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Abstract

Pulmonary arterial hypertension (PAH) is a serious sequel of a number of systemic diseases including cardiopulmonary, inflammatory and autoimmune diseases.
Endothelial disruption/dysfunction plays a significant role in the initiation and the progression of the disease. Although modern therapy has improved the quality of
life, but the underlying vascular disease progresses unabated; and the survival rate has not improved significantly. The major pathological changes are impaired vascular
relaxation response, medial hypertrophy, increased pulmonary pressure; subsequent neointimal formation results in the irreversibility of the disease. Progressive loss
of endothelial caveolin-1 (cav-1), a membrane protein has been shown to be associated with reciprocal activation of proliferative pathways and initiation of PAH.
Subsequent disruption of endothelial cells and endothelial cav-1 is accompanied by enhanced expression of cav-1 in smooth muscle cells where it becomes pro-

proliferative. This review examines the dual role of cav-1 as a possible contributory mechanism of neointima formation.

Introduction

Ernst von Romberg, in 1891 described histological changes in
the lungs as pulmonary vascular sclerosis; considered to be the first
description of pulmonary hypertension (PH). In 1901, Abel Ayerza
described a patient with dyspnea, cyanosis, right ventricular failure
and pulmonary vascular sclerosis. For several years, the disease was
called “Ayerza’s disease” [1,2]. Since then, a significant progress
has been made in the field, but the mechanism/s of PH is still not
completely understood. A number of systemic diseases such as
cardiopulmonary, systemic, infection, inflammatory and autoimmune
diseases, hematological disorders and drug toxicity have been shown
to lead to PH. PH has been classified into 5 major clinical groups, that
was updated in 2013 [3]. The group 1 is labeled as pulmonary arterial
hypertension (PAH) that includes idiopathic, heritable PAH, and PAH
secondary to congenital heart defect, drug toxicity, inflammation and
autoimmune diseases. Survival of PAH patients without treatment is
estimated to be 2.8 years [4]. Modern therapy has improved the quality
of life, however, underlying vascular disease progresses unabated
[5]. In the PAH patients, one-year survival is 85% and the 3-year
survival is 58% [6,7]. The diagnosis of PAH is made when the mean
pulmonary artery pressure is 225 mmHg, pulmonary capillary wedge
pressure <15 mmHg, and a pulmonary vascular resistance >3 Wood
units at rest. Loss or increased expression of molecule/s secondary to
an injury affects the delicate network of signaling pathways leading to
deregulated inflammatory response, cell proliferation, cell migration
and angiogenesis resulting in the initiation and progression of PAH
[8]. The sequence of events in PAH has been described as medial
hypertrophy, cellular intimal proliferation, concentric laminar
intimal fibrosis fibrinoid necrosis, dilatation and plexiform lesions.
Furthermore, the pulmonary vascular lesions were found to be
similar to primary pulmonary hypertension and PAH associated with
congenital heart defect [9]. Importantly, children with congenital heart
defect (left to right shunts) who underwent pulmonary artery banding
to restrict pulmonary flow showed reversal of pulmonary vascular
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changes. Medial hypertrophy and early intimal changes appeared
reversible; but the later stages were not reversible [10,11]. Regardless
of the underlying disease, the major features of PH are 1) endothelial
dysfunction/ disruption leading to impaired vascular relaxation
response and the activation of proliferative and antiapoptotic
pathways; 2) smooth muscle cell proliferation, medial thickening,
narrowing of the lumen, elevation of pulmonary artery pressure, and
3) right ventricular hypertrophy. As the disease progresses, smooth
muscle cell (SMC) phenotype changes from contractile to synthetic,
and participate in cell migration, and neointima formation resulting
in arterial occlusive disease leading to RV failure and premature death.
Neointima formation leads to the irreversibility of the disease [12].

An intricate interaction exists among a large number of signaling
molecules in pulmonary vasculature to maintain homeostasis.
Deregulation of multiple factors contributes to PAH. Endothelial
dysfunction, impaired vascular dilatation, alterations in the expression
of NO, ET1 and serotonin, increased expression of inflammatory
cytokines and chemokines and disordered proteolysis of extracellular
matrix contribute to the pathogenesis of PAH [13]. Furthermore,
perivascular infiltration with inflammatory cells (T and B cells) in
plexiformlesions hasbeen reported [14,15]. In addition to the imbalance
of vasoactive mediators and vascular remodeling, abnormality in ion
channels (Ca?*, K*), and Growth factors such as VEGF, EGF, TGF
beta, MMPs, BMPR2 and Notch, cytokines have been implicated in
pathogenesis of PAH [16]. There are no animal models which can
accurately depict human PAH. This is not surprising because a large
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number of unrelated diseases lead to PAH. Furthermore, in animal
models, the species variations can affect the pathological alterations;
and the results are dependent on the duration of the study, and the rate
of development of the pathological changes in the vasculature. Despite
these limitations, the animal models of PH have contributed a great
deal to the understanding of the disease and have been quite useful for
preclinical drug testing for efficacy and safety [17,18]. The diagnosis
of PAH is often delayed because of vague symptoms; and initial
pathological changes are not clinically identifiable. Interestingly, in an
animal model of PH, significant molecular and pathological changes
have been shown to occur before the onset of PH [19]

Pulmonary Hypertension Models

Monocrotaline (MCT), a toxic pyrrolizidine compound obtained
from the seeds and leaves of Crotalaria Spectabilis has been used to
induce PH in animals. MCT is converted to dehydromonocrotaline
(DHMC) in the liver by cytochrome 450. The half-life of DHMC in the
rat serum is about 5 seconds. A large dose results in acute liver injury
and death within a few days. A small dose induces transient liver injury;
and during the first passage through the lungs DHMC damages the
endothelial cells leading to pulmonary vascular changes [20]. MCT-
induced PH in rats is an extensively-studied model. In rats, a single
sc injection of 60 mg/kg induces progressive endothelial disruption
and endothelial caveolin-1 ((cav-1) loss accompanied by the reciprocal
activation of proliferative and anti-apoptotic pathways such as PY-
STATS3, and Bcl-xL before the onset of PH [19]. Loss of other membrane
proteins such as Tie2, PECAM-1, soluble guanylate cyclase (a and p)
occur in tandem with endothelial cav-1 loss, indicating a generalized
endothelial membrane disruption. A further loss of endothelial cav-1
is accompanied by PH and right ventricular hypertrophy and NF-xB
activation at 2 weeks post-MCT. In addition, a significant reduction
in the expression of several cytosolic proteins such as I-xBa, HSP90,
Akt and protein-bound sulfhydrils and the levels of cGMP is observed
at this stage [21,22]. Progressively increasing expression and activity
of MMP?2 are present at 2 and 4 weeks post-MCT [23]. In addition,
increased synthesis of collagen and insoluble elastin has been reported
in the MCT model [24]. However, neointima formation has not been
reported in MCT-treated rats

In dogs, dehydromonocrotaline (DHMC) has been used as an
intra-atrial injection to induce PH, because the dog liver lacks the
enzyme that converts MCT to DHMC. Eight weeks after intra-atrial
injection of DHMC (3 mg/kg), beagle dogs (age 12 weeks) developed
significant PH, pulmonary vascular remodeling, including medial
wall and adventitial thickening and neointima formation and right
ventricular hypertrophy [25,26]. Similarly, adult mongrel dogs, given
an injection of DHMC (3 mg/kg) developed PH, thickened medium
sized arterioles and obliterated small arteries [27]. It is interesting to
note that neointima formation has not been observed in rats; but in
dogs, neointimal lesions have been reported after DHMC injection.
Since dogs were studied 8 weeks after the DHMC injection and the rats
are usually examined 2- 4 weeks after the MCT injection, it is likely that
the duration of the endothelial disruption and increased pressure may
have a role in the development of neointima. Although, in rats, MCT alone
has not produced neointima lesion, but a second hit such as increased
pulmonary blood flow or hypoxia has resulted in neointima formation.

a. MCT + Pneumonectomy/Increased pulmonary blood flow

Increased blood flow in addition to MCT-induced endothelial
damage and PH has been shown to result in neointima formation. Right
pulmonary artery remodeling in MCT plus pneumonectomy animals
was compared with animals receiving MCT or pneumonectomy alone.
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Neointimal changes developed in more than 90% of all right lung intra-
acinar vessels 5 weeks after MCT injury (4 weeks after pneumonectomy).
Neointimal lesions did not develop in untreated animals or in
animals receiving MCT or pneumonectomy only. Animals with a
neointimal pattern of remodeling developed severe right ventricular
hypertrophy (RVH) whereas animals with a medial hypertrophy
pattern of remodeling (MCT only group) developed moderate RVH
compared with control animals. Neointimal lesions and RVH were
similar whether MCT injury preceded pneumonectomy or followed
it. To exclude the possibility that neointimal lesions resulted from
injury plus post-pneumonectomy rather than injury plus increased
flow, a left subclavian-pulmonary artery anastomosis was substituted
for pneumonectomy. Neointimal lesions and severe RVH developed
in these animals but were not seen in animals receiving either MCT
or anastomosis only. These studies demonstrate an important role for
hemodynamic alteration in determining the pattern of pulmonary
vascular remodeling after injury [28,29]. Furthermore, in this model,
increased expression of tissue factor and the membrane glycoprotein
that initiate coagulation and angiogenesis have been reported [30]. In
addition, increased oxidative stress, increased expression of cytokines
and NOX4 and MnSOD, infiltration of pulmonary arterial wall with
inflammatory, and CD68*/vimentin* cells were observed [31]. In
another study abdominal aorto-pulmonary shunt was performed
a week before MCT injection; 4-5 weeks later increased mortality,
and neointimal lesions were observed [32]. These studies indicate
the increased pulmonary blood flow in the presence of damaged
endothelium leads to severe pulmonary vascular changes.

b. MCT + hypoxia

Exposing MCT-injected rats to hypoxia results in acceleration of the
disease process and neointima formation. Importantly, the neointimal
lesions stained positive for a-actin but not vWF [33,34], indicating
SMC migration into neointima. Significant loss of endothelial cav-
1 and enhanced expression of cav-1 in SMC has been observed.
Enhanced expression of cav-1 in SMC is observed only in arteries
displaying extensive loss of endothelial cav-1 at 4 weeks. Furthermore,
neointimal lesions were seen only in the arteries exhibiting extensive
endothelial cav-1 loss accompanied by enhanced expression of cav-1 in
SMC. Importantly, similar changes were observed in human PAH [35].
Interestingly, SMC from patients with idiopathic PAH in in-vitro study
showed enhanced expression of cav-1, increased capacitative Ca** entry
and DNA synthesis, which could be abrogated by silencing cav-1 [36].
These results underscore the dual role of cav-1 in the pathogenesis of
PAH and the irreversibility.

Sugen + Hypoxia

Sugen 5461, a VEGF receptor blocker has been used to induce
PAH. Rats were given an injection of Sugen and exposed to hypoxia for
3 weeks; and then reverted to normoxic atmosphere. After exposure
to normoxia, polycythemia reverted to normal, PAP decreased a little,
but the vascular changes continued, and by 13-14 weeks after sugen
injection plexiform lesions were observed [37-39]. Interestingly,
unilateral PA band resulted in prevention and also reversal of
pulmonary vascular changes [40]. These studies further support the
view that the endothelial damage in the presence of increased pressure/
flow results in progressive vascular changes.

Shunt Models

Congenital heart defects with large left to right shunts at the
ventricular septal or at the ductus, if not repaired early, leads to
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pulmonary hypertension and reversal of the shunt, known as
Eisenmenger syndrome. Larger animals such as dogs and pigs have
been used to study the progression of PAH in shunt defects. Modified
Blalock-Taussig or Pott shunt has been used to study the pulmonary
vascular alteration during the development of shunt-induced PAH.
Similar to clinical cases, a small shunt resulted in medial hypertrophy,
and alarger shunt led to obliterative lesions in pulmonary arteries. Large
shunt was shown to lead to fatal heart failure. Two dogs with shunt sizes
of 1 and 4 mm revealed PA medial wall thickness, whereas a shunt size
of 5mm in a younger dog revealed medial wall thickness and plexiform
lesions 20 months after the shunt [41]. Esterly et al [42] attached left
subclavian artery to left pulmonary artery; 2 weeks later, lower left lobe
was ligated to increase the flow to the upper lobe. The sequential biopsy
revealed both EC and SMC to be hyperactive and there was increased
sub-endothelial space at 4 weeks. At 2-4 months, there was focal
intimal thickening, EC degeneration, SMC extending into sub-intimal
space through gaps in internal elastic lamina and accumulation of cells
in intima, followed by occlusive lesions and poorly differentiated SMC
at 4 months. In left subclavian to left pulmonary artery shunt model
(to one lung or a lobe) revealed muscular hypertrophy at 2 weeks after
the shunt; intimal proliferation and adventitial thickening appeared
2-3 months later. The vascular changes were more when systemic
to pulmonary artery was end to end rather than when the shunt was
connected to the MPA [43]. Furthermore, aorta-pulmonary artery
shunt to whole lung did not develop any lesions; but restricted shunt
to the lower lobe resulted in significant changes after 4 weeks of shunt.
Medial hypertrophy was reversible, but grade IV changes did not
reverse on removing the shunt [44]. Similarly, aorta-left pulmonary
artery or left lobar artery resulted in pulmonary arterial hypertension,
vascular occlusive and plexiform lesions [45-47]. These studies show
similar to what has been observed clinically. It is likely that increased
flow in the presence of increased pressure incurs endothelial damage.

Miscellaneous

Partial lung radiation in rats has been shown to result in significant
EC loss, perivascular edema followed by pulmonary vascular
remodeling including neointima formation, PAH and right ventricular
hypertrophy [48]. Interestingly, extensive vascular injury caused by
balloon endartectomy itself can lead to the development of neointimal
lesions [29]. Thus, extensive endothelial damage can progress to
neointima formation.

Possible Mechanism of Neointima Formation

Endothelial Function: Endothelium, a semi-permeable monolayer
is an interface between the media (smooth muscle cells) and circulation.
It maintains a balance between vasoconstriction and vasodilatation,
and between cell proliferation and apoptosis. In addition, it provides
barrier function, and balances pro- and anticoagulation factors of
the vessel wall and participates in immune function. Plasmalemmal
membrane of the endothelial cells have specialized microdomains
such as caveolae, rich in cholesterol and sphingolipids that serve as a
platform for a numerous signaling molecules and compartmentalize
them for optimum function. In addition to EC, caveolae are found
on a number of cells such as SMC, epithelial cells and fibroblasts.
Caveolin-1, a major protein constituent of caveolae maintains the
shape of caveolae and interacts with numerous signaling molecules
that reside in or recruited to caveolae; stabilizes them and keeps
these molecules in an inhibitory conformation. A large number of
signaling pathways implicated in PH have been shown to interact with
endothelial caveolin-1. Therefore, endothelial dysfunction including
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the loss of functional endothelial caveolin-1 induced by injury such as
inflammation, toxicity, increased shear stress and hypoxia etc., may be
the initiating factor in the pathogenesis of PH and also contributing to
the progression of the disease [49].

Caveolin-1 interacts, regulates and stabilizes several proteins
including Src family of kinases, G-proteins (a subunits), G protein-
coupled receptors, H-Ras, PKC, eNOS, integrins and growth factor
receptors such as VEGF-R, EGF-R, PDGF-R. Caveolin-1 exerts negative
regulation of the target protein within caveolae, through caveolin-1-
scaffolding domain (CSD, residue 82-101). Major ion channels such
as Ca?* -dependent potassium channels and voltage-dependent K*
channels (Kvl1.5), and a number of molecules responsible for Ca?*
handling such as inositol triphosphate receptor (IP,R), heterodimeric
GTP binding protein, Ca** ATPase and several transient receptor
potential channels localize in caveolae and interact with caveolin-1.
Production of vasodilators such as nitric oxide (NO), prostacyclin
(PGL) and endothelium-derived relaxing factor [EDHF] within
caveolae are dependent on caveolin-1-mediated regulation of Ca*
entry [50,51]. Thus cav-1 plays a critical role in maintaining vascular
homeostasis.

Disruption of EC, Loss of Endothelial cav-1 & Enhanced
Expression of Cav-1 in SMC: Increased circulating EC have been
reported in patients with PAH, indicative of EC destruction [52,53].
Recent studies have shown that the endothelial damage and loss
of endothelial cav-1plays a critical role in the initiation and the
progression of PH [54]. Interestingly, cav-1 knockout mice develop
PH, and cav-1 re-expression attenuates PH [55,56]. In addition, Cav-1
polymorphism has been reported in patients with PAH [57]. Loss of
endothelial cav-1 has been reported to be accompanied by reciprocal
activation of proliferative and antiapoptotic pathways leading to
medial hypertrophy and pulmonary hypertension. In addition,
increased expression and activity of MMP2 was observed. Importantly
cav-1 modulates MMP2 expression [23]. MMP2 induces degradation
of matrix, and facilitates cell migration; and importantly, increased
MMP2 expression has been reported in idiopathic PAH [58,59]. In
the MCT + hypoxia model, by 4 weeks, progressive loss of endothelial
cav-1 and disruption/loss of cav-1 is accompanied by enhanced
expression of cav-1 in SMC, and the presence of neointimal lesions in
a few arteries [35]. This cav-1 has been found to be pro-proliferative
[36]. Similar changes have been reported in different forms of PAH
such as idiopathic PAH, heritable PAH [35], PAH associated with
drug toxicity [60] and with congenital heart defect [61]. Interestingly,
in patients with chronic obstructive pulmonary disease (COPD) and
associated PH, loss of endothelial cav-1 accompanied by enhanced
expression of cav-1 in SMC has been reported. COPD without PH
did not exhibit cav-1 abnormalities [62]. It is worth noting here that
pulmonary arterial SMC from idiopathic PAH revealed increased cav-
1 expression and increased DNA synthesis, which could be abrogated
by silencing cav-1 [36]. Furthermore, neointimal lesions are seen
only in the arteries that exhibit extensive loss of endothelial cav-1 and
disruption of EC and enhanced expression of cav-1 in SMC. It is likely
that similar to what is observed in cancer, this cav-1 in SMC facilitates
cell proliferation and cell migration thus participates in neointima
formation. Furthermore, EC in neointimal lesions have been found
to be apoptosis resistant [63,64]; with low cav-1 expression [35] and
increased VEGF expression, resulting in deregulated angiogenesis [65].
Thus, the dual role of cav-1 PAH may have a critical role in neointima
formation and progression of the disease towards irreversibility.

In summary, endothelial damage associated with increased
pulmonary flow or pressure leads to progression of PAH. Reducing
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the flow or pressure by pulmonary artery band results in the reversal
of the disease if the vascular changes are relatively mild. Significant
late changes are not reversible. Dual role of cav-1 plays an important
role in the progression of the disease. The loss of endothelial cav-1 and
the reciprocal activation of proliferative and anti-apoptotic pathways
leads to the initiation and the progression of the disease. Extensive
loss of endothelial cav-1 and disruption of EC is followed by enhanced
expression of cav-1 in SMC and neointima formation.
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