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The pathobiology of pulmonary arterial hypertension (PAH) involves multiple molecular
pathways and environmental modifiers and is characterized by progressive oblitera-
tion 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 recep-
tor y (PPARY), and that pharmacological PPARy activation would lead to their beneficial
induction or repression and subsequent antiproliferative, anti-inflammatory, proapop-
totic, and direct vasodilatory effects in the vasculature. PPARy acts downstream of bone
morphogenetic protein receptor Il (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 PPARy-activating agents might be beneficial in the future

treatment of both insulin-resistant and insulin-sensitive PAH patients with or without

BMP-RIl mutations.

INTRODUCTION

Pulmonary arterial hypertension (PAH) is
characterized by progressive obliteration
of small muscularized pulmonary arteries
(arterioles), leading to increased pulmo-
nary 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) vaso-
constriction; (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 (I, 2). There-
fore, 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 bio-
markers 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-experimen-
tal 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, phosphodi-
esterase-5 (PDE-5) inhibitors, inhaled ni-
tric oxide, prostanoids (PGI, 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 B
(PDGFR-f) and epidermal growth factor
receptor (EGFR) blockers; multi-kinase,
elastase, and Rho-kinase (ROCK) inhibi-
tors; mitochondrial metabolic modulators
(dichloroacetate) (I, 2); and—as we suggest
here—peroxisome proliferator-activated
receptor Y (PPARY) 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, EGEF, and trans-
forming growth factor Bl (TGF-B1) [re-
viewed in (I)]. PDGF-BB (through its re-
ceptor), PDGFR-B, and EGF (via EGFR)
activate mitogen-activated protein kinases
(MAPKs) in vascular SMCs. Activated
MAPKs such as extracellular-regulated ki-
nase (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-3 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-f, c-Kit,
and Bcr-Abl but hardly affects the EGFR
(also an RTK). Hence, a drug target down-
stream of PDGFR-f3 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 re-
verse advanced clinical PAH [Fig. 2B and
supporting online material (SOM)].

ROLE OF PEROXISOME
PROLIFERATOR-ACTIVATED
RECEPTORS IN VASCULAR BIOLOGY
PPARs (-a, -B, -v, and -8) are ligand-ac-
tivated transcription factors belonging to
the nuclear receptor superfamily. PPARY is
ubiquitously expressed and plays a major
role in adipogenesis, glucose metabolism,
and placental and cardiac development.
PPARY is an established vasoprotective tran-
scription factor in systemic atherosclerotic
diseases (9); however, its role in pulmonary
vascular disease has not been explored in
comparable depth. Upon ligand activation,
PPARY 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 endo-
genous endothelial nitric oxide (NO) syn-
thase (eNOS) inhibitor asymmetric dime-
thyl-arginine (ADMA), many of which are
strongly implicated in the pathobiology of
PAH (SOM). The antidiabetic drugs pio-
glitazone and rosiglitazone, both PPARY li-
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gands of the thiazolidinedione (TZD) class,
have anti-inflammatory properties through
PPARYy-dependentand -independent effects
in macrophages, adipocytes, and vascular
cells (9). In addition, PPARY ligands exert
antiproliferative, proapoptotic, and direct
vasodilatory effects (10) in the vasculature
and improve endothelial dysfunction and
systemic arterial hypertension in vivo (9).
PPARY agonists therefore have therapeutic
potential beyond the treatment of insulin
resistance (IR).

MULTIPLE BENEFICIAL EFFECTS OF
PPARYACTIVATION IN PULMONARY
VASCULAR DISEASE

The unique potential of PPARY agonists for
the treatment of pulmonary vascular disease
relates to the fact that many of its down-
stream targets are positively or negatively
associated with the development of PAH.

PPARy: A drug target downstream
of bone morphogenetic protein recep-
tor Il. Heritable PAH includes nonfamilial
PAH associated with germline mutations in
the bone morphogenetic protein
receptor I1I (BMP-RII) gene and
familial cases with or without
identified germline mutations.
Loss-of-function mutations in
the BMP-RII gene occur in up
to 70% of PAH patients with a
positive family history of PAH,
in 10 to 40% of PAH patients
without a family history of
the disease (3, 7), and in 6 to
9% of patients with secondary
forms of PAH associated with
anorexic drug use or congeni-
tal heart defects. However, the
inheritance pattern of BMPR-II
is that of a dominant gene with
low penetrance, in that only
~10 to 20% of affected family
members develop the disease
(3). This observation under-
scores the importance of envi-
ronmental modifiers such as IR
that could potentiate BMP-RII
dysfunction, thereby trigger-
ing or worsening PAH (4, 6).
Abnormalities in downstream effectors of
BMP-RII probably contribute to PAH de-
velopment.

Recently, we demonstrated that BMP-2,
anantiproliferative ligand of the crucial cell-
surface receptor BMP-RII, induces nuclear
shuttling and DNA binding of PPARY in
human pulmonary artery SMCs (PASMCs)

(5). Previous work by others showed that
PAH patients have reduced pulmonary ex-
pression of BMP-2 (11), PPARy (12), and
apolipoprotein E (apoE) (11) mRNAs. We
found that all three factors are linked and
demonstrated an antiproliferative BMP-2/
PPARY/apoE axis in human and murine
PASMC:s (5) (Fig. 2B): (i) Using small hair-
pin RNA interference and transgenic tech-
niques, the antiproliferative effect of BMP-
2 was shown to be BMP-RII-, PPARY-, and
apoE-dependent (4, 5); (ii) pharmaco-
logical PPARY activation inhibited PDGEF-
BB-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
PPARY in vascular SMCs caused PAH in
vivo (5).

These findings suggest that BMP-RII
dysfunction decreases endogenous PPARyY
activity and enhances PDGF-BB/MAPK
(e.g., ERK) pathways and associated vas-
cular remodeling. Hence, a strategy aimed

Fig. 1. Plexiform lesion in advanced pulmonary arterial hypertension.
The pulmonary artery (arrowheads) is eccentrically expanded by cell pro-
liferation surrounding slit-like and dilated vascular channels. The residual
artery shows medial and intimal thickening (hematoxylin and eosin stain;
scale bar, 50 um).

at activating PPARY could reverse the PAH
phenotype (4).

PPARy-mediated cell-cycle regula-
tion and apoptosis. PPARY activation ul-
timately inhibits the G —S-phase transition
that is mandatory for cell cycle progression
and vascular SMC proliferation, e.g., by sta-
bilizing the cyclin-dependent kinase inhibi-

tor p27X™*! (13) or inhibiting telomerase (14).
By blocking important survival pathways
downstream of activated PDGFR- [such
as those regulated by phosphatidylinositol
3-kinase (PI3K)], PPARY agonists also in-
duce apoptosis of proliferating SMCs (9)
(Fig. 2B). In addition, fluid shear stress re-
duces PPARY expression in ECV304 ECs.
When transfected with a dominant negative
version of PPARY and injected into the tail
vein of nude mice, ECV304 cells formed
lumen-obliterating pulmonary vascular le-
sions (12). Hence, decreased PPARY expres-
sion appears to characterize an abnormal,
proliferating, apoptosis-resistant EC pheno-
type that may be reversed by pharmacologi-
cal PPARy activation.

PPARYy, apoE, and adiponectin coun-
terbalance growth factor-mediated vas-
cular remodeling. The PPARY targets apoE
and adiponectin inhibit PDGF-BB-induced
PASMC proliferation, and deficiency of ei-
ther target protein has been linked to PAH
(4, 5, 15, 16). ApoE promotes the internal-
ization of PDGFR-P (17), and adiponectin
sequesters the ligand PDGF-BB
(18) (Fig.2B). BothBMP-2and a
PPARY agonist also induce apoE
expression and secretion, there-
by impairing PDGF-BB/MAPK
signaling (i.e., ERK phosphory-
lation) (5) in human PASMCs.
Activated PPARY also blocks
PDGEF gene expression (19) and
induces low-density lipoprotein
receptor—related protein (LRP)
(20), the receptor necessary for
apoE-mediated suppression of
PDGE-BB signaling (17) (Fig.
2B). Additional counteractive
interactions between PPARyand
phosphoERK exist intracellular-
ly; these include both the activa-
tion of phosphatases and the pre-
vention of nuclear translocation
in SMCs, and the phosphoryla-
tion of PPARY at its N terminus
that leads to its inactivation (Fig.
2; for details see the legend and
SOM). Furthermore, transgenic
mice with a targeted deletion of
PPARY in ECs and macrophages (Tie 2 Cre
PPARy™*) have significantly higher pul-
monary PDGFR-P protein expression than
littermate controls (21). Thus, decreased
levels of PPARY, apoE, and adiponectin are
expected to enhance PDGF-BB-pERK sig-
naling and pulmonary vascular remodeling

(Fig. 2).
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Fig. 2. Model of how PPARy activation might re-
verse 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 PDGF-
BB-MAPK signaling that turns on the cell-cycle
machinery, for example, expression of NOR1 and
cyclin D1/D2, and induces other growth-pro-
moting genes. PDGF-BB-/PDGFR-B-mediated
phosphorylation of MAPKs such as ERK has
been shown to lead to N-terminal phospho-
rylation and thereby inactivation of PPARY. (B)
PPARY activation induces growth-inhibitory and
proapoptotic genes in SMCs and inhibits cell-
cycle-promoting genes such as those encod-
ing telomerase, cyclin D1, and retinoblastoma
protein. Moreover, PPARy induces phosphatases
that can directly inactivate MAPKs (such as
pERK) downstream of PDGFR- and EGFR. In
addition, PPARYy activation can directly inhibit
PDGF-BB-mediated pERK activity by blocking its
nuclear translocation. Besides gene regulation
in SMCs, PPARy agonists induce the antimito-
genic adipocytokine apiponectin, which [in its
high molecular weight (HMW) form] seques-
ters the ligand PDGF-BB (“vasocrine signaling
from fat cells”). Thus, decreased levels of PPARYy,
apokE, and adiponectin are expected to enhance
PDGF-BB/pERK signaling and pulmonary vascu-
lar remodeling. By blocking important survival
pathways downstream of activated PDGFR-f
(such as PI3K), PPARy agonists might also lead to
SMC apoptosis. Therefore, PPARy agonists have
the potential to reverse SMC proliferation and
vascular remodeling in PAH patients. TF, tran-
scription factor.

op IR and severe PAH. A 4-week treatment
with the PPARYy agonist rosiglitazone led to
an eightfold induction of plasma adiponec-
tin, improved insulin sensitivity, and com-
plete regression of PAH (4) (Fig. 2B). Thus,
PPARY target genes other than apoE (e.g.,
the adiponectin gene) are also implicated in
the antiremodeling and anti-inflammatory
effects of PPARY agonists (4, 5, 15, 16).
Moreover, adiponectin is an endogenous
antithrombotic factor (22). Hence, induc-
tion 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).
PPARYy, detrimental adipocytokines,
endothelin-1, and the NO pathway.
Yudkin and colleagues (24) previously
proposed that detrimental adipocytokines,
such as tumor necrosis factor-o. and IL-6,
are secreted from perivascular fat cells and
inhibit the eNOS pathway of insulin signal-
ing, leaving unopposed vasoconstriction
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mediated by endothelium-derived ET-1, a
key player in PAH. PPARY 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 poten-
tially reversing endothelial dysfunction.
Increased pulmonary ET-1 expression and
elevation of the ADMA plasma concentra-
tion were observed in PAH patients, and
increased ADMA concentrations negative-
ly correlated with cardiac index and human
survival rates (25).

Endothelial progenitor cells, PDE
inhibitors, and PPARy agonists. Adult
IPAH patients have reduced numbers of
endothelial progenitor cells (EPCs) as
compared with healthy controls; a re-
duced number of circulating EPCs cor-
related with poor hemodynamics and
abnormal concentrations of inflamma-
tory 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, differen-
tiation, and function in a separate study
(27), and transplantation of autologous
EPCs improved mean pulmonary arte-
rial pressure, PVR, cardiac output, and the
distance walked in 6 min in patients with
IPAH (28). Hence, sildenafil and PPARYy
agonists might represent a pharmacologi-
cal means of increasing circulating EPCs
in PAH patients that probably can improve
clinical outcome.

PPARYy activation suppresses vascu-
lar and perivascular inflammation. Cir-
culating proinflammatory cytokines (e.g.,
IL-6 and MCP-1) that are mainly derived
from monocytes and macrophages and reg-
ulated by nuclear factor kappa B (NF-kB),
nuclear factor of activated T cells, and other
transcription factors, substantially contrib-
ute to the development and/or progression
of PAH (1, 2). TZDs reduce the activation
and inflammation of ECs by suppressing the
activity of NF-xB and activator protein-1
via PPARY-dependent and -independent
mechanisms. The overall result is an im-
paired production of chemokines, adhesion
molecules, reactive oxygen species, and ma-
jor histocompatibility complex class II pro-
teins, which are crucial for T cell activation
and initiation of an immune response (9).
PPARYagonists inhibit DNA binding of NF-

kB (29) and NF-xB-dependent matrix met-
alloproteinase (MMP)-9 activation in vas-
cular SMCs (30), which are both implicated
in PAH development (31). Thus, PPARyago-
nists have the potential to counteract proin-
flammatory NF-kB pathways and associated
MMP-9 hyperactivity in PAH patients.

PPARy-mediated inhibition of ex-
tracellular matrix proteinases. PPARYy
ligands impair MMPs that are activated by
elastase. Elastase inhibitors not only pre-
vent but also reverse advanced fatal PAH
in rats (32). Rosiglitazone has been shown
to activate glycogen synthase kinase-3[
in vascular SMCs, which inhibits prolif-
eration and migration by blocking NF-
kB-dependent MMP-9 activation (30).
Hence, along with elastase inhibitors such
as elafin, PPARY agonists could block the
detrimental PAH-promoting effects of
heightened elastase and MMP activity.

Rho kinase inhibition by PPARYy. Be-
sides the induction of SMC proliferation
(see above), RhoA/ROCK activation leads
to endothelial dysfunction, induction of
vasoactive cytokines via the NF-xB path-
way, and chronic pulmonary remodeling
that may involve up-regulation of TGF-B1
and down-regulation of the cell-cycle in-
hibitor p27¥™®!. Pioglitazone improves
endothelial dysfunction in the presence
or absence of inflammation and inhibits
ROCK pathways in vascular SMCs-the lat-
ter through up-regulation of the cytosolic
protein tyrosine phosphatase SHP-2 (33).
Thus, PPARY agonists might provide an-
timitogenic 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 dis-
ease in humans. ET-1 might be a key com-
ponent 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 environmen-
tal risk factors or disease modifiers that
might increase the incidence of PAH in the
upcoming years. The presence of IR was as-
sociated with poorer combined 6-month
event-free survival from RV failure, trans-
plantation, or death (58% versus 79%,

hazard ratio 2.57, 95% confidence interval
1.03-6.06; P < 0.05) (6). Based on our pre-
liminary experimental (4) and clinical data
(6), we hypothesize that IR, dyslipidemia,
and dysregulation of ET-1- and PPARy-
dependent factors such as adiponectin may
increase the susceptibility to PAH that can
be reversed by PPARY activation. However,
it is important to note that the beneficial
effects of PPARY 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 treat-
ment on endothelial function in nondia-
betic healthy men, underscoring the fact
that PPARY agonists exhibit direct vascular
(vasodilatory) effects (10).

PPARYAGONISTS FOR THE
TREATMENT OF PAH: TRANSLATION
INTO CLINICAL PRACTICE

Prospective studies are needed to address
whether IR, dyslipidemia, impaired PPARY
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
PPARY agonists in the treatment of PAH
in the presence or absence of IR. [For a
discussion of the safety of PPARY agonists
(TZDs), see the SOM.] The molecular links
and mechanisms that underlie IR, apoE,
and adiponectin levels, PPARy function,
and known PAH pathways should also be
explored. By applying advanced technolo-
gies such as proteomics and metabolom-
ics, biomarkers might be found that will
aid in (i) monitoring PAH progression and
response to therapy, (ii) tailoring pharma-
cotherapy, and (iii) PAH screening, po-
tentially, 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 PPARYy
target genes in PAH patients.

INTERDISCIPLINARY INSIGHTS FROM
STUDYING PPARYFUNCTION IN THE
PULMONARY CIRCULATION

Several RCTs currently investigate the ther-
apeutic potential of pioglitazone in prolif-
erative-inflammatory lung diseases other
than PAH, such as non-small-cell lung
cancer and asthma (35). The magnitude
of these very recent research efforts un-
derlines the potential of PPARy-activating
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drugs beyond diabetes therapy. The anti-
proliferative BMP-2/PPARY/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 PPARY affects multiple
genes besides apoE (9). Thus, the afore-
mentioned translational studies on the
protective role of PPARY 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 PPARY and apoE has
been made in patients with Alzheimer’s dis-
ease, 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-PPARY and PPARY-apoE signal-
ing might underlie many different patho-
logic processes.

CONCLUSIONS

Taken together, emerging evidence in-
dicates that multiple key genes involved
in the pathobiology of PAH are targets of
PPARYy and that pharmacological activa-
tion of PPARY would lead to their benefi-
cial induction and stabilization (genes en-
coding eNOS, p27¥*1, adiponectin, apoE,
and LRP) or repression (genes encoding
PDGF, MAPK, cyclin D1, telomerase, ET-
1, ADMA, IL-6, NF-xB, elastase/MMP, and
RhoA/ROCK). We suggest that PPARy ago-
nists might reverse pulmonary vascular re-
modeling 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 PPARY ago-
nists or selective PPARY modulators. RCTs
on the use of these agents in pulmonary
vascular disease are urgently needed.

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

SOM Text
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Imatinib (STI571), a compound used to treat chronic myeloid leukemia, blocks the activity of the
receptor tyrosine kinases (RTK) PDGFR-f, c-Kit and Bcer-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-p blockade by imatinib (S3), probably due to ongoing signaling through EGF and other
mitogens. Hence, a drug target downstream of PDGFR-f 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, PPARY 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 PPARy Activation In Pulmonary Vascular Disease

(...) PPARy, Apolipoprotein E (ApoE), and Adiponectin (APN) Counterbalance Growth Factor-

Mediated Vascular Remodeling

(...) PPARY has been shown to activate phosphatases (S22) and prevent ERK phosphorylation in
vascular SMC (S23, S24). In addition, PPARY activation can directly inhibit PDGF-BB-mediated
pERK activity by blocking its nuclear translocation (S25). Conversely, PDGF-BB-/PDGFR-f3-
mediated ERK phosphorylation leads to phosphorylation and thereby inactivation of PPARy at
its N-terminal (S26). Furthermore, transgenic mice with targeted deletion of PPARy in ECs and
macrophages (Tie 2 Cre PPARy™™*) have significantly higher pulmonary PDGFR-f protein
expression than littermate controls (S27). Thus, decreased levels of PPARy, apoE, and
adiponectin are expected to enhance PDGF-BB-/pERK-signaling and pulmonary vascular

remodelling (see Fig. 2, main manuscript).

Differential Safety Profile of PPARY 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 meta-
analyses 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 meta-
analysis 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). CHEF 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,



Hansmann G & Zamanian RT (2009) PPARYy Activation : A Potential Treatment For Pulmonary Hypertension
Science Translational Medicine SUPPLEMENTARY MATERIAL

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 PPARYy 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.
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