1
signaling pathway. Circ Res 85:394-402.
Giaid, A., M. Yanagisawa, D. Langleben, R.P. Michel, R. Levy, H. Shennib, S. Kimura, T.
Masaki, W.P. Duguid, and D.J. Stewart. 1993. Expression of endothelin-1 in the lungs of patients
with pulmonary hypertension. N Engl J Med 328:1732-1739.
Wong, J., V.M. Reddy, K. Hendricks-Munoz, J.R. Liddicoat, R. Gerrets, and J.R. Fineman. 1995.
Endothelin-1 vasoactive responses in lambs with pulmonary hypertension and increased
pulmonary blood flow. Am J Physiol 269:H1965-1972.
Wakino, S., K. Hayashi, S. Tatematsu, K. Hasegawa, I. Takamatsu, T. Kanda, K. Homma, K.
Yoshioka, N. Sugano, and T. Saruta. 2005. Pioglitazone lowers systemic asymmetric
dimethylarginine by inducing dimethylarginine dimethylaminohydrolase in rats. Hypertens Res
28:255-262.
Kielstein, J.T., S.M. Bode-Böger, G. Hesse, J. Martens-Lobenhoffer, A. Takacs, D. Fliser, and
M.M. Hoeper. 2005. Asymmetrical dimethylarginine in idiopathic pulmonary arterial
hypertension. Arterioscler Thromb Vasc Biol 25:1414-1418.

7

Hansmann G & Zamanian RT (2009)

PPARγ Activation : A Potential Treatment For Pulmonary Hypertension

Science Translational Medicine

22.

23.

24.

25.

26.
27.

28.
29.
30.
31.
32.

33.

34.

35.
36.

SUPPLEMENTARY MATERIAL

Wakino, S., U. Kintscher, Z. Liu, S. Kim, F. Yin, M. Ohba, T. Kuroki, A.H. Schonthal, W.A.
Hsueh, and R.E. Law. 2001. Peroxisome proliferator-activated receptor gamma ligands inhibit
mitogenic induction of p21(Cip1) by modulating the protein kinase Cdelta pathway in vascular
smooth muscle cells. J Biol Chem 276:47650-47657.
Benkirane, K., F. Amiri, Q.N. Diep, M. El Mabrouk, and E.L. Schiffrin. 2006. PPAR-gamma
inhibits ANG II-induced cell growth via SHIP2 and 4E-BP1. Am J Physiol Heart Circ Physiol
290:H390-H397.
Hansmann, G., V.A. de Jesus Perez, T.P. Alastalo, C.M. Alvira, C. Guignabert, J.M. Bekker, S.
Schellong, T. Urashima, L. Wang, N.W. Morrell, and M. Rabinovitch. 2008. An antiproliferative
BMP-2/PPARgamma/apoE axis in human and murine SMCs and its role in pulmonary
hypertension. J Clin Invest 118:1846-1857.
Goetze, S., U. Kintscher, S. Kim, W.P. Meehan, K. Kaneshiro, A.R. Collins, E. Fleck, W.A.
Hsueh, and R.E. Law. 2001. Peroxisome proliferator-activated receptor-gamma ligands inhibit
nuclear but not cytosolic extracellular signal-regulated kinase/mitogen-activated protein kinaseregulated steps in vascular smooth muscle cell migration. J Cardiovasc Pharmacol 38:909-921.
Hu, E., J.B. Kim, P. Sarraf, and B.M. Spiegelman. 1996. Inhibition of adipogenesis through MAP
kinase-mediated phosphorylation of PPARgamma. Science 274:2100-2103.
Guignabert, C., C.M. Alvira, T.P. Alastalo, H. Sawada, G. Hansmann, M. Zhao, L. Wang, N. ElBizri, and M. Rabinovitch. 2009. Tie2-Mediated Loss of Peroxisome Proliferator-Activated
Receptor-{gamma} in Mice Causes PDGF-Receptor {beta}-Dependant Pulmonary Arterial
Muscularization. Am J Physiol Lung Cell Mol Physiol
Nissen, S.E., and K. Wolski. 2007. Effect of rosiglitazone on the risk of myocardial infarction and
death from cardiovascular causes. N Engl J Med 356:2457-2471.
Singh, S., Y.K. Loke, and C.D. Furberg. 2007. Long-term risk of cardiovascular events with
rosiglitazone: a meta-analysis. JAMA 298:1189-1195.
2007. Rosiglitazone: seeking a balanced perspective. Lancet 369:1834.
Nabel, E.G., S.B. Shurin, D.G. Simons-Morton, and D. Gordon. 2007. Data and safety
monitoring of rosiglitazone trials. Lancet 369:2077.
Home, P.D., S.J. Pocock, H. Beck-Nielsen, P.S. Curtis, R. Gomis, M. Hanefeld, N.P. Jones, M.
Komajda, and J.J. McMurray. 2009. Rosiglitazone evaluated for cardiovascular outcomes in oral
agent combination therapy for type 2 diabetes (RECORD): a multicentre, randomised, open-label
trial. Lancet 373:2125-2135.
Juurlink, D.N., T. Gomes, L.L. Lipscombe, P.C. Austin, J.E. Hux, and M.M. Mamdani. 2009.
Adverse cardiovascular events during treatment with pioglitazone and rosiglitazone: population
based cohort study. Bmj 339:b2942.
Lincoff, A.M., K. Wolski, S.J. Nicholls, and S.E. Nissen. 2007. Pioglitazone and risk of
cardiovascular events in patients with type 2 diabetes mellitus: a meta-analysis of randomized
trials. JAMA 298:1180-1188.
Karter, A.J., A.T. Ahmed, J. Liu, H.H. Moffet, and M.M. Parker. 2005. Pioglitazone initiation
and subsequent hospitalization for congestive heart failure. Diabet Med 22:986-993.
Lago, R.M., P.P. Singh, and R.W. Nesto. 2007. Congestive heart failure and cardiovascular death
in patients with prediabetes and type 2 diabetes given thiazolidinediones: a meta-analysis of
randomised clinical trials. Lancet 370:1129-1136.

8

Hansmann G & Zamanian RT (2009)

PPARγ Activation : A Potential Treatment For Pulmonary Hypertension

Science Translational Medicine

37.
38.

39.

40.

41.

42.
43.

44.

45.

46.

SUPPLEMENTARY MATERIAL

Yang, T., and S. Soodvilai. 2008. Renal and vascular mechanisms of thiazolidinedione-induced
fluid retention. PPAR Res 2008:943614.
Pavlov, T.S., V. Levchenko, A.V. Karpushev, A. Vandewalle, and A. Staruschenko. 2009.
PPAR{gamma} antagonists decrease Na+ transport via the epithelial Na+ channel (ENaC). Mol
Pharmacol
Boyle, P.J., A.B. King, L. Olansky, A. Marchetti, H. Lau, R. Magar, and J. Martin. 2002. Effects
of pioglitazone and rosiglitazone on blood lipid levels and glycemic control in patients with type
2 diabetes mellitus: a retrospective review of randomly selected medical records. Clin Ther
24:378-396.
Goldberg, R.B., D.M. Kendall, M.A. Deeg, J.B. Buse, A.J. Zagar, J.A. Pinaire, M.H. Tan, M.A.
Khan, A.T. Perez, and S.J. Jacober. 2005. A comparison of lipid and glycemic effects of
pioglitazone and rosiglitazone in patients with type 2 diabetes and dyslipidemia. Diabetes Care
28:1547-1554.
Dormandy, J.A., B. Charbonnel, D.J. Eckland, E. Erdmann, M. Massi-Benedetti, I.K. Moules,
A.M. Skene, M.H. Tan, P.J. Lefèbvre, G.D. Murray, E. Standl, R.G. Wilcox, L. Wilhelmsen, J.
Betteridge, K. Birkeland, A. Golay, R.J. Heine, L. Korányi, M. Laakso, M. Mokán, A. Norkus, V.
Pirags, T. Podar, A. Scheen, W. Scherbaum, G. Schernthaner, O. Schmitz, J. Skrha, U. Smith, and
J. Taton. 2005. Secondary prevention of macrovascular events in patients with type 2 diabetes in
the PROactive Study (PROspective pioglitAzone Clinical Trial In macroVascular Events): a
randomised controlled trial. Lancet 366:1279-1289.
Loke, Y.K., S. Singh, and C.D. Furberg. 2009. Long-term use of thiazolidinediones and fractures
in type 2 diabetes: a meta-analysis. CMAJ 180:32-39.
Dormandy, J., M. Bhattacharya, and A.R. van Troostenburg de Bruyn. 2009. Safety and
tolerability of pioglitazone in high-risk patients with type 2 diabetes: an overview of data from
PROactive. Drug Saf 32:187-202.
Zamanian, R.T., G. Hansmann, S. Snook, D. Lilienfeld, K.M. Rappaport, G.M. Reaven, M.
Rabinovitch, and R.L. Doyle. 2009. Insulin resistance in pulmonary arterial hypertension. Eur
Respir J 33:318-324.
Boris, M., C.C. Kaiser, A. Goldblatt, M.W. Elice, S.M. Edelson, J.B. Adams, and D.L. Feinstein.
2007. Effect of pioglitazone treatment on behavioral symptoms in autistic children. J
Neuroinflammation 4:3.
Horio, T., M. Suzuki, K. Suzuki, I. Takamisawa, A. Hiuge, K. Kamide, S. Takiuchi, Y. Iwashima,
S. Kihara, T. Funahashi, Y. Yoshimasa, and Y. Kawano. 2005. Pioglitazone improves left
ventricular diastolic function in patients with essential hypertension. Am J Hypertens 18:949-957.

9

