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HIGHLIGHTS

e MCD inhibition decreases fatty acid oxidation via increasing malonyl coenzyme A levels to prevent fatty acid uptake into
mitochondria in the failing hearts induced by coronary artery ligation.

o Downregulating fatty acid oxidation by MCD inhibition occurrs in conjuction with a decrease in glycolysis and in proton
production while an increase in triacylglycerol biosynthesis.

e MCD inhibition enhances antioxidative capacity through increasing mitochondrial superoxide dismutase activity via
reducing its acetylation.
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ABBREVIATIONS
AND ACRONYMS

ATGL = adipose triglyceride

lipase

CPT1 = carnitine
palmitoyltransferase 1

EF = ejection fraction

FOXO3 = forkhead box 03

MCD = malonyl coenzyme A

decarboxylase

MI = myocardial infarction

SERCA2 = sarco(endo)plasmic

reticulum Ca?*-ATPase 2

SOD = superoxide dismutase

SPT = serine
palmitoyltransferase

TAG = triacylglycerol

Trx = thioredoxin

SUMMARY

schemic heart disease and heart failure
(HF) are the major causes of death world-
wide. As such, there is an urgent need for
novel therapeutic approaches that focus on
different mechanisms to improve outcomes
of patients suffering from ischemic heart disease and
HF. Adverse remodeling of the myocardium after a
myocardial infarction (MI) contributes to the severity
of HF (1), which includes alterations in myocardial en-

ergy metabolism (1,2). Whereas it is generally accepted
that mitochondrial oxidative metabolism is compro-
mised in the failing heart (3), there is less agreement
as to whether the heart switches energy substrate
preference in the failing heart (3). Impaired mitochon-
drial oxidative metabolism in the failing heart can
decrease not only fatty acid oxidation, but also
glucose oxidation (2,4,5). This is accompanied by an
increase in glycolysis as the remodeled heart attempts
to compensate for the decrease in mitochondrial en-
ergy production (2). This can result in an uncoupling
between glycolysis and glucose oxidation, which
accelerates proton production. As a result, energy
has to be used for correcting acidosis-induced dysre-
gulation of ion homeostasis (including Na™ and Ca**
overload) rather than supporting mechanical func-
tion, which ultimately decreases cardiac mechanical
efficiency (2,6,7).

SEE PAGE 401

Although fatty acid oxidation can be impaired in
HF (due to a decrease in mitochondrial oxidative ca-
pacity) it is unclear if stimulating fatty acid oxidation
is a desirable approach to treat HF. Increasing fatty
acid oxidation by cardiac-specific overexpression of
peroxisome proliferator-activated receptor a results
in the development of cardiomyopathy (8). Adminis-
tration of peroxisome proliferator-activated receptor
o agonists to isolated perfused hearts also decreases
cardiac efficiency (9). In contrast, cardiac-specific
deletion of acetyl CoA carboxylase 2, which lowers
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Alterations in cardiac energy metabolism after a myocardial infarction contribute to the severity of heart failure
(HF). Although fatty acid oxidation can be impaired in HF, it is unclear if stimulating fatty acid oxidation is a
desirable approach to treat HF. Both immediate and chronic malonyl coenzyme A decarboxylase inhibition,
which decreases fatty acid oxidation, improved cardiac function through enhancing cardiac efficiency in a
post-myocardial infarction rat that underwent permanent left anterior descending coronary artery ligation. The
beneficial effects of MCD inhibition were attributed to a decrease in proton production due to an improved
coupling between glycolysis and glucose oxidation. (J Am Coll Cardiol Basic Trans Science 2019;4:385-400)
© 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

malonyl CoA, accelerates fatty acid oxidation, and
improves cardiac function in mice subjected to
transverse aortic constriction (10). However, this
approach also markedly improves the coupling of
glycolysis to glucose oxidation, resulting
decreased lactate production. Improved coupling of
glycolysis to glucose oxidation has been shown to be
beneficial in reducing the symptoms of myocardial
ischemia (2,6,7,11,12). This can be achieved by inhib-
iting fatty acid oxidation, which increases glucose
oxidation, thereby improving the coupling of glycol-
ysis to glucose oxidation (13). This approach benefits
cardiac function (6,11,14) and reduces infarct size (6)

in a

in the immediate post-ischemic period.

Malonyl CoA is a key regulator of fatty acid
oxidation, which inhibits palmitoyl-
transferase 1 (CPT1) and prevents the mitochondrial
uptake of fatty acids. Myocardial malonyl CoA levels
can be increased by inhibiting malonyl CoA decar-

carnitine

boxylase (MCD), the enzyme responsible for malonyl
CoA degradation (11,12). Deletion of MCD (MCD /")
protects the hearts from ischemia/reperfusion injury
and decreases infarct size (6), which is associated
with an increase in malonyl CoA levels, a decrease in
fatty acid oxidation, and an increase in glucose
oxidation (6,12). Similar findings have been recapit-
ulated following immediate pharmacological inhibi-
tion of MCD in an experimental model of ex vivo
ischemia/reperfusion injury in the heart (11,15).

The objective of this study was to determine
whether immediate or chronic inhibition of cardiac
fatty acid oxidation by pharmacological inhibiting
MCD in MI rats, induced by a permanent left anterior
descending coronary artery ligation, could decrease
the severity of HF post-MI.

METHODS

ANIMAL CARE. All protocols performed on male
Sprague-Dawley rats (200 to 300 g, Charles River,
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Wilmington, Massachusetts) were reviewed and
approved by the Animal Care and Use Committee at
University of Alberta, or by Amgen’s Internal Animal
Care and Use Committee. All animal experiments
were performed in accordance with the guidelines of
Canadian Council of Animal Care.

IMMEDIATE EFFECT OF MCD INHIBITION ON
HEMODYNAMIC ANALYSIS, CARDIAC MALONYL CoA
LEVELS, AND EXERCISE CAPACITY TESTING. A se-
ries of male Sprague-Dawley rats (n = 25) underwent a
sham (n = 8) or an MI (n = 17) (6,16) procedure. At 9
weeks post-MI, rats were subjected to transthoracic
echocardiogram for invasive hemodynamic analysis
with a 120-min short-term intravenous stepped-dose
infusion of the MCD inhibitor (CBM-3001106, ob-
tained from Metabolic Modulators Research Ltd.,
Edmonton, AB, Canada) to assess the cardiac func-
tion. Then the hearts were isolated for assessing the
levels of malonyl CoA. To measure the exercise ca-
pacity, rats were randomized (sham, n = 6; MI, n = 7)
to a graded exercise test that was performed at a 5%
incline, beginning with 10 m/min for 1 min, 11 m/min
for 1 min, 12 m/min for 1 min, 13 m/min for 2 min, 15
m/min for 5 min, 17 m/min for 5 min, and 20 m/min
until exhaustion (17). A rat was deemed to be fatigued
when it was no longer able to run on the treadmill, as
judged by rat spending >50% of time or >30 consec-
utive seconds on the platform and resistant to prod-
ding by the air puff.

IMMEDIATE EFFECT OF MALONYL CoA ON INHIBITING
FATTY ACID OXIDATION IN LIVER AND HEART
MITOCHONDRIA. The dose-dependent effect of
malonyl CoA on inhibiting fatty acid oxidation in liver
(n = 12) and heart (n = 6) was discovered in vitro
by using freshly isolated mitochondria from the
tissue homogenate centrifuged at 27,000 x g for
10 min. The pellet was re-suspended in a A
buffer containing 70 mmol/l sucrose, 210 mmol/l
mannitol, 5 mmol/l 4-(2-Hydroxyethyl)piperazine-
1-ethanesulfonic acid, N-(2-Hydroxyethyl)piperazine-
N’-(2-ethanesulfonic acid) (HEPES), 1 mmol/l ethylene
glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic
acid (EGTA), and 0.5% (w/v) fatty acid-free bovine
serum albumin (BSA) (pH 7.2) and centrifuged at
10,000 x g. The resulting pellets were re-suspended
in the ice-cold A buffer without BSA, from which,
1.5 pg of protein were used for recording fatty acid
oxidation as a rate of oxygen consumption by using a
Seahorse XF96 Extracellular Flux Analyzer (Seahorse
Bioscience, North Billerica, Massachusetts). The sub-
strates consist of either 10 mmol/l pyruvate/2 mmol/1
malate or 160 umol/1 palmitoyl CoA/0.5 mmol/l carni-
tine/0.2 mmol/l malate. Malonyl CoA was added to a
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final concentration of either 100 pmol/l, 10 pmol/l,
1 pmol/l, 100 nmol/l, or 0 nmol/l. Following this,
adenosine diphosphate was added to a final concen-
tration of 6 mmol/l, followed by oligomycin (2 pmol/1
final) and carbonyl cyanide 4-(trifluoromethoxy)-
phenylhydrazone (4 pmol/I final).

MALONYL CoA CONTENT ASSESSMENT. This was
performed via high-performance liquid chromatog-
raphy (6,18). To optimize the dosage of MCD inhibitor
on altering malonyl CoA levels, the male rats (n = 32)
were administrated with different oral doses of MCD
inhibitor (0, 1, 3, 10, 20, 50, 100 mg/kg BW (body
weight), n = 4 to 5/group). The hearts and gastroc-
nemius muscle were isolated at 12 h post-treatment
for assessing the levels of malonyl CoA.

CHRONIC INTERVENTIONS OF MI MODEL AND
INFARCT SIZE ASSESSMENT. Sham (n = 16) and post-
MI rats (n = 31) were randomized into 5 groups: 1)
sham + vehicle (ethanol + DMSO + Cremophor +
H,0); 2) sham + high-dose MCD inhibitor (100 mg/kg/
day); 3) MI + vehicle; 4) MI + low-dose MCD inhibitor
(50 mg/kg/day); and 5) MI + high-dose MCD inhibitor
(100 mg/kg/day), for daily oral gavage for a 4-week
period. The infarct size was assessed by cutting the
frozen hearts (n = 7 to 8/group) into ~10 pm slices
followed by incubation in 1% triphenyltetrazolium
chloride for 10 min at 37°C as described previously (6).
ASSESSMENT OF IN VIVO CARDIAC FUNCTION. At 3
weeks post-MI and 4 weeks post-treatment (7 weeks
post-MI), rats were subjected to an ultrasound echo-
cardiography using a VisualSonics Vevo 2100 machine
(VisualSonics Inc, Canada) to assess in vivo left ven-
tricular ejection fraction (%EF). Parasternal long axis
and short axis views were performed in both systole
and diastole from the base to apex. The Simpson
method was used for the data analysis (19).
ASSESSMENT OF EX VIVO CARDIAC FUNCTION AND
ENERGY METABOLISM BY HEART PERFUSION. At
the end of the 7-week study period, heart perfusions
were performed with oxygenated Krebs-Henseleit
solution, consisting of either 0.8 mmol/l
palmitate bound to 3% fatty acid-free BSA, 5 mmol/l
[5-3H/U-'*Clglucose for glycolysis and glucose oxida-
tion measurements, or with 0.8 mmol/l [9,10-3H]
palmitate bound to 3% fatty acid-free bovine serum
albumin, and 5 mmol/l glucose for fatty acid oxida-
tion measurements (16). Hearts were perfused aero-
bically for 30 min without insulin and an additional
30 min with insulin (100 pU/ml), then were snap
frozen for later biochemical analysis.
CALCULATIONS OF PROTON PRODUCTION RATES,
ADENOSINE TRIPHOSPHATE PRODUCTION RATE,
CARDIAC WORK. Proton production rates were
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calculated following the equation: 2 x (glycolysis
rates — glucose oxidation rates) (16). Adenosine
triphosphate (ATP) production rates were calculated
based on ATP production from each substrate (104 for
palmitate oxidation, 29 for glucose oxidation, and 2
for glycolysis) (18). Cardiac work (unit as Joules/min/
g dry weight) was calculated following the equation:
cardiac output x (peak systolic pressure — preload
pressure) x 0.1332 x 1073/3,600/heart dry mass. The
preload pressure is determined by the flow to the
atria, which is controlled by the height of the
oxygenator above the perfused heart with a value of
11.5 mm Hg. The cardiac efficiency was calculated as:
cardiac work/total ATP production rates (18).

MEASUREMENT OF TRIACYLGLYCEROL AND THE
INCORPORATION OF 3H-PALMITATE INTO
TRIACYLGLYCEROL. Triacylglycerol (TAG) content
was assessed in the set of hearts perfused with
[9,10-3H]palmitate in the perfusate (n = 6 to 7/group)
as described previously (16) by colorimetric assay kit
(Wako Pure Chemical Industries, Richmond, Vir-
ginia), while another potion of the lipid extraction
was counted with scintillation fluid to measure the
incorporation of [9,10-3H]palmitate into TAG based
on the specific activity of [9,10-3H]palmitate from the
perfusate.

MEASUREMENT OF GLYCOGEN AND THE INCORPORATION
OF GLYCOGEN FROM ?*H-GLUCOSE. Glycogen was
assessed in the set of hearts perfused with [5-3H]
glucose (n = 6 to 9/group) via measurement of
glucose content by using glucose assay kit (Sigma), as
described previously (16).

DETECTION OF LACTATE DEHYDROGENASE
ISOENZYMES. Heart proteins (20 pg/well) were elec-
trophoresed on 6% native gel at 4°C as described
previously (20), and followed by western blot to
detect isoforms of lactate dehydrogenase (LDH), of
which the densitometry were analyzed using Image
J-win64 software.

MEASUREMENT OF ENZYME ACTIVITIES. Citrate
synthase activity (n = 7 to 8/group) was measured
based on continuous kinetic changes of absorbance at
412 nm over 2 to 5 min by recording the reduction of
dithiobis-nitrobenzoic acid. Complex I activity (n = 7
to 8/group) was measured by recording the reduction
of 2,6-dichloroindophenol at 600 nm (21). Cytosolic
glycerol-3-phosphate acyltransferase activity (n = 6/
group) was measure by using cytosolic fractions of
heart samples in the assay buffer containing 1 mmol/1
glycerol-3-phosphate, 0.1 mmol/l palmitoyl CoA, and
0.1 mmol/l 5,5-dithio-bis-2-nitrobenzoic acid at
412 nm (22). Superoxide dismutase 2 (SOD2) activity
(n = 7 to 8/group) was measured in the presence of
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1 mmol/l KCN potassium cyanide (to inhibit Cu/
ZnSOD activity) at 450 nm by using water soluble
tetrazolium salt-1 (WST-1) that produces a water-
soluble formazan dye upon reduction with superox-
ide anion (23).

FRACTIONATION OF NUCLEAR OR CYTOSOLIC
PROTEINS. Frozen heart tissues were homogenized
in a buffer containing 10 mmol/l HEPES (pH 7.9), 1.5
mmol/l MgCl2, 10 mmol/l KCl, and 0.05% NP40 with
cocktail of protease inhibitor and 2 mmol/l DTT. The
resulting pellets, after the centrifugation at 1,000 x g
for 15 min at 4°C, were resuspended for nuclear pro-
tein assays. The resulted supernatant was subjected
to centrifugation at 10,000 x g for 60 min at 4°C to
obtain the supernatant as cytosolic protein fraction.
WESTERN BLOTTING AND IMMUNOPRECIPITATION. The
following antibodies were used: adipose triglyceride
lipase (ATGL), lamin A and thioredoxin-1 (Cell
Signaling Technology); sarco(endo)plasmic reticulum
Ca®"-ATPase 2 (SERCA2, Pierce); CD36 and forkhead
box 03 (FOXO03), SIRT3, and LDH (Abcam). Serine
palmitoyltransferase (SPT1) (Santa Cruz Biotech-
nology). To detect acetylation of mitochondrial SOD2,
500 pg of the total heart lysates were used for incu-
bation with 10 pl acetyl-lysine antibodies (Millipore)
and protein A/G-agarose beads (Santa Cruz Biotech-
nology) overnight at 4°C followed by incubation with
the antibody against SOD2. To determine the inter-
action of MCD with SOD2 (Millipore), the heart lysates
were immunoprecipitated with MCD antibody or with
mitochondrial SOD2 antibody, then western blots
were performed to detect SOD2 or MCD from the
respective membranes. Positive control was the same
sample(s) used for immunocapture without incuba-
tion of antibody. The negative control was the anti-
body (immunoglobulin G) used for immune-capture
without incubation of the respective samples. Bound
antibody was visualized by incubation with enhanced
chemiluminescent substrate. ImageJ-win64 (by
Johannes Schindelin, Albert Cardona, Mark Longair,
Benjamin Schmid, and others) was used for evalua-
tion of each band (n = 4 to 5/group, except n = 3/
group for immunoprecipitation).

STATISTICAL ANALYSIS. Values represent the mean
+ SD. Samples sizes are indicated in the table and
figure legends. The significance of differences
for multiple comparisons in Figures 1D, 2B, 2F to 2K, and
3 to 5 was analyzed by 1-way analysis of variance
(ANOVA). If ANOVA revealed differences, selected
datasets were compared by Bonferroni’s multiple
comparison test. The significance of differences for the
effect of MCD inhibition on time-dependent changes
of cardiac function in Figures 1F to 1H, 1J to 1L, and 6
was analyzed by 2-way ANOVA. The significance
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of differences between 2 groups was estimated
by wunpaired, 2-tailed Student’s t test where
appropriate. Differences were considered significant at
P < 0.05.

RESULTS

IMMEDIATE MCD INHIBITION INCREASES MALONYL
CoA LEVELS AND INHIBITS FATTY ACID OXIDATION
AND STIMULATES GLUCOSE OXIDATION IN NORMAL
RAT HEARTS AND IMPROVES CARDIAC FUNCTION IN
FAILING HEARTS. The direct effects of the MCD in-
hibitor CBM-3001106 on fatty acid and glucose
oxidation were initially examined in isolated working
rat hearts. A dose of 1 pmol/l CBM-3001106 added to
the hearts resulted in a decrease in fatty acid oxida-
tion rates (Figure 1A) and a significant increase in
glucose oxidation rates (Figure 1B) without affecting
ex vivo cardiac function (data not shown). This was
accompanied by a significant increase in cardiac
malonyl CoA levels (Figure 1C). Twelve hours after
oral administration a single dose of either 50 or 100
mg/kg of CBM-3001106 to rats, a significant increase
in cardiac malonyl CoA levels was also evident
(Figure 1D). Malonyl CoA showed a dose-dependent
inhibition of fatty acid oxidation as reflected by a
decrease in oxygen consumption rates (Figure 1E).
However, the concentration that inhibits 50% was
900 nmol/l in heart mitochondria and greater than
100 pmol/l in liver mitochondria (Figure 1E), sup-
porting the concept that malonyl CoA has a higher
binding affinity to CPT1 in heart than in liver (24).
To investigate if Immediate inhibition of MCD
could improve cardiac function in failing hearts,
invasive hemodynamics was used to assess cardiac
function following a 120 min, immediate intravenous
stepped-dose infusion of CBM-3001106 to 9-week
post-MI rats. MI-rats exhibited a significant decrease
in %EF, stroke volume, and exercise capacity,
whereas an increase in left atria diameter was seen
(Table 1). Immediate exposures of CBM-3001106 to
the post-MI hearts dose-dependently increased %EF
(Figure 1F) and stroke volume (Figure 1G), whereas
there was decreased peak elastance (Figure 1H), which
was accompanied by an increase in malonyl CoA
levels (Figure 11). In contrast, Immediate exposure to
CBM-3001106 had no effects on these factors in sham
hearts (Figures 1J to 1L), neither had effect on
maximal/minimal rate of rise of left ventricular
pressure (dp/dt max/min), and systolic/diastolic
duration in either sham (Figures 6A, 6C, 6E, and 6G) or
post-MI hearts (Figures 6B, 6D, 6F, and 6H). The
minimally effective concentration to improve cardiac
function was 10 umol/1 in the sham group (Figure 61),
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but required a lower concentration (4 pmol/l) in the
MI group (Figure 6J).

CHRONIC MCD INHIBITION IMPROVES CARDIAC
FUNCTION IN FAILING HEARTS. To determine if
chronic MCD inhibition was beneficial in failing
hearts, rats were treated orally for a 4-week period
with a high or low dose of CBM-3001106, starting at 3
weeks post-MI surgery (Figure 2A). Before treatment,
the decrease in %EF was similar among all post-MI
groups compared to sham (Figure 2B). However,
over the subsequent 4-week treatment period a
significant increase in %EF was evident in the MI +
high-dose group (Figures 2B to 2E), which was further
supported by comparing individual %EF value in the
post-MI rats between the pre-treatment and
post-treatment periods (Figure 2E). In contrast, %EF
continued to decline in the majority of the vehicle-
treated post-MI rats (Figure 2C).

To further illustrate the chronic effect of MCD in-
hibition on cardiac function, ex vivo cardiac function
was assessed in isolated working hearts at the end of
the 4-week treatment period (Figure 3F). Cardiac work
was similar between the sham groups (Table 2), but
was reduced in the MI + vehicle group (Figure 2F).
The reduction in cardiac work was significantly
restored by both the low- and high-dose MCD inhi-
bition (Figure 2F), regardless of the presence or
absence of insulin (Table 3). The restoration of func-
tion was accompanied by an increase in the protein
expression of SERCA2 (Figure 2G) without affecting
heart weight (Figure 2H), and the size of the left
ventricular infarct scar tissues (Figure 21), confirming
that the beneficial effect of MCD inhibition on cardiac
function was not due to the differences in the severity
of the infarct among the groups.

The efficacy of in vivo MCD inhibitor in increasing
tissue malonyl CoA levels was evident not only in
ex vivo perfused hearts (Figure 2J), but also in
gastrocnemius muscle (Figure 2K) from post-MI rats
the high- low-dose MCD inhibitor
treatment.

CHRONIC MCD INHIBITION ENHANCES CARDIAC
EFFICIENCY BY ALTERING ENERGY METABOLISM IN
FAILING HEARTS. To understand the mechanisms
underlying MCD inhibition-mediated
improvement of cardiac function, the energy meta-
bolism rates in the perfused hearts were assessed.

after and

chronic

Since cardiac insulin resistance has been suggested to
be a contributor to HF (5,18), the heart perfusions
were performed with and without insulin to check if
cardiac insulin sensitivity was altered in post-MI
hearts. Absolute fatty acid oxidation rates were
similar among the groups regardless of the absence or
the presence of insulin (Table 3). Because cardiac
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FIGURE 1 Acute Effects of CoA Decarboxylase Inhibition on Cardiac Energy Metabolism and Malonyl CoA Levels in Normal Rat Hearts and
on Cardiac Function in Post-Myocardial Infarction Failing Rat Hearts
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FIGURE 2 Effect of Chronic MCD Inhibition on In Vivo and Ex Vivo Cardiac Function in Failing Rat Hearts
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Post-MI rats were treated with 50 mg/kg/day (low dose) or 100 mg/kg/day (high dose) of CBM-3001106 for 4 weeks. Protein expression of
CD36 (A). Incorporation of [*H]-palmitate into triacylglycerol (TAG) during the 1-h perfusion (B). Cytosolic GPAT activity (C). Myocardial TAG
content (D). Protein expression of ATGL (E), and of SPT1 (F). Glucose incorporation into glycogen (G). Glycogen content (H). Values represent
the mean + SD (n =4 to 7). *p < 0.05 or *p < 0.05, significantly different from sham + vehicle or MI + vehicle group, respectively. ATGL =
adipose triglyceride lipase; GPAT = Glycerol-3-phosphate acyltransferase; SPT1 = serine palmitoyltransferase 1; other abbreviations as in

work is a major determinant of cardiac mitochondrial
oxidative metabolism (2,25), we normalized the en-
ergy metabolic rates by cardiac work. The increases in
fatty acid oxidation rates (Figure 3A), in glycolysis

rates (Figure 3B) and in glucose oxidation rates
(Figure 3C) were prevented in post-MI hearts by MCD
inhibition. Absolute rates of glycolysis and glucose
oxidation tended to increase in the MI + vehicle
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FIGURE 5 Effect of Chronic MCD Inhibition on Anti-Oxidants Expression and Interaction of MCD With Superoxide Dismutase 2
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Post-MI rats were treated with 50 mg/kg/day (low dose) or 100 mg/kg/day (high dose) of CBM-3001106 for 4 weeks. Protein expression of
thioredoxin-1 (Trx-1) (A). Protein expression of total forkhead box 03 (T-FOX03), cytosolic FOXO3 (c-FOX03) and nuclear FOXO03 (n-FOX03)
(B), as well as the densitometric analyses (C). Superoxide dismutase 2 (SOD2) activity (D). Acetylated SOD2 (Ac-SOD2) (E). Protein
expression of SIRT3 (F). MCD-SOD2 interaction (G,H). Negative interaction of MCD-PDH (I). Values represent the mean & SD (n = 3 to 7).
p < 0.05 or *p < 0.05, significantly different from sham + vehicle or MI + vehicle group, respectively. IgG = immunoglobulin G;

Ip = immunoprecipitation; PDH = pyruvate dehydrogenase; SIRT3 = Sirtuin-3; other abbreviations as in Figure 1.
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FIGURE 6 Effect of Acute MCD Inhibition on Invasive Hemodynamic Analysis in Failing and Sham Rat Hearts and the Minimally Effective
Concentration to Improve Cardiac Function
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Invasive hemodynamic analysis in failing and sham rat hearts with a 120-min acute intravenous stepped-dose infusion of the MCD inhibitor,
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396

Wang et al.

Chronic MCD Inhibition Reverses Heart Dysfunction

TABLE 1 Alterations in Cardiac Function and Exercise Capacity in
Sprague Dawley Rats That Underwent Either a Sham or a Coronary
Artery Ligation Procedure (Myocardial Infarction) for 9 Weeks

Sham Mi
Cardiac function 8 17
Heart rate (beats/min) 3573 +13.8 364.7 £ 225
Ejection fraction % 65.9 £ 5.7 41.6 + 8.9*
Stroke volume (ul) 300.5 +47.4 216.2 + 44.3*
Left atria diameter (mm) 44+ 05 57+ 0.7
Exercise capacity 6 7
Body weight (g) 479.8 + 63.5 507.1 + 56.9
Running speed (m - min™") 183 £ 20 12.2 £ 5.2%
Running distance (m) 271.2 £145.2 169.2 + 67.5%

Values are n or mean + SD. *p < 0.05, significantly different from sham -+ vehicle.

group when compared to sham (Table 3), which
resulted in an increased proton production in MI +
vehicle group (Figure 3D), whereas the increase was
prevented in MI + high-dose group (Figure 3D).

An increase in the expression of M subunit of LDH
has been shown to be an indication of an increased
glycolytic capacity (26). Five isoenzymes of LDH were
observed in hearts (Figure 3E). An increase in the
expression of LDH5, the M4 isoenzyme, was evident
in the post-MI hearts relative to sham (Figure 3F),
whereas MCD inhibition reduced LDH5 but increased
LDH1 (Figure 3F), the H4 isoenzyme, in post-MI
hearts.

ATP production rates (Table 3) were unchanged
among all the groups, as were citrate synthase ac-
tivity (Figure 3G) and mitochondrial complex I ac-
tivity (Figure 3H). However, a reduced -cardiac
efficiency was observed in the MI + vehicle group
relative to the sham group (Figure 31), whereas the
reduction was restored by MCD inhibition (Figure 3I).
Despite the concept that the failing heart switches
from fatty acid to glucose metabolism (2), overall,
fatty acid oxidation remained the predominant
source of ATP production in the post-MI hearts
(Figure 3J).

CHRONIC MCD INHIBITION ENHANCES INCORPORATION
OF [®H]-PALMITATE INTO TAG WHILE REDUCING
MYOCARDIAL TAG CONTENT AND BIOSYNTHESIS OF
CERAMIDE IN POST-MI HEARTS. Inhibiting MCD could
divert palmitate into TAG synthesis as an effect of
decreasing fatty acid oxidation. Although protein
expression of CD36, a major enzyme involved in
plasma fatty acid uptake, was unaltered (Figure 4A),
the incorporation of 3H-palmitate into TAG
(Figure 4B) was increased in the MCD inhibition
groups relative to the MI + vehicle group. This
increase was mirrored by the activity of cytosolic
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glycerol phosphate acyltransferase (Figure 4C), the
rate-limiting enzyme for de novo TAG synthesis.
However, despite this, myocardial TAG content was
decreased by MCD inhibition (Figure 4D), accompa-
nied by an upregulation of ATGL, a major enzyme
involved in TAG lipolysis (Figure 4E), while down-
regulating SPT1 (Figure 4F), a key enzyme for cer-
amide biosynthesis that has been suggested to be a
contributor of cardiac dysfunction (27). Unlike
myocardial lipids, neither the incorporation of radi-
olabeled glucose into glycogen (Figure 4G), nor total
glycogen content was altered among any of the
groups (Figure 4H).

CHRONIC MCD INHIBITION INCREASES
ANTIOXIDATIVE CAPACITY IN POST-MI HEARTS. As
MCD inhibition-mediated improvement of cardiac
dysfunction was accompanied by the alterations in
lipid biosynthesis, we determined if any alteration in
myocardial antioxidative capacity, which is associ-
ated with pathophysiology of HF in humans (28), also
occurred concurrently. The protein expression of
cardiac thioredoxin-1 (Trx-1), 1 of the molecules with
a high antioxidative action in cytosol, was signifi-
cantly reduced in the MI + vehicle group relative to
sham, whereas the reduction was restored in the MI +
MCD inhibitor high-dose group (Figure 5A). FOX03
is known to bind to the Trx-1 promoter, thereby
upregulating expression of Trx-1 (29). The total
protein expression of cardiac FOX03 was unaltered
among the groups (Figures 5B to 5C). However, the
cytosolic expression of FOXO03 was significantly
reduced, concomitant with an increased nuclear
expression of FOXO03, in the MI + high-dose group
relative to the MI + vehicle group (Figures 5B to 5C),
implicating an association between upregulation of
myocardial Trx-1 and nuclear translocation of FOX03
in the MI + high-dose group.

In addition, SOD2, a mitochondrial antioxidant,
was less active in the post-MI hearts, but the activity
was enhanced by MCD inhibition (Figure 5D). Alter-
ations in SOD2 activity were inversely reflected by the
acetylation of SOD2 (Figure 5E). Neither protein
expression of SIRT3 (Figure 5F), a mitochondrial
deacetylase (30), nor GCN5L1, a mitochondrial ace-
tylase, was altered among the groups (data not
shown). MCD has been suggested to exhibit acetyl-
transferase activity (31); therefore, we investigated if
acetylation of SOD2 was associated with MCD through
a direct interaction. Immunoprecipitation of the heart
lysates revealed that SOD2 was captured by the MCD
antibody (Figure 5G), and vice versa (Figure 5H), sug-
gestive of an association between MCD and SOD2. In
contrast, pyruvate dehydrogenase, a key mitochon-
drial enzyme modulating glucose oxidation (6), was
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unable to be captured by MCD antibody in the same
heart lysates (Figure 5I).

DISCUSSION

This study shows several important novel findings. 1)
Inhibition of MCD is able to reverse pre-existing HF as
the MCD inhibitor was added after HF had already
occurred in the post-MI rat (Figures 1F to 1H and 2B).
Pharmacological inhibiting MCD in post-MI rats de-
creases the severity of pre-existing HF post-MI, which
is relevant and practical to clinic treatment for HF
patients. In the previous studies with MCD-deficient
mice it was not possible to separate possible benefi-
cial effects of MCD inhibition during the infarct
development from preventing adverse remodeling of
the post-MI heart. 2) MCD inhibition is able to
immediately improve cardiac function in the failing
heart (Figures 1F to 1H), suggesting that optimizing
cardiac energy metabolism can acutely improve heart
function in the failing heart. 3) Both immediate and
chronic inhibition of MCD improves cardiac contrac-
tility in the failing hearts, which is associated with an
increase in malonyl CoA content in the post-MI
hearts, resulting in a decreased cardiac fatty acid
oxidation rate. 4) MCD inhibition improves cardiac
efficiency that is associated with a reduced proton
production through increasing LDH1 expression while
decreasing LDH5 expression, thereby ameliorating
coupling of glycolysis with glucose oxidation. 5) MCD
inhibition can enhance cardiac antioxidant capacity
through increasing SOD2 activity by reducing its
acetylation. As a result, our data suggest a mechanism
that failing heart is metabolically inefficient at using
energy, while inhibiting MCD reprograms fuel use
prevents proton production that improves cardiac
efficiency in the post-MI heart. Thus, inhibiting fatty
acid oxidation may be a promising therapeutic
approach to treat HF.

It is generally assumed that the heart switches
from fatty acid to glucose metabolism in the failing
heart (2). If this was the case, it would not appear
logical to inhibit fatty acid oxidation as an approach
for improving cardiac energetics in the failing heart. It
has been proposed by Kolowicz et al. (10) that stim-
ulating fatty acid oxidation may be beneficial in the
failing heart. However, it is probably more accurate to
suggest that mitochondrial oxidative metabolism
decreases in the HF, with a switch in energy
metabolism towards glycolysis in HF (2).

Glycolysis is a source of lactate and protons espe-
cially when glucose oxidation is impaired (2,22). The
clearance of protons is rapid. However, this still de-

creases the cardiac efficiency because of the
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TABLE 2 Effect of Chronic Malonyl Coenzyme A Decarboxylase Inhibition on Ex Vivo
Cardiac Function

Sham + ve Sham + High MI +ve MI + Low MI -+ High

(n=10) (n=6) (n=1) (n =10) (n=10)

Heart rate (beats/min)

— Insulin 264 £25 26915 25551 265+15 264 +26

+ Insulin 288 +£19 281 +£13 266 +50 284 +£26 289 + 31
Peak systolic pressure (mm Hg)

— Insulin 108 +£7 Mn2+6 102+9 106+5 107+4

+ Insulin 104 +7 108 +£5 101+8 103+5 1035
Developed pressure (mm Hg)

— Insulin 42 +8 50 £10 37+9 40 + 8 38+6

+ Insulin 37+3 44 £ 8 35+10 35+8 33+6
Cardiac output (ml - min~")

— Insulin 47 £ M 50 £ 6 41+9 44 £5 M1 +9

+ Insulin 49 +£10 52+7 39+10 46+6 43 +£10
Aortic outflow (ml - min~")

— Insulin 22+8 24 £ 6 15+7 21+ 6 19+7

+ Insulin 24 +£ 6 25+7 15+6 20 £ 6 18+7
Coronary flow (ml - min~T)

— Insulin 26 +8 26 +6 22+6 24+ 6 23+8

+ Insulin 25+7 27 +7 23+ 6 26 + 6 25+9
Cardiac work (J- min~'- g dry wt™")

— Insulin 24+ 05 31+£09 1.7+04* 24 +041 24+ 0.4t

+ Insulin 25+01 31+0.8 1.8+04* 25+ 0.5 2.3 + 0.4t

Values are mean =+ SD. Sham or post-MI rats were treated with either vehicle (ve), 50 mg/kg/day (low = low
dose) or 100 mg/kg/day (high = high dose) of CBM-3001106 for 4 weeks, following which isolated working heart
perfusions were performed for 30 min in the absence of insulin, and then 30 min in the presence of 100 pU/ml
insulin. *p < 0.05 or tp < 0.05, significantly different from sham + vehicle or MI + vehicle group, respectively.

MI = myocardial infarction.

association with the influx of Na™, which can subse-
quently lead to accumulation of intracellular Ca**. Asa
result, a significant amount of cardiac ATP is shunted
away from providing energy for contraction to re-
establishing normal Na™ and Ca®" ionic homeostasis
(7,32). The assessment of proton production rates in
the current study is a technical limitation, which is not
a direct measurement but a calculation from the rates
of glycolysis and glucose oxidation. Our previous
studies have shown that the calculated proton pro-
duction from glycolysis and glucose oxidation is
inversely correlated to intracellular pH, measured by
using 3'-P-NMR spectroscopy, and to cardiac efficiency
in post-ischemic hearts (7), whereas cardiac efficiency
is improved in post-ischemic hearts by altering both
the source and fate of proton (7,32). Kolowicz et al. (10)
also observed an improved coupling of glucose
metabolism with a decreased lactate production in
mice with cardiac-specific deletion of acetyl CoA
carboxylase 2. We further extended our understanding
towards the mechanisms underlying MCD inhibition-
mediated coupling of glucose metabolism and found
an increased expression of LDH1 with a decreased
expression of LDH5 in MI hearts post-MCD inhibition.
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TABLE 3 Effect of Chronic Malonyl Coenzyme A Decarboxylase Inhibition on Cardiac Energy Metabolism

Sham + ve Sham + High MI + ve MI + Low MI + High
Glucose oxidation: pmol - g dry wt™' - min~'
— Insulin 0.1 +£ 0.05 0.1 +£ 0.02 0.2 + 0.06 0.2 +0.1 0.2 + 0.1
+ Insulin 03 +0.2 0.1 +£ 0.04 0.5+ 0.2 04+ 0.2 0.4+ 0.2
n 10 6 n 10 10
Glycolysis: pmol - g dry wt™" - min~"
— Insulin 1.0 £ 0.5 1.0 £0.8 1.9+ 0.7 1.3+ 0.1 09+03
+ Insulin 1.3+07 0.9+05 20+ 05 2.0+ 0.8 1.6 £+ 0.4
n 3 3 5 4 3
Palmitate oxidation: umol - g dry wt™' - min~'
— Insulin 11+ 0.2 1.0 £ 0.1 1.0 £ 0.2 11+ 0.2 11+ 0.2
+ Insulin 1.0 £ 0.2 0.9 +£ 0.1 1.0 £ 0.1 11+ 0.2 1.1+ 04
n 7 3 6 6 7
Proton production: pmol - g dry wt™' - min~!
— Insulin 1.7+ 0.8 1.9+15 31+13 2.0+0.2 1.5+ 04
+ Insulin 20 +11 1.4 +10 32+11 31+12 25+ 0.6
n 3 3 5 4 3
ATP production: pmol - g dry wt™' - min~'
— Insulin 118 £ 16 104 + 6 119 +£18 118 + 12 120 + 14
+ Insulin 113 £ 20 102 + 9 127 £ 1 129 +£ 15 133 + 35
n 10 6 n 10 10

ATp = adenosine triphosphate; MI = myocardial infarction.

Values are n or mean =+ SD. Sham or post-MI rats were treated with either vehicle (ve), 50 mg/kg/day (low = low dose) or 100 mg/kg/day (high = high dose) of CBM-3001106
for 4 weeks, following which isolated working heart perfusions were performed for 30 min in the absence of insulin, and then 30 min in the presence of 100 pU/ml insulin.

An increase in M subunit of LDH is an indicator of
increased glycolytic capacity (26). An increase in LDH5
and a decrease in LDH1 isoenzyme expression was
seen in myocardium from patients with chronic HF, in
which a shift of LDH pattern towards an increase in
LDH1 paralleled by a decrease in LDH5 was observed
after treatment with the angiotensin-converting
enzyme inhibitor (33). Therefore, we propose that the
alteration of LDH isoenzymes in MI hearts post-MCD
inhibition may increase to the conversion of lactate
to pyruvate, thereby reducing glycolysis to improve
the coupling of glucose metabolism. Thus, monitoring
of cardiac LDH enzymatic adaptation may be of clinical
interest (34).

Decreased mitochondrial fatty acid oxidation with
MCD inhibition has the potential to shunt fatty acids
towards TAG. However, instead of increasing TAG
levels, the decrease in TAG level and an increased
ATGL expression were observed concomitant with a
reduction of SPT1 in MI hearts post-MCD inhibition,
suggesting a reduction of ceramide biosynthesis
occurred in conjunction with an increased TAG
turnover by MCD inhibition. Tian et al. (35) have
recently shown that elevated rates of TAG turnover
due to cardiac-specific overexpression of DGAT1
Diacylglycerol O-Acyltransferase 1 are associated
with improved functional recovery from ischemic
stress, in part, by sequestering fatty acids into the
TAG pool the accumulation of

and reducing

ceramides (35). In addition, among the lipids, cer-
amide, as a potent massager molecule to induce
oxidative stress, is associated with pathophysiology
of HF in humans (28). Our data also suggest that MCD
inhibition enhances antioxidative capacity through
at least 2 pathways via FOXO03/Trx-1 axis and acety-
lation/SOD2  axis.
regulating Trx-1 in the post-MI heart are unclear, but
degradation of Trx-1, 1 of the mechanisms induced by
oxidative stress (36), needs further studies. Deace-
tylation of SOD2 was also observed in gastrocnemius

The mechanisms for down-

muscle from aged MCD~/~ mice, in which reduction
of oxidative stress was evident (37). MCD has been
suggested to function as an acetyltransferase (31). At
this point it remains unclear whether the deacetyla-
tion of SOD2 following MCD inhibition is due to a
reduced acetyltransferase activity of MCD as our
findings do not confirm whether MCD acts as an
acetylase or simply controls protein acetylation via
controlling acetyl CoA content. Thus, the dynamic
nature of endogenous cardiac ceramide and TAG may
indicate a novel role of enhanced intracellular lipids
metabolism as a result of MCD inhibition in pre-
venting cardiac oxidative stress in post-MI hearts.
The use of MCD inhibitors in vivo has to consider
issues such as the potential for liver steatosis due to
redirecting lipids towards TAG synthesis. However,
we observed that hepatic TAG content was similar
among the MI groups (data not shown), which may be
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due to a fact that malonyl CoA is more sensitive in
inhibiting fatty acid oxidation in heart versus liver
mitochondria (Figure 1E). In addition, aged MCD/~
mice, despite elevated hepatic TAG levels, displayed
a significant increase in life span of ~30% than the
wild-type littermates (37).

Infarct size is a key determinant of the outcome of
an acute MI (38). It was therefore important to rule
out that any of the beneficial effects of MCD inhi-
bition post-MI were occurring secondary to a
reduction in infarct size. This possibility is unlikely
because rats were subjected to a permanent MI and
MCD inhibition was not initiated until 3 weeks post-
MI, and the scar sizes were similar among the post-
MI groups. This is of potential important clinical
importance, considering many patients who suffer
from chronic HF have permanent myocardial in-
farcts/scars that cannot be revascularized or
repaired. Thus, the cardioprotective effects of MCD
inhibition may not only enhance coronary revascu-
larization therapy in patients with acute MI, but may
also be useful as long-term therapy to prevent the
transition to HF.

STUDY LIMITATIONS. In this study, MCD inhibition of
fatty acid oxidation was primarily observed when fatty
acid oxidation rates were normalized for cardiac work,
with absolute fatty acid oxidation rates being similar
among the groups. This normalization of fatty acid
oxidation rates was performed to account for the dra-
matic changes in cardiac work, which is a major
determinant of cardiac mitochondrial oxidative
metabolism (2,25). However, it must be recognized
that the possibility exists that the absence of change in
absolute metabolic fatty acid oxidation rates following
chronic MCD inhibitor treatment could suggest that
the underlying mechanisms may not be dependent on
changes in metabolic pathways. A second limitation
concerns the mechanisms underlying the effect of
MCD inhibition on cardiac function. Emerging evi-
dence has shown that downregulating malic enzyme 1
expression in failing hearts induces favorable shifts in
not only improving coupling between glycolysis and
glucose oxidation, but also improving redox state and
contractile function (39). As MCD inhibition enhances
the antioxidative capacity in MI hearts in conjunction
with the improved uncoupling of glycolysis and
glucose oxidation, whether this is achieved by pre-
serving nicotinamide adenine dinucleotide phosphate
through reducing malic enzyme 1 thereby mediating
coupling of glycolysis and glucose oxidation, needs
further investigation. We are unable to discern
whether the MCD inhibition-mediated functional
benefits are a direct result of either restoration of

Wang et al.
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cellular redox state due to a better coupling between
glycolysis and glucose oxidation for preserving nico-
tinamide adenine dinucleotide phosphate and
enhancing antioxidative capacity, or induction of the
more efficient oxidation of glucose to reduce protons
thereby altering calcium dynamics, or the conse-
quence of multiple metabolic responses.

In conclusion, chronic MCD inhibition reverses
cardiac dysfunction in rats with established HF by
improving cardiac energy inefficiency due to opti-
mizing cardiac energy metabolism. MCD inhibition
might be a novel potential therapy for treating post-
MI heart disease. Certainly, establishing efficacy and
safety in large animal models would be essential
before the MCD inhibitor would be introduced into
clinical studies.

ADDRESS FOR CORRESPONDENCE: Dr. Gary Lopa-
schuk, Cardiovascular Research Centre, Department
of Pediatrics, University of Alberta, 423 Heritage
Medical Research Center, University of Alberta,
Edmonton T6G 2S2, Canada. E-mail: gary.lopaschuk@
ualberta.ca.

PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Cardiac ener-
getics is compromised in the human failing heart, due both to a
decrease in energy production and a decrease in cardiac effi-
ciency. Inhibition of fatty acid oxidation with MCD inhibition
improves cardiac efficiency in the failing heart, which is associ-
ated with an improvement of cardiac function. As a result, MCD
inhibition is a potentially promising approach to decrease the
severity of HF.

TRANSLATIONAL OUTLOOK: Therapeutic strategies that
involve the inhibition of cardiac fatty acid oxidation have been
shown to be clinically beneficial in the setting of ischemic heart
disease and heart failure. This includes the use of CPT1 inhibitors
and direct fatty acid B-oxidation inhibitors. The strategy of
increasing malonyl CoA levels, which inhibits CPT1, by inhibiting
MCD is another novel approach to inhibiting fatty acid oxidation in
the heart. From a clinical viewpoint, oral delivery of MCD inhibitors
for the treatment of ischemic heart disease would be practical. We
have shown previously that this did not affect peripheral tissue
metabolism because there was no insulin resistance observed in
skeletal muscle, and no TAG accumulation in liver. In addition,
MCD inhibition-mediated improvement of cardiac efficiency was
independent of the scar size, suggesting that the cardioprotective
effects of MCD inhibition may occur by directly optimizing energy
metabolism in the remodeled post-MI myocardium.
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