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Abstract

Rationale: In heritable pulmonary arterial hypertension with
germline mutation in the bone morphogenetic protein receptor
type 2 (BMPR2) gene, right ventricle (RV) dysfunction is associated
with RV lipotoxicity; however, the underlying mechanism for lipid
accumulation is not known.

Objectives:We hypothesized that lipid accumulation in
cardiomyocyteswith BMPR2mutation occurs owing to alterations in
lipid transport and impaired fatty acid oxidation (FAO), which is
exacerbated by a high-lipid (Western) diet (WD).

Methods:We used a transgenic mouse model of pulmonary arterial
hypertension with mutant BMPR2 and generated a cardiomyocyte
cell line with BMPR2 mutation. Electron microscopy and
metabolomic analysis were performed on mouse RVs.

Measurements and Main Results: By metabolomics analysis,
we found an increase in long-chain fatty acids in BMPR2
mutant mouse RVs compared with controls, which correlated

with cardiac index. BMPR2-mutant cardiomyocytes had increased
lipid compared with controls. Direct measurement of FAO in the
WD-fed BMPR2-mutant RV showed impaired palmitate-linked
oxygen consumption, and metabolomics analysis showed
reduced indices of FAO. Using both mutant BMPR2 mouse
RVs and cardiomyocytes, we found an increase in the uptake of
14C-palmitate and fatty acid transporter CD36 that was further
exacerbated by WD.

Conclusions: Taken together, our data suggest that impaired FAO
and increased expression of the lipid transporter CD36 are key
mechanisms underlying lipid deposition in the BMPR2-mutant RV,
which are exacerbated in the presence of dietary lipids. Thesefindings
suggest important features leading to RV lipotoxicity in pulmonary
arterial hypertension and may point to novel areas of therapeutic
intervention.

Keywords: pulmonary arterial hypertension; fatty acid
oxidation; fatty acid transporter (CD36); right ventricular
lipotoxicity; lipotoxic cardiomyopathy

Pulmonary arterial hypertension (PAH)
is a devastating disease characterized by
progressive obliteration of the pulmonary
vasculature, which causes right ventricle (RV)
dysfunction leading to right heart failure and

ultimately death (1). Patients with heritable
PAH (HPAH) with germline mutations in
the bone morphogenetic protein receptor
type 2 (BMPR2) gene have been reported to
present approximately 10 years earlier and

with more severe disease and compromised
hemodynamics compared with patients
with idiopathic PAH (2–5), suggesting that in
PAH, mutations in BMPR2 are associated
with distinct RV disease phenotypes.
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Transforming growth factor-b/BMP
superfamily signaling has been linked to
the development of maladaptive left
ventricular hypertrophy (6), although little is
known about this pathway in the RV. In
humans with HPAH and in HPAH animal
models we have published that expression of
mutant BMPR2 in RV is associated with
failure of RV hypertrophy, increase in
transforming growth factor-b signaling
pathway genes, abnormalities in fatty acid
metabolic genes, and increased lipid
deposition in RV cardiomyocytes (7),
implying a lipotoxic cardiomyopathy (8, 9),
but the mechanism of RV lipid accumulation
in PAH is currently unknown.

In cardiomyocytes, lipid accumulation
could be due to increased uptake of free
lipids via fatty acid transporter molecules,
impaired fatty acid oxidation (FAO), or
increased lipid synthesis within the cell. In

cardiomyocytes, fatty acids are the
predominant energy source. However,
cardiomyocytes are capable of metabolic
plasticity and thus can adapt to changes
in the environment by switching to other
substrates (10). Although mitochondrial
shift from fatty acids to glucose may be a
critical mediator of RV dysfunction in
PAH, growing evidence suggests that
impairment of fatty acid metabolism and
mitochondrial dysfunction can possibly
promote lipid deposition and RV failure
(7, 11–13). In addition, a high-lipid
(Western) diet (WD) may also induce
cardiomyocyte lipid accumulation and
promote RV dysfunction (14). We therefore
hypothesized that lipid accumulation in
cardiomyocytes with BMPR2 mutation
occurs due to impaired FAO, which is
exacerbated by WD. We tested this
hypothesis using a transgenic mouse model
of PAH with ubiquitous expression of
mutant BMPR2 and also in vitro using a
novel cardiomyocyte cell line with BMPR2
mutation. Some of the results of these
studies have been previously reported in the
form of an abstract (15, 16).

Methods

See METHODS in the online supplement for
details.

Results

Long-Chain Fatty Acids Accumulate
in the Mouse RV with BMPR2
Mutation
We have previously identified elevated
triglycerides in the RV of our transgenic
rodent model (7), but a more detailed
speciation of lipid intermediaries
accumulating as a function of BMPR2
mutation has not been performed. Using
a metabolomics approach, we compared
the lipid distribution in RV tissue from
BMPR2 mutant mice to control littermates
with or without pulmonary arterial banding
as a model of adaptive hypertrophy, all
fed standard diet (SD). We found a
significant increase in long-chain fatty acids
(LCFAs) in BMPR2 mutant mice RV
compared with control mice (Figure 1). The
LCFAs present in the BMPR2 mutant RV
were saturated or monounsaturated and
polyunsaturated LCFAs (Figure 1B). There
was no change in the distribution of

LCFAs in mice with pulmonary arterial
banding compared with control mice. We also
explored whether reduced cardiac function in
our transgenic rodent model was associated
with higher levels of lipid deposition. As there
is a range of cardiac index (CI) in pulmonary
hypertension, we stratified the mutant mice
by CI (with lower or with preserved CI; see
Table E1 in the online supplement) and
linked to RV function. We found that in the
BMPR2 mutant mouse RV, lower CI was
associated with increased accumulation of
LCFAs compared with mutant mice with
normal CI (Figure 1A). These findings
indicate that in a rodent model of BMPR2
mutation, RV dysfunction is associated with
accumulation of LCFA that is not present
in a model of isolated pressure overload.
Moreover, higher LCFA levels were associated
with worse RV function, suggesting that
degree of lipid deposition correlates inversely
with RV function.

Characterization of H9c2 Cells
To show that RV lipid accumulation in
the mutant BMPR2 phenotype occurs
independent of pulmonary vascular disease,
we next performed cell culture experiments
in the H9c2 cell line (17–19). We generated
H9c2 clones stably expressing either
empty vector (C) or two forms of human
BMPR2 gene: mutation in cytoplasmic
(M1) or kinase domain (M2) (Figure 2A).
All the H9c2 clones expressed cardiac-
specific markers (Acta1; Acta2; Desmin;
troponin T2, cardiac type; tropomyosin 1a)
(Figure 2B), and demonstrated
immunoreactivity for cardiac troponin T
(Figure 2C) and F-actin (Figure 2D),
markers of cardiomyocytes. To determine if
lipid accumulation is present in these cell
lines and thus independent of load stress,
we performed Oil Red O stain on control
and mutant H9c2 cells (Figure 2E) and
quantified the accumulated lipids using
Image J software. We found lipid
accumulation was exclusively present in the
cardiomyocytes that expressed mutant
BMPR2 gene (Figure 2F). Our results show
that lipid accumulation in BMPR2 mutant
H9c2 cells is a consequence of BMPR2
mutation and does not require load stress.

Cardiomyocyte Expression and
Localization of the Fatty Acid
Transporter CD36 Is Altered by Both
BMPR2 Mutation and Dietary Lipids
The observed lipid deposition in BMPR2
mutant cardiomyocytes could be a result

At a Glance Commentary

Scientific Knowledge on the
Subject: Lipid accumulation in the
right ventricle (RV) with bone
morphogenetic protein receptor type 2
(BMPR2) mutation is shown to be
associated with failure of RV
hypertrophy in both the animal model
and the human heritable form of
pulmonary arterial hypertension
(PAH), but the mechanisms of lipid
accumulation in the RV are as yet
unknown.

What This Study Adds to the
Field: The current study unravels the
principal mechanisms leading to RV
lipotoxicity in heritable PAH using a
novel cultured cardiomyocyte cell line
with mutant BMPR2 expression and a
transgenic mouse model of PAH with
the same BMPR2 mutation. Our
studies demonstrate that impaired fatty
acid oxidation is the key mechanism
underlying lipid accumulation in the
BMPR2-mutant RV, and increased
expression of the lipid transporter
molecule CD36 also contributes to
lipid accumulation. This study further
demonstrates that these alterations are
exacerbated in the presence of elevated
dietary lipids. These findings will help
develop novel areas of therapeutic
intervention.
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of increased uptake of fatty acids,
dysregulation of fatty acid metabolism,
or increased synthesis of lipids. We
investigated each of these features in our
mouse model and cultured cardiomyocytes
with BMPR2 mutation. CD36, the main fatty
acid transporter molecule, facilitates fatty
acid uptake by being recruited to the
sarcolemma from the intracellular
compartment (20–23). This molecule plays a
role in the pathogenesis of various cardiac
metabolic diseases, including alterations in
cellular lipid metabolism (cardiac
lipotoxicity) leading to cardiac contractile
dysfunction (24–26). We tested the presence
of CD36 in lipid accumulation in BMPR2
mutant H9c2 cells. We found an increase in
CD36 protein in mutants, which was
significant (P = 0.02) in M1 and trends
toward significance (P = 0.06) in M2 cells
compared with controls (C) (Figure 3B). In
control cells, CD36 was predominantly
localized in cytoplasm, whereas in M1 and
M2 cells the localization of CD36 was in
both the cytoplasm and the plasma
membrane (Figure 3A). To confirm the
immunohistochemical findings and
determine if there was increased plasma
membrane localization in both mutant lines,
we performed subcellular fractionation and
enriched plasma membrane and cytoplasmic
fractions from H9c2 cells. In the plasma
membrane fraction, there was a significant
increase in CD36 protein in the mutant M2
cells, but not the Cy fraction, compared with
control cells (Figure 3C). To demonstrate
a mechanistic role for CD36 in mutant
BMPR2 cells, we performed radioactive
palmitate uptake assay in C, M1, and M2
cells using 14C palmitate. We found a
significant uptake of radioactive palmitate in
M2 mutant cells compared with control but
not in M1 mutant cells (Figure 3D). These
findings indicate that in cardiomyocytes
with BMPR2 mutation, particularly the M2
cell line, increased CD36 protein expression,
and its redistribution may contribute to the
observed lipid accumulation.

We have previously found that in
the BMPR2 mutant mouse model of PAH,
WD resulted in increased right ventricular
systolic pressure and penetrance as well as
weight gain despite the consumption of
the same amount of chow compared with
control littermates (7, 27), but the effects
of WD on RV lipid content has not been
studied. We used electron microscopy to
quantify the volume of RV tissue lipid
droplets in RV from control and BMPR2
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Figure 1. Long-chain fatty acids (LCFAs) are increased in mouse right ventricle (RV) in the presence of
bone morphogenetic protein receptor type 2 (BMPR2) mutation. (A) Total amount of LCFAs in control
(white box; n = 7), control with pulmonary arterial banding (PAB; light gray box; n = 8), BMPR2R899X with
normal cardiac index (CI; dark gray box; n = 7), and BMPR2R899X with low CI (black box; n = 8).
*P, 0.0001. LCFAs are significantly increased in the mouse RV with BMPR2 mutation compared with
control littermates; #P, 0.009. In the mouse RV with BMPR2 mutation, LCFAs are increased further in
the group with the lower CI. (B) Distribution of saturated and unsaturated LCFAs in mouse RV; control
(open circles), BMPR2R899X with normal CI (gray circles), and BMPR2R899X with low CI (black circles).
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mutant mice fed either SD or WD diet. We
found that when on SD there was a trend
toward increase in the volume of lipids
(P = 0.06) in BMPR2 mutant mouse RV
compared with control mouse RV (Figures
4A and 4B). With WD, the volume of lipids
was significantly higher in BMPR2 mutant
mouse RV than in BMPR2 mutant littermates
(P, 0.03) and control littermates (P, 0.001)
on SD (Figures 4A and 4B). In RV tissue from
all the groups, the lipid droplets were clearly
visible close to mitochondria, suggesting that
the lipids may be underused for
mitochondrial FAO. These data show that
WD alone is associated with RV lipid
deposition, and this is further augmented in
the context of BMPR2 mutation.

To determine if dietary lipids could
trigger increase or redistribution of CD36,
we measured Cd36 expression in control
and BMPR2 mutant mice fed SD or WD.
We found that Cd36 gene expression was

similar in RV from control and BMPR2
mutant mice fed either SD or WD
(Figure 4C). However, with WD, Cd36 gene
expression trended toward an increase in
control RV and was significantly higher in
BMPR2 mutant RV compared with
respective groups on SD. At the protein
level, with SD there was a twofold increase
in CD36 protein in BMPR2 mutant RV
compared with control mouse RV
(Figure 4D). With WD there was also a
twofold increase in CD36 protein in control
and BMPR2 mutant RV, which was
significant compared with control RV from
mice fed SD. We then sought to
demonstrate the cellular localization of
CD36 using primary cultures of mouse RV
cardiomyocytes. In the RV cardiomyocytes
from control mice fed SD, CD36 is
predominantly localized in the cytoplasm,
but in RV cardiomyocytes from BMPR2
mutant mice, CD36 is localized to the

plasma membrane and in the cytoplasm.
Similarly, in RV cardiomyocytes from mice
fed WD, CD36 was localized in the
cytoplasm and to the plasma membrane
both in control and BMPR2 mutant RV
cardiomyocytes (Figure 4E), similar to our
earlier findings in the H9c2 cell line. Taken
together, these findings suggest that as a
consequence of BMPR2 mutation, expression
of CD36 fatty acid transporter protein is
increased in cardiomyocytes. Furthermore,
an increased availability of dietary lipids
results in further increase in CD36 and
redistribution in RV cardiomyocytes.

The RV with Mutant BMPR2
Expression Demonstrates
Suppression of FAO
In cardiomyocytes, ATP is generated via
fatty acid b-oxidation. In the classical
pathway of FAO, fatty acids are bound to
Coenzyme A after entering the cell and
subsequently form fatty-acyl carnitines to
facilitate their entry into the mitochondria,
where they undergo b-oxidation. Although
other animal models of RV failure have
been found to have suppressed FAO,
whether this is present as a consequence
of BMPR2 mutation is unknown (28–32).
We first investigated the intermediaries of
the FAO pathway using our metabolomics
data in BMPR2 mutant RV cardiomyocytes.
There was a significant decrease in long-
chain acylcarnitines in BMPR2 mutant
mouse RV compared with control mouse
RV (Figure 5A, Figure E1). And, when
BMPR2 mutant mouse RVs were stratified
based on cardiac function, the levels of
these acylcarnitines, although not
significantly decreased, show a trend
with lower CI (Figure 5A). We found that
the levels of metabolites in carnitine
synthesis were similar in control and
BMPR2 mutant mice RV (Figure 5B),
suggesting that although carnitines are
present in the cytoplasm, acylcarnitines
are not formed in BMPR2 mutant mouse
RV to undergo mitochondrial b-oxidation.

We further directly tested
mitochondrial b-oxidation in the
context of BMPR2 mutation. Using
high-resolution respirometry, we
determined the incremental change in
oxygen (O2) consumption supported by an
acylcarnitine substrate (palmitoylcarnitine)
in permeabilized mouse RV tissue from
control and BMPR2 mutant mice fed
either SD or WD. With SD, we found a
trend toward decrease in FAO-attributable
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gene (open bars) is expressed in control (C), mutant1 (M1), and mutant2 (M2) cells. Human mutant
BMPR2 gene (solid bars) is expressed in M1 and M2 but not in C cells. *P, 0.05. (B) Cardiac markers
Actn1, Acta2, Desmin, TNNT2, and TPM1 are equally expressed in C (white bars), M1 (light gray bars), and
M2 (dark gray bars). (C) Cardiac TNNT2 and (D) F-actin are present in C, M1, and M2 cells. (E ) Lipid
deposition is present in in M1 and M2 cells compared with C as seen by Oil Red O staining. (F ) Bar graph
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O2 consumption in BMPR2 mutant mouse
RV compared with control mouse RV
(Figure 5C). With WD, FAO-attributable
O2 consumption was nearly obliterated in
BMPR2 mutant mouse RV, whereas control
RV, although not significant, show an
increase in FAO-supported O2

consumption in the context of a WD
(Figure 5C). Supporting this evidence of
reduced fat metabolism, our metabolomics
analysis also demonstrated a trend toward
a decrease in b-hydroxybutyrate, a
metabolic product of fatty acid breakdown

and ketogenesis, in BMPR2 mutant mouse
RV compared with control mouse RV
(Figure 5D). The baseline respiration as
represented by Complex I–linked
respiration (in the presence of glutamate
and malate) was not different between the
diet conditions or genotypes (Figure E2).

We further investigated mitochondrial
volume in RV cardiomyocytes by electron
microscopy to determine if the observed
decrease in b-oxidation was due to reduced
mitochondrial volume. We found that the
volume of mitochondria in BMPR2 mutant

mouse RV cardiomyocytes was similar to
RV cardiomyocytes from control mice fed
either SD or WD, suggesting decrease in
mitochondrial FAO-attributable O2

consumption is independent of size or
number mitochondria (Figure 5E, Figure
E3). Taken together, these findings indicate
that the FAO pathway in the BMPR2
mutant RV is impaired at multiple points,
including transport into the mitochondria
and b-oxidation itself.

We next sought to test the hypothesis
that impaired FAO by itself is sufficient
to cause lipid accumulation in control
cardiomyocytes. We treated control H9c2
cells with two inhibitors of FAO pathway:
sulfosuccinimidyl oleate (SSO) and
etomoxir. SSO is not only an established
inhibitor of CD36 but it also effectively
inhibits mitochondrial metabolism at
several sites, with inhibition of
palmitoylcarnitine-supported respiration
being the most potent inhibitory effect
observed (half maximal inhibitory
concentration around 5 mM) (33).
Etomoxir is known to inhibit mitochondrial
fatty acid b-oxidation by irreversibly
binding to carnitine pamitoyltransferase-1
and preventing entry of LCFAs into the
mitochondrial matrix (33, 34). We found
that in the presence of either SSO or
etomoxir there was significant lipid
accumulation in control H9c2 cells
(Figure 5F). Indeed, significant lipid
accumulation for SSO was observed in spite
of its inhibitory effects on CD36, suggesting
that the inhibition of FAO is an overriding
driving force for lipid accumulation.
Together, these findings suggest that in
cardiomyocytes lipid accumulation can be
recapitulated through impairment of
mitochondrial FAO, suggesting this is a key
mechanism underlying lipid accumulation
in the BMPR2 mutant RV, which is
exacerbated in the presence of dietary lipids.

De Novo Lipid Synthesis in RV
Cardiomyocytes Is Unaffected by
BMPR2 Mutation
DGAT (acyl CoA: diacylglycerol
acyltransferase) is a microsomal enzyme
that catalyzes the conversion of
diacylglycerol (DAG) to triglycerides
(35). As our previous findings showed
increased accumulation of triglycerides in
human RV with BMPR2 mutation (7), we
sought to determine if the expression of
DGAT1 is altered in cardiomyocytes in the
presence of BMPR2 mutation. In H9c2
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cells we found that DGAT1 protein was
localized in the cytoplasm in mutant and
control cells (Figure 6A). There was no
difference in the DGAT1 localization in
mutant cells compared with controls. We
confirmed this finding in human RV
from autopsy specimens of PAH (n = 3;
Table E2) and specimens from healthy
control subjects (n = 3) who died free of
cardiovascular disease. In human RV tissue,
DGAT1 protein was localization in the
cytoplasm and as expected was similar in
HPAH compared with controls (Figure 6B).
We next sought to determine the mRNA

expression of the two DGAT isoforms
(Dgat1 and Dgat2) in BMPR2 mutant RV
tissue and compare with control RV tissue
from mice fed either SD or WD. We
found that with either SD or WD, there
was no difference in the Dgat1 and Dgat2
gene expression in BMPR2 mutant mouse
RV compared with control mouse RV.
However, there was a trend toward a
decrease in DGAT genes (1 and 2) in
control RV and a significant decrease in
BMPR2 mutant RV when fed WD
compared with SD (Figure 6C). These
data demonstrate the lipid accumulation

in BMPR2 mutant RVs is not due to
increased synthesis.

Discussion

In this series of experiments, we explored
the mechanisms through which BMPR2
mutation in cardiomyocytes results in
lipid accumulation, We used both cell
culture and animal models as well as
human tissue and direct measurements of
respirometry to demonstrate altered
transport of fats into cardiomyocytes with
BMPR2 mutation and, moreover,
demonstrated a key role for suppression
of FAO in promotion of lipid accumulation.
In addition, our findings suggest that
high-fat diet could also increase lipid
deposition in RV cardiomyocytes through
increased transport, which is further
exaggerated in the presence of mutated
BMPR2. Our findings provide mechanistic
insight into lipid accumulation in RV failure
in PAH, which has previously been
demonstrated to be lipotoxic (7).

A major challenge to studying
mechanisms of lipid deposition was the lack
of a cell culture model of BMPR2 mutation.
To address this problem, we developed a
novel cardiomyocyte cell line, H9c2 stably
transfected with mutant BMPR2. The two
mutant constructs used to transfect H9c2
cells are present in families with HPAH
(7, 36, 37). The M1 mutant is described as a
BMPR2 gene with a 2579-2580delT
resulting in a frameshift at amino acid 859
resulting in 10 missense amino acids and a
stop leads to deletion of cytoplasmic tail.
M2 is the BMPR2 gene with a C993T
mutation resulting in R332X in kinase
domain deletion. With the exception of
expression of the BMPR2 mutation, the
BMPR2 mutant H9c2 cells were genetically
similar to cells expressing empty vector and
the stably transfected H9c2 cells expressed
cardiomyocyte markers (38), suggesting
that the presence of mutant BMPR2 did not
affect cellular characterization. In addition,
these mutant cell lines also expressed the
cardiac markers, troponin T and F-actin,
shown to be expressed by H9c2 cells in
culture (38). The advantages of these cell
lines were (1) to demonstrate that lipid
accumulation in cardiomyocytes can occur
in the absence of load stress, which is only
possible in an ex vivo model; and (2)
to mechanistically study the effects of
BMPR2 mutation on CD36 trafficking and
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mitochondrial function. A key finding in
our data was that lipid accumulation occurs
in the cultured cardiomyocytes with
BMPR2 mutation, thus confirming that the
lipid effects of BMPR2 mutation do not
require pulmonary vascular disease and are
dependent on altered BMPR2 signaling
within the cardiomyocyte.

When RV is in its basal metabolic
state, LCFAs are the predominant source
of energy production (60–90%), and
carbohydrates (e.g., glucose) are secondary
source (39, 40). In PAH, changes in fatty
acid metabolism can promote RV
dysfunction and may underlie the poor
prognosis in patients with pulmonary
hypertension (7, 11–13). Thus, alterations
in lipid transport, metabolism, and
storage can potentially contribute to RV
dysfunction in PAH. CD36, a major fatty
acid transporter molecule, accounts for
the majority of fatty acid uptake in
cardiomyocytes. It is stored in intracellular
compartments and recruited to sarcolemma
to facilitate fatty acid uptake. External
stimuli such as insulin, diet, caffeine, etc.,
can trigger relocalization of CD36 to
the sarcolemma (25, 41, 42). Similarly,
deficiency of CD36 in hearts can influence
fatty acid uptake and oxidation, as reported
in compromised recovery from ischemic
injury (43, 44). Our combined data in
both RV tissue from transgenic mice
and BMPR2 mutant cardiomyocytes
demonstrate that BMPR2 mutation can
independently up-regulate CD36 at the
protein level, not at the mRNA transcription
level, and trigger relocalization of CD36
in cultured cardiomyocytes. Furthermore,
our results also indicate that exogenous
palmitate uptake is dependent on BMPR2
mutation type (7, 36). BMPR2 mutation
in kinase domain (M2, required for
SMAD [suppressor of mothers against
decapentaplegic] signaling) but not the
deletion of cytoplasmic tail (M1, SMAD
signaling is intact) results in increased
uptake of fatty acids, which may lead to
increased lipid accumulation. Thus, our data
support the evidence that relocalization of
CD36 likely contributes to chronic elevation
in the uptake of LCFAs into the heart
followed by myocardial lipid accumulation
(30, 39) and also support further studies of
the mechanism of lipid accumulation
patterns dependent on BMPR2 mutation
type.

In cardiomyocytes, FAO is the major
source of ATP production and oxygen
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consumption (60–90%), whereas glucose
metabolism is considered a secondary
source, (10–40%) of energy production (45).
In context to RV specifically, most of the
literature is focused on glucose metabolism,

and very limited information is available on
alteration of FAO in PAH. Others and we
have demonstrated indirect evidence for
impaired fatty acid metabolism in RVs from
PAH and suppression of FAO genes in

rodent models of RV failure (7, 11, 12, 46,
47). Our metabolomics study indicated that
BMPR2 mutation is associated with decrease
in long- and medium-chain acylcarnitines,
an important intermediate of the FAO
pathway, that are transported from the
cytoplasm into the mitochondria. In
addition, our high-resolution respirometry
data directly show reduced mitochondrial
O2 consumption with fat substrate,
confirming the inability of mitochondria
from BMPR2 mutant RVs to augment
b-oxidation in the presence of fat substrate.
However, this is not the only metabolic
derangement present in Bmpr2 mutants
(48), and it is possible that other metabolic
pathways are exerting a modifier effect.
Furthermore, electron microscopic studies
indicated increase in the lipid droplets close
to mitochondria in mouse RV with BMPR2
mutation, similar to that shown in Zucker
rat myocardial cells, where lipid deposits
were clearly visible close to mitochondria
(49). This could suggest that reduced
mitochondrial use of lipids by RV
cardiomyocytes with BMPR2 mutation
could result in increased accumulation of
lipid intermediates in the cytoplasm, which
can lead to a “lipotoxic cardiomyopathy”
(50). Our data strongly support impairment
in FAO in BMPR2 mutant cardiomyocytes,
and they directly measure respirometry in
addition to indirect markers. When
combined with our prior demonstration of
lipotoxicity associated with BMPR2
mutation in the RV, our findings suggest
that impaired FAO is contributing to
impaired RV compensation in HPAH (51).

It is known that increases in availability
of LCFA as a result of a high-fat diet leads to
increases in fatty acid uptake by CD36 (52).
In accordance with the literature, our
findings indicate an increase in CD36
protein with WD, which can potentially
contribute to a lipotoxic cardiomyopathy
(41, 53, 54). Furthermore, our high-
resolution respirometry results indicate that
in the mouse RV, dietary lipids can increase
FAO-attributable mitochondrial O2

consumption, suggesting a distinctly
different mechanism of lipid accumulation
than mutant BMPR2 phenotype. However,

Figure 5. (Continued). decrease in cardiac index (CI; *P, 0.001). White, control (n = 7); light gray, BMPR2R899X with normal CI (n = 7); dark gray,
BMPR2R899X with low CI (n = 8). (B) Metabolites of carnitine metabolism are unaffected by mutant BMPR2 in mouse RV (P not significant).
(C) Mutant BMPR2 shows a trend to decrease in mitochondrial D oxygen flux in response to palmitoylcarnitine, which is significant when fed Western
diet (WD; *P, 0.002). (D) There is a trend toward decrease in b-hydroxybutyrate with mutant BMPR2 and lower CI in mouse RV (open circles

indicate outliers). (E) In RV cardiomyocytes, volume of mitochondria is unchanged with BMPR2 mutation and WD. (F) b-Oxidation pathway inhibitors
sulfosuccinimidyl oleate (SSO) and etomoxir cause lipid accumulation (red color) in control H9c2 cells. SD = standard diet.
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in contrast, FAO-attributable
mitochondrial b-oxidation is strikingly
impaired by dietary lipids in the mutant
BMPR2 mouse RV. These data suggest
that WD alone may potentially have
important effects on the RV and further
suggest that WD may exacerbate, but is
not required for, the BMPR2 mutant
RV phenotype.

Our study does have some limitations.
First, our studies do not demonstrate how
BMPR2 leads to altered CD36 protein
expression and localization. Prior work has
suggested altered cytoskeletal function may

underlie these changes (55), but we have not
directly confirmed this, and further studies
are warranted. Moreover, our studies focused
on the metabolism of fat, but we have not
studied the interaction of glucose and lipid in
BMPR2 mutant RVs or cardiomyocytes,
which is an important area of future study.
Finally, although a cardiomyocyte line, the
H9c2 cells are not specifically RV, though
their findings are recapitulated in the isolated
RVs from transgenic rodents. We are
presently addressing this limitation using
mutant BMPR2 embryonic stem
cell–derived cardiomyocytes.

In summary, in HPAH with BMPR2
mutation the key mediators of RV lipid
accumulation are impaired mitochondrial
FAO as well as increased protein synthesis,
and altered localization of CD36 can lead to
an increase uptake of free fatty acids. Dietary
lipids further exacerbate these alterations. A
deeper understanding of the complex
mechanisms of metabolic remodeling of the
RV will aid in the development of targeted
treatments of RV failure in PAH. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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