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The release of glycerol into the medium, the concentration of cAMP, and the cAMP-
dependent protein-kinase activity were studied in adipocytes and in fat-pads obtained
from epididymal adipose tissue of rats under different conditions of feeding.

An increase in the tissue concentration of cAMP and in the protein-kinase activity
was observed in vivo at 48 and 96 h of fasting. A diminished release of glycerol was
found in adipocytes from rats fasted for 48 h, in the absence of glucose, and the
maximum concentration of cAMP was inferior to that of fed rats.

Oligomycine and iodoacetamide, in the presence of epinephrine and glucose, pro­
duce a diminution in the values of the parameters studied. No significant differences
were observed, however, in the responses of tissue obtained from fed and fasting rats
to these compounds. The present results confirm previous observations and show the
dependence of the lipolytic process on carbohydrate metabolism.

Extensive studies have established the
important role that cyclic AMP plays as
mediator of the lipolytic effect exercised
by hormones on adipose tissue (5), and in
the same manner the mechanism through
which it exercises its action upon the dis­
sociation of the protein kinase (6). Fasting
was characterized by a rise of the plasma
cAMP levels in the rat (31) and in man
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(25). Previous studies have confirmed that
the adipose tissue is responsable for part
of this increment (20). However, there was
a lack of studies to relate these variations
in vivo of the cAMP levels with the fore­
seen modifications in the protein kinase
activity of the adipose tissue.

We have reported (27) that the fat pads
from fasted rats, incubated in vitro, have
an absolute requirement for glucose so
that the epincphrine-stimulatcd lipolysis
can take place. In this context, the rela­
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tionship between energetic metabolism
and lipolysis has been widely studied by
Fassina et al. (12, 13) and others (8, 17)
through the use of inhibitors of glycolysis
and oxidative phosphorylation.

The present study was designed to char­
acterize the modifications that fasting can
produce in the epinephrine-lipolytic sen­
sitivity of the adipocytes, and the degree'
of activation in vivo of the cyclic AMP-
dependent protein kinase in that state.
Evidence showed that the inhibitors of
glycolysis and oxidative phosphorylization
accomplish an apparent dissociation be­
tween the cAMP levels and lipolysis, al­
though no significant differences were
found between tissues proceeding from
fasted and from fed rats.

Materials and Methods

Male Wistar rats weighing 200-250 g
were fed on a standard diet or were sub­
jected to different periods of fasting, as
indicated. They were anaesthetized system­
atically with Nembutal. In those exper­
iments in which the levels in vivo of
cAMP and protein kinase activity were
to be determined, the epididymal adipose
tissue was rapidly extracted and homog­
enized in 25 mM phosphate buffer,
pH 6.5, 8 mM theophylline, 10 mM
EDTA and 0.5 M NaCl (buffer A) as
described (6).

The adipocytes were isolated with col­
lagenase according to Rodbell (26). The
cells (0.1 ml) were incubated in 0.8 ml
Krebs Ringer bicarbonate buffer, pH 7.4,
BSA 2 %, with 1 /jM epinephrine and
1 mM theophylline in the absence of glu­
cose, in a total volume of 1 ml. The glyc­
erol was determined according to the
method of Garland et al. (15), after ad­
ding 10 % TCA to the medium plus adi­
pocytes, centrifuging at 3,000 r.p.m. and
eliminating the TCA with H.O-saturcd
ether. Cyclic AMP was measured in sam­
ples deproteinized with 50 % TCA, ac­
cording to the method of Gilman (16), 

modified in the separation of cAMP with
charcoal-BSA, as described (31).

In experiments with fat-pads, epidid­
ymal adipose tissue was divided into
small pieces (20-50 mg) and was random­
ized so that each flask contained 100-
200 mg of tissue. They were incubated in
5 ml KRB-2 % BSA pH 7.4 with 10 /zM
epinephrine, 5 mM glucose, with or with­
out iodoacetamide and oligomycine. The
tissue was extracted from the medium and
was rapidly homogenized in cold buf­
fer A. After centrifuging 20,000 X g for
10 min the protein kinase activity was
measured immediately in the infranatant
according to the method of Corbin et al.
(6). The cAMP was determined in the
same infranatant without deproteinizing,
and the glycerol in the incubation me­
dium, as was described above. Protein
concentration was estimated by the meth­
od of Lowry et al. (23). The (y-32P)ATP
and (3H)cyclic AMP were supplied by the
Radiochemical Center; Histone (type II-A)
by Sigma. The protein kinase and its in­
hibitor were prepared according to the
methods of Walsh et al. (32) and Gil­
man (16), respectively.

Results and Discussion

Cyclic AMP levels and protein kinase
activity in adipose tissue. An analysis of
the response to fasting of the cAMP con­
centration and protein kinase activity in
the adipose tissue is shown in table I.
Epididymal adipose tissue, proceeding
from fed rats and rats fasted during 24,
48 and 96 hours, was homogenized rap­
idly after extraction. The cAMP levels
determined in the adipose tissue of rats
fasted during 48 and 96 h were signifi­
cantly higher (P < 0.05) than those cor­
responding to fed rats. These results agree
with those previously described in plasma
(31), adipose tissue (30) and in liver (29).
The increment in cAMP in these condi­
tions can be interpreted as an activation
of the tissue adenyl-cyclase in response to
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Table I. Effect of fasting on cyclic AMP lev­
els and protein kinase activity in epidldymal

adipose tissue.
Epididymal adipose tissue was extracted from
normally fed, and 24, 48 and 96 h fasted rats.
It was rapidly homogenized as described in
Material and Methods. In bracket is indicated
of number of rats in each group. Values are

mean ± SEM.

• P < 0.005 vs. fed rats.

Nutritional
state

Intracellular
levels of

cyclic AMP
(pmol/mg
protein)

Protein kinase
activity

(—cAMP/
+CAMP)

Fed (24) 34.3 ±4.4 0.40 ±0.01
Fasted-24 h (15) 26.2 ±2.2 0.34 ±0.02
Fasted-48 h (16) 50.9 ±6.3* 0.54 ±0.03*
Fasted-96 h (18) 65.8 ±8.6* 0.55 ±0.04*

the increased concentrations of glucagon
and epinephrine and to a decrease of the
insulin levels (30), although detailed stud­
ies (29) point out the decrease of the
insulin/glucagon molar ratio as the prin­
cipal factor in explaining the hepatic in­
crement in cAMP during fasting, rather
than the separate hormone concentrations.

The protein kinase activity (—cAMP/
+cAMP) follows the same pattern as the
cAMP concentration in the feeding con­
ditions studied. Special care was taken
in stabilizing the activity ratio of the en­
zyme, in the crude extract, with 0.5 M
NaCl (6). This result confirms in vivo
the regulation of the protein kinase ac­
tivity of the adipose tissue previously dem­
onstrated in adipocytes incubated with
different hormones (19). These variations
in the ratio of the protein kinase activity
(0.40 in the controls against 0.55 in the
tissue of fasted rats) are not as clear as
the ones that are found in studies done
in vitro, presumably because of the exis­
tence of other regulator mechanism of the
enzyme activity in the intact animal.

Lipolysis and cAMP concentration in
adipocytes. In vitro net formation of 

cAMP in adipocytes from 96 h fasted rats
incubated in the presence of epinephrine
and in the absence of glucose is signifi­
cantly less than that produced in adipo­
cytes from fed rats, during the first five
minutes of incubation (fig. 1).

Under these conditions, one can like­
wise observe a decrease in the cAMP
levels, once a maximum peak of syn­
thesis is reached after five minutes of
incubation. This decrease has been inter­
preted as a liberation of a Feed-back
Regulator (FR) into the medium, which
inhibited the adenyl-cyclase activity (20),
and as the result of the liberation of
adenosine into the medium, which in­
hibits both the adenyl-cyclase activity (28)
and the hormone-stimulated cAMP accu­
mulation in isolated fat cells (10). After
10 minutes incubation with epinephrine,
both levels are equal and are maintained
constant for 60 minutes.

In order to interpret this inhibitory ef-

Fig. 1. Time-course of the accumulation of
cyclic AMP in adipocyte form fed (O) and

fasted (O) rats.
Adipocytes were incubated in KRB buffer,
pH 7.4, in the presence of 1 /zM epinephrine
and 1 mM theophylline without glucose. Other
experimental conditions are given in Material
and Methods. The points represent the mean
± SEM of four experiments. Statistical com­
parisons versus fed rats are shown by asterisks:

* p<0.05, *♦ p< 0.001.
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feet of fasting on the accumulation of
cAMP, one could propose and inhibition
of the adenyl-cyclase activity or a stimula­
tion of the phosphodiesterase activity by
some of the previously described metabo­
lites, or by a feedback regulation of the
products of lipolysis, or both, in cells
from fasting rats. Brodie et al. (2) have
reported that there was no change in the
phosphodiesterase activity in adipocytes
membranes prepared after fasting. Al­
though an increase in phosphodiesterase
activity has been reported (22) in homog­
enates of fat cells incubated with insulin
it is not likely that this mechanism would
be the one responsible for the inhibition
of accumulation of cAMP observed dur­
ing fasting, as a decrease in the levels of
insulin in this metabolic state has been
established. A more logical supposition
based on the rapid mobilization of lipids
during fasting, suggests interpretation of
this decrease as an inhibitor effect of the
FFA on the adenyl-cyclase of the adipo­
cyte (4). During fasting there have been
no modifications described in the intra­
cellular concentration of FFA in adipose
tissue, nevertheless their concentration in
the extravascular extracellular space sur­
rounding the adipocytes could conceiva­
bly be much higher (3). Likewise, stability
of the inhibitor effect of the FFA through­
out different treatments of the adipose
tissue has been described (4).

The liberation of glycerol to the me­
dium (index of lipolysis) is also found to
be significantly decreased in adipocytes
from fasted rats when were incubated
with epinephrine and without glucose (fig­
ure 2). In normally fed rats, the lipolytic
activity of the adipocytes is time-depen­
dent, while in those proceeding from fasted
rats, it reaches a maximum after 30 min­
utes and is maintained for the 60 minutes
of incubation. At this time the liberation
of glycerol is decreased by 40% with
respect to that produced with adipocytes
from fed rats.

Our results showing a temporal disso-

Fig. 2. Time-course of glycerol release from
adipocytes from fed (9) and fasted (O) rats.
Experimental conditions were the same as those
of figure 1. Statistical comparisons versus fed

rats are shown by asterisks: * p<0.01,
*♦ p< 0.001.

ciation between cAMP and glycerol pro­
duction in fed rats are consistent with
previous discoveries in other laboratories
(1, 7, 24) although the length of the pe­
riod during which the cAMP levels are
high varies between 5 minutes and greater.
This effect has recently been discussed by
Birnbaun et al. (1), who have shown that
the transient increment in cAMP is im­
plicated in the initial stimulation of the
lipolysis, concluding that the rate of incre­
ment of the cAMP is more important than
its absolute concentration in determining
the degree of activation of the triglycer­
ide lipase.

In the fasted state an inhibition was ob­
served in both parameters, that is, in ac­
cumulation of cAMP and liberation of
glycerol in the medium. The rate of in­
hibition of the lipolytic activity can be
related to a lack of stimulation of adenyl
cyclase. During prolonged fasting, there
is an increased plasma concentration of
FFA, which could be responsible for the
inhibition observed in the formation of
cAMP (fig. 1) and consequently on the
glycerol liberation (fig. 2). A decrease in
the adenyl-cyclase activity in membranes
of adipocytes of rats fed high fat has been
described (18). It should be pointed out 
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that in these experiments with adipocytes
there is not any glucose in the incubation
medium and this fact could cause a sit­
uation similar to that previously de­
scribed in fat pads where there has also
been observed a loss of the lipolytic capac­
ity of epinephrine in tissue from fasting
rats. The addition of glucose reverses this
situation (27).

In fat pads from fasting rats, accumula­
tion of cAMP and liberation of glycerol
in the presence of glucose and epinephrine
is greater than that in tissue from fed rats
(table II). This could suggest that the
FFA accumulate in greater quantity in
the tissue of fasting rats, and that the ad­
dition of glucose permits their re-esteri-
fication with a-glycerophosphate, to pro­
duce the absence of inhibition of the ad-
enyl-cyclase system caused by the FFA.

Effect of iodoacetamide and oligomy­
cine on the protein kinase activity, cAMP
concentration and lipolysis in fat-pads.

The relation between the hormone-stimu-
lated lipolysis and the requirement of ATP,
either as the substrate of the adenyl-cy-
clase or as the phosphorylizing agent of
the triglyceride lipase, was studied by var­
ious authors (8, 13, 14, 17) using inhibi­
tors of glycolysis (iodoacetate) and of
oxidative phosphorylization (oligomycine).
Fassina et al. (13, 14) conclude that al­
though the cAMP is the mediator of the
hormonal effect, the ATP levels are the
rate limiting factor for the intensity and
duration of the lipolysis. These and other
works have suggested, in regard to the
relative importance of the metabolic path­
ways considered, that the ATP synthe­
sized in glycolysis is fundamental in the
synthesis of cAMP, while the ATP pro­
duced in oxidative phosphorylation is prob­
ably more important in the activation of
the lipase (12).

The present results (table II) confirm
this hypothesis in fat pads incubated with
glucose, whether they be from fed or fas-

Table 11. Effect of iodoacetamide and oligomycine on cyclic AMP levels, protein kinase
activity and glycerol release In fat-pads from fed and 48 h fasted rats.

Epididymal fat-pads were incubated in KBR buffer pH 7.4 in the presence of 1 /zM epineph­
rine and 5 mM glucose, with or without 1 mM iodoacetamide or 40 /zg/ml oligomycine.
General procedure is given in Material and Methods. In bracket is indicated the percent of
the inhibition respect to their controls (glucose 4- epinephrine). Values are mean ± SEM,
for 5 experiments. Statistical comparisons versus glucose 4- epinephrine groups are shown by

asterisks: * p < 0.05; p< 0.025; p < 0.0005.

Additions to the medium cAMP
(pmol/mg prot.)

Prot. kinase
(—cAMP/+cAMP)

Glycerol
(nmol/mg prot.)

Fed
glucose 4- epinephrine 175.2±13.2 (100) 0.65 ±0.03 (100) 41.0 ±2.1 (100)
glucose 4- epinephrine
4- iodoacetamide

56.2 ± 5.3* (32) 0.52 ±0.02* **(80) 34.27 ±2.4“ (84)

glucose 4- epinephrine
4- oligomycine

84.1 ± 6.7* (50) 0.54±0.02*** (83) 22.87 ±2.1* (45)

Fasted
glucose 4- epinephrine 218.0± 8.9 (100) 0.69 ±0.01 (100) 106.7 ±6.1 (100)
glucose 4- epinephrine
4- Iodoacetamide

126.0 ±10.5* (58) 0.48 ±0.03* (70) 81.32 ±5.0** (77)

glucose 4- epinephrine
4- oligomycine

185.0± 8.6** (85) 0.62 ±0.02 (91) 62.33 ±3.5* (58)
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ted rats. In both metabolic states the ac­
cumulation of cAMP in the presence of
iodoacetamide is found to be greatly de­
creased. The liberation of glycerol, how­
ever, is only slightly decreased in identical
conditions. A different situation occurs
with oligomycine, that is, a greater pro­
duction of cAMP corresponding to a
greater inhibition of glycerol liberation.
These observations could be related to
the principal requirement for ATP, pro­
ceeding from oxidative phosphorylation,
for the stimulation of the lipase, as was
previously described (12, 21). It has also
been observed that the state of fasting
does not modify the pattern of cAMP
formation, protein kinase activity of the
liberation of glycerol in the presence of
these inhibitors, with respect to that ob­
served in the tissue of fed rats.

The protein kinase activity determined
in same situations is not well co-ordinated
with cAMP levels: the same ratio of the
protein kinase activity is found in differ­
ent cAMP levels. The interpretation of
this fact is not clear, although it would
be related to the existence of different
intracellular pools of cAMP (9).

In summary, the results presented con­
firm previous observations (12, 13) of the
different uses of ATP proceeding from
the glycolysis of oxidative phosphoryla­
tion and make evident the dependence of
the lipolytic process on carbohydrate me­
tabolism. Direct conclusions cannot be
drawn, however, about the degree of par­
ticipation of each pathway considered in
the lipolysis.
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Resumen

Se estudia la liberaci6n de glicerol al medio,
la concentraci6n de AMPc y la actividad de la
proteina quinasa dependiente del AMPc y la
actividad de la proteina quinasa dependiente
del AMPc en adipocitos y en trozos de tejido
adiposo epididimal obtenidos en diversas con-
diciones de alimentaci6n.

A 48 y 96 h de ayuno se observa in vivo un
aumento en la concentration de AMPc y de
la actividad proteina quinasa. En adipocitos
obtenidos de ratas en ayuno de 48 h se en-
cuentra, en ausencia de glucosa, una libera-
cion disminuida de glicerol, y la concentra-
ci6n maxima de AMPc es menor que la en-
contrada en ratas alimentadas.

La oligomicina y la iodoacetamida, en pre-
sencia de epinefrina y glucosa, producen una
disminuci6n de los par&metros estudiados. Sin
embargo, no se observan diferencias significa-
tivas en la respuesta a estos compuestos del
tejido obtenido en ratas alimentadas y en ayu-
nas. Los resultados confirman previas observa-
ciones y demuestran la dependencia del pro-
ceso lipolitico del metabolismo de los carbo-
hidratos.
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