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Summary. Fatty acid is used as a major fuel in the
fasting heart, but the precise metabolism in the failing
heart remains unknown. We assessed the hypothesis
that the fatty acid metabolism might be impaired or
delayed during heart failure. We examined in vivo
kinetics of an isotope-labeled fatty acid analogue and
its substrates as well as hemodynamic parameters and
histopathological findings in a rat model of postmyocar-
ditic dilated cardiomyopathy. Rat experimental autoim-
mune myocarditis (EAM) was induced by injection with
porcine cardiac myosin. Rats were treated with quina-
pril, an angiotensin-converting enzyme inhibitor or
vehicle, from the 28th day after healing of myocarditis
until the 60th day. On the 61st day, or the compensated
chronic heart failure phase, rats were injected with
[-methyl-iodophenylpentadecanoic acid (BMIPP) and
15-(p-iodophenyl)-9-methylpentadecanoic acid ([1'**]
9MPA), then sacrificed 3, 10, 30, and 60 min later. The
hearts were excised, their radioactivities were calcu-
lated, and the homogenates were assayed quantitatively
on thin layer chromatography. Left ventricular weight
was found to increase by 1.6-times and the myocardial
area of fibrosis was prominent in chronic heart failure
rats. Myocardial uptake of BMIPP and 9MPA de-
creased by 48~75% in the failing heart; however, the
final oxidized product ratio of total IMPA substrates,
p-iodophenylacetic acid (PIPA), increased by 127~136%
compared with the normal heart. Quinapril decreased
the central venous pressure and left ventricular end-
diastolic pressure, but increased the absolute value of
the rate of isovolumetric contraction. Quinapril sup-
pressed left ventricular hypertrophy by 70% and de-
creased the fibrosis area by 35% in this model. Quinapril
also improved the initial uptake of fatty acid into the
myocardium, but it did not affect the substrate pattern

of OMPA metabolites. Our findings suggest that fatty
acid oxidation is preserved regardless of impaired up-
take in the chronically failing rat heart and that quina-
pril is able to correct the uptake of fatty acid into the
myocardium.
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INTRODUCTION

The heart uses free fatty acid (FFA) in the fasted
state and carbohydrates in the fed state as its major
energy source."*® The uptake of each substrate by
the heart is partly dependent on blood concentrations
and energy demand. Substances for energy produc-
tion change under various pathological conditions.”
The heart predominantly uses fatty acid during is-
chemia,” and has been suggested that the heart uses
carbohydrate preferentially during heart failure.®”
Recent reports suggest that an impaired fatty acid
metabolism leads to the accumulation of fatty acid
derivatives, which may be attributed to cardiac
hypertrophy.®>” However, the precise kinetics of FFA
in vivo remains unknown in chronic heart failure.
B-methyl-iodophenylpentadecanoic acid (BMIPP)
is commonly used to assess cardiac fatty acid metab-
olism.'®' After venous injection, BMIPP enters the
cardiomyocyte with thioesterification. A part of
BMIPP is stored as tissue triglyceride while the
majority is transferred from the cytoplasm to the
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mitochondria through a carnitine shuttle by a staged
transfer system that requires the formation of fatty
acid acyl-CoA. Intramitochondrial BMIPP-CoA con-
verts directly to PIPA-CoA through 6-fold g8 oxida-
tion after @ oxidation and decarboxylation.!® The
15-(p-iodophenyl)-9-methylpentadecanoic acid (([1'2¢]
9MPA) is a modified long chain (15 carbons, C15)fatty
acid which has a methyl branch like BMIPP. The
9MPA-CoA that enters the mitochondria is initially
converted into 3-methylnonanoic acid (3MNA)-CoA.
Continuously, 3MNA-CoA changes fatty acyl-CoA
again through « oxidation and decarboxylation.
Then additional £ oxidation yields the final
metabolite, p-iodophenylacetic acid (PIPA)-CoA (Fig.
2). Accordingly, 9MPA is suitable for evaluating the
abilities of fatty acid uptake and the kinetics of g
oxidation in vivo.'»'*'¥ We previously studied the
kinetics of isotope-labeled fatty acid analogue and its
metabolites in the hearts of peroxisome proliferator-
activated receptor & (PPARa) knockout mice.!?

Myocarditis has been given as a possible cause of
dilated cardiomyopathy.!® We previously developed
an experimental autoimmune myocarditis (EAM)
model in rats which can serve as a model of human
giant cell myocarditis.'® After the acute phase of
myocarditis, there is progressive dilatation of the left
ventricle and deterioration in contractility which
ultimately leads to dilated cardiomyopathy.!” An-
giotensin converting enzyme (ACE) inhibitors have
shown extensive evidence in preventing left
ventricular remodeling and have favorable long-term
effects on morbidity and mortality.’*'® We have
reported the efficacy of ACE inhibitors using this
model.?® The purpose of the present study was to
elucidate the kinetics of FFA metabolism using this
rat model of chronic heart failure.

MATERIALS AND METHODS
Experimental animals

Male Lewis rats (8 weeks old) were purchased from
Charles River, Japan (Yokohama, Japan) and
maintained in our facilities. Rat experimental
autoimmune myocarditis (EAM) was induced by
immunization with purified pig cardiac myosin as
previously described.'® Rats surviving 28 days after
immunization were randomly assigned to receive
either the vehicle (methylcellulose 0.5 mL) or therapy
with the angiotensin-converting enzyme inhibitor
(quinapril 2 mg/kg). All rats were treated by daily
oral administration until the 60th day. The study
protocol was approved by the Guidelines on Animal
Experimentation at our institute.

Hemodynamic measurements

On the 60th day, rats were anesthetized with 0.5%
halothane mixed with 1009 oxygen, and systemic
and left ventricular hemodynamic parameters were
recorded as described previously.?%29

Kinetics of fatty acids metabolism in vivo

On the 61-63rd days, ?°I-BMIPP (0.7 MBq) or '%I-
9MPA (1.0MBq) was intravenously injected into rats
after fasting for at least 24 hours. At 3, 10, 30 and 60
min after injection, the rats were sacrificed. The
hearts were excised and pericardium and atrial tissue
were removed. The ventricle was weighed and then
cut into three parts. The left apical ventricle was
quickly excised and stored in a gamma counter tube,
and its radioactivity was measured by a well-type
scintillation counter (Aloka ARC-300, Tokyo, Japan).
The cardiac uptake in each phase was presented as
the differential absorption ratio: DAR =(radioactiv-
ity of the tissue)/(total injected radioactivity) X (body
weight)/(tissue weight).

Lipid extraction from cardiac tissue was perfor-
med according to the modified method developed by
Folch et al.?® Briefly, a part of the heart tissue was
homogenized in 2N HCI and extracted twice with
chloroform/methanol (2 : 1, v/v). The organic, aque-
ous, and solid phase substances were separated. Indi-
vidual radioactivity of '?°I-labeled 9MPA, 3MNA,
PIPA and triglyceride in the organic phase was
assayed by thin-layer chromatography (TLC) on a
reversed phase plate (C18 Silicagel Spotfilm; Tokyo
Kasei Kogyo Co. Ltd., Tokyo, Japan), together with
#5]-]abeled standard fatty acids (IMPA, 3MNA, and
PIPA). Each of these long chain fatty acids and their
fatty acyl CoA (9MPA-CoA, 3MNA-CoA, and PIPA-
CoA) can be detected in the same partition on the
TLC separation. The origin partition includes trig-
lyceride. Because the absolute dose of the product
may be affected by the uptake of total IMPA sub-
strate, the ratios (%) of each catabolized product of
total 9IMPA substrates are calculated quantitatively
by an NIH image from the TLC separation image in
order to assess the metabolic turnover of the steps of
IMPA metabolism.

Histological examination

The mid-ventricle was cut into 2mm transverse
slices, fixed in 109 formalin, embedded in paraffin,
sliced, and stained by the Azan-Mallory method.
Myocardial fibrosis was assessed as the ratio of the
fibrosis area to the whole area of the section as
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Fig. 1. Scheme of the metabolic pathway of 9-methylpentadecanoic acid (9MPA).
9MPA enters a cardiomyocyte with thioesterification, and a part of 9MPA is stored as
tissue triglyceride. The majority of 9MPA is transferred from the cytosol to the
mitochondria by a staged transfer system that requires the formation of acyl carnitine.
Thereafter, mitochondrial 9IMPA-CoA is oxidized and converted to 3-methylnonanoic
acid BMNA)-CoA. Simultaneously, SMNA-CoA is oxidixed and decarboxylized. Then
additional 8 oxidation yields the final metabolite, p-iodophenylacetic acid (PIPA)-CoA.

described previously,?*~2! using a color image anal-

yzer (Mac Scope, MITANI co., Fukui, Japan).

Statistical analysis

Results were presented as mean+SEM. Statistical
significance was determined by 1-way ANOVA foll-
owed by the Fisher’'s Protected Least Significant
Difference Method. Statistical significance was
assumed at an alpha value of .05.

RESULTS
Left ventricular remodeling

The ventricular weight was considerable in the rats
with chronic heart failure, and ventricular weight
correlated with body weight (VW /BW) was higher in
these rats compared with normal control rats (Table
1). The myocardial fibrosis area was also increased in
rats with chronic heart failure (Fig. 3).

Cardiac Function

Hemodynamic parameters are shown in Table 2.
Systemic arterial pressure decreased and central
venous pressure and left ventricular end-diastolic
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Fig. 2. B oxidation of 9-methylpentadecanoic acid
(OMPA). 9MPA is oxidized for 3 cycles to convert into 3-
methylnonanoic acid (3MNA). Consequently, 3MNA is
metabolized again through « oxidation and decarboxyla-
tion. Then additional g oxidation for 3 cycles yields the
final metabolite, p-iodophenylacetic acid (PIPA).
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Table 1. Ventricular weight and myocardial fibrosis

Ventricular weight (g)

M ial fibrosis (2
/Body weight (kg) yocardial fibrosis (%)

Ventricular weight (g)

NC 0.89£0.02 0.267+0.008 2+1
CHF 1.44+0.04* 0.436+0.016* 29+5*
Tx 1.00£0.05* 0.33£0.017* 1971

Values are mean+SE. NC, normal control; CHF, chronic heart failure; Tx, Therapy with
quinapril. *P <.0001 vs NC. P <.01 vs CHF.

Table 2. Hemodynamic parameters

Normal control CHF Tx
(n=4) (n=8) (n=8)

Heart rate (beats per minute) 314.4+22.6 307.2+23.2 245.0+15.3°%
Mean arterial pressure (mm Hg) 98.3£6.5 57.4+4.8* 40.7+3.6°
Left ventricular pressure (mm Hg) 90.4+5.5 68.7+2.51 57.7+3.1
Central venous pressure (mm Hg) 1.2+0.2 5.6+1.17 2.440.68
Left ventricular end-diastolic pressure (mm Hg) 7.6+1.6 18.9+3.5% 7.4+2.3%
+dP/dt (mm Hg/s) 3923+575.0 2409+252.51 3436+206.0°
—dP/dt (mm Hg/s) —4741+701.1 —2488+445.1" —3593+191.1

Values are mean+SE. Study groups as shown in Table 1. +dP/dt, rate of isovolumetric contraction;
—dP/dt, rate of isovolumetric relaxation. *P <.001, 1P < .05 vs Normal control, P < .01, $P <.05 vs CHF.

pressure increased in rats with chronic heart failure
compared with normal control rats. The absolute
values of the rate of isovolumetric contraction and
relaxation were also lower in the formur rats than
the latter ones.

Myocardial uptake of fatty acid

Representative autoradiography images are shown in
Fig. 4. The distribution of 9MPA was homogenous in
normal rats. 9MPA accumulation decreased in pro-
portion to myocardial damage and inhomogeneously
in the rats with chronic heart failure.

The myocardial 9MPA uptake presented as the
DAR of the rats with chronic heart failure was less in
each phase compared with normal rats (Table 2).
Compared with the uptake at 3min (6.6+0.2 and
8.7+0.8, P<.05), those at 10 (5.34+-0.4 and 8.7+0.4,
P<.0001), 30 (3.54+0.4 and 7.0+0.7, P<.0005) and 60
min (2.9+0.2 and 5.64+0.5, P<.0005)of the rats with
heart failure were markedly decreased. The uptake
of BMIPP of rats with chronic heart failure was also
less for each time compared with normal rats (5.6+
0.2 and 9.5+0.7, P<.005 at 3 min, 4.2+0.2 and 7.1+
1.0, P<.01 at 30 min, 2.5+0.4 and 4.5+0.9, P<.005 at
240 min).

Kinetics of fatty acid metabolism in vivo

Representative TLC samples are shown in Fig. 5, and
the values are presented in Table 3 and Fig. 6. The
ratio of the triglyceride pool did not differ in each
phase between rats with chronic heart failure and the
control rats. The ratio of 9MPA was also not
different in each phase between the two groups. The
JMNA ratio was higher by 1419 in rats with heart
failure at 3 min; however, the ratio decreased
remarkably according to time. The PIPA ratio was
higher by 16095 at 60 min in the experimental rats
compared with normal rats. The ratio of 3MNA+
PIPA was higher by 127~136% at 3, 10, and 60 min in
the former rats compared with the controls (Fig. 6).

Effects of quinapril on cardiac function, Ieft
ventricular remodeling and fatty acid metabolism
in vivo

Quinapril reduced ventricular weight, VW/BW, and
suppressed myocardial fibrosis in the rats with
chronic heart failure (Table 1 and Fig. 3). Quinapril
increased systemic arterial pressure and decreased
central venous pressure and left ventricular end-
diastolic pressure in those rats treated with the
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chronic heart failure: (A) normal control; (B) chronic heart fail-
ure; (C) chronic heart failure treated with quinapril. (Azan-
Mallory stain, Original magnification X2

3 min

CHF

10 min

60 min

Fig. 4. Representative autoradiography images of cardiac
9MPA distribution. 9IMPA distribution was homogenous in
normal rats. 9MPA accumulation decreased in proportion to
myocardial damage and also inhomogeneously in rats with
chronic heart failure. NC, normal control; CHF, chronic heart
failure; Tx, Therapy with quinapril.

vehicle (Table 2). The absolute value of the rate of
isovolumetric contraction was also increased by
quinapril treatment in rats with chronic heart failure.
Regarding fatty acid metabolism, quinapril increased
cardiac 9MPA uptake at 3 min and 60 min in these
same rats. Quinapril had no effect on the ratio of
fatty acid metabolites and the triglyceride pool
(Table 2).

DISCUSSION

In this study, we examined the kinetics of myocardial
fatty acid metabolism using isotope-labeled fatty
acid and found that the turnover of fatty acid oxida-

tion in chronic heart failure was not impaired while
the uptake of FFA was. The ratio of PIPA showed a
higher level in the failing heart; nevertheless, the
myocardial 9MPA uptake was reduced. The higher
ratio of metabolic substrates suggests that 9MPA
can be oxidized rapidly in the failing heart. Addition-
ally, the ratio of 3MNA+PIPA increased in those
rats with chronic heart failure compared with normal
rats. The ratio of 3SMNA+PIPA represents the turn-
over of the initial 8 oxidation alone, and does not
depend on subsequent « oxidation and decarboxyla-
tion (Fig. 2). Quinapril suppressed left ventricular
remodeling and improved cardiac function. Regard-
ing the cardiac fatty acid metabolism, quinapril im-
proved the myocardial uptake of FFA in proportion
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Fig. 5. Representative images of TLC separation of 9MPA metabolites.
The 3MNA ratio was higher in rats with heart failure (CHF) at 3 min;
however, the ratio decreased remarkably according to time. The PIPA ratio
was higher at 60 min in rats with chronic heart failure compared with normal
rats (NC). The ratio of SMNA +PIPA was higher at 3, 10, and 60 min in rats
with heart failure compared with normal rats. Quinapril (Tx) made no
difference in the ratio of fatty acid metabolites and the triglyceride pool in
rats with chronic heart failure.

Table 3. Quantitative analysis of 9 MPA uptake and metabolites

Therapy with quinapril

3 min 10 min 30 min 60 min
3 min 10 min 60 min
DAR NC 8.71+0.8 8.7%£0.4 7.0+0.7 5.6£0.5
CHF 6.6+0.2* 5.3+0.47 3.5+0.4% 2.940.2% 8.9+1.5% 5.5%0.9 5.7+1.08
TG, % NC 28.1+1.6 25.7£2.0 24.7+2, 26.1%1.

CHF 23.0+1.3 30.2%+1.9 25.9%7.
9MPA, % NC 6.3+0.8 4.1£0.3 3.9£0.
CHF 4.74+0.4 3.6+0.3 3.9+1. 4.3%+0.
3MNA, % NC 11.3%£2.0 4.9+0.7 3.4£0. 4.1+0.

6

2 26.5%3.

7

1

4
CHF 16.1+1.1* 7.3x£0.7 3.9+1.3 3.3£0.

5

9

6

2

5.7x0.

29.7£2.2 32.9%+1.9 31.1+3.7

5.2x1.1 4.7+0.8 4.3£0.7

17.5x2.3 5.1+0.4 2.91+0.4

DS O O 0N o

PIPA, % NC 5.4x0.8 9.3%£0.7 11.2+1. 10.5£1.
CHF 6.1+1.2 12.0£1.0 14.6x2. 16.8+1.27 4.5+1.3 10.8+0.7 13.1£0.6
MNA+PIPA % NC  16.8+2.0 14.2+1.1 14.6x1. 14.7£1.1
CHF 22.3+1.6® 19.4+1.4* 18.6+3. 20.1£1.4*  22.0%3.1 16.0£0.9 16.0+1.1

Values are mean+ SE. DAR, differential absorption rate; NC, normal control; CHF, chronic heart failure; Tx, Therapy
with quinapril. *P <.05, 1P <.001, *P <.005, vs NC. $P <.05 vs CHF.

to the restoration of myocardial damage. However, it acid oxidation is constant in mitochondria, even in
did not affect the turnover of fatty acid oxidation. the failing heart. The utilization of FFA in the
One possible explanation is that the capacity of fatty =~ myocardium may depend on the uptake of FFA,
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Tx

Fig. 6. Myocardial uptake of 9MPA (above) and the ratio of
PIPA (middle) and 3SMNA +PIPA (bottom) in normal rats (NC),
rats with chronic heart failure (CHF), and rats with chronic
heart failure treated by quinapril (Tx). *P <.05, tP<.001, *P<

.005, vs NC. $P <.05 vs CHF.

which is impaired in chronic heart failure.

In order to confirm our hypothesis, we also
examined the expressions of transporters and
enzymes involved in fatty acid metabolism in the
myocardium. Contrary to our expectations, the fail-
ing heart showed decreased mRNA expressions of
medium chain acyl-CoA dehydrogenase (MCAD),
carnitine palmitoyl-CoA transferase II (CPT-II), and
PPAR«. Mitochondrial g oxidation was also regulat-
ed by the levels of nicotinamide adenine dinucleotide
(NAD") and flavin adenine dinucleotide (FAD). The
decreased levels of NADH,* and FADH,* may stim-
ulate the turnover of the whole fatty acid oxidation
spiral during chronic heart failure,***® where the
oxygen supply, respiratory quotient, and adrenergic
activity may be important determinants of the
kinetics of £ oxidation.

Our present study showed that quinapril improved
the initial uptake of fatty acid into the myocardium,
but it did not affect the substrate pattern of 9IMPA
metabolites. ACE inhibitors are the most popular
drugs for the management of chronic heart failure.
ACE inhibitors decrease cardiac preload and after-
load, reduce the progression of cardiac remodeling,
and improve long-term survival.!®'® Some clinical
studies showed that patients with heart failure treat-
ed with ACE inhibitors improved in their uptake of
BMIPP and had a reduced washout rate.?*?® How-
ever, these studies -- the present one included --

cannot answer whether these effects were caused by
the direct action of ACE inhibitors or an improve-
ment of the heart failure. Several studies provide
some possible explanation for these effects of ACE
inhibitors. ACE inhibition improves insulin sensitivity
by increased tissue bradykinin levels 2627?® and en-
hanced insulin-stimulated glycogen synthesis.?® Some
experimental studies showed that angiotensin II en-
hanced lipid hydrolysis in the cardiomyocyte®” and
that the ACE -inhibitor decreased the serum level of
nonesterified fatty acids. The decreased level of
serum nonesterified fatty acids may contribute to an
improvement of the insulin-resistant state and the
oxidative capacity of the cell availability for glucose
oxidation.?'*?%® The decreased level of nonesterified
fatty acid contributes to enhanced tissue fatty acid
esterification, which may increase the uptake to
cardiomyocytes observed in the present study.
Several variables should be pointed out. Glucose
oxidation may be increased in the failing heart in
order to compensate for a lower use of fatty acid.
However, we only assessed the kinetics of fatty acid
metabolism because of technical limitations. There
are few previous studies, and there is a discrepancy
between clinical and experimental ones.®*35*® The
discrepancy may derive from different methods to
quantify fatty acid metabolites, the severity of the
heart failure, or the pharmacological treatment.
Although our present study -- whose methods were
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similar to clinical procedures -- showed the accelerat-
ed steps of fatty acid 8 oxidation in our model of
dilated cardiomyopathy, we cannot answer how the
energy products are attributed to the fatty acid
metabolism. In order to answer this question, the
quantification of acetyl CoA may be necessary.

In conclusion, the present study provides the first
evidence of the kinetics of myocardial fatty acid
oxidation. The turnover of fatty acid oxidation was
preserved even in the failing heart, although the
uptake of fatty acid was impaired. Therapy with the
ACE inhibitor improved the uptake of fatty acid, but
it did not affect the process of cardiac 8 oxidation.
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