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Abstract
Pulmonary hypertension (PH) that occurs after left-heart failure (LHF), classified as Group 2 PH,
involves progressive pulmonary vascular remodeling induced by smooth muscle cell (SMC)
proliferation. However, mechanisms involved in the activation of SMCs remain unknown. The
objective of this study was to determine the involvement of peroxynitrite and phosphatase-and-
tensin homolog on chromosome 10 (PTEN) in vascular SMC proliferation and remodeling in the
LHF-induced PH (LHF-PH). LHF was induced by permanent ligation of left anterior descending
coronary artery in rats for 4 weeks. MRI, ultrasound, and hemodynamic measurements were
performed to confirm LHF and PH. Histopathology, western blot, and real-time polymerase chain
reaction analyses were used to identify key molecular signatures. Therapeutic intervention was
demonstrated using an antiproliferative compound, HO-3867. LHF-PH was confirmed by
significant elevation of mean pulmonary artery pressure (mean pulmonary artery pressure/mm Hg:
35.9±1.8 versus 14.8±2.0, control; P<0.001) and vascular remodeling. HO-3867 treatment
decreased mean pulmonary artery pressure to 22.6±0.8 mm Hg (P<0.001). Substantially higher
levels of peroxynitrite and significant loss of PTEN expression were observed in the lungs of LHF
rats when compared with control. In vitro studies using human pulmonary artery SMCs implicated
peroxynitrite-mediated downregulation of PTEN expression as a key mechanism of SMC
proliferation. The results further established that HO-3867 attenuated LHF-PH by decreasing
oxidative stress and increasing PTEN expression in the lung. In conclusion, peroxynitrite and
peroxynitrite-mediated PTEN inactivation seem to be key mediators of lung microvascular
remodeling associated with PH secondary to LHF.
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Pulmonary hypertension (PH) that occurs after left-heart failure (LHF) is a debilitating
disease that is associated with significant morbidity and mortality.1,2 LHF-PH originates
from a sustained increase of left-atrial pressure (pulmonary venous hypertension) because of
left-ventricular (LV) dysfunction resulting in chronic increase of pulmonary arterial
pressure, which promotes remodeling of the arterial wall, including abnormalities of elastic
fibers, intimal fibrosis, and medial hypertrophy. These changes, which are largely
progressive and irreversible, lead to vascular stiffness and decrease in pulmonary
vasodilatory responsiveness to therapies.1 In addition, the fixed PH with pulmonary vascular
resistance >3 Wood units is linked with a higher posttransplantation mortality and hence
considered a contraindication for heart transplantation.3 Of the total number of deaths after
heart transplantation, ≈20% are attributed to fatal right-ventricular failure.3 Because PH is
usually diagnosed at a late stage, a proper understanding of the underlying pathobiology of
the disease progression is necessary for designing suitable interventional approaches at an
early stage before irreversible pathological changes occur in the pulmonary vascular bed.
Currently available treatment options, such as inhaled NO, nitrates, calcium-channel
blockers, prostanoids, endothelin-receptor antagonists, statins, PPARγ activators, and
phosphodiesterase inhibitors, despite their beneficial effects on PH, have adverse systemic
effects.4,5

A phosphatase-and-tensin homolog on chromosome 10 (PTEN), is a modulator of PI3K
activity associated with PH-mediated vascular remodeling.6,7 PTEN is a dual-function
phosphatase capable of dephosphorylating both lipids and proteins and it negatively
regulates PI3K pathway by dephosphorylating phosphatidyl-inositol-triphosphate and pAkt,
and hence regulates apoptosis and cell-proliferation pathways. Downregulation of PTEN is
linked to smooth muscle cell (SMC) proliferation and vascular remodeling in animal models
of arterial restenosis,6–8 PH,6 and lung fibrosis.8,9 Recently, we have reported a significant
reduction in PTEN levels in the lung tissues of rats with PH induced by monocrotaline or
exposure to hypoxia.7 Reduction in PTEN inversely correlated with pAkt suggesting the
involvement of PTEN-mediated modulation of PI3K pathway in the progression of PH. A
link between PH and PTEN has been reported in a patient diagnosed with a mutation in
PTEN gene (Cowden syndrome).10 This case report speculated that the patient’s possible
disposition to developing PH was secondary to the loss of PTEN activity and function.
However, the precise role and involvement of PTEN in PH-associated vascular alterations in
the general population, especially in PH secondary to LHF has not been determined.

Peroxynitrite, a potent oxidant formed by the reaction of superoxide with NO, has been
shown to stimulate vascular SMC proliferation at low concentrations (<2 µmol/L) through a
mechanism involving peroxynitrite-mediated activation of ERK and PKC.11,12 Using
immunohistochemistry to localize nitrotyrosine, Bowers et al13 showed ubiquitous presence
of peroxynitrite in the lung tissue of patients with severe PH. This clinical observation along
with the in vitro results of Agbani et al12 on peroxynitrite-induced proliferation of SMCs
suggests a possible link between peroxynitrite (oxidant) and the pathogenesis of PH. Despite
numerous reports implicating the involvement of reactive oxygen species (ROS) in the
pathogenesis of myocardial infarction and heart failure, little is known about the
involvement of ROS in the progression of PH associated with heart failure. Hence, we
sought to determine whether LHF-PH is mediated by reactive oxidants, leading to a PTEN-
dependent vascular SMC proliferation in the lung. We hypothesized that peroxynitrite is a
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key mediator of SMC proliferation via PTEN signaling. We used an in vivo rat model of
LHF-PH induced by permanent ligation of the left anterior descending (LAD) coronary
artery. Human pulmonary artery SMCs (PASMC) were used to study the mechanism by
which peroxynitrite modulates PTEN and induces cell proliferation. Furthermore, we also
tested a novel therapeutic intervention using a unique compound HO-3867, with both
antiproliferative and antioxidant properties and known to upregulate PTEN.14,15 The results
showed the involvement of reactive oxidants including peroxynitrite and PTEN in the
development of LHF-PH and demonstrated a potential therapeutic approach for the
management of PH associated with LHF.

Materials and Methods
A more detailed Materials and Methods section is provided in the online-only Data
Supplement.

Reagents
HO-3867 was synthesized as reported.16

Experimental Animals
LHF was induced in male Sprague-Dawley rats (body weight: 225–250 g; Harlan
Laboratories, South Easton, MA) by permanent ligation of LAD coronary artery. All
procedures were performed with the approval of the Institutional Animal Care and Use
Committee of The Ohio State University and conformed to the Guide for Care and Use of
Laboratory Animals (National Institutes of Health publication 8th edition, 2011).

Treatment With HO-3867
HO-3867 was administered in the diet (100 ppm; Harlan-Teklad Laboratory Animal Diets,
South Easton, MA), beginning day 1 after LAD coronary artery ligation, and continued for
the entire treatment period of 4 weeks. The 100-ppm dose of HO-3867 was based on our
earlier studies that used oral administration of this compound in mice.17,18

In Vitro Studies
Human PASMCs were obtained from Lonza (Walkersville, CA).

Statistical Analysis
Data were expressed as mean±SD for all groups. Statistical analyses were performed using
unpaired Student t test for comparing 2 groups or 1-way ANOVA with Fisher LSD post hoc
test for comparing multiple groups. Differences between groups were considered significant
at P<0.05.

Results
LHF Promotes Pulmonary Vascular Remodeling and Downregulation of PTEN in the Lung

LHF was induced in rats by permanent occlusion of LAD coronary artery for 4 weeks.
Cardiac dysfunction and development of PH were confirmed by MRI, echocardiography,
and hemodynamic measurements (Figure S1 in the online-only Data Supplement).
Histopathology and immunohistochemistry were performed to confirm pulmonary vascular
remodeling and to identify the involvement of PTEN and other key downstream proteins in
the development of PH secondary to LHF. H&E, Masson trichrome, and elastin staining
showed the hallmarks of PH-mediated vascular remodeling including medial thickening,
luminal narrowing, perivascular fibrosis, muscularization of the peripheral small arteries,
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and vascular smooth muscle hyperplasia in the tunica media (Figure 1A). Staining for α-
smooth muscle actin, which is a specific marker for vascular SMCs, indicated capillary
vessel-wall (medial) thickening (Figure 1B). There was a significant reduction in the
peripheral distribution of pulmonary small arteries in the lungs of LHF rats (Figure 1C).
Immunohistochemical staining of lung tissues identified extensive loss of PTEN and
abundance of pAkt in the pericytes of the tunica intima in the LHF group (Figure 1D and
1E). Real-time polymerase chain reaction analysis of lung vascular cells isolated using laser-
capture microdissection (Figure 1F) showed a decrease in the expression of PTEN mRNA in
the lungs of LHF group (Figure 1G). Overall, histopathology confirmed the development of
vascular remodeling and downregulation of PTEN in the lungs of rats with LHF.

Peroxynitrite Induces Cell Proliferation and Downregulation of PTEN in PASMCs
Because PH is associated with abundant production of superoxide in the lung
parenchyma,17–19 as well as increased SMC proliferation, we hypothesized that
peroxynitrite production in the lungs of LHF-PH modulates the molecular pathways
associated with PASMC proliferation. PASMCs were treated with a single, bolus dose of 0.5
µmol/L or 1 µmol/L peroxynitrite. At 48 and 72 hours there was an increase in PASMC
proliferation and decreased expression of PTEN and pPTEN and an increase in Akt (total)
and pAkt (Ser473; Figure 2A and 2B). The involvement of PTEN in PASMC proliferation
was confirmed using PTEN small interfering RNA and PTEN cDNA transfection studies
(Figure 2C). We determined the effect of HO-3867 (Figure 2D), a potent antioxidant and
PTEN-stabilizing agent,15 on the peroxynitrite-induced proliferation of PASMCs. In cells,
HO-3867 undergoes a 1-electron reversible redox conversion to its nitroxide form in the
presence of oxidants, such as superoxide and peroxynitrite (Figure 2E). HO-3867 scavenges
peroxynitrite and becomes oxidized to nitroxide (Figure 2F), which is readily detectable by
electron paramagnetic resonance spectroscopy. The nitroxide metabolite, in turn, is capable
of scavenging superoxide anion radicals (SOD-mimetic).14 Addition of HO-3867 to
PASMCs in the presence of fetal bovine serum, significantly inhibited peroxynitrite-
mediated proliferation (Figure 2G). These results established that low levels of peroxynitrite
promote PASMC proliferation, via downregulation of PTEN. Furthermore, HO-3867 is
capable of scavenging peroxynitrite, and thereby inhibits the peroxynitrite-induced cell
proliferation.

HO-3867 Attenuates the Progression of LHF-PH
The effect of HO-3867 on LHF-PH was studied on separate groups (cf, Figure S1) of rats
subjected to LAD artery occlusion. Wet-weight measurements showed an increase of lung,
heart, and LV mass on LAD occlusion for 4 weeks (Figure S2). HO-3867 treatment
significantly blunted the increase in lung weight, but had no effect on heart or LV weight.
Echocardiography showed that HO-3867 treatment did not have any significant effect on the
LV dysfunction observed in the LHF group (Figure 3). However, hemodynamic
measurements showed a significant attenuation of right-ventricular systolic pressure and
mean pulmonary artery pressure elevation induced by LHF (Figure 4). HO-3867 did not
have any effect on LV systolic pressure. Taken together, the functional and hemodynamic
data indicated that although HO-3867 had no effect on LV function it attenuated the
progression of PH secondary to LHF.

LHF Generates Superoxide and Peroxynitrite in the Lung
DHE and nitrotyrosine-immunostaining images of lung tissue sections showed an increase in
superoxide and peroxynitrite production in the LHF group when compared with the control
(Figure 5). The intensity data showed a significant increase in the levels of both superoxide
and peroxynitrite in LHF group when compared with baseline (control) lungs. HO-3867
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almost completely abolished the elevation in superoxide and peroxynitrite levels in lung
tissues caused by LHF, further establishing the role of HO-3867 as an antioxidant.

HO-3867 Inhibits Pulmonary Vascular Remodeling by Restoration of PTEN Activity
We next determined the effect of HO-3867 on pulmonary vascular remodeling. H&E
staining of HO-3867-treated lungs showed a marked decrease in medial thickening and
luminal narrowing that was seen in the untreated LHF lungs (Figure 6A). The results
suggested the efficacy of HO-3867 in attenuating the pulmonary vascular remodeling.
Western blot analysis of excised whole lung tissues showed a significant decrease in the
activity of PTEN in the lungs of LHF rats when compared with control. HO-3867 treatment
almost completely restored both the total and active PTEN levels (Figure 6B). It should be
noted that the ratio of pPTEN/PTEN or pAkt/Akt did not change (data not shown) on
treatment suggesting that both the unphosphorylated and phosphorylated forms are similarly
affected. The results showed that loss of PTEN and upregulation of Akt in and treatment
with HO-3867 significantly restored PTEN levels and caused downregulation of Akt.

Discussion
PH, regardless of its cause, is a debilitating disease with no effective therapies. The results
of the current study provided 2 significant and important conclusions: (1) peroxynitrite and
peroxynitrite-mediated PTEN dysregulation seems to be key mediators of pulmonary
vascular remodeling; and (2) HO-3867, a curcumin analog with novel antioxidant/
antiproliferative properties, is effective in targeting the peroxynitrite/PTEN pathway for the
treatment of PH and associated vascular alterations.

PTEN has been previously implicated in the negative regulation of SMC proliferation
involved with vascular remodeling.15,19–21 PTEN was significantly downregulated in the
lung tissues of rats administered with monocrotaline or exposed to chronic hypoxia.7 In the
current study, immunohistochemical staining showed loss of PTEN expression in the lungs
of LHF-PH rats. Laser-capture microdissection and real-time polymerase chain reaction
results established that the PH-mediated alterations in PTEN were particularly localized to
the vascular SMCs of the small- and medium-sized arteries in the lung. Our results are in
agreement with a recent study by Nisbet et al22 which showed a significant reduction in the
expression of PTEN in the lungs of mice with PH induced by exposure to hypoxia. The
study further showed that treatment of mice with rosiglitazone, an activator of PPARγ,
could largely restore PTEN levels and attenuate PH suggesting the involvement of PTEN in
the progression of vascular remodeling. As a corroborative evidence for the role of PTEN,
immunohistochemical staining and protein data from our experiments further showed that
Akt, a downstream proliferative signaling protein of the PTEN antagonist PI3K, was
markedly activated in the lungs of LHF-PH rats. This relation between PTEN and Akt is
similar to that observed in our previous studies on the monocrotaline and hypoxia models of
PH.7

Oxidative stress, characterized by increased production of ROS, has been implicated as a
primary contributor to the pathogenesis of PH.23 Production of ROS has been reported in the
lung biopsy samples taken from patients with severe PH13 and in several rodent models of
PH induced by monocrotaline24–26 or hypoxia.22,27–29 The causal link between oxidative
stress and progression of PH has been established by many studies, which have shown that
antioxidant treatment prevented the induction of PH.25 The current study clearly
demonstrated the generation of oxidants in the lungs of heart failure rats. The involvement
of ROS is also evident from the fact that LHF rats fed with HO-3867, a scavenger of
superoxide and peroxynitrite, showed marked decrease in the oxidant levels in the lung.
Nisbet et al,22 using a mouse model of chronic hypoxia showed the generation of superoxide
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radicals via NADPH oxidase pathway. They further showed that activation of PPARγ by
rosiglitazone blunted superoxide radical generation by inhibiting the chronic hypoxia-
stimulated Nox4 expression in pulmonary vascular endothelial cells. Taken together, our
results and that of others indicate that antioxidant therapy, targeting either the inhibition or
scavenging of ROS in the lung vasculature could be beneficial for the treatment of PH.

Our in vitro results indicate that low doses of peroxynitrite induces proliferation of human
PASMCs. Agbani et al30 have demonstrated that bovine PASMCs stimulated intracellular
peroxynitrite formation on exposure to acute hypoxia. They have further shown that
peroxynitrite at concentrations <2 µmol/L was capable of stimulating cell proliferation in
pulmonary artery endothelial and SMCs.11,12 Our western blot data indicate that
peroxynitrite, at low concentrations, downregulates the expression and activity of PTEN and
that PTEN negatively regulates cell proliferation. These studies provide a direct link
between peroxynitrite and SMC proliferation involving the activation of PTEN. Although
our results and that of Delgado-Esteban et al31 indicate a correlation between peroxynitrite
and PTEN activity, the mechanism by which PTEN protein or its activity is degraded by
peroxynitrite is yet to be determined. However, it is reasonable to assume that a mechanism
similar to that reported32 for hydrogen peroxide-induced reversible inactivation of PTEN
could be responsible and operative in the peroxynitrite-PTEN pathway.

HO-3867 is a synthetic analog of curcumin, the principal component of the popular Indian
spice turmeric (the rhizome of Curcuma Longa). HO-3867 was designed, synthesized, and
characterized in our laboratories.16 It is a dual-acting molecule with targeted
antiproliferative and antioxidant capabilities.14 Its antiproliferative activity has been
evaluated using a number of cancer cell lines,14 murine xenograft tumors,17,33,34 serum-
stimulated SMCs,15 and balloon injury-mediated carotid artery restenosis in rats.15 The
compound, usually administered as a dietary supplement, is readily bio-absorbed and
retained in tissues for 24 hours.35 HO-3867 is capable of scavenging superoxide radicals
(SOD-mimetic), peroxyl radicals,14 and peroxynitrite (this work). Under normoxic
conditions, such as those occurring in normal (healthy) tissues, HO-3867 functions as an
antioxidant and protects cells from ROS-mediated oxidative damage. Most importantly, data
from our laboratory have indicated that HO-3867 is nontoxic to healthy tissues, including
heart.18 In the current study, we observed that HO-3867 treatment did not have any grossly
discernible effect on heart/LV weight or function. This observation is in contrast to the study
of Morimoto et al36 that showed curcumin to have a significant effect on improving cardiac
function in rats 7 weeks after MI. The observed difference on their cardioprotective effect
could be due to the structural modification or differences in dosing and post-MI duration.
However, HO-3867 significantly attenuated the elevation of pulmonary arterial pressure,
blunted oxidant levels in lung, and restored key signaling proteins involved in the control of
vascular remodeling. The causative role of superoxide in inducing hypoxia-mediated PH has
been previously determined by administering antioxidants or overexpressing superoxide-
scavenging enzymes such as extracellular superoxide dismutase.28,29

A recent study by Chen et al,37 using a mouse model of PH induced by transverse aortic
constriction, showed that lung fibrosis, leukocyte infiltration, and vascular remodeling, but
not lung edema, were mainly responsible for heart failure-induced PH. This report, as well
as those of other groups using different models of heart failure,38,39 highlighted the
importance of targeting pathways involved in lung remodeling for the treatment of PH
secondary to heart failure. In our study, we did not observe any significant increase in the
ratio of lung wet-weight to dry-weight (data not shown) suggesting that lung edema is not a
causative factor in the pathogenesis of PH. The substantial increase in vascular wall-
thickening and remodeling observed in the LHF group and their attenuation by HO-3867 in
our study seem to suggest that HO-3867 treatment targets the mechanisms related to
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vascular remodeling. Based on the existing knowledge and results of this study, we proposed
a mechanistic pathway involved in the progression of PH secondary to LHF.

To our knowledge, this is the first report of the involvement of oxidative stress in the lung in
the development and progression of PH secondary to heart failure. We have identified
peroxynitrite as a potential inducer of SMC proliferation by downregulation of PTEN and
hence may play a causative role in vascular remodeling associated with the progression of
PH. This unique pathway is shown to be a potential target for HO-3867, which seems to
play multiple roles in attenuating oxidative stress and inhibiting vascular remodeling in
LHF-PH. Although the exact mechanism of the effect of HO-3867 on PH is yet to be
elucidated, our data indicate the importance of blunting ROS generation in the lung to
inhibit this progressive disorder. Nevertheless, the current study has identified a potential
therapeutic approach targeting multiple mechanisms in a preclinical model of PH associated
with LHF.

Perspectives
Despite numerous medical and surgical therapeutic options for the management of heart
failure, treatments for PH that occurs secondary to heart failure are limited. The primary PH,
such as pulmonary arterial hypertension, has been the focus of a large number of
investigations leading to drug discovery and clinical trials, the secondary PH due to heart
failure has received little attention. At present, there is limited rationale or hope that the
same therapeutic options will be effective for treating heart failure patients with PH. Our
study clearly implicates the involvement of oxidative stress in the progression of PH
secondary to LHF. We show the generation of peroxynitrite, a potent oxidant, in the lungs of
heart failure rats. We further demonstrate downregulation of PTEN in the pulmonary arteries
resulting in vascular remodeling and vasoconstriction. The findings will enable us in
developing targeted therapies for the management of PH. We have also identified a unique
multifunctional compound, HO-3867, which attenuates the progression of PH by targeting
the antioxidant and antiproliferative pathways. Our future work will explore the specific
mechanism of action of HO-3867 in preventing the development of PH and also study the
effect of HO-3867 in improving the survival of rats with preexisting PH in comparison with
drugs currently used in the management of PH.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What Is New?

• The study establishes, for the first time, that oxidative stress, particularly
peroxynitrite, mediates vascular remodeling by downregulation of PTEN in
pulmonary hypertension associated with left-heart failure.

• We further report that, a novel compound, HO-3867, with multifunctional
activity including antioxidant and antiproliferative properties attenuates the
progression of PH secondary to left-heart failure.

What Is Relevant?

• PH is a debilitating disease and involves the interactions of numerous molecular
pathways in the development and progression of the disease.

• PH is associated with significant mortality and morbidity as the elevated
pulmonary arterial pressure further complicates the management of congestive
heart failure.

• There is no known therapy to treat PH.

Summary

We conclude that peroxynitrite-mediated downregulation of PTEN induces lung
microvascular remodeling in PH secondary to LHF and HO-3867 limits the progression
of PH.
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Figure 1.
Left-heart failure leads to pulmonary vascular remodeling and loss of phosphatase-and-
tensin homolog on chromosome 10 (PTEN). Histopathology, immunohistochemical
analysis, and laser-capture microdissection (LCM) were performed on lung tissues collected
from rats 4 weeks after left anterior descending coronary artery ligation. A, Representative
images of H&E, Masson trichrome and elastin staining of lung sections show extensive
muscularization of the capillary vessel walls in the left-heart failure (LHF) group indicative
of vascular remodeling. B, α-smooth muscle actin (α-SMA)-staining indicates capillary
vessel-wall thickening in the lung. C, Blood-vessel count shows a decrease in the capillaries
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in the lungs of LHF rats when compared with control group (mean±SD; n=3 lungs, with 3
slides/lung). D, Representative immunohistochemical staining images (×20 and zoomed
view) of the lung show decreased PTEN (D) and increased pAkt expression (E) in the vessel
walls of the LHF group. F, Images show the contour of vascular tissue region extracted by
LCM for analysis. G, Real-time PCR analysis of the samples collected by LCM show a
significant decrease in PTEN expression in the LHF group when compared with control
group (mean±SD; n=3 lungs). *P<0.05. These results demonstrate the substantial
remodeling of the pulmonary vasculature and loss of PTEN expression after left-heart
failure. IHC indicates.
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Figure 2.
Effect of peroxynitrite, phosphatase-and-tensin homolog on chromosome 10 (PTEN), and
HO-3867 on human pulmonary artery smooth muscle cell (PASMC) proliferation. In vitro
studies were conducted using human PASMCs. A, Effect of peroxynitrite on the
proliferation of PASMCs. The data show peroxynitrite induces proliferation at lower
concentrations (0.5 and 1.0 µmol/L) and seems to be cytotoxic at higher (10 µmol/L)
concentration. B, Western blot images show a decrease in the expression of PTEN and
pPTEN with a concomitant increase in Akt and pAkt in PASMCs exposed to peroxynitrite.
C, Cell-proliferation assay (mean±SD; n=3) of PASMCs transfected with PTEN small
interfering RNA (siRNA) or PTEN cDNA indicates the involvement of PTEN in
proliferation *P<0.05. D, Molecular structure of HO-3867. E, Redox conversion between
the hydroxylamine and nitroxide forms of HO-3867 induced by oxidants. F, Peroxynitrite-
induced oxidation of HO-3867 to nitroxide using a single, bolus dose of preformed
peroxynitrite solution (100 µmol/L) or SIN-1 (100 µmol/L), a peroxynitrite-releasing agent.
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Data represent mean±SD (n=4). G, HO-3867 inhibits peroxynitrite-induced proliferation of
PASMCs stimulated by fetal bovine serum (FBS; mean±SD; n=3; *P<0.05). The results
show that HO-3867 is capable of scavenging peroxynitrite and inhibiting peroxynitrite-
induced smooth muscle cell proliferation.

Ravi et al. Page 15

Hypertension. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Effect of HO-3867 on cardiac function. Left-heart failure (LHF) was induced in rats by
permanent ligation of left anterior descending coronary artery for 4 weeks. HO-3867 was
administered in the feed throughout this period. Echocardiography measurements were
performed at the end of 4 weeks postligation. A, Echocardiography results of left-ventricular
(LV) ejection fraction, (B) LV fractional shortening, (C) LV end-systolic volume (LV-
ESV), and (D) LV end-diastolic volume (LV-EDV; mean±SD; 8 animals/group). *P<0.05.
The results show no significant beneficial effect of HO-3867 on left-heart failure.
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Figure 4.
HO-3867 attenuates left-heart failure (LHF)-induced increase in pulmonary artery pressure.
LHF was induced in rats by permanent ligation of left anterior descending coronary artery
for 4 weeks. HO-3867 was administered in the feed throughout the period. Hemodynamic
(pressure) measurements were performed at the end of 4 weeks postligation. A,
Representative tracings of the pulmonary artery pressure (PAP). B, Left-ventricular systolic
pressure (LVSP). C, Right-ventricular systolic pressure (RVSP). D, Mean pulmonary
arterial pressure (mPAP). Data represent mean±SD; n=6 animals/group. *P<0.05. The
results show HO-3867 significantly attenuates the increase in mPAP observed in the LHF
group.
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Figure 5.
Left-heart failure (LHF) induces oxidant production in the lung. LHF was induced in rats by
permanent ligation of the left anterior descending coronary artery. HO-3867 was
administered in the feed throughout the period. Lung tissues, collected at the end of 4 weeks
of ligation, were stained for the determination of oxidant (superoxide) and nitrotyrosine (as
surrogate of peroxynitrite). A, Representative images of dihydroethidium staining show a
higher level of superoxide production in the lungs of LHF group when compared with the
control and HO-3867 groups. B, Representative immunostaining images of nitrotyrosine
along with nuclear staining by DAPI show the peroxynitrite levels in the different groups. C,
Quantitative analysis of dihydroethidium staining shows a significant increase in superoxide
production in the LHF group which is largely attenuated by HO-3867 treatment (mean±SD;
n=3 rats with 3 slides/rat). D, Quantitative analysis of the nitrotyrosine images show an
increased level of peroxynitrite in the LHF group that is significantly attenuated on
HO-3867 (mean±SD; n=3 rats with 3 slides/rat). *P<0.05. The results indicate a substantial
production of oxidants in the lungs of the LHF group.
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Figure 6.
HO-3867 inhibits vascular remodeling by restoration of phosphatase-and-tensin homolog on
chromosome 10 (PTEN) activity in left-heart failure (LHF)-mediated pulmonary
hypertension (PH). A, Representative images of H&E staining of lung sections show
extensive muscularization of the capillary vessel walls in the LHF group indicative of
vascular remodeling in comparison with the control group. The images also show a decrease
in vascular remodeling on treatment with HO-3867. The results demonstrate the ability of
HO-3867 in decreasing the luminal narrowing and vascular smooth muscle cell hyperplasia
associated with LHF-PH. B, Western blot assays were performed on lung tissues collected
after 4 weeks of left anterior descending artery ligation. Representative Western blot images
and densitometric analysis of total and phosphorylated form of PTEN and Akt, normalized
with respect to loading control (Actin), are shown. The data represent mean±SD; n=5;
*P<0.05 versus Control; #P<0.05 versus LHF. The results show a significant
downregulation of antiproliferative signaling molecule pPTEN and upregulation of
prosurvival protein pAkt in the LHF group which is mitigated by HO-3867.
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Figure 7.
Illustration of the mechanisms involved in the pathogenesis and progression of pulmonary
hypertension (PH) secondary to left-heart failure. Chronic elevation of pulmonary artery
pressure, due to after-load pressure from failing left-ventricle, results in oxidative stress and
production of reactive oxidants in the lung microvasculature. The oxidants then trigger a
cascade of molecular events involving phosphatase-and-tensin homolog on chromosome 10
(PTEN) and leading to smooth muscle cell (SMC) proliferation, vascular remodeling,
vasoconstriction, and PH progression, eventually causing RV failure. HO-3867 inhibits the
proliferation of LHF-PH at multiple levels (1) scavenging of reactive oxidants, (2) restoring
PTEN activity, (3) inhibiting SMC proliferation.
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