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Abstract

Right ventricular (RV) failure is an important clinical problem
with no available therapies, largely because its molecular mech-
anisms are unknown. Mitochondrial remodeling resulting to a
metabolic shift toward glycolysis has been described in RV
hypertrophy (RVH), but it is unknown whether this is beneficial
or detrimental. While clinically RV failure follows a period of
compensation, the transition from a compensated (cRVH) to a
decompensated hypertrophied RV (dRVH) is not studied in
animal models. We modeled the natural history of RVH and
failure in the monocrotaline rat model of pulmonary hyperten-
sion by serially assessing clinically relevant parameters in the
same animal. We defined dRVH as the stage in which RV
systolic pressure started decreasing, along with the cardiac
output, while the RV continued to remodel. dRVH was charac-
terized by ascites, weight loss, and high mortality, compared to
cRVH. A cRVH myocardium had hyperpolarized mitochondria
and low production of mitochondria-derived reactive oxygen
species (mROS), activated hypoxia-inducible factor 1l
(HIF1«), and increased levels of glucose transporter 1, vascular
endothelial growth factor, and stromal-derived factor 1, pro-
moting increased glucose uptake (measured by positron emis-
sion tomography—computed tomography) and angiogenesis
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measured by lectin imaging in vivo. The transition to dRVH
was marked by a sharp rise in mROS, inhibition of HIF1 e, and
activation of p53, both of which contributed to down-regulation
of pyruvate dehydrogenase kinase and decreased glucose up-
take. This transition was also associated with a sharp decrease
in angiogenic factors and angiogenesis. We show that the
previously described metabolic shift, promoting HIF 1« activa-
tion and angiogenesis, is not sustained during the progression
of RV failure. The loss of this beneficial remodeling may be
triggered by a rise in mROS resulting in HIF1 x inhibition and
suppressed angiogenesis. The resultant ischemia may contrib-
ute to the rapid deterioration of RV function upon entrance to a
decompensation phase. The use of clinical criteria and tech-
niques to define and study dRVH facilitates clinical translation
of our findings with direct implications for RV therapeutic and
biomarker discovery programs.

Key message

* Decreased RV angiogenesis marks the transition from a
cRVH to a dRVH.

* The RVs in cRVH animals are associated with decreased
mROS and increased HIFlo activity compared to
dRVH.

* The RVs in cRVH animals have increased GLUT1 levels
and increased glucose uptake compared to the dRVH.

Keywords Hypoxia-inducible factor 1o« - Angiogenesis -
Metabolism - Right ventricular failure - Ischemia
Introduction

In contrast to left ventricular (LV) failure, right ventricular

(RV) failure has remained understudied both at the preclinical
and clinical level. As the two ventricles are in series, failure of
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either has the same impact, decreasing cardiac output and
resulting in premature death. RV failure is the most important
determinant of both morbidity and mortality in patients with
pulmonary arterial hypertension (PAH) [1-3]. RV failure is
also a strong and independent negative prognostic factor in
patients with LV failure that develop secondary pulmonary
hypertension [4]. In other words, this is a common and im-
portant clinical problem, and the lack of our understanding of
what drives RV failure prevents the development of much
needed RV-directed therapies.

Although there is a compensatory phase while the RV
hypertrophies in PAH, during which the patients show mini-
mal or no symptoms as cardiac output is maintained, there is a
clear transition to a decompensatory phase, during which the
patients enter a cataclysmic clinical deterioration which may
result in death in less than 1 year. Overall, the compensatory
phase in RV hypertrophy (RVH) is much shorter than that of
the LV, where patients with systemic hypertension and LVH
may survive for many decades. Nevertheless, in certain PAH
subgroups (like in PAH associated with Eisenmenger's syn-
drome in congenital heart disease), this compensation phase
lasts longer than in others (for example, in idiopathic or
scleroderma-associated PAH) [1-3, 5]. The explanation for
the longer compensatory phase in patients with Eisenmenger's
syndrome is lacking. It has been proposed that the persistence
of the “fetal heart gene program” in these patients is the
underlying mechanism [2, 4]. This is unlikely to be the only
or the most important factor. This is because recent evidence
shows that in a model of acquired adult RV hypertrophy, i.c.,
the pulmonary artery (PA) banding model, the RV is also much
more resistant to failure compared to the RVs from other
animal models, in which a similar increase in the afterload
comes from pulmonary vascular disease [6]. In addition, some
PAH patients continue to show a progressive decrease in RV
function and have worse outcomes, despite showing a de-
crease in pulmonary vascular resistance in response to PAH
therapies [7]. These data suggest that there may be important
mechanisms intrinsic to the myocardium, driving the relentless
clinical deterioration of PAH patients, independent of the RV
afterload. As the two ventricles have many differences (in-
cluding different embryology), the knowledge from the mech-
anisms of LV failure cannot be extrapolated to the RV [2, §].
There is a critical need to identify the factors that regulate the
transition from a compensated to a decompensated RV failure,
which remain completely unknown, in order to develop ther-
apies and biomarkers for RV failure. The current preclinical
literature suffers from the fact that typically RVH in animals is
considered a pathologic condition regardless of its stage. There
is typically no attempt to define the decompensation stage in
RVH and focus on the mechanisms that drive the transition
from a compensated to a decompensated RV.

A metabolic shift in the RVH myocardium toward a gly-
colytic phenotype (away from the mitochondria-driven
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glucose oxidation) has been described [9, 10]. However,
whether this is beneficial and whether this persists throughout
the progression of RVH remain unknown. If this were the
case, it would suggest that the metabolic switch is not respon-
sible for the transition toward decompensation and thus may
not be an attractive therapeutic target. The lack of definition
and modeling of the compensated vs. decompensated RVH
prevents the answers to these questions.

There is some clinical evidence in PAH patients [11] and
preclinical models [6] that RVH is relatively ischemic, poten-
tially because of suppressed angiogenesis. This could explain
why the hypertrophied RV myocardium and its increased O,
requirements will fail at a point where an imbalance between
0O, demand and delivery occurs. There is also evidence that
metabolic remodeling regulates hypoxia-inducible factor
la (HIF1x) function and thus angiogenesis in cancer
[12]. Could this be operative in the myocardium? If so, a
dynamic metabolic remodeling during RVH may drive the
regulation of HIFlx and thus angiogenesis. Our current
work had two objectives: (a) to model the transition of
compensated to decompensated RVH and (b) to study the
hypothesis that a primary and dynamic metabolic remodel-
ing in RVH myocardium could regulate the HIF—angiogen-
esis axis (in a paracrine manner) and inhibit angiogenesis
signaling, marking the transition from compensated to
decompensated RVH.

Methods

Animal model for progressive right ventricular failure The
monocrotaline (MCT)-induced PAH model was used to model
the natural history of progressive right ventricular hypertrophy
and failure. Male Sprague Dawley rats were randomized to
control (sham saline injection) and 60 mg/kg MCT injection
(Sigma-Aldrich, St. Louis, MO). All age-matched animals were
injected intraperitoneally with 1 mL of the same lot of MCT,
made in water and pH set to 7.2, on the same day. Animals were
then randomized and sacrificed every week between 2 and
6 weeks post-MCT. Therefore, there were no differences in
MCT preparation, injection, or cohort of animals.

Echocardiography Pulmonary artery acceleration time (using
pulsed wave Doppler) was measured in the parasternal short
axis view using the VeVo 770 imaging system with a 716
probe (11-24 MHz). Cardiac output (CO) was measured using
echocardiography using the formula: CO=stroke volumex
heart rate, where stroke volume=7.85xLVOT?>xAVOTI.
The heart rates of the rats were always between 350 and 400
beats per minute, and LVOT and AVOT1 were measured in
parasternal long axis view. Left ventricular function was
assessed by fractional shortening measured in the parasternal
short axis.



J Mol Med (2013) 91:1315-1327

1317

Right heart catheterization Rats were anesthetized (isoflurane)
and placed in a supine position on a heated table. The right
jugular vein was cannulated, and right heart catheterization was
performed. A sheath was used through which a high-fidelity
Millar catheter was advanced (microtip, 1.4 F, Millar Instru-
ments Inc., Houston, TX). The sheath was 0.2 mm in inner
diameter and 0.58 mm in outer diameter with a specially curved
tip to facilitate passage through the right heart and the pulmo-
nary artery. Pressures in the right atrium, right ventricle, and
pulmonary artery were recorded sequentially (Power Lab, using
Chart software 5.4, ADInstruments).

Lectin perfusion assay Rats were anesthetized, and the jug-
ular vein was cannulated. The rats were heparinized using
1,000 IU/kg of heparin (American Pharmaceuticals Partners,
Schaumbert, IL) to minimize the formation of thrombi and
injected with 5 mg of FITC-conjugated Ricinus Communis
Agglutinin I (Vector Laboratories, Burlinghame, CA). After
circulation of lectin for 20 min, the rats were euthanized,
and the right ventricle was harvested. Tissue processing:
Tissue was sliced 50 um thick from the endocardial side
of the RV using a microtome, fixed in 4 % paraformalde-
hyde, and stained with the nuclear stain DAPI. Tissue im-
aging: To create a 3D image from the 50-pum-thick slice of
endocardial tissue, 20 separate sequential images were taken
(230 um in lengthx230 um in width) systematically 2 pm
at a time for a total depth of 40 um using confocal micros-
copy. These 20 images were then volumetrically stacked
into one 3D image. Therefore, each 3D volumetric image
was 230 um (length)x230 pm (width)x40 pm (depth).
Tissue analysis: Two different methods were used to assess
the number of capillaries in each 3D volumetric stack.

1. We measured total capillary fluorescence intensity
(green signal from lectin) from our reconstituted 3D
volumetric stacks using the Zeiss software.

2. We also used a nonfluorescence intensity-based quanti-
fication method by placing a grid consisting of 2,070
random and evenly distributed points over each 3D
lectin volumetric stack and measured the number of
points that hit a capillary, which was then divided by
the total number of points that hit the RV tissue, as
described in [13].

Confocal microscopy Imaging was performed using a Zeiss
LSM 510 confocal microscope (Carl Zeiss). Tetramethyl rho-
damine methylester (TMRM) (10 nM, Molecular Probes) to
measure mitochondrial membrane potential and MitoSOX
(5 uM, Molecular Probes) to measure mitochondria-derived
reactive oxygen species like superoxide (mROS) were used as
previously described [12, 14, 15]. TMRM and MitoSOX
intensity was measured in five random fields per RV per
animal. For all TMRM and MitoSOX imaging, the same vials

and preparations of these positively charged dyes were used
for the staining of the excised endocardium tissues of the free-
RV wall (which were similar in size and weight among all
animals and experiments). In addition, the excitation and
emission remained identical for all animals. For immunofluo-
rescence, to limit any variability between the animals, all RV
tissues were sliced from the endocardial side of the RV at
5-um-thick slices and fixed in 4 % paraformaldehyde. Five-
micrometer-thick slices of tissue, in addition to the functional
mitochondria-specific dyes, were also stained as needed with
appropriate primary and secondary antibodies and imaged
using confocal microscopy. All experiments included second-
ary antibody-only staining, which in all presented experiments
showed no signal, supporting the specificity of the antibodies
used. For all immunofluorescence data, a minimum of five
animals was used per group on at least five separate 5-pm-
thick slices of tissue for each animal and at least five random
images for each slice.

Immunoblotting RV tissues were collected, and immunoblot-
ting was performed on samples from four to five rats/group
(25 pg protein in sample/lane). The films were digitized and
quantified using 1D Image Analysis Software (Kodak, Roch-
ester, NY). HIFlx, vascular endothelial growth factor
(VEGEF), stromal-derived factor 1 (SDF1), glucose transporter
1 (Glutl), heme-oxygenase-1 (HO-1), von Willebrand factor
(VWF), p53, p21, pyruvate dehydrogenase kinase (PDK) I,
PDKII, PDKIV, and actin were purchased from Santa Cruz
Biotechnology and used at the recommended dilution. Ex-
pression was normalized to actin to correct for loading
differences.

Positron emission tomography imaging Positron emission
tomography (PET) imaging was performed using a Triumph
PET/SPECT/CT system (GE Healthcare, Northridge, CA,
USA). Rats were injected with 500 uCi of fludeoxyglucose
(FDG) and imaged 60 min after FDG injection. PET data
acquisition images are shown using a pseudo-color map (red
indicates high glucose uptake). Data were quantified as
mean PET signal by manual segmentation of the RV using
computed tomography (CT). Mean data are displayed as RV
signal/LV signal to control for potential differences in FDG
injection and imaging, as the left ventricle is typically con-
sidered unaltered in PAH animals, at least in terms of struc-
tural and functional remodeling.

Quantitative RT-PCR Samples were added to a microwell
plate with TagMan probes and RT-PCR reagents (Applied
Biosystems, Foster City, CA). Quantitative RT-PCR (qRT-
PCR) was performed with an ABI PRISM 7700 Sequence
Detector (Applied Biosystems, Foster City, CA), and
primers for rat SDF1, VEGF, and 18s (housekeeping gene)
were used.
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Statistics Values are expressed as mean = SEM. Inter-group
differences were appropriately assessed by one-way ANOVA
with a Fisher's least significance test post hoc analysis (SPSS
19). p<0.05 was considered significant.

Results

We used the MCT-induced PAH model of RV failure [16, 17].
Although this model has been criticized that it does not exactly
recapitulate the human PAH pathology (for example, lack of
plexogenic arteriopathy) and that myocarditis is evident in
both the RV and LV [18], it does mimic other important
aspects of human PAH, particularly in regard to RV failure.
For example, it is characterized by a relatively rapid clinical
deterioration (6 weeks) and almost 100 % mortality due to RV
failure, following a phase of relative stability; it is also char-
acterized by a strong inflammatory environment, similar to
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Fig. 1 A rat model of the natural history or RV hypertrophy and
failure. a The relationship between RV function (RVSP) and RV
weight is plotted. cRVHs (compensated) have increased RV size asso-
ciated with increased RVSP, while dRVHs (decompensated) have
increased RV size but decreased RVSP (n=6 animals for baseline, 10
for cRVH, and 9 for dRVH). b Representative hemodynamic traces for
the pulmonary artery, right ventricle, and right atrium of a baseline
control animal. By slowly pulling back the catheter from the PA
position, we are able to record mean PA pressure, RVSP, and RV
diastolic pressure (RVDP) for the same animal. ¢ Animals with a cRVH
have increased RVSP, mean RV pressure, RV mass, and RV/LV +
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septum ratio compared to baseline. Animals with a dRVH have de-
creased RVSP and increased RV mass and RV/LV + septum compared
to cRVH. Animals with a dRVH also have a trend for increased RVDP
compared to baseline animals. While cardiac output and body weight
remain unchanged in cRVH, dRVH animals have decreased cardiac
output and body weight, in the presence of ascites and malaise. Both
cRVH and dRVH animals had decreased levels of PAAT and increased
mean pulmonary artery pressure compared to baseline, indicating the
development of pulmonary arterial hypertension; n=6—10 animals per
group for all parameters studied, *p<0.05 vs. baseline, “p<0.05 vs.
cRVH
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that is inversely related to the mean PA pressure), and cardiac
output, RV/LV + septum weight, body weight, ascites, and
mortality.

In cRVH, the RVSP, mean PAP, PAAT, and RVH wors-
ened significantly compared to baseline while the cardiac
output and weight showed a trend to decrease, but were not
statistically significant (Fig. la—c). There was no ascites,
and none of the animals died. In dRVH, the RVSP and
cardiac output decreased significantly whereas the mean
PAP remained elevated (Fig. la—c). Ascites was present in
all rats while the body weight decreased significantly
(Fig. 1c). There was a rapid increase in mortality in this
stage, reaching 90 % by the end of the sixth week. This
clinical evolution in rat MCT-PAH mimics that of human
PAH, with the cRVH stage mimicking WHO functional

class I and II (minimal symptoms with exertion) and
the dRVH mimicking WHO class III and IV (severe
symptoms even at rest with overt signs of heart failure
and high mortality). In addition, LV function as assessed
by LV ejection fraction, fractional shortening, and mass
remained similar between MCT animals and baseline
control animals (Supplementary Fig. 1A-B). This model
of the natural history of RV failure allowed us to obtain
RV tissues from the three groups and perform a mecha-
nistic comparison.

We have previously shown that a mitochondrial hyper-
polarization and a decrease in mROS, both indicators of
mitochondrial function and compatible with a mitochondrial
suppression of glucose oxidation and a switch to a glyco-
lytic phenotype, characterize RVH tissues (studied around
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Fig. 2 Differences in mitochondrial function between the cRVH and
dRVH myocardium. a Freshly excised RVs from cRVH and dRVH
animals show hyperpolarized mitochondrial membrane potential com-
pared to baseline RVs (TMRM: red, nuclear stain DAPI: blue; n=>5
animals per group, *p<0.05 vs. baseline). b Freshly excised RVs from
cRVH animals show decreased levels of mitochondrial-derived reac-
tive oxygen species (i.e., superoxide) measured by MitoSOX (red,
nuclear stain DAPI: blue) compared to baseline RVs. dRVH tissues
show increased levels of mROS compared to cRVH (n=>5 animals per

group, *p<0.05 vs. baseline, “p<0.05 vs. cRVH). ¢ Protein levels of
the anti-oxidant HO-1 are increased in the RVs of cRVH and dRVH
animals compared to baseline (n=4 animals for baseline, 5 for cRVH,
and 5 for dRVH). Immunoblots (fop) and quantified mean data
normalized to actin (bottom) are shown. On top of each band
representing each rat, we indicate the week post-MCT at which its
RV was harvested. Also, see Ponseau-S for additional loading
control in Supplementary Fig. 2, which shows a similar pattern
to actin
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Fig. 3 HIFlax protein levels and activity are decreased in dRVH
compared to cRVH. a Nuclear levels of HIFlx (HIF1«: red, nuclear
stain DAPI: blue) are increased in the RVs of cRVH animals compared
to baseline while dRVH animals show decreased nuclear levels of
HIF1 & compared to cRVH animals, as measured by confocal micros-
copy and immunofluorescence. Representative confocal images are
shown with lower magnification (above) and a higher magnification
of the white box (below) (n=5 animals per group, *p<0.05 vs. base-
line, “p<0.05 vs. cRVH). b Overall protein levels of HIF1« and its
downstream target Glutl are increased in the RV of cRVH animals
compared to baseline, while dRVH animals show decreased protein
levels of HIFla and Glutl compared to cRVH, as measured by

the third week of MCT-PAH) [19]. We performed TMRM
and MitoSOX imaging of intact RVs immediately following
euthanasia. These positively charged dyes are preferentially
taken up by the negatively charged mitochondria and detect
dynamic changes in mitochondrial membrane potential
(A¥m) and mROS levels. A¥m was increased in cRVH
and remained elevated in dRVH, compared to baseline
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immunoblots. Each animal represents one band (n=4 animals for
baseline, 5 animals for cRVH, and 5 animals for dRVH). On top of
each band, we indicate the week post-MCT at which its RV was
harvested. Nuclear levels of HIF1a (HIF1«: red, nuclear stain DAPI:
blue) are increased in the same cells which show increased Glut 1
(green) (see white arrows) as indicated by confocal microscopy and
immunofluorescence (fop images). In addition, nuclear levels of
HIFlx (HIFlx: red, nuclear stain DAPI: blue) are present in
cardiomyocytes as it colocalizes with myosin heavy chain (MHC,
green) positive cells (bottom images). For similar photomicrographs
in the baseline and dRVH groups (which do not have significant Glutl
expression and nuclear HIF1«) see Supplement Fig. 3B

(Fig. 2a). mROS on the other hand were decreased in cRVH
compared to baseline, but increased significantly in dRVH
(Fig. 2b). To evaluate if the increase in mROS was also due
to a decrease in anti-oxidants, we measured levels of HO-1.
There were no major differences in HO-1 levels between
cRVH and dRVH animals (Fig. 2c and Supplementary
Fig. 2), suggesting a primary increase in mROS.
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We have recently shown that suppressed mitochondrial
function and decreased mROS increase HIF1«x activity and
glucose uptake in cancer (due to the well-described HIF1x-
driven up-regulation of glucose transporters) [12]. To assess
HIF1« activity in vivo, we measured nuclear localization of
HIF1« in baseline, cRVH, and dRVH tissues. Nuclear levels
of HIFl (immunofluorescence) and overall protein levels
(immunoblots) along with mRNA levels (QRT-PCR) were in-
creased in cRVH compared to baseline, but were decreased
again in the dRVH myocardium (Fig. 3a-b and Supplementary
Fig. 3A). In addition, the HIFlo-regulated protein Glutl
followed a similar pattern to HIF1o (immunoblot) and in the
same cells with HIF 1 « induction; there was an increase in Glutl
levels and the clear presence in myosin heavy chain (MHC)-
positive cardiomyocytes (immunofluorescence) (Fig. 3b and
Supplementary Fig. 3B). These all suggest that HIF 1« activity
was effectively decreased in dRVH compared to cRVH animals.

Activation of HIF1« is prevalent in cancer or vascular
cells that undergo a switch from a mitochondria-based glu-
cose oxidation to a glycolytic phenotype (Warburg effect)
[20-22], a metabolic switch that has also been described in
RVH [9, 10]. This switch to glycolysis is associated with an
up-regulation of glucose uptake, shown by the increased
uptake of glucose measured by '*fludeoxyglucose—PET
imaging in animal and human RVH [10, 23]. We performed
in vivo "*fludeoxyglucose—PET-CT imaging, and similar to
the Glut 1 levels in Fig. 3b, we observed a significant

Fig. 4 The dRVH has
decreased RV glucose uptake
and HIF 1 « activation compared
to cRVH. Glucose uptake in the
RVs of cRVH animals is
increased compared to baseline;
dRVH, on the other hand, has
decreased glucose uptake
compared to cRVH, as
measured by micro-PET-CT
imaging with ['®F]-
deoxyglucose. Pseudo-color
map indicates FDG levels (red
is high and purple is low levels
of FDG uptake, n=5 animals
per group, *p<0.05 vs.
baseline, “p<0.05 vs. cRVH)

Baseline

increase in glucose uptake in cRVH compared to baseline,
which was reversed in dRVH (Fig. 4).

We then measured mRNA and protein levels of two
HIF1«-regulated products important in angiogenic signal-
ing: VEGF and SDF1. Both VEGF and SDF1 mRNA and
protein were increased in cRVH compared to baseline, but
were decreased in the dRVH tissues (Fig. 5a-b).

To assess RV perfusion and angiogenesis, we injected
lectin (a natural ligand to endothelial cells that when
injected in vivo binds to endothelial cells of perfused vessels
and can be imaged by fluorescence postmortem) into the
jugular vein of rats prior to euthanasia. To measure capil-
laries (i.e., angiogenesis) and not arterioles or larger vessels,
we used a magnification on our confocal microscope that
allows the capture of a one-cell-layer thickness plane imag-
ing as shown in Fig. 6a. In the smaller magnifications in the
figure, one can see the larger vessels and arterioles
(arrowheads) in addition to the capillary network (shown
by white arrows). In the larger magnifications (one-cell-
layer thickness plane), the vast majority of the signal comes
from the capillaries, and by using “stacked imaging,” a
volumetric assessment of several planes of images can be
performed as can be observed in Supplemental Videos 1-3.
By comparing similar volumes of tissues (230 pmx
230 umx40 um), we measured the amount of capillaries
in the different stages of RVH. We used two different
methods to assess capillaries. We measured the overall
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Fig. 5 HIFl«x products VEGF
and SDF1 are decreased in
dRVH compared to cRVH. a
mRNA levels of VEGF and
SDF1 are increased in the RVs of
cRVH animals compared to
baseline while they are decreased
in dRVH animals compared to
cRVH animals, measured by
qRT-PCR (n=>5 animals per
group, *p<0.05 vs. baseline,
#p<0.05 vs. cRVHs). b Protein
levels of VEGF and SDF1 are
increased in RVs of cRVH
animals compared to baseline
but decreased in dRVH animals
compared to cRVH animals,
measured by immunoblots. Each
animal represents one band (n=4
animals for baseline, 9 animals
for cRVH, and 6 animals for
dRVH, *p<0.05 vs. baseline,
#p<0.05 vs. cRVHs). On top of
each band, we indicate the week
post-MCT at which its RV was
harvested. Note that we added
three rats out of our protocol
from week 2 post-MCT in order
to show a potential gradient in
the increase of these HIF 1«
products earlier than week 3. The
data confirm that the increase in
the angiogenesis signaling
occurs indeed within week 3 and
4. Immunoblots of VEGF and
SDF1 are shown above, and
normalized data to actin are
shown below

VEGF (244€T)

b

fluorescence intensity of our stacked images, and we also
measured the number of randomly distributed points that
directly overlapped with a capillary (see “Methods™). The
second method was used to address any potential confound-
ing factor due to differences in lectin binding or uptake be-
tween animals. For example, a decrease in the fluorescence
signal may not be due to decreased endothelial cells but due to
decreased fluorescence signal despite the same number of
capillaries. With the second method, we addressed this since
we did not quantify the fluorescence intensity (like in the first
method), but we directly measured the actual number of
capillary structures. Capillary density was increased in the
RVs of cRVH animals compared to baseline animals, but this
was decreased in dRVH animals, as shown by both methods
that showed similar results (Fig. 6b and Supplementary
Fig. 4).

Using immunoblots, we also measured the endothelial
marker vWF and observed a similar pattern (Fig. 6¢). How-
ever, the differences in vWF may also be due to altered
endothelial cell proliferation rates or induction of apoptosis.
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To exclude the possibility that the decrease in capillaries or
the decrease in RV function was also due to an increase in
capillary or myocyte death, respectively, we assessed apo-
ptosis in our samples. We observed a minimal increase
(~1 %) in apoptosis in the RV tissues of dRVH compared
to cRVH animals (Supplementary Fig. 5). This suggests that
apoptosis is not a major determinant for the decrease in the
observed capillary density or functional decline at least at
the stage of the disease that we studied.

What is the cause of the dynamic changes in HIF1? We
have recently described a number of mechanisms by which
mitochondrial signals can directly regulate HIF 1 «, including
(a) direct effects of mROS on specific sulthydryl groups on
HIF1«, inhibiting its ability to bind DNA [24-26]; (b) direct
effects of mitochondria-derived H,O, (which is more stable
and diffusible compared to superoxide) and «-ketoglutarate
on prolyl-hydroxylases, which hydroxylate HIF1« and signal
it for ubiquination [27-30]; and (c) indirect effects driven by
a mROS-mediated activation of the redox-sensitive p53
[31-34], an inhibitor of HIF 1« signaling [35-38]. Similar to
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the mROS levels observed in Fig. 2b, nuclear levels of p53
(i.e., an index of its activation) are increased in dRVH com-
pared to cRVH (Fig. 7). To further assess p53 activity, we
measured the levels of the p53-target gene, p21, and observed
a slight increase in the RVs of dRVH animals compared to
cRVH animals (Fig. 7). Recently, p53 was shown to decrease
the expression of PDK, a mitochondrial protein that phosphor-
ylates and inhibits pyruvate dehydrogenase (PDH), suppress-
ing glucose oxidation and mitochondrial function. In addition,
HIF I« can directly increase the expression of PDK. Of the
four known PDK isoenzymes, PDKI-II are ubiquitously
expressed, PDKIV is primarily expressed in the heart, and
a
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30 *  [CJcRVH
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#
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s
Lectin (AFU

Lectin Low Magnification

10 .
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Fig. 6 Capillary perfusion is decreased in the dRVH compared to
cRVH. a Lectin fluorescence (injected intravenously prior to euthana-
sia, thus marking the endothelium of perfused vessels) at a lower
magnification shows branch points from medium and small arteries
(arrowheads) to capillaries at the last visible branch point (leff). Cap-
illaries are shown by white arrows (middle). High magnification (right)
shows that the capillaries measured at this magnification are one-cell-
layer thick as assessed by individual endothelial cells as seen by the
blue nuclear stain DAPI. b Capillary networks at high magnification
marked by lectin fluorescence were increased in the RVs of cRVH
animals compared to baseline. dRVH animals had decreased lectin
fluorescence at high magnification at the one-cell-layer thickness level,
in the RV compared to cRVH animals (n=5-10 animals/group, *p<
0.05 vs. baseline, “p<0.05 vs. cRVH; bottom lef?). In order to show the
trend of decreased lectin perfusion in the RV, we also analyzed animals

Post-MCT (Weeks)

PDKIII is primarily expressed in the testis [39]. In keep-
ing with the changes in p53 and HIF1«, the expression of
PDK I and II first increased in cRVH and then decreased
in dRVH, while PDKIV showed a continuous decline

(Fig. 8).

Discussion

Here, we established a model of the natural history of RV
hypertrophy and failure in PAH. We showed that while the

glycolytic shift in cRVH is associated with an appropriate
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within each group according to the week post-MCT injection,
shown in bottom right [n=5 animals for baseline, 5 animals at
3 weeks, and 5 animals at 4 weeks post-MCT (i.e., cRVH); and
5 animals at 5 weeks and 5 animals at 6 weeks post-MCT (i.e.,
dRVH)]. Note that a trend for decreased angiogenesis begins within
week 4 but continues to decrease entering week 5, which marks the
“clinical” definition of dRVH in our model. Representative photo-
micrographs and quantified mean data are shown. ¢ Protein levels
of the endothelial marker vVWF are increased in the RVs of cRVH
animals compared to baseline and decreased in dRVH animals
compared to cRVH animals, measured by immunoblots (n=5 ani-
mals per group; *p<0.05 vs. baseline, “p<0.05 vs. cRVH). On top
of each band representing each rat, we indicate the week post-MCT
at which its RV was harvested. Immunoblots and quantified mean
data normalized to actin are shown below
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Fig. 7 Nuclear levels of p53 are increased in the dRVHs compared to
cRVHs. dRVH myocardium has increased nuclear levels of p53 (p53:
green, nuclear stain DAPI: blue) compared to cRVH, measured by
confocal microscopy and immunofluorescence. Representative confo-
cal images at a low (fop) and high (bottom) magnification are shown.
White arrows denote nuclear localization of p53. Quantified data are

activation of the HIFl« axis promoting angiogenesis, the
loss of this mitochondrial-metabolic remodeling marks the
transition toward dRVH, where the suppression of angio-
genesis may drive the accelerated decline of function in an
RV that is still hypertrophied but ischemic (Fig. 9). We
believe our work may offer clarity to the role of the previ-
ously described metabolic shift in animal and human RVH.
While this cancer-like shift to glycolysis, due to suppressed
mitochondrial function, may be beneficial early in the

Fig. 8 PDK are decreased in
the dRVHs compared to
cRVHs. dRVH myocardium has
decreased levels of PDKI,
PDKIIL, and PDKIV compared
to cRVH, measured by
immunoblots (fop). Quantified
mean data normalized to actin
are shown in the bottom (n=4
animals for baseline, 5 animals
for cRVH, 5 animals for dRVH;
*p<0.05 vs. cRVH). On top of
each band representing each rat,
we indicate the week post-MCT
at which its RV was harvested.
The actin for PDKII is identical

to the one presented in Fig. 7 0.3
for p21 as the same membrane

was used to probe for both 0.2
proteins, which are of )
completely different molecular 01

weights

Normalized to Actin
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shown to the right (n=>5 animals/group, ¥*p<0.05 vs. baseline). Protein
levels of p21 (a p53 gene product) are increased in the RVs of dRVH
animals compared to cRVH animals, measured by immunoblots. Im-
munoblots for each individual animal and the week post-MCT in which
the RV was harvested are shown above (n=4 animals for baseline, 5
animals for cRVH, and 5 animals for dRVH

response of the RV to increased afterload, this is not
sustained as the RVH progresses. This knowledge will be
important in the application of metabolic modulators as
potential treatments of RV failure. In addition, our work
may clarify the interpretation of important imaging ap-
proaches (like PET) or metabolism-based biomarkers in
RV failure.

Our study is in keeping with recent work by Boggard et al.,
who suggested that capillary density in RV failure is decreased
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Fig. 9 A mitochondria-HIF1« axis in cRVH and dRVH. In cRVH,
low levels of mROS result in suppression of p53 and induction of
HIF1«, increasing PDK expression and decreasing the glucose oxida-
tion (GO) to glycolysis (GLY) ratio. The activation of HIF 1 « increases
the levels of proangiogenic factors and chemokines like vascular

endothelial growth factor (VEGF) and stromal-derived factor 1
(SDFI), increasing angiogenesis. In dRVH, the increase in mROS

[6]. In that study, the investigators did not provide a precise
mechanism for this, and also, instead of studying the role of
angiogenesis longitudinally in the same model (as in our study),
they compared RVs from the PA banding model (which shows
more prolonged RV compensation in response to increased
afterload) to a sugen-hypoxia PAH model of a failing RV [6].
The results from that study were also difficult to interpret given
the fact that the sugen compound (which was given systemi-
cally) is a VEGF receptor antagonist and thus was directly
interfering with the regulation of angiogenesis in these RVs.

Our study suffers from a potential mechanistic weakness in
that we do not establish a direct causal relationship between
the mitochondria signals, the HIF 1« axis, and RV failure, but
rather provide “associative” findings. On the other hand, all
the parameters that we studied follow an impressively similar
temporal pattern, suggesting a direct and strong association.
More importantly, our recent publications have characterized
in detail a direct causal relationship between mitochondrial
suppression (with a resulting glycolytic shift) and HIF1x-
driven angiogenesis [12]. Therefore, we believe that it is the
pseudo-hypoxic signaling due to mitochondrial suppression
and not a direct hypoxic signaling that results in the observed
HIF1« activation in our cRVH animals.

A recent study showed that in the dRVH, there were
decreased mRNA levels of mitochondrial proteins involved
in glucose oxidation and the Krebs cycle [40], while we
suggest an increase in mitochondrial function in dRVH. A

DE-COMPENSATED RVH

4 | S
Mt GO/Gly ratio

|

- p53 —|H]ila

VEGF
SDFI

results in activation of p53 and suppression of HIF1«x, decreasing
PDK expression, reversing the glycolytic phenotype, and suppressing
angiogenesis in the hypertrophied myocardium, contributing to ische-
mia and RV failure. Note a potential positively reenforced feedback

loop between PDK and p53-HIFl«, “trapping” the RV in sustained
decompensation

potential explanation may be differences in the models
studied as the authors had compared a PA banding model
of cRVH to a sugen-hypoxia model of dRVH [40], while we
used a single model and serial measurements for both cRVH
and dRVH, mimicking perhaps the natural history of clinical
RV failure. Our data suggest that perhaps the dRVH myo-
cardium attempts to defend the decreased contractility by
improving energetic efficiency and activating mitochondria,
but this comes at the expense of suppressed angiogenesis.
Our work points to a potential critical role for mROS
generation in dRVH (as opposed to their decrease in cRVH
compared to baseline), which appears to drive the inhibition of
HIF1o. The trigger for this significant change in the regula-
tion of mROS production that takes place at the transition
from cRVH to dRVH is unknown. It remains to be determined
whether this increase in mROS is a part of an overall reversal
of the mitochondrial/metabolic remodeling or is due to a
mechanism specific to the regulation of the mROS in the
electron transport chain of RV myocardial mitochondria and
its dismutation by the mitochondrial manganese superoxide
dismutase. Although our PET data would suggest that the
glycolytic shift is overall reversed in dRVH, these data, al-
though intriguing, need to be interpreted with caution, as the
decrease in the PET signal could also be due to the decreased
delivery of the FDG, as the dRVH myocardium becomes more
ischemic. Either way, however, our PET data also show that
this change (whatever its exact cause may be) does happen in
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vivo at precisely the same time and with the same pattern as all
the other hemodynamic and tissue parameters that we studied.
Intriguingly, our work is relevant to recent clinical work,
showing that PAH patients have increased PET signal in the
RV and induction of nuclear HIF1 ¢ in the myocardium (taken
from autopsy) compared to controls [41], although in this
study, there was also no attempt to identify the RVs as com-
pensated vs. decompensated.

Our work also supports a recent study in which carvedilol,
but not other beta blockers, resulted in prevention of the
decline in RV function in animal models [42]. Our work
suggests that the beneficial effects of carvedilol may be due
to its unique ability (compared to other beta blockers) to also
scavenge ROS [43, 44].

Our data agree with similar work in the LV, where the
transition from compensated LVH to a decompensated LVH
was associated with induction of p53, decreased HIFI«x
activity, and decreased angiogenesis [45, 46]. Mitochondrial
signals can activate p53 through two pathways. First, by
producing citrate, the mitochondria provide the cytosol and
nucleus with acetyl-CoA in the presence of ATP-citrate
lyase [47]. This is important since acetylation of p53 is
necessary for its activation [48]. Second, mROS have also
been shown to directly activate the redox-sensitive p53
[31-33, 36]. In other words, the mitochondrial suppression
that underlies the glycolytic shift in cRVH could, at least in
part, explain both the inhibition of p53 and the activation of
HIF1«, and loss of this switch may explain the loss of a
beneficial HIF1 o activation and p53 inhibition in dRVH.

Both the increase in p53 activity and the inhibition of
HIF 1« in dRVH can promote inhibition of PDK expression,
activating PDH, increasing glucose oxidation, and thus re-
versing the glycolytic shift that appears to be protective
during cRVH. While the mitochondrial remodeling can po-
tentially primarily drive these changes in p53 and HIFl«
and thus in PDK, the changes in PDK in turn will sustain
this mitochondria remodeling, thus “trapping” the dRVH in
a positively reinforced vicious feedback loop (Fig. 9), per-
haps explaining the rapid deterioration of RV function in
animal and human pulmonary hypertension.
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