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Dietary cholesterol influences cardiac $-adrenergic receptor adenylate cyclase
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The activity of the S-adrenergic receptor /adenylate cyclase system of the marmoset monkey heart was
investigated following dietary cholesterol supplementation (0.5%). After 22 weeks, plasma cholesterol levels
in the cholesterol group were more than twice that of the control group. In the cholesterol-fed group, the
affinity for ICYP binding to cardiac membranes was elevated more than 2-fold, while the receptor number
was decreased by 31%. Isoproterenol, norepinephrine and sodium fluoride stimulated adenylate cyclase
activity was significantly higher in the cholesterol-fed group although the fold stimulation over basal levels
was not affected. The most prominent change in the cardiac membrane lipids was an increase in the
cholesterol to phospholipid ratio in marmoset monkeys fed cholesterol. These results indicate that in the
marmoset, membrane cholesterol is an important factor in determining various properties of the cardiac
B-adrenergic receptor particularly receptor affinity which may impact on the response of the S-adrenergic
receptor / adenylate cyclase system of the heart to catecholamines. This result is in agreement with dietary
fatty acid supplements designed to increase cardiac membrane cholesterol in this animal species (Mc-
Murchie, E.J. et al. (1988) Biochim. Biophys. Acta 937, 347-358). Elevated membrane cholesterol enhances
B-adrenergic receptor affinity and certain aspects of adenylate cyclase activity. This is a likely mechanism
whereby atherogenic diets could promote cardiac arrhythmia in non-human primates and indeed in man.

Introduction

It is now well established that the stimulatory
effects of sympathetic input to the heart are in
part mediated via a GTP-dependent, S-adrenergic
agonist-mediated increase in cyclic AMP levels [1]
and the resulting augmentation of Ca** movement
in the heart [2,3]. The B-adrenergic receptor/
adenylate cyclase system and indeed hormone-
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sensitive adenylate cyclases in general, have been
shown to be sensitive to the physical properties of
their host membrane environment [4,5]. Although
an increase in membrane lipid order as a result of
increased membrane cholesterol has been shown
to stimulate adenylate cyclase activity [6],
hormone-sensitive adenylate cyclase activity has
also been shown to be influenced in an opposite
manner [7], or to even show a biphasic activity
profile with respect to the membrane cholesterol
to phospholipid ratio in liver plasma membranes
upon glucagon stimulation [S]. Changes in the
cardiac membrane cholesterol to phospholipid
ratio have been reported to influence catechola-
mine-stimulated adenylate cyclase activity in the
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heart following dietary lipid supplementation in
rats [8] and marmoset monkeys [9].

A relationship between the nature of the di-
etary lipid intake and the incidence of cardiac
arrhythmias has recently been reported in various
animal models [10-12], and a similar relationship
may exist in man. The above effects of dietary
lipids on cardiac dysfunction may be based on
changes in cardiac membrane lipid composition
and subsequent effects on the functioning of vari-
ous membrane-associated enzyme systems which
are independent of atherosclerosis [8,13,14]. Prom-
inent among these is the membrane-associated
B-adrenergic receptor/adenylate cyclase system
controlling the chronotropic and inotropic re-
sponse of the mammalian heart to increased sym-
pathetic drive. Overstimulation of this system may
be involved in the generation of certain
arrhythmias [15].

Because of the known relationship between
membrane lipid composition and adenylate cyclase
activity [5] and the role of this transmembrane
signalling system in arrhythmogenesis, we have
investigated the role of altered membrane
cholesterol (induced by dietary cholesterol supple-
mentation) on the catecholamine-sensitive adeny-
late cyclase system of the heart of a non-human
primate animal model, using the marmoset
monkey.

Materials and Methods

Adolescent male cotton-eared marmosets (Cal-
lithrix jacchus jacchus) approximately 12 months
of age at the start of the experiment were main-
tained as previously described [14]. One group of
five marmosets was fed a standard commercial
diet consisting of a 1: 1 mixture of Arnott Harper’s
(Ltd., Adelaide, Australia) greyhound chow and
Milling Industries (Ltd., Adelaide, Australia)
primate meal. The overall composition of this diet
has previously been described [16], and on analy-
sis contained 4.5% (w/w) total fat (Control diet).
A second group of six marmosets was fed the
above diet supplemented at the time of repelleting
with 0.5% (w/w) cholesterol (Ajax Chemical Co.,
Sydney, Australia). Average body weights for the
groups were 290 g (control) and 325 g (cholesterol-
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fed) at the start of the experiment, and 320 g
(control) and 343 g (cholesterol-fed) at the end of
the experiment after 22 weeks. Differences be-
tween the body weights of the two groups at the
start and finish of the experiment were not signifi-
cant.

Preparation of cardiac membrane fractions.
Animals were killed under anaesthetic ether and
the heart removed. Ventricular tissue from each
marmoset heart was chopped and rinsed in ice-cold
isolating medium containing 250 mM sucrose, 20
mM Tris, 1 mM EDTA, 1 mM MgCl, (pH 7.4),
and then homogenized in 40 ml of the above
medium using a Polytron tissue homogenizer
(Kinematica, GmbH, Switzerland) at setting 4 for
three bursts each of 30 s. A P0-500g, low-speed
membrane fraction and a P6000g—46000g post-
mitochondrial membrane fraction (high-speed pel-
let), were isolated by differential centrifugation as
previously described [8,17].

Adenylate cyclase assay. Adenylate cyclase (ATP
pyrophosphate-lyase (cyclizing, EC 4.6.1.1) activ-
ity was measured in medium containing 50 mM
Tris, 5 mM MgCl,, 1 mM cAMP, 1 mM EDTA,
0.5 mM EGTA, 1 mM isobutylmethylxanthine, 1
mM dithiothreitol, 0.1% (w/v) delipidated bovine
serum albumin, 10 mM creatine phosphate all
adjusted to pH 7.4 with HCL. Assays were per-
formed in triplicate at 37°C for 20 min in a final
volume of 60 pl containing 12 pg creatine phos-
phokinase, 100 pM GTP, 0.2 mM ATP containing
between 1.5-10° and 3.0-10° cpm [a-*2P] ATP
and appropriate additions (e.g. NaF, adrenergic
agonists etc.) where indicated. Assays were ini-
tiated by the addition of 40 pg of the membrane
fraction (PO-500g) and terminated by the addition
of a stopping buffer [8,17] containing [*H]JcAMP
as recovery marker (20000 cpm), and processed as
described previously [8,17]. This cardiac mem-
brane fraction has previously been shown to ex-
hibit the highest catecholamine-stimulated adeny-
late cyclase activity and fold stimulation by
catecholamines [17]. The assay was linear over at
least 20 min with a membrane protein concentra-
tion of up to 100 pg/assay.

B-Adrenergic receptor binding assay. Cardiac f3-
adrenergic receptor binding activity was de-
termined using the P6000g—46000g membrane
fraction and the pB-adrenergic receptor ligand,
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(—)-['*IJiodocyanopindolol (['*’IJICYP) with
specific binding being determined in the presence
of 107°M propranolol using 10 points over a
radioligand concentration range of 50-500 pmoles,
as previously described [8,17]; specific binding
was between 76% to 92%. Saturation binding as-
says were performed in 50 mM Tris, 10 mM
MgCl,, 1 mM ascorbic acid (pH 7.4) in triplicate
for 60 min at 37°C, and were initiated by the
addition of ICYP. Binding assays used between 20
pg and 30 pg membrane protein in a final volume
of 200 pl. This cardiac membrane fraction has
previously been shown to exhibit the greatest
number of B-adrenergic receptor sites and the
highest per cent specific binding, with binding
being linear in the range of 20-60 pg membrane
protein for the marmoset monkey [17].

Protein determination. Values for the membrane
protein content of cardiac membrane preparations
were determined by the method of Lowry et al.
[18], after solubilization of the membranes in 0.1
M NaOH and 1%(w/v) sodium dodecyl sulphate,
and using bovine serum albumin as standard.

Cardiac membrane fatty acid analysis. Fatty acid
analysis of total phospholipids was performed on
both the P0-500g and the P6000g to 46000g
membrane fractions by methods previously de-
scribed [8,13,14]. Separation, identification and
quantification of the major phospholipid classes
and the determination of the fatty acid profile of
the major phospholipid classes was performed
using the PO-500g membrane fraction by meth-
ods previously described [19,20].

Cardiac membrane phospholipid and cholesterol
determination. The cholesterol to phospholipid
(mol/mol) ratio was determined on total lipid
extracts of the P6000g—46 000g cardiac membrane
fraction. Membrane total lipids were extracted as
described above for fatty acid analysis and the
cardiac membrane phospholipid to cholesterol
ratio determined as previously described [8].

Plasma cholesterol determination. Plasma
cholesterol levels were determined after 7-weeks
dietary cholesterol supplementation and at the
termination of the experiment after 22 weeks. At 7
weeks, 2 ml of blood was removed from the femoral
artery of restrained unanaesthetized marmosets.
Plasma cholesterol levels were determined as pre-
viously described [21].

Chemicals. (— )-Isoproterenol; (+ -propranolol;
(—)-epinephrine; (—)-arterenol; ATP, disodium;
3-isobutyl-1-methylxanthine; creatine phosphate,
disodium; creatine phosphokinase, rabbit muscle,
and bovine serum albumin, fraction V were sup-
plied by Sigma. Cyclic AMP, free acid; dithio-
threitol, and GTP, dilithium, were supplied by
Boehringer Mannheim. Forskolin was from
Calbiochem. (—)-['**IJIodocyanopindolol, 2200
Ci/mmol, > 99% pure; [a-*?PJATP, tetra (trieth-
ylammonium) salt, 3000 Ci/mmol, > 99% pure;
[2,8-*HJcAMP, ammonium salt, 31.1 Ci/mmol,
>99.5% pure, were supplied by New England
Nuclear. Solvents were of highest analytical grade
and were redistilled and gassed with N, before
use. All other chemicals were of the highest re-
agent grade available.

Results

Plasma cholesterol levels of marmoset monkeys
were significantly elevated after 7 and 22 weeks
dietary supplementation with 0.5% cholesterol
(Table I). Although considerable variation in
plasma cholesterol levels was evident at both times,
the value of the cholesterol-supplemented group at
7 weeks was significantly higher than that ob-
served in the same group after 22 weeks.

Analysis of the phospholipid and cholesterol
content of marmoset cardiac P6000g—46000g
membranes isolated after 22 weeks dietary
cholesterol supplementation showed that the
cholesterol to phospholipid ratio was significantly
elevated (P <0.025) in the cholesterol-supple-
mented group (Table I). This was brought about
by an increase in cardiac membrane cholesterol
content despite a concomitant increase in the
membrane phospholipid content in the cholester-
ol-supplemented group. Changes in the membrane
lipid to protein ratio as may have occurred in this
instance, have previously been reported in rat
heart membranes following dietary cholesterol
supplementation [8].

Fatty acid analysis of the membrane total phos-
pholipids was performed on both cardiac mem-
brane preparations used for biochemical measure-
ments, 1.e. the P6000g—46 000g fraction (S-adren-
ergic receptor binding) and the P0-500g fraction
(catecholamine-stimulated adenylate cyclase activ-



TABLE 1

EFFECT OF DIETARY CHOLESTEROL SUPPLEMENTA-
TION ON PLASMA CHOLESTEROL LEVEL AND
CARDIAC MEMBRANE LIPID CONTENT IN MARMO-
SET MONKEYS

Data are presented as the mean + S.E. for n = 5 control (CONT)
and n =6 dietary cholesterol-supplemented (CHOL) marmo-
sets with the range of values for the plasma cholesterols shown
in brackets. Food was withheld for 18 h prior to taking blood
samples for cholesterol determination. Cardiac membrane lipid
content was determined on the P6000g-46000g marmoset
heart fraction isolated after 22 weeks of dietary supplementa-
tion. The significance of differences between groups was de-
termined by Student’s r-test. ! Difference in plasma cholesterols
between dietary groups were significant (P < 0.01) at both 7
and 22 weeks. 2 The differences in the mean values for the
cholesterol-supplemented group were significant (P < 0.05)
when compared at 7 and 22 weeks. * The difference between
the cholesterol to phospholipid ratios of the control and
cholesterol-supplemented marmoset monkey cardiac mem-
branes were also significant (P < 0.025).

Diet duration Plasma cholesterol

(mg /100 ml)
CONT CHOL
7 weeks 182+14 997 +209 12
(150-235) (684-1999)
22 weeks 182414 4794791
(156-234) (291-822)
Parameter Membrane lipid content
CONT CHOL
nmol cholesterol /mg
protein (C) 102+9.0 127+9.1
nmol phospholipid /
mg protein (PL) 478 +39 514433
Cholesterol to phos-
pholipid (C/PL) 0.213 +£0.005 0.247+0.011 3

ity). Some differences were evident in the fatty
acid composition between the two different mem-
brane fractions when comparing similar dietary
groups (Table II). However following dietary
cholesterol supplementation, no major differences
were evident when comparing within each cardiac
membrane fraction except for that of arachidonic
acid and the total (n» — 6) polyunsaturates in the
P6000g—46 000g membrane fraction, as noted in
the legend to Table II.

Analysis of the phospholipid class distribution
and the effect of dietary cholesterol supplementa-
tion on the fatty acid distribution of the major

327

membrane phospholipid species could only be
performed on the low-speed P0-500g membrane
fraction because of the limited amount of mem-
brane material available from the heart of this
particular animal species. The effect of dietary
cholesterol on the distribution of the major phos-
pholipid classes in marmoset cardiac P0-500g
membranes is shown in Table III. Dietary
cholesterol treatment decreased significantly the
relative proportions of cardiolipin (DPG) and the
combined phosphatidylserine, phosphatidylinosi-
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Fig. 1. Saturation binding curves for ICYP with marmoset
monkey cardiac membranes. Curves were generated by first
normalizing for protein and then averaging data from n=4
control animals and n =5 cholesterol-supplemented animals.
Aliquots of the high speed membrane pellet (P6000g-46000g)
were incubated in the presence () or absence (@) of 107> M
propranolol at 10 concentrations of the radioligand ICYP in
the range of 50-500 pmol at 37°C for 60 minutes. Specific
binding is plotted in the Scatchard form (inset) showing values
for the respective correlation coefficient (r), dissociation con-
stant (K4) and receptor number (B, ). The percentage of
specific binding at K is indicated by the arrows.
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TABLE I1

TOTAL PHOSPHOLIPID FATTY ACID COMPOSITION OF MARMOSET HEART VENTRICLE P6000g-46000g AND
P0-500g MEMBRANES FOLLOWING DIETARY CHOLESTEROL SUPPLEMENTATION

Major fatty acids are designated by the number of carbon atoms followed by the number of double bonds and the particular
unsaturated fatty acid series (n — x) as defined in Ref. 9. Data are shown as the mean + S.E. Differences between the means were
only significant for 20:4(n —6) (P < 0.001) and the total (n —6) polyunsaturated fatty acids (P < 0.01) in the P6000g-46000g
group. U.L is the unsaturation index as defined in Ref. 13. CONT, marmoset fed control diet; CHOL, dietary cholesterol-supple-

mented marmoset.

Major fatty acid P6000g-46000g P0-500¢g

CONT (n=4) CHOL (n=6) CONT (n=15) CHOL (n = 6)
16:0 12.0+04 12.740.5 11.9+0.2 113402
16:1(n~7) 0.8+0.1 1.0+0.1 0.8+0.1 0.8+0.1
18:0 17.6+0.4 16.5+0.7 17.31£0.3 17.740.2
18:1(n—9) 13.0+0.2 143+1.0 13.7+£0.4 13.74+0.3
18:2(n —6) 20.3+0.9 18.24+0.9 253106 26.1+0.3
20:3(n —6) 2.0+0.1 1.7+0.2 1.0+0.1 11401
20:4(n —6) 16.61+0.4 13.34+0.4 18.3+0.3 18.5+0.3
20:5(n-3) 1.0+0.3 1.8+0.3 0.8+0.1 0.8+0.1
22:4(n—6) 1.0+0.1 1.1+03 0.6+0.1 0.5+0.1
24:0 20401 32108 22405 1.8+0.1
22:5(n-3) 38104 29403 30101 27401
22:6(n—3) 53+04 5.6+0.8 49403 50+0.2
Satd.(S) 354+04 355+0.8 314+05 30.8+0.3
Unsatd. 65.5+0.4 64.5+0.8 68.6+0.5 69.2+0.3
Polyunsatd.(P) 50.5+0.5 48.9+09 540+0.2 547403
P/S 1.46 1.38 1.72 1.78
Total(n —6) 391+1.1 349406 453404 462404
Total(n —3) 10.7+0.8 10.8+0.9 8.8+04 8.5+0.2
(n-6)/(n—3) 36 3.2 5.1 54
U.L 185 173 192 194
TABLE III

THE EFFECT OF A CHOLESTEROL-SUPPLEMENTED
DIET ON THE DISTRIBUTION OF MAJOR PHOS-
PHOLIPID CLASSES IN MARMOSET HEART P0-500g
MEMBRANES

Results are the percent distribution (mean + S.E.) of the major
phospholipid classes of the total phospholipids of the P0-500g
membrane fraction. PC, phosphatidylcholine; PE, phos-
phatidylethanolamine; DPG, diphosphatidylglycerol (cardio-
lipin). ‘Others’ represent the minor components comprising
phosphatidylserine, phosphatidylinositol and sphingomyelin.
Significant differences are indicated by ! P < 0.005 and 2 P <
0.02. CONT, marmoset fed control diet; CHOL, dietary
cholesterol-supplemented marmoset.

Major CONT CHOL
phospholipid (n=35) (n=26)

PC 50.2+1.0 539+1.9
PE 329+17 337413
DPG 10.6+0.5 77404
‘Others’ 6.3+0.4 474042

tol and sphingomyelin fraction. The relative pro-
portions of phosphatidylcholine and phos-
phatidylethanolamine were unaffected.

The effects of dietary cholesterol on the fatty
acid composition of the major phospholipid classes
of the P0-500g cardiac membrane fraction are
shown in Table IV. Each of these three phos-
pholipids exhibited distinct fatty acid profiles with
regard to a number of fatty acids, e.g. palmitic
(16: 0), stearic (18:0), linoleic (18:2 (n — 6)) and
arachidonic (20:4 (n — 6)), which has been noted
previously when examining lipids extracted from
marmoset ventricular homogenate material [20].
Dietary cholesterol supplementation did not have
a profound effect on the fatty acid profile of any
of these major phospholipid classes, except where
noted in the legend to Table IV. It must be
pointed out that fatty acid analysis was not per-
formed on the minor phospholipid species, phos-
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FATTY ACID COMPOSITION OF THE MAJOR PHOSPHOLIPID CLASSES FROM MARMOSET HEART P0-500g MEM-
BRANES FROM ANIMALS FED CONTROL OR CHOLESTEROL-SUPPLEMENTED DIETS

Data shown are the mean+ S.E. Significant differences (* P < 0.05) were determined only between measurements within the one
phospholipid class. CONT, marmoset fed control diet; CHOL, dietary cholesterol-supplemented marmoset.

Major Major phospholipid class
fatty acid PC PE DPG

CONT CHOL CONT CHOL CONT CHOL

(n=5) (n=6) (n=15) (n=75) (n=95) (n=4)
16:0 254+0.4 2621422 36104 31405 38+04 28+0.2
16:1(n=7) 0.6+0.3 0.6+04 0.5+0.2 09+03 10401 09401
18:0 12.8+0.3 1341408 29.6+0.5 291+1.2 61408 35+05*
18:1(n—9) 16.6 +0.7 19.7+1.5 8.7+0.9 10.2+1.9 141+1.2 17.6+4.6
18:2(n —6) 21.2+0.7 201+1.1 63+04 6.0+0.2 59.8+2.8 66.2+4.2
20:3(n —6) 13101 1.8+£0.2 09+0.1 13+04 0.9+0.1 09+0.1
20:4(n —6) 14.31+0.9 11.0+0.9 31.9+0.6 313+1.0 6.7+£09 3.6+0.5
20:5(n —3) 09101 061+0.1 1.3+0.2 09+1.0 03+0.1 03401
22:4(n —6) 0.5+0.1 07102 12+£01 14+03 1.0+0.2 03402
24:0 13+01 14101 35402 38106 23405 19+0.2
22:5(n-3) 22401 20402 47101 3.81£03 1.7+03 1.0+0.2
22:6(n—3) 31+0.2 26404 8.0+0.2 83111 23408 11401
Satd.(S) 39.5+0.3 41.0+£2.7 36.6+0.3 36.0+1.1 121+1.4 8.2+0.38
Unsatd. 61.5+0.3 59.0+2.7 63.4+0.3 640111 879+14 91.8+0.8
Polyunsatd.(P) 4481038 387+£23* 54.3+0.4 529+1.4 729410 72.7+4.4
P/S 1.1 0.9 1.5 1.5 6.0 8.9
Total(n —6) 37.2+0.7 33.5+1.7 40.3+0.3 40.0£0.5 685+1.8 70.9+4.5
Total(n —3) 6.2+04 5.2+0.7 14.0+0.3 13.0+1.3 44+1.1 24402
(n—6)/(n—3) 6.0 6.4 29 31 15.6 29.5
UL 156 141 235 229 193 182

phatidylserine, phosphatidylinositol and sphingo-
myelin. Therefore, we cannot rule out the possibil-
ity that dietary-induced changes occurring in these
minor phospholipids may have had quite dramatic
effects on cardiac membrane function.

Changes in cardiac $-adrenergic receptor affin-
ity and number were apparent after 22 weeks
dietary cholesterol supplementation (Fig. 1). The
affinity for ICYP binding was increased signifi-
cantly following dietary cholesterol supplemen-
tation; K, value reduced from 0.254 + 0.03 nM
(mean + S.E., n =4, derived from the average of
the individual binding experiments and Scatchard
determinations) in the control group, to 0.106 +
0.014 nM (n = 5) in the cholesterol-supplemented
group. Accompanying this increase in receptor
affinity, cardiac beta-adrenergic receptor number
was lowered from 185 + 16 fmol/mg protein in
the control group to 128 + 16 fmol /mg protein in
the cholesterol-supplemented group. The signifi-
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Fig. 2. Effect of dietary cholesterol supplementation on
marmoset cardiac isoproterenol-stimulated adenylate cyclase
activity using the P0-500g membrane fraction. Data are shown
as the mean+ S.E. for » = 4 control (®) and n = 6 cholesterol-
supplemented (M) animals. Differences between means were
significant at P < 0.05 (*) and P <0.025 (**) as determined

by Student’s ¢-test.
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TABLE V

EFFECT OF DIETARY CHOLESTEROL SUPPLEMENTATION ON MARMOSET HEART ADENYLATE CYCLASE ACTIV-

ITY

Adenylate cyclase activity expressed as pmol cCAMP /min per mg protein at 37 ° C is presented as the mean+ S.E. for n = 4 animals in
the control (CONT) and » = 6 animals in the dietary cholesterol group (CHOL). The significance of differences between means was
determined by Student’s r-test with ' P < 0.05, 2 P < 0.025 and > P < 0.01. A cAMP is the maximum change in cAMP across the
isoproterenol dose curve. * Fold stimulation is that rate compared over basal.

Addition CONT CHOL
rate fold * rate fold *

Basal 59.6-7.3 - 87.8+12.0 -
Isoproterenol (10™° M) 53.5+ 4.7 - 85.6+10.3 -
Isoproterenol (5-107° M) 108 +13.0 1.81 145 + 652 1.65
Isoproterenol (10> M)

plus propranolol (10™4 M) 63.6+ 8.0 1.07 92.94+10.0 1.06
A cAMP 564+ 7.9 - 66.7+14.1 -
Epinephrine (5-107° M) 97.1+16.0 1.63 136 +11 1.55
Norepinephrine (5-107° M) 90.9+10.4 1.52 124 + 86! 1.41
NaF (10 mM) 184 +16.7 3.09 265 +15.0° 3.02
Forskolin (100 pM) 646 +31 10.84 721 +20.0 8.21
Propranolol (10™% M) 74.7+£10.1 1.25 99.0+11.0 1.13

cance of differences between the means was de-
termined by Student’s r-test and was P < 0.005 for
K, and P <0.05 for B, . The correlation coeffi-
cient () for the individual Scatchard plots was
always between —0.95 and —0.99. The plots in
Fig. 1 are not representative curves from single
experiments, but are derived from the number of
binding experiments indicated in the figure legend,
normalized for protein, and then averaged to gen-
erate the binding curves and Scatchard plots
shown. The specific binding at K; was 76% for
the control group and 92% for the cholesterol-sup-
plemented group.

Basal and (total) isoproterenol-stimulated
adenylate cyclase activity associated with cardiac
membranes was significantly increased in
marmosets supplemented with dietary cholesterol
for all isoproterenol concentrations tested (107°
M to 5-10~° M) compared to the control group
(Fig. 2). ED, values for isoproterenol stimulation
of adenylate cyclase activity were not influenced
by dietary cholesterol and remained at about § -
1077 M, as previously reported [17]. Other param-
eters associated with the activation of cardiac
adenylate cyclase activity were also increased fol-
lowing dietary cholesterol supplementation (Table
V). Although the increases in adenylate cyclase
activity were only statistically significant for

norepinephrine ( P < 0.05) and NaF (P < 0.01), all
other parameters associated with the activation of
adenylate cyclase activity as shown in Table V,
were increased in the cholesterol-supplemented
group. While the absolute rates of adenylate
cyclase activity following agonist or activator
stimulation were higher following dietary
cholesterol supplementation, the fold stimulation
was the same or even slightly less in this dietary
group (Table V). Indeed, the elevation of
catecholamine-stimulated adenylate cyclase activ-
ity is mainly accountable by the basal activity
being enhanced by the cholesterol-supplemented
diet. The stimulation of marmoset cardiac adeny-
late cyclase activity by propranolol alone has pre-
viously been reported [17].

Discussion

Dietary cholesterol had a significant effect on
the B-adrenergic receptor/adenylate cyclase sys-
tem of the marmoset heart with changes in recep-
tor properties being the most prominent. Elevated
plasma cholesterol levels resulting from cholesterol
supplementation increased the cardiac membrane
cholesterol to phospholipid ratio and S-adrenergic
receptor affinity, as well as elevating the absolute
rates of isoproterenol, norepinephrine and NaF
stimulated adenylate cyclase activity, but did not



alter the fold stimulation. Changes in the mem-
brane phospholipid fatty acid profile and the
phospholipid class distribution, together with the
fatty acid profiles of the major phospholipids were
not dramatic and therefore probably not major
factors influencing the changes observed in the
activity of the B-adrenergic receptor/adenylate
cyclase system. However, the contribution of di-
etary cholesterol-induced changes in some or all of
the minor membrane phospholipid components,
(phosphatidylserine, phosphatidylinositol and
sphingomyelin), cannot be discounted from the
results of the present study. Concomitant with the
changes in catecholamine-stimulated adenylate
cyclase activity, S-adrenergic receptor number was
decreased possibly indicating receptor down-regu-
lation in response to elevated adenylate cyclase
activity. This relationship has been noted previ-
ously where catecholamine-stimulated adenylate
cyclase activity has been increased by various di-
etary lipid treatments [8,9].

The changes in catecholamine-stimulated
adenylate cyclase activity reported in this study
are consistent with other reports that this mem-
brane-associated signalling system is sensitive to
the membrane lipid composition, particularly when
membrane physico-chemical properties may be al-
tered [4,5]. Dietary saturated fatty acid supple-
mentation in the form of sheep kidney fat signifi-
cantly increases catecholamine-stimulated adeny-
late cyclase activity in marmoset monkey cardiac
membranes in combination with an increase in the
membrane cholesterol to phospholipid ratio [9].
Furthermore, such dietary lipid treatment induced
changes in the pM-adrenergic receptor binding
parameters similar to that described in the present
study [9]. In addition, an increase in the cholesterol
to phospholipid ratio in heart membranes of the
rat following dietary cholesterol supplementation
also increased catecholamine-stimulated adeny-
late-cyclase activity but did not alter S-adrenergic
receptor affinity [8].

The overall coupling and activity of hormone
receptor, guanine nucleotide regulatory protein(s),
and adenylate cyclase catalytic unit therefore ap-
pears to be influenced by alterations in host mem-
brane cholesterol. While in some systems an in-
crease in adenylate cyclase activity has been re-
ported when lipid order has been increased by in
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vitro cholesterol incorporation [6], the opposite
effect is seen with liver plasma membrane associ-
ated adenylate cyclase activity [7]. In that latter
study, the fold stimulation of basal adenylate
cyclase activity by glucagon, sodium fluoride and
forskolin was markedly elevated for cholesterol-
enriched membranes and decreased for
cholesterol-depleted membranes [7}. In our study,
no such dramatic change in fold stimulation was
apparent upon altering membrane cholesterol
status. These contradictory observations may be
reconciled by several factors. Firstly, the manner
by which changes in membrane cholesterol are
induced in a particular experiment, differ signifi-
cantly. Hence there is the possibility that long-term
dietary lipid manipulations may induce adaptive
changes in membrane physico-chemical properties
not apparent with in vitro membrane cholesterol
manipulation. Secondly, as described by Houslay
[5], the activity of hormone-sensitive adenylate
cyclase may show a biphasic response to changes
in membrane cholesterol, although this is only
cited for glucagon-stimulated adenylate cyclase
activity of rat liver plasma membranes following
in vitro membrane cholesterol manipulation. The
ability of cholesterol to change various properties
of adenylate cyclase activation via its effect on
membrane physico-chemical properties may relate
to whether or not the activity of the hormone-re-
ceptor complex is initially optimized with respect
to the membrane cholesterol to phospholipid ratio
(or more correctly) to membrane bilayer fluidity,
and that such a condition remains throughout the
isolation and assay of the complex. Thirdly, the
effect of cholesterol in complexing inhibitory acidic
phospholipids which in turn influence hormone-
sensitive adenylate cyclase activity, must not be
overlooked [22]. Finally, consideration must also
be given to the effect changes in hormone receptor
properties per se could induce to the overall func-
tioning of the adenylate cyclase following mem-
brane lipid manipulation. Although the manner by
which cholesterol influenced B-adrenergic receptor
affinity in the present study is unknown, it is clear
that the dramatic increase in receptor affinity
following dietary cholesterol supplementation
would imply that this part of the overall trans-
membrane signalling complex is also sensitive to
changes in membrane lipid composition, and hence
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membrane physico-chemical properties.

There is an increasing recognition of the link
between dietary lipids and heart disease via the
process of atherosclerosis [23]. However, besides
its role in atherosclerosis, cholesterol has been
reported to influence various membrane-related
functions which could have bearing on
atherosclerosis, with the relationship between
membrane cholesterol content and calcium uptake
via the calcium channel, being one such example
[24,25]. Sudden cardiac death is a facet of heart
disease involving a disturbance to cardiac thythm
and automaticity [26] which in animal models at
least, is influenced by dietary lipids [10-12). The
generation of arrhythmias and ectopic beats can
occur via an enhancement of intracellular Ca’*
ion uptake by a cAMP-dependent phosphoryla-
tion of the slow calcium channel [2,3]. Elevated
membrane cholesterol could enhance this process
by its effect on cAMP production via catechola-
mine stimulated adenylate cyclase; an effect
mediated by changes in cardiac B-adrenergic re-
ceptor affinity.

The results of this study suggest that an eleva-
tion in plasma cholesterol could significantly in-
fluence the physiology and pharmacology of the
mammalian heart under conditions of increased
sympathetic drive by affecting the B-adrenergic
receptor/ adenylate cyclase system of the heart by
way of changes in the cardiac membrane
cholesterol to phospholipid ratio. Indeed the re-
sults provide a biochemical link between athero-
genic diets and their promoting effect on cardiac
arrhythmogenesis in this [12] and other animal
models [10,11). Therefore consideration of the ef-
fects of dietary lipids on heart disease should also
take into account the effects of dietary lipid per-
turations in membrane lipid composition. This is
particularly so in terms of membrane-associated
cholesterol and its effects on transmembrane sig-
nalling systems instrumental in the control of
cardiac contractility and rhythmicity.
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