
Bimodal effect of insulin on hormone-stimulated 
‘lipolysis: relation to intracellular 3’,5’-cyclic 
adenylic acid and free fatty acid levels 

K. S. Desai, K. C. Li, and A. Angel’ 

Department of Medicine, University of Toronto, Canada 

Abstract The present study was undertaken to determine the 
relationship between the antilipolytic and lipolytic effects of in- 
sulin on hormone-stimulated lipolysis and the mechanisms of 
these reactions. The dose-response curve of norepinephrine-stim- 
ulated lipolysis in rat adipocytes was not sigmoidal but biphasic 
in nature. Intracellular free fatty acid levels were linearly related 
to lipolytic rate and also described a biphasic profile in response 
to increments in norepinephrine concentration. Intracellular 
3’,5’-cyclic AMP levels measured 10 min after addition of in- 
creasing concentrations of norepinephrine showed a rise and a 
plateau followed by a secondary rise. Insulin was antilipolytic at 
low concentrations of norepinephrine and distinctly lipolytic at 
high concentrations. The combined antilipolytic and lipolytic ef- 
fect of insulin is termed the “bimodal” effect of insulin on hor- 
mone-stimulated lipolysis. The bimodal effect of insulin correlat- 
ed positively with changes in peak intracellular 3’,5’-cyclic AMP 
levels. In the presence of glucose, insulin invariably enhanced li- 
polysis. It is suggested that the antilipolytic effect of insulin is 
achieved by both inhibition of adenyl cyclase activity and activa- 
tion of low-K, 3’,5’-cyclic AMP phosphodiesterase, the net ef- 
fect being a low‘accumulation of 3’,5‘-cyclic AMP. On the other 
hand, the lipolytic effect of insulin probably reflects enhancement 
of adenyl cyclase activity to an extent that overrides any activa- 
tion of low-K, 3’,5‘-cyclic AMP phosphodiesterase activity, re- 
sulting in an increase in peak adipocyte 3’,5’-cyclic AMP levels. 

Supplementary key words adipocytes . antilipolysis . regulation of 
lipolysis . free fatty acid mobilization 

The  antilipolytic effect of insulin on hormone-stimulat- 
ed lipolysis is well established (1-3). This effect of insulin 
appears to be associated with a decrease in tissue adenyl 
cyclase activity (4-6) and a decrease in adipose tissue 
3’,5‘-cyclic AMP levels (7). The  inhibition of lipolysis by 
insulin is not an  invariable event because it is not seen 
when glucose is also present in the incubation medium (2, 
8). Indeed, the lipolytic activity of catecholamines is 
markedly increased rather than decreased with the addi- 
tion of glucose and insulin (2, 9). One other aspect about 
the antilipolytic effect of insulin is that it can be overcome 

by increasing either the dose of lipolytic hormone or the 
concentration of insulin in the medium (4, 10-12). 

A number of studies have appeared in which insulin 
actually enhanced hormone-stimulated lipolysis in the ab- 
sence of medium glucose (3, 10, 13-15). Although the in- 
hibition of lipolysis by insulin can be correlated with low- 
ered levels of intracellular 3‘,5’-cyclic AMP, the mecha- 
nism of the seemingly paradoxical augmentation of hor- 
mone-stimulated lipolysis by insulin has not been ex- 
plained. In  an  attempt to clarify the mechanism of the 
stimulatory effect of insulin on norepinephrine-mediated 
lipolysis, the present study was undertaken. O n  the basis 
of preliminary reports (16, 17) and the results reported 
here, it is proposed that the antilipolytic and lipolytic ef- 
fect of insulin (termed the “bimodal” effect of insulin) on 
norepinephrine-stimulated lipolysis is causally related to 
observed fluctuations in initial rates of cyclic A M P  accu- 
mulation and/or peak intracellular 3’,5’-cyclic AMP lev- 
els. 

MATERIALS AND M E T H O D S  

Isolated adipocytes were prepared by the method of 
Rodbell et al. (18), with minor modifications (19), from 
epididymal fat pads of Wistar rats (160-200 g) raised on 
Purina chow. Each incubation vial contained 70-100 mg 
of adipocyte lipid in 2 ml of Krebs-Ringer bicarbonate 
buffer, p H  7.4, containing 5% dialyzed bovine serum al- 
bumin. The  cells were preincubated for 10 min, after 
which zero-time samples were taken and hormones were 
added. The  in vitro conditions employed were such to en- 
sure sustained intracellular ATP levels during linear rates 
of lipolysis and nonsaturation of medium albumin by free 
fatty acids. Glucose was not required to sustain adipocyte 
ATP and was not added to the incubation medium unless 

Abbreviations: 3‘,5‘-cyclic AMP, 3‘,5’-cyclic adenylic acid. 
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Fig. 1. Effect of norepinephrine (NE) on initial rate of lipolysis. Iso- 
lated adipocytes (75-100 mg of lipid) were incubated 30 min with vari- 
ous concentrations of norepinephrine. Cells were separated and medium 
free fatty acid was measured. Zero-time values were subtracted. Glycerol 
or free fatty acid release elicited by 0.1 pg/ml norepinephrine was taken 
as 100% and the other values were normalized. The glycerol and free 
fatty acid release in response to 0.1 pg/ml norepinephrine was 17.6 f 
1.26 pmoles and 49.2 f 2.31 pmoles per gram of cell lipid in 30 min, 
respectively. Each point represents the mean i SEM (n = 12) of six 
experiments, each performed in duplicate. The glycerol and free fatty 
acid output using 10 pg/ml NE was significantly lower than that pro- 
duced by 0.1 pg/ml NE (P < 0.01), and the free fatty acid and glycerol 
output at 100 pg/ml NE was greater than that produced by 10 pg/ml 
(P < 0.01; statistical analysis by paired difference). 

specifically stated. These criteria of ideal conditions for in 
vitro lipolysis have been previously proposed (9, 20, 21) 
and were employed in this study to permit meaningful in- 
terpretation of the effects of interventions on initial rates of 
lipolysis. 

At the end of incubation, the contents of each vial was 
transferred to a 15-ml centrifuge tube and centrifuged at 
300 g for 15 sec. The  medium was separated from the 
floating material (“cell float”) by aspiration through poly- 
ethylene tubing (Intramedic PEIOO) attached to a 20- 
gauge, 1 -inch needle and syringe. Intraeellular free fatty 
acids were determined by first measuring adipose “cell 
float” free fatty acid content and correcting for extracellu- 
lar albumin-bound free fatty acid, using [ ‘C] sucrose as 
an extracellular marker. Further details of this method for 
measuring intracellular free fatty acids have been reported 
previously (9, 20). Free fatty acids were titrated by the 
procedure of Dole and Meinertz (22). 

Medium glycerol was measured in deproteinized medi- 
um by the method of Garland and Randle (23). Protein 
measurement was carried out according to Lowry et al. 
(24), using bovine serum albumin as reference standard. 
T o  calculate free fatty acid/albumin molar ratios, the mo- 
lecular weight of albumin was taken as 66,000. ATP as- 
says were carried out on perchloric acid extracts of adi- 
pose cells. The perchloric acid extracts were neutralized 
with 10 N K O H  and triethanolamine-HC1 to p H  7, and 
ATP was assayed as described by Denton, Yorke, and 
Randle (25). 

3’,5’-Cyclic AMP was measured by a modified proce- 
dure of the protein binding assay described by Gilman 
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Fig. 2. Time-course study of relationship between lipolysis and adipose 
cell ATP. Medium and cells were separated by centrifugation and ana- 
lyzed. Three experiments were combined and each point represents the 
mean f SEM of six observations. The ATP levels were normalized, 
taking the zero-time control value as 100% to simplify presentation. 
ATP levels in the presence (0-3 and absence (o---o) of norepi- 
nephrine, 10 pg/ml. 

(26). The binding reactions were carried out for 120 min 
at 0°C in 50 m M  sodium acetate buffer, p H  4, in a vol- 
ume of 100 pl, with 4 pg of binding protein, 15 pg of the 
protein inhibitor fraction, and 4 pmoles of H-labeled 
3’,5’-cyclic A M P  (14.2 Ci/mmole). At the end of the in- 
cubation, the reaction mixture was filtered without prior 
dilution through a 24-mm cellulose ester Millipore filter, 
0.45 p (type HAWP), and washed with 15 ml of cold 20 
m M  potassium phosphate buffer, p H  6. Each filter was 
transferred to a counting vial and digested at room tem- 
perature in 1 ml of ethylene glycol monomethyl ether 
(methyl Cellosolve, Fisher) for 30 min before the addition 
of a toluene scintillation mixture containing 4 g of 2,s- 
diphenyloxazole (PPO), 50 mg of 1,4-bis-2-(S-phenyloxa- 
zoly1)-benzene (POPOP), and 250 ml of Cellosolve per 
liter. The  counting efficiency was 33%. 

Norepinephrine bitartrate and crystalline insulin (lot 
no. 26B-0700 24 IU/mg) were purchased from Sigma 
Chemical Co., St. Louis, Mo. Collagenase prepared from 
Clostridium histolyticum was purchased from Worthing- 
ton Biochemical Corp., Freehold, N.J. Bovine serum al- 
bumin fraction V was obtained from Armour Pharmaceu- 
tical Co., Chicago, Ill. [U-14C]Sucrose (sp act 10 m Ci/ 
mmole) was obtained from Amersham, Don Mills, Ontar- 
io, Canada, and [8-3H]adenosine 3’,5’-cyclic phosphate 
was purchased from Schwarz/Mann, Orangeburg, N.Y. 
and used without prior purification. All other reagents 
were reagent grade. 

RESULTS 

Biphasic initial rates of lipolysis 
The effect of concentration of norepinephrine (NE) on 

the initial rates of lipolysis is shown in Fig. 1. The initial 
rates of glycerol and free fatty acid release showed an  in- 
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Fig. 3. Effect of norepinephrine on initial rate of intracellular free 
fatty acid accumulation. Adipocytes from the experiments described in 
Fig. 1 were extracted, and intracellular free fatty acid levels were deter- 
mined as described in Materials and Methods. Each point represents the 
mean f SEM (n = 12) of six experiments, each performed in dupli- 
cate. 

crease then a decrease followed by a second increase and 
decrease when fat cells were exposed to increasing concen- 
trations of norepinephrine. This biphasic lipolytic re- 
sponse to catecholamine confirms the observations pre- 
viously reported by Allen, Hillman, and Ashmore (27). 
The free fatty acid/glycerol molar ratio at all norepineph- 
rine concentrations was approximately 3. This ratio oc- 
curs when glucose is not added to the incubation medium 
and indicates complete hydrolysis of the triglyceride mole- 
cule with negligible reesterification of fatty acid (9, 20, 
28). 

The reason for the biphasic pattern of lipolysis with in- 
creasing concentrations of norepinephrine is not apparent. 
One possible mechanism for the decrease in lipolytic rate 
is a reduction in cellular ATP, as it has been shown that 
catecholamines can cause a significant fall in adipose tis- 
sue ATP levels (9, 29). Accordingly, experiments were 
carried out to determine whether the dip in lipolytic rate 
seen in the presence of 10 pg/ml norepinephrine was due 
to changes in the steady state ATP concentration. As seen 
in Fig. 2, the ATP levels were minimally altered during 
at least 45 min of incubation. An initial lag in free fatty 
acid and glycerol output in this experiment confirms our 
earlier observations (20) and is explained by the fact that 
during the first few minutes of lipolysis a significant pro- 
portion of total free fatty acids produced is retained within 
the cell and that partial glycerides accumulate within the 
cell before free glycerol appears in the medium. Glycerol 
release after 15 min was linear. The free fatty acid output 
between 5 and 45 min was linear, and the plateau in free 
fatty acid output after 45 min is attributed to saturation of 
medium albumin (free fatty acid/albumin = 5.6). The 
apparent 5% fall in ATP concentration during the first 
few minutes after the addition of norepinephrine has been 
observed before (9) and may represent conversion of ATP 
to 3’,5’-cyclic AMP. Thus, a fall in ATP concentration 
could not account for the biphasic pattern of lipolysis (Fig. 
1). Therefore, attention was next focused on the possible 
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Fig. 4. Effects of insulin on the initial rates of norepinephrine-stimu- 
lated lipolysis. Isolated fat ce116 (75-100 mg/flask) were incubated 30 
min in the presence of various concentrations of norepinephrine with 
(---) or without (-) insulin (100 pU/ml). Medium and cells were sep- 
arated by centrifugation and analyzed for free fatty acid and glycerol. 
Zero-time total free fatty acid content was subtracted, and the results 
represent net free fatty acid release (cells plus medium). Free fatty acid/ 
albumin ratio did not exceed 4. The results of six experiments were 
combined, and each point represents the mean f SEM of 12 observa- 
tions. The antilipolytic effect of insulin at low concentrations of norepi- 
nephrine (0.1-1.0 pg/ml) and the lipolytic effect of insulin at high con- 
centrations of norepinephrine (10-100 pg/ml) is termed the bimodal ef- 
fect of insulin on lipolysis. 

role of intracellular free fatty acids in mediating changes 
in initial lipolytic rate. This explanation must also be 
viewed as an unlikely mechanism, as the intracellular free 
fatty acid concentration also showed a biphasic profile 
(Fig. 3) similar to that of initial rates of glycerol or free 
fatty acid production (Fig. 1). This finding would suggest 
that high intracellular free fatty acid levels are not the 
basis for the dip and secondary rise (biphasic pattern) in 
initial rates of lipolysis seen in the presence of norepi- 
nephrine. 

Effect of insulin on norepinephrine-stimulated 
lipolysis 

Insulin produced complex effects on the biphasic profile 
of norepinephrine-stimulated lipolysis (Fig. 4). Insulin 
was antilipolytic at low concentrations of norepinephrine, 
inhibiting free fatty acid production by almost 75% at 0.1 
pg/ml norepinephrine. As the concentration of norepi- 
nephrine was increased, the antilipolytic property of insu- 
lin was reduced, and at norepinephrine concentrations of 
10 and 100 pg/ml, insulin actually increased the initial 
rate of total free fatty acid release. This bimodal effect of 
insulin on the biphasic profile of initial rates of norepi- 
nephrine-stimulated lipolysis is also seen in analyses of 
glycerol production (Fig. 5). At low concentrations of nor- 
epinephrine, insulin was distinctly antilipolytic. At high 
concentrations of norepinephrine, insulin produced a 20% 
increase in glycerol release. The effect of insulin on intra- 
cellular free fatty acid levels (Fig. 6) was similar to the ef- 
fect on total free fatty acid release (Fig. 4) in that it also de- 
scribed a bimodal profile. Thus, insulin displayed a bi- 
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Fig. 5. Effect of insulin on initial rates of norepinephrine-stimulated 
lipolysis. Glycerol output was measured in media of the experiment de- 
scribed in the legend to Fig. 4. Here glycerol release at each concentra- 
tion of norepinephrine was subtracted from the values obtained in the 
presence of insulin and the difference was expressed as percentage inhi- 
bition or stimulation. 

modal effect on norepinephrine-induced lipolysis, being 
antilipolytic at low concentrations of norepinephrine and 
lipolytic at high concentrations. 

Effect of glucose on norepinephrine-stimulated 
lipolysis 

Under physiological circumstances of lipolysis, glucose 
is always present, and it has been implicated in the regu- 
lation of triglyceride hydrolysis (30). Therefore, the effects 
of glucose on the initial rate of norepinephrine-stimulated 
lipolysis were studied. Fig. 7 shows the effect of glucose 
and glucose plus insulin on the initial rate of norepineph- 
rine-stimulated lipolysis. It is apparent (left panel) that 
glucose increased glycerol release, and addition of glucose 
plus insulin more than doubled the lipolytic rate. Intracel- 
lular (IC) free fatty acid levels (Fig. 7, middle panel) were 
also increased by glucose and glucose plus insulin. Net 
free fatty acid output into the medium was reduced by the 
addition of glucose, but with glucose plus insulin, free 
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Fig. 6. Effect of insulin on norepinephrine-stimulated intracellular 
free fatty acid levels. Intracellular free fatty acid levels from the experi- 
ment described in the legend to Fig. 4 were measured as described in 
Materials and Methods and Ref. 9. Norepinephrine (--); norepineph- 
rine + insulin, 100 pU/ml (---). 

Fig. 7. Effect of glucose (16 mM) and insulin (100 pU/ml) on initial 
rate of lipolysis and intracellular (IC) free fatty acid levels in norepi- 
nephrine-treated (NE, 10 pg/ml) adipocptes. Isolated fat cells were in- 
cubated for 30 min. Medium and cells were separated by centrifugation 
and analyzed. Unstimulated control values were subtracted, and the re- 
sults reflect net changes in concentrations of lipolytic products. Each bar 
is the mean f SEM of eight observations from four experiments. The 
free fatty acid/glycerol molar ratio for each group was: norepinephrine, 
3.2 f 0.4; norepinephrine + glucose, 2.1 f 0.3; norepinephrine + 
glucose + insulin, 2.3 f 0.4. 

fatty acid output increased to the highest levels observed. 
Addition of glucose with or without insulin stimulated free 
fatty acid reesterification, as evidenced by a fall in free 
fatty acid/glycerol ratios (see legend to Fig. 7). 

Intracellular 3’,5’-cyclic AMP levels 
It was of interest to determine the relationship between 

intracellular 3’,5’-cyclic AMP levels and the biphasic ef- 
fects of lipolytic hormones. Because it was previously 
shown (31) that the rise in intracellular 3’,5‘-cyclic AMP 
after hormonal stimulation may be a transient event, a 
time-course experiment was carried out to determine the 
pattern of intracellular 3‘,5’-cyclic AMP accumulation 
and lipolysis. Adipocytes were exposed to 0.1 pg/ml nor- 
epinephrine, and the intracellular 3’,5’-cyclic AMP was 
measured at different time intervals. As can be seen in 
Fig. 8, a rapid rise in 3’,5’-cyclic AMP occurred within 

MINUTES 

Fig. 8. Effect of norepinephrine (0.1 pg/ml) on adipocyte 3‘,5’-cyclic 
AMP levels. Isolated fat cells (90-1 15 mg/flask) were incubated in trip- 
licate in the presence (.---.) or absence (0--0) of hormone. Medium 
and cells were separated by brief centrifugation and analyzed for glycer- 
ol and 3‘,5’-cyclic AMP, respectively. 
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Fig. 9. Effects of norepinephrine on intracellular 3’,5‘-cyclic AMP 
levels. Isolated cells (95-145 mg/flask) were preincubated in 2 ml of 
Krebs-Ringer bicarbonate buffer, pH 7.4, containing 5% bovine serum 
albumin, at 37‘C for 30 min, and hormone was added. After 10 min, 
cells were separated from medium by brief centrifugation, and the cells 
were extracted by the addition of 2 ml of cold 5% trichloroacetic acid. 
Medium glycerol was also determined. The height of each bar repre- 
sents the mean f SEM of nine observations from three experiments. 

the first 5 min, and a peak level was observed at 10 min. 
Thereafter, despite the continued presence of norepineph- 
rine and linear lipolysis (glycerol output), the intracellular 
3‘,5’-cyclic A M P  levels fell and by 30 min equaled control 
values. A slight but insignificant rise in intracellular 
3’,5‘-cyclic A M P  was noted in the control flasks after 30 
min of incubation. A lag in glycerol release during the 
first 10 min of incubation is apparent. This has been 
noted before (20) and is important because it shows that 
glycerol output during the first few minutes of incubation 
may not be a reliable index of lipolytic rate. In subsequent 
experiments, intracellular 3 ’,5’-cyclic A M P  levels were 
assayed after 10 min exposure to hormones in order to 
measure peak levels. 

Experiments were next carried out to determine the re- 
lationship between dose of lipolytic hormone and intracel- 
lular concentration of 3’,5‘-cyclic A M P  (Fig. 9). It is ap- 
parent that with the lowest concentration of norepineph- 
rine used (0.1 pg/ml), 3’,5’-cyclic A M P  levels increased 
to almost 2.5 times the control values and plateaued de- 
spite a l 0-fold increase in norepinephrine concentration. 
At 10 pg/ml norepinephrine, intracellular 3’,5’-cyclic 
A M P  levels increased further, and at 100 pg/ml a second 
elevation of 3’,5’-cyclic A M P  was observed. This biphasic 
pattern of an initial rapid rise in response to increasing 
norepinephrine concentrations could well account for the 
biphasic effect of norepinephrine on initial rate of lipolysis 
noted in Figs. 1 and 4. It is interesting to note here that, 
unlike the experiments described in Figs, 1 and 4, there 
were no differences in net glycerol release in response to 
increasing concentrations of norepinephrine. This could be 
attributed to the lag in glycerol release and suggests that it 
is probably more valid to compare the 10-min 3’,5’-cyclic 
A M P  levels to the 15-20-min glycerol release (i.e., after 
the linear rate is established) for correlations. 
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Fig. 10. Bimodal effect of insulin on norepinephrine-stimulated lipoly- 
sis. Isolated adipocytes (1 15-180 mg/flask) were preincubated in tripli- 
cate for 30 min prior to addition of hormones in the concentrations 
shown. After 10 min, cells and medium were separated and analyzed for 
3’,5‘-cyclic AMP and glycerol, respectively. The data are expressed as 
increments above nonstimulated control cells, and the results of three 
separate experiments are shown. Each point is the mean f SEM of 
triplicate incubations. The 3’,5‘-cyclic AMP levels without hormone ad- 
dition in experiments 1, 2, and 3 were 115 f 16.3, 138 f 61, and 139 
f 7.3 (means f SEM) pmoles/g of lipid, respectively. 

Effect of insulin on intracellular 
3’,5’-cyclic AMP levels 

The effect of insulin on norepinephrine-stimulated li- 
polysis was studied in an effort to determine whether the 
bimodal effect of insulin (Fig. 4) correlated with intracel- 
lular 3‘,5’-cyclic AMP levels. Three experiments are indi- 
vidually plotted (Fig. 10). In these studies, norepinephrine 
was constant at 10 pg/ml and the insulin concentration 
was varied. 

In all three experiments, insulin was antilipolytic at 0.1 
mU/ml, and suppression of glycerol release was paralleled 
by a reduction in intracellular 3‘,5’-cyclic A M P  concen- 
tration. In experiment 1, insulin at concentrations of 1 
and 10 mU/ml increased the lipolytic effect of 10 pg/ml 
norepinephrine. This increase in glycerol release was also 
accompanied by an increase in the intracellular concentra- 
tion of 3’,5’-cyclic AMP. In experiments 2 and 3, high 
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concentrations of insulin resulted in a reduction of 
antilipolytic effect. In these latter two experiments, loss of 
the antilipolytic effects of insulin was paralleled by in- 
creased 3',5'-cyclic AMP levels. 

DISCUSSION 

Initial rates of lipolysis in isolated adipocytes display% a 
biphasic pattern for both free fatty acids and glycerol out- 
put in response to increasing concentrations of norepi- 
nephrine. This profile of a rise and fall followed by a sec- 
ondary increase in lipolytic rate was first noted by Allen et 
al. (27, 32) and is presently confirmed (Fig. 1). The first 
peak and second peak have been arbitrarily designated as 
Lipolysis I (occurring at a norepinephrine concentration of 
3 X lo-* to 1 X M) and Lipolysis I1 (occurring at 
a norepinephrine concentration of 1 X to 1 X 10-3 
M), respectively (27). Although these designations were 
initially proposed to simplify discussion, they do have a 
functional basis in that the two areas of the dose-response 
curve correspond to differences in lipolytic responsiveness 
with respect to K+ dependency and /3 blockade by pro- 
pranolol (32). The present study has extended the under- 
standing of the mechanism responsible for this profile in 
that it was shown that the rise and fall in initial rate of 
lipolysis cannot be attributed to alterations in intracellular 
ATP concentration, which remained quite constant 
throughout incubation (Fig. 2), or to intracellular free 
fatty acid levels, which seemed to reflect fluctuations in li- 
polytic rate rather than to mediate changes in lipolytic 
rate. The experimental data reported here do suggest that 
variations in initial rate of lipolysis are related to changes 
in 3',5'-cyclic AMP levels measured shortly after (within 
10 min) the addition of lipolytic hormones. It should be 
noted that intracellular 3',5'-cyclic AMP levels increased 
and plateaued at hormone concentrations corresponding to 
Lipolysis I then increased again at catecholamine concen- 
trations corresponding to Lipolysis I1 (Fig. 9 and Ref. 
27). Thus, it seems reasonable to conclude that the profile 
of initial lipolytic rates is related to the initial rate of 
3',5'-cyclic AMP accumulation or some function thereof. 

If the biphasic effect of catecholamine is mediated 
through variations in the peak intracellular 3',5'-cyclic 
AMP concentration, a number of possible mechanisms 
must be considered in trying to account for these fluctua- 
tions. A rise in 3',5'-cyclic AMP concentration obviously 
represents the balance between its synthesis and degrada- 
tion. With respect to synthesis of 3',5'-cyclic AMP, activa- 
tion of adenyl cyclase in fat cells by catecholamines is well 
established (33, 34). To account for the secondary rise in 
3',5'-cyclic AMP concentration seen with higher doses of 
hormone (Fig. 9), it is noteworthy that binding of cate- 

cholamine to liver plasma membrane displays a biphasic 
pattern reflecting the binding affinity of low- and high-K, 
receptors (35) and that the total number of high-K, bind- 
ing sites exceeds that of the low& sites by a factor of 12. 
If activation of adenyl cyclase is determined by the num- 
ber of hormone-receptor interactions, and if the binding to 
the catecholamine receptor of fat cells resembles that of 
liver, a biphasic lipolytic profile can be explained. This 
possible mechanism does not preclude other effects conse- 
quent to hormone-cell interaction such as enhancement of 
calcium binding to cell membrane 01: increased K+ flux 
(35, 36). 

Alternatively, lipolytic hormones may affect a biphasic 
lipolytic profile by directly or indirectly altering the rate 
of 3',5'-cyclic AMP degradation. The relevance of this 
mechanism is supported by the fact that prostaglandin E 1 

and dibutyryl 3',5'-cyclic AMP activate phosphodiesterase 
activity in fibroblasts (37, 38); also, adrenal membrane 
preparations prepared from rats pretreated with ACTH 
show enhanced phosphodiesterase activity (39). However, 
the available data on the effect of lipolytic hormone on 
phosphodiesterase activity in adipose tissue is conflicting. 
Attempts to demonstrate fluctuations in phosphodiesterase 
activity by catecholamines in fat cells (31, 36, 40) have 
been unsuccessful. On the other hand, Zinman and 
Hollenberg (41) have recently shown that isoproterenol 
and dibutyryl3',5'-cyclic AMP can increase the V,, of the 
low-K,,, 3',5'-cyclic AMP phosphodiesterase. On the basis 
of these findings, it is prudent to conclude that the initial 
lipolytic rate reflects the net effect of activation of both 
adenylate cyclase and 3',5'-cyclic AMP phosphodiesterase 
and that the relative activities of these enzymes depend on 
the ambient profile and concentration of lipolytic hor- 
mone(s). 

Insulin exhibited a bimodal effect on norepinephrine- 
stimulated lipolysis. The finding that the antilipolytic ef- 
fect of insulin was associated with a reduced initial rate of 
3',5'-cyclic AMP accumulation (Fig. 10) is in harmony 
with the observations that insulin can prevent the rise in 
intracellular cyclic AMP levels by inhibiting adenyl cy- 
clase (4-6) and/or by augmenting its hydrolysis through 
activation of the low-K,,, 3',5'-cyclic AMP phosphodies- 
terase (42). However, the paradoxical observation of insu- 
lin enhancing the lipolytic action of catecholamine (Fig. 4) 
cannot be explained in the same way. Our finding that the 
intracellular 3',5'-cyclic AMP levels paralleled the lipolyt- 
ic effects of insulin (Fig. 10) suggests a causal relationship. 
This implies that high concentrations of insulin enhance 
adenyl cyclase activity or inhibit phosphodiesterase activity 
or both. Since insulin actually increases the low-K,,, phos- 
phodiesterase activity, it is more likely that enhancement 
of adenyl cyclase is responsible. Recent reports (5, 6) that 
insulin in high concentrations in the presence of lipolytic 
hormones can augment adenyl cyclase activity in adipo- 
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cytes, liver membranes, and adipocyte ghosts support this 
argument. 

It is worth pointing out that although the enhancing 
effect of insulin on catecholamine-stimulated lipolysis has 
been observed many times (3, 10, 11, 14, 15, 43, 44), in 
our hands it is not seen at every experimental attempt. 
The reason for this variability is not apparent, but vari- 
able destruction of insulin receptors by collagenase diges- 
tion could be a major contributing factor. It is also worth 
mentioning that interpretations of total intracellular free 
fatty acids, ATP, or 3’,5‘-cyclic A M P  levels have not 
taken into account the fact that these metabolites are com- 
partmentalized both in a functional sense and among vari- 
ous subcellular organelle systems (19, 21, 34). Whether 
the fluctuations in initial rates of lipolysis seen with in- 
creasing concentrations of norepinephrine or whether the 
bimodal effect of insulin on hormone-stimulated lipolysis 
reflects alterations in distribution of free fatty acid, 3’,5’- 
cyclic AMP, or ATP between pools within the cell is an 
important consideration but cannot be discerned from the 
available data. 

The initial rate of norepinephrine-induced lipolysis was 
enhanced by glucose addition (Fig. 7). This effect of glu- 
cose has also been observed many times (8, 28, 30, 45) 
and has been regarded as a protective effect, achieved by 
promoting fatty acid reesterification and thereby reducing 
the intracellular free fatty acid concentration, thus pre- 
venting inhibition of the lipolytic reaction (2, 30, 45). The 
results in Fig. 7 show that this is a n  untenable line of rea- 
soning since intracellular free fatty acid levels are actually 
increased rather than decreased in the presence of glucose. 
(This should not be taken to mean that glucose will not 
protect the cell against the uncoupling effect of free fatty 
acid accumulation, because it can (8, 461, but the condi- 
tions under which that mechanism applies do not corre- 
spond to the in vitro conditions employed here [see Refs. 
9, 20, and 21 for detailed discussions of optimal conditions 
for study of in vitro lipolysis].) Insulin in the presence of 
glucose invariably enhances norepinephrine-stimulated li- 
polysis (8, 28, 45, 46). Although reesterification of free 
fatty acid is maximal under these circumstances, intracel- 
lular free fatty acid levels are at their highest (Fig. 7) 
rather than reduced. This finding negates the deinhibition 
of lipolysis argument, Le., that the lipolytic effect of glu- 
cose in the presence or absence of insulin is related to a 
reduction in intracellular free fatty acid secondary to en- 
hanced free fatty acid esterification. 

The question of physiological or clinical relevance of the 
lipolytic effect of insulin deserves some comment. Insulin 
lipoatrophy, which occurs in diabetics at the site of re- 
peated insulin injections, could be the result of enhanced 
lipolysis in a circumscribed area since the local concentra- 
tion of insulin at the injection site would certainly corre- 

spond to those at which in vitro lipolysis is enhanced (Fig. 
10). It is noteworthy that in isolated brown fat cells insu- 
lin not only stimulates fatty acid synthesis but also aug- 
ments preferential mobilization and release of newly syn- 
thesized fatty acids (47). Finally, it is of interest to specu- 
late that the increased free fatty acid turnover rate and the 
increased rate of lipolysis noted in obesity may be causally 
related to the hyperinsulinemia seen in that state (48, 49). 
In this regard it is significant that serum free fatty acid 
levels are not reduced in obese man despite hyperinsulin- 
emia (49, 50, 51). Whether this apparent enhancement 
of basal lipolysis in obesity represents a lipolytic effect 
of elevated insulin and glucose levels in vivo, analogous to 
that observed in vitro, remains to be established. 
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