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The metabolism of the failing heart is characterized by an increase in glucose uptake with reduced fatty acid (FA)
oxidation. We previously found that the genetic deletion of FA-binding protein-4 and -5 [double knockout (DKO)]
induces an increased myocardial reliance on glucose with decreased FA uptake in mice. However, whether this fuel
switch confers functional benefit during the hypertrophic response remains open to debate. To address this ques-
tion, we investigated the contractile function and metabolic profile of DKO hearts subjected to pressure overload.

Transverse aortic constriction (TAC) significantly reduced cardiac contraction in DKO mice (DKO-TAC), although
an increase in cardiac mass and interstitial fibrosis was comparable with wild-type TAC (WT-TAC). DKO-TAC
hearts exhibited enhanced glucose uptake by 8-fold compared with WT-TAC. Metabolic profiling and isotopomer
analysis revealed that the pool size in the TCA cycle and the level of phosphocreatine were significantly reduced in
DKO-TAC hearts, despite a marked increase in glycolytic flux. The ingestion of a diet enriched in medium-chain
FAs restored cardiac contractile dysfunction in DKO-TAC hearts. The de novo synthesis of amino acids as well as
FA from glycolytic flux was unlikely to be suppressed, despite a reduction in each precursor. The pentose phos-
phate pathway was also facilitated, which led to the increased production of a coenzyme for lipogenesis and a pre-
cursor for nucleotide synthesis. These findings suggest that reduced FA utilization is not sufficiently compensated
by a robust increase in glucose uptake when the energy demand is elevated. Glucose utilization for sustained bio-
mass synthesis further enhances diminishment of the pool size in the TCA cycle.

Our data suggest that glucose is preferentially utilized for biomass synthesis rather than ATP production during
pressure-overload-induced cardiac hypertrophy and that the efficient supplementation of energy substrates may
restore cardiac dysfunction caused by energy insufficiency.
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1. Introduction

The heart preferentially uses fatty acids (FAs) as energy-providing sub-
strates; >70% of cardiac adenosine triphosphate (ATP) is derived from
the oxidation of FAs, with the remaining sources being glucose, lactate,
ketone bodies, and amino acids." Because the storage of ATP within
the cardiac myocyte is minimal, impairments in the process of ATP pro-
duction may rapidly induce contractile dysfunction. Patients with heart
failure have derangements of energy metabolisms that are characterized
by a profound switch from FA oxidation to increased reliance on glucose
as substrate.”™ These metabolic changes, referred to as ‘metabolic
remodelling’, have a foetal-like metabolic pattern and improved myocar-
dial oxygen efficiency. To date, however, the effects of the substrate shift
from FA to glucose on cardiac function and the underlying mechanisms
leading to energy depletion during transition to heart failure remain
poorly understood.

FA-binding protein 4 (FABP4, also known as aP2) and FABP5 are
abundantly expressed in adipocytes and macrophages, and studies in
mice with the genetic deletion of both FABP4 and FABP5 [double knock-
out (DKO)] provided evidence that FABP4 and FABP5 function as crit-
ical mediators of the inflammatory process, both locally and
systemically.s'6 Recent studies from our laboratory and others indicate
that both FABP4 and FABP5 are also expressed in capillary endothelial
cells in the heart and skeletal muscle.”” We further found that capillary
endothelial FABP4/5 play a significant role in FA transport from circula-
tion into these tissues (referred to as trans-endothelial FA transport),
especially in the heart.” In DKO hearts, FA uptake is reduced by 30%,
while glucose uptake is 20-fold higher compared with wild-type (WT)
hearts. Because cardiac myocytes per se do not express FABP4/5, the dif-
ference in the metabolic profile between DKO and WT hearts should
be ascribed to the difference in FA uptake via endothelial cells, and the
possibility that cardiac myocytes from DKO mice have intrinsically defec-
tive FA uptake is excluded.” Thus, DKO hearts display the reprograming
of myocardial fuel utilization without apparent cardiac dysfunction,”
which prompted us to employ DKO mice as a useful model to study the
effects of the substrate shift from FA to glucose in the heart.

The tricarboxylic acid (TCA) cycle is a metabolic hub that links a num-
ber of metabolic pathways.>*"° A central role of the TCA cycle is to oxi-
dize acetyl-CoA derived from FAs, carbohydrates, ketone bodies, and
amino acids to produce NADH and FADH, for ATP synthesis in the res-
piratory chain. Under normal conditions, nearly all ATP is generated
from the mitochondrial oxidation of FA and glucose through the TCA
cycle. Because total intermediates in the TCA cycle (pool size) are cru-
cial for normal functioning and regulation, intermediates in the TCA
cycle are also supplied from metabolites other than acetyl-CoA
(referred to as analplerotic pathways).>'® In addition to ATP synthesis
(catabolic pathway), components of the cycle form essential links with
the anabolic pathways for gluconeogenesis, lipogenesis, and amino acid
metabolism that are facilitated, depending on cell types, energy status
and pathophysiological situations."”

The aim of this study was to determine whether metabolic reprog-
raming in DKO hearts, limited FA oxidation with enhanced glucose uti-
lization at baseline, is beneficial or detrimental under pressure overload
by transverse aortic constriction (TAC). Here, we report that cardiac
function was more greatly deteriorated with a comparable increase in
cardiac mass and fibrosis in DKO mice by TAC. Our data imply that glu-
cose is preferentially utilized for biomass synthesis rather than ATP pro-
duction during the development of cardiac hypertrophy.

2. Methods

See details in Supplementary material online.

2.1 Mice

Mice doubly deficient for Fabp4 and Fabp5 (DKO mice) with the
C57BL6j background were generated from the intercross between
Fabp4(-/-) and Fabp5(-/-) mice as described previously in.'> Mice were
housed in a temperature-controlled room with a 12-h light/12-h dark
cycle and given unrestricted access to water and standard chow (CE-2,
Clea Japan, Inc.). An 8- to 10-week-old mice were used. The Institutional
Animal Care and Use Committee (Gunma University Graduate School
of Medicine) approved all studies. Animal experiments were performed
conform the NIH guidelines (Guide for the Care and Use of Laboratory
Animals).

2.2 TAC and echocardiography

Pressure overload was produced by constricting the transverse aorta as
previously described in."* In vivo cardiac morphology and function were
assessed by transthoracic echocardiography (EUB-7500, Hitachi Medical
Systems, Tokyo) in conscious mice.

2.3 Histology

Fibrosis and capillary density were estimated as described previously
.13
in.

2.4 RNA isolation and real-time PCR

Total RNA isolation and quantitative real-time PCR were performed as
described previously in.”

2.5 Biodistribution of [15-(p-iodophenyl)-3-
(R, S)-methyl pentadecanoic acid] and 2-

fluorodeoxyglucose
The biodistributions of 15-(p-iodophenyl)-3-(R, S)-methyl pentadeca-
noic acid ("*I-BMIPP) and 2-fluorodeoxyglucose ("®F-FDG) were deter-

: : . 14,15
mined as described previously in.

2.6 Western blot analysis

Western blot analyses were carried out as described elsewhere.”

2.7 Metabolome analysis by capillary

electrophoresis-mass spectrometry

The heart samples were freeze-clamped using aluminium blocks pre-
cooled in liquid nitrogen and maintained at -80°C until use. Metabolome
analyses were carried out as described in the Supplementary material

online.”®

2.8 Tracing study with "*C¢-glucose

Twelve hours after fasting, 1*Cq-glucose (1 mg/g)16 was intraperitoneally
injected into mice. Ten minutes later, the ventricles were isolated, and
metabolome analyses were conducted as described in the
Supplementary material online.®

2.9 Statistical analysis

The statistical analyses were performed using an unpaired two-tailed
Student’s t-test with Welch correction for two groups. An unpaired
Student’s t-test was performed for each pair of four groups and
subsequent multiple comparisons were made with use of the
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Bonferroni method. A P value < 0.05 was considered significant
(*P < 0.05, P < 0.01, and ***P < 0.001).

3. Results

3.1 Severe cardiac dysfunction in DKO-
TAC mice

To investigate whether myocardial reprograming that limits FA uptake
and enhances glucose uptake renders the heart susceptible to heart fail-
ure under pressure overload, DKO and WT mice are subjected to TAC,
which are referred to as DKO-TAC and WT-TAC, respectively. Three
DKO-TAC mice but no WT-TAC mice died within 8 weeks after TAC
procedure, but this difference was not statistically significant (Figure 1A).
However, cardiac function measured by echocardiography in DKO-
TAC mice was more compromised compared with that in WT-TAC
mice. At all measured time points after 1 week, DKO-TAC mice showed
significantly decreased fractional shortening and significantly increased
left ventricular diameter (Figure 1B and see Supplementary material
online, Figure STA). The thickness of the interventricular septum in the
diastole was more increased in WT mice 8 weeks after TAC (Figure 1B).
Essentially, the same cardiac dysfunction was observed in female DKO-
TAC mice (see Supplementary material online, Figure S1B and Table S1).
When compared with DKO-TAC mice, the ablation of either the FABP4
or FABP5 gene in mice did not deteriorate cardiac dysfunction by TAC
(see Supplementary material online, Figure S1C and D, Tables S2 and S3),
indicating that the loss of circulating FABP4 or FABP5 was not associated
with cardiac contractile dysfunction. Furthermore, bilateral nephrec-
tomy, in which the serum levels of FABP4 were elevated by 10-fold, did
not influence cardiac function in WT mice, both at baseline and 1 week
after TAC (see Supplementary material online, Figure S1E and Table $4).
These results suggest that cardiac dysfunction by pressure overload is
caused by the combined effects of the simultaneous disruption of
FABP4/5, but circulating FABP4 or FABP5 may not play a role in such
processes.

3.2 An increase in cardiac mass and fibrosis
are comparable between WT-TAC and
DKO-TAC hearts

We analysed mice at 1 week after TAC, and a significant difference in
cardiac function between WT-TAC and DKO-TAC mice was observed.
The HW and HW/BW ratios were comparable (Figure 1C and see
Supplementary material online, Table S5). Although several reports sug-
gested a possible role of FABP4/5 in angiogenesis,'” ' capillary density
was not different between WT-TAC and DKO-TAC (Figure 1D).
Fibrosis evaluated by Masson’s trichrome stain (Figure TE and see
Supplementary material online, Figure S2A) and the gene expression lev-
els of fibrosis markers (see Supplementary material online, Figure S2B)
were similarly observed in WT-TAC and DKO-TAC mice. These data
suggest that cardiac dysfunction by pressure overload is deteriorated in
DKO mice, despite similar levels of structural remodelling.

3.3 Extreme reliance on glucose in DKO-
TAC hearts

We next examined the effects of TAC on the uptake of 125I-BMIPP, an
FA tracer, and "®F-FDG, a glucose tracer. In WT mice, the uptake of "®F-
FDG was increased, and the uptake of 125 BMIPP tended to be
decreased by TAC, indicating the shift of substrate preference in

pressure-overloaded heart (Figure 2A). More interestingly, we observed
a significant further increase in "®F-FDG uptake, while '>I-BMIPP uptake
remained decreased in DKO hearts (Figure 2A). These findings suggest
that substrate use in DKO-TAC hearts shifts more towards glucose. We
next measured the serum levels of the biochemical parameters (Figure
2B). The serum levels of glucose were lower in DKO mice compared
with WT, although the insulin levels were comparable. Interestingly, ele-
vated levels of B-hydroxybutyrate (BOH) in DKO mice at baseline were
reduced by TAC to the same levels of WT-TAC mice, which suggest
that BOH utilization is enhanced in hearts after TAC. These findings
imply that the supply of circulating energy substrates is not disturbed in
DKO-TAC hearts compared with WT-TAC hearts.

3.4 Reduction in gene expression for FA
use in WT-TAC and DKO-TAC hearts

We next examined the levels of mRNAs for a variety of genes relevant
to FA metabolism. The mRNA expression of peroxisome proliferator-
activated receptor o (Ppara) and its co-activator, PPARy-coactivator-
1(PgcT), both of which are central regulators of proteins involved in FA
uptake and oxidation,” was significantly decreased in WT-TAC and
DKO-TAC hearts to the same degree (Figure 3). Consistently, the
expression of the battery of genes regulated by the PPARa/PGC-1 com-
plex was decreased to similar levels in WT-TAC and DKO-TAC mice.
These results suggest that the difference in FA uptake through endothe-
lial FABP4/5, but not FA B-oxidation activity, may account for severe car-
diac dysfunction in DKO-TAC hearts.

3.5 Regulation of glucose uptake and
glycolytic flux in WT-TAC and DKO-TAC
hearts

To address the questions of how enhanced glucose uptake in DKO-
TAC hearts is regulated, we studied the expression of the myocardial
glucose transporters Glut! and Glut4 (Figure 4A). An increase in Glut4
expression in DKO hearts was accompanied by its protein expression
(Figure 4B), which could account for the marked increase in glucose
uptake at least partly. The increase in GLUT4 expression in DKO hearts
was not enhanced by TAC, suggesting that certain mechanisms other
than the increased expression of GLUT4 are involved to enhance glu-
cose uptake by TAC.

To assess whether an increase in glucose uptake in DKO hearts leads
to an increase in glycolysis, we next assessed metabolic profiling for the
glycolysis pathway by metabolome analysis (see Supplementary material
online, Figure S7). The total metabolites involved in glycolysis (G1P to
pyruvate) were comparable, despite a marked increase in glucose uptake
in DKO hearts (Figure 4C). They were marginally suppressed by TAC,
but there was no significant difference before and after TAC in both
mice. The enzymatic activity of phosphor-fructokinase 1, a rate-limiting
enzyme for glycolysis, was comparable between WT and DKO mice
with or without TAC (see Supplementary material online, Figure S3A).
The pyruvate levels were significantly lower in DKO hearts compared
with WT hearts, both at baseline and under TAC. These findings suggest
that glycolytic flux rate and the conversion of pyruvate to lactate or
acetyl-CoA in the TCA cycle may be accelerated in DKO hearts.
Consistent with this idea, tracer studies with ">C4-glucose revealed that
the levels of "*Cs-lactate (Figure 4D) and '*C,-malate (Figure 5B) were
significantly increased in DKO hearts irrespective of TAC. The increase
in 3Cy-malate in DKO hearts was 9-fold higher than that in WT at base-
line, whereas the increase in ">Cs-lactate was only 3.2-fold higher,
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Figure | Cardiac contraction was reduced by TAC in DKO mice without difference of cardiac hypertrophy and fibrosis. (A) The survival curves of WT
and DKO mice after TAC. The survival rate was not significantly different (n = 20) (P = 0.075). (B) Cardiac function was estimated by echocardiography
before and 1, 4, and 8 weeks after TAC. Cardiac contraction was reduced in DKO mice with enlarged LV diameter after TAC. FS, fractional shortening;
IVSd, thickness of interventricular septum in diastole; LVDd, diastolic diameter of left ventricle; LVDs, systolic diameter of left ventricle (n = 10-12). (C) Mice
were sacrificed 1 week after TAC to isolate hearts after a 12 h fast. Heart weight was measured after removing atria. The heart weight/body weight ratio
(HW/BW) was comparable between WT and DKO mice in the presence or absence of TAC (n = 6). (D) The capillary density estimated by isolectin
B4 and wheat germ agglutinin staining was comparable (n = 6). (E), Fibrosis area estimated by Masson’s trichrome stain was comparable (n = 6). *P < 0.05,
*#P < 0.01, and ***P < 0.001. For Figure 1B, the data were analysed with an unpaired two-tailed Student’s t-test with Welch correction. For Figure 1C-E, an
unpaired Student’s t-test was performed for each pair of four groups and subsequent multiple comparisons were made with use of the Bonferroni method.

strongly suggesting that glycolytic products are preferentially utilized in

the TCA cycle.

We next studied the phosphorylation levels of pyruvate dehydrogen-

ase (PDH), which lacks the enzymatic activity to covert pyruvate into

acetyl-CoA. Western blot analyses showed that the phosphorylated
form of PDH was significantly reduced in DKO-TAC hearts (see
Supplementary material online, Figure S3B). Consistent with this finding,
the mRNA expression of PDH kinase 4 (Pdk4), a target gene of PPARA/
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Figure 2 Cardiac uptake and circulating levels of lipids and glucose in
the absence or presence of pressure overload. Experiments were done
1 week after TAC. (A) The uptake of "’I-BMIPP, an FA tracer, and
"8F_FDG, a glucose tracer, by hearts in the absence or presence of TAC.
Samples were collected after a 12 h fast. (B) Blood samples were col-
lected 4 h after fasting (n = 5-7). *P < 0.05, **P < 0.01, and ***P < 0.001.
An unpaired Student’s t-test was performed for each pair of four groups
and subsequent multiple comparisons were made with use of the
Bonferroni method.

PGC1 complex and an inhibitor of PDH activity via phosphorylation,?’
was significantly reduced in DKO mice at baseline and under TAC (see
Supplementary material online, Figure S3C). These results suggest that
glycolytic flux into the TCA cycle is not suppressed at the PDH level in
DKO hearts.

3.6 Reduced metabolites in the TCA cycle
in WT-TAC and DKO-TAC hearts

We next assessed the amounts of metabolic intermediates in the TCA
cycle by metabolome analysis (Figure 5A and see Supplementary material
online, Figure S7). Interestingly, the pool size in the TCA cycle (acetyl-
CoA to malate) was significantly reduced in DKO mice compared with
WT mice at baseline (Figure 5A) and was reduced further by TAC in both
WT and DKO mice. A similar reduction was observed in the former and
latter parts of the TCA cycle. Consistent with these, each intermediate in
the TCA cycle, such as citrate, a-KG and malate, was lower in DKO mice
at baseline and was reduced further by TAC. However, isotopomer

analysis with 13C(,-glucose revealed that the levels of "*C,-0-KG and
13C,-malate in DKO mice were markedly elevated at baseline and were
not significantly altered by TAC (Figure 5B). The elevated levels of ">C,-
citrate in DKO hearts at baseline were pone to be reduced in DKO-TAC
hearts by unknown mechanism. The levels of 13C2-citrate, 13Cz-ot-KG,
and *C,-malate were elevated in WT-TAC hearts compared with those
at baseline. These findings demonstrated that an increase in glucose
uptake in DKO hearts led to increased glycolytic flux into the TCA cycle,
but a marked increase in glycolytic flux into the TCA cycle cannot com-
pensate for the reduced supply of FAs in DKO hearts, resulting in a
reduced pool size in the TCA cycle. Our data in WT mice also show that
increased glycolytic flux into the TCA cycle by TAC is insufficient to main-
tain the pool size in the TCA cycle in WT-TAC hearts.

3.7 The creatine phosphate energy shuttle
in WT-TAC and DKO-TAC hearts

Pathological cardiac hypertrophy is associated with the depletion of
energy reserves manifested as maintained ATP levels but also a reduc-
tion in reserve energy, phosphocreatine (PCr). As compensated hyper-
trophy advances to overt heart failure, ATP levels are also reduced,
which is well-known as the energy starvation hypothesis.>* Since the
pool size in the TCA cycle was markedly diminished in DKO-TAC
hearts, we assumed that the depletion of ATP and/or PCr in the creatine
phosphate (CP) energy shuttle?? was enhanced in DKO-TAC hearts. As
expected, the levels of PCr were significantly reduced in DKO-TAC
hearts, although the ATP levels were not significantly different (Figure
50), which suggests that ATP synthesis is reduced in DKO-TAC hearts
and that measurable ATP levels are maintained by the buffering effect of
PCr. These findings raise a plausible scenario that the reduced supply of
total fuels causes a reduction in ATP synthesis, which in turn leads to car-
diac contractile dysfunction in DKO-TAC hearts.

3.8 The restoration of cardiac function by
the ingestion of medium-chain FAs in
DKO-TAC hearts

A recent study using cardiomyocyte-specific CD36 KO mice demon-
strated that feeding the mice a diet enriched in medium-chain FA
(MCFA), which bypasses CD36 for entry into the cardiomyocytes, is
able to protect these mice from developing heart failure via pressure
overload by TAC.? Because the reduction in FA uptake by the heart is
more modest in DKO mice than in CD36 KO mice at baseline (see
Supplementary material online, Figure $4), we assumed that MCFA might
also be able to bypass FABP4/5-mediated trans-endothelial FA uptake.
Therefore, we employed the same approach by feeding the mice a
MCFA-rich diet to rescue cardiac contractile dysfunction in DKO-TAC
hearts. As expected, feeding the mice a MCFA-rich diet significantly
improved cardiac contraction in DKO-TAC hearts compared with
standard chow (Figure 5D and see Supplementary material online, Table
Sé). Interestingly, improved cardiac contraction was reduced 12 h after
fasting, even in mice fed an MCFA-rich diet. The reduction in cardiac
contraction by fasting was improved again by refeeding an MCFA-rich
diet but not by standard chow. Thus, metabolic intervention by feeding
the mice an MCFA-rich diet successfully restored cardiac contractile dys-
function in DKO-TAC hearts, which strongly suggests that energy insuffi-
ciency by reduced uptake of long-chain FAs directly causes cardiac
contractile dysfunction in our model.

As described earlier, our data show that the total supply of energy
substrates and ATP synthesis seem to be reduced in DKO-TAC hearts,
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Figure 3 The expression of genes associated with FA metabolism in hearts. Mice were sacrificed 1 week after TAC to isolate hearts with a prior 12 h fast.
Data are normalized to WT control. Ppara, peroxisome proliferator-activated receptor a; Pgc1a/b, PPARG coactivator 1 alpha/beta; Fatp 1, FA transport pro-
tein 1; Cpt1b/2, carnitine palmitoyltransferase 1B/2; Mcad, medium-chain acyl-CoA dehydrogenase; Lcad, long-chain acyl-CoA dehydrogenase; Atgl, adipose
triglyceride lipase; Hsl, hormone sensitive lipase (n = 6). *P < 0.05, **P < 0.01, and ***P < 0.001. An unpaired Student’s t-test was performed for each pair of
four groups and subsequent multiple comparisons were made with use of the Bonferroni method.

despite a comparable increase in cardiac mass and fibrosis. It is well-
known that glucose is utilized in multiple collateral pathways, not only
for the catabolic process to synthesize ATP but also for the anabolic
process to produce amino acids, nucleic acids and FAs."" These findings
suggest that a portion of glucose taken up by DKO-TAC hearts may be
preferentially utilized in biomass synthesis pathways rather than mito-
chondrial ATP production. Accordingly, we next studied the glucose-
derived de novo synthesis of cellular building blocks (i.e. the biosynthesis
of amino acids, nucleotides and FAs).

3.9 The biosynthesis of amino acids and the
malate-aspartate shuttle in WT-TAC and
DKO-TAC hearts

Non-essential amino acids are generated from glucose via glycolysis and
the TCA cycle (see Supplementary material online, Figure S$7). Two
amino acids, glutamate and aspartate, are directly synthesized from

a-KG and OAA in the TCA cycle, respectively. Interestingly, the steady-
state levels of both glutamate and aspartate were significantly elevated in
DKO-TAC hearts compared with those at baseline (Figure 6A), despite a
reduction in the pool size in the TCA cycle, especially a marked reduc-
tion in a-KG, a glutamate precursor (Figures 5A and 6B). The levels of
other non-essential amino acids, such as proline and glycine, were also
elevated in DKO-TAC hearts. Although the levels of alanine in DKO
hearts at baseline were lower than those in WT hearts (Figure 6A), the
levels of alanine relative to pyruvate was elevated in DKO-TAC hearts
(Figure 6B). Considering greater utilization of amino acids as building
blocks during development of cardiac hypertrophy, the increased levels
of amino acids in DKO-TAC hearts compared with those at baseline
suggest that de novo amino acid synthesis from glucose is accelerated in
DKO-TAC hearts, despite the shortage of fuel supply against increased
workload.

To evaluate glycolytic flux to amino acid synthesis directly, iso-
topomer analysis with "*Cg-glucose was carried out. Unexpectedly,
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Figure 4 The expression of glucose transporters and metabolic profiling in glycolysis. Mice were sacrificed 1 week after TAC to isolate hearts with a prior
12 h fast. Data are normalized to WT control when unit is indicated by fold. (A) The expression of genes for glucose uptake by hearts with or without TAC.
Glut1, glucose transporter 1; Glut4, glucose transporter 4 (n = 6). (B) The protein expression of GLUT4 by western blot analysis. Right panel: the protein
expression of GLUT4 was normalized by that of GAPDH. Loading amount was also shown by silver staining. (C) The metabolic profiling in the glycolysis
pathway. G1P, glucose-1-phosphate. G1P-pyruvate, total metabolites from G1P to pyruvate (n = 5-7). (D) A tracer study with ">Cg-glucose. After a 12 h
fast, the hearts were isolated 10 min after an intraperitoneal injection of *Ce-glucose (n = 5-7). *P < 0.05 and **P < 0.01. An unpaired Student’s t-test was
performed for each pair of four groups and subsequent multiple comparisons were made with use of the Bonferroni method.

3C,-glutamate and "*C,-aspartate in DKO hearts were 17.2- and 7.4-
fold higher compared with those in WT hearts at baseline, respectively
(Figure 6C). The remarkable enrichment of *Cy-glutamate and ">C,-
aspartate could be accounted for by the well-known metabolic response
of the malate-aspartate shuttle,”**® which is activated to supply cytosolic
NAD™ when glycolysis is accelerated (see Section 4 and see
Supplementary material online, Figure S5 in detail). The moderate enrich-
ment of other amino acids, such as glutamine, asparagine and alanine,
was also observed in DKO hearts at baseline, suggesting that a large
amount of glucose is utilized through de novo amino acid synthesis.
Pressure overload by TAC further enhanced the enrichment of aspar-
tate and asparagine in DKO hearts. Enrichment of these amino acids was
also observed in WT-TAC hearts compared with those at baseline.
Thus, these findings suggest that in addition to ATP synthesis, a large

amount of the components from glycolytic flux are utilized through
amino acid synthesis in DKO hearts and under increased workload.

3.10 The biosynthesis of nucleic acid
precursors and the production of
nicotinamide adenine dinucleotide through
PPP in WT-TAC and DKO-TAC hearts

The pentose phosphate pathway (PPP) is a major collateral pathway for
glucose metabolism (see Supplementary material online, Figure S7). The
PPP produces precursors for the de novo synthesis of nucleic acids, such
as 5-phosphoribosyl pyrophosphate (PRPP), inosine monophosphate,
and nicotinamide adenine dinucleotide (NADPH), a critical coenzyme
for cellular oxidative stress and lipid synthesis." We then investigated
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whether the levels of products in PPP were altered in DKO-TAC hearts.
The levels of PRPP were significantly elevated in DKO-TAC hearts com-
pared with those at baseline (Figure 7A). Isotopomer analysis with
13C(,-glucose revealed the enrichment of "*Cs-ribose 5-phosphate, a
precursor for nucleic acid synthesis, in DKO hearts, which was further
elevated by TAC (Figure 7B). In addition, the myocardial generation of
NADPH was significantly increased in DKO-TAC hearts (Figure 7C).
These findings suggest that glucose consumption through PPP was also
accelerated in DKO-TAC hearts to supply nucleic acids precursors and
NADPH, presumably for the hypertrophic response.

3.11 The biosynthesis of FAs in WT-TAC
and DKO-TAC hearts

Malonyl-CoA, a precursor of FA synthesis, is produced from citrate in
the TCA cycle (see Supplementary material online, Figure $7)."" Cis-
aconitate is the metabolite next to citrate, and isocitrate is the metabo-
lite next to cis-aconitate in the TCA cycle." The precursor for the three
intermediates is citrate itself. Metabolome analysis showed that the
malonyl-CoA levels were comparable, whereas the levels of cis-
aconitate and isocitrate were significantly reduced in DKO-TAC hearts
(Figure 7D). Interestingly, the level of malonyl-CoA relative to citrate was
significantly increased (1.5-fold vs. WT-TAC), while the levels of cis-
aconitate relative to citrate and iso-citrate relative to citrate were not
altered in DKO-TAC hearts (Figure 7D), suggesting the facilitation of the
lipogenic pathway rather than the TCA cycle. Further, western blot anal-
ysis showed that the levels of two lipogenic enzymes, ACLY, which is
required for the synthesis of acetyl-CoA from citrate, and FASN, which
is a multifunctional enzyme involved in the synthesis of long-chain FA
from malonyl-CoA,""***” were significantly induced in both WT-TAC
and DKO-TAC hearts (Figure 7E). In addition, the levels of NADPH, a
key coenzyme for FASN, were increased as described above (Figure 7C).
Given that phospholipids are also required for hypertrophic response as
building blocks of lipid bilayers for plasma membranes and organelles,
our data suggest that FAs can be produced from glucose, even in the
heart, which combusts a large number of FAs.

4. Discussion

Despite the well-described shift to greater glucose utilization in the
hypertrophied and failing hearts than normal hearts, a question of
whether this alteration of nutrient utilization is favourable for cardiac
function remains to be addressed. This study demonstrates that the com-
pensatory increase in glucose use with reduced uptake of FA renders
hearts more susceptible to cardiac dysfunction upon pressure overload.
Our results suggest that the total fuel supply for ATP synthesis is reduced
in DKO-TAC hearts as estimated by pool size in the TCA cycle and the
amount of PCr. The restoration of cardiac function by the ingestion of an
MCFA-rich diet strongly supports our hypothesis that energy insufficiency
causes cardiac contractile dysfunction. Other important findings are that
biomass synthesis (i.e. synthesis of amino acids, nucleic acids and FAs)

from glycolytic flux for hypertrophic growth is comparable or even facili-
tated in DKO-TAC hearts, despite a reduction in ATP synthesis (see
Supplementary material online, Figures S6 and S7). These findings imply
that glucose is preferentially utilized for anabolic reactions rather than
ATP synthesis during the development of cardiac hypertrophy, even
under conditions where the total fuel supply is limited. We also suggest
that FAs are the central energy substrate for ATP synthesis to maintain
cardiac contractile function, even under increased workload, and accord-
ingly, limited FA use can cause cardiac dysfunction under such conditions.

4.1 FAs as central fuel for the heart

The salient finding in this study is that cardiac dysfunction was associated
with a reduction in pool size in the TCA cycle and levels of PCr in DKO-
TAC hearts in vivo. Without stress, the total fuel supply with compensa-
tory glucose uptake seems to be sufficient to maintain cardiac function in
DKO hearts. When the energy demand against increased workload is
enhanced; however, DKO-TAC hearts become energetically compro-
mised because enhanced glucose uptake does not meet the increased
energy demand. Glucose utilization for biomass synthesis (i.e. amino
acids, nucleic acids, and FAs) could also cause the further diminishment
of pool size in the TCA cycle. Consistent with our findings, Sung et al
recently reported that reduced FA uptake in CD36-deficient hearts is
detrimental for the compensated hypertrophic heart, which is improved
by an MCFA-rich diet.?®> Our study also exhibited the successful restora-
tion of cardiac dysfunction by the ingestion of an MCFA-rich diet.
Moreover, cardiac energetics and function can be preserved, even under
pressure overload, by sustaining FA oxidation in mice lacking acetyl-CoA
carboxylase 2 (ACC2).28 These findings support the notion that FAs are
useful fuel, even for overloaded hearts and are not toxic under such con-
ditions. Recent studies have also demonstrated that in addition to FAs as
central fuels, other fuels, including carbohydrates, ketone bodies and
amino acids, are also crucial for cardiac function. All mice lacking the
capability of the utilization of any fuels show depressed cardiac function
under stressed conditions,”” which implicates that the loss of any fuel
selection can impair the stress response. All these findings suggest that
the ATP synthesis capacity seems to be more important than the sub-
strate selection for sustaining cardiac energetics and function.

4.2 Enhancement of glycolytic flux in DKO

hearts

The precise mechanism underlying a compensatory increase in glucose
uptake in DKO hearts has yet to be determined, but it may be that the
multifactorial and glucose-FA cycle, the so-called Randle cycle, plays a sig-
nificant role. In this concept, the heart prefers FAs as a primary fuel and
intermediates of FA oxidation restrict glucose metabolism.*° In DKO
hearts, however, limited FA use causes a reduction in intermediates in the
TCA cycle and ATP synthesis, which could accelerate glycolysis by allos-
teric regulation. A robust increase in the GLUT4 levels can also contrib-
ute to the enhancement of glycolytic flux at baseline. Further studies are
necessary to clarify the mechanisms underlying enhanced glycolysis.

hearts were isolated 10 min after an intraperitoneal injection of "*C¢-glucose (n = 5-7). Data are normalized to WT control. (C) The metabolic profiling in
CP energy shuttle. ATP, adenosine triphosphate; PCr, phosphocreatine (n = 5-7). (D) DKO mice subjected to TAC were divided into two groups and fed
standard chow (SC) and an MCFA-rich diet (MCFA). Feeding and fasting were carried out according to the depicted protocol. Cardiac function was eval-
uated by echocardiography at the indicated time points. *P < 0.05 and **P < 0.01. For Figure 5A—C, an unpaired Student’s t-test was performed for each pair

of four groups and subsequent multiple comparisons were made with use of the Bonferroni method. For Figure 5D, the data were analysed with an unpaired

two-tailed Student’s t-test with Welch correction.
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Figure 6 The biosynthesis of non-essential amino acids seems to be enhanced in DKO-TAC hearts. Mice were sacrificed 1 week after TAC to isolate
hearts with a prior 12 h fast. (A) The levels of non-essential amino acids in hearts. Glutamate (Glu), aspartate (Asp), glutamine (Gln), asparagine (Asn), and
proline (Pro) can be generated from metabolites in the TCA cycle. Serine (Ser), glycine (Gly), and alanine (Ala) can be produced from glycolytic intermedi-
ates (n = 5-7). (B) Glu/o-KG, glutamate/o-ketoglutarate ratio; Ala/pyruvate, alanine/pyruvate ratio (n = 5-7). (C) A tracer study with ">Cg-glucose. Aftera 12
h fast, hearts were isolated 10 min after an intraperitoneal injection of "*Ce-glucose (n = 5-7). Data are normalized to WT control. *P < 0.05, **P < 0.01,
and ***P < 0.001. An unpaired Student’s t-test was performed for each pair of four groups and subsequent multiple comparisons were made with use of the

Bonferroni method.
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Figure 7 The biosynthesis of nucleic acids and FAs seems to be enhanced in DKO-TAC hearts. Mice were sacrificed 1 week after TAC to isolate hearts
with a prior 12 h fast. Data are normalized to WT control when unit is indicated by fold. A, The levels of nucleic acid precursors through the PPP. PRPP,
5-phosphoribosyl pyrophosphate; IMP, inosine monophosphate (n = 5-7). (B) A tracer study with *Ce-glucose. After a 12 h fast, the hearts were isolated
10 min after an intraperitoneal injection of >Cy-glucose. R5P, ribose 5-phosphate. (C) Levels of NADP ", NAPDH and NADP"/NADPH ratio (n = 5-7). (D)
The levels of citrate-derived products through the TCA cycle (n = 5-7). (E) The expression levels of proteins associated with FA synthesis were elevated in
both hearts after TAC. ACLY, ATP citrate lyase; FASN, FA synthase. The expression levels of ACLY and FASN were normalized by that of GAPDH (n = 5).
Loading amount was also shown by silver staining. *P < 0.05 and **P < 0.01. An unpaired Student’s t-test was performed for each pair of four groups and sub-
sequent multiple comparisons were made with use of the Bonferroni method.

4.3 Significance of malate-aspartate shuttle
in DKO hearts

The most unexpected findings in this study were a robust increase in the
flux of >C,-glutamate and "*C,-aspartate in DKO hearts compared with
WT. To our knowledge, a similar massive flux of glutamate and aspartate

from glucose has never been reported in hearts in any animal models.
We assume that these glutamate and aspartate pools should be
exploited by the malate-aspartate shuttle (see Supplementary material
online, Figure $5).2*> Higher rates of glycolysis in DKO hearts are con-

firmed by higher levels of glycolytic products, such as "*Cs-lactate (Figure
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4D), 3C,-citrate (Figure 5B), and 3C;-alanine (Figure 6C). The high-rate
glycolysis produces a large amount of NADH via the enzymatic reaction
of GAPDH. Because the lactate dehydrogenase reaction, which also
requires NAD'/NADH, is bidirectional under aerobic conditions, the
malate-aspartate shuttle has a predominant role in the provision of cyto-
solic NAD™ to maintain glycolytic flux (see Supplementary material
online, Figure S5). The enrichment of *C,-glutamate (17.2-fold) and
13C,-aspartate (7.4-fold) was higher than that of their interconvertible
molecules, *C,-glutamine (3.3-fold) and '>C,-asparagine (2.9-fold),
respectively, which also suggests the functional significance of the enrich-
ment of glutamate and aspartate from glucose. It is reported that the
malate-aspartate shuttle activity is enhanced in embryonic heart and
pressure-overloaded heart with increasing gl)/col)/sis.31’32 Our data
strongly suggest for the first time that the malate-aspartate shuttle is
facilitated in animal models where compensatory glucose use with
reduced FA uptake is accelerated in the heart. Thus, it is very likely that
the enhanced glycolytic flux and malate-aspartate shuttle are tightly
coupled for balancing the cytosolic NADT/NADH redox pair in general.

4.4 Significance of FA synthesis in the heart
All tissues obtain lipids from free FAs associated with albumin, lipopro-
teins, and de novo synthesis.*® De novo FA synthesis is accelerated mainly
in adipose tissue and the liver when an excess amount of fuel is provided.
Although de novo synthesis is thought to play a minor role in heart lipid
metabolism, an increase in the level of malonyl-CoA relative to citrate
and the enhanced expression of two lipogenic enzymes in DKO-TAC
hearts led us to assume that de novo lipogenesis might be enhanced
under increased workload where the demand of membrane phospholi-
pids synthesis is increased, especially when FA availability is limited.
Indeed, a study of the deletion of FASN in the heart showed that de novo
lipid synthesis is important to maintain cardiac function during aortic
constriction and ageing>* Furthermore, a study of the cardiac-specific
deletion of ACC2, which produces malonyl-CoA, demonstrated an
attenuation of cardiac hypertrophy by TAC, which also suggests the
involvement of de novo lipogenesis in membrane phospholipid synthesis
during hypertrophic response.”® Given that amino acid synthesis is also
accelerated in DKO-TAC hearts, despite a reduction in fuel provision,
we assume that certain mechanisms are involved in promoting the de
novo synthesis of amino acids and FAs during the hypertrophic response,
irrespective of energy status. Mechanical stretch-associated signalling
could be a possible candidate to promote them in the heart. It is also
important to address the question of whether maintained malonyl-CoA
is directly linked to phospholipid synthesis in overloaded hearts. Further
studies are warranted to address these intriguing possibilities.

4.5 Does FABP4 have a positive or negative

inotropic effect?
Lamounier-Zepter et al.>® identify FABP4 as adipocyte-derived protein
that has a negative inotropic effect on cardiomyocytes in vitro. However,
the effect of FABP4 on cardiac function in vivo remained to be deter-
mined. We confirmed that there is no significant difference in cardiac
function between WT and FABP4 single KO mice after TAC. In addition,
the significant elevation of circulating FABP4 by the nephrectomy did not
affect cardiac function. Because we found in the previous study that iso-
lated cardiomyocytes are not energetically compromised,” functional
characteristics of isolated cardiomyocytes were not assessed. Taken
together, these findings strongly suggest that circulating FABP4 has little,
if any, effect on cardiac contractile function in vivo.

In conclusion, a shift in energy substrate from FA to glucose use
results in maladaptive metabolic remodelling during pressure-overload-
induced cardiac hypertrophy. The heart favours anabolic reactions
rather than ATP production during hypertrophic response, which results
in contractile dysfunction because of insufficient ATP synthesis. Future
studies will be required to develop the novel therapeutic strategy to reg-
ulate metabolic pathways, so that cardiac myocytes can adapt to patho-
physiological situations by increasing ATP synthesis capacity.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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