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Antagonism of the thromboxane-prostanoid receptor is
cardioprotective against right ventricular pressure overload
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Abstract: Right ventricular (RV) failure is the primary cause of death in pulmonary arterial hypertension (PAH) and is a significant cause
of morbidity and mortality in other forms of pulmonary hypertension. There are no approved therapies directed at preserving RV
function. F-series and E-series isoprostanes are increased in heart failure and PAH, correlate to the severity of disease, and can signal
through the thromboxane-prostanoid (TP) receptor, with effects from vasoconstriction to fibrosis. The goal of these studies was to
determine whether blockade of the TP receptor with the antagonist CPI211 was beneficial therapeutically in PAH-induced RV dysfunc-
tion. Mice with RV dysfunction due to pressure overload by pulmonary artery banding (PAB) were given vehicle or CPI211. Two weeks
after PAB, CPI211-treated mice were protected from fibrosis with pressure overload. Gene expression arrays and immunoblotting,
quantitative histology and morphometry, and flow cytometric analysis were used to determine the mechanism of CPI211 protection. TP
receptor inhibition caused a near normalization of fibrotic area, prevented cellular hypertrophy while allowing increased RV mass,
increased expression of antifibrotic thrombospondin-4, and blocked induction of the profibrotic transforming growth factor £ (TGF-f)
pathway. A thromboxane synthase inhibitor or low-dose aspirin failed to replicate these results, which suggests that a ligand other than
thromboxane mediates fibrosis through the TP receptor after pressure overload. This study suggests that TP receptor antagonism may
improve RV adaptation in situations of pressure overload by decreasing fibrosis and TGF-§ signaling.
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INTRODUCTION

Right ventricular (RV) failure is the primary cause of death in
pulmonary arterial hypertension (PAH) and is a source of significant
morbidity and mortality in other forms of pulmonary hypertension.
Loss of RV function can progress despite treatments decreasing pul-
monary arterial pressure.' The RV ability to adapt to chronic pres-
sure overload often determines clinical outcome; however, there
are no specific treatments to aid RV adaptation.” Adaptive ventric-
ular hypertrophy with increased protein synthesis sustains func-
tion, whereas fibrosis and cardiomyocyte hypertrophy can cause
arrhythmias and contractile dysfunction. This dysfunction can prog-
ress to RV dilatation and failure.” Consequently, treatment strate-
gies promoting adaptation in the face of chronic load stress could
preserve cardiac function and improve outcomes.”

The development of cellular hypertrophy and myocardial fibro-
sis that occurs with chronic pressure overload is also associated
with increased oxidative stress and lipid peroxidation.” The 15-F,
isoprostane (8-isoPGF,,, or 8-isoF) is a common biomarker for
oxidative stress.’ Its levels increase with ventricular dilatation and
correlate with the severity of heart failure.”® In addition to being a

biomarker, it is suggested that 8-isoF and other isoprostanes can
play a direct role in cardiomyopathy. F-series and E-series isoprostanes
are known to signal through the G protein-coupled thromboxane-
prostanoid (TP) receptor, with effects ranging from vasoconstriction
to fibrosis.”'! The cyclooxygenase products of cyclic endoperoxide
and thromboxane A, (TxA,) are also ligands of the TP receptor, and
TP receptor activation contributes to cardiac hypertrophy in mod-

1213 and decreases cardiac function in

els of chronic hypertension
Gh-overexpressing mice.'* The TP receptor is found not only in
platelets and vessels but also in mouse and rat ventricular cardio-
myocytes' and the human RV, where receptor density is increased
in patients with PAH.'® This G protein-coupled receptor can sig-
nal through Gq/11 or Ggiz/13 subunits, and so receptor activation
can result in increased intracellular calcium; in cardiomyocytes, this
may contribute to arrhythmia.'” Given the predominantly delete-
rious consequences of TP receptor activation in conditions of car-
diac stress and the production of isoprostanes associated with car-
diomyopathy, we examined the effects of TP receptor antagonism
in a pulmonary artery banding (PAB) model of RV pressure over-
load.
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MATERIAL AND METHODS

Animal protocols

This study was performed in accordance with the National Insti-
tutes of Health’s Public Health Service Policy of Humane Care
and Use of Laboratory Animals and the Animal Welfare Act. All
protocols were approved by the Vanderbilt University Institutional
Animal Care and Use Committee (IACUC protocol M/13/030).
Animals were housed with a 12L: 12D cycle and with ad libitum
access to food and water. Experiments were performed using ap-
propriate anesthetics and analgesics, and every effort was made to
minimize animal pain and distress.

PAB model

Equal numbers of male and female age-matched (approximately
4 months old) FVB/NJ mice, obtained by in-house breeding, were
used for PAB. Except for gene expression analysis, all data presented
consist of a sex-mixed group. PAB was performed as described else-
where.!® Briefly, mice were anesthetized with 3% isoflurane and oro-
tracheally intubated. A sternal incision was made, the pericardium
was removed, and a tantalum clip (Weck, Research Triangle Park,
NC) was placed around the pulmonary artery for mechanical vaso-
constriction. Sham-operated animals underwent the same procedure
without placement of a banding clip. Animals were then sutured closed
and allowed to recover from anesthesia. Mice received 7.5 mg/kg
of carprofen subcutaneously as postoperative analgesia.

The day after surgery, surviving mice were randomized to re-
ceive either 25 mg/kg/day CPI211 (ifetroban; Cumberland Phar-
maceuticals, Nashville, TN) in drinking water or normal drinking
water (vehicle) for 2 weeks before hemodynamic evaluation. In a
follow-up experiment, 10 mg/kg/day of veterinary aspirin (QC Sup-
ply, Schuyler, NE) with 70% ethanol vehicle was given to PAB or
sham-operated mice, or 50 mg/kg/day ozagrel HCI hydrate (Combi-
Blocks, San Diego, CA) was given to PAB mice, and several mice were
alternatively treated with ethanol vehicle or CPI211 as negative or
positive controls. Final concentration of ethanol in drinking water was
approximately 0.04%. All drugs were pretested for palatability to en-
sure normal consumption of drinking water. Mice were weighed and
water was changed once a week.

To visualize monocytes, LysM-GFP mice were obtained by cross-
breeding LysM-Cre x mTomato/GFP reporter mice B6.129P2-
Lyz2tm1(cre)Ifo/] (a gift from Tim Blackwell) x Gt(ROSA)26Sortm4
(ACTB-tdTomato,-EGFP)Luo (JAX stock #007676). Age- and sex-
matched C57Bl/6 mice, obtained by in-house breeding, were used to
match the LysM-GFP background.

Echocardiography

One day before sacrifice, 2-dimensional echocardiography (Vivo
770 High-Resolution Image System, VisualSonics, Toronto, Can-
ada) was performed as described elsewhere,'”” while mice were
anesthetized with 3% isoflurane. The following RV-specific pa-
rameters were reliably attained in mice from this setup: area of
pulmonary artery, pulmonary artery velocity time integral and ac-
celeration time, and stroke volume with resulting cardiac output
and index.
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Hemodynamics

Open-chested catheterization of the pulmonary artery was performed
in PAB mice as described elsewhere.'® Briefly, mice were anesthe-
tized with 5% isoflurane and orotracheally intubated. During cath-
eterization, animals were mechanically ventilated under 2% iso-
flurane. A 1.4F Mikro-tip catheter (Millar Instruments, Houston,
TX) was introduced into the surgically exposed heart of an anes-
thetized mouse, and hemodynamic data were acquired at 1,000 Hz
and continuously recorded with a Millar MPVS-300 unit coupled
to a Powerlab 8-SP analog-to-digital converter (AD Instruments, Col-
orado Springs, CO).

Histology

Human RV tissue was obtained under consent via the Pulmonary
Hypertension Breakthrough Initiative (PHBI) or autopsy patients
from Vanderbilt University, according to the Second International
Helsinki Declaration. Collection and storage of paraffin-mounted
samples were approved by the Vanderbilt University Institutional
Review Board (protocol 9401). Human RV was stained with anti-
body raised against the C-terminal of the human TP receptor alpha
(Cayman Chemical #10004452). For mice, whole hearts or RVs were
flash-frozen alone or in embedding media before sectioning. Samples
were typically sliced at the midpoint before sectioning; thus, RV
slices used for histology tended to be from the mid-RV. Slices (5 um)
were mounted on glass slides for direct visualization of fluores-
cence or stained with Masson’s trichrome. All scale bars shown are
25 microns. Fibrosis and myocyte diameter were assessed by blind
reading as described elsewhere'® using Nikon NIS Elements soft-
ware. Myocyte diameters were determined from 4-6 fields per sam-
ple, 25 cells per field at x20. All PAB mice with RV systolic pres-
sure (RVSP) > 30 mmHg were analyzed by histology for fibrosis
when possible; any differences in # between hemodynamic data and
histological data reflect tissue availability or quality (for cross-sectional
analysis only). Fluorescently labeled tissue was visualized using con-
focal imaging on a Nikon Eclipse Ti outfitted with a Nikon DS-Fil
camera.

Gene expression arrays
Gene expression array experiments were designed using a 2 x 2 x 2
design: (sham/PAB) x (vehicle/CPI211) x (male/female), for a total
of 8 arrays. Each array consisted of RNA from the RV of a pool of
3 mice, and only mice with RVSP > 30 were used for the PAB
groups. After RNA quality assurance, expression analysis was per-
formed using Mouse Genome 2.0 Affymetrix (Foster City, CA) ex-
pression arrays, and data were analyzed as described elsewhere.*’
Raw data were normalized using the Affymetrix RMA protocol. Of
the original 41,345 probe sets, 12,179 remained after removing sets
with universal low expression (<7.0) and low variability (log, var-
iation between maximum and minimum across all samples <0.2). A
total of 9,529 probe sets remained after further limiting data to probe
sets with accession data.

Principal components analysis was performed on this set of 9,529
probe sets using JMP 11 (SAS Institute, Cary, NC). Gene expression
differences between groups were ranked by starting from the log-



based group differences and subtracting twice the standard devia-
tion in probe set expression within groups, summed by root mean
square. Ranking was thus a hybrid of fold change and statistical sig-
nificance, effectively the 95% confidence level minimum fold change.
Heat maps were generated within JMP 11. Gene ontology analyses
were performed using Webgestalt (Vanderbilt University).

Immunoblotting

Western blotting was performed as described elsewhere.?’ PVDF
membranes were used for transfer, and antibodies used include
anti-phosphoSMAD2/3 (1 : 1,000; Cell Signaling, Danvers, MA), anti-
TSP-4 (1 ug/mL; R&D Systems, Minneapolis, MN), anti-HSP-70
(1:1,000; Enzo Life Sciences, Farmingdale, NY), anti-TP receptor
(Cayman Chemical, Ann Arbor, MI), anti-a- and f-MHC (1 : 4,000
and 1:2,000; Proteintech, Chicago, IL), and anti-PAI-1 (1 :1,000;
Abcam, Cambridge, MA). All antibodies to phosphorylated pro-
teins were diluted in 5% BSA/TBST, and the rest were diluted in
2% milk/TBST.

Flow cytometry

C57Bl/6 mice or mice expressing eGFP under the LysozymeM pro-
moter, derived as described above, were banded and treated as above
for 2 weeks. Right hearts were dissected and prepared for flow cytom-
etry as described in Chow et al,** using a BD Fortessa for analysis
(BD Biosciences, San Jose, California). Cells from C57Bl/6 mice were
stained with antibodies to detect CD45" cells as described elsewhere.”®
Fluorescence minus one (FMO) controls were used to set gates. GFP™
and CD45" cells from LysozymeM-eGFP mice were analyzed by flow
cytometry using GFP-positive LV or hearts from genotyped GFP-
negative littermates as FMO controls. The compensation controls
were established as cells only, cells plus DAPI, cells plus APC-CD45
antibody, and cells plus PerCP or FITC or PE antibody. Alterna-
tively, comp beads were used. The gating strategy included FSC/
SSC, DAPI+Terl19 to exclude dead and red blood cells, followed
by gating on the CD45" population. For LysM-eGFP mice, the GFP*
population was gated to the FMO generated by wild-type RV. Anti-
bodies used were CD45-APC-780 (emits 750), F4/80-PE-Cy7, CD11b-
APC-660, CD14-APC, CD86-FITC, CD206-PE, and also Ter119-
450 in the PAC Blue dump gate. All were from eBioscience (San
Diego, CA), with the exception of CD206-PE (Biolegend, San Diego,
CA). Gating strategies are shown in Supplemental Figure 2 (Supple-
mental Figs. 1-3 available online).

Statistics

Values are expressed as mean + SEM, and sample size is given for
each figure. Two-way analysis of variance (ANOVA) or 1-way ANOVA
followed by the Sidak post test was performed on Prism (GraphPad,
San Diego, CA) to determine statistical significance.

RESULTS

Differential expression of TP receptor

in patients with PAH

As rationale for a role for TP receptor signaling in pulmonary hyper-
tension, we examined RV taken from human patients with PAH and
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healthy control subjects for the TP receptor by immunohistochemis-
try, because earlier studies in PAH heart were confined to radioligand
binding.'® Stained with an antibody raised against the C-terminus
of the TPa isoform, cardiomyocytes of patients with PAH robustly
expressed the TP receptor throughout the cell surface, whereas ex-
pression in normal RV was primarily perinuclear (Fig. 1A-1D). This
intracellular pool probably indicates unglycosylated immature re-
ceptor.** Interestingly, tissue from a former patient with PAH who
had undergone lung transplantation 13 years earlier contained both
an intracellular pool and light cell surface expression (Fig. 1E); thus,
receptor expression may revert after RV load stress is reduced.

Increased ventricular efficiency in

PAB mice receiving CPI211

Mice underwent PAB or sham surgery and were treated for 2 weeks
with vehicle or CPI211 (competitive antagonist of TPa/TPS*®) in
the drinking water. The dose of CPI211 was chosen on the basis
of doses previously used in rodent models.***” RVSP was elevated
in PAB mice (Fig. 2A), indicating successful mechanical vasocon-
striction. An RVSP of 30 mmHg was used to define successful PAB
surgery, and only samples from mice at or above this threshold were
used for additional analysis of PAB groups. At 2 weeks after band-
ing, there was no significant change in cardiac output, and total RV
mass similarly increased in vehicle- and CPI211-treated PAB groups
(Fig. 2B, 2C). However, by echocardiography, the E/A wave ratio was
increased in mice given TP receptor antagonist (Fig. 2D). Although
this measurement can be confounded by loading conditions, it sug-
gests increased filling efficiency. A low 1/10 dose of CPI211, 3 mg/kg,
did not have any significant effect on E/A wave ratio in PAB mice
(3.29 £ 0.95 for PAB-3 mg/kg vs. 2.68 & 0.45 for sham-vehicle and
3.99 £ 0.90 for PAB-25 mg/kg). A full table of all echocardiography
parameters is available online in the data supplement.

Decreased cardiac fibrosis with TP

receptor antagonism

PAB mice developed significant RV fibrosis by 2 weeks, which was
almost completely abolished with TP receptor antagonism (Fig. 34,
3B). The 3 mg/kg dose of CPI211 was ineffective in preventing fi-
brosis with a mean (+SEM) fibrotic area of 16.4% =+ 2.2% compared
with PAB vehicle control (15.6% =+ 1.8%). Thus, from this point for-
ward, all experiments were confined to the 25 mg/kg/day dose of
CPI211. A “low dose™®® of aspirin (10 mg/kg/day), chosen to avoid
anti-inflammatory or salicylate-mediated effects, or a 50 mg/kg/day
dose of ozagrel, a thromboxane A2 synthase inhibitor, failed to pre-
vent fibrosis in this model (Fig. 34, 3B), suggesting that thrombox-
ane A2 is not the ligand mediating fibrosis. Neither ozagrel nor as-
pirin changed the E/A wave ratio in PAB mice (data not shown).

Changes in RV gene expression in

CPI211-treated PAB mice

To delineate the mechanism through which antagonism of the TP
receptor reduced fibrosis and protected RV contractility, we per-
formed gene expression arrays on sets of pooled RV from mice with
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Figure 1. Distribution of thromboxane-prostanoid (TP) receptor in the right ventricles (RVs) of healthy patients and patients with
pulmonary arterial hypertension (PAH). By immunohistochemistry, RV taken from patients with idiopathic (A) or hereditary (B) PAH
expressed the TPa receptor (in brown) at the cell membrane, whereas internalized pools of receptor were seen in healthy control subjects
(C, D; arrowheads). E, RV from a patient with PAH who had undergone curative lung transplant 13 years earlier containing expression
features associated with both PAH and healthy control subjects. Scale bars in all photographs are 25 microns.
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Figure 2. Hemodynamic characteristics in pulmonary artery band-
ing (PAB) mice. In each figure, each circle represents data from one
mouse; dark bars represent mean values with standard error of the
mean. A, PAB induced an increase in right ventricular systolic pres-
sure (RVSP) from ~22 to ~40 mmHg (2 asterisks: P < 0.01 from
sham by 2-way ANOVA followed by Sidek post test). B, Cardiac
output by echocardiography was not reduced in PAB mice after
2 weeks. C, Ratio of right ventricular weight to left ventricle and
septum weight increases in PAB mice (2 asterisks: P < 0.01 from
sham by 2-way ANOVA followed by Sidek post test); this increase
is not blocked by CPI211. D, Tricuspid E/A wave ratio, a measure of
diastolic function, is improved by CPI211 (asterisk: P < 0.05 from
PAB vehicle by 2-way ANOVA followed by Sidek post test) but
only in PAB mice. Sham # = 5 and PAB n = 10 (A); after remov-
ing mice where PAB was not successful (RVSP < 30 mmHg), PAB
vehicle # = 9 and PAB CPI211 n = 8 (B-D).

sham or PAB surgery, with and without drug treatment. By principal
components analysis, we found a strong effect of banding (X-axis in
Fig. 4A) and an effect of CPI211 only in mice that had undergone
PAB. CPI211 did not significantly change gene expression in mice
with only sham surgeries (Y-axis in Fig. 44). In PAB mice, CPI211
treatment enhanced transcription of some genes, whereas the effect
of banding on other genes was blocked with TP receptor antago-
nism (Fig. 4B). In particular, CPI211 treatment changed gene ex-
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pression associated with adhesion, collagen organization, extracellular
structure, and developmental processes (Fig. 4C). We explore func-
tional correlates of these findings through the rest of this study.

Decreased cellular hypertrophy in CPI1211-treated

PAB mice

PAB mice receiving TP receptor antagonist increased expression of
genes associated with myogenic differentiation®**° compared with
banded controls (Fig. 5A). Although RV weight increased similarly
in vehicle-treated and CPI211-treated PAB mice (Fig. 1C), the in-
crease in cardiomyocyte diameter normally associated with PAB was
blocked with CPI211 treatment (Fig. 5B, 5C). Aspirin- or ozagrel-
treated mice had cardiomyocyte diameters similar to those of
vehicle-treated mice (Fig. 5B, 5C). Interestingly, CP1211 treatment of
PAB mice caused an induction of f-myosin heavy chain (f-MHC)
protein with no change in a-MHC expression (Fig. 5D). In an aortic
banding model of pressure overload, this induction is associated with
decreased individual hypertrophy in f-MHC-expressing cells.**?
The induction of f-MHC after TP receptor antagonism was not due to
increased animal age, as the mean (SEM) ages of vehicle-treated
and CPI211-treated PAB mice were 131.5 £ 4.8 and 131.6 4.2

days, respectively.

Decreased TGF-B signaling and enhanced TSP-4

We examined the effect of thromboxane receptor antagonism on
known fibrotic and antifibrotic signaling pathways. Mice receiving
the TP receptor antagonist had a —2.4-fold decrease in phospho-
SMAD?2/3 associated with PAB, compared with vehicle-treated mice
(Fig. 6A). Accordingly, we saw, by microarray, a reduced expression
of genes associated with fibrosis, with increased expression of anti-
fibrotic genes (Fig. 6B). CPI211-treated H9C2 cardiomyocytes given
exogenous TGF-f in culture did not change PAI-1 expression or
promoter activity compared with vehicle-treated cells (see Supple-
mental Fig. 3), indicating no direct blockade of TGF-§ signaling from
its receptor and suggesting that the in vivo block of TGF-f occurs
upstream of ligand binding. Opposing the profibrotic TGF-§, pres-
sure overload induces antifibrotic thrombospondin-4 (Thbs4; TSP-4)
messenger RNA (mRNA).** CPI211 treatment enhances Thbs4 mRNA
expression in PAB RV only (Fig. 6B), which translates to TSP-4 pro-
tein increased 18-fold in CPI211-treated banded mice (Fig. 6C). While
localization of TSP-4 was confined to fibrotic patches in vehicle-
treated RV, PAB mice receiving CPI211 demonstrated increased car-
diomyocyte expression of TSP-4 (Fig. 6D).

Cardiac monocytes in PAB mice

CPI211 treatment after PAB decreased RV expression of Cdl4, a
marker for mature macrophages, as well as Tlr8 and other proin-
flammatory genes by expression array (Fig. 7A). TP receptors are
also expressed on monocytes,” and blockade of these receptors may
have immune-specific effects. To determine whether the decrease in
fibrosis seen with TP receptor inhibition was due to decreased mac-
rophage infiltration or proliferation in the RV, we performed PAB
on LysM-Cre mice expressing eGFP under the LysozymeM pro-
moter, where all cells of monocyte lineage are labeled with GFP,
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Figure 3. CPI211 prevents cardiac fibrosis following pressure overload. A, Two weeks after pulmonary artery banding (PAB), fibrosis is
evident in histologic sections of frozen right ventricle (RV) stained with Masson trichrome. This effect is blocked by CPI211 but not by
aspirin (ASA) or the thromboxane synthetase inhibitor ozagrel (oza). B, Quantification of fibrotic area. Each symbol indicates one animal,
with bars for the mean. Two asterisks: P < 0.01 from sham or P < 0.01 from vehicle PAB where indicated by 1-way ANOVA followed
by Sidek post test. CPI211-treated PAB RV was not significantly different from either CPI211-treated or vehicle-treated control. Data are
compiled from 3 separate experiments. Sham #n = 4 (n = 3 for ASA sham); PAB n =5 for ASA and oza, PAB n = 7 for vehicle (veh)
and CPI211. Groups consist of an even mix of male and female animals; no sex-specific difference in fibrosis was seen at 2 weeks

(P = 0.6627 by unpaired ¢ test). Scale bars are 25 microns.

even if they have later differentiated. While the majority of mono-
cytes located to the left heart or septum (Stadtfield et al.”% see Sup-
plemental Fig. 1), PAB appeared to increase the number of RV
monocytes in vehicle-treated and aspirin-treated mice (Fig. 7B). Flow
cytometry of RV taken from wild-type mice revealed no significant
changes with banding in any macrophage population examined, with
a nonsignificant trend toward an increased percentage of CD45" cells
in vehicle-treated, but not CPI211-treated, PAB mice compared
with sham-operated controls (sham-vehicle: 5.5% =+ 0.20%; sham-
CPI211: 5.4% + 0.37%; PAB-vehicle: 5.8% 4 0.55%; and PAB-
CPI211: 5.3% =+ 0.94%; see Supplemental Table 2 for full table;
Supplemental Tables 1, 2 available online). This mismatch to the LysM-

Cre mice suggests that the cells may lose their circulating differentia-
tion markers upon lodging in the heart. To further examine this, we
analyzed GFP" and CD45" RV cells from PAB or sham-operated
LysM-Cre mice by flow cytometry. Similar to our previous experi-
ments, the CD45" population was not quite significantly increased
after PAB (P = 0.0579 for surgery; Fig. 7C), and the increase in GFP*
cells in vehicle-treated PAB mice was also nonsignificant (P = 0.1274
for interaction; Fig. 7C). There was no change in the percentage of
CD45" cells that were of monocyte lineage. However, mice that un-
derwent PAB lost CD45 expression in a population of GFP* mono-
cyte lineage cells, indicating differentiation of these cells; this dif-
ferentiation was blocked with CPI211 treatment (P = 0.0155; Fig. 7C,
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C, Gene ontology group analysis of the top 200 genes impacted by CPI211 treatment in banding. Angular width corresponds to number of
genes altered with CPI211 treatment compared with vehicle-treated PAB mice; radius corresponds to —log, (statistical significance, so longer
is more significant).



>

=]
1

[v0)

N
g

§
8 | g =
(7]
2 R - W £ wx
S o © o 0
3 = i 'l o v
£ 2-. .............................. § ....... §§ Og 0 Y5v
() >S= A o
g g g . I:'|:|:| A D o v
S 14 [ YR S ............... g .............................. 8 ....... -§ 151 mg 4a .YV
k] 8 L] A —
£ [ °
>
Meox! Myh7 Nkd2 Nmrk2 Tnc ST T
veh CPI211 ASA veh CPI211 ASA oza
O sham-veh O PAB-veh
@ sham-CPI211 @ PAB-CPI211 sham PAB

vehicle piri ozagrel

D Sham Sham PAB PAB

veh CPI211 veh  CPI211
220kD—. ‘o - - — o-MHC

220 kD— J R-MHC

s s — — —— — — — — — . q— HSP-70

Figure 5. Adaptive remodeling (A) gene expression arrays showed CPI211-induced genes associated with adaptive remodeling but only in
the context of pressure overload. Each point represents the mean of the male and female pools of RNA from 3 right ventricles (RVs)
each, normalized to sham-operated control; error bars show standard error of the mean. Meoxl: mesenchyme homeobox 1; Myh7:
myosin heavy chain-7; Nkd2: naked cuticle 2; Nmrk2: nicotinamide riboside kinase 2; Tnc: tenascin C. B, Cardiomyocyte size increases in
mice with pulmonary arterial banding (PAB). This effect is blocked by CPI211 but not by aspirin (ASA) or ozagrel (oza). Each symbol
indicates the mean diameter of 25 cells/field, 4 separate fields/mouse, taken from one mouse by a blinded observer. Sham n = 3; PAB
n = 4-7 as shown; data are compiled from 3 separate experiments. Two asterisks represent P < 0.01 and 3 asterisks represent P < 0.001
from sham, and 2 asterisks represent P < 0.01 from vehicle (veh) PAB where indicated by 1-way ANOVA followed by Sidek post test.
Despite an effort to obtain RV cross-sections, cardiomyocytes were sometimes in different orientations; however, no significant difference
in diameter was observed between cross-sectioned and longitudinal cardiomyocytes. C, Representative figures at x40, demonstrating in-
crease in cardiomyocyte size following PAB. D, Western blot demonstrating o myosin heavy chain (a-MHC) and S-MHC expression in
RV. a-MHC is variable but unchanged, whereas f-MHC is strongly induced in PAB mice given the thromboxane-prostanoid receptor antag-
onist. Each band represents RV from one mouse.
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Figure 6. Mechanisms leading to decreased fibrosis. A, CPI211 blocks phosphorylation of transforming growth factor f signaling molecule
Smad2/3 in vivo. Each band represents right ventricle (RV) from one pulmonary artery banding (PAB) mouse. B, Gene expression arrays
from RV showed CPI211 reduced profibrotic genes and induced antifibrotic genes but only in the context of pressure overload. Expres-
sion is shown normalized to sham-operated control. Each point represents the mean of the male and female pools of RNA (3 RV/pool),
normalized to sham-operated control; error bars represent standard error of the mean. Some error bars are smaller than the symbols and
so may be hidden. Aspn: asporin 1; Fbxo32: F box protein 32; Ltbp2: latent transforming growth factor f binding protein 2; Pdgfd:
platelet-derived growth factor D; Thbs4: thrombospondin 4 (Tsp4). C, D, PAB induces Tsp4 protein expression in RV, which is strongly
enhanced with CPI211 treatment. Each band represents a different mouse. RV was immunostained for Tsp4 (shown in dark brown; D)
and counterstained with methyl green before being photographed at x40. Scale bars are 25 microns. veh: vehicle.

7D). This modest effect on monocyte number and differentiation sug-
gests that the anti-inflammatory effects seen by expression array may
be more likely caused by a change in cell signaling within the RV fol-
lowing TP receptor antagonism than by a direct effect on monocytes.

DISCUSSION

The effect of TP receptor antagonism was studied in mice with
mechanical constriction of the pulmonary artery, a pressure over-
load model of PAH-associated RV hypertrophy. Treatment with
the TP receptor antagonist CPI211 reduced RV fibrosis and cardio-
myocyte hypertrophy in PAB mice and increased E/A ratio, which
is an indicator of cardiac efficiency. This was associated with aug-
mented RV expression of antifibrotic and muscularization genes as
well as with decreased expression of genes associated with inflam-
mation and a decrease in RV phospho-SMAD?2/3. Few differences
were found in sham-operated mice receiving CPI211, indicating that
CPI211-mediated gene expression changes are specific to PAB. This
requirement of PAB surgery for the effects of CPI211 creates diffi-
culties in modeling cellular events in vitro.

The PAB model is usually insufficient to induce RV failure®®
but is instead a model of RV adaptation. Although it may not model
the cardiac metabolic defects seen in hereditary PAH,* PAB does
mimic the immediate pressure overload of pulmonary embolism and
chronic thromboembolytic pulmonary hypertension. Although the
PAB model allows us to examine the direct effects of increased after-

load on the RV and does not rely on direct cardiotoxicity or an
extensive initial inflammatory response, like the monocrotaline or
sugen/hypoxia models, the sudden increase in pressure differs from
the more gradual onset of most PAH. Thus, the role of the TP
receptor may differ in animal models that allow for gradual RV
adaptation.

The cardioprotective effects seen with TP receptor antagonism
were not duplicated with low-dose aspirin treatment, the dose chosen
to avoid confounding anti-inflammatory or salicylate-mediated effects,
or with the thromboxane synthase inhibitor ozagrel. This suggests that
platelet-generated or locally generated TxA, does not mediate the fi-
brosis and cellular hypertrophy associated with PAB. Similarly, as-
pirin did not duplicate the effects of CPI211 in reducing myocar-
dial infarct size in a coronary occlusion/reperfusion model.*® Locally
available isoprostanes, such as 8-iso-PGF,,, are also known to signal
through the TP receptor’>** and can cause increased collagen pro-
duction and fibrogenic effects.*' Indeed, reducing oxidative stress
and isoprostane generation through enhancement of superoxide dis-
mutase or introduction of free radical scavengers can have antifi-
brotic, cardioprotective effects in pressure overload.**** Alternatively,
the effects of CPI211 could be mediated by another endogenous
ligand for the TP receptor, such as prostaglandin H, or 20-HETE,*
or a combination of ligands.

By immunostaining, the TP receptor localized primarily to car-
diomyocytes in the RV, similar to the gene and protein expression
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cells from PAB-veh (left) and PAB-CPI211 (right) RV are shown. Fuchsia cells are CD45", whereas green cells are GFP™; gating strategy and
additional data are shown in the data supplements.



demonstrated by others.'>'” We also demonstrate here an upreg-
ulated cell surface expression of the TP receptor in RV from pa-
tients with PAH, a finding in accord with the radioligand binding
work of Katugampola and Davenport.'® Human TP« receptor ex-
pression can be augmented posttranslationally by reactive oxygen
species in a feed-forward mechanism,** which would correspond with
both the pattern of expression seen in patients with PAH as well as
availability of an isoprostane ligand. While TP receptor protein and
mRNA are also robustly expressed in murine RV, at 2 weeks after
PAB, we do not see an upregulation in RV protein extracts when
normalized to HSP70 expression (see Supplemental Fig. 4). This
may reflect differential regulation of the murine TP receptor; alter-
natively, it may reflect a decrease in cardiomyocyte contribution to
the total RV protein in PAB mice, because the percentage by vol-
ume occupied by fibrotic tissue is greater.

In this study, we also examined the effects of TP receptor inhi-
bition on RV macrophage number and cell marker expression in
PAB mice. Analysis of cell surface markers did not find any signifi-
cant differences in monocyte population, not only with CPI211
treatment compared with vehicle, but also between PAB and sham-
operated mice. When we analyzed mice containing a lineage tracer
for monocytes, we found that TP receptor antagonism modestly
blocked the differentiation of monocytes into nonmonocytic cells
in PAB mice. Future experiments will be necessary to determine
the identity of the CD45 /GFP" population, but because a subpop-
ulation of cardiac fibroblasts are monocyte derived,*® a monocyte-
to-fibroblast transition is an intriguing possibility. The absence of
overt effects of CPI211 on macrophage number suggests that CPI211
does not directly affect either proliferation of existing macrophages
or vascular permeability to increase monocyte extravasation. This
also implies cardiomyocyte-mediated TP receptor activity after RV
pressure overload.

At 2 weeks after PAB, CPI211 treatment modestly increased the
E/A wave ratio in PAB mice, indicating possible increased contrac-
tile efficiency. This is similar to a previous study, which demonstrated
that TP receptor antagonism preserves RV efficiency after endotoxic
shock.*” Tt is unknown whether this is due to the decrease in cardiac
fibrosis, the decrease in cardiomyocyte hypertrophy associated with
PAB, or perhaps a combination of these 2 mechanisms. The de-
creased cellular hypertrophy we find with CPI211 is consistent with
the known hypertrophic effects of TP receptor activation in mice'***
but is likely a concerted in vivo effect and not due to direct TP re-
ceptor inhibition on cardiomyocytes.** Here, with the prevention of
individual cellular hypertrophy, we also noted concomitant increased
RV expression of f-MHC in TP antagonist-treated PAB mice, with
no change in a-MHC expression. This corresponds with an earlier
study by Lopez et al.*>" in which, by size-sorting individual cardio-
myocytes after pressure overload, they found that f-MHC expres-
sion only occurred in nonhypertrophic cardiomyocytes, whereas all
cells had similar a-MHC expression.

Ventricular hypertrophy is useful as a compensatory mechanism
in functional adaptation to increased load stress; however, this oc-
curs on a continuum, the other extreme of which is maladaptive
remodeling and pathological hypertrophy.”® Interestingly, nonadap-
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tive hypertrophy can result from activation of other Gg/1;-coupled,
G protein—coupled receptors, such as the angiotensin II receptor
or endothelin receptor, in association with protein kinase C or
phosphoinositide-3-kinase activity.”>>" Although individual cells did
not increase in diameter, PAB mice given CPI211 had increases in
RV weight similar to vehicle-treated mice, as evidenced by increased
Fulton index. Among the genes activated by CPI211 in conjunction
with banding were a number of genes associated with cell growth
and reprogramming. We theorize that TP receptor inhibition induces
muscularization in response to pressure overload, whether by de-
creasing cardiomyocyte loss or increasing total number or contrac-
tility of cardiomyocytes, while also decreasing the fibrotic response.
One group has found that stimulation of the TP receptor dose-
dependently causes DNA fragmentation and cell death in cultured
primary cardiomyocytes."> These effects were reversed with a TP
receptor antagonist, suggesting that CPI211 treatment could pre-
vent cell death in the RV during pressure overload; however, addi-
tional studies will be needed to ascertain this possibility. Reduced
TGEFp activity is probably partially responsible for the diminished
fibrotic response, although the CPI211-initiated event behind the de-
crease in active TGFf is yet unknown.

TSP-4, which is increased by PAB and further upregulated with
CPI211 treatment, is not known to regulate TGFf activation but
itself can decrease fibrosis and hypertrophy and increase contractil-
ity and cardiac adaptation in pressure overload.>>>>* Exogenous
TSP-4 also decreases cardiac fibroblast activation and collagen pro-
duction when added in cell culture, whereas coculture with cardio-
myocytes from TSP-4 knockout mice increases fibroblast expression
of collagen and activation markers in response to angiotensin II
(Ang I1).>®> Thus, cardiomyocyte TSP-4 acts in vitro and in vivo as
a signaling protein to cardiac fibroblasts to decrease activation and
fibrosis, and it likely mediates some antifibrotic effects of TP recep-
tor antagonism.

Expression of TSP-4 is normally repressed by Kruppel-like tran-
scription factor 6 (KLF6), and the removal of this repression
decreases fibrosis as well as increases the E/A wave ratio in hearts
of mice infused with Ang IL>* We see both of these effects in the
PAB mice treated with TP receptor antagonist. By immunostaining,
we found that TSP-4 protein localized to cardiomyocytes in PAB
CPI211-treated mice, as opposed to the interstitial space in vehicle-
treated mice, which also corresponds with its localization in hearts
of KLF6-haploinsufficient versus wild-type mice after Ang II infu-
sion.”> This cardiomyocyte localization would also support intra-
cellular signaling, and within cardiomyocytes, TSP-4 is thought to
partially act protectively by inducing protective endoplasmic reticu-
lum (ER) stress signaling via (Atf6a), an ER stress response tran-
scription factor.>* In our model, there was no difference in Atf6a
mRNA levels either after PAB or TP receptor antagonism (data not
shown). It is entirely possible that our 2-week time point missed
any increase in mRNA or that the RV stress response differs from
the LV model where the Atf6a response to TSP-4 was delineated.

In summary, these studies demonstrate that CPI211 is cardio-
protective against pressure overload by moving the right heart to-
ward adaptation rather than toward a maladaptive fibrosis, inflam-
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mation, and cellular hypertrophy. TP receptor antagonists have been
studied clinically in humans for years and are orally bioavailable*®
but could not compete with aspirin in the primary end point of
platelet aggregation.”® The TPr antagonist seratrodast is currently ap-
proved in India, China, and Japan as asthma treatment and is well
tolerated. Because there are no existing approved therapies to sup-
port right heart function under stress, CPI1211 and other TP receptor
antagonists are excellent candidates for additional translational re-
search in this area.
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