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Abstract

Rationale: Shorter survival in heritable pulmonary arterial
hypertension (HPAH), often due to BMPR2mutation, has been
described in association with impaired right ventricle (RV)
compensation. HPAH animal models are insulin resistant, and cells
with BMPR2mutation have impaired fatty acid oxidation, but
whether these findings affect the RV in HPAH is unknown.

Objectives: To test the hypothesis that BMPR2 mutation impairs
RV hypertrophic responses in association with lipid deposition.

Methods: RV hypertrophy was assessed in two models of mutant
Bmpr2 expression, smoothmuscle–specific (Sm22R899X) and universal
expression (Rosa26R899X). Littermate control mice underwent the
samestressusingpulmonary arterybanding (Low-PAB).Lipid content
was assessed in rodent and human HPAH RVs and in Rosa26R899X

mice aftermetformin administration. RVmicroarrayswere performed
using human HPAH and control subjects.

Results: RV/(left ventricle1 septum) did not rise directly in
proportion to RV systolic pressure in Rosa26R899X but did
in Sm22R899X (P, 0.05). Rosa26R899X RVs demonstrated
intracardiomyocyte triglyceride deposition not present in Low-
PAB (P, 0.05). RV lipid deposition was identified in human
HPAH RVs but not in controls. Microarray analysis demonstrated
defects in fatty acid oxidation in human HPAH RVs. Metformin
in Rosa26R899X mice resulted in reduced RV lipid deposition.

Conclusions: These data demonstrate that Bmpr2 mutation
affects RV stress responses in a transgenic rodent model. Impaired
RV hypertrophy and triglyceride and ceramide deposition are
present as a function of RV mutant Bmpr2 in mice; fatty acid
oxidation impairment in human HPAH RVs may underlie this
finding. Further study of how BMPR2 mediates RV lipotoxicity is
warranted.

Keywords: heart failure; pulmonary hypertension; right ventricle;
insulin resistance

Although pulmonary arterial hypertension
(PAH) is a highly morbid disease of the
pulmonary vasculature with progressive
arterial obliteration, the resultant cause of
death in this condition is right heart failure
(1). Recent large-scale registries of patients

with PAH have shed light on important
subtypes of disease that are associated with
increased mortality (2, 3). Data from the
Registry to Evaluate Early and Long-Term
PAH Disease Management (REVEAL)
registry demonstrated greater than twofold

increased hazard ratio for mortality among
patients with heritable PAH compared with
patients with idiopathic PAH (3), and we
and others have shown depressed right
ventricular stroke work index and cardiac
index in heritable PAH (4, 5), suggesting
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possibly impaired right ventricle (RV)
function in this PAH subtype. Germline
mutations in BMPR2, a member of the
transforming growth factor-b receptor
family, are present in approximately 80% of
heritable PAH. Despite a primarily
pulmonary vascular phenotype of heritable
PAH, mutant BMPR2 is expressed
throughout the affected individual, with
potential for affecting organ structure and
function outside the pulmonary circulation.

We and others have reported a high
prevalence of metabolic derangements,
including insulin resistance, dyslipidemia,
and hyperglycemia, in both humans with
PAH and in animal models of PAH (6–10).
Recent work has highlighted a shift from
glucose oxidation to glycolysis and
accompanying impairment in fatty acid
oxidation as a function of BMPR2 mutation
and in other animal models of PAH
(11–13). With a high metabolic rate and
preference for fatty acids as a fuel source,
the heart may be particularly sensitive to

metabolic impairment as a function of
BMPR2 mutation. However, it is unknown
if the presence of BMPR2 mutation in the
RV may alter responses of this organ to
stressors such as increased afterload.

We hypothesized that expression
of mutant BMPR2 in the RV impairs
hypertrophic responses in association with
alterations in fatty acid oxidation. We
tested this hypothesis in transgenic mouse
models of Bmpr2 mutation and in human
heritable PAH RV tissue. Some of the
results of these studies have been previously
reported in the form of an abstract (14).

Methods

All animal procedures were approved by
the Institutional Animal Care and Use
Committee of Vanderbilt University School
of Medicine, and human studies were
approved by the Institutional Review Board
of Vanderbilt University School of Medicine
(IRB numbers 9401 and 111066).

Transgenic Mice
We used two models of mutant Bmpr2
expression: (1) the Rosa26-rtTA2 3
TetO7-Bmpr2R899X FVB/N mice
previously described (15, 16), called
Rosa26R899X for brevity (17), in which mutant
Bmpr2 is universally expressed; and (2)
the Sm22-rtTA2 3 TetO7-Bmpr2R899X,

called Sm22R899X for brevity, in which
mutant Bmpr2 expression is confined to the
smooth muscle (17). Expression of
transgene occurs only after initiation of
doxycycline in both models. Transgene-
negative mice were used as littermate
controls and were administered doxycycline
as well.

In experiments using metformin,
Rosa26R899X mice were fed a high-fat chow
(60% lard) with doxycycline and metformin
(25 g/kg) or vehicle diet beginning at 6 weeks
of age. Western diet has been shown to
increase penetrance of PH in this model (18).
This diet was continued for 6 weeks, at which
time mice were killed as described below.

Pulmonary Artery Banding
Pulmonary artery banding (PAB) was
performed as previously described (19) in
FVB/N littermate control mice at 8 to 10
weeks of age at either low pressure (right
ventricular systolic pressure [RVSP], 25–30
mm Hg) or high pressure (RVSP, 45–40
mm Hg) and remained in place for
2 weeks, after which animals underwent
echocardiography, invasive hemodynamic
measurement, and were killed, with tissue
harvested and preserved in formalin or
snap frozen. High-pressure PAB was also
performed in Rosa26R899X mice at 8 to 10
weeks of age after 2 weeks of doxycycline
administration. PAB continued with

Figure 1. Right ventricular (RV) hypertrophy in smooth muscle–specific and universal expression
of mutant Bmpr2. RV/(left ventricle1 septum) ratio as a function of RV systolic pressure (RVSP) in two
models of mutant Bmpr2 expression: smooth muscle–specific, in which there is no RV expression of
mutant Bmpr2 (Sm22R899X), and universal expression of mutant Bmpr2 under the Rosa26 promoter
(Rosa26R899X), in which mutant Bmpr2 is present in the RV. RV hypertrophy is absent as a function
of RVSP in universal mutant Bmpr2 expression, whereas it is preserved when mutant Bmpr2 is
confined to smooth muscle cells. Doxycycline was administered for 6 weeks in both models.
P , 0.01 by analysis of covariance; n = 8 and 11, respectively.

At a Glance Commentary

Scientific Knowledge on the Subject:
Increased glycolysis and decreased fatty
acid oxidation have been reported in
right ventricular failure associated with
rodent models of pulmonary arterial
hypertension (PAH). The consequences
of impaired fatty acid oxidation have
not been explored.

What This Study Adds to the Field:
Our research shows that expression of
genes from the fatty acid oxidation
pathway is suppressed in failing right
ventricles (RVs) from patients with PAH
and that cardiomyocyte lipid deposition
is present in the same RVs. We found
RV lipid deposition in a transgenic
rodent model of PAH using universal
expression of mutant BMPR2, a gene
that commonly underlies heritable PAH.
In a rodent model, we characterized the
lipid as triglyceride and found that
compensatory RV hypertrophy is
reducedwhen BMPR2 is expressed in the
RV. These findings suggest impaired
fatty acid oxidation is associated with
lipid deposition in the RV of patients
with PAH and may imply a lipotoxic
cardiomyopathy in the RV in PAH.
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doxycycline for 2 weeks, when animals were
killed as described above.

In Vivo Hemodynamics
At the time of sacrifice, invasive
hemodynamics were measured either
through a closed-chested technique for
simple measurement of RVSP (17) or
through open-chested technique for
measurement of pressure–volume loops in
animals after PAB, as in our hands this
yields better quality pressure–volume loops
(19). Both techniques have been previously
described (17, 19). Hemodynamics were
continuously recorded with a Millar
MPVS-300 unit coupled to a Powerlab 8-SP
analog-to-digital converter acquired at
1,000 Hz and captured to a Macintosh G4
(Millar Instruments, Houston, TX).

Histology
RVs were harvested at the time of sacrifice
and snap frozen or placed in 10% formalin.

For oil red O staining, 10-mm frozen
sections were cut and mounted on slides.
Oil red O staining was performed as
previously described (20). Further details
can be found in the online supplement.

Expression Arrays
RNA was isolated from RVs using a Qiagen
RNeasy mini kit (Valencia, CA). First and
second strand complimentary DNA was
synthesized using standard techniques.
Biotin-labeled antisense complimentary
RNA was produced by an in vitro
transcription reaction. Human Gene 1.0
microarrays (Affymetrix, Foster City, CA)
were hybridized with 20 mg cRNA. Target
hybridization, washing, staining, and
scanning probe arrays were done following
an Affymetrix GeneChip Expression
Analysis Manual. All array results have
been submitted to the National Center for
Biotechnology Information gene expression
and hybridization array data repository

(GEO, http://www.ncbi.nlm.nih.gov/geo/)
as series (pending). Arrays were analyzed as
previously described (21).

Data Analysis
Statistical tests were either one-way or two-
way analysis of variance (ANOVA) with
post hoc Fisher least significant difference,
or z-test, performed using the JMP program
(SAS, Cary, NC) or GraphPad Prism Plus
version 5.0 Software (San Diego, CA). Data
are presented as mean 6 SD unless
otherwise noted.

Results

Effects of Bmpr2 Mutation on
RV Hypertrophy
To determine if expression of mutant
Bmpr2 expression in the RV altered
the expected hypertrophic responses in
response to elevation in pulmonary artery
pressure, we compared RV/(LV 1 S)
(where LV is left ventricle and S is septum)
ratio as a function of RV systolic pressure
as measured by in vivo hemodynamics in
two models of mutant Bmpr2 expression:
(1) Rosa26R899X with universal expression
of mutant BMPR2 including the RV (16);
and (2) Sm22R899X, in which mutant
expression is confined to smooth muscle
and absent in cardiac myocytes (17)
(Figure 1). In both transgenic models,
doxycycline was administered for 6 weeks.
We found that RV/(LV 1 S) directly
correlated with RVSP in the Sm22R899X

mice. In contrast, in Rosa26R899X mice with
RV expression of mutant BMPR2, there
was no increase in RV/(LV 1 S) in the
context of increased pulmonary vascular
pressures (P , 0.01 by analysis of
covariance). We confirmed altered Bmpr2-
related signaling in the Rosa26R899X RVs
compared with littermate control mice
using immunostaining for both total and
phospho-SMADs (see Figure E1 in the
online supplement) and showed increased
stain for both with expression of mutant
Bmpr2 in the RV.

We next sought to compare RV
hypertrophic responses in Rosa26R899X mice
with control mice and with a mouse model
of RV hypertrophy (22–24), PAB, in wild-
type controls (Figure 2A). We used low-
pressure PAB (Low-PAB) with RVSP of
approximately 25 to 30 mm Hg to mimic
the load stress present in the Rosa26R899X

model. We found that on a macroscopic

Figure 2. Right ventricular (RV) hypertrophy and dilation in control, low-pressure pulmonary artery
banding (Low-PAB), and Rosa26R899X mice. RV hypertrophic responses were compared in sham-
treated control mice, littermate control mice that underwent Low-PAB, and Rosa26R899X mice 6
weeks after transgene activation. (A) Macroscopic RV hypertrophy [RV/(left ventricle 1 septum)] in
Rosa26R899X is impaired compared with similar pressure by PAB (Low-PAB) in littermate control mice.
n = 5 to 10 per group. (B) Myocyte diameter measurement on hematoxylin and eosin–stained RV
tissue from the same groups showed decreased myocyte hypertrophy when mutant Bmpr2 is
expressed in the RV compared with Low-PAB in littermate control mice, where myocyte diameter is
substantially increased compared with control mice. n = 3 RVs, 75 to 100 myocytes per RV in three to
four fields. (C) Relative brain natriuretic peptide (BNP) expression by quantitative polymerase chain
reaction for the same groups demonstrated increased BNP expression in PAB that was not present in
the similarly stressed Rosa26R899X RVs. (D) RV dilation as measured by echocardiography is similar in
Low-PAB and Rosa26R899X mice, despite impaired hypertrophy in transgenic mice. RVID/LVID = right
ventricular internal diameter/left ventricular internal diameter. n = 6 to 23 per group, *P , 0.05 versus
control and Rosa26R899X, #P , 0.05 versus control.
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level, there was significant RV hypertrophy
as measured by RV/(LV 1 S) in Low-PAB
mice (P , 0.05 vs. control). In contrast,
despite similar levels of RV systolic pressure
and thus afterload, there was no increase
in RV hypertrophy in the Rosa26R899X

model. Examination of myocyte size in the
three groups showed similar findings,
with substantial increase in myocyte
diameter in Low-PAB mice (P , 0.05 vs.
sham control and vs. Rosa26R899X).
Myocyte diameter was not statistically
different in Rosa26R899X mice from
control mice (Figure 2B). We also
measured expression of brain natriuretic
peptide (BNP) by reverse transcriptase–
polymerase chain reaction (PCR) as
a marker of hypertrophic stimulus and
found that although Low-PAB caused an
expected increase in BNP expression,
despite similar pressure, BNP expression
was not increased in the Rosa26R899X RVs
(P , 0.05 vs. PAB; Figure 2C). Using
M-mode echocardiography we measured
RV dilation in control, Low-PAB wild-type,
and Rosa26R899X mice and found that
the RV was significantly dilated in the
Low-PAB mice and the Rosa26R899X mice
compared with control mice (P , 0.05;
Figure 2D), demonstrating that load stress
was present in both experimental models.
These data show impaired RV macroscopic
and cellular hypertrophic responses with
mutant BMPR2 expression in the RV.

To determine if the RV is capable of
hypertrophy with a more significant load
stress when mutant Bmpr2 is expressed in
the RV, we used standard pressure PAB
(RVSP, approximately 40 mm Hg) in
Rosa26 littermate control mice and
Rosa26R899X transgenic animals (Figure 3).
For these experiments, PAB was performed
at 8 to 10 weeks of age and animals killed
2 weeks later. Rosa26R899X mice were
treated with doxycycline continuously
starting 2 weeks before PAB. We found
similar RV/(LV 1 S) with high-pressure
PAB in both littermate control mice and
transgenic animals (P , 0.05 for effect of
PAB by two-way ANOVA; Figure 3A).
Myocyte diameter findings were similar
(Figure 3B). In littermate control mice,
PAB was associated with an increase
in percent of RV fibrosis on Masson’s
trichrome stain; less fibrosis was observed
in the Rosa26R899X RVs, and it was not
different from control mice (Figure 3C).
On echocardiography, there was a trend
to increased RV diameter in the PAB

Figure 3. Effects of load stress on right ventricle (RV) hypertrophy and dilation in the context of Bmpr2
mutation. RV hypertrophy was assessed in Rosa26R899X mice that underwent high-pressure pulmonary
artery banding (High-PAB) or sham 2 weeks after transgene activation and in littermate control mice. (A) RV/
(LV 1 S) in control and High-PAB with mutant Bmpr2 expression in the RV (Rosa26R899X) and littermate
control mice (Rosa26) demonstrating that with marked elevation in RV load stress, RV hypertrophy can
be induced. The horizontal bar indicates P , 0.05 by two-way analysis of variance for effect of PAB. (B)
Myocyte diameter was increased by PAB in both littermate control mice and Rosa26R899X with High-PAB.
(C) Percent fibrotic area was increased in Rosa26 RVs that underwent High-PAB but was not increased
in the Rosa26R899X RVs either at baseline or with High-PAB. *P , 0.05 versus control. (D) High-PAB in
the context of Bmpr2 mutation expression in the RV results in RV dilation, whereas hypertrophic response
in High-PAB littermate controls results a nonsignificant trend toward less dilation, P = 0.05. n = 4 per group.
LV = left ventricle; LVIDd = left ventricular internal diameter in diastole; RVIDd = right ventricular internal
diameter in diastole; S = septum.

Figure 4. Hemodynamic effects of Bmpr2 mutation in the right ventricle (RV) in both low-pressure (25–30
mm Hg) and high-pressure (35–40 mm Hg) pulmonary artery banding (PAB). In vivo hemodynamics were
compared in three conditions: no load stress (CON), RV systolic pressure (RVSP) 25 to 30 mm Hg from
either Low-PAB or transgene activation in the Rosa26R899X model, and RVSP 35 to 40 mm Hg from High-
PAB in littermate control mice or Rosa26R899X mice that underwent High-PAB. Preload adjusted max
power was increased by PAB at low (RVSP 25–30 mm Hg) and high (RVSP 35–40 mm Hg) pressure with
a significant effect and interaction by the presence of mutant Bmpr2 expression in the RV, #P , 0.05 by
two-way analysis of variance for effect of PAB, transgene, and interaction of both. There was a drop in
contractility index in both groups with PAB. RV end-diastolic pressure was substantially increased with
high-PAB in transgenic animals (*P , 0.05) that was not found in littermate control mice. CON represents
littermate control mice with no PAB. n = 3 to 7 per group.
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Rosa26R899X mice compared with PAB
littermate control mice that was not
statistically significant (P = 0.05; Figure 3D).
These data suggest that RVs with mutant
Bmpr2 are capable of hypertrophy but in the
context of severe load stress.

In Vivo Hemodynamic Effects of
Bmpr2 Mutation in the RV
We next sought to determine if alterations
in hypertrophic responses with mutant
Bmpr2 expression in the RV would be
accompanied by impaired hemodynamic
compensation. We measured open-chested
in vivo hemodynamics in three groups:
littermate control mice with (1) sham PAB
(control), (2) Low-PAB with RVSP 25 to
30 mm Hg, and (3) High-PAB with RVSP
35 to 40 mm Hg. We also measured in vivo
hemodynamics in Rosa26R899X mice under
the same Low- and High-PAB conditions
with transgene induction continuously
beginning 2 weeks before PAB (Figure 4).
We analyzed pressure–volume loops in
each condition and found a significant
increase in RV end-diastolic pressure (P ,

0.05 by two-way ANOVA) in mice with RV
expression of mutant Bmpr2 (Rosa26R899X).
Preload adjusted maximum power was
increased by PAB in all groups, but two-
way ANOVA analysis demonstrated
a decrease in transgenic animals compared
with littermate control mice that was
significant (P , 0.05). Overall, these data
suggested depressed diastolic and systolic
compensation in the context of load stress
with mutant Bmpr2 expression in the RV.

Lipid Deposition in the RV of
Rosa26R899X Mice
We have recently shown that abnormalities
in fatty acid oxidation are associated with
BMPR2 mutation in pulmonary
microvascular endothelial cells (11).
Because the heart preferentially oxidizes
fatty acids as a fuel source, we hypothesized
that defects in fatty acid oxidation may
result in accumulation of lipid in the RV of
mice with RV expression of mutant Bmpr2.
We tested this hypothesis by performing
oil red O stains in littermate control and
High-PAB mice and in Rosa26R899X mice

after 6 weeks of transgene activation
(Figure 5; digitally enhanced version can be
found in Figure E2). We did not find
evidence of significant lipid in normal
RVSP littermate control mice or load-
stressed littermate control mice (shown as
Low-PAB in Figure 5). However, in the
Rosa26R899X mice, there was accumulation
of lipid within the cardiomyocyte, with no
lipid deposition in the extracellular space.
Rosa26R899X mice with normal RVSP
demonstrated lipid deposition as well
(Figure E2). There was little lipid
accumulation in the left ventricle of the
Rosa26R899X mice (Figure E3); however,
lipid deposition did not require increased
afterload, as even mice with normal RVSP
did have some evidence of lipid deposition
(Figure E2). This qualitative increase
in RV lipid was confirmed by mass
spectrometry–measured total lipid content
(P , 0.05; Figure 6). To determine the
specific lipid present within the RV of
the transgenic animals compared with
littermate control mice, lipid extraction
and thin-layer chromatography were

Figure 5. Oil red O staining in the right ventricle (RV) with and without Bmpr2 mutation expression. Demonstration of lipid accumulation in the RVs of
two Rosa26R899X mice in which mutant Bmpr2 is expressed in the RV (bottom two panels). Transgene was activated for 6 weeks. Both littermate
control (upper left) and littermate control with low pulmonary artery banding (PAB) (upper right) did not demonstrate lipid droplets. Lipid in transgenic
animals is demonstrated within cardiomyocytes. Lipid shown as red staining. 403 magnification shown.
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performed (Figure 6). There was no
increase in membrane phospholipid
content, but there was a significant increase
in triglyceride content (P , 0.05) in the
transgenic RVs with expression of mutant
Bmpr2. We measured plasma lipids in the
littermate control and Rosa26R899X mice
and found no difference in quantity or type
of circulating lipids in the two groups
(Figure E5). These data show increased
intracardiomyocyte lipid, specifically
triglyceride, in the RV when mutant
BMPR2 is expressed.

To explore whether potentially
lipotoxic lipids are expressed in the RV with
mutant Bmpr2 expression, we tested the
hypothesis that ceramide, a mediator of
cardiac apoptosis and lipotoxicity (25–27),
was increased the Rosa26R899X RV
compared with control mice (Figure 7).
First we performed immunohistochemistry
for serine palmitoyltransferase 1 (SPT1),
a key enzyme in the synthesis of ceramide
(Figure 7) (28). We found patchy
distribution and increased SPT1 staining
both qualitatively and semiquantitatively,
suggesting increased ceramide synthesis in
the Rosa26R899X RV. We also performed
immunohistochemistry analysis of the same
tissue for ceramide and found increased
RV ceramide. As diacylglycerol has also

been implicated in mediating cardiac
lipotoxicity (29), we performed an assay to
measure RV diacylglycerol levels and did
not find any difference between
Rosa26R899X mice and littermate control
mice (Figure E6).

Metabolic Effects of Mutant BMPR2
Expression in the Human RV
We first confirmed that BMPR2 is expressed
in the human RV using quantitative PCR
in three human control RVs and two RVs
obtained from patients with heritable PAH
at autopsy (Figure E7). Levels of expression
were similar to those obtained from
human lung. To determine if alterations of
lipid metabolism found in our transgenic
mice are present in RV samples from
human patients with heritable PAH and are
distinct from normal RV metabolism and
other forms of right heart failure, we
obtained samples of RV tissue from healthy
control subjects and from patients with
idiopathic dilated cardiomyopathy (DCM)
(Vanderbilt Heart and Vascular Institute
Main Heart Registry, n = 2 each) and
isolated RNA from these groups as well as
our heritable PAH RVs (n = 2). Gene
expression analysis of these RVs was
performed using Affymetrix Gene 1.0 chips.
From 28,763 initial probe sets, 9,837 have

both a median expression over 7 and
a range of over 0.4 in log base 2 units.
Restricting analysis to these genes prevents
inclusion of noise. Undirected principal
components analysis using all 9,837 probe
sets identified a principal component that
accounted for 31% of the total variability
in the samples, which correctly divided
the samples into three groups (the
eigenvalues for healthy control subjects
averaged 20.51, for DCM 0.05, and for
PAH 0.46). The list of probes associated
with this principal component was very
similar to a list generated by ranking probes
by fold change of PAH compared with
healthy control subjects. Hierarchical
clustering was performed using the top
200 genes from this list (using algorithms
internal to dChip) and the genes in the
branches individually examined for
statistically overrepresented biological
process ontology groups using Webgestalt
(Figure 8A). These include up-regulation
of several developmental pathways
(Figure 8B), with DCM samples
intermediate between PAH and healthy
control subjects.

Presented in Figure 8A is statistical
overrepresentation determined branch by
branch. When analyzed as a group, the
domination of metabolic pathways becomes
even more striking. There are 430 unique
genes differentially regulated at least two
times in heritable PAH compared with
healthy control subjects. Of these, 244 are
metabolic (statistically overrepresented at
P = 0.0048). We have recently published
data indicating that BMPR2 mutation in
pulmonary microvascular endothelium
is associated with a suppression of
tricarboxylic acid cycle and lipid oxidation
and an induction of glycolysis (11).
Examination of the metabolic changes in
PAH hearts suggests that the same defects
are present in these samples (Figures 8C
and 8D, for examples). Confirmatory PCR
of selected fatty acid oxidation genes is
shown in Figure E8.

Lipid Deposition in the RV of Patients
with Human Heritable PAH
Using frozen sections from the idiopathic
DCM control RV and heritable PAH RVs
described above, we performed oil red O
staining to determine if lipid deposition is
present in humans with heritable PAH. We
found extensive lipid deposition within
cardiomyocytes of both human heritable
PAH RVs (Figure 9). As in the mouse

Figure 6. Total lipid, phospholipid, triglyceride, and cholesterol content in right ventricles (RVs) of
mice with mutant Bmpr2 expression in the RV and littermate control mice (CON). Transgene was
activated for 6 weeks. Mass spectroscopy–measured total lipid content was significantly increased
(*P , 0.05). Further analysis demonstrated that the intracellular lipid, triglyceride, was significantly
increased in Rosa26R899X mice compared with control mice (P , 0.05). Membrane phospholipid was
not different in the two groups. n = 6 per group.
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model, there was no significant lipid
deposition extracellularly in the human
RVs. There was minimal lipid deposition in
human disease control RVs.

Prevention of Lipid Deposition with
Metformin Administration
To test the hypothesis that drug therapy to
enhance fatty acid oxidation prevents lipid
deposition in the RV in Rosa26R899X mice,
we administered metformin or vehicle to
Rosa26R899X mice (Figure 10). By oil red O
stain we found markedly decreased RV
lipid deposition both qualitatively (Figures
10A and 10B) and quantitatively
(Figure 10C; P , 0.05).

Discussion

In these experiments we have used
transgenic mouse models with and without
RV expression of mutant Bmpr2 as well
as PAB, an RV hypertrophy model, to
demonstrate that mutant Bmpr2 expression
in the RV is associated with impaired RV

hypertrophic responses and decreased
hemodynamic compensation for load stress.
We further demonstrated increased
lipid content, specifically intracellular
triglyceride, in RVs with mutant Bmpr2
expression, and we have shown that this
does not appear to be a general response to
RV load stress. Furthermore, we have found
evidence for increased synthesis and
deposition of ceramide, which has been
shown to be lipotoxic (25, 28). We have
extended these findings to human
heritable PAH RVs, where we found
alteration in expression of genes associated
with fatty acid oxidation and lipid
deposition, and we have demonstrated in
mice that RV lipid deposition is reversible
using metformin. In summary, these
data suggest that mutant BMPR2
expression in the RV may impair
hypertrophic responses in part due to fatty
acid oxidation defects.

The BMPR2 receptor is a member of
the transforming growth factor-b receptor
family, signaling through which has
recently been linked to the development

of maladaptive left ventricular hypertrophy
(30). The role of Bmpr2 signaling in
mediating RV load stress responses
including hypertrophy has not been
explored but has biologic relevance given
the universal expression of this mutation
in some human forms of PAH. Our
Rosa26R899X data suggest that impaired
cardiomyocyte BMPR2 signaling via
receptor cytoplasmic domain mutation
limits the ability of the RV to hypertrophy
in response to increased pressure.

In addition to potential effects of
dysfunctional Bmpr2 signaling in limiting
cardiac hypertrophy, Bmpr2 dysfunction
has been linked by our group and others
to metabolic alterations. In particular,
defective peroxisome proliferator-activated
receptor-g signaling resulting has been
reported as a function of Bmpr2 mutation
(7, 8) as well as increased glycolysis,
decreased oxidative phosphorylation, and
impairment in fatty acid oxidation (11).
Impairments in lipid metabolism and
insulin resistance are closely associated
with tissue lipid deposition (29, 31, 32).

Figure 7. Serine palmitoyltransferase 1 (SPT1) and ceramide expression in the right ventricle (RV). We performed immunohistochemistry for SPT1 in the
RV of Rosa26R899X mice and littermate control mice, and data were analyzed qualitatively and semiquantitatively using photometric analysis. We
found evidence of increased SPT1 and ceramide in the Rosa26R899X RV compared with littermate control mice (*P , 0.05).

ORIGINAL ARTICLE

Hemnes, Brittain, Trammell, et al.: Mutant BMPR2 Effects in the Right Ventricle 331



Animal models have demonstrated that lipid
deposition in the myocardium, even without
insulin resistance, leads to left ventricular
cardiomyopathy (33, 34). Our findings of
potential lipotoxic effects as shown by
hemodynamics and ceramide data in the
RV associated with Bmpr2 mutation are
new. Our finding of lipid deposition even
without pulmonary hypertension in the
Rosa26R899X model and absent lipid with
PAB in littermate control mice suggest that
RV lipotoxicity is unlikely just due to
increased afterload. The extension of these
mouse findings in human RV samples
suggests that there may be RV-specific
effects of BMPR2 mutation in humans.

Moreover, impairment in fatty acid
oxidation pathways may also underlie the
observed limitation in cardiac hypertrophy,
as fatty acid oxidation is the preferred
energy source in the cardiomyocyte (35).
With impairment in fatty acid oxidation,
there will be decreased substrate availability

for catabolism, increased use of glucose
through Randle’s cycle, and thus an
abnormal energy use pattern in the RV
(35). Recent work by other groups has
highlighted the critical role of fatty acid
oxidation in rodent models of RV stress
responses. RV dysfunction correlates with
decreased expression of intermediaries of
fatty acid oxidation and RV hypertrophy
with increased intermediaries of fatty acid
oxidation (23, 24). Our data corroborate
these findings in that reduced expression of
fatty acid oxidation genes was present in
human failing RV samples, and when
a transgenic model of Bmpr2 mutation
resulting in impaired fatty acid oxidation
was used, hypertrophy was inhibited. We
used metformin to enhance fatty acid
oxidation and found reduced lipid
deposition, suggesting that lipotoxicity may
be reversible and a potential therapeutic
target. These data highlight the role of RV
energy substrate use in determining failure

or hypertrophic phenotype and suggest that
this may be a future therapeutic target.

Prior studies of RV dysfunction in
animal models have been unclear in
extrapolation to human disease. A
transgenic model of RV dysfunction that
uses overexpression of a human mutation
may be a useful and clinically applicable
model for future studies of mechanisms of
human RV failure and trials of RV-directed
therapeutics in PAH. Studies of drug
therapy to alter impaired energy metabolism
in the RV may be particularly informative
in this model.

Our study does have some limitations.
Other mechanisms that drive lipid
deposition, such as lipid synthesis and
transport, how insulin resistance affects
cardiomyocyte signaling, and how glucose
import and metabolism are affected by
Bmpr2 mutation, are not addressed by these
studies, and will be areas of future study.
We have attempted to demonstrate lipid

Figure 8. Gene expression analysis of biopsies of human right ventricles from patients with pulmonary arterial hypertension (PAH) or dilated
cardiomyopathy (DCM) or healthy control subjects. (A) Hierarchical clustering of genes differentially regulated in subjects with PAH compared with healthy
control subjects shows that the differences are dominated by genes related to metabolism, with some stress and developmental genes in addition.
DCM samples showed an intermediate expression profile between subjects with PAH and healthy control subjects. (B) Developmental pathways altered
included an up-regulation in Wnt, Notch, and Tgfb pathways. For B–D, open circles represent the average of healthy control subjects; gray circles, DCM;
and black circles PAH. Error bars are SEM. (C) Metabolic gene expression changes suggested a suppression of tricarboxylic acid cycle and an increase in
glycolysis. (D) Gene expression changes also suggest a decrease in derivation of energy from lipid metabolism. n = 2 samples per condition. TGF =
transforming growth factor.
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deposition is not related to afterload stress,
but there may be a pulmonary vascular
effect of metformin that affects RV stress
responses and will require more study in the
future. Finally, our findings will require
exploration in other animal models and
other types of human RV failure.

In conclusion, we have demonstrated
impaired RV hypertrophy, hemodynamic

compensation associated with triglyceride
deposition in a model of mutant Bmpr2
expression in the RV. We have correlated
these findings with human RVs from
patients with heritable PAH and
demonstrated lipid deposition and
alteration in fatty acid oxidation. Further
study of the role of underlying mechanisms
of BMPR2 in mediating RV hypertrophy

and cardiac energy metabolism is
warranted. n
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Figure 9. Oil red O staining in human idiopathic dilated cardiomyopathy right ventricle (RV) and two human heritable pulmonary arterial hypertension (HPAH)
RVs. Striking lipid staining is present in the heritable PAH RVs that is greatly enhanced compared with the idiopathic dilated cardiomyopathy sample.

Figure 10. Effects of metformin on right ventricle (RV) lipid deposition in Rosa26R899X mice and vehicle-fed control mice. Rosa26R899X mice were fed
a Western diet with doxycycline with or without metformin for 6 weeks. Extensive lipid deposition was demonstrated in the RV in Rosa26R899X mice (A);
however, metformin substantially decreased lipid deposition (B and C, *P , 0.05 vs. Rosa26; n = 8–10 per group). In C, images are converted as
demonstrated in Figure E2, and moderate to strong red staining is quantified as percent of total area. Table in D includes results from in vivo hemodynamic
measurements. No comparisons are statistically significant. Met = metformin; RVEDP = right ventricular end diastolic pressure.
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