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Dietary lipid supplements high in either saturated fat derived from sheep kidney fat or unsaturated fat 
derived from sunflower seed oil, and a low mixed fat reference diet were fed to marmoset monkeys for 20 
months and the effects on cardiac membrane lipid composition, and myocardial catecholamine-stimulated 
adenylate cyclase and fl-adrenergic receptor binding activity were investigated. For cardiac membranes 
enriched for fl-adrenergic binding activity, the dietary lipid treatment resulted in small changes in the 
proportion of saturated to unsaturated fatty acids and substantial changes in the (n - 6) to (n - 3) series of 
unsaturated fatty acids in the membrane phospholipids. The sheep kidney fat diet increased the cholesterol- 
to-phospholipid ratio in cardiac membranes in comparison to the other diets. This diet also significantly 
elevated basal and isoproterenoi-, epinephrine- and norepinephrine-stimulated adenylate cyclase activity. The 
value of the dissociation constant (K d) and the receptor number (Bma x ) for the binding of [12s I]ICYP to the 
fl-adrenergic receptor was significantly reduced in marmosets fed the sheep kidney fat diet. These results 
suggest that dietary iipids can influence the activity of the fl-adrenergic/adenylate cyclase system of the 
heart. Modulation of this transmembrane signalling system may be induced by changes in the properties of 
the associated membrane lipids, particularly by alteration in the membrane cholesterol-to-phospholipid ratio. 
This effect may be limited to those animal species in which the nature of the dietary fatty acid intake may be 
influencing cardiac membrane cholesterol homeostasis, which is in agreement with previous results in rats 
following dietary cholesterol supplementation (McMurehie et al. (1987) Biochim. Biophys. Acta 898, 
137-153). ICYP, (-)-iodocyanopindolol. 

Abbreviations: EGTA, ethyleneglycol bis(fl-amino-ethyl 
ether)-N,N'-tetraacetic acid; ICYP, (-)-iodocyanopindolol; 
BHT, butylated hydroxytoluene. Diets: REF, reference, stan- 
dard laboratory diet; SKF, sheep kidney fat-supplemented 
diet; SSO, sunflower seed oil-supplemented diet. 

Correspondence: E.J. McMurchie, CSIRO (Australia), Divi- 
sion of Human Nutrition, Glenthorne Laboratory, Majors 
Road, O'Halloran Hill, SA 5158, Australia. 

Introduction 

Many of the processes controlling the contrac- 
tile cycle of the mammalian heart are performed 
by enzymes, receptors and ion channels which are 
associated with various cardiac, membranes, par- 
ticularly the sarcolemmal membrane. Included in 
this category is the fl-adrenergic/adenylate cyclase 

0005-2736/88/$03.50 © 1988 Elsevier Science Publishers B.V. (Biomedical Division) 



348 

system which when activated by catecholamines, 
increases the intracellular level of cyclic AMP 
(cAMP) [1,2]. By means of a cAMP-dependent 
protein kinase, cAMP is believed to lead to the 
phosphorylation of the slow calcium channel and 
subsequent enhancement of the number of calcium 
channels available for Ca 2+ entry during mem- 
brane depolarization [3,4]. Resulting increases in 
the level of intracellular calcium ions contribute to 
the enhanced inotropic and chronotropic response 
of the heart in response to increased sympathetic 
drive. 

The fl-adrenergic/adenylate cyclase system 
consists of a receptor unit capable of binding 
adrenergic ligands with high affinity, a stimulatory 
guanine nucleotide regulatory protein (Gs), and 
the catalytic unit which converts ATP to cAMP 
[5,6]. The function of this enzyme-receptor com- 
plex, and indeed hormone-sensitive adenylate 
cyclases in general, has now been shown to de- 
pend on the maintenance of a suitable membrane 
environment [7]. Changes in those lipid compo- 
nents of the membrane with which this system is 
associated, can dramatically influence many prop- 
erties of this signalling mechanism [8,9]. This latter 
property has prompted many investigations into 
the effects of dietary lipids on hormone-activated 
adenylate cyclases [10-13]. Relatively few studies 
have focussed on the possible effects of dietary 
lipids on the catecholamine-stimulated adenylate 
cyclase system of the heart, and we are not aware 
of reports on the effects of dietary lipids on this 
system using non-human primates as experimental 
animal models. 

We have recently demonstrated that dietary 
cholesterol supplementation influences the activity 
of the fl-adrenergic/adenylate cyclase system of 
the rat heart, mediated by changes in the mem- 
brane cholesterol-to-phospholipid ratio [14]. Di- 
etary fatty acid supplementation has been re- 
ported both to influence [15] and have no effect 
[14] on this hormone-sensitive system in rat heart. 
In addition to these findings, we have documented 
the changes that occur in cardiac membrane lipid 
composition of rats and marmoset monkeys when 
these animals are fed diets rich in saturated fats 
derived from a sheep kidney fat supplement, or in 
polyunsaturated fatty acids provided by supple- 
mentation with sunflower seed oil [16-24]. We 

have shown that such lipid-supplemented diets 
influence cardiac contractility and arrhythmogene- 
sis [25-27], cardiac mitochondrial oxidation [21] 
and membrane-associated ATPase activity [16,28]. 

Of particular relevance is our finding that 
ventricular tachyarrhythmias in rats [25,27] and 
marmoset monkeys [26] can be substantially at- 
tenuated by a sunflower seed oil dietary supple- 
ment. By contrast, the saturated fatty acid-en- 
riched diet heightened vulnerability to arrhythmo- 
genesis. These observations are pertinent to the 
recent demonstration of an inverse correlation be- 
tween the prevalence of coronary heart disease 
mortality and the polyunsaturated to saturated 
fatty acid ratio of adipose fat [29]. In this study we 
report the effects of dietary fatty acids on the 
cardiac fl-adrenergic/adenylate cyclase system of 
the marmoset monkey. The experimental findings 
suggest that this system can be modulated by 
dietary lipids and this may in part be responsible 
for dietary lipid effects on the vulnerability of the 
heart to arrhythmogenesis. 

Materials and Methods 

Marmosets. Adolescent male common cotton- 
eared marmosets ( Callithrix jacchus jacchus ) ap- 
prox. 12 to 14 months of age at the start of the 
experiment were paired for optimal growth and 
social behaviour and kept in aluminium alloy 
marmoset cages in a room with fluorescent light 
and 30 rain of ultraviolet irradiation daily. The 
temperature was maintained at 26°C and the 
humidity at approx. 5070. Marmosets were main- 
tained on the various dietary lipid regimes 
described below for a period of 20 months. 
Animals were killed under anaesthesia (Ketamine, 
100 mg/kg i.m. (Ketalar, Parke Davis, Australia) 
and anaesthetic diethyl ether). The heart was then 
removed for immediate preparation of membrane 
fractions. Marmosets weighed an average of 318 g 
at the start of the experiment and 342 g at the 
finish of the experiment, and there was no signifi- 
cant difference in the weight gain between dietary 
groups. 

Marmoset diets. One group of marmosets was 
fed a standard commercial diet consisting of a 1 : 1 
mixture of Arnott Harper's (Adelaide, Australia) 
greyhound chow and Milling Industries (Adelaide, 
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Australia) primate meal. The overall composition 
of this diet has previously been described [30], and 
on analysis contained 4% (w/w) total fat. The 
fatty acid composition of this diet which was 
designated the reference (REF) diet, is shown in 
Table I. A second group of marmosets was fed the 
above diet supplemented at the time of repelleting 
with sunflower seed oil (Nuttelex, Melbourne, 
Australia) to give a total of 19% (w/w) fat (desig- 
nated the SSO diet). A third group of marmosets 
was fed the reference diet supplemented with sheep 
kidney (perirenal) fat, a natural source of both 
saturated and monounsaturated fat, to give a total 
of 19% (w/w) fat (designated the SKF diet). The 
various fat supplements were added to the crushed 
REF diet and thoroughly mixed before the respec- 
tive diets were repelleted. The amount of 
cholesterol present in these three diets was less 
than 0.04% (w/w) [21]. The fatty acid composition 
of the sunflower seed oil and sheep kidney fat 
used in the diet preparations has been reported 
previously [18,20,21,23] and the fatty acid com- 
position of the final fabricated marmoset diets is 
shown in Table I. These diets were supplied ad 
libitum. 

TABLE I 

FATTY ACID C O M P O S I T I O N  OF F A B R I C A T E D  
MARMOSET DIETS 

Fatty acids are designated by the number of carbon atoms 
followed by the number o~, double bonds. The particular 
unsaturated fatty acid series for each unsaturated fatty acid is 
shown as (n - x)  where (x )  refers to the position of the first 
double bond counting from the terminal methyl group of the 
fatty acid. REF, reference, standard laboratory diet; SKF, 
sheep kidney fat-supplemented diet; SSO, sunflower seed oil- 
supplemented diet. Trace amounts (tr., less than 0.2%) were 
also detected for the fatty acids 20:0, 22:0 and 22:6(n - 3 ) .  

Fatty acid REF SKF SSO 

14:0 2.2 2.5 0.5 
16 : 0 25.0 24.1 12.0 
16 : l (n  - 7) 3.7 1.8 tr. 
18 : 0 14.4 29.6 7.9 
18 : l (n  - 9 )  33.9 32.6 26.3 
18 : 2(n - 6 )  19.2 8.6 52.5 
18 : 3(n - 3) 1.5 0.9 0.7 

Unsatd. 58.3 43.9 79.5 
Satd. 41.6 56.2 20.4 
Polyunsatd./Satd. 0.50 0.17 2.61 
(n - 6 ) / (n  - 3) 12.8 9.5 75.0 

Preparation of cardiac membrane fractions. 
Ventricular tissue from each marmoset heart was 
chopped and rinsed in ice-cold isolating medium 
comprising 250 mM sucrose/20 mM Tris/1 mM 
EDTA/1 mM MgC12 (pH 7.4) and then homoge- 
nized in 40 ml of the above medium using a 
Polytron tissue homogenizer (Kinematica, Switzer- 
land) at setting 4 for three bursts each of 30 s. A 
P0-500g, low-speed membrane pellet and a 
P6000g-46000g post-mitochondrial membrane 
fraction (high-speed pellet), were isolated by dif- 
ferential centrifugation as previously described 
[141. 

Adenylate cyclase assay. Adenylate cyclase (ATP 
pyrophosphate-lyase (cyclizing), EC 4.6.1.1) activ- 
ity was measured as previously described [14]. 
Assays performed in triplicate, were initiated by 
the addition of 40 ~tg of membrane protein from 
the low-speed membrane pellet (P0-500g). 

/3-Adrenergic receptor binding assay. Cardiac/3- 
adrenergic receptor binding activity was de- 
termined using the P6000g-46000g membrane 
fraction and the/3-adrenergic radioligand, ICYP, 
with specific binding being determined in the 
presence of 10 .5 M propranolol as previously 
described [14]. Assays, done in triplicate, were 
initiated by the addition of ICYP and binding was 
performed using 20 /tg membrane protein per 
assay. 

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

Cardiac membrane fatty acid analysis. Fatty acid 
analysis was performed on the phospholipids iso- 
lated from the total lipids extracted from the 
P6000g-46000g (high-speed membrane fraction) 
as previously described [14,23]. The fatty acids 
present in the various dietary lipid supplements 
were analysed similarly. 

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. Membrane 
phospholipid content was determined using the 
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method of Bowyer and King [32], with egg-yolk 
phosphatidylethanolamine as standard. For mem- 
brane cholesterol determination, 0.1 ml of 10M 
KOH was added to 60 ~tg of the membrane total 
lipid extract in 1.5 ml of 95% (v/v) ethanol and 
the mixture was heated at 60°C for 25 rain for 
hydrolysis of cholesterol esters. Campesterol was 
added before hydrolysis as a recovery marker. 
These and samples for plasma cholesterol de- 
termination were analysed using a Hewlett Packard 
5710 gas chromatograph fitted with a glass col- 
umn packed with 1% OV-101 on Gas Chrom. Q 
silica gel (Alltech). Cholestane was used as the 
internal standard. 

Chemicals. 1-1soproterenol; (+)-propranolol; 
(-)-epinephrine; (-)-arterenol;  ATP disodium; 
3-isobutyl-l-methylxanthine; creatine phosphate, 
disodium; cholesterol; cholestane; campesterol; 
creatine phosphokinase, rabbit muscle; and bovine 
serum albumin, fraction V were supplied by Sigma. 
Cyclic AMP, free acid; dithiothreitol; GTP, di- 
lithium, were supplied by Boehringer-Mannheim. 
Forskolin was from Calbiochem. (-)-[1251]- 
Iodocyanopindolol, 2200 Ci/mmol,  over 99% 
pure; [a-32p]ATP tetra(triethylammonium)salt, 
3000 Ci/mmol,  over 99% pure; [2,8-3H]cAMP 
ammonium salt, 31.1 Ci/mmol,  over 99.5% pure, 
were supplied by New England Nuclear. Solvents 
were of highest analytical grade and were redis- 
tilled and gassed with N 2 before use. All other 
chemicals were of the highest reagent grade availa- 
ble. 

Results 

The fatty acid compositions of the fabricated 
marmoset diets are shown in Table I. Addition of 
sheep kidney fat to the marmoset reference diet 
decreased the ratio of polyunsaturated to saturated 
fatty acids mainly by increasing the proportion of 
18:0 and decreasing the proportion of 18:2 (n - 6). 
Addition of the sunflower seed oil to the reference 
diet markedly increased the polyunsaturated to 
saturated fatty acid ratio and the (n - 6)/(n - 3) 
polyunsaturated fatty acid ratio. 

Membrane lipid analysis 
Membrane lipid analysis was performed on the 

high-speed cardiac membrane preparation (i.e., 

P6000g-46000g) obtained by centrifuging the 
post-mitochondrial supernatant at 46000g. Previ- 
ous studies [33] have shown that this particular 
membrane fraction exhibited the greatest number 
of f l-adrenergic receptors (identified by 
[125 I]iodocyanopindolol binding). The effect of the 
various lipid supplemented diets on the fatty acid 
composition of marmoset heart membrane phos- 
pholipids is shown in Table II. Feeding the sheep 
kidney fat-supplemented diet did not significantly 
alter the proportion of saturated, unsaturated or 
polyunsaturated fatty acids in the membrane 
phospholipids in comparison to feeding the refer- 
ence diet. However, changes in the proportion of 
some of the individual polyunsaturated fatty acids 
were evident. There was a decrease in both 18:2(n 
- 6) and 20:4(n - 6), and an increase in 22:5(n - 
3) which led to a decrease in the (n - 6) /(n - 3) 
ratio. Feeding the sunflower seed oil-supple- 
mented diet decreased the proportion of saturated 
fatty acids and increased the proportion of 
unsaturated and polyunsaturated fatty acids in 
comparison to the other two dietary treatments, 
resulting in an elevation in the ratio of polyun- 
saturated to saturated fatty acids. Furthermore, 
the sunflower seed oil-supplemented diet increased 
the proportion of the ( n - 6 )  series of polyun- 
saturated fatty acids and decreased those of the 
(n - 3) series, resulting in a considerable increase 
in the (n - 6) /(n - 3) ratio in comparison to that 
obtained when feeding the other two diets. For the 
( n -  6) series of polyunsaturated fatty acids, the 
sunflower seed oil-supplemented diet resulted in 
an increase in the proportion of 18:2(n - 6) and a 
decrease in 20:4(n - 6). This latter effect has pre- 
viously been observed in marmoset heart 
mitochondrial membranes following similar di- 
etary lipid treatment [24]. 

The cholesterol-to-phospholipid ratio of cardiac 
membranes was also determined using lipids ex- 
tracted from the high-speed (P6000g-46000g) 
membrane pellet. The effect of the various dietary 
lipid supplements on both the cholesterol-to- 
phospholipid ratio and the level of plasma 
cholesterol, are shown in Table III. The value for 
the cholesterol-to-phospholipid ratio in hearts 
from marmosets fed the sheep kidney fat supple- 
mented diet was significantly higher than the value 
obtained for the sunflower seed oil-supplemented 
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TABLE I1 

FATTY ACID COMPOSITION OF MARMOSET HEART MEMBRANE PHOSPHOLIPIDS AFTER 20 MONTHS DIETARY 
LIPID SUPPLEMENTATION 

Fatty acids are the mean relative percentage_+ S.E. for single heart preparations from n = 6 REF, n = 6 SKF and n = 5 SSO dietary 
animals. Fatty acid analysis was performed on the total phospholipids of the high-speed P6000 g -46  000 g cardiac membrane fraction. 
The particular unsaturated fatty acid series for the majority of the unsaturated fatty acids is also shown. The unsaturation index 
(U.I.) is Xk,_ 1 (number of double bonds in a ) x ( %  occurrence of a)  for each fatty acid of k fatty acids, tr., (trace) present at less 
than 0.2%. DMA, dimethyl acetal derivative. The significance of differences between the major fatty acids and the computational 
parameters for each dietary group were determined by Student's t-test with (-),  not determined, and n.s., not significant. 

Fatty acid Diet Significance 

REF SKF SSO REF vs. REF vs. SKF vs. 
SKF SSO SSO 

14:0 0.5_+0.1 0.5_+0.1 0.3+0.1 - - - 
15 : 0 tr. tr. tr. - - - 

DMA 16:0 1.0+0.2 0.7+0.2 0.5+0.1 - - - 
16:0 12.9+0.9 10.8+0.6 9.0_+0.5 n.s. P < 0.02 P < 0.05 
16 : l (n  - 7 )  1.4_+0.1 2.0_+0.5 1.2_+0.1 - - - 
17:0 0.4_+0.1 0.6_+0.1 0.3_+0.1 - - - 

DMA 18:0 1.8_+0.3 2.1_+0.4 0.8_+0.3 - - - 
18:0 16.1_+0.6 17.3_+0.5 18.3_+0.8 n.s. n.s. n.s. 
1 8 : 1 ( n - 9 )  15.8_+1.2 17.6+1.0 1L8-+0.8 n.s. P < 0.05 P < 0.005 
18:2(n - 6 )  23.7_+0.5 19.2_+0.4 40.0+2.2 P < 0.001 P < 0.001 P < 0.001 
1 8 : 3 ( n - 6 )  0.3_+0.1 0.8_+0.2 1.0_+0.6 - - - 
18: 3(n - 3 )  0.4_+0.1 0.7_+0.1 0.4_+0.1 - - - 
20:0 tr. 0.2_+0.1 0.3_+0.1 - - - 
20:1 0.5_+0.1 0.9_+0.2 0.3_+0.1 - - - 
20:2(n - 6 )  0.7_+0.1 1.2_+0.3 1.3_+0.4 - - - 
20: 3(n - 6 )  0.8_+0.1 1.3_+0.3 0.9_+0.4 - - - 
20: 4(n - 6 )  15.2_+0.8 12.9+0.5 7.8_+0.4 P < 0.05 P < 0.001 P < 0.001 
22:1 /20 :  5(n - 3 )  0.8_+0.1 1.8_+0.6 0.3+0.1 - - - 
22:4(n - 6 )  0.5_+0.1 0.7-+0.1 1.1_+0.3 - - - 
24:0 1.0-+ 0.1 0.8-+0.1 1.3_+0.3 - - - 
2 2 : 5 ( n - 3 )  2.4_+0.2 3.1_+0.1 1.8_+0.3 P < 0.02 n.s. P < 0.005 
22:6(n - 3 )  3.5_+0.5 4.5_+0.3 2.2_+0.5 n.s. n.s. P < 0.005 

Satd. (S) 33.9_+0.3 33.2_+0.7 30.8+0.5 n.s. P < 0.001 P < 0.05 
Unsatd. 66.1 -+ 0.3 66.8 _+ 0.7 69.2 _+ 0.5 n.s. P < 0.001 P < 0.05 
Polyunsatd. (P) 48.3_+ 1.3 45.4_+0.3 54.8+0.9 n.s. P < 0.005 P < 0.001 
(n - 6 )  41.2-+ 1.0 36.2_+0.5 51.0-+0.9 P < 0.005 P < 0.001 P < 0.001 
( n - 3 )  7.1+__0.6 10.1_+0.9 4.8_+0.8 P < 0.02 P < 0.05 P < 0.005 
DMA 2.7 2.8 1.2 - - - 
P / S  1.42 1.37 1.78 - - - 
( n - 6 ) / (n  - 3) 5.80 3.56 10.64 - - - 
U.I. 168 169 159 - - - 

g r o u p  a n d  a l s o  h i g h e r  t h a n  t h a t  o f  t h e  r e f e r e n c e  

g r o u p .  P l a s m a  c h o l e s t e r o l  levels  w e r e  a l s o  e l e v a t e d  

in  m a r m o s e t s  f e d  t h e  s h e e p  k i d n e y  f a t - s u p p l e -  

m e n t e d  d i e t  a n d  d e c r e a s e d  in  t h e  s u n f l o w e r  s e e d  

oi l  g r o u p  r e l a t i v e  t o  t h e  r e f e r e n c e  g r o u p .  

Adenylate cyclase studies 
T h e  e f f ec t  o f  d i e t a r y  l i p id  s u p p l e m e n t a t i o n  o n  

a d e n y l a t e  c y c l a s e  a c t i v i t y  a n d  i t s  s t i m u l a t i o n  b y  

c a t e c h o l a m i n e s  a n d  o t h e r  a c t i v a t o r s  w a s  s t u d i e d  

u s i n g  t h e  l o w - s p e e d  ( P 0 - 5 0 0 g )  c a r d i a c  m e m b r a n e  

f r a c t i o n .  F r o m  o t h e r  s t u d i e s  o n  r a t  a n d  m a r m o s e t  

h e a r t  a d e n y l a t e  c y c l a s e  [33], t h i s  p a r t i c u l a r  c a r d i a c  

m e m b r a n e  f r a c t i o n  w a s  f o u n d  t o  e x h i b i t  t h e  g r e a -  

t e s t  s t i m u l a t i o n  b y  t h e  f l - a d r e n e r g i c  a g o n i s t ,  i so -  

p r o t e r e n o l ,  a n d  to  a l s o  e x h i b i t  t h e  h i g h e s t  level  o f  
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Fig. 1. Isoproterenol dose-response curves for marmoset heart membrane adenylate cyclase (AC) activity after 20 months dietary 
lipid supplementation. Data are shown as the mean___ S.E. for the dietary groups; $, REF; II, SKF; A, SSO. The EDs0 values were 
determined from normalized dose-response curves and were 6,57-10 7 M (REF), 9.62-10 7 M (SKF) and 7.64.10 -7 M (SSO) with 
the range for these values indicated on the figure. Significant differences between the REF and SKF dietary groups were apparent at 
isoproterenol concentrations of 3.16.10 -8 M, 2.15.10 -6 M and 5-10 -5 M (P < 0.05); 4.65.10 -6 M (P < 0.02); 10 -8 M, 10 -7 M 
and 10 -5 M (P < 0.01), and at 2.15.10 -7 M, 4.65-10 -7 M and 10 6 M (P < 0.005). Significant differences between the SKF and 
SSO groups were apparent at 10 -8 M and 10 7 M (P < 0.02). No significant difference was apparent between the REF and SSO 

dietary groups at any of the isoproterenol concentrations tested. 

forskolin-stimulated adenylate cyclase activity. 
Dose response curves (plotted as specific activ- 

ity) for isoproterenol stimulation of adenylate 
cyclase activity in heart preparations from 
marmoset monkeys fed the various lipid-supple- 
mented diets are shown in Fig. 1. It is evident that 

adenylate cyclase activity from the hearts of 
marmosets maintained on the sheep kidney fat 
diet exhibited a higher basal and isoproterenol- 
stimulated activity in comparison to the other two 
dietary groups. These differences were statistically 
significant for a number of isoproterenol con- 

TABLE III 

CARDIAC MEMBRANE CHOLESTEROL-TO-PHOSPHOLIPID RATIO AND PLASMA CHOLESTEROL LEVELS IN 
MARMOSET MONKEYS AFTER 20 MONTHS DIETARY LIPID SUPPLEMENTATION 

Data are presented as the mean_+ S.E. for n = 5 REF, n = 6 SKF and n = 5 SSO dietary supplemented animals. Cholesterol-to- 
phospholipid ratios were determined from the total lipids extracted from the P6000g-46000g membrane fraction as described in 
Materials and Methods. Differences between means were significant at P < 0.05 for SKF vs. SSO by Student's t-test for both the 
membrane cholesterol-to-phospholipid ratio and plasma cholesterol levels. 

Parameter Diet 

REF SKF SSO 

Cardiac membrane 
cholesterol to phospholipid (mol/mol)  0.238 ___ 0.017 0.278 +_ 0.020 0.221 _+ 0.010 

Plasma cholesterol (mg/100 rnl) 137 _+ 8 145 _+ 6 123 +_ 7 
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TABLE IV 

ADENYLATE CYCLASE ACTIVITY OF MARMOSET HEART MEMBRANES AFTER 20 MONTHS DIETARY LIPID 
SUPPLEMENTATION 

Data are shown as pmol cAMP/min per mg protein at 37 o C and are expressed as the mean_+ S.E. for n = 5 animals in the REF 
group, n = 4 animals in the SSO diet group and n = 5 animals in the SKF diet group. AcAMP is the activity in the presence of 
5.10- 5 M isoproterenol minus the basal activity. The significance of differences in adenylate cyclase activity between the dietary 
groups for the additions shown was determined by Student's t-test, with n.s., not significant. 

Addition Diet Significance 

REF SKF SSO REF vs. REF vs. SKF vs. 
SKF SSO SSO 

Basal 34.0+_ 1.1 43.2+__ 1.8 36.2_+ 1.9 P<0.005 n.s. P<0.05 
Propranolol (10 -4 M) 43.6_+ 3.1 55.6+- 2.4 50.0_+ 1.5 P < 0.02 n.s. n.s. 
Isoproterenol (10-8 M) 35.5 +- 1.3 42.2_+ 2.4 34.5_+ 1.7 P < 0.05 n.s. P < 0.05 
Isoproterenol(5.10-5 M) 54.8+- 2.6 72.2_+ 2.7 60.9+- 3.6 P<0.005 n.s. P<0.05 
AcAMP 21.1 _+ 2.3 31.9 +_ 2.5 26,6_+ 2.5 P < 0.005 n.s. n.s. 
lsoproterenol (5.10 -5 M) 

+propranolol(10-4M) 45.6_+ 3.4 58.6_+ 3.0 47,7_+ 3.1 P<0.02 n.s. P<0.05 
Epinephrine(5.10-5 M) 54.1+_ 2.9 63.5_+ 2.6 54.6_+ 2.4 P<0.05 n.s. P<0.05 
Norepinephrine(5-10 5M) 49.9+_ 3.6 63.5_+ 2.6 46.8_+ 2.0 P<0.02 n.s. P<0.005 
NaF(10mM) 116 _+ 5 134 _+ 6 124 _+ 4 P <  0.05 n.s. n.s. 
Forskolin (100/~M) 400 _+ 11 501 _+23 451 _+35 P < 0.005 n.s. n.s. 

centra t ions ,  as ind ica ted  in the figure legend. The  
EDs0 values for i sopro te renol  s t imula t ion  of 
adeny la t e  cyclase were be tween 6 . 5 7 . 1 0 - 7  M and 
9 . 6 2 . 1 0  7 M and were not  inf luenced by  the 
d ie ta ry  l ipid t rea tments .  The  effect of  the var ious  
d ie ta ry  l ip id  t rea tments  on other  condi t ions  asso- 
c ia ted  with the ac t iva t ion  of  marmose t  hear t  
adeny la te  cyclase, as well as some results der ived 
f rom the i sopro te renol  da t a  of Fig. 1, are shown in 
Tab le  IV. F o r  all the condi t ions  shown, the activ- 
i ty of  adenyla te  cyclase in the reference group was 
no t  s ta t is t ical ly  di f ferent  f rom that  in the sun- 
f lower seed oil group.  However  the act ivi ty in the 
sheep k idney  fa t - supp lemented  group was signifi-  
can t ly  higher  in compar i son  to the reference group.  
A l though  the sheep k idney  fat d ie ta ry  group ex- 
h ib i ted  higher  adeny la te  cyclase act ivi ty  than the 
sunf lower  seed oil group for all the condi t ions  
shown in Tab le  IV, a s ta t is t ical ly  s ignif icant  dif- 
ference was not  appa ren t  for all condi t ions .  W h e n  
a compar i son  be tween the sheep k idney  fat and  
reference groups  was made,  the greatest  increase 
was 51% for the value of the A c A M P  activity.  
A d d i t i o n  of  1 - 10 -4  M p rop rano lo l  a lone resul ted 
in an  increase (28% to 38%) in adenyla te  cyclase 
act ivi ty  in marmose t  heart ;  a result  previously  
observed  [33]. The  act ivi ty  in the presence of 

p rop rano lo l  (and  with i sopro terenol  in the pres-  
ence of excess propranolo l ) ,  was increased in the 
sheep k idney  fat group relat ive to the o ther  two 
d ie ta ry  groups.  Increased  adenyla te  cyclase activ- 
i ty was also evident  when using either ep inephr ine  
or  no rep inephr ine  at  concent ra t ions  of 5 • 10 -5 M. 
The  increase  in N a F -  and  forskol in-s t imula ted  
adenyla te  cyclase act ivi ty  in the sheep k idney  fat- 
d ie ta ry  group was only  s ta t is t ical ly  s ignif icant  in 
compar i son  to the reference group and  resul ted in 
an increase  of 15% and 25%, respectively.  

fl-Adrenergic receptor binding studies 
Represen ta t ive  Sca tchard  plots  for the b ind ing  

of  ICYP to marmose t  hear t  m e m b r a n e  p repara -  
t ions are shown in Fig. 2. Binding assays were 
p e r f o r m e d  u s i n g  t h e  h i g h - s p e e d  p e l l e t  
( P 6 0 0 0 g - 4 6 0 0 0 g )  f rom the marmose t  heart ,  as 
this par t i cu la r  m e m b r a n e  f ract ion has previously  
been  shown to exhibi t  the greatest  n u m b e r  of 
f l -adrenergic  b ind ing  sites in compar i son  to o ther  
ca rd iac  m e m b r a n e  f ract ions  p repa red  by  differen-  
t ial  cent r i fugat ion  [33]. A summary  of the pa rame-  
ters ob ta ined  f rom the b ind ing  exper iments  is 
shown in Tab le  V. The  g d value for ICYP b ind -  
ing in the marmose t  was lower for the sheep 
k idney  fat d ie ta ry  group relat ive to the other  two 
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Fig. 2. Binding of the fl-adrenergic ligand [1251]iodocyanopindolol to marmoset  heart membranes  after 20 months  dietary lipid 
supplementation. Scatchard plots were generated by pooling data from n = 5 REF (O), SKF ( I )  and SSO (A) P6000g-46000  ig 
cardiac membrane preparations with one heart per preparation. The regression coefficient for each line was more than - 0.95. From 

the pooled data the K d (nM) and Bma x ( fmo l / mg  protein) values were 0.205, 102 (REF); 0.130, 71 (SKF); 0.180, 93 (SSO). 

dietary groups, although statistical significance was 
only achieved in comparison to the sunflower-seed 
oil group. The receptor number (Bma~) was 
decreased in the sheep kidney fat group in com- 
parison to the other two dietary groups, as can 
also be seen in the Scatchard plot for ICYP 
binding to marmoset heart membranes (Fig. 2). 

Discussion 

Although both sheep kidney fat and sunflower- 
seed oil treatments resulted in changes in the fatty 
acid profile of marmoset cardiac membrane phos- 
pholipids, the activity of the catecholamine-stimu- 
lated adenylate cyclase system was only increased 
as a result of the dietary sheep kidney fat treat- 

TABLE V 

BINDING OF [125I]IODOCYANOPINDOLOL TO THE f l -ADRENERGIC RECEPTOR OF M A R M O S E T  H E A R T  MEM- 
BRANES AFTER 20 MONT HS  DIETARY LIPID SUPPLEMENTATION 

The dissociation constant  (Kd) and the receptor number  (Bin,x) were calculated from individual Scatchard plots as described in 
Materials and Methods with regression coefficients greater than - 0 . 9 5  and specific binding of more than 85% (at K a) as determined 
by competition against 10-5 M propranolol. Data are shown as the mean_+ S.E. for n = 5 animals in each dietary group. Binding 
experiments were performed on P6000g-46000g membrane  preparations. The significance of differences between means  was 
determined by Student 's t-test. *, P < 0.05, SKF vs. SSO; * *, P < 0.02, SKF vs. REF. 

Binding parameter Diet 

REF SKF SSO 

K d (nM) 0.205+ 0.042 0.130+0.014 * 0.180+ 0.016 
Bm~ ( fmol /mg)  105 +11 68 ___7 ** 96 +10  
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ment. This increase in adenylate cyclase activity 
may be related to the cholesterol-to-phospholipid 
ratio, which was elevated in cardiac membranes of 
marmosets fed the high saturated fatty acid, sheep 
kidney fat-supplemented diet relative to animals 
fed the other diets. In this regard, the results differ 
markedly from those observed for rat heart, in 
which dietary sheep kidney fat or sunflower seed 
oil supplementation did not significantly influence 
catecholamine-stimulated (/3-adrenergic) adeny- 
late cyclase activity [14]. However, dietary 
cholesterol supplementation in the rat has been 
shown to influence dramatically the cardiac /3- 
adrenergic/adenylate cyclase system, possibly by 
changing the membrane cholesterol-to-phos- 
pholipid ratio [14]. Thus, the different response of 
the cardiac/3-adrenergic/adenylate cyclase system 
of the rat and the marmoset monkey to dietary 
fatty acid supplementation may reside in the abil- 
ity of such diets to perturb membrane physical 
properties via changes in the membrane 
cholesterol-to-phospholipid ratio. This biophysical 
effect may in part be due to the different effect of 
these fatty acid supplements on plasma cholesterol 
levels in the rat and the marmoset monkey [14]. 

The results of this study and those previously 
performed in the rat [14] suggest that changes in 
the total phospholipid fatty acid composition of 
cardiac membranes per se were not sufficient to 
influence membrane-associated catecholamine- 
stimulated adenylate cyclase activity. This is sup- 
ported by the fact that the feeding of the sheep 
kidney fat diet did not substantially alter the 
proportions of saturated or unsaturated fatty acids 
in the cardiac membrane phospholipids in either 
the marmoset or the rat [14]. Furthermore, in both 
species, the dietary treatments had similar effects 
on the ratio of the membrane ( n -  6) to ( n -  3) 
series of polyunsaturated fatty acids, the value of 
which was elevated with the sunflower seed oil 
diet and reduced with the sheep kidney fat diet 
relative to the low mixed-fat reference diet. These 
dietary treatments have also been shown not to 
alter significantly cardiac membrane phospholipid 
headgroup composition in the rat [19,23] or the 
marmoset [22]. Therefore, the failure of the 
saturated fat diet to alter membrane lipid satura- 
tion/unsaturation or phospholipid headgroup 
composition substantially, together with the simi- 

larity of changes in the ( n -  6 ) / ( n -  3) ratio of 
polyunsaturated fatty acids in the cardiac mem- 
branes of both animals, would suggest that the 
major membrane lipid modification which was 
unique to the marmoset during this diet was the 
altered cholesterol-to-phospholipid ratio. This does 
not exclude the possibility that the sheep kidney 
fat diet stimulated the adenylate cyclase system 
through an effect not specifically measured in this 
study. Included in this category may be some 
particular change or combination of changes in 
the acyl fatty acid composition of one or more of 
the individual membrane phospholipid species. 
Although these compositional measurements have 
been made in both rats and marmosets following 
dietary lipid supplementation of the type de- 
scribed in this study [22,23], the changes are com- 
plex and are not readily reconcilable with the 
different responses observed in cardiac adenylate 
cyclase activity between these animal species fol- 
lowing dietary lipid supplementation. 

The possibility that the lateral mobility of some 
or all of the components of hormone-sensitive 
adenytate cyclases is involved in some manner 
with the process of transmembrane signalling 
[34,35], has led to the suggestion, which has now 
been supported by much experimental evidence, 
that hormone-sensitive adenylate cyclases are sen- 
sitive to certain compositional characteristics of 
their host membrane lipids. For hormone-sensitive 
adenylate cyclases this has been confirmed by a 
number of techniques such as in vivo modification 
of membrane lipid composition by dietary lipid 
supplementation [10-15], modification of the 
membrane lipid composition of cultured cell lines 
[36,37], in vitro lipid modification of isolated cell 
membrane preparations containing hormone- 
receptor adenylate cyclase components [38,39], re- 
constitution experiments [40], and by introducing 
lipid-perturbating agents into membranes [41,42]. 
Furthermore, hormone-sensitive adenylate cyclases 
have been shown to be particularly sensitive to 
changes in membrane cholesterol, especially alter- 
ations in the value of the cholesterol-to-phos- 
pholipid ratio [12,14,38,43,44]. This may indicate 
that the effect is mediated by altered physical 
properties of the membrane, although the possibil- 
ity of a direct effect of cholesterol on membrane 
proteins cannot be ruled out [45]. 
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The possibility that increased acyl fatty acid 
chain order may have been responsible for the 
increased adenylate cyclase activity would require 
direct biophysical measurements using for exam- 
ple, fluorescent probes. A thermodynamic inter- 
pretation based on increased enthalpy and en- 
tropy of enzyme activation accompanying in- 
creased membrane lipid order with subsequent 
stabilization of the enzyme in a more reactive 
conformation has been proposed [43]. However~ 
the actual mechanism whereby an elevated 
(cardiac) membrane cholesterol-to-phospholipid 
ratio, and presumably increased membrane lipid 
order might lead to an increased catecholamine- 
stimulated adenylate cyclase activity is clearly not 
known. 

In our study, the increased catecholamine- 
stimulated adenylate cyclase activity was accom- 
panied by a significant increase in fl-adrenergic 
receptor affinity and a decrease in receptor num- 
ber. The decrease in receptor number may be a 
reflection of fl-adrenergic receptor down-regu- 
lation [1] in response to the increased adenylate 
cyclase activity in marmosets fed the high saturated 
fatty acid, sheep kidney fat-supplemented diet. 
Indeed, for rats fed cholesterol supplemented di- 
ets, which significantly increase catecholamine- 
stimulated adenylate cyclase activity, there is an 
equally dramatic decrease in fl-adrenergic receptor 
number with no accompanying change in receptor 
affinity [14]. The significance of the change in 
fl-adrenergic receptor affinity in this present study 
in regard to altered adenylate cyclase activity is 
not known. However in the study by Scarpace et 
al. [39], in vitro incorporation of cholesteryl 
hemisuccinate did not alter fl-adrenergic receptor 
affinity. In addition, fl-adrenergic receptor affin- 
ity was not altered in quail erythrocyte mem- 
branes following dietary cholesterol supplementa- 
tion, although isoproterenol-stimulated cAMP 
accumulation in erythrocytes from cholesterol-fed 
quails was significantly elevated [13]. Loh and 
Law [8] conclude that the role of lipids in mod- 
ulating fl-adrenergic receptor binding is not at all 
conclusive, whereas the involvement of membrane 
lipids and their modulating effects on the coupling 
of the fl-adrenergic receptor complex to the effec- 
tor, is more clear-cut. Thus it is likely that the 
effects observed in the present study were media- 

ted by receptor-transducer alterations and that the 
reduction in fl-adrenergic receptor number did not 
'protect' against enhanced catecholamine-stimu- 
lated adenylate cyclase activity. 

As has already been reported using rats [20,46] 
and marmosets [24], considerable homeostasis is 
observed in the membrane lipid composition, de- 
spite considerable differences in the nature of the 
dietary lipid intake. This is particularly evident in 
the maintenance of a relatively constant propor- 
tion of membrane lipid saturation and unsatura- 
tion. We have not previously reported the effects 
of dietary lipid supplementation on this particular 
cardiac membrane preparation. As described 
earlier, this membrane preparation was chosen on 
the basis of a compromise between the limited 
amount of cardiac tissue available from the 
marmoset monkey, and the need to have a mem- 
brane preparation containing a sufficient number 
of fl-adrenergic receptors to undertake meaningful 
binding experiments [33]. However, the nature of 
the changes in the cardiac membrane phospholi- 
pid fatty acids when feeding identical fatty acid- 
supplemented diets is qualitatively similar to that 
described previously for heart rnitochondrial 
membranes from the marmoset [21,24] and, indeed, 
the rat [16,17,20]. The change in the value of the 
(n - 6) to (n - 3) polyunsaturated fatty acid ratio 
is in accord with changes in the flux of the various 
products of these non-interconvertable fatty acid 
pathways for chain elongation and desaturation in 
response to variable levels of precursor fatty acids 
in the particular dietary lipid supplement. As 
mentioned previously, the proportion of cardiac 
phospholipids is not significantly altered by these 
dietary lipid treatments [22,23]. 

The results presented in this study clearly show 
that dietary fatty acid supplementation can sig- 
nificantly alter cardiac catecholamine-stimulated 
adenylate cyclase activity in the marmoset monkey. 
The relevance of these findings in the marmoset to 
cardiac tachyarrhythmias and sudden cardiac 
death in humans is intriguing. We have already 
reported the much higher incidence of catechola- 
mine-induced ventricular arrhythmia in marmo- 
sets fed sheep kidney fat than in those fed sun- 
flower-seed oil [26]. There is compelling evidence 
in human populations that diets richer in plant 
than in animal derived foods are associated with 



lower cardiac associated mortality. In both the 
Western Electric (Chicago) Heart Study [47] and 
the Ireland-Boston Diet Study [48], a higher intake 
of polyunsaturated fatty acids and a lower intake 
of saturated fatty acids were significantly corre- 
lated with fewer cardiac deaths. Although no single 
dietary intervention trial has been conclusive, 
taken together, there is a strong indication that 
recurrence of cardiac events is lessened by reduc- 
ing the saturated fatty acid intake [49]. At the 
biochemical level it is therefore tempting to 
speculate that dietary-induced alterations in cer- 
tain transmembrane signalling mechanisms critical 
to the control of cardiac rhythmicity and contrac- 
tility may in part be involved in the genesis of 
cardiac dysfunction. 
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