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The Role of Membrane Phospholipids in Arrhythmogenesis :

From Basic Research to Possible Clinical Application

NISAR A. SHAIKH*

SUMMARY

The work from our laboratory and others presented above has helped to
form the concept that at least some of the functional abnormalities of the ischemic
heart are the consequence of abnormal lipid metabolism. It was postulated that
drugs which circumvent such changes should have some protective effects. In fact,
certain amphiphilic drugs such as AM, CQ and CZ have been shown by us and
others to reduce structural and functional abnormalities both in animal experi-
ments and in clinical treatment. This strongly suggests that lipid abnormalities
contribute to myocardial malfunction. Whether the beneficial effects of these
drugs lie solely in their ability to inhibit phospholipases is difficult to prove, since
all these agents also affect a large number of other cellular functions. This question
can best be answered by finding or by synthesizing a phospholipase-specific inhibi-
tor and by determining whether this agent alone is capable of reducing the structural
and functional abnormalities caused by ischemia. Given the calibre and scope
of cardiac research today, it is expected that such an agent will become available

in the not too distant future.

INTRODUCTION

Coronary artery disease is one of the major
causes of death in the world. Arrhythmic deaths
associated with myocardial ischemia occur
mainly in the first 1 or 2 hours of acute myocar-
dial infarction and are due to ventricular fibri-
llation. Functional alterations in myocardial
sarcolemma, reflected by dysrhythmia and
surface electrocardiographic changes, as well
as ultrastructural sarcolemmal discontinuity, are
among early manifestations of ischemic injury.
In experimental animal models, within seconds
to minutes of acute coronary artery occlusion,
loss of contractility, electrophysiological (EP)
and metabolic alterations and cell swelling begin
to occur in subendocardial layers. These changes
progress to subcellular disruptioq of membranes
(1-4). Reperfusion of the ischemic myocardium
leads to further Ca?* influx, extensive necrosis
and hemorrhagic infarction which are accom-
panied by electrocardiographic changes and
arrhythmias (5-12).
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Many aspects of metabolic changes associated
with myocardial ischemia have been studied
and extensively reviewed (13-19). These changes
include: shift in carbohydrate metabolism due to
anaerobic glycolysis, accumulation of lactic
acid, decrease in intracellular pH, inhibition/
stimulation of several enzymatic activities,
decrease in cellular ATP levels, reduction in
fatty acid oxidation, accumulation of free fatty
acids and their derivatives and lysophospholipids
(lyso-PL), etc. Despite early functional changes
in the membrane properties that are responsible
for the well-known EP manifestations of ischemia,
little is known of phospholipid metabolism.
Phospholipids and other lipids constitute . a
substantial portion of the plasma membranes
that serve as an important barrier for the ready
diffusion of substances. Phospholipids in parti-
cular exert direct physical effects on protein-
lipid interactions, which in turn, affect enzyma-
tic reactions. In recent years it has become
increasingly evident that these lipids also parti-
cipate in complex biological processes, serving
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both as substrates and chemical mediators (see
20, 21). Thus, altered metabolism of these
membrane constituents can alter cardiac cell
functions by changing the properties of car-
diac cell membranes (17-19). Such functional
changes could lead to the rapid loss of contractile
function, arrhythmias and eventual cell death.

LIPIDS AND MEMBRANE FUNCTIONS

The biochemical, EP and ultrastructural
studies described earlier are indicative of memb-
rane damage as a key early event in ischemia.
Biological membranes as proposed by Singer and
Nicolson, consist of phospholipid lilayers in
which both integral and peripheral membrane
proteins are embedded (22). Among these pro-
teins are phospholipases, the enzyme machinery
responsible for the hydrolysis of membrane
phospholipids (23). The constituent fatty acids
along with the polar head groups of phospholipids
are essential for the integrity of biological mem-
branes and for various processes occurring at
biological interfaces. The presence of both
negatively and positively charged moieties in the
polar head groups in many phospholipids allow
them to interact with each other as well as with
proteins; the latter interactions may also affect
the conformation of membrane proteins. Be-
cause many of these interactions are depen-
dent on the presence of ionizable groups, they
are very sensitive to changes in pH and the
ionic environment (24-26). Phospholipids have
also been implicated in a number of vital memb-
rane functions. They have been shown to be
required for the activity of Ca’* —ATPase (27,
28) and other enzymes (29), required directly
or indirectly for the active transport of Na*
and K* (30, 31), for certain phosphorylation
enzyme activities (32, 33), chemical and electrical
excitation and insulation, selective permeability
properties, phagocytosis, pinocytosis and for
other more general functions related to mem-
brane stability (34, 35). The conformation of
intrinsic membrane proteins and thus their
functions as receptors, enzymes and channels, etc.
can be influenced by the physical state and the
nature of the surrounding membrane phospholi-
pids and other lipids (36-40). Recent studies
from this laboratory and others have suggested
that a disturbance in lipid metabolism may be
one of the critical alterations that lead to speci-
fic EP abnormalities and irreversible cell injury
in myocardial ischemia, presumably due to
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activation of lipases and phospholipases (17,
18,41-49, 51, 68, 69).

There are at least two possible mechanisms
by which lipid abnormalities might be implicated
in structural and functional damage to cardiac
membranes and these can be categorized as
follows: (a) accumulation of lipid metabolites
(long chain fatty acid [FFA], fatty acyl (FA)
CoA, FA-carnitines, 8 —OH FA, etc) in ischemic
myocardium that may influence cardiac function;
(b) hydrolysis of membrane phospholipids
which produces lyso-compounds or results in
their depletion, thereby influencing membrane
function.

LIPID METABOLITES AND THEIR EFFECTS

Ischemia induces intracellular accumulation
of lipid metabolites, such as FFA, FA CoA,
and FA carnitine. 8 —OH FFA have been shown
to have detrimental effects on cell function
(for review see 17, 19, 70, 71). Elevated levels
of FFA in the plasma and myocardium have
been correlated with the appearance of ventri-
cular arrhythmias (72) and extent of enzyme
release from the ischemic myocardium (73).
Under some conditions FFA inhibit specific
subcellular enzymes and uncouple mitochond-
rial respiration (74). Acyl CoA inhibits adenine
nucleotide translocase in vitro (75) and acyl
carnitine inhibits Na®'—K"—dependent ATPase
(76, 77) as does lysophosphatidylcholine (LPC)
in low concentrations (78). The ability of low
oleic acid concentrations to inhibit Ca®* efflux
from the sarcoplasmic reticulum (SR) (79),
and of palmitic acid (80, 81) and palmitoyl-
carnitine (76) to increase Ca?* sequestration
within islolated SR vesicles could contribute
to the decreased Ca?* release from this membrane
system in cardiac ischemia. Also, increased
concentrations of linoleic and arachidonic acid
may result in an increased biosynthesis of pro-
staglandin F, «o in ischemic myocardial tissue
(82) which may have some protective effects
(83). On the other hand unsturated FFA have
been shown to inhibit adenylyl cyclase activity
and to exert a biphasic response to Ca?* per-
meability (79). The accumulation of FFA deri-
vatives is the consequence of increased liploysis
fmd of impaired g —oxidation of FFA, which
in turn results from increased NADH: NAD
ratios and the inability of the myocardium
to reoxidize FADH,. The FFA release from the
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depot triglycerides or probably from membrane
PL is believed to be the consequence of the
hormone sensitive lipase which is activated by
circulatory catecholamines and by sympathetic
stimulation (84-86). Ischemia-induced stimula-
tion of the sympathetic tone (87) could lead
to the general activation of the adrenergic recep-
tors and adenylyl cyclase and, consequently,
to the stimulation of the CAMP-dependent
protein kinase (85). Protein kinase may be
involved in the activation of phospholipase A,
(PLAz) ~and hormone sensitive triglyceride
lipase (69, 88, 89). Also catecholamines produce
an increase in intracellular Ca?* levels and phos-
pholipase activation has been shown to be Ca’* —
dependent.

PHOSPHOLIPID CHANGES, PHOSPHOLIPASES
AND ISCHEMIC MYOCARDIAL INJURY

The enzymes responsible for the catabolism
of membrane phospholipids basically fall into
4 categories and their sites of attack are schema-
tically described in Fig. 1. PLA, and A, hyd-
rolyse fatty acyl esters at sn-1 and sn- 2 positions of
diacyl-phosphoglycerides to produce equimolar
amount of sn-2 and sn-1 acyl phosphoglycerides
(lyso-PL) and free fatty acids, respectively.
Plasmalogenase hydrolyses the vinyl ether linkage
at the sn-1 position to produce lyso-PL similar
to those produced by PLA,. Phospholipase
C (PLC) hydrolyses the phosphodiester bond
producing sn-1, 2-diacylglycerols and phospho-
rylated bases. Phospholipase D liberates free
base and phosphatidic acid. Lyso-PL are further
hydrolysed by lysophospholipases.

. The evidence which implicates increased
PLA activities due to ischemia falls into two
categories: Indirect and direct. The indirect
evidence basically rests on the studies where
phospholipid content and/or its hydrolysis
products were determined in various tissues
after acute experimental ischemia. These studies
are summarized as follows: Using a hepatic
ischemia model, Chien and co-workers reported
a loss of over 50% in phospholipid content of
dog liver after 1 to 2 hours of acute hepatic
de omeio (0.0 m}:‘}n Jores srae 9?99@59{93 3),’%’#
ischemia (90, 91). This loss was associated W
marked decreases in several membrane marker

b o : . 2+
enzyme activities, marked increase in Ca“" con-
tent in vivo and the development of a 25 to 50
fold increase in microsomal membrane per-

meability to Ca?*. Pretreatment with chlorpro-
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mazine (CZ) (inhibitor of phospholipases) dec-
reased the extent of cellular injury, reduced
phospholipid depletion and prevented the asso-
ciated Ca?* permeability defects. Liver is a
highly active metabolic organ, which secretes
phospholipids for lipoprotein synthesis and for
biliary requirements. It could easily be anticipa-
ted that alteration in the normal function of
liver by ischemia, prolonged starvation, choline
deficiency, or other means (drugs) could produce
substantial changes in the lipid content of liver
cell membranes. Although studies on the liver
model may have some relevance to ischemic
myocardium, a substantial decrease in phos-
pholipid content, at least in the early periods of
myocardial ischemia, should not be expected,
since in the heart phospholipids basically consti-
tute the structural component of the membrane.
On the other hand, minor changes in the struc-
tural lipid content or metabolism of the cardiac
cell membranes could have severe consequences
on myocardial functions. Sobel and co-workers
subsequently reported a significant decrease in
the phosphatidylethanolamine (PE) content of
rabbit myocardium after 30-60 min of ischemia.
The phosphatidylcholine (PC) content did not
change significantly, but both lysophosphati-
dylcholine (LPC) and lysophosphatidylethano-
lamine (LPE) content increased by about 60%
of the pre-occlusion control levels (44, 92).
These quantities of lysolipids when superfused
over normoxic Purkinje fibres in tissue bath
experiments were sufficient to produce EP
changes similar to those observed in ischemia
(44, 92, 93). These studies led the authors to
postulate a possible involvement of lysolipids
in the genesis of malignant dysrhythmias induced
by ischemia (‘“the lysolipid hypothesis”). The
mechanism uderlying these effects appears to be
related to their ability to disrupt the structure
of biological membranes (94). In addition,
these lipids have been shown to inhibit oxidative

phosphorylation in mitochondria (95) and
Na—K ATPase in sarcolemma preparations
(96).

After developing highly reproducible methods
for the extraction, quantification and fractiona-
tse of Gide (Tatle 1), we criticized the ‘-
solipid” hypothesis for the generation of malig-
nant dysrhythmias (50-52). We pointed out
(52)that the much higher levels of lyso-PL re-
ported earlier by Sobel and his co-worlfers, as
grounds for this hypothesis (44), were artifactual
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TABLE 1 Recoveries of Phospholipids

Lysophosphatidylcholine Lysophosphatidylethanolamine Total Phospholipid
Extraction No. of
scheme analyses ng P dpm ng P dpm ug P
Folch/column 4 150 £ 1.6 7936 * 48 229.+ 2.8 6831 + 61 103 £ 3.8
Classical Folch 4 135 *:.2.1 7063 £ 58 200 = 3.2 6012 + 72 94 + 4.3
Modified Folch 6 149 = 0.8 7921 + 23 228400k 2 6839 + 43 102 £ 3.1
Acid-butanol 6 2454 + 361 7941 t 98 3800 * 623 6824 + 110 101 + 4.6

Data are expressed as mean * SD. Control myocardial tissue was homogenized in 0.9% NaC1 at 4°C and equal portions of the
homogenate representing 125 mg tissue wet wt. were extracted under each protocol, Lysophospholipids were then analyzed
after TLC/GLC using internal standards. Similar protocols were repeated with added 32°p Jabelled rat liver lysophospholipids
(8021 and 7004 dpm/6ug P of LPC and LPE, respectively) and, after fractionation of phospholipids by TLC, radioactivity
was determined directly on silica gel scrapings (58) of appropriate fractions (for details see reference 51).

TABLE 2 Lysophospholipid Content of Pig and Rabbit Myocardium

Shaikh and Downar (51) Sobel et al. (92)

Time of Ligation LPC LPE LPC LPE
(min) ug P/g wet wt. ug P/g wet wt. ug P/g wet wt. ug P/g wet wt.
.Control 13 £ .0.04 (22) 1.9+ 0.12 (22) 434 + 3.7 (13) 37.2 + 6.2(13)
Ischemic zone

2 1.5 = 0.09 (9) 2.6 £ 0.31(9) = =

8 2.0 + 0.16 (10) 3.0 + 0.26 (10) t -

5—18 = = 744 * 124 (7) 55.8 + 6.2 (7)

20 1.7 £ 0.11(7) 3.2 £ 0.34 (7) = .

40 1.7 + 0.08 (8) 3.1 £ 0.31(8) = =

30— 60 = — 68.2 + 124 (6) 68.2 £ 6.2(6)

Data expressed as mean * SD of (n) analyses. All values are significantly different from respective controls (P<0.1)

Data modified from Shaikh and Dow..ar (51) and Sobel et al. (92)

The data from ref. 92 is recalculated by assuming 80% water content of the tissue and is expressed as mean + SE of (n)
analyses.

in nature and must have arisen from the use of 60% in in situ ischemic porcine heart after 8-12
unsuitable extraction and analysis techniques. min of acute myocardial ischemia, the absolute
This was subsequently acknowledged by the quantities of these lipids remained very low
authors (97). We evaluated the time course of (0.6% of the total PL) and about 25 fold lower
ultrastructural changes of ischemic injury due to (Table 3) than reported for rabbit heart (44,
coronary artery occlusion in the in situ model 92). We were the first to report that the loss
of porcine heart (53) and correlated this with of membrane PL due to prolonged ischemia is
the time course of changes in phospholipid not as severe in heart (52) as was observed for
(PL) levels (Tables 2 & 3). We showed that, liver, understandably so, since the liver synthe-
although tissue levels of lyso-PL increased by sizes PL for assembly and transport (lipoprotein,

85
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TABLE 3 Phospholipid Composition of Normal and Ischemic Myocardium

Normal Zone

Ischemic Zone

Time Ligation (o min) (2040 min) (2-20 min) (40 min) (24 hr)
ug P/g wet wt. (mean * S.D. of (n) observations)
Total Phospholipids 825.3 831.6 818.3 801.7 715.6
+43.1 152.6 1+49.2 162.8 +38.2
(5 (5) (5) (5) (3)

Phospholipid

Fractions* % of total lipid-P

CPG 37.85 37.10 38.16 37.22 38.40
Diacyl 24.22 23.68 24.36 23.86 24.56
Alkenyl-acyl 13.63 1342 13.80 13.36- 13.84

EPG 25.34 25.68 25.37 26.69 28.87
Diacyl 12.16 12.26 12.07 12.81 13.98
Alkenyl-acyl 13.18 1342 13.30 13.88 14.89

CL 19.24 18.73 18.70 17.50 14 .47

PI 6.29 112 6.09 6.35 6.39

PS 4.34 4.12 4.51 4.21 4.52

Sph 6.04 6.18 6.02 6.81 6.65

PA 0.18 <0.60 <0.60 <0.60 <0.60

PG 0.38

LPC 0.15 0.19 0.21 0.22 0.25

LPE 0.23 0.28 0.34 040 0.45

# Mean of duplicate analyses of 3 independent samples.

Abbreviations used: CPG, choline phosphoglycerides: EPG, ethanolamine phosphoglycerides; CL, cardiolipin; PI, phosphati-
dylinositol; PS phosphatidylserine; Sph, sphingomyelin; PA, phosphatidic acid; PG, phosphatidylglycerol. Total phospholipid
content or individual phospholipid fractions were determined by phosphate analysis directly on silica gel scrapings (57, 59).

For details see reference 51.

biliary secretion, etc.), while in the hart, PL
constitute membrane components. In our stu-
dies, no change in the total PL content or the
individual PL classes could be demonstrated
for up to 45 min of in situ ischemia. However,
the total PL content fell from 6%and 14% after
8 and 24 hours of ischemia. Subsequently,
Chien and co-workers supported our observation
and reported a much smaller decrease (3-10%)
in the total PL content of the subendocardium
(42,43). This decrease was also associated with
Ca’* —permeability defects. In our other studies
(NA Shaikh, unpublished), levels of FFA and
diacylglycerols increased significantly at as
early as 5-10 min of left anterior descending
coronary artery (LAD) occlusion (Table 4),
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while triacylglycerol, cholesterol and cholesterol
esters remained unchanged (Table 5). Although
absolute quantities of lyso-PL were subsequently
reported to be much lower and were comparable
to ours, Corr et al (98) found a similar per cent
increase in their content after 10 minutes of
ischemia in cat hearts. Man et al (99) reported
an increase of 107 and 137% in LPC and LPE
content after 24 hours of ischemia in dog hearts.
A substantial increase in the lyso—PL content of
whole dog hearts, after 24 hours incubation in
a 37° water bath, was also reported by Steen-
bergen and Jennings (100). Other workers have
found increased levels of LPC in the venous
blood draining ischemic regions (101) and pro-
gressive increase in non-esterified arachidonic
%
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TABLE 4 Time Course of Changes in the Free Fatty Acid and Diacylglycerol Levels of Porcine Myocardium

after LAD Occlusion
Time after LAD Occlusion (min.)
Lipid Component 0 5 10 30 90 180
Free Fatty Acids 32.6 384 45.3 64.8 86.8 92.6
(umoles/g wet wt.) (26.6-42.3) (29.8-44.6) (36.6-54.8) (41.9-73.1) (68.4-100.1)  ( 71.3-113.4)
Diacylglycerols 0.51 0.91 Bi2 0.88 0.96 1.20
(nmoles/g wet wt.) (0.43-0.56) (0.82-1.31) (0.91-1.34) (0.78-1.14) (0.78-1.36) (0.81-141)

Data expressed as mean of 3.6 determinations. Numbers in parentheses designate range of values. Experimental protocol
similar to that described elsewhere (51). Free fatty acid levels were determined by GLC on polar columns using heptadecanoic
acid as an internal standard. Diacylglycerols were quantitated by GLC on non-polar columns using tridecanoin as an internal
standard as described previously (60-62). N. A. Shaikh (1986) unpublished data.

TABLE 5 Triacylglycerol, Free and Esterified Cholesterol Levels in in situ Porcine Heart after LAD Occlusion

Time of .Ligation Triacylglycerol Cholesterol Cholesterol ester
(min) (mg/g wet wt.)

0 2:9 1.8 042
(2.1-3.8) (14-21) (0.31-0.46)

90 2.3 1.6 0.40
(1.7-2.9) (1.3-1.9) (0.29-0.48)

180 31 129 0.38
(1.7-3.8) (14-23) (0.32-041)

I?ata expressed as mean of 3-6 determinations. Numbers in parentheses designate range of values. Experimental protocol
similar to that described elsewhere (51). The determinations were made by GLC on non-polar columns using tridecanoin as an
internal standard as described previously (61). N. A. Shaikh (1986) unpublished data.

acid and other free fatty acids during ischemia The studies describing the direct evidence for
in dog heart (68, 102, 103). The increase in the activation of phospholipases in ischemia
tissue free fatty acids could arise from the sequen- are few and apparently reflect inherent technical
tial degradation of phospholipids by phospholi- difficulties. However, PLA activities have been
pases and lysophospholipases; the triglyceride described in a number of normal cardiac mem-
levels in ischemia are believed to remainunchanged. branes as well as cardiac lysosomes (107 - 110)
Sub‘cellu1a¥ fractions prepared from hypoxic and lysosomal enzyme activity increases in the
or ischemic hearts also showed varying degrees ischemic heart (41). Studies in vitro have shown
of increases in lyso-PL content and decrease in activation of endogenous phospholipase(s)
total phospholipid levels after 3 hours of ischemia of myocardial sarcolemma and of rat liver en-
(104-106). Despite the differences in experi- doplasmic reticulum by exogenous Ca2* (108,
mental protocols and animal models, the studies 111). Since intracellular Ca’* levels increase
outlined .above are suggestive ‘of membrane in myocardial ischemia with a decrease in phos-
phospholipase ~ activation due to myocardial pholipid content, it can be deduced that phos-
ischemia. pholipase(s) are activated. A more direct line
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of evidence comes from Needleman and co-
workers who described synthesis and release of
prostaglandins by isolated perfused rebbit hearts
upon bradykinin stimulation or by the onset
of global ischemia. They suggested stimulation
of lipases which specifically liberate arachidonic
acid for prostaglandin synthesis (bradykinin)
and non-specifically release (global ischemia)
oleic as well as arachidonic acid (112, 113).
In these experiments, ischemia was produced
by stopping the perfusion of the heart for 5
minutes and the effluent was then collected
for 4 minutes after re-establishing the cardiac
perfusion with albumin-containing buffer. The
release of raiolabelled fatty acids and prostag-
landin in the effluent was described to be the
consequences of a non-specific activation of
lipases by ischemia. In these studies, however,
it is not clear whether increased lipase activi-
ties are due to ischemia or are in fact due to
reperfusion of the ischemic heart. Reperfusion
injury is accompanied by a massive influx of
Ca?* and membrane phospholipase activation
has been shown to be Ca?*—dependent (108,
111, 1140.

Phospholipase A, (plasmalogenase)
0
Il

o (l:H,—O-—C—R\

Il

R,—C—O—CH o Phospholipase D

' I
CH,—0—P—-0—X

lo

Phospholipase C

Phospholipase A.

" 1-Lyso-PL (2 monoacyl PL) + FA
2-Lyso-PL (1 monoacyl PL) + FA
Diglyceride + Phosphoryl-base
Phosphotidic acid + base

Phospholipase A, =
Phospholipase A, =
Phospholipase C =
Phospholipase D =

Figure 1. Schematic diagram showing the sites of attack of
different phospholipases.

Using isolated perfused cat hearts we provided
the first direct evidence for phospholipase acti-
vation in ischemia.Cat hearts after dissection were
perfused retrogradely with Krebs-Henseleit bi-
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Heated
water 37°C

Figure 2. Schematic diagram of theisolated heart perfusion
apparatus.

After dissection, the heart is immediately flushed with
Krebs-Henseleit bicarbonate buffer, pH 7.35 (KHB)
containing heparin and mounted on the apparatus through
the aorta with a cannula. The heart is then reperfused
retrogradely with oxygenated KHB at 37°C. When labelling
is required, radiolabelled fatty acids are introduced
directly to the heart through a small tube passing through
the reservoir chamber and the effluent buffer is redirected
to close the perfusion circuit.

carbonate buffer (pH 7.35), containing radiola-
belled stearic and arachidonic acids, at 37°C in a
closed circuit apparatus (Fig. 2). The LAD was
ligated proximal to its first diagonal branch for
40 min with a silk thread; and samples from
ischemic and non-ischemic zones of the same
heart were dissected and analyzed (for details,
see 49). Radioactivity in fatty acids occupying
position 1 and 2 of the glycerol backbone of
phospholipids in ischemic and non-ischemic
zones of cat heart after 40 minutes of LAD
occlusion was determined (Table 6). A signifi-
cant decrease in the ratio of the radioactivities
of arachidonic acid and stearic acid in ischemic
zone as compared to non-ischemic zone of the
heart after 40 minutes of LAD occlusion strongly
suggests that PLA, activity is stimulated by
ischemic insult (Table 7). This change in the rate
of deacylation-reacylation of membrane phospho-
lipids could constitute a major event in at least
early phases of ischemia which could be res-
ponsible for the EP abnormalities since lipids
maintain a membrane architecture crucial for a
hormonally responsive state of membrane-
bound enzymes (115-117). This finding is also
supported by the simultaneous work of Chien
(118) who showed a 70% increase in arachido-
nic acid content of ischemic canine myocardium
after 60 minutes of LAD occlusion. Since arachi-
donic acid is found entirely in membrane phos-
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TABLE 6 Radioactivity of the phospholipid fractions of isolated perfused cat hearts labelled with stearic

and arachidonic acids.*

Specific activity (dpm/ug P)

Phospholipid ’
components 14C-stearate 3I‘I-arachidonate
Control Ischemic Control Ischemic

Sphingomyelin 5.2 5.3 18 23
Phosphatidylcholine 6.0 6.2 440 401
Phosphatidylethanolamine 3.1 34 1075 1075
Phosphatidylinositol 30.0 28.1 3989 3715
Phosphatidylserine 194 19.7 788 707
Cardiolipin 1.6 3.2 135 108
Lysophosphatidylcholine 18.7 20.6 = -
Lysophosphatidylethanolamine 4.2 6.3 - -

*Results are expressed as radioactivity per ug phosphate of individual
C.stearic acid or 5 uCi of H-arachidonic acid. After 30-40 min of LAD occlusion,

Cat hearts were perfused with 3 uCi of

hospholipid components.

both ischemic and non-ischemic zones of the hearts were analyzed for phosphate content and radioactivity of the individual
phospholipid fractions. Other experimental details are described elsewhere (49).

pholipids, he suggested that the increase in
unesterified arachidonic acid is due to increased
phospholipid degradation.

TABLE 7 Ratio of the radioactivity of arachi-
donic acid and stearic acid of certain phospholipid
fractions in isolated perfused cat hearts.®

PHOSPHOLIPIDS ARACHIDONIC ACID/
STEARIC ACID
Control Ischemic
Phosphatidylcholine 16 8
Phosphatidylethanolamine 43 35
Phosphatidylinositol 9 7.5

*Results are expressed as ratio of the radioactivity of
arachidonic acid occupying position 2 and stearic acid
occupying position 1 of the glycerol backbone of phos-
pholipids.

Cat hearts were perfused with 5 uCi each of 14 gtearic
and SH-arachidonic acids. After 40 min of LAD occlusion,
samples from ischemic and non-ischemic zones of the
hearts were analyzed. Other experimental details are
described elsewhere (49).
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ARE LYSOPHOSPHOGLYCERIDES
ARRHYTHMOGENIC?

Reports of accumulation of lyso-PL in ische-
mic myocardium (92, 51) and their increased
concentrations in effluents from ischemic isolated
perfused rabbit hearts (101) and arrhythmoge-
nic properties of these amphiphiles in tissue
bath experiments has led Sobel and Co-workers to
postulate that lysophosphoglycerides are poten-
tial mediators of dysrhythmia (44). However,
lyso-PL. at their maximum levels in ischemic
heart account for only 160 nmoles/g wet wt.
or 0.6% of total PL-phosphorus (51). A much
higher concentration of lyso-PL (approx. 10-
fold) bound with albumin is required to induce
EP alterations in normoxic Purkinje fibres in a
tissue bath that are analogous to changes in
ischemic tissue in vivo (119). Unbound lyso-
PL in quantities similar to those found in is-
chemic myocardium or lower amounts have
recently been shown to produce EP derangements
(119-121) and to induce arrhythmia in isolated
perfused hearts analogous to other detergents
(122). However, free concentrations of lyso-
PL equivalent to those employed in the fore-
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Figure 3. Schematic diagram of a tissue bath set up. The myocardial tissue containing muscle and Purkinje fibres is secured
at the bottom of the tissue bath by means of stainless steel pins. The tissue is superfused with Tyrode’s buffer (pH 7.35) at
37°C and is electrically paced at one end with a bipolar probe. The stimulus is maintained at 2 X threshold with a biphasic
pulse width of 1 msec duration. Transmembrane action potentials are recorded using glass microelectrodes (10-30 megaOhm
tip impedance) filled with 3 M KCl and connected via driven-shield cables to high input impedance buffer amplifiers. Action
potentials are visualized on an oscilloscope and also recorded simultaneously.

mentioned experiments would not be expected
in the plasma compartment bathing cardiac
tissue where these amphiphiles would be bound
with plasma albumin.

We investigated, in a tissue bath set up (Fig.
3), the possibility of whether the accumulation of
lyso-PL. or depletion of PL molecules in the
sarcolemma is responsible for the EP abnormali-
ties of ischemic hearts by producing in vitro
phospholipase-induced abnormalities in muscle
and Purkinje fibres of the sheep heart. Under
control conditions, exogenous PLA, was em-
ployed to produce lyso-PL in the ‘membrane
matrix, and PLC was used to achieve depletion
of membrane PL (1.0%) without lyso-PL pro-
duction. For comparative purposes, we also
investigated the EP effects of exogenous free lyso-
PL on sheep cardiac fibres (46-49, 54, 55).
In contrast to previous reports, our results clearly
showed that incubation with exogenous lyso-
PL in quantities smimilar to (016 mM) or 5
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times the amount did not alter the EP characteris-
tics of either muscle or Purkinje fibres. Resting
membrane potentials, upstroke velocity, action
potential duration and amplitude remained
similar to controls (Fig. 4). Incubation with
PLA, which produced endogenous lyso-PL
(up to 0.4 mM) in membranes also showed no
effects. At higher endogenous lyso-PL concen-
trations (0.6-1.mM), action potentials dete-
riorated but normal EP properties returned after
6-10 min of washing with oxygenated normal
buffer (Fig. 5A). At this stage of complete
recovery, lyso-PL levels in fibres remained ab-
normally high (0.4 mM). On the other hand,
incubations with PLC resulted in less than 0.1%
loss of :membrane PL with no lyso-PL pro-
duction, but completely abolished the action
potential in 6 min with the fibre remaining
unresponsive to stimulus, even after prolonged
washing with oxygenated normal buffer (Fig.
5B). Within the limitations imposed by tissue
bath experiments, these results nevertheless
?
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LPC conc. AP RMP av/de APD, APOG, the e 4o beton Waanouk
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2 min Wash 140 -86 325 235 330
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Figure 4. Effects of exogenous palmitoyl-LPC on action potential parameters and profiles in sheep Purkinje fibres.
Abbreviations used: AP, action potential amplitude; RMP, resting membrane potential; APDgg g0 action potential duration
at 50% or 90% level; dv/dt, maximum rate of ride of phase zero. For details see 46.
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Lyso-PL (0.08 - 0.1 mM) Lyso-PL (0.3 - 0.4 mM) Lyso-PL (0.6 - 0.8 mM) Lyso-PL (0.3 - 0.42 mM)
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Figure 5. Effects of endogenously produced lyso-PL (A) or membrane PL depletion (B) on EP profiles of sheep Purkinje
fibres (for details see 49).
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suggest that lyso-PL alone are not responsible
for the EP manifestations of ischemia and that
the depletion of sarcolemmal PL may play an
important role in membrane dysfunction (4649,
54, 55). Depletion of :membrane: PL could
occur progressively by the actions of PLA. and
A,, lysophospholipases and diesterases (Fig.6)
or by recently demonstrated PLC type activity
toward major PL in a number of mammalian
tissues, including heart (123, 124). However,
it is not certain how much PC and PE in vivo
would be hydrolyzed through this route. No
information is yet available for the contribution
of this activity to membrane damage in in situ-
ischemia.

I ATP '
e LPA'\ P-Cn%n -
’ cowr
Me——DG DP-Chol |®
o |® SPH
Cholesterol C
. LCAT 3’ F !
(Pasmal\ o, BACoA
g > -ovia LPC
T} /g
e— P Lee T’G PC
l\ Choling -===========- ]
"""""""""" —-GP

Abbreviations:

PC, phosphatidylcholine; LPC, lyso-
by idylcholine; CPC, glycero-
phosphorylcholine; CP, glycerophos-
phate; SPH, sphingomyeline; FA, facty
acid; FACoA, fatty acyl coenzyme A;
cer, ceremide; Plas, plasmalogen;
ald, faccy aldehyde; DG, diglyceride.

Phospholipase A, & A
Lynphuphoupul-

cl horylcholine diqs
Lyupho-phou.u aeyurm-{nln
Lysophosphol {pase-transacylase

. Phospholipase C

. Sphingomyelinase

. Choline phosphotransferase

R L e

Figure 6. Schematic diagram of the metabolism of choline
phosphoglycerides.

REDUCTION IN PHOSPHOLIPASE ACTIVI-
TIES BY DRUGS

If some of the ischemia-induced abnormalities
of cardiac PL. metabolism are the consequence
of the activation of lipases, then the agents which
inhibit such enzymatic activities would have
some protective effects. Ca?* blocking agents and
other drugs which partition between aqueous
and lipid phases would inhibit non-specific
lipases (including phospholipases) either by
blocking Ca2* or by reducing the accessibility
of the intrinsic enzymatic proteins to their
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naturally occurring substrates in the membrane
domain. Amiodarone (AM; an antiarrhythmic
drug), CZ (a psychotrophic drug) and chloro-
quine (CQ) (an antimalarial drug) share amphi-
philic stuctural characteristics, i.e., they contain
both hydrophobic and hydrophilic portions in
their molecules (Fig. 7). CZ has been shown to
protect membrane PL depletion in experimental
myocardial ischemia (43) and isoproterenol-
induced myocardial damage (125) and to inhibit
lysosomal lipases (126). CQ, 4,4’ -diethylaminoe-
thoxy-hexestrol and other cationic amphiphilic
drugs also inhibit lysosomal PLA and PLC activi-
ties and produce phospholipidosis (127-129).
Both AM and CQ have been shown in patients
to produce microcorneal deposits which on
electron microscopy have the appearance of
lamellar and granular bodies (56, 63). AM has
been shown to have beneficial effects on hemo-
dynamics and infarct size when given acutely in
the canine model of myocardial infarction (130).
Other EP experiments showed that AM prolongs
action potential duration (131) and depresses
Na* -channels (132, 133). In preliminary observa-
tions on a rat treated with AM in which lamellar
and granular bodies were present in skin and
cornea, we found an increase of 20-30% in total PL
(on the basis of wet wt. and protein) in both

o)

|
1" /CZHS
mc Oi=CH, =~ CH; —N
N
| C.H
(o) CuH, 2Ms
AMIODARONE
H CH,
” N\ 1 | . /Csz
CgH,
CHLOROQUINE
Cl
Cl
—_— / CH:
s N—cHz_CHz-CHz_N
— N\
CH,3
CHLORPROMAZINE

Figure 7. Structures of some amphiphilic drugs.
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heart and liver. We also observed widespread
lysosomal inclusion bodies in all cell types, in-
cluding polymorph leukocytes, alveolar mac-
rophages, hepatocytes and cardiac myocytes,
in patients that
with AM. These inclusions are lamellar/granular
in appearance and similar to those observed with
treatment of CQ and CZ (63, 64).

It is conceivable that AM, like CQ, has phos-
pholipase inhibitory effects which are responsi-
ble for its potent and beneficial effects in redu-
cing ischemic injury and stabilizing EP responses.
In fact, we were the first to show that AM,
like CQ and CZ, has potent dose response inhibi-
tory effects on in vitro activities of PLC and
PLA, (56, 64, 65). More recently, Hostetler
and - co-workers have reported inhibition of
purified lysosomal PLA by exogenous AM
and an increase in PL content of lysosomes
prepared from animals treated with this drug
(134). The delayed adverse effects of AM (neuro-
myopathy (135), hepatic fibrosis (136) and
pulmonary toxicity (137) may involve alteration
in the lysosomal functions due to massive inclu-
sion of PL bodies (probably drug-PL complexes)
not susceptible to normal hydrolysis by phos-
pholipases. How AM effects its inhibition remains
to be determined. The beneficial effects of AM
on the EP parameters in myocardial ischemia
may involve inhibition of sacrolemmal phospholi-
pases by reducing the availability of Ca’*, re-
sulting in electrostatic repulsion of PL head
groups and a decrease in packing density, or by
stabilizing lysosomes. The inhibition of lysoso-
mal phospholipases (A & C) by the drug may
involve elevation of intralysosomal pH, or a
change in the physical state of the substrate
by forming drug-substrate complexes which are
resistant to phospholipases. This latter possibili-
ty finds support in previous studies using other
cationic and amphiphilic drugs (138, 139).
In our preliminary work, high drug-substrate
ratios were required to produce marked inhibi-
tion (56, 64). At low substrate concentrations,
AM was a potent inhibitor. The presence of
drug increased the requirement for Ca2* and the
extent of inhibition was progressively reversed
by increasing Ca2* -substrate concentrations
(NA Shaikh, unpublished results). The formation
of a drugsubstrate complex which is believed to
be resistant to hydrolysis is formed readily at
lower pH, and this is reflected by almost complete

had been chronically treated.
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inhibition of PLA, activity (NA Shaikh, unpub-
lished results).

Thus, from these data it is suggested that the
inhibition of phospholipase activities may be the
cause of phospholipidosis and this may also be
responsible for the beneficial effects of AM.
If that is the case, then useful antiarrhythmic
properties might be expected from other drugs
that inhibit phospholipase activities.In fact,
our recent tissue bath experiments show that
CQ (1x10°5, 1x10¢ M) produced a significant
reduction in the maximum velocity of the up-
stroke of the action potential, a prolongation
of the action potential duration and refractory
period in Purkinje fibres (66). In addition to
these experimental data, clinical evidence of
antiarrhythmic action was determined by ad-
ministering 500 mg CQ daily (as used by rheuma-
tologists), over 9 weeks, to patients with frequent
(more than 30 VPBs/hour) asymptomatic ventri-
cular ectopy. In 2 patients, there was a more
than 75% reduction in ventricular ectopy, which
recurred when the drug was discontinued, while
a third patient reverted to sinus rhythm from
atrial fibrillation, previously resistant to other
antiarrhythmic medication (67). Thus, CQ
and AM have important EP properties. Whether
this EP action is indeed secondary to phospho-
lipase inhibition or mainly a coincidental finding
remains unproven at the present time.

ACKNOWLEDGEMENTS

The author is indebted to Leon Lam, Mary
Kay Brown, Judy Luginbuhl -and Molly Pind
for technical assistance and careful preparation
of this manuscript. The author is a recipient
of the Canadian Heart Scholar Award, and is
a fellow of the Pakistan Academy of Medical
Sciences and of the American Council of Arterio-
sclerosis, American Heart Association. The work
reported here is supported by grants from the
Heart and Stroke Foundation of Ontario and
from the Medical Research Council of Canada.

REFERENCES
1. Maroko PR, Kjekshus JK, Sobel BE, et al.(1971)
Circulation 43 : 67.

9. Reimer JA, Love JE, Rasmussen MM, et al. (1977)
Circulation 56 : 786.




VOL — 20 No. 3

PAKISTAN HEART jOURNAL

10.
i,

12,

13.
14
15.
16.

.
18.

19.
20.

21,

22,
23.

24,
25.

26.

21,
28.
29.

30.
31,

. Jennings RB, Ganote CE, Reimer KA (1975) Am

J Pathol 81 : 179.

. Schaper J, Mulch J, Winkler B, Schaper W (1979)

J Mol Cell Cariol 11 : 521.

. Dean WL. Tanford C (1977) J Biol Chem 252 : 3551.
. Murdock DK, Loeb JM, Euler DE, Randall WC

(1980) Circulation 61 : 175.

. Kloner RA, Ganote CE, Whalen DA, Jennings RB

(1974) Am J Pathol 74 : 399.

. Jennings RB, Ganote CE (1974) Circ Res 35 (Suppl

11I) : 156.

. Jennings RB, Ganote CE (1976) Circ Res 38 (Suppl

I) : 80.
Hearse DJ (1977) J Mol Cell Cardiol 9 : 605.

Reimer KA, Jennings RB, Tatum AH (1983) Am
J Cardiol 52 : T2A.

Schwartz A, Wood, JM, Allen JC, et al. (1973)
Am J Cardiol 32 : 46.

Opie LH (1969) Am Heart J 77 : 383.
Jennings RB (1976) Circulation 53 : 126.
Opie LH (1976) Circ Res 38 Suppl I) : 52.

Kloner RA, Braunwald E (1980) Cardiovascular
Res 14 : 371.

Katz AM, Messineo FC (1981) Cir Res 48 : 1.
Katz AM (1982) J Mol Cell Cardiol 14 : 627.
Leidtke AJ (1981) Prog Cardiovasc Dis 23 : 321.
Hanahan DJ, Nelson DR (1984) J Lipid Res 25 : 1528.
Michell RH (1975) Biochem Biophys Acta 415 : 81.
Singer SJ, Nicholson G (1972) Science 175 : 720.

van den Bosch H (1980) Biochem Biophy Acta
604 : 191.

Eibl H, Woolley P (1979) Biophys Chem 10 : 261.

MacDonald RC, Simon S, Baer E (1976) Biochemis-
try 15: 885.

Trauble H (1976) In Structure of Biological Mem-
branes (Abrahamsson S, Pascher I, eds.) Plenum
Press, NY, pp 509.

Martonosi A, Donley J, Halpin RA (1968) J Biol
Chem 243 : 61.

Dean WL, Tanford C (1977) J Biol Chem 252 : 3551.

Finegn_ JB (1973) In Form and Functions of Phos-
pholipids (Ansell GB, Hawthorne JN, Dawson RMC,
eds.) Elsevier, London, pp 171.

Wheeller KP, Whittam J (1970) Nature 225 : 449.

Fenster LJ, Copenhaver JH Jr (1967) Biochem
Biophys Acta 137 : 406.

64

32.

33.

34.
35.
36.
317.
38.

39.

40.

41.
42.

43.

44.

45.

417.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.
58.
59.
60.

Brierley GP, Merola AJ, Fleischer S (1962) Biochem
ophys Acta 64 : 218.

Awasthi YC, Chuang TF, Keenan TW, et al. (1970)
Biochem Biophys Res Commu 3¢ : 822.

Green DE, Tzagoloff A (1966) J Lipid Res 7 : 587.
Sastry PS, Hokin LE (1966) J Biol Chem 241 : 3354.
Bauman G, Mueller P (1974) J Supramol Str 2 : 538.
Trudell JR (1977) Anaesthesiology 46 : 5.

Sandermann J Hr (1978) Biochem Biophys Acta
515 : 209.

Helenius S, Simon K (1975) Biochem Biophys
Acta 41529.

Bennet J, McGill H, Warren GB (1980) In Current
Topics in Membranes and Transport, Vol. 14 (Bron-
ner F, Kleinzeller, eds.) Academic Press, NY, pp 128.

Kennett FF, Weglicki WB (1978) Circ Res 43 : 750.

Chien KR, Pfau RG, Farber JL (1979) Am J Pathol
97 . 5065.

Chien KR, Reeves JP, Buja M (1982) Circ Res 48 : 711.
Sobel BE, Corr PB (1979) Adv in Cardiol 26 : 76.

Corr PB, Gross RW, Sobel BE (1982) J Mol Cell
Cardiol 14 : 619.

. Shaikh NA, Parson I, Downar E (1984) In: Myocardial

Ischemia and Lipid Metaoblism, Ferrari R, Katz A,
Shug A, Visioli O, eds; Plenum Publishing Corp.: 63.

Shaikh NA, Downar E (1983) J Mol Cell Cardiol 15
(Suppl III) : 20.

Shaikh NA, Downar E (1983) J Mol Cell Cardiol 15
(Suppl I) : 171.

Shaikh NA, Downar E (1985) In: Pathobiology of
Cardiovascular Injury, Stone LH, Weglicki W, eds;
Kuwer Nijhoff Publisher, Boston USA : 298.

Shaikh NA, Downar E (1980) Clin Res 28 : 211A.

Shaikh NA, Downar E (1981) Circ Res 49 : 316.
Shaikh NA, Downar E (1980) Clin Res 28 : 211A.

Taylor IM, Shaikh NA, Downar E (1984) J Mol
Cell Cardiol 16 : 79.

Shaikh NA, Downar E (1983) J Mol Cell Cardiol
15 (Suppl I) : 170.

Shaikh NA, Downar E (1983) Ann Meeting Can
Cardivasc Soc, Tor.

Shaikh NA, Downar E, Butany J (1985) Can Fed
Biol Soc 28 : 161.

Shaikh NA, Palmer FB (1976) J Neurochem 26 : 597.
Shaikh NA, Palmer FB (1977) J Neurochem 28 : 295.
Shaikh NA, Palmer FB (1977) Brain Res. 137 : 333.
Shaikh NA, Kuksis A (1982) Can J Biochem 60 : 444.



PAKISTAN HEART JOURNAL

VOL — 20 No. 3

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71,

72.

73.
74.
19}

76.

(&

78.

79.

81.

82.

83.

Shaikh NA (1986) In: The Heart and the Cardiovas-
cular System, Fozzard HA, Haber E, Jennings
RB, Katz AM, Morgan HE, eds; Raven Press, NY:289.

Kuksis A, Myher JJ, Geher K, Shaikh NA, Breken-
ridge WC, Jones GJL, Little JA (1980) J Chromatogr
183271

Butany J, Hanna W, Downar E, Shaikh NA, Rebuck
T, Brody A (1983) Lab Invest 48 : 12A.

Downar E, Shaikh NA, Butany J (1984) J Am Coll
Cardiol 3 : 604.

Downar E, Shaikh NA, Butany J (1984) CBS Sym-
posium “Molecular Aspects of Membrane Structure
and Function”, Banff, Apr.

Harris L, Downar E, Shaikh NA, Chen T (1986)
59th Scientific Session of The American Heart
Association Annual Meeting, Dallas.

Harris L, Downar E, Shaikh NA (1986) 59th Scien-
tific Session of The American Heart Association
Annual Meeting, Dallas, Nov.

Chien KR, Hau A, Sen A, et al. (1984) Cir Res
54 : 313.

Severson DL (1979) Can J Physiol Pharmacol
57 : 923.

Weglicki WB, Kramer JH et al. (1985) Adv Myocar-
diol 6 : 127.

Kramer JH and Weglicki WB (1985) Am J Physiol
248 (1, Pt2) : H75.

Kurien VA, Yates PA, Oliver MF (1971) Eur J
Clin Invest 1 : 225.

de Leiris J, Opie LH (1978) Cardiovasc Res 12 : 585.
Pande SV, Mean JF (1968) J Biol Chem 243 : 6180.

HO CH, Pande SV (1974) Biochem Biophys Acta
369 : 86.

Adams RJ, Cohen DW, Gupte S, et al. (1979)
Biol Chem 254 : 12404.

Adams RJ, Pitts BJR, Woods JM, et al. (1979)
J Mol Cell Cardiol 11 : 941.

Karli JN, Karikas GA, Hatzipavlou PK, et al. (1979)
Life Sci 24 : 1869.

Katz A, Nash-Adler P, Miceli J, et al. (1979) Cir-
culation 60 (Suppl II) : 12..

Messineo FC, Pinto PB, Katz AM (1980) J Mol
Cell Cardiol 12 : 725.

Katz AM, Messineo FC, Pinto Pb (1980) Clin Res
28 : 470A.

.van der Vusse GJ, Roemen THM, Prizen RW, et al.

(1982) Circ Res 50 : 538.

Goldfarb RD, Glenn TM (1974) Am J Cardiol
33 :139.

_ Kruger FA, Leighty EG, Weissler AM (1967) J

Clin Invest 46 : 1080.

65

85.

86.

817.

88.

89.

90

9

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Steinberg D, Khoo JC (1977) Fed Proc 36 : 1986.

Fain JN, Shepherd RE (1975) J Biol Chem 250 :
6586.

Malliani A, Schwartz PJ, Zanchetti A (1969) Am
J Physiol 217 : 703.

Wightman PD, Dahlgren ME, Bonney RJ (1982)
J Biol Chem 257 : 6650.

Corbin JD, Krebs EG (1969) Biochem Biophys
Res Commun 36 : 328.

Chien KR, Abrams J, Pfau RG, Farber JL (1977)
Am J Pathol 88 : 539.

Chien KR, Abrams J, Serroni A, et al. (1978)
J Biol Chem 253 : 4809.

Sobel BE, Corr PB, Robinson AK, et al. (1978)
J Clin Invest 62 : 546.

Corr PB, Caine ME, Witkowski FX, et al. (1979)
Circ Res 44 : 822.

Weltzien HU (1979) Biochim Biophys Acta 559 :
259.

Honjo I, Takasan H, Ozawa K, et al. (1968) J
Biochem (Tokyo) 63 : 811.

Karli JN, Karikas GA, Hatzipaviou PK, et al. (1979)
Life Sci 24 : 1869.

Mogelson S, Wilson GE Jr, Sobel BE (1980) Biochim
Acta 619 : 680.

Corr PB, Snyder DW, Lee BI, et al. (1982) Am J
Physiol 243 : H187.

Man RYK, Slater TL, Pelletier MP, Choy PC (1983)
Lipids 18 : 677.

Steenbergen C, Jennings RB (1984) J Mol Cell
Cardiol 16 : 605.

Snyder DW, Crafford WA, Glashow JL (1981)
Am J Physiol 241 : H700.

Weglicki WB, Own K, Urschel CW, et al. (1974) d
Recent Adv Studies Cardiac Struct Metab 3 :781.

van der Vusse GJ, Roemen THM, Prizen RW, et al.
(1982) Circ Res 50 : 538.

Vasdev SC, Kako Kj, Biro GP (1979) J Mol Cell
Cardiol 11 : 1195.

Vasdev SC, Kako KJ (1980) Res Commu Chem
Pathol & Pharmacol 27 : 599.

Vasdev SC, Biro GP, Narbaitz R, Kako KJ (1980)
Can J Biochem 58 : 1112.

Weglicki WB, Waite BM, Sisson P, et al. (1971)
Biochem Biophys Acta 231 : 512.

Weglicki WB, Waite BM, Stam AC (1972) J MOI
Cell Cardiol 4 : 195.

Owens K, Pang DC, Weglicki WB (1979) Biochem
Res Commu 89 : 368.




VOL — 20 No. 3

PAKISTAN HEART JOURNAL

110.

111.

112,

113.

114.

115.

116.

147,
118.

119,

120.

121

122,

123.

124.

Franson R, Waite BM, Weglicki WB (1972) Bio-
chemistry 11 : 472.

Chien KR, Sherman C, Mittanacht S Jr, Farber
JL (1980) Arch Biochem Biophys 147 : 36.

Hsueh W, Isakson PC, Needleman P (1977) Prostag-
landins 13 : 1073.

Isakson PC, Raz A, Hsueh W, Needleman P (1978)
Adv Prostagl Thromb 3 : 113.

Nalbone G, Hostetler KY(1985) J Lipid Res 26 :
(In Press).

Levei GS (1970) Biochem Biophys Res Commu
43 :108.

Rethy A, Tomasi V, Treviasni A (1971) Arch
Biochem Biophys 147 : 36.

Lefkowitz RJ (1975) J Mol Cell Cardiol 7 : 27.

Chien KR (1983) J Mol Cell Cardiol 15 (Suppl
ImI) : 3.

Corr PB, Snyder DW, Caine ME, et al. (1918)
Cir Res 49 : 354.

Arnsdorf MF, Sawicki FJ (1981) Circ Res 49 : 16.
Clarkson CW, Ten Eick RE (1983) Circ Res 52 :
543.

Man RYK, Choy PC (1982) J Mol Cell Cardiol 14 :
173.

Hostetler KY, Hall LB (1980) Biochem Biophys
Res Commu 96 : 388.

Matsuzawa Y, Hostetler KY (1980) J Biol Chem
255 : 646.

66

125.

126.

127.

128.

1285

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Okumara K, Ogawa K, Salake T (1983) J Cardio-
vasc Pharmacol 5 : 983.

Beckman JK, Owen K, Knauer TE, Weglicki WB
(1982) Am J Physiol 242 : H652.

Matsuzawa Y, Hostetler KY (1980) J Lipid Res
21 202,

Yamamoto A, Adachi S, Matsuzawa Y, et al. (1976)
Lipids 11 : 616.

Hostetler KY, Matsuzawa Y (1981) Biochem
Pharmacol 30 : 1121.

DeBoer LWV, Nasta JJ, Kloner RA, Braunwald
E (1982) Circulation 65 : 508.

Singh BN, Vaughan Williams EM (1970) Br J
Pharmacol 39 : 657.

Mason JW, Hondeghem LM, Katzung BG (1983)
Pflugers Arch 396 : 79.

Brennan FJ, Brien JF, Armstrong PW (1984)
Clin Invest Med 7 (83) : 38.

Hostetler KY, Reasor MJ, et al. (1986) Biochim
Biophys Acta 875 : 400.

Marchlinski FE, Ganslet TS, Waxman HL, Joseph-
son ME (1982) Ann Int Med 97 : 839.

Meier C, Kauer B, Muller U, Ludin HP (1979) J
Neurol 220 : 231.

Poucell S, Treton J, Valencia-Mayoral P, et al.
(1984) Gasteroenterol 86 : 926.

Seydel JK, Wasserman O (1976) Biochem Pharma-
col 25 : 2357.

Lullmann H, Lullmann-Ranch R, Wasserman O
(1978) Biochem Pharmacol 27 : 1103.



