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Abstract. Carnitine is essential for mitochondrial me-
tabolism of long-chain fatty acids and thus for myocardial
energy production. Accordingly, carnitine deficiency can
be associated with cardiomyopathy. To better understand
this disease, we determined myocardial function and en-
ergy metabolism in a rat model of carnitine deficiency.
Carnitine deficiency was induced by a 3- or 6-week diet
containing N-trimethyl-hydrazine-3-propionate, reduc-
ing cardiac and plasma carnitine by 70—85%. Myocardial
function was investigated in isolated isovolumic heart
preparations. Carnitine-deficient hearts showed left ven-
tricular systolic dysfunction, reduced contractile reserve,

and a blunted frequency-force relationship independently
of the substrate used (glucose or palmitate). After glyco-
gen depletion, palmitate could not sustain myocardial
function. Histology and activities of carnitine palmitoyl
transferase, citrate synthase, and cytochrome ¢ oxidase
were unaltered. Thus, as little as 3—6 weeks of systemic
carnitine deficiency can lead to abnormalities in myocar-
dial function. These abnormalities are masked by en-
dogenous glycogen and are not accompanied by structural
alterations of the myocardium or by altered activities of
important mitochondrial enzymes.

Key words. Cardiomyopathy; contractile function; oxidative phosphorylation; mitochondria; systemic carnitine de-
ficiency; fatty acid; glycogen; N-trimethyl-hydrazine-3-propionate.

Carnitine is essential for mitochondrial transport and me-
tabolism of long-chain fatty acids and, thus, for myocar-
dial energy metabolism. Specifically, because the inner
mitochondrial membrane is impermeable to long-chain
fatty acyl-CoAs, carnitine is required to transport these
substrates across this membrane [1]. Furthermore, carni-
tine is important for carbohydrate metabolism by stimu-
lating glucose oxidation via reversing the inhibition of
pyruvate dehydrogenase [2, 3]. Moreover, carnitine shifts
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the ratio of acyl-CoA to CoA-SH in the direction of CoA-
SH and is involved in trapping acyl residues from perox-
isomes and mitochondria [1, 4, 5].

As a consequence of these important functions, defi-
ciency of carnitine manifests mainly as a dysfunction of
skeletal muscles and myocardium, where fatty acids
constitute an essential energy substrate [4]. Due to de-
creased metabolism of fatty acids, carnitine deficiency
results in accumulation of lipids within skeletal muscle,
myocardium, and liver. Ultrastructurally, myofibrils are
disrupted and aggregates of mitochondria and lipid de-
posits accumulate within the skeletal muscle and my-
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ocardium [6]. For these reasons, carnitine deficiency
can cause hypertrophic or dilated cardiomyopathy in
children [7], which is associated with a mortality of over
50% [8]. Moreover, myocardial carnitine levels are re-
duced in the hearts of patients with dilated cardiomyopa-
thy, but the significance of this observation is currently
not known [7].

The results of clinical and animal studies suggest that a
short period (2 weeks) of moderate carnitine deficiency
(50% reduction) does not have a major effect on cardiac
contractile function [9]. However, after longer periods
(>20 weeks) of carnitine deficiency, alterations occur in
the heart that may result in impaired contractile perfor-
mance, particularly at high workloads [9]. At this point,
however, the precise mechanisms responsible for this car-
diac depression are uncertain. To better understand the
pathophysiology of carnitine deficiency, some of us have
recently developed and characterized a rat model of carni-
tine deficiency [10]. In this model, rats developed systemic
carnitine deficiency after 3 weeks on a diet containing N-
trimethyl-hydrazine-3-propionate (THP; also known as
mildronate or MET-88) [11] which inhibits carnitine bio-
synthesis and increases renal carnitine excretion [10].

In the present study, we sought to investigate in this model
whether as little as 3 or 6 weeks of severe systemic carni-
tine deficiency can lead to abnormalities of myocardial
function. Additionally, we sought to investigate whether
this carnitine deficiency would lead to structural alter-
ations of the myocardium or to altered activities of im-
portant mitochondrial enzymes involved in fatty acid and
energy metabolism including carnitine palmitoyl trans-
ferase, citrate synthase, and cytochrome c oxidase. For
this purpose, we studied isolated isovolumically contract-
ing hearts of control and THP-treated rats. Perfusing glu-
cose (carnitine independent) or palmitate (carnitine de-
pendent) as substrate, we measured various hemodynamic
variables including left ventricular (LV) pressure, indices
of contractility and relaxation, as well as coronary flow.
Additionally, we measured both the contractile reserve
(assessed as postextrasystolic potentiation) and the fre-
quency-force relationship (staircase), as these myocardial
characteristics are often altered in cardiomyopathy. Fi-
nally, as myocardial glycogen may compensate for an in-
sufficient energy supply during perfusion with palmitate
in carnitine-deficient hearts, we depleted glycogen in
some hearts using substrate-free perfusion before LV pres-
sure analysis.

Materials and methods

Animals and induction of carnitine deficiency

Male Sprague-Dawley rats (Siiddeutsche Versuchs-
tierfarm, Tuttlingen, Germany and RCC, Fiillinsdorf,
Switzerland) weighing 290—490 g were used in this study.

Myocardial function in carnitine deficiency

The animal use protocol was approved by the veterinary
department of Basel (Switzerland) and was in line with
the ‘Ethical Principles and Guidelines for Scientific Ex-
periments on Animals’ of the Swiss Academy of Medical
Sciences. Carnitine deficiency was induced as previously
described [10] using vegetarian food poor in carnitine
(Kliba Futter 2435, Basel, Switzerland) and THP
(20 mg/100 g per day) for 3 or 6 weeks (n=6 rats each).
Control rats were kept for the same periods of time with
vegetarian rat chow ad libitum (n=7 and 6 rats, respec-
tively). All rats weighed approximately 200 g at the be-
ginning of the diet/THP treatment and received tap water
ad libitum throughout the study.

Perfused heart model

After anesthesia (50 mg/kg sodium pentobarbital in-
traperitoneally; Nembutal; Abbott Laboratories, Chicago,
I11.), rat hearts were excised rapidly and perfused accord-
ing to a modified Langendorff method as previously de-
scribed [12]. All hearts were perfused at a perfusion pres-
sure of 110 cm H,O at 36 °C with a filtered (pore size
0.65 um) nonrecirculating modified Krebs-Henseleit so-
lution containing 117.0 mM NacCl, 4.3 mM KCl, 1.5 mM
CaCl,, 1.2 mM Mg Cl,, 25.0 mM NaHCO;, 1% albumin,
and 11.0 mM glucose or 0.4 mM Na palmitate as sub-
strate. The perfusate was saturated with a gas mixture of
95% 02 and 5% CO,. Ventricular pacing was carried
out using a pair of platinum wire electrodes connected to
PowerLab/8e using Chart and Scope software (ADInstru-
ments, Castle Hill, Australia) on a G3 Macintosh com-
puter (Ingeno, Basel, Switzerland). The pacing electrodes
were implanted superficially in the right ventricular free
wall. To record a bipolar epicardial electrocardiogram
(ECQ), a pair of electrodes was placed on the right atrial
appendage and the right ventricular base.

Experimental protocol

These experiments were designed to investigate the phys-
iological contractile and energetic state of the hearts with
a normal myocardial glycogen content. Therefore, rats
were studied in the fed state, one control and one THP-
treated rat per day in randomized order. Twenty minutes
after isolation and perfusion of the hearts, stable baseline
values of LV pressure and coronary flow were recorded
with one of the substrates at a pacing rate of 200 beats per
minute (bpm). The sequence of the substrates (glucose or
palmitate) was randomized to eliminate confounding ef-
fects of varying perfusion time or glycogen content. To de-
termine the LV contractile reserve, all hearts underwent
the postextrasystolic potentiation protocol (see below).
Subsequently, to determine the frequency-force relation-
ship, we studied the effects of increasing the heart rate on
LV pressure in the staircase protocol (see below). Then,
the substrate was switched and after 20 min, of perfusion
with the new substrate, baseline recordings and the two
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protocols (staircase and postextrasystolic potentiation)
were repeated. At the end of the experiments, hearts were
immediately cut transversely. The base was stored in 10%
formalin for histological analysis and the apex was frozen
in liquid nitrogen for measurement of cardiac carnitine
concentrations, mitochondrial enzymes (carnitine palmi-
toyl transferase, citrate synthase, and cytochrome ¢ oxi-
dase), and of the high-energy phosphates, adenosine
triphosphate (ATP) and phosphocreatine.

In the fed state, endogenous myocardial glycogen may
compensate for insufficient energy supply during perfu-
sion with palmitate in carnitine-deficient hearts. This may
mask contractile differences between control and carni-
tine-deficient animals. Therefore, we depleted glycogen in
some hearts using substrate-free perfusion (n=4 hearts
per group) as described previously [13]. Pilot experiments
showed that 60 min of substrate-free perfusion was suffi-
cient to deplete the glycogen stores in rat harts (see fig. 1).
Glycogen was isolated and analyzed by a spectrophoto-
metric method described previously [14]. After 60 min of
substrate-free perfusion, LV-developed pressure began to
decrease. Subsequently, the hearts were first perfused with
Na palmitate and then with glucose (to prevent restoring
of glycogen). In these hearts, we analyzed LV pressure but
could not perform further protocols due to the continuing
deterioration of LV pressure particularly during palmitate
perfusion of hearts from carnitine-deficient rats.

For baseline recordings as well as during the protocols for
staircase and postextrasystolic potentiation, simultaneous
measurements of LV pressure, coronary flow, and the
ECG were performed on PowerLab/8e at a sampling rate
of 1000 Hz. Further dependent variables included peak
positive first-order time derivative of the LV pressure de-
cline (dP/dt,,,,) as an index of contractility as well as two
relaxation indices r and B (computed off-line using the
differential or curve fit extensions of Chart).

Glycogen (mg/g wet wt)
w
1

[ T T T T T 1

0 10 20 30 40 50 60
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Figure 1. Effect of substrate-free perfusion (0, 15, 30, or 60 min) on
the glycogen concentration in the left ventricle of isolated hearts
from control rats. Values are mean+SD; n=6, 5, 6, or 7 hearts, re-
spectively.
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Measurement of carnitine concentrations

in the heart and plasma

Carnitine content in the heart and plasma (collected after
sternotomy) was determined using a radioenzymatic
method as described previously [15]. Heart and plasma
samples were prepared for analysis in 3% perchloric acid
(v:v). The perchloric acid-soluble fraction was assayed
directly for free carnitine, and after alkaline hydrolysis for
total acid-soluble carnitine (representing the sum of free
carnitine and short-chain acylcarnitine). The short-chain
acylcarnitine content (acyl group chain length less than
ten carbons) was obtained by subtraction (total acid-solu-
ble minus free carnitine content). Long-chain acylcarni-
tine contents (acyl group chain length ten or more car-
bons) were determined in the perchloric acid pellets. Total
carnitine content refers to the sum of long-chain acylcar-
nitine content and total acid-soluble carnitine content.

Measurements of LV pressure and coronary flow

A 60-pl thin latex balloon (size 4; Hugo Sachs Elek-
tronik-Harvard Apparatus, March-Hugstetten, Germany)
was inserted into the left ventricle through the left atrium.
LV pressure was measured by a plastic tube located inside
the balloon, sutured at the proximal end of the balloon,
and connected to an Isotec pressure transducer (Hugo
Sachs Elektronik-Harvard Apparatus) that was at the same
height as the heart. The volume of the saline-filled balloon
was adjusted using a microsyringe to establish a constant
physiological end-diastolic pressure in the range of
5—10 mm Hg [12]. Thus, the left ventricle contracted iso-
volumically throughout the experiment. LV developed
pressure was defined as the difference between systolic
and diastolic values of LV pressure. Coronary flow was
measured within the aortic canula using an in-line flow-
probe (Transonic 2N) connected to a transit time flowme-
ter (Transonic TTFM-SA type 700; Hugo Sachs Elek-
tronik-Harvard Apparatus).

Analysis of LV relaxation

LV relaxation was analyzed on LV pressure recordings us-
ing two different relaxation indices. These indices were
based on mono- and double-exponential function curve
fitting to digital LV pressure data at baseline and a con-
sistent heart rate of 200 bpm. The first index was the
widely used time constant 7 of monoexponential LV pres-
sure decline according to equation 1:
P(t)=(P,—P.)e *+P, (Eq. 1)
where P (t) denotes LV pressure as a function of time t, P,
is LV pressure at minimal dP/dt (inflection point), and P,
relates to lower asymptotic LV pressure [16]. However, 1
considers only the final LV pressure decline, and contains
no information about the initial decline before the inflec-
tion point of LV pressure. Therefore, a second relaxation
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index was applied using parameter 8 of an asymmetric
double-exponential function according to equation 2:

P)=y,—ye <" (Eq.2)
where P (t) denotes LV pressure as a function of time t, and
¥, and y relate to upper asymptote and amplitude of LV
pressure. Parameter a relates to the phasic delay of decline

onset, whereas f principally relates to the rate of the en-
tire LV pressure decline [17].

Measurement of contractile reserve

and interval-force relationship

To determine the contractile reserve, three different pos-
textrasystolic potentiation protocols were introduced us-
ing PowerLab 8/e and Scope software. Specifically, after
eight regular beats at 250-ms intervals (240 bpm), one
premature beat was introduced at different intervals
(75, 130, and 145 ms) followed by a pause (215, 335, and
265 ms, respectively). The intervals of the premature beats
and the pauses were chosen to maximize postextrasystolic
potentiation of the following beat [12]. The contractile re-
serve was estimated as the difference of LV developed
pressure between the potentiated beats and the previous
regular beat (averaged from three to five repetitions of
each of the three potentiation protocols). Because of per-
turbing effects of arrhythmias on LV pressure, only ar-
rhythmia-free sequences were used for this analysis.

To determine the interval-force relationship, we assessed
the effects of increasing heart rates on LV developed pres-
sure. For this purpose, the heart rate was increased step-
wise over a physiological range in a preprogrammed stair-
case pacing protocol at 240, 300, 360, 420, and 480 bpm
generated by PowerLab 8/e using the stimulator function
of Chart. Each step lasted for 6 s allowing LV pressure to
reach a new steady state. Again, only arrhythmia-free se-
quences were used for this analysis. It should be noted
that, in contrast to human hearts, rat hearts demonstrate a
negative staircase at physiological heart rates [18].

Histological analysis

Histological examination of the hearts (carnitine-deficient
diet for 3 or 6 weeks and controls, n=6 rats each) was per-
formed on 10% formalin-fixed and paraffin-embedded
tissue as well as on fresh frozen tissue. Paraffin-embedded
tissue sections were stained with hematoxylin-eosin
(H&E) and elastica van Gieson while frozen sections
where stained with H & E, periodic acid-Schiff (with and
without diastase treatment), and modified Gomori
trichrome. The histochemical analyses included myofib-
rillar ATPase (preincubated at pH 4.3 and pH 4.6), nicoti-
namide adenine dinucleotide-tetrazolium reductase
(NADH-TR), succinate dehydrogenase (SDH) and cy-
tochrome oxidase. Oil red O was used as a stain for neu-
tral lipids.

Myocardial function in carnitine deficiency

Measurement of carnitine palmitoyl transferase, cit-
rate synthase, and cytochrome c oxidase

Activities of the mitochondrial enzymes carnitine palmi-
toyl transferase, citrate synthase, and cytochrome c oxi-
dase were determined using routine methods [19-21].
Briefly, carnitine palmitoyl transferase activity was mea-
sured after incubation of the heart tissue homogenate with
palmitoyl CoA and radioactively labeled carnitine to pro-
duce labeled palmitoylcarnitine. Palmitoylcarnitine was
extracted with butanol and counted in a Packard 1900 TR
P-counter (Canberra, Groningen, The Netherlands) [21].
Citrate synthase activity was measured spectrophotomet-
rically at 412 nm using 5,5’-dithio-bis-2-nitrobenzoic acid
reacting with CoA-SH that is produced in the reaction
from acetyl-CoA and oxaloacetate to citrate [19]. Finally,
cytochrome c oxidase activity was measured spectropho-
tometrically at 550 nm after oxygen-induced oxidation of
ferrocytochrome ¢ (produced freshly reducing ferricy-
tochrome ¢ with dithionite) [20]. The net activity was ob-
tained by subtracting the rate obtained in the presence
from the rate in the absence of the specific inhibitor
sodium azide [20].

Measurement of ATP, phosphocreatine, and lactate
Concentrations of ATP and phosphocreatine in frozen
heart samples were measured spectrophotometrically at
340 nm using enzymatic assays as described previously
(Sigma-Aldrich Diagnostics ATP assay, no. 366 and cus-
tom-made assay, respectively) [22, 23]. The plasma lactate
concentrations were determined fluorimetrically as de-
scribed by Olsen [24].

Data evaluation and statistical analysis

LV pressure values, dP/dt,,,, and the relaxation indices ©
and f were averaged from five cardiac cycles digitally
recorded at a heart rate of 200 bpm. To eliminate con-
founding effects of varying LV developed pressure on the
contractility index, dP/dt,,,, was normalized for LV-devel-
oped pressure. Furthermore, to compare frequency-force
relationships among groups, the sums of the rate-pressure
products were computed over the entire heart rate range
for each experiment (240—480 bpm). Moreover, out of
57 hearts, 3 were excluded from analysis due to unstable
perfusion conditions (1 from the 3-week control group
and 2 before glycogen depletion).

All results are expressed as mean + SD except for carnitine
data that were not normally distributed and were therefore
expressed as median with interquartile range (25th—75th
percentile). Comparisons of normally distributed interval
variables among groups (carnitine-deficient vs control
rats and 3-week vs 6-week treatment) were performed by
one-way ANOVA followed by Bonferroni’s test for se-
lected multiple comparisons. Comparisons of carnitine
data among groups (carnitine-deficient vs control rats and
3-week vs 6-week treatment) were performed by corre-
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sponding nonparametric tests (Kruskal-Wallis test) fol-
lowed by Dunn’s test for selected multiple comparisons.
Comparisons of variables within groups (glucose vs
palmitate) were performed by repeated-measures ANOVA
followed by Bonferroni’s test for selected multiple com-
parisons.

Statistical computations were done using Prism software
(version 3.0a; GraphPad, San Diego, Calif.). For all sta-
tistical analyses, the null hypothesis was rejected at the
95% level, considering a two-tailed p <0.05 significant. In
an approximation of sample size determination for this
study, six rats in each group had 90% power to detect dif-
ferences of 20% in most variables assuming a SD of 10%
and a 0.05 two-sided significance level [25].

Results

Carnitine concentrations in heart and plasma

After both 3 and 6 weeks of diet and THP treatment, car-
nitine concentrations in the heart and plasma were signif-
icantly reduced (table 1). Specifically, hearts and plasma
of THP-treated rats had 15-30% of the total carnitine
concentrations of control rats. Furthermore, all THP-
treated rats showed signs of systemic carnitine deficiency
including steatosis and enlargement of the liver. Despite
these signs, THP-treated rats had similar body and heart
weights in comparison to control rats (table 1). Addition-
ally, after 6 weeks of diet and THP treatment, total carni-
tine concentrations in the heart and plasma were not
significantly lower than after 3 weeks. However, after
6 weeks, control rats had higher total carnitine concentra-
tions than after 3 weeks.

The plasma lactate concentration was 2.4 0.5 mmol/l in
control rats, and 2.1+0.5 or 1.7+0.1 mmol/l in rats
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treated with THP for 3 or 6 weeks (each group n=6,
p<0.05 for rats treated with THP for 6 weeks vs control
rats).

Hemodynamics, contractility, and relaxation

After 3 weeks of diet and THP treatment, no significant
differences could be detected among the groups regarding
LV pressure, dP/dt,,,, or the relaxation indices 7 and
(table 2). Specifically, hearts of carnitine-deficient rats did
not differ from hearts of control rats in any hemodynamic
variable independently of the substrate used (11 mM glu-
cose or 0.4 mM Na palmitate).

However, after 6 weeks, hearts of carnitine-deficient rats
showed significantly lower LV systolic pressure than
control hearts during both glucose and palmitate perfu-
sion (table 2). Consequently, hearts of carnitine-defi-
cient rats also showed lower LV developed pressure than
hearts of control rats (as LV end-diastolic pressure was
set at a physiological range of 5—10 mm Hg). However,
hearts of carnitine-deficient rats showed a similar dP/
dt,... as control hearts indicating unaltered contractility.
Similarly, hearts of carnitine-deficient rats showed si-
milar relaxation indices r and f as control hearts. Fi-
nally, hearts of carnitine-deficient rats had a similar
coronary flow as control hearts independently of the
substrate throughout all experiments (overall mean
16.3 ml/min).

Contractile reserve and frequency-force relationship

After 3 and 6 weeks of carnitine deficiency, the contrac-
tile reserve was significantly reduced independently of
the substrate used (fig. 2). Specifically, hearts of carnitine-
deficient rats showed a reduced postextrasystolic po-
tentiation of LV developed pressure relative to control
hearts. This reduction was similar after 3 and 6 weeks of

Table 1. Characterization of the animals and carnitine concentrations in the heart and plasma.

3 weeks 6 weeks

control THP-treated control THP-treated
Body weight (g) 334+16 319+28 418 +46** 414 +46**
Heart wet weight (g) 1.16+0.11 1.20+0.08 1.17+£0.07 1.23+0.18

Heart

Free carnitine (nmol/mg muscle)
SCA carnitine (nmol/mg muscle)
LCA carnitine (nmol/mg muscle)
Total carnitine (nmol/mg muscle)

Plasma

Free carnitine (pmol/l)
SCA carnitine (pmol/l)
LCA carnitine (pmol/l)
Total carnitine (pmol/l)

0.53 (0.46-0.61)
0.44 (0.28-0.52)
0.04 (0.03-0.05)
1.05 (1.01-1.07)

40.7 (30.7-43.3)
6.2(53-17.3)
7.3 (6.0-9.9)
53.4 (41.7-58.4)

0.19 (0.19-0.45)

0.00 (0.00—0.01)*
0.01 (0.01-0.02)*
0.24 (0.21-0.48)*

10.0 (9.4-10.8)*
1.9 (1.1-2.5)

2.0 (1.8-2.1)*
13.9 (12.6-14.9)*

0.30 (0.22-0.34)
0.43 (0.42-0.73)
0.04 (0.03—0.06)
0.78 (0.66—1.17)

67.4 (64.3-71.5)
14.1 (6.1-36.8)
10.4 (6.0-10.7)
89.0 (84.6-93.0)**

0.09 (0.06-0.11)
0.09 (0.08—0.11)*
0.01 (0.01-0.01)*
0.21 (0.17-0.22)*

8.1 (7.0-8.7)*
3.2(1.6-3.8)*
1.8 (1.7-2.0)*
12.8 (12.5-13.4)*

Values are mean + SD (weights) or median with interquartile range (carnitine) after 3 or 6 weeks diet and treatment with THP (n=6 hearts
per group). SCA, short-chain acylcarnitine; LCA, long-chain acylcarnitine: * p<0.05 vs control at corresponding age; ** p<0.05 vs cor-

responding group after 3 weeks.
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Table 2. Effect of carnitine deficiency on LV pressure, contractility, and relaxation indices in isolated rat hearts.

3 weeks 6 weeks

glucose palmitate glucose palmitate

control carnitine- control carnitine- control carnitine- control carnitine-

deficient deficient deficient deficient

LVSP (mm Hg) 75+6 70+ 10 744 7013 84+ 14 65+ 6* 8312 66+ 11*
LVEDP (mm Hg) 10+2 8+2 8+3 8+3 9+4 8+£2%* 103 103
LVDP (mm Hg) 65+5 62+9 65+5 6112 7515 57+6* 7315 55+11*
dP/dt,,,, (mm Hg/s) 1151161 1159£99 1157161 1167117 1123+131 1136124 1139+66 1144+ 126
7(ms) 5249 50+8 45+9 50+15 506 57+13 49+ 14 59419

24+4 25+4 27+5 25+6 22+6 23+4 25+6 24+6

Values are mean + SD after 3 or 6 weeks diet and treatment with THP (n=6 hearts per group) recorded at 200 bpm. LVSP, LV systolic
pressure; LVEDP, LV end-diastolic pressure; LVDP, LV developed pressure; dP/dt,,,, was normalized for LVDP. * p<0.05 vs control dur-

ing corresponding substrate perfusion.
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Figure 2. Contractile reserve of isolated hearts from control rats and
carnitine-deficient rats during glucose or palmitate perfusion after 3
and 6 weeks diet and THP treatment. The contractile reserve was as-
sessed as the difference of LV developed pressure between postex-
trasystolic potentiated beats and preceding regular beats. Values are
mean+ SD; n=6 hearts per group. * p<0.05 vs control at corre-
sponding age and perfusion condition.

carnitine deficiency and was not affected by the choice
of substrate.

Similar to the contractile reserve, the frequency-force re-
lationship was blunted in hearts of carnitine-deficient rats
independently of the substrate used (fig. 3). After 3 weeks
of carnitine deficiency, the frequency-force relationship
was already slightly altered at high heart rates during

Glucose Palmitate

100
80

60
40

20

3 weeks

100
Control

80

.
60 * 6 weeks
40 W Carnitine-

20 deficient

LV developed pressure (mm Hg)

240 300 360 420 480
Heart rate (bpm)

240 300 360 420 480
Heart rate (bpm)

Figure 3. Frequency-force relationship of isolated hearts from
control rats and carnitine-deficient rats during glucose or palmitate
perfusion after 3 and 6 weeks diet and THP treatment. The fre-
quency-force relationship was assessed as effect of increasing
heart rate from 240 to 480 bpm on LV developed pressure. Values
are mean + SD; n=6 hearts per group. * p<0.05 vs control evaluated
as rate-pressure product over the entire heart rate range.

palmitate perfusion. However, the rate-pressure product
over the entire heart rate range was not significantly dif-
ferent. Nevertheless, after 6 weeks, hearts of carnitine-
deficient rats developed significantly less LV pressure
than control hearts over the entire heart rate range. This
difference was largely due to differences in LV systolic
pressure between carnitine-deficient and control rats. LV
diastolic pressure, in contrast, did not differ among the
groups.

Histological findings

Histological examination revealed no structural changes
of the myocardium in carnitine-deficient rats. Specifically,
we found no vacuolation of muscle fibers and oil red O
staining revealed no excess of lipid storage in our rats. In
addition, we found no disruption of muscle fibers, and



CMLS, Cell. Mol. Life Sci.  Vol. 60, 2003

Table 3. Mitochondrial enzymes.
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3 weeks 6 weeks
control carnitine- control carnitine-
deficient deficient
Carnitine palmitoyl transferase 1.7£0.4 1.9£0.2 2.3+0.1 2.1+£04
(mU/mg heart tissue)
Citrate synthase 104 +£32 85+12 99 +£32 103+32
(U/mg heart tissue)
Cytochrome ¢ oxydase 59%1.6 8.0+3.9 69+2.2 6.0+1.6
(U/mg heart tissue)
Values are mean = SD after 3 or 6 weeks diet and treatment with THP (n=>5-6 hearts per group).
—~ 100~
glycogen storage was normal in both carnitine-deficient T 80-
and control rats. Finally, we found no fibers with excess g systolic
mitochondria using Gomori trichrome stain, NADH-TR, < 607
SDH, or cytochrome oxidase reaction. Thus, histologically 5 101
and histochemically, the myocardium of carnitine-defi- §
cient rats did not differ from that of control rats. a8 20 diastolic
> T *

. . . - 0
Mitochondrial enzymes, A.T.P and Phosphocrea@ng Control Carnitine- Control Carnitine-
After 3 and 6 weeks of carnitine deficiency, the activities deficient deficient
of all three mitochondrial enzymes measured were not sig-
nificantly different from controls (table 3). Specifically, Glucose Palmitate

hearts of carnitine-deficient rats showed similar activities
of carnitine palmitoyl transferase, citrate synthase, and
cytochrome c oxidase as control hearts, excluding a sig-
nificant proliferation of mitochondria in hearts of carni-
tine-deficient rats.

Concentrations of ATP and phosphocreatine did not sig-
nificantly differ among hearts of carnitine-deficient rats
and control rats after 3 or 6 weeks diet at the end the ex-
perimental protocol (data not shown).

Effect of glycogen depletion

Pilot studies using hearts of control rats had shown that
after 60 min of substrate-free perfusion, glycogen was
almost completely depleted (fig. 1) and LV pressure
started to decrease. The effect of glycogen depletion on
myocardial function was subsequently investigated using
hearts of carnitine-deficient and control rats (n=4 hearts
for both groups). When LV pressure began to decrease
(usually after 60 min of substrate-free perfusion), these
hearts were perfused with Na palmitate and subsequently
with glucose. Compared to values obtained using hearts
with normal glycogen stores (see table 2), glycogen-
depleted hearts of control rats produced normal LV sys-
tolic and diastolic pressures during perfusion with both
substrates (fig. 4). In comparison, glycogen-depleted
hearts of carnitine-deficient rats produced LV systolic
pressures which were approximately 10% lower compared
to control rats, irrespective of the substrate used. This
decrease did not reach statistical significance, however,

Figure 4. Effect of glycogen depletion on LV systolic and diastolic
pressure (upper and lower bar end, respectively) of isolated
hearts from control and carnitine-deficient rats during glucose
or palmitate perfusion after 6 weeks diet and THP treatment. Values
are mean =+ SD; n=3 hearts per group. ¥ p<0.05 vs control at cor-
responding perfusion condition.

due to high variations in control rats. Diastolic pressure
was significantly higher in hearts from carnitine-deficient
rats perfused with palmitate. Importantly, upon subse-
quent perfusion with glucose, diastolic pressure decreased
to values similar to those of control rats. It is noteworthy
that arrhythmias were frequent findings in glycogen-de-
pleted hearts, in particular in hearts from carnitine-defi-
cient rats perfused with palmitate.

Discussion

In the present study in a rat model of carnitine deficiency,
we demonstrated that as little as 3—6 weeks of severe sys-
temic carnitine deficiency can lead to abnormalities in
myocardial function including systolic dysfunction, re-
duced contractile reserve, and a blunted frequency-force
relationship. These abnormalities may be masked by en-
dogenous glycogen and are not accompanied by structural
alterations of the myocardium or by altered activities of
important mitochondrial enzymes involved in fatty acid
and energy metabolism.
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Specifically, we found that both 3 and 6 weeks of vege-
tarian food poor in carnitine plus THP treatment
(20 mg/100 g per day) led to severe systemic carnitine de-
ficiency in rats (table 1). After 3 weeks of carnitine defi-
ciency, we found a significant reduction in the contractile
reserve assessed as postextrasystolic potentiation of iso-
lated isovolumically contracting heart preparations using
glucose or palmitate as substrate (fig. 2). After 6 weeks of
carnitine deficiency, we found further abnormalities in
myocardial function including LV systolic dysfunction
(table 2), reduced contractile reserve, and a blunted fre-
quency-force relationship (fig. 3).

At a mechanistic level, our findings suggest that as long
as myocardial workloads are low, ATP production may
still be sufficient in carnitine-deficient hearts. Accord-
ingly, ATP and phosphocreatine concentrations as well as
relaxation indices were similar in carnitine-deficient and
control hearts. However, at high workloads, such as dur-
ing high heart rates, functional abnormalities occurred,
suggesting that carnitine deficiency-induced alterations in
substrate metabolism result in transiently inadequate ATP
production as proposed previously [26]. Furthermore, re-
duced postextrasystolic potentiation after 3 and 6 weeks of
carnitine deficiency in our experiments suggests that al-
tered intracellular calcium handling is an early step in the
development of functional abnormalities. Specifically, se-
vere carnitine deficiency may reduce the amount of acti-
vator calcium and/or interfere with sarcoplasmic reticular
calcium uptake and/or transport [12, 27]. In our histolog-
ical analysis, we found no disruptions of myofibers that
could have explained abnormal myocardial function (in
particular systolic dysfunction) in carnitine-deficient
rats. Systolic dysfunction might arise from accumulating
long-chain acyl-CoAs due to impaired activity of carnitine
palmitoyltransferase I (CPT I) in the presence of low in-
tracellular carnitine levels, as demonstrated in the liver of
rats treated with THP [28]. Long-chain acyl-CoAs can
damage biological membranes and impair the function of
membrane-associated enzymes and/or transport proteins
such as the adenine nucleotide translocase which is criti-
cal for mitochondrial energy metabolism [29]. This mech-
anism explains why in non-glycogen-depleted hearts car-
diac dysfunction was observed under both conditions,
perfusion with glucose or with palmitate.

The K, for M-CPT I, the predominating CPT I isoform in
adult rats [30], is in the range of 500 pmol/I for carnitine
[31]. Since the cardiac concentrations of free carnitine in
carnitine-deficient rats were 190 pmol/kg at 3 and 90
pmol/kg at 6 weeks of THP treatment, an energy deficit
with an associated impaired cardiac function was expected
in hearts perfused with palmitate. However, endogenous
myocardial glycogen stores may have at least partially
compensated for an insufficient energy supply during per-
fusion with palmitate in carnitine-deficient hearts. Our
histological examination did not reveal differences in my-

Myocardial function in carnitine deficiency

ocardial glycogen content between carnitine-deficient and
control hearts. Since this examination was not quantitative
and did not control for glycogen formation during perfu-
sion, we repeated our studies with hearts after depletion of
cardiac glycogen by substrate-free perfusion for 60 min.
After depletion of glycogen, LV diastolic pressure was
higher during palmitate perfusion in carnitine-deficient
hearts as compared to glucose perfusion, possibly due to
insufficient energy supply to maintain a normal diastolic
intracellular calcium concentration. Based on this finding,
we propose that in severe disorders of fatty acid metabo-
lism such as systemic carnitine deficiency, the myocardial
energy supply can depend on endogenous glycogen stores.
This is particularly the case in the absence of suitable sub-
strates such as glucose, short-chain fatty acids, ketone
bodies, or amino acids, and also during periods of in-
creased energy consumption, for example, during high
heart rates. If such periods are prolonged, myocardial
glycogen stores may be depleted and glycogenolysis may
be insufficient to meet the metabolic needs of the carni-
tine-deficient myocardium.

In patients suffering from mitochondrial diseases, prolif-
eration of mitochondria in the affected organ (e.g., skele-
tal muscle and/or heart) is a frequent finding [32, 33]. In
contrast, in our carnitine-deficient rats, the observed al-
terations of myocardial function were not accompanied by
increased activities of mitochondrial enzymes or histo-
logical abnormalities, excluding mitochondrial prolifera-
tion. However, after a longer duration of severe systemic
carnitine deficiency, mitochondrial proliferation may oc-
cur. Interestingly, juvenile visceral steatosis mice, an ani-
mal model of inherited severe systemic carnitine defi-
ciency, develop cardiac hypertrophy and mitochondrial
proliferation [34].

Importantly, the present study provides the first descrip-
tion of carnitine deficiency-induced abnormalities of my-
ocardial function in rats after as little as 3—6 weeks of sys-
temic carnitine deficiency. In previous studies, 20 weeks
of carnitine deficiency (induced by sodium pivalate in
drinking water) was considered the minimal duration to
induce functional abnormalities in rats [26]. This differ-
ence may be due to the lower degree of carnitine defi-
ciency in previous studies (50—60% reduction) than in the
present study (70—85% reduction). As carnitine concen-
trations did not differ between the third to the sixth week
in our experiments, one may reasonably speculate that
both the severity and duration of carnitine deficiency de-
termine the development of functional abnormalities and
ultimately cardiomyopathy.

In conclusion, our study in rats shows that as little as 3—6
weeks of severe systemic carnitine deficiency can lead to
abnormalities in myocardial function including systolic
dysfunction, reduced contractile reserve, and a blunted
frequency-force relationship. These abnormalities are par-
tially masked by endogenous glycogen and are not ac-
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companied by structural alterations of the myocardium or
altered activities of important mitochondrial enzymes in-
volved in fatty acid and energy metabolism. The func-
tional abnormalities in carnitine-deficient hearts may rep-
resent early signs of a metabolic cardiomyopathy.
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