
Fatty Acid Metabolism, Bone Morphogenetic Protein Receptor Type 2,
and the Right Ventricle

In the healthy adult, the primary energy source for both the left and
right ventricles (LVs and RVs) are fatty acids, accounting for 60–90%
of the substrate used for ATP generation (1, 2). In disease, both the
LV and RV revert to a more fetal-like metabolic state, with a shift in
substrate use to increase glucose and decrease fatty acid metabolism
(1, 2). Teleologically, such a shift would presumably be adaptive,
with increased oxygen efficiency in an oxygen-limited environment,
as fatty acid b-oxidation requires 12% more O2 per mol of ATP
generated than glucose oxidation (3). Indeed, in both humans and
animal models of pulmonary hypertension (PH), there is a shift
toward glucose oxidation in the pathologic response of the RV. In
contrast, in “good” or “homeostatic” hypertrophy, such as that
observed in athletes, predominant fatty acid oxidation is preserved
(4). In the failing RV, the scope of metabolic alterations remain
unclear, and key questions remain on whether glucose oxidation is
adaptive or maladaptive to the stressed RV, if the shift in substrate
use (from fatty acid to glucose) occurs as a consequence of the
increase in afterload and/or lung vascular disease, and the specific
role of bone morphogenetic protein receptor type 2 (BMPR2)
mutations in the responses of the RV resulting from PH.

In this issue of the Journal, Talati and colleagues (pp. 719–728)
provide some insights into these questions (Figure 1) (5). The present
study builds on the prior work by Hemnes and colleagues, who used
transgenic mice with a globally expressing conditional BMPR2
mutant, which abrogated BMP signaling in a dominant-negative
fashion. These mice developed RV dysfunction with increased
triglyceride and pro-apoptotic ceramide deposits in RV myocytes (6).
Lipid deposition was also observed in human pulmonary arterial
hypertension RV tissue (6). Their current work further parses the RV
lipid content, finding an increase in long-chain fatty acids (LCFAs),
specifically palmitate, in BMPR2 mutant RV myocytes, coupled with
impaired fatty acid oxidation (FAO), both of which were exacerbated
by a Western diet. Interestingly, they found an association between
impaired BMPR2 signaling and increased sarcolemma-associated
CD36 expression. CD36, in addition to being the scavenger receptor
for oxidized LDL and promoting binding of thrombospondin, is a
well-described transporter of LCFA, facilitating its uptake in
adipocytes and cardiac and skeletal muscle (7, 8). As a consequence,
these data implicate increased LCFA uptake and decreased use by
FAO as resulting in the lipid deposition observed.

The observation that dysfunctional BMPR2 signaling results
in increased sarcolemma CD36 expression has parallels in other
biologic systems. Transforming growth factor b family signaling has
been previously implicated in regulating CD36 expression in
macrophages via both noncanonical mitogen-activated protein
kinase–mediated phosphorylation of peroxisome proliferator-
activated receptor gamma, as well as canonical Smad-2 signaling
(9, 10). As recognized by the authors, the exact biologic
underpinnings of this potential BMPR2-CD36 axis remain unclear
in cardiac myocytes. However, these alterations were reproduced
in cultured myocytes transfected with mutant BMPR2, suggesting

the metabolic alterations are cell autonomous, rather than the
result of pulmonary vascular disease and/or increased afterload.

An area of uncertainty is the extent to which accumulation of
triglycerides within myocytes causes RV dysfunction. Insights
into cardiac lipotoxicity have been gained from studies of LV
dysfunction in type 2 diabetes and heart failure: increased lipid
accumulation in these diseases correlates with heightened
expression of CD36 (11), as was also observed here. Pathogenic
molecules in LV lipotoxicity include ceramide, diacylglycerol,
acylcarnitine, unesterified cholesterol, and lysolecithin; their
effects include inflammation, apoptosis, mitochondria
dysfunction, and defective insulin signaling (12). Although
lipotoxicity has been linked to accumulation of lipid droplets in
myocytes, proper triglyceride storage (as within fat vacuoles) may
rather protect LV myocytes against oxidative stress; supporting
this protection is the key role of the lipid-binding protein
perilipin 5 in properly storing saturated fatty acids away from
oxidant generation (13). As in metabolic syndrome, diets that are
enriched for fat and fructose lead to LV dysfunction in rodent
models (11) and also resulted in lipid accumulation in the BMPR2
mutant mice. Detailed studies of substrate flux are thus warranted
to more conclusively dissect the pathogenesis of BMPR2
mutation-related RV lipotoxicity and failure.
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Figure 1. Defective bone morphogenetic protein receptor type 2 (BMPR2)
signaling effects on right ventricle (RV) myocytes. Aberrant BMPR2
signaling is associated with increased CD36 sarcolemma expression
(independent of the effects of increased RV afterload in pulmonary
hypertension), contributing to long-chain fatty acid (LCFA) accumulation
and lipotoxicity, resulting in RV decompensation. In addition, disordered
BMPR2 signaling is associated with impaired fatty acid oxidation (FAO),
which could be associated with RV compensation in pulmonary
hypertension.
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Last, it is currently unclear how pharmacologically modulating
fatty acid metabolism in the RVwill be of clinical benefit. In advanced
LV disease, two fatty acid catabolic inhibitors with clinical benefit
are perhexiline (14), which likely functions by inhibiting the
mitochondrial fatty acid transporter carnitine palmitoyltransferase 1,
and trimetazidine (15), which likely functions by blocking the
b-oxidation enzyme 3-ketoacyl-CoA thiolase. These medications
may confer benefit by promoting a further shift toward glucose
oxidation, but there is a possibility that, as suggested in the study by
Talati and colleagues, blocking FAO could detrimentally increase
lipid accumulation and lipotoxicity. The phase 1 clinical trial of
dichloroacetate in pulmonary arterial hypertension (ClinicalTrials.gov:
NCT01083524) may provide insight into the functional
consequence of decreased fatty acid b-oxidation in the RV. As an
inhibitor of pyruvate dehydrogenase kinase, dichloroacetate will
augment glucose oxidation by increasing the flux of pyruvate into
the citric acid cycle. This will also increase acetyl-CoA and malonyl-
CoA concentrations; malonyl-CoA, in turn, is an inhibitor of
carnitine palmitoyltransferase 1, likely resulting in partial inhibition
of FAO (an effect also known as the Randle cycle [16]). As an
alternative approach, the author’s prior work reported a protective
effect of the 59 AMP-activated protein kinase activator metformin in
rodents (6); decreased 59 AMP-activated protein kinase, which
would favor fatty acid synthesis over oxidation, may participate in
the increased fatty acid accumulation in the RV. With continued
granular dissection of the metabolic abnormalities of the diseased RV
in PH, it is likely that targeted therapeutic strategies will result. n
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Treating Pediatric Obstructive Sleep Apnea
Do We Have The Data?

In this issue of the Journal, Hunter and colleagues (pp. 739–747)
report on the results of a large-scale multicenter study evaluating
the relationship between obstructive sleep apnea (OSA) and

neurocognitive test results (1). The authors propose a dose-
dependent causal relationship between OSA and decreased
neurocognitive performance and, as such, advocate for early
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