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Abstract

Hypoxia in isolated myocytes results in accumulation of long-
chain acylcarnitines (LCA) in sarcolemma. nhibition of carni-
tine acyltransferase I (CAT-I) with sodium 2-15-(4-chloro-
phenyl)-pentyll-oxirane-2-carboxylate (POCA) prevents both
the accumulation of LCA in the sarcolemma and the initial
electrophysiologic derangements associated with hypoxia. An-
other amphiphilic metabolite, lysophosphatidylcholine (LPC),
accumulates in the ischemic heart in vivo, in part because of
inhibition of its catabolism by accumulating LCA. It induces
electrophysiologic alterations in vitro analogous to early
changes induced by ischemia in vivo. The present study was
performed to determine whether POCAcould prevent accu-
mulation of both LCA and LPC induced by ischemia in vivo
and if so, whether attenuation of early arrhythmogenesis would
result. LADcoronary artery occlusions were induced for 5 min
in chloralose-anesthetized cats. Coronary occlusion in un-
treated control animals elicited prompt, threefold increases of
LCA (73±8 to 286±60 pmol/mg protein) and twofold increase
of LPC (33±0.4 to 7.5±0.9 nmol/mg protein) selectively in
the ischemic zone, associated with ventricular tachycardia
(VT) or ventricular fibrillation (VF) occurring within the 5-min
interval before acquisition of myocardial samples in 64%of the
animals. POCAprevented the increase of both LCAand LPC.
It also prevented the early occurrence of VT or VF (within 5
min of occlusion) in all animals studied. The antiarrhythmic
effect of POCAwas not attributable to favorable hemodynamic
changes or to changes in myocardial perfusion measured with
radiolabeled microspheres. Thus, inhibition of CAT-I effec-
tively reduced the incidence of lethal arrhythmias induced
early after the onset of ischemia. Accordingly, pharmacologic
inhibition of this enzyme provides a promising approach for
prophylaxis of sudden cardiac death, that typically occurs very
soon after the onset of acute ischemia, in man.

Introduction

Amphipathic metabolites, including lysophosphoglycerides
and long-chain acylcarnitines have been shown to accumulate
in the ischemic heart. They exhibit several properties that may
contribute to arrhythmogenesis induced early after the onset of
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ischemia judging from results in vitro (1-6). This study was
designed to determine whether their accumulation could be
inhibited and if so whether the inhibition resulted in protec-
tion against early malignant ventricular arrhythmias induced
by ischemia in vivo.

Long-chain acylcarnitines, one class of amphipathic me-
tabolites, activate calcium channels in cardiac (7, 8) and
smooth muscle myocytes (8, 9). Accordingly, they may poten-
tiate the increase in cytosolic calcium associated with arrhyth-
mogenesis in ischemic myocardium (10). Increases of long-
chain acylcarnitines in sarcolemma are induced by hypoxia
judging from EMautoradiographic measurements of cells pre-
labeled with [3H]carnitine (11). Inhibition of carnitine acyl-
transferase I precludes the accumulation of long-chain acyl-
carnitines and attenuates the electrophysiologic derangements
induced by hypoxia in myocytes in vitro (1 1).

Accumulation of long-chain acylcarnitines in sarcolemma
is paralleled by an increase in myocytic surface a1-adrenergic
receptors (12) and associated receptor-mediated generation of
inositol trisphosphate (IP3)' (13). Alpha,-adrenergic blockade
is antiarrhythmic in ischemic and reperfused myocardium
(14). Thus, inhibition of carnitine acyltransferase I may be
antiarrhythmic not only by precluding direct, deleterious elec-
trophysiologic effects otherwise induced by long-chain acyl-
carnitines but also indirectly by attenuating a1-adrenergic re-
ceptor-mediated influences on arrhythmogenesis in the isch-
emic heart.

Antiarrhythmic effects of inhibition of carnitine acyltrans-
ferase I may be manifestations of a third process as well. Lyso-
phosphatidylcholine (LPC), an amphiphile structurally similar
to long-chain acylcarnitine, accumulates in ischemic myocar-
dium (1, 4, 15, 16). Incorporation of LPC into the sarcolemma
of normoxic myocytes (1-2 mol %), documented by EMauto-
radiography, is associated with reversible electrophysiologic
derangements (17, 18) analogous to those seen in the ischemic
heart in vivo. Because the activity of catabolic enzymes re-
sponsible for the degradation of LPC exceeds the activity of
synthetic enzymes under physiologic conditions, accumula-
tion of LPC in the ischemic heart appears to reflect inhibition
of catabolism (1). At concentrations that prevail in ischemic
myocardium, long-chain acylcarnitines competitively inhibit
two key catabolic enzymes, lysophospholipase-transacylase
and lysophospholipase (19, 20). Accordingly, inhibition of the
accumulation of long-chain acylcarnitines by inhibition of

1. Abbreviations used in this paper: FAME, fatty acid methyl ester;
FID, flame ionization detector; IP3, inositol trisphosphate; LAD, left
anterior descending; LPC, lysophosphatidylcholine; LV, left ventricle;
PCA, perchloric acid; POCA, sodium 2-[544-chlorophenyl)-pentyl]-
oxirane-2-carboxylate; TPR, total peripheral resistance; VF, ventricu-
lar fibrillation; VT, ventricular tachycardia.
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carnitine acyltransferase I may attenuate accumulation of LPC
in ischemic myocardium thereby reducing arrhythmogenicity.

This study was performed to determine whether inhibition
of carnitine acyltransferase I reduces the accumulation of
long-chain acylcarnitines and LPC otherwise occurring with
ischemia in vivo and whether inhibition prevents early ventric-
ular arrhythmias including fibrillation otherwise resulting im-
mediately after the ischemic insult.

Methods

Animal preparations. Adult cats were anesthetized with ketamine HC1
(12.5 mg/kg) and a-chloralose (75 mg/kg), intubated, and ventilated
with a Harvard respirator (Harvard Apparatus Co., Natick, MA). Mus-
cular relaxation was maintained with intravenous injections of deca-
methonium bromide (0.25 mg/kg). Catheters were inserted into the
femoral artery and vein. A recorder (model 260; Gould-Brush, Inc.,
Oxnard, CA) was used to monitor a lead II surface electrocardiogram
and systemic arterial pressure. In several animals, left ventricular pres-
sure was recorded simultaneously via a catheter inserted into the left
ventricle through the apex. Mean and pulsatile aortic flow were mea-
sured with the use of a calibrated flow probe (5 mm) and flowmeter
with electronic zero (Narco Bio-Systems, Inc., Houston, TX). Total
peripheral resistance (TPR) was expressed in PR units calculated as
follows: TPR (PR units) = (mean arterial pressure (mmHg) X 60
s/min) + cardiac output (ml/min). Body temperature was maintained
at 370C via a thermostatic esophageal probe controlling an infrared
lamp. A left thoracotomy was performed by excision of ribs two
through four, a pericardial cradle was constructed, and the left anterior
descending (LAD) coronary artery was isolated at its bifurcation from
the main left trunk immediately proximal to all branch points. Care
was taken to avoid the pericoronary nerve coursing parallel to the
artery. A 3-0 cotton suture was placed under the vessel, and polyethyl-
ene tubing was threaded around the suture. Coronary occlusion was
instituted by advancing the polyethylene tubing to the artery and
clamping it in place. In selected experiments, sodium 2-[5-(4-chloro-
phenyl)-pentyl]-oxirane-2-carboxylate (POCA), 7.3 mg/kg i.v. was ad-
ministered 10 min before the onset of ischemia, a time interval re-
quired for uptake and inhibition of carnitine acyltransferase I (1 1, 12).
In those experiments in which regional blood flow and hemodynamic
evaluations were performed, reperfusion was accomplished by releas-
ing the clamp and retracting the polyethylene tubing. Samples of tissue
from normal and ischemic zones of cat hearts in vivo were obtained by
high-speed, suction drill biopsy and were fast frozen in liquid N2.
Ischemic zones were readily identified by epicardial cyanosis in the
regions supplied by the occluded coronary artery and sampled after the
onset of proximal LADcoronary occlusion as previously described (4).
Transmural biopsies were obtained either prior to ischemia in control,
nonischemic animals or 5 min after ischemia in animals who did not
develop ventricular fibrillation. In animals which developed ventricu-
lar fibrillation, the biopsies were obtained immediately. Due to the
transmural nature of the biopsies, the experiments were terminated
immediately thereafter. The frozen tissue was pulverized in a stainless
steel mortar and pestle cooled in liquid N2 and stored at -70°C.
Biochemical analyses were performed within two weeks.

Regional myocardial blood flow. In selected animals, regional
myocardial blood flow was determined as follows. A femoral arterial
catheter, other than the one used for pressure monitoring, was ad-
vanced to the descending aorta for withdrawal of reference blood sam-
ples. A left atrial catheter held in place with a purse string suture was
used for administration of microspheres. Before and after each experi-
ment, an infusion pump (model 351; Sage Instruments, Cambridge,
MA) was calibrated with respect to flow rates. Carbonized micro-
spheres (9 Mm) (3M Company, St. Paul, MN) labeled with 14"Ce, 5tCr,
85Sr, or '6Sc in saline were sonicated for at least 10 min before injection
(random order) followed by mechanical disaggregation within a pair of
syringes and stopcocks. Microspheres were injected before LAD coro-

nary occlusion, 3-4 min after coronary occlusion, 15-17 min after
reperfusion, and again 3-4 min after a second coronary occlusion.
POCA(7.3 mg/kg i.v.) was administered 10 min after the onset of
reperfusion. Approximately 4.2 X 105 to 2.1 X 106 microspheres were
administered by bolus injection into the left atrium followed by a
saline flush in each case. Arterial blood was withdrawn at a rate of 3
ml/min before, during, and 45 s after injection of the spheres. Injec-
tions did not alter blood pressure or heart rate discernibly.

Blood samples were vortexed and divided into four equal aliquots.
After excision of the heart, the entire left ventricle was dissected clean,
opened along the posterior septum, and divided into 22 endocardial
and epicardial tissue samples and two papillary muscles for assay of
radioactivity in an universal gammacounter (LKB Wallac 1282 Com-
pugamma; LKB Instruments, Inc., Gaithersburg, MD). Samples
within the perfusion territory of the LADcoronary artery comprising
- 40% of the left ventricular mass were classified as ischemic; the
remaining samples were classified as nonischemic. Regional blood
flow was calculated according to Heymann et al. (21) and expressed as
ml-min-'-g-'.

Chemical reagents. [acetyl-l-'4C]Acetyl-coenzyme A was pur-
chased from New England Nuclear (Boston, MA) and 1-heptadeca-
noyl-2-lysophosphatidylcholine (17:0 LPC) from Sigma Chemical Co.
(St. Louis, MO). The 17:0 LPCwas purified by HPLCand the purified
product derivatized to form fatty acid methyl esters (FAME), which
were subsequently analyzed by capillary GCas described below. The
purified product contained > 99% 17:0 LPCwith no other LPCmolec-
ular species detectable. The concentration of 17:0 LPC in the final
purified product was determined by assay of lipid phosphorus (22)
after preliminary ashing in 1.2 MMg(NO3)2 in ethanol (23). POCA
was a gift from Dr. H. P. 0. Wolf, ByK Gulden, Konstanz, FRG.
Crystalline POCAwas stored in a dark brown vial at -10'C. The
quantity of drug required for each specific animal (7.3 mg/kg) was
dissolved in 2.0 ml of distilled water and used within 2 h of prepara-
tion. Organic solvents were of HPLCgrade. All other chemical re-
agents were of the highest analytical grade available.

Quantification of LPC. For quantification of the content of LPCin
myocardial tissue, 50-100 mgof frozen myocardium was transferred
to a Duall glass homogenizer tube, and the tissue was homogenized in
3 ml of methanol/distilled water (1:1, vol/vol). For every I mg of
frozen myocardium in the homogenate, 0.5 nmol of 17:0 LPC was
added as an internal standard. The sample phospholipids were ex-
tracted twice with chloroform (CHC13) and methanol at a temperature
of 0-4°C (24). The chloroform layers from each extraction step were
combined and evaporated to dryness under a stream of dry N2 gas. The
lipid residue was resuspended in 100 Ml of 2:1 CHCl3/methanol and the
sample phospholipids separated into classes according to differences in
polar headgroup composition by HPLCon a silica-based cation-ex-
change column (10 Am, Partisil-SCX; Whatman, Inc., Clifton, NJ) by
isocratic elution using a ternary solvent system composed of acetoni-
trile/methanol/water (400:100:28) as previously described (25). Exam-
ples of results of the separative procedure are shown in Fig. 1.

With the separation method used, the acidic phospholipid cardio-
lipin (diphosphatidylglycerol) elutes as a broad peak and accounts for
10-20% of the total lipid phosphorus present in the LPC fraction. To
remove cardiolipin, the LPC fraction was evaporated to dryness under
a stream of dry N2 gas, resuspended in 500 Ml of 1:1 CHCl3/methanol,
and applied to a solid-phase extraction tube containing a silica-based
anion-exchange packing (Supelclean LC-SAX; Supelco, Inc., Belle-
fonte, PA) that had been washed previously with 5 ml of 1:1 CHC13/
methanol. After the extraction tube had been washed with an addi-
tional 3-ml volume of 1:1 CHC13/methanol, LPCwas eluted with 4 ml
of methanol. After collection, the methanol eluate was evaporated to
dryness under a stream of dry N2 gas and the LPC hydrolyzed for 90
min in 1 N HCl in methanol (Supelco) at 90°C to form fatty acid
methyl esters.

FAMEproducts were recovered by pentane extraction and sepa-
rated by gas chromatography (GC) on a 60 mX 0.25 mmfused-silica
capillary column coated with SP 2330 (Supelco) at 170'C (isothermal)
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Figure 1. HPLCtracing of the separation of phospholipid standards
(top) and myocardial tissue phospholipids recovered by chloroform/
methanol extraction (bottom). Approximately 0.5-1.0 ,mol of total
phospholipid dissolved in 50 ,d of chloroform/methanol (2:1, vol/
vol) were injected onto a 10-um Partisil SCXcolumn. Individual
phospholipid classes were separated using isocratic elution with a ter-
nary mobile phase comprised of acetonitrile/methanol/water
(400:100:28, vol/vol) at a flow rate of 2.5 ml/min and operating pres-

sure of 1,000 psi. Phospholipids eluting from the column that con-

tained unsaturated esterified fatty acids were detected by measure-

ment of ultraviolet absorption at 203 nm (A203). SF, solvent front;
PE, phosphatidylethanolamine; LPE, lysophosphatidylethanolamine;
PC, phosphatidylcholine; SPH, sphingomyelin; and LPC, lysophos-
phatidylcholine.

as previously described (26). Individual FAMEproducts were quanti-
fied with a flame ionization detector. A representative example of a GC
separation of the FAMEproducts derived from LPC is shown in Fig. 2.
The quantity of individual FAMEspecies was calculated using the
following formula: Amt (x) = [Area (x)/Area (IS)] X [MW(IS)/MW
(x)] X Amt (IS) where Amt (x) = amount of FAME, Area (x) = inte-
grated area for flame-ionization detector (FID) response to FAME,
Area (IS) = integrated area for FID response to 17:0 FAMEinternal
standard (IS), MW(IS) = molecular weight of 17:0 FAMEinternal
standard, MW(x) = molecular weight of FAME, and Amt (IS)
= amount of 17:0 LPC internal standard added to the tissue sample
before homogenization (nmol/mg frozen tissue). The detector re-

sponse factor for different FAMEspecies of selected chain lengths
(C16-C20) is proportional to their molecular weights (26). Because 1 mol
of FAMEis produced for each mole of LPC, the total LPC content in
the tissue is determined from the sum (in moles) of the amounts of
individual FAMEspecies.

Quantification of carnitine. Total carnitine, long-chain acylcarni-
tine, total acid soluble carnitine and free carnitine fractions in tissue
samples were separated based on the insolubility of long-chain acyl-
carnitine esters in 7% perchloric acid (PCA) and the use of base-cata-
lyzed hydrolysis of esterified carnitine as described previously (27).
Frozen myocardium (100-150 mg) was homogenized in 3 ml of 7%
PCA, and a 300-id aliquot of the homogenate was removed for assay of
the total carnitine fraction. The remaining homogenate was centri-
fuged at 10,000 gfor 30 min, the supernate removed, the pellet washed
twice with 3 ml of 7%PCA, and resuspended in 500 du of distilled water
for assay of the long-chain acylcarnitine fraction. The supernate and
7%PCAwashes were combined and one-half of the total volume was

used for assay of total acid soluble carnitine. The remainder was used

Figure 2. Gas chromatographic tracing of the separation of FAME
products derived from the LPC fraction after HPLCseparation and
removal of cardiolipin using a silica based, strong anion exchange
(SAX) column. The FAMEproducts were dissolved in 0.5 ,u of pen-

tane, injected onto a 60 meter fused silica capillary column coated
with SP-2330, and eluted at 1 70°C (isothermal) with helium as a car-

rier gas at a flow rate of 0.3 ml/min. Individual FAMEspecies were

detected with a FID. Peaks corresponding to the methyl esters of pal-
mitic (16:0), heptadecanoic (internal standard, IS, 17:0), stearic
(18:0), oleic (18:1), and linoleic (18:2) fatty acids were identified
based on comparison of their relative retention times with those of a

mixture of standards containing the methyl esters of Cl 6-C20 fatty
acids.

for assay of free carnitine. A 200-id volume of 5 MKOHwas added to
the total carnitine, long-chain acylcarnitine, and total acid soluble
carnitine fractions, which were then hydrolyzed for 90 min at 70°C in
a water bath. Fractions were neutralized by the addition of 0.5 to 1.0
ml of I MHepes buffer (pH = 8) and additional 7%PCAor 5 MKOH
as needed to adjust the pH to 7-8. The KCl04 precipitate remaining
after neutralization was removed by centrifugation of the samples at
10,000 g for 30 min after which the precipitates were washed with an

additional 1-ml volume of distilled water.
Free (i.e., nonesterified) carnitine was measured in each fraction

using a modification of the radioenzymatic method of McGarry and
Foster (28). Assays were performed in disposable glass culture tubes
(13 X 100 mm). The reaction mixture contained, in a volume of 1.0
ml, 120 Mmol of Hepes buffer (pH = 7.4); 1.25 Mmol EDTA; 2.0 smol
of N-ethylmaleimide; 5.0 nmol (0.04 ,uCi) of ['4C]acetyl-CoA; and
standards or samples to be analyzed containing 50-2,500 pmol of free
carnitine. The reaction was initiated by the addition of 50 ,l of a

solution prepared by diluting 200 ,l of carnitine acetyltransferase (10
mgprotein [800 units]) in 2 ml of 2.9 Mammonium sulfate (Sigma)
and 150 Ml of 0.83 MHepes buffer (pH = 7.4) to a total volume of 2.0
ml with distilled water. Samples were incubated at room temperature
for 60 min. After incubation, 750 ul of the reaction mixture were
transferred to a 13 X 100 mmserum separator tube with a 5-Mm filter
(Fisher Scientific, Pittsburgh, PA) that contained 700-800 mgof acid-
washed Dowex AG1-X8 anion exchange resin (Bio-Rad Laboratories,
Richmond, CA) for removal of unreacted ['4C]acetyl-CoA from the
reaction mixture. The serum separator tubes were placed inside a 13
X 100 mmglass culture tube to form an airtight seal thereby allowing
the reaction mixtures to filter through the anion exchange resin when
the serum separator tube was withdrawn partially. The resin bed was
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washed with an additional 300-tA volume of distilled water and the
serum separator tube was withdrawn completely and discarded. 750 M1
of the filtrate containing the ['4C]acetylcarnitine reaction product were
added to 10 ml of Aquasol (New England Nuclear) and radioactivity in
the samples counted with a liquid scintillation counter (Beckman LS
3801; Beckman Instruments, Inc., Fullerton, CA). Sample carnitine
concentration was determined from the least-squares linear regression
curve from samples of carnitine standards containing 50-2500 pmol of
carnitine.

Recovery of free carnitine added to the tissue before homogeniza-
tion was 97±6% (n = 6). Recovery of long-chain acylcarnitines (as-
sessed with palmitoyl-L-carnitine added to the tissue before homogeni-
zation) was 92±12% (n = 8).

Results were normalized according to the protein content of the
tissue samples measured as described by Markwell (29) with the use of
lyophilized bovine serum albumin (Bio-Rad Laboratories) as the pro-
tein standard.

Results

Arrhythmias. Data from animals subjected to coronary artery
occlusion for 5 min are summarized in Fig. 3. In animals not
given POCAbefore the 5-min interval of ischemia, the inci-
dence of immediate ventricular tachycardia (VT) and/or ven-
tricular fibrillation (VF), i.e., within 5 min, was 64% (9/14
animals). VT was defined as greater than five repetitive pre-
mature ventricular complexes (PVCs) with a QRSmorphology
different from sinus beats and a width greater than sinus beats
associated with a decrease in systemic arterial pressure. VFwas
defined as chaotic ventricular electrical activity not associated
with the development of any systemic arterial pressure pulse.
In untreated control ischemic animals that did not develop VF
(8/14 animals), the frequency of PVCsduring the 5-min inter-
val of ischemia was 191±83 (mean±SEM). In contrast, in ani-
mals treated with POCA(7.3 mg/kg body wt i.v.) 10 min
before the onset of ischemia, the incidence of immediate VT or
VF (within 5 min) was 0% (0/8 animals) and the frequency of
PVCs during the 5-min interval of ischemia before sampling
myocardium was 20±11 (mean±SEM, P = 0.06). Thus,
POCAprevented early VT and VF and reduced the frequency
of PVCs during a 5-min interval of ischemia. POCAdid not
exert significant inotropic or chronotropic effects. There were
no significant differences in mean arterial pressure (134±15 vs.
146±4 mmHg)or heart rate (198±9 vs. 203±9 beats/min) with
sinus rhythm whether or not treatment with POCAhad been
implemented. Changes in the response to ischemia of systemic
arterial pressure and heart rate associated with sinus rhythm
did not differ in animals with compared with those without
treatment with POCA(see below). As demonstrated pre-

INCIDENCE OF VT AND VF 280 PVC FREQUENCY Figure 3. Incidence of
90 _ ventricular tachycardia
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30 u. quency of premature70 ventricular complexes

(PVC frequency) (right
- POCA *POCA - POCA t POCA panel) during the 5-min

interval of ischemia in
untreated animals (-POCA group) and in animals given POCA(7.3
mg/kg, IV) 10 min before coronary occlusion (+POCA group). VF
was seen in six untreated animals and VT was seen in seven un-
treated animals during the first 5 min of ischemia. In four untreated
animals, both VT and VF occurred.
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means by ANOVA.

viously with intracellular transmembrane recordings from iso-
lated myocytes, POCAhas no direct electrophysiologic ef-
fects (1 1).

Acylcarnitine content. In five control animals without isch-
emia, the coronary artery was isolated and biopsies were ob-
tained after sham operation. Long-chain acylcarnitine values
in these sham operated control animals were virtually the same
in anterior and posterior regions of the left ventricular wall
(Fig. 4). In animals subjected to ischemia for 5 min (n = 5),
long-chain acylcarnitines increased 3.5-fold in the anterior,
ischemic zone compared with values in sham operated con-
trols, but values in the posterior (normal) zone did not differ
significantly from those in corresponding zones in sham-oper-
ated controls. In contrast, pretreatment of animals with POCA
significantly attenuated the increase of long-chain acylcarni-
tines in anterior, ischemic zones compared with values in un-
treated animals (Fig. 4). Concentrations of long-chain acylcar-
nitines in the anterior, ischemic zones of animals treated with
POCAwere not significantly greater than those in anterior
zones of nonischemic control animals (Fig. 4). Values in non-
ischemic posterior zones of animals treated with POCAdid
not differ significantly from those in corresponding zones of
controls or in posterior zones of animals that were not given
POCAprior to induction of anterior wall ischemia. Thus,
treatment with POCAprevented the accumulation of long-
chain acylcarnitines in ischemic myocardium without affect-
ing long-chain acylcarnitine content in nonischemic tissue.

Concentrations of total carnitine, short-chain acylcarni-
tine, primarily acetylcarnitine, and free carnitine in anterior
(ischemic) zones and posterior (normal) zones of controls and
animals subjected to ischemia with or without prior treatment
with POCAare shown in Table I. No significant differences
were noted. The variability of concentration of total tissue
carnitine in all three groups is likely to be attributable to dif-
ferences in rates of endogenous synthesis and dietary intake of
carnitine. Total carnitine in anterior and posterior zones of all
three groups averaged 10.7 nmol/mg protein or 1.6 ,umol/g wet
wt of tissue, a value comparable to that in hearts from other
species (30).

The content of free carnitine did not differ significantly in
anterior and posterior zones in any of the three groups (Table
I). Ischemia resulted in a modest increase of short-chain acyl-
carnitines in anterior, ischemic zones in animals that had not
been treated with POCAcompared with values in correspond-
ing zones of sham-operated controls, but the increase was not
statistically significant. Similar results were observed in ani-
mals treated with POCAin which ischemia elicited a nonsig-

930 Corr, Creer, Yamada, Saffitz, and Sobel



Table L. Total Carnitine, Free Carnitine and Short-chain Acylcarnitine in Control and Ischemic Hearts

Anterior zone Posterior zone

TC SCA FC TC SCA FC

nmol/mg protein nmol/mg protein

Control (n = 5) 8.23±1.25 1.36±0.39 6.49±1.30 9.38±1.74 1.59±0.27 7.79±1.54
Ischemia (n = 5) 9.05±0.97 2.20±0.21 7.09±1.03 8.26±0.88 1.40±0.20 7.06±0.69
Ischemia with POCA(n = 4) 11.80±2.83 2.39±0.50 9.42±2.31 12.10±2.50 1.34±0.36 10.90±2.21

Values are means±SEM. No significant differences were found in any of the intergroup comparisons by ANOVAor by comparison of values
in anterior compared with posterior regions in the same animals by paired Student's t test. TC, total carnitine; SCA, short-chain acylcarnitine;
FC, free carnitine.

nificant increase in short-chain acylcarnitine content in ante-
rior zones compared with corresponding values in sham-oper-
ated controls. Effects of ischemia on long-chain acylcarnitines
were therefore selective compared with effects on total, free, or
short-chain acylcarnitines. Because long-chain acylcarnitines
constitute only 1-2% of the total carnitine pool in myocardial
tissue, even a two- to threefold increase would not necessarily
be associated with a significant decline of free carnitine espe-
cially in view of the relatively wide range of free and total
carnitine values in myocardium.

LPC content. LPC content in anterior zones of hearts of
sham operated controls averaged 3.31 nmol/mg protein, i.e.,

2.2% of total tissue phospholipid (Fig. 5). This value is com-
parable to values reported previously for cat myocardium and
hearts of other mammalian species (4, 23, 31, 32). After 5 min
of ischemia, LPC in anterior (ischemic) zones increased over
twofold to 7.46 nmol/mg protein, a 125% (2.25-fold) increase
compared with values in the anterior zones of controls and a
79% (1.8-fold) increase compared with values in nonischemic,
posterior zones in the same hearts. LPC concentration in pos-
terior zones of hearts of animals subjected to ischemia was
comparable to that in corresponding regions of hearts from
control, nonischemic hearts.

Treatment of animals with POCA10 min before the onset
of ischemia prevented the increase of LPC in anterior zones

Figure 5. Values for ly-
sophosphatidylcholine
in the anterior (isch-
emic) zone and poste-
rior (normal) zone in
sham operated control

|' * 1l * animals without isch-
8.0 - n emia (control), at the

ANIPOSTERIORZONE end of the 5-min inter-
zi val of ischemia induced

o-6.0 by occlusion of the
u 2 LAD coronary artery in
0 ffi untreated animals (Isch-
wt 4.0 emia - POCA), and in
thE ~~~~~~~animals given POCA10

min before coronary oc-
clusion (Ischemia
+ POCA). *P < 0.05
for comparison of

Control Ischemia Ischemio group means by
lnt61 -POCA APOCA(n-5) (n.4) ANOVA.

without affecting LPC content in posterior (normal) zones
(Fig. 5). LPC content in anterior and posterior zones of ani-
mals treated with POCAwas not significantly different from
that in corresponding regions of controls.

Because substantial remodeling of the fatty acid composi-
tion of phospholipids occurs with prolonged intervals of isch-
emia (33), we characterized the fatty acid composition of LPC
in ischemic myocardium. The distribution of LPC molecular
species in each of the three groups of animals are shown in
Table II. Most of the esterified fatty acids in LPCin tissue from
controls were comprised of palmitate (16:0) and stearate
(18:0). Although ischemia resulted in a net increase of LPC,
the distribution of esterified fatty acids in LPCwas not altered.
Accordingly, there appeared to be no species selectivity for the
increased production of LPC in ischemic hearts. Although
treatment with POCAprevented the increase of LPC induced
by ischemia, the distribution of LPCmolecular species did not
change. The posterior zones did not exhibit significant differ-
ences in fatty acid profiles of LPC in any of the three groups
evaluated (Table II). There were no significant differences in
the percentages of nonidentified peaks (7-12%) in anterior or
posterior zones in tissue from the three groups.

Cardiolipin contamination of the LPC fraction obtained
after HPLCseparation of the major phospholipid classes could
falsely elevate the levels of LPC. However, with the SAX col-
umn, it was possible to effectively remove cardiolipin from the
LPC fraction after HPLCseparation. LPC accounts for 97
mol% of the total phospholipid in the eluate from the SAX
column and cardiolipin accounts for the remaining 3 mol%.
Each mole of cardiolipin contains 4 mol of esterified fatty acid
of which linoleic acid (18:2) comprises over 80% of the total
esterified fatty acid. Accordingly, following transesterification
of the SAX eluate in HCl/methanol, - 12 mol% of the total
FAMEproduced arises from the 18:2 fatty acids potentially
esterified to cardiolipin. As shown in Table II, 18:2 fatty acids
account for 7-12% of the total FAMEwhich likely represents
fatty acids produced by hydrolysis of the small amount of
cardiolipin present in the eluate from the SAXcolumn. There-
fore, the contribution of 18:2 FAMEwas not included in the
calculation of the total LPC values.

These results demonstrate a significant increase of LPC in
myocardium after a 5-min interval of ischemia. Pretreatment
with POCA, 10 min before the onset of ischemia, prevented
the accumulation of LPC and long-chain acylcarnitines and
the development of early VT and VF within the 5-min interval
of study before acquisition of myocardial samples (Figs. 3-5).
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Table II. Distribution of Fatty Acid Species in LPC

16:0 18:0 18:1 18:2 Not identified Sum

Anterior zone
Control (n = 6) 1.57±0.16 1.22±0.16 0.54±0.11 0.52±0.17 0.48±0.10 4.33±0.76

(36%) (28%) (12%) (12%) (11%)
Ischemia without POCA(n = 5) 3.49±0.41 2.50±0.26 1.47±0.49 1.17±0.39 1.23±0.23 9.86±1.20

(35%) (25%) (14%) (12%) (12%)
Ischemia with POCA(n = 4) 1.75±0.22 1.75±0.35 0.51±0.21 0.34±0.10 0.35±0.11 4.70±0.82

(37%) (37%) (11%) (7%) (7%)

Posterior zone
Control (n = 6) 1.40±0.15 1.11±0.11 0.58±0.11 0.36±0.08 0.47±0.08 3.92±0.69

(36%) (28%) (15%) (9%) (12%)
Ischemia without POCA(n = 5) 1.98±0.24 1.52±0.17 0.73±0.22 0.68±0.17 0.55±0.07 5.46±0.93

(36%) (28%) (13%) (12%) (10%)
Ischemia with POCA(n = 4) 1.54±0.09 1.20±0.28 0.36±0.12 0.25±0.07 0.29±0.04 3.64±0.72

(42%) (33%) (10%) (7%) (8%)

Values are expressed as means±SEMin nmol/mg protein. The composition of esterified fatty acids in LPC is designated in the form a:b where
a = number of carbon atoms and b = number of double bonds.

Hemodynamics. In separate animals (n = 4), the influence
of POCAon cardiac performance and hemodynamics was
evaluated. Two separate 5-min coronary occlusions were im-
plemented with an intercalated 20-min interval of reperfusion.
POCAwas administered 10 min after reperfusion so that the
influence of ischemia with and without inhibition of carnitine
acyltransferase I could be delineated in the same animal (Fig.
6). Administration of POCAduring the last 10 min of reper-
fusion did not significantly influence heart rate, cardiac out-
put, stroke volume, systolic, diastolic, or mean blood pressure,
or end-systolic or end-diastolic left ventricular pressure. Total
peripheral resistance was not altered. The hemodynamic re-
sponse to induced myocardial ischemia was not altered by
treatment with POCAwith the sole exception being that left
ventricular end-diastolic pressure 1 and 3 min after the onset
of ischemia was 4.8 and 9.8 mmHglower in animals treated
with POCAcompared with values in those without POCA. 5
min after the onset of ischemia, left ventricular end-diastolic
pressure was similar whether or not POCAhad been given
(Fig. 6).

Regional myocardial bloodflow. To determine whether the
antiarrhythmic effect of POCAcould have been a reflection of
changes in regional myocardial blood flow, radioactively la-
beled tracer microspheres were administered to four animals
subjected to LAD coronary occlusion in the presence and in
the absence of POCA. The animals were the same as those in
which left ventricular performance and hemodynamics were
evaluated. Regional perfusion was measured throughout the
entire left ventricle.

Fig. 7 depicts a blood flow map from an animal in which
microspheres were injected under each of the following condi-
tions: control, occlusion 1, reperfusion with POCA, and oc-
clusion 2. The control maps, at the left, demonstrate normal,
homogeneous blood flow throughout the heart. Control blood
flow over 46 endocardial and epicardial zones (including the
two papillary muscles) averaged 2.4±0.1 ml-min-'-g-'. Blood
flow maps obtained during the first coronary occlusion dem-
onstrate a large anterior left ventricular flow deficit involving
the septum and apex. Maps obtained during reperfusion and

after administration of POCAdemonstrate reversal of the flow
deficits toward control values with only small areas of residual
flow impairment at the apex. Maps obtained during the second
occlusion and after administration of POCAexhibit flow pat-
terns virtually identical to those seen during the first occlusion
in the absence of POCA. Results in all of the animals were
similar.

Blood flow before the first occlusion in each of the four
animals is shown in Table III. Mean, control flow for each
heart was calculated by averaging blood flow in all 44 (n = 1)
or 46 (n = 3) regions of the left ventricle sampled and was
found to average 2.44±0.52 ml-min-'-g- for the four animals.
Endocardial blood flow was generally (n = 3) higher than epi-

260 160
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Figure 7. Sequential blood flow maps determined using radiolabeled
microspheres from a representative animal in which regional myo-
cardial blood flow was determined before coronary occlusion (con-
trol); 4 min after the first coronary occlusion (occlusion 1); 18 min
after reperfusion which was 8 min after the administration of POCA
(reperfusion); and 4 min after the second coronary occlusion (occlu-
sion 2). Flow values from 22 pieces of epicardium are shown above;
flow values from 22 pieces of endocardium are shown below. The
left ventricle was cut vertically from base to apex down the posterior
septum (left and right borders of each diagram). The dotted lines rep-
resent the anterior septum. Various levels of blood flow in ml-
min-'-g-' are represented by the designs shown in the insert. At the
base of the left ventricle the perfusion deficit was more pronounced
in the epicardium and the deficit was transmural at the apex and
mid-myocardial level.

cardial flow. However, the mean endocardial blood flow to
epicardial blood flow ratio was 0.99.

Flow values obtained during the two intervals of ischemia
and with reperfusion were categorized with respect to mean
control flow as 0-10%, 1-25%, 26-50%, 51-75%, or > 75%of
the mean, control flow (Fig. 8). The flow deficit produced by
the first occlusion resulted in 0-10% of control flow in 22% of
the left ventricle (LV), 11-25% in 10%, 26-50% in 15%,
51-75% in 12%, and > 75% in 4 1 %of the LV (Fig. 8 b). Only a
modest residual flow deficit was evident with reperfusion after
administration of POCA(Fig. 8 c). Under these conditions
flow was greater than 75% of control in 70% of the LV and
within one standard deviation of mean, control flow in 91% of
the LV (Fig. 8 c). Flow with the second occlusion, after admin-
istration of POCA, (Fig. 8 d) was within 1% of that with the
first occlusion, without POCA, in each of the five tissue flow
categories. Thus, POCAdid not attenuate the severity of isch-
emia induced by coronary occlusion. Therefore, the powerful
antiarrhythmic effects of inhibition of carnitine acyltransferase
I cannot be attributed to amelioration of impaired regional
perfusion.

Discussion
The results obtained indicate that inhibition of carnitine acyl-
transferase I under conditions of ischemia in vivo prevents the

Table III. Regional Myocardial Blood Flow
under Control Conditions

Endocardium Epicardium Endo/Epi Ratio Total LV

1 2.52±0.14 2.27±0.12 1.11 2.40±0.10
2 1.51±0.04 1.37±0.05 1.10 1.44±0.03
3 2.08±0.11 1.99±0.07 1.05 2.04±0.07
4 3.58±0.17 4.18±0.20 0.86 3.87±0.14

Mean 2.42±0.44 2.45±0.61 0.99 2.44±0.52

Values are expressed as ml-min-'-g-' (means±SEM).

d

LIn o-ox]
11-25% Percent of Meon
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±0.02
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Figure 8. Composite representation of the levels of myocardial blood
flow in the left ventricle prior to ischemia (a, control), 4 min after
the first coronary occlusion (b), 18 min after reperfusion in the pres-
ence of POCA(c), and 4 min after the second coronary occlusion
(d). Each circle represents the entire left ventricle. Each divided seg-
ment of the circle represents the fraction of the left ventricle with a
given percentage of mean control blood flow as shown in the insert.
Numbers within each segment are the mean absolute blood flow
values for the corresponding portion of the left ventricle±SEM, n
= 4 animals.

accumulation of long-chain acylcarnitines and LPC and
confers striking, early antiarrhythmic effects which are not
attributable to enhanced regional perfusion or amelioration of
impaired hemodynamics. The lack of influence of POCAon
the hemodynamic consequences of ischemia have been shown
by others as well (34). Although binding of POCAand inhibi-
tion of carnitine acyltransferase I is not readily reversible (35),
a potential limitation to therapeutic use of this agent in human
subjects, the results suggest that development of more specific
and reversible inhibitors offers a promising approach to pro-
phylaxis for sudden cardiac death. Agents with a marked in-
crease in inhibitory capacity under conditions occurring in the
ischemic heart, such as acidosis, may be particularly useful.

Findings obtained in our laboratory and by others indicate
that both long-chain acylcarnitines and lysophosphatides have
the capacity to induce electrophysiologic alterations in vitro
that resemble changes occurring in the ischemic heart in vivo.
Thus (a) tissue is threefold more sensitive to the electrophysio-
logic effects of exogenous LPC or long-chain acylcarnitines
when pH is reduced to levels seen early after the onset of
ischemia in vivo (3, 15); (b) LPC increases by 88% in effluents
from ischemic myocardium to a concentration sufficient to
induce marked electrophysiologic effects in normoxic cells in
vitro when pH is reduced concomitantly to 6.7 (15); (c) re-
placement of as little as 1-2 mol% of myocardial phospholipid
or 2 mol% of sarcolemmal phospholipid by exogenous amphi-
philes, quantified by electron microscopic autoradiography, is
sufficient to induce marked electrophysiologic derangements
(17, 18); (d) reversal of the induced electrophysiologic alter-
ations is associated with a decrease in overall tissue content of
the amphiphiles resulting from catabolism (17); (e) the electro-
physiologic effects of both long-chain acylcarnitines and LPC

Antiarrhythmic Influences of Inhibition ofAcylcarnitine 933

6



do not require interaction of micelles, monomers are sufficient
(5, 6); (f) LPC can induce delayed afterdepolarizations in
isolated tissue even in the presence of acidosis and hyperkale-
mia, an effect that is augmented markedly by catecholamines
(36); (g) the electrophysiologic effects of LPCdepend primarily
on extracellular delivery into the membrane or sarcolemmal
accumulation per se in view of the fact that intracellular deliv-
ery with pressure microinjection of high concentrations is
without appreciable electrophysiologic effects (16); (h) LPC
accumulates within minutes in lymph from the ischemic heart
to a concentration sufficient to induce electrophysiologic de-
rangements implicating the extracellular accumulation as criti-
cal in arrhythmogenesis (16); (i) LPC accumulates within 2-3
min in ischemic tissue in vivo, and the magnitude of accumu-
lation is reflected by the severity of arrhythmias (37); (j) long-
chain acylcarnitines accumulate endogenously in isolated
myocytes exposed to hypoxia with a marked 70-fold increase
in the sarcolemma judging from results of EMautoradiogra-
phy of prelabeled [3H]carnitine pools (1 1); (k) inhibition of
carnitine acyltransferase I not only precludes the sarcolemmal
accumulation of long-chain acylcarnitines but also markedly
attenuates electrophysiologic derangements otherwise evident
in hypoxic myocytes (1 1). Results of the present study demon-
strate that attenuation of accumulation of LPCand long-chain
acylcarnitines in vivo results in striking protection against
early ventricular fibrillation otherwise induced by ischemia.

Antiarrhythmic effects of inhibition of carnitine acyltrans-
ferase I appear to reflect decreased accumulation of long-chain
acylcarnitines and LPC. Because long-chain acylcarnitines in-
hibit two of the enzymes responsible for catabolism of LPC in
heart, lysophospholipase, and lysophospholipase-transacylase
(19, 20), attenuation of the increase of long-chain acylcarni-
tines in response to ischemia is likely to attenuate the inhibi-
tion of catabolism of LPC preventing its accumulation. Al-
though a reduction of pH inhibits membrane-bound lyso-
phospholipase activity in myocardium (38), the results of the
present study suggest that a concomitant increase in the con-
centration of long-chain acylcarnitines is necessary for inhibi-
tion of accumulation of LPC.

The antiarrhythmic effect of POCAmay be dependent also
on attenuation of the increase in a,-adrenergic receptors and
their coupling to intracellular processes in ischemic myocytes.
Weand others have demonstrated potent antiarrhythmic ef-
fects of a1-adrenergic blockade (for review see reference 14) as
well as an increase in a1-adrenergic receptors in ischemic
myocardium (39-4 1). Adult canine myocytes exposed to con-
ditions of hypoxia sufficient to induce marked increases in
concentrations of long-chain acylcarnitines exhibit a two- to
threefold increase in surface a1-adrenergic receptors (12). The
increase is blocked by inhibition of carnitine acyltransferase I
with POCA. It can be induced in normoxic myocytes exposed
to low concentrations of exogenous long-chain acylcarnitines
(12). The increase in a1-adrenergic receptors in hypoxic myo-
cytes is reversible with reoxygenation and is coupled to an
increase in IP3 (13). Therefore, a portion of the antiarrhythmic
effects of POCAin ischemic myocardium in vivo may involve
attenuation of the enhanced a1-adrenergic responsivity other-
wise apparent when concentrations of long-chain acylcarni-
tines increase in the sarcolemma.

Inhibition of carnitine acyltransferase I with POCAmay
enhance the accumulation of another amphiphile, acyl CoA,
in ischemic myocardium. However, the magnitude of the in-

crease of acyl CoA with ischemia is much smaller than that of
long-chain acylcarnitine (42, 43). Acyl CoA is confined, al-
most exclusively, to the mitochondria (44) and is therefore
unlikely to impact directly on the sarcolemma particularly
early after the onset of ischemia.

The influence of inhibition of carnitine acyltransferase I
with POCAon the accumulation of long-chain acylcarnitines
and LPC and the concomitant effects on arrhythmogenesis
required our obtaining transmural biopsies after relatively
short durations of ischemia. Because the biopsy procedure re-
sults in a major perturbation of the heart, experiments had to
be terminated promptly. It is well known that the incidence of
both VT and VF is maximal very early after the onset of
ischemia with a precipitous decline thereafter. Accordingly, we
focused on the 5-min interval after the onset of ischemia.

Inhibition of carnitine acyltransferase I with POCAde-
creases extraction of free fatty acids by myocardium (45).
However, it is unlikely that this phenomenon contributes sub-
stantially to its antiarrhythmic effects. Nonesterified fatty acid
concentrations do not increase in ischemic tissue for at least 10
min (33). POCAinhibits the oxidation of fatty acids and in-
creases glucose oxidation 2- to 2.5-fold (46). Enhanced glucose
utilization may increase ATPproduction in ischemic tissue by
increasing the extent of anaerobic glycolysis. However, salu-
tary augmentation of ATPcontent is unlikely judging from the
limited, maximal rate of ATP production through anaerobic
glycolysis and the lack of attenuation of negative inotropic
effects in hearts from treated animals compared with those not
treated with POCA. Others have shown that POCAexerts no
striking effects on tissue ATP or lactate levels in response to
ischemia (47).

Inhibition of cardiac lipoprotein lipase activity by POCA
results in increased clearance of triglycerides from plasma (48)
and inhibition of synthesis of lipids in the liver (49). Because
these effects occur over relatively long intervals, they are un-
likely to account for the antiarrhythmic effects seen in our
study.

We have recently shown that the arrhythmias occurring
within the first few minutes after the onset of myocardial isch-
emia in vivo in cats involve reentry attributable to slow con-
duction and variable degrees of transmural conduction block
as well as non-reentrant mechanisms judging from analysis of
three-dimensional maps obtained when spontaneous ventricu-
lar arrhythmias occurred (50). Exogenous LPC and long-chain
acylcarnitines result in marked decreases in the resting mem-
brane potential and depression in the Vmax of phase 0 in vitro
(1-6), changes that could mediate the marked slowing of con-
duction and the variable conduction block predisposing to
arrhythmias dependent on reentrant mechanisms. In addition,
shortening of the refractory period, seen particularly at low
concentrations of the amphiphiles in vitro, would be expected
to facilitate the development of reentry (2-4).

The non-reentrant mechanism manifest in ischemic hearts
may involve the development of delayed afterdepolarizations
associated with an early and rapid increase in cytosolic Ca2l
(10). Incorporation of exogenous LPC into the sarcolemma in
isolated tissue leads to an increase in cytosolic Ca2" and con-
tractility (6, 7) but is associated with a decrease in the slow
inward current (Ii) carried by Ca2" (6). This increased cyto-
solic Ca2" is likely to reflect enhancement of Na+-Ca+ ex-
change secondary to the LPC-induced inhibition of Na+-K+
ATPase (5 1) and accumulation of intracellular Na'. Recently,
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we have shown that exogenous LPC can induce delayed after-
depolarizations and triggered rhythms in vitro (36), effects
stimulated by catecholamines. Long-chain acylcarnitines can
activate calcium channels in cardiac muscle and smooth mus-
cle (7-9). Accordingly, the antiarrhythmic influence of POCA
seen in the present study is likely to involve amelioration of
both reentrant and non-reentrant mechanisms responsible for
arrhythmogenesis in ischemic myocardium.
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