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EDITORIAL COMMENT

Ketone Bodies Preserve Mitochondria

Through Epigenetics*

Risa Mukai, PuD, Junichi Sadoshima, MD, PuD

etone bodies have drawn the attention of
many investigators in heart failure research
because they not only serve as an alternative
fuel source during diminished fatty acid utilization
but also act as signaling molecules independently of
their oxidation, thereby protecting the heart.' Ketone
bodies, including pf-hydroxybutyrate (BHB), acetoace-
tate, and acetone, are produced by the hepatic keto-
genesis pathway and are then oxidized in
extrahepatic organs; they are subjected to ketolysis
to produce acetyl coenzyme A in mitochondria, which
then enters the tricarboxylic acid cycle and produces
adenosine triphosphate via oxidative phosphoryla-
tion. Utilization of ketone bodies is increased during
hypertrophy and heart failure in both mice and
humans, thereby playing salutary roles in the failing
heart. However, our understanding of the molecular
actions of ketone bodies, particularly those acting
independently of oxidation, remains limited.
Increasing lines of evidence suggest that BHB af-
fects epigenetics through multiple mechanisms.” In
the current issue of the JACC: Basic to Translational
Science, Gambardella et al® conducted unbiased mass
spectrometry analyses and observed that simulta-
neous histone 3 methylation at 2 lysine residues,
namely dimethylation of histone 3 at lysine 27 and
lysine 36
(H3_K27me2K36me1), is induced in postischemic
heart failure in mice and humans. They discovered

monomethylation of histone 3 at
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that H3_K27me2K36mel is negatively regulated by
BHB. Furthermore, PPARG coactivator 1o (PGC-1a),
a master regulator of mitochondrial function
and biogenesis, is negatively regulated by
H3_K27me2K36mel. Down-regulation of PGC-1a dur-
ing heart failure was alleviated in the presence of
BHB, accompanied by the reversal of mitochondrial
dysfunction and heart failure (Figure 1).

The report by Gambardella et al® provides novel
insights into the signaling actions of BHB. Post-
translational modifications (PTMs) of histones are
key mechanisms of epigenetic regulation, potentially
connecting metabolism to gene expression.* BHB
promotes acetylation of histones K9 and K14 through
inhibition of histone deacetylase 1 (HDAC1), most
likely because of the structural similarity of BHB to
butyrate, a short-chain fatty acid that directly affects
the enzyme activity of HDAC1. This acetylation en-
hances forkhead box 03-A (FOX03A)-mediated gene
transcription, resulting in protection against stress in
mouse kidneys. BHB also promotes the activity of the
EP300 family of lysine acetyltransferases, thereby
protecting neurons against oxidative stress. In addi-
tion, BHB promotes H3K4me3 by inhibiting KDM6a, a
histone demethylase, and induces histone lysine
f-hydroxybutylation, a PTM of histone non-
enzymatically promoted. PTMs of histone by BHB
generally confer stress resistance in various organs.
Gambardella et al®> have shown that BHB inhibits
H3_K27me2K36mel, thereby most likely alleviating
heterochromatin and reactivating a gene expression
program for improved mitochondrial function.
H3_K27me2K36mel was increased in the heart in the
presence of stress and heart failure and appeared to
correlate with the suppression of mitochondrial
function. The study by Gambardella et al® not only
shed light on the role of H3_K27me2K36mel, a novel
form of H3 PTM, in the pathogenesis of heart failure,
but also suggested how it may be regulated by BHB.
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FIGURE 1 Potential Molecular Mechanisms Through Which Ketogenic Diet Supplemented With BHB Mediates Protective Effects in the Mouse Heart During
Myocardial Ischemia

+Ketogenic Diet (BHB)
—

euchromatin {_ heterochromatin

Myocardial ischemia

Y X
m mr

H3K27 H3K36

y \,"‘
o ®& © !
mitochondrial
FOXO3A FOXO3A dysfunction

H3K9 H3K14 l

} Heart Failure

mitochondrial
biogenesis

Cardioprotection

Ischemia and heart failure increase dimethylation of histone 3 at lysine 27 (H3K27me2) and monomethylation of histone 3at lysine 36 (H3K36me1), thereby inducing
heterochromatin, which in turn suppresses PPARG coactivator 1¢. (PGC-1a) transcription. A ketogenic diet supplemented with B-hydroxybutyrate (BHB) inhibits
H3K27me2 and H3K36me], possibly by inhibiting methyltransferases such as polycomb repressive complex 2 (PRC2) and absent, small, or homeotic discs 1-like (ASH1L),
and restores euchromatin and PGC-1a. transcription. Restoration of PGC-1a. expression maintains mitochondrial function and preserves cardiac function. BHB may also
up-regulate cell protective mechanisms through acetylation of H3K9 and H3K14 by inhibiting histone deacetylase 1 (HDAC1). EZH2 = enhancer of zeste homolog 2;

FOXO3A = forkhead box 03-A; G9a = methyltransferase that targets H3K27; KDM = histone demethylase.

Gambardella et al® propose that the effect of
H3_K27me2K36mel is mediated primarily through the
suppression of PGC-1a. Although PGC-1a is not uni-
formly down-regulated in patients with heart failure
and animal models, persistent down-regulation of
PGC-1a could drive the progression of heart failure.
Gambardella et al® have demonstrated an increased
association of H3_K27me2K36mel with the PGC-1a
promoter during stress and alleviation of PGC-1a
down-regulation by BIX01294, an inhibitor of G9a, a
methyltransferase that targets H3K27. Thus,
H3_K27me2K36mel appears to promote mitochondrial
dysfunction through down-regulation of PGC-1a. The
functional significance of H3K27me2/3 in the post-
natal heart under stress has just begun to be eluci-
dated recently. Di- and trimethylation of H3K27
catalyzed by enhancer of zeste homolog 2, another
methyltransferase and a component of polycomb
repressive complex 2, is increased in ischemic car-
diomyopathy and may contribute to gene reprog-
ramming. The functional role of H3K27 methylation
could be context-dependent: whereas it may protect
the heart against pressure overload, it could also act

detrimentally by down-regulating ion channels.
Furthermore, the function of H3_K27me2K36me1l may
be distinct from that of H3K27me2 alone. Thus,
further investigation is needed to clarify how
increased  H3_K27me2K36mel
stress affects the chromatin structure, the accessi-
bility of genomic DNA to transcription factors, and
the expression of downstream gene sets. For
example, assay for transposase-accessible chromatin

during  cardiac

sequencing may allow the identification of additional
factors besides PGC-10. whose expression is regulated
by BHB through its effects on epigenetics.
Methylation of H3K36me is associated with
euchromatin and enriched along actively transcribed
genes. However, a previous study in fungi has shown
that H3K36me1/H3K36me2 catalyzed by absent, small
or homeotic discs 1-like methyltransferase drives
gene repression and increases H3K27me2/3 marks.’
Although BIX01294 can inhibit H3K36me in addition
to its authentic effects on G9a-induced methylation
of H3K27, the molecular mechanism through which
cardiac stress induces H3K36mel remains to be
elucidated. Furthermore, how H3K36me1l coordinates
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with H3K27me to achieve heterochromatin in the
heart also remains unknown.

Gambardella et al® demonstrated that BHB in-
creases the level of S-adenosyl homocysteine, an in-
hibitor of histone methyltransferase. S-adenosyl
homocysteine binds to the catalytic regions of most S-
adenosylmethionine-dependent methyltransferases
with high affinity, thereby acting as a potent product
inhibitor. Thus, BHB may broadly inhibit the activity
of histone methyltransferases. Although the obser-
vation strengthens the hypothesis that BHB may act
as an independent signaling molecule, additional
mechanisms through which BHB selectively targets
G9a or an absent, small, or homeotic disc 1 homolog
need to be clarified. Importantly, because BHB pro-
tects the heart through multiple mechanisms, the
possibility that the suppressive effect of BHB on
H3_K27me2K36mel could be secondary to the
improvement of cardiac function in vivo cannot be
entirely excluded.

Gambardella et al® indicate that BHB treatment
preserves PGC-1a expression by inhibiting its down-
regulation during ischemia and heart failure. PGC-1a.
is highly expressed in cardiomyocytes and maintains
mitochondrial respiratory function and fatty acid
oxidation rates. Thus, understanding the mechanism
by which the function of PGC-1a. is preserved during
heart failure is essential. Expression of PGC-1a is
regulated by multiple transcription factors and
epigenetic mechanisms, the latter of which include
H3K4me3, H3K9me3, and H3K9 acetylation. Thus, the
relative importance of H3_K27me2K36me1 over other
mechanisms in regulating PGC-10 expression remains
to be elucidated. One caveat is that the function of
PGC-1a is also regulated by PTMs of itself and epige-
netics. Thus, further investigation is needed to clarify
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how the overall activity of PGC-1a. is regulated during
heart failure in the presence of BHB.

In summary, the study by Gambardella et al® ex-
tends our knowledge of the salutary actions of ketone
bodies during heart failure. In particular, the study
suggests the possibility that, besides its well-
established function as an HDAC1 inhibitor, BHB af-
fects H3 methylation through its effect as a signaling
molecule. The study shows that BHB has the ability to
preserve mitochondrial function, a fundamental
feature needed for heart failure treatment. Because
the effect on epigenetics could broadly affect multi-
ple gene sites in a sustained manner, it would be
interesting to clarify the salutary effect of BHB on
chromatin modification in the heart in an extensive
and unbiased fashion. Furthermore, it will also be
important to investigate the epigenetic effect of
ketogenic diets in human hearts.
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