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Novel approaches to the
pharmacotherapy of pulmonary arterial

hypertension

Karen M. Olsson and Marius M. Hoeper

Department of Respiratory Medicine, Hannover Medical School, Hannover, Germany

Pulmonary arterial hypertension (PAH) has evolved from an untreatable condition to a disease for which
several classes of drugs have now been approved, including various prostanoids, endothelin receptor
antagonists and phosphodiesterase-5 inhibitors. Because the pathogenesis of pulmonary hypertension is
increasingly understood, various new substances are now under clinical investigation, including
serotonin antagonists, vasoactive intestinal peptide, stimulators of soluble guanylate cyclase and
tyrosine kinase inhibitors. Several of these compounds hold promise for the future therapy of PAH,
especially as regression of pulmonary vascular remodeling appears to become a realistic possibility with
the combination of established and novel treatments.

Introduction

The term pulmonary hypertension describes a condition with
elevated pulmonary arterial pressures, that is mean pulmonary
artery pressures >20 mmHg at rest. The current clinical classifica-
tion distinguishes between five major groups of pulmonary hyper-
tension: (i) pulmonary arterial hypertension (PAH), (ii) pulmonary
hypertension owing to left heart disease, (iii) pulmonary hyper-
tension owing to lung disease, (iv) chronic thromboembolic pul-
monary hypertension and (v) miscellaneous forms [1]. The present
article will focus entirely on PAH, a rare but severe form of
pulmonary hypertension characterized by progressive pulmonary
vascular obliteration, eventually resulting in death from right
heart failure.

The etiology of PAH remains incompletely understood, but
progress has been made in understanding the pathogenesis of
the disease, which is characterized by pulmonary vascular remo-
deling because of proliferation of endothelial cells and vascular
smooth muscle cells, alterations in the extracellular matrix,
thrombosis and fibrosis [2]. To provide beneficial long-term
effects, treatments must affect pulmonary vascular remodeling
at least by slowing disease progression, but ideally by inducing
‘reverse remodeling’ of the small pulmonary arteries.
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This review is intended to provide a brief summary on the
existing and emerging treatments for PAH. As a short review
article, this paper cannot provide an in-depth overview of this
rapidly expanding field so that references will be provided for
further reading where available.

Prostanoids and prostacyclin receptor agonists

The prostacyclin analog, epoprostenol was the first drug that
showed efficacy in PAH and remains the only drug for which a
survival benefit has been proven, at least in functional class IV
patients [3]. Long-term survival with intravenous epoprostenol
treatment, however, remains limited. The two largest case series
have reported three-year survival rates of 63% with this therapy
[4,5]. A major drawback of epoprostenol is the need for continuous
intravenous administration, because the compound is unstable
with a half-life of only a few minutes in aqueous solution.

The prostacyclin analogs, iloprost and treprostinil are also
available for continuous intravenous administration [6]. Potential
advantages of both compounds compared to epoprostenol are
higher chemical stability and longer half-lives which may reduce
some of the inconvenience and risk associated with epoprostenol
therapy, but there are only preliminary data to show whether all
three drugs have comparable long-term efficacy [7,8].

To circumvent the problems associated with continuous intra-
venous administration, various prostanoids have been developed
for subcutaneous, inhaled and oral administration. The stable
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TABLE 1

Mean changes from baseline in hemodynamic variables after three months of therapy with various drugs as shown in randomized,
placebo-controlled trials®.

Inhaled lloprost® Beraprost SC Treprostinil Bosentan Sitaxentan Sildenafil
(6 x 51g) (4 < 80 ng) (9.3 ng/(kg min)) (125 mg bid) (100 mg qd) (20 mg tid)
Refs [10] [14] [65] [20] [22] [34]
PAPmM (mmHg) -0.1 -1 -23¢ —1.6° -3 —2.1¢
Cl (I/(min m?)) +0.03¢ +0.2 +0.12° +0.5¢ +0.3° +0.2
PVR (dynes) —9° —104 —160%¢ —223¢ —221°¢ —122¢

The indicated dosages are the mean doses administered at week 12. SC, subcutaneous; PAPm, mean pulmonary artery pressure; Cl, cardiac index; PVR, pulmonary vascular resistance.

?No hemodynamic data from randomized, placebo-controlled trials are available for epoprostenol and ambrisentan; for comparison, in randomized, nonplacebo-controlled studies, the

changes in PVR from baseline after 12 weeks of treatment were —440 dynes with epoprostenol [3] and —277 dynes with ambrisentan [25].

®Values measured at trough, that is before inhalation.
€ Significantly better compared to the placebo group.

9In the original paper, numbers were given for cardiac output, which improved by 0.05 I/min; for the purpose of comparability, this value was divided by an assumed value of 1.75 to

calculate cardiac index.

€In the original paper, numbers were given for pulmonary vascular resistance index, which improved by 280 dynes; for the purpose of comparability, this value was divided by an assumed

value of 1.75 to calculate cardiac index.

prostacyclin analog, treprostinil has been approved for subcuta-
neous administration. The largest series published so far with this
treatment (n = 860) reported survival rates similar to intravenous
prostacyclin [9]. Of the patients who discontinued this therapy
prematurely (59%), almost half of them withdrew on account of
clinical deterioration (including death) and more than one-third
because of side-effects, mostly infusion site pain, which was
described by 92% of the patients.

Prostanoids available for inhalation are iloprost and treprostinil.
Both compounds have been shown to improve 6 min walk dis-
tance in randomized, placebo-controlled trials, but only the trial
AIR-1, which studied inhaled iloprost has been fully published
[10]. Despite the significant improvement in exercise capacity,
hemodynamic improvement in the iloprost group was modest
(Table 1). A main problem with inhaled prostanoids is their
relatively short duration of action. The hemodynamic effects of
iloprost last 30-45 min after each inhalation and patients need to
inhale six to nine times per day. Still, the cumulative effective drug
exposure adds up to no longer than four to six hours, so large parts
of the day may not be fully covered. The hemodynamic effects of
inhaled treprostinil last somewhat longer (60-120 min) [11,12],
but this advantage may be offset by the strategy of inhaling
treprostinil only four times per day. So far, it has not been convin-
cingly shown that the clinical effects of inhaled prostanoids are
sustained over longer periods. For inhaled iloprost, the only long-
term study published so far showed treatment failure in more than
two-thirds of the patients within two years [13].

Two prostanoids are available for oral administration: beraprost
and treprostinil. Beraprost has been studied in two randomized,
placebo-controlled trials. The first study (ALPHABET) showed a
modest effect on 6 min walk distance but no changes in hemo-
dynamics after 12 weeks compared to placebo (Table 1) [14]. The
second study addressed long-term efficacy with beraprost therapy.
This study showed improved 6 min walk distances compared to
placebo after 3 and 6 months of therapy, but this effect was no
longer significant at months 9 and 12 [15]. Beraprost has only been
approved in Japan and Korea, where an extended-release formula-
tion of the drug recently became available [16]. As with the inhaled
prostanoids, there are also no robust long-term data with bera-

prost, and the new extended-release formulation has not been
sufficiently evaluated. Oral treprostinil is currently being studied
in an ongoing phase III trial (FREEDOM).

The main problem with oral prostanoids so far has been toler-
ability, because these drugs often cause unpleasant side-effects,
especially headache, jaw pain, gastrointestinal discomfort and
diarrhea, often limiting the maximum achievable dose. A new
substance currently under investigation is NS-304, an orally avail-
able nonprostanoid prostacyclin receptor agonist. NS-304 is a
prodrug of the active compound MRE-269 which has a half-life
of approximately ten hours. Because NS-304 itself has no activity
on the prostanoids receptor, it is expected to have fewer systemic
side-effects than orally administered prostanoids. So far, there are
no data in terms of the safety and efficacy of NS-304 in PAH,
because the first clinical trial with this compound is still underway.

Endothelin receptor antagonists (ERAs)

Endothelin-1 (ET-1) is a potent vasoconstrictor and mitogen for
vascular smooth muscle cells that is overexpressed in the pulmon-
ary vasculature of patients with PAH [17]. ET-1 is predominantly
released by endothelial cells and acts mostly in a paracrine fashion
on two different types of receptors [18]. The ET, receptor is located
on smooth muscle cells and mediates vasoconstrictive, as well as
proliferative, signals. ETy receptors are also located on smooth
muscle cells where they probably mediate similar signals like ET4
receptors. ETy receptors are, however, also expressed on endothe-
lial cells, where they have a clearance function for ET-1 released
into the bloodstream and mediate vasodilator signals via libera-
tion of nitric oxide (NO) and prostacyclin [19].

At present, three different ERAs have been studied in and
approved for PAH: the ET,/ETy antagonist bosentan and the
selective ET, antagonists sitaxentan and ambrisentan. All three
compounds improve hemodynamics and exercise capacity in
randomized controlled trials of relatively short-term duration,
the maximum study time being 18 weeks [20-24]. There are
insufficient data to decide whether any of these drugs has superior
efficacy compared to the others. The hemodynamic effects of all
the three ERA appear to be similar because the reported changes in
pulmonary vascular resistance after three months of treatment
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with bosentan, sitaxentan and ambrisentan were —223 dynes,
—221 dynes and —226 from baseline, respectively [20,22,24]. In
addition, the effects on 6 min walking distance were also similar
with placebo-corrected improvements of 35 m with bosentan at
125 mg bid and 31 m with sitaxentan at 100 mg qd [21,23]. With
ambrisentan, the results are less clear because there were two
pivotal studies, ARIES-1 and ARIES-2 [25], which provided some-
what different results. In ARIES-1, 6 min walk distance improved
by 31 m with ambrisentan at a dose of 5 mg qd whereas the same
dose achieved a 59 m improvement in ARIES-2. Because study
design and inclusion/exclusion criteria were virtually identical
in both studies, the reasons for this difference are not clear. The
data on long-term survival with any of these drugs, with the
exception of bosentan, is limited to the long-term extensions of
the pivotal trials and one-year survival rates were in the range of
95% with all three drugs [19]. These data, however, must be
interpreted with caution, not only because it is difficult to compare
different trials, but also because patients entering those trials are
preselected because they have to fulfill criteria of stability to be
eligible for a placebo-controlled clinical trial.

Until recently, ERA were approved only for PAH in functional
class III (Europe), or III and IV (United States). Ambrisentan has
now also been approved for functional class II based on a
significant improvement in 6 min walk distance in this sub-
group in the ARIES studies. Important data showing that ERA
are efficacious in class II patients came also from the EARLY trial
[26]. This study addressed a well-characterized population of
PAH patients in functional class II who were randomized to
receive either bosentan or placebo in a double-blind fashion for
six months. The EARLY trial had two coprimary endpoints:
change in pulmonary vascular resistance (PVR) and 6 min walk
distance. At the end of the study period there was a significant
improvement in PVR in bosentan-treated patients, whereas the
change in 6 min walk distance did not reach statistical signifi-
cance. Time to clinical worsening, a secondary composite end-
point including death, transplantation and predefined
indicators of clinical deterioration was, however, significantly
improved in the bosentan group with a relative risk reduction of
77%. This study not only demonstrated that it is useful to treat
PAH patients in functional class II but, perhaps more impor-
tantly, also showed for the first time that targeted treatment can
prevent clinical deterioration in PAH patients, even when exer-
cise capacity is not improved.

There are differences in the safety profiles of the three available
ERA. Potential liver toxicity is being regarded as a class effect of
ERA, but the long-term extension data from the pivotal trials
suggest that aminotransferase elevations occur more commonly
with bosentan (11.6%) than with sitaxentan (7%) or ambrisentan
(2%). So far there is no evidence, however, linking bosentan or any
other ERA at currently approved dosages to permanent liver
damage or liver failure [27], but long-term data are not available
for sitaxentan and ambrisentan. Nevertheless, liver enzymes need
to be monitored on a monthly basis with all three drugs. In
addition to hepatotoxicity, ERA have been linked to edema for-
mation although the pathophysiological mechanisms are poorly
understood. So far, it is unclear whether there are differences
between the three ERA in terms of incidence or severity of edema
formation [19].

Pharmacokinetic interactions might also be relevant when ERA
are used together with other compounds. As far as typical come-
dications in PAH patients are concerned, interactions with war-
farin and sildenafil are of particular importance. Bosentan induces
cytochrome enzymes and augments the metabolism of warfarin
and sildenafil [28,29]. Sitaxentan, an inhibitor of cytochromes, has
no pharmacokinetic interactions with sildenafil, but reduces the
metabolism of warfarin. Ambrisentan has apparently no clinically
relevant drug—drug interactions [19].

Macitentan, a novel ETA/ETy receptor antagonist is currently
being studied in a phase III trial in PAH (SERAPHIN).

Phosphodiesterase (PDE) inhibitors

Several PDEs are upregulated in the pulmonary vessels of PAH
patients [30,31]. The isoenzyme PDE-5 has gained particular atten-
tion after clinical observations suggested beneficial effects of the
PDE-5 inhibitor sildenafil in PAH patients [32]. PDE-5 deactivates
cyclic GMP (cGMP), the second messenger mediating the effects of
NO and other pulmonary vasodilators [33].

SUPER-1, the pivotal trial studying the effects of sildenafil in
PAH compared three dosages of sildenafil: 20 mg, 40 mg and
80 mg, three times a day with placebo [34]. After 12 weeks, the
placebo-corrected improvements were similar to all three dosages,
ranging from +45m to +50 m. On the basis of these results,
sildenafil has been approved in many countries at a dose of
20 mg tid. SUPER-1 indicated, however, that the hemodynamic
effects of sildenafil were dose-dependent and the highest dose of
80 mg tid had the strongest effect on PVR (—310 dyn versus —171
dyn and —192 dyn with 20 mg and 40 mg tid). All dosages were
equally well tolerated and the open-label extension of the study
had a target dose of 80 mg tid (unpublished data). For the time
being, there are virtually no long-term data on the 20 mg tid
dosage and many experts believe that higher dosages might be
more efficacious in the long run [35].

Tadalafil, a long-acting PDE-5 inhibitor is also being studied in
PAH. A phase III study has recently been concluded, but results
have not yet been published.

Direct comparisons between sildenafil and tadalafil are not yet
available, except for acute hemodynamic data [36]. The longer
duration of action is a potential advantage of tadalafil, but it is
unclear whether both drugs are going to have the same long-term
effects on disease progression. Of note, sildenafil is not a truly
selective PDE-5 inhibitor, because it also blocks the PDE-1 isoen-
zyme. This effect may be of particular interest because PDE-1 is
involved in vascular smooth muscle cell proliferation [37]. Tada-
lafil, by contrast, has no effect on PDE-1. It is not clear if these
considerations are of clinical relevance, but head-to-head compar-
isons between sildenafil and tadalafil addressing long-term safety
and efficacy in PAH are desirable.

Stimulators and activators of soluble guanylate cyclase
The soluble guanylate cyclase (sGC) is an attractive target for
treating PAH [38,39]. As shown in Fig. 1, the NO-induced
cGMP-activation is mediated via sGC, a heme-iron (II)-containing
enzyme. In PAH, sGC is upregulated in the pulmonary arteries but
at the same time the enzyme may become inactivated by the
oxidation of the heme-iron [40]. In that case, NO and other
sGC-dependent vasodilators such as the natriuretic peptides lose

286 www.drugdiscoverytoday.com



Drug Discovery Today * Volume 14, Numbers 5/6 + March 2009

REVIEWS

Oxidative
stress

£\

L-arginine EC

g

[SGC-ox Fe(ITT) heme | ($GC Fe(IT) heme |1 [ sGC stimulators |

$ D

[ sGC activators

Cellular
\ response - L

(x> 4N
ES|

| 3
A~

/I
e |

| PDES-Inhibitors |

PVSM(y

IGMP I

Drug Discovery Today

FIGURE 1

Pharmacological targets of the nitric oxide (NO)-soluble guanylate cyclase (sGC)-cyclic GMP (cGMP) system. In the physiological state, NO activates sGC upon
binding to Fe(ll) heme. Under conditions of oxidative stress oxygen radicals (O,°") inactivate sGC by reducing the heme-iron (Fe(lll) heme). sGC stimulators and
activators increase cGMP production, sGC stimulators by acting preferentially on the nonoxidized Fe(ll) heme, sGC activators by acting preferentially on the Fe(lll)
heme. On the basis of their actions, sGC stimulators require the presence of NO whereas sGC activators act independently of NO. Phosphodiesterase-5 inhibitors
augment intracellular cGMP by blocking its degradation. EC, endothelial cell; PVSMC, pulmonary vascular smooth muscle cell; GTP, guanosine triphosphate; eNOS,

endothelial NO synthase.

their vasodilatory potential. Two different compounds are now
being studied in pulmonary vascular disease, sGC stimulators and
sGC activators. The stimulators augment the NO effects on the
enzyme, whereas the activators act preferably on the oxidized
(iron-III) heme, thus having the potential to induce vasodilation
in the absence of NO. Both sGC activators and stimulators partly
reverse pulmonary vascular remodeling in experimental models of
pulmonary hypertension [40]. Acute hemodynamic studies in 10
PAH patients showed profound hemodynamic effects of BAY 63-
2521, an orally available sGC stimulator, with a reduction in PVR
of more than 30% from baseline when given as a single dose of
2.5 mg (unpublished data). BAY 63-2521 caused significant reduc-
tions not only in pulmonary artery pressures, but also in systemic
artery pressures accompanied by a marked improvement in cardiac
index (unpublished data). The systemic hypotensive effect, how-
ever, seems to abate with long-term administration. A phase II trial
with BAY 63-2521 in patients with PAH and chronic thromboem-
bolic pulmonary hypertension (CTEPH) was recently concluded,
but the results are not yet available. This compound will now be
studied in phase III in PAH and CTEPH as well as in phase II in
patients with pulmonary hypertension associated with interstitial
lung disease (ILD).

Statins

In animal models of pulmonary hypertension, high dosages of
simvastatin are capable of reversing pulmonary vascular remodel-
ing [41] and pilot clinical trials are ongoing to investigate whether
statins have beneficial effects in PAH. On the basis of clinical

experience, it is unlikely that statins are going to improve hemo-
dynamics and exercise capacity in PAH patients and the most
important question to be answered is whether statins have the
potential to slow disease progression.

Serotonin (5-HT) receptor antagonists and serotonin
transporter (5-HTT) blockers

For many years, the serotonin system has been implicated in the
pathophysiology of pulmonary hypertension [42-44]. A detailed
review of the biology of the serotonin system in vascular disease is
beyond the scope of this review article. At the present time, several
serotonin receptor antagonists are being investigated for PAH but
none of these trials have been concluded.

Rho-kinase inhibitors

The Rho/Rho-kinase system plays an important role in the regula-
tion of vascular tone and vascular smooth cell proliferation and
may, therefore, be an attractive target for pharmacological inter-
vention [45]. Fasudil, a Rho-kinase inhibitor has not only shown
promising effects in animal models of pulmonary hypertension
[46,47], but has also been associated with renal toxicity. Currently
it is unclear whether fasudil will be further evaluated in PAH.

Vasoactive intestinal peptide (VIP)

VIP is a peptide neurotransmitter with potent vasodilatory proper-
ties and a deficiency of VIP has been demonstrated in serum as well
as in lung tissue, of patients with PAH [48]. A single pilot study
with inhaled VIP performed several years ago reported impressive
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effects on hemodynamics and exercise capacity at a dose of
4 x 50 g per day [48]. Only recently, another group of investiga-
tors evaluated the acute hemodynamic effects of inhaled synthetic
VIP (aviptadil) at a dose of 100 ng and the observed changes in
pulmonary artery pressure and pulmonary vascular resistance were
modest, at best, certainly far less than in the original paper [49].
However, VIP may affect pulmonary vascular remodeling inde-
pendently of any vasodilator activity [50,51]. Currently, a clinical
trial with inhaled aviptadil is ongoing that is designed to identify
the most effective dose of VIP, as well as to provide preliminary
data on safety and efficacy.

Tyrosine kinase inhibitors (TKls)

TKIs are among the most promising new agents in the PAH field,
because they, for the first time, offer a realistic option of achieving
so-called ‘reverse-remodeling’ of the pulmonary vessels. Imatinib
is a TKI that has been originally developed to block the BCR-ABL
tyrosine kinase responsible for the development of chronic mye-
logenous leukemia. Imatinib, however, also inhibits the tyrosine
kinase of the platelet-derived growth factor receptor, which is
involved in the proliferation of vascular smooth muscle cells. In
experimental models of pulmonary hypertension, imatinib is
capable of reversing fully established media hypertrophy, presum-
ably by causing apoptosis of vascular smooth muscle cells [52]. A
few case reports suggest that imatinib can have impressive clinical
and hemodynamic effects in patients with advanced PAH [53-55].
Because imatinib is not a pulmonary vasodilator, it appears that
the drug may indeed affect pulmonary vascular remodeling. It is
already clear that not all PAH patients are responsive to imatinib
treatment and much more research is needed to clarify if this drug
is a useful adjunct to PAH therapy, especially because the safety of
imatinib in PAH patients is unknown. A phase II randomized,
placebo-controlled trial with imatinib in patients with severe PAH
was concluded in April 2008, but results await publication. Other
TKIs with different receptor targeting profiles and multikinase
inhibitors [56] are also now being studied for PAH.

Combination therapy

Because all of the currently available treatments show modest
hemodynamic improvement (Table 1) and limited long-term
efficacy, combination of compounds that act via different intra-
cellular mechanisms is a logical approach. In fact, combination
therapy has become the standard of care in many pulmonary
hypertension centers throughout the world [57-61] although the
evidence to support this strategy remains limited. So far, only few
randomized controlled trials have addressed combination ther-
apy in PAH. STEP-1 was a randomized, placebo-controlled trial
that studied the addition of inhaled iloprost to bosentan [62].
After 12 weeks of therapy the change in 6 min walk distance was of
borderline significance compared to placebo (+26 m, P =0.051),
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Outlook

The therapeutic options for PAH are rapidly evolving: currently
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pulmonary hypertension need to be studied carefully to find
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