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Abstract

The effects of adenosine deaminase and of pertussis toxin on
hormonal regulation of lipolysis were investigated in isolated
human fat cells. Adenosine deaminase (1.6 5tg/ml) caused a two-
to threefold increase in cyclic AMP, which was associated with
an increase in glycerol release averaging 150-200% above basal
levels. Clonidine, N'-phenylisopropyladenosine, prostaglandin
E2, and insulin caused a dose-dependent inhibition of glycerol
release in the presence of adenosine deaminase.

Pretreatment of adipocytes with pertussis toxin (5 ,ug/ml)
for 180 min resulted in a five- to sevenfold increase in cyclic
AMP. Glycerol release was almost maximal and isoproterenol
caused either no further increase or only a marginal additional
increase of lipolysis after pretreatment with pertussis toxin,
whereas cyclic AMP levels were 500 times higher than in con-
trols. The effects of antilipolytic agents known to affect lipolysis
by inhibition of adenylate cyclase activity, i.e., clonidine, N6-
phenylisopropyladenosine, and prostaglandin E2, were impaired.
In contrast, the antilipolytic action of insulin was preserved in
adipocytes pretreated with pertussis toxin. As in controls, the
peptide hormone had no detectable effect on cyclic AMP after
pertussis toxin treatment.

The findings support the view that the antilipolytic effect of
insulin does not require adenylate cyclase or phosphodiesterase
action. In addition, the results demonstrate that, upon relief of
endogenous inhibition, human fat cell lipolysis proceeds at con-
siderable (adenosine deaminase) or almost maximal (pertussis
toxin) rates. A certain degree of inhibition, therefore, appears
to be necessary for human fat cell lipolysis to be susceptible for
hormonal activation.

Introduction

Human adipose tissue responds to a variety of humoral, hor-
monal, and neural factors (1). Most of these regulatory influ-
ences appear to be mediated via activation or inhibition of ad-
enylate cyclase (1, 2). In human fat cells, stimulators of cyclic
AMP (cAMP) formation include f3-adrenergic agonists and a
single peptide hormone, namely parathyroid hormone (2). a2-
Adrenergic amines, adenosine, and prostaglandins ofthe E type,
are inhibitors of cAMP production (3-7). Insulin also inhibits
lipolysis (1). However, the mechanism by which the antilipolytic
effect of insulin is mediated is not understood. It is controversial,
for instance, whether insulin regulates adenylate cyclase and
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whether the modulation of intracellular cAMP concentrations
by the hormone plays a primary role (1).

In addition to the uncertainties regarding the mechanism(s)
of action of some hormonal regulators, such as insulin, it has
been frequently difficult to relate the effects ofhormones in vitro
to systemic metabolism in vivo. It is still not clear which hor-
mones are responsible for lipid mobilization during fasting. Li-
polysis could be elevated by the drop in plasma insulin that
occurs during fasting or by an increased release of lipolytic hor-
mones such as epinephrine (1), two mechanisms of regulation
that are fundamentally different. If a drop in insulin, i.e., relief
of inhibition, were responsible for increased rates of lipolysis
during starvation, this would imply that unrestrained basal li-
polysis proceeds at considerable ifnot maximal rates. By contrast,
basal lipolysis could be low or even negligible if starvation-in-
duced activation of lipolysis were brought about by lipolytic
hormones.

In vitro basal rates of lipolysis are usually low and substantial
rates of lipid mobilization are observed only in the presence of
lipolytic hormones, suggesting that lipolysis might, in fact, be
primarily regulated by activation. However, fat cells sponta-
neously produce and release inhibitory compounds such as
adenosine and prostaglandins (2-5, 8). In order to discern
whether basal lipolysis proceeds at maximal or near-maximal
rates, it is necessary to eliminate the influence of inhibitory
compounds produced during incubation in vitro. Adenosine can
be easily removed by enzymic degradation using adenosine de-
aminase.

Recently, a toxin has been identified and characterized from
supernatants of cultures of Bordetella pertussis that elicits a va-
riety of biological responses including induction of lymphocy-
tosis, sensitization of animals to the lethal effects of histamine,
stimulation of insulin secretion, and lipid mobilization (9). Pre-
treatment of rats or hamsters with pertussis toxin impairs or
abolishes the in vitro effects on fat cell lipolysis of various an-
tilipolytic agents, including a-adrenergic agonists, prostaglandin
E2, adenosine analogues, and nicotinic acid (10-13). In contrast
to the effect of the latter compounds, treatment with pertussis
toxin (10, 11) preserves the antilipolytic effect of insulin. The
toxin offered the opportunity to eliminate not only the effects
of adenosine but also of other endogenous inhibitors such as
prostaglandins.

By using both adenosine deaminase and the bacterial toxin,
we were able to demonstrate that basal human fat cell lipolysis
proceeds at considerable rates upon relief of endogenous inhi-
bition, suggesting that lipid mobilization from human fat cells
is primarily regulated by inhibition. As in the rat, the antilipolytic
action of insulin was preserved after pretreatment of human
adipocytes with pertussis toxin, indicating that the mechanisms
underlying the antilipolytic effects of insulin are also different
from those of other inhibitors such as prostaglandin E2, N'-
phenylisopropyladenosine, and a2-adrenergic amines in human
fat cells.

Regulation ofLipolysis 1559

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/85/10/1559/07 $ 1.00
Volume 76, October 1985, 1559-1565



Methods

Subjects. Subcutaneous adipose tissue was obtained from 20 obese sub-
jects undergoing elective abdominal surgery. The patients were not se-

lected on the basis of age, sex, or disease. Surgery was performed after
an overnight fast. Anesthesia was initiated with a short-acting barbiturate
and maintained with oxygen, nitrous oxide, and halothane. Tissue spec-
imens ( 1-10 g of tissue) were obtained at the start of the operation.

Preparation offat cells and preincubation. Tissue specimens were

cut into small pieces and fat cells were isolated by collagenase digestion
according to Rodbell (14) using Krebs-Henseleit bicarbonate buffer, pH
7.4, containing 5 mM glucose, 40 g/liter of human serum albumin, and
0.5 mg/ml of collagenase (Sigma Chemical Co., St. Louis, MO, type II).
After 45 min of incubation at 370C the fat cells were washed by flotation
(three times) and resuspended in the same medium (except that colla-
genase was omitted) at a concentration of 50,000-200,000 cells/ml, and
preincubated for 180 min at 370C under an atmosphere of 95% 02 and
5% CO2 (vol/vol). Where indicated, the medium was fortified with 5 ,g/
ml of pertussis toxin. Control cells were handled in an identical manner
except that no toxin was added. Preincubations were terminated by
washing with fresh medium without pertussis toxin. Pertussis toxin was
also omitted during subsequent incubations.

Incubations. When glycerol release served as the only end point (see
Figs. 2 and 3), cell densities were adjusted to 5,000-20,000 cells/ml and
incubations were carried out in stoppered plastic vials in a total volume
of 0.05 ml under an atmosphere of 95% 02 and 5% CO2 (vol/vol) for a

further 180 min. Hormones and adenosine deaminase were added at the
start ofthe final incubations in these latter experiments. Reactions were

terminated by heating (950C, 5 min).
In experiments where cAMP levels and glycerol release were deter-

mined concomitantly, higher cell densities (approximately 10 cells/ml)
and larger assay volumes (6 ml) were used during the final incubations.
Preliminary experiments indicated that the onset ofthe antilipolytic effect
of insulin was preceded by a lag of - 10 min. Unless otherwise stated,
time-course experiments were, therefore, started 15 min after hormones
and adenosine deaminase had been added. At the times indicated, aliquots
of0.5 and 0.05 ml were withdrawn in these latter experiments and assayed
for cAMP and glycerol, respectively.

Pertussis toxin. Pertussis toxin was purified to apparent homogeneity
according to Cowell et al. (15) from supernatants of Bordetella pertussis
suspensions kindly donated by Drs. L. Robbel and F. Backkolb (Behring
Werke, Marburg, Federal Republic of Germany). Preliminary experi-
ments indicated that for human adipocytes relatively high concentrations
( 1-5 ,ug/ml) ofthe toxin were needed in order to achieve complete reversal
of the antilipolytic effects of prostaglandin E2, clonidine, or N6-phe-
nylisopropyladenosine within 180 min at 37°C. Therefore, a concentra-
tion of 5 ug/ml of pertussis toxin was used throughout in the present
studies. As in other cell types or species, pertussis toxin increased basal
glycerol release with a lag of 90-120 min under these conditions.

Assays. The glycerol content ofthe deproteinized media was measured
by a bioluminescent method using an automatic luminescence analyzer
(Berthold LB 950 T). A manual version ofthis method has been described
in detail elsewhere (16, 17). The use of an automatic analyzer required
some minor modifications. Briefly, 0.05 ml of the appropriately diluted
samples (2-10 times) were added to an equal volume ofa medium com-

posed of 28 nmol/liter triethanolamine-HCl, 1.1 mmol/liter KH2PO4,
20 nmol/liter Na3AsO4, 1.1 mmol/liter dithiotreitol, 2.9 mmol/liter
MgCl2, 1.54 mmol/liter ATP, 8.0 mmol/liter NAD, 7 U/ml glycerokinase,
19 U/ml glyceraldehyde 3-phosphate dehydrogenase, 2.3 U/ml glycerol
3-phosphate-dehydrogenase, and 33 U/ml triosephosphate-isomerase.
After incubation for 120 min at 37°C, the samples were further diluted
(six times) and 0.01-ml aliquots of the diluted media were assayed for
NADH. The assay cocktail for the luciferase reaction contained 0.5 mmol/
liter tetradecanal 1. 1 Amol/liter flavin mononucleotide, 15 U/liter bac-
terial luciferase, and 8.5 U/liter NAD(P)H:flavin mononucleotide oxi-
doreductase. The assay cocktail was prepared daily and held at +2°C
during measurements. Light production was measured by a microcom-
puter-controlled automatic luminescence analyzer. The vials containing

0.01 ml ofsample were automatically moved into the measuring position.
The reaction was started by automatic injection of the assay cocktail.
Measuring time was 15 s. The integral of counts between 10 and 15 s
was taken as a measure ofNADH concentration.

cAMP was determined after acetylation using a commercially avail-
able radioimmunoassay (NEN Chemicals, Dreieich, Federal Republic
of Germany). Fat cell number was determined by counting all cells in
appropriately diluted aliquots (10 Ml) of the cell suspension.

Chemicals. Collagenase (type II) was from Sigma Chemical Co. All
other enzymes and coenzymes and N6-phenylisopropyladenosine were
from Boehringer Mannheim, Federal Republic ofGermany. Ammonium
sulfate was removed from enzyme suspensions by centrifugation. Pros-
taglandin E2 and porcine insulin were from Serva AG, Heidelberg. Highly
purified human serum albumin was from Behring Werke, Marburg. Epi-
nephrine and isoproterenol were purchased from Merck AG, Darmstadt,
and Roth AG, Karlsruhe, respectively. Clonidine was a gift of Boehringer
Ingelheim.

Statistics. Statistical analysis was by the Wilcoxon test for paired
observations.

Results

Effects ofpertussis toxin and ofadenosine deaminase on basal
and isoproterenol-activated cAMP accumulation and lipolysis.
The time course ofcAMP accumulation during exposure ofhu-
man adipocytes to hormonal activators of lipolysis is less well
defined than for rat adipocytes. Therefore, experiments were
done in which cAMP and glycerol release were measured con-
comitantly at different time intervals (Fig. 1). Basal levels of
cAMP averaged 20 pmol/106 cells in this experiment. Removal
of endogenous adenosine resulted in approximately a threefold
increase in basal cAMP levels (Fig. I A), which was associated
with a corresponding activation of glycerol release averaging
200% above basal levels (Fig. I C). The time course of cAMP
accumulation in cells exposed to isoproterenol (I ,mol/liter)
showed a rapid increase to maximum levels that remained at
the same increased level for 60 min of incubation under all
conditions employed. cAMP levels rose to more than 1,000
pmol/ 106 cells in the presence of isoproterenol, while the rate
of glycerol release seen under these conditions exceeded that
induced by adenosine deaminase by only 25%. When isopro-
terenol and adenosine deaminase were added together, cAMP
levels were further increased (from 1,000 pmol/ 106 cells to
_ 5,000 pmol/106 cells). However, no further increase in glycerol
release was observed under these conditions.

Pretreatment of fat cells with pertussis toxin also resulted in
an increase in cAMP levels which, though moderate in com-
parison to isoproterenol, exceeded that seen in the presence of
adenosine deaminase by a factor of 2-3 (Fig. 2 B; Table I). In
the presence of isoproterenol cAMP levels rose to 10,000 pmol/
106 cells after pretreatment of fat cells with pertussis toxin.
Adenosine deaminase had no effect on cAMP levels under these
latter conditions, irrespective of whether it was added alone or
in combination with isoproterenol (Fig. 2 B).

After pretreatment with pertussis toxin, basal rates ofglycerol
release were comparable with those seen in the presence of iso-
proterenol in controls (Fig. 2 D). Neither adenosine deaminase
nor isoproterenol had any further stimulatory effect. The ob-
servations that both addition of adenosine deaminase and pre-
treatment of human adipocytes with pertussis toxin induced
considerable (adenosine deaminase) or even maximal (pertussis
toxin) activation of glycerol release, whereas cAMP levels were
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Figure 1. Effects of adenosine deaminase and of pertussis toxin on
cAMP levels and on glycerol release. Fat cells were isolated from adi-
pose tissue of one subject. The cell suspension was divided into two
sets which were preincubated for 180 min in the presence or absence
of pertussis toxin (5 ,g/ml) as described in Methods. After washing,
the cell concentrations were adjusted to 101 cells/ml, and both suspen-
sions were divided into aliquots (6 ml) containing no additions (.),
adenosine deaminase (1.6 jg/ml; o), or isoproterenol (1I mol/liter) ei-
ther alone (-) or in combination with adenosine deaminase (A). Aden-
osine deaminase was added 15 min before the start of the time-course
experiment, and the glycerol accumulating during this interval was
subtracted from subsequent determinations. Isoproterenol was added
at the start of the experiment. At the times indicated aliquots of 0.05
ml were withdrawn for assay ofcAMP and glycerol, respectively. This
representative experiment was repeated five times.

only modestly increased, were confirmed in eight separate ex-

periments (Table I, Fig. 2).
Fig. 2 shows dose-response curves for isoproterenol in non-

treated and pertussis toxin-treated adipocytes. Basal lipolytic rates
were relatively high in these experiments, averaging 1.5 ,umol/
106 cells per 180 min. It has been common, however, to find
higher nonstimulated glycerol release in obese compared to lean
subjects, whereas maximal rates of lipolysis are similar in lean
and obese subjects (18). In the absence ofadenosine deaminase,
the ,B-adrenergic amine caused a concentration-dependent in-
crease in lipolysis. Maximal activation occurred at 1 ,umol/liter
and averaged 200% above basal levels. Removal ofendogenous
adenosine and pretreatment of fat cells with pertussis toxin in-
creased basal lipolytic rates without substantially altering the
maximal rates achieved in the presence ofisoproterenol. There-
fore, addition of isoproterenol caused either a small (adenosine
deaminase) or only a marginal (pertussis toxin) additional in-
crease of lipolysis under these conditions.

Influence ofpertussis toxin and ofadenosine deaminase on

the effects ofantilipolytic agents. Fig. 3 shows the effect ofvarious
antilipolytic agents in nontreated cells and in adipocytes pre-

treated with pertussis toxin. Adenosine deaminase (1.6 jg/ml)
was present throughout these experiments. In contrast to con-
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Figure 2. Influence of adenosine deaminase and of pertussis toxin
treatment on the lipolytic action of isoproterenol. Fat cells were prein-
cubated for 180 min in the absence and presence of 5 ;&g/ml pertussis
toxin. After washing, cell densities were adjusted to 5,000-20,000
cells/ml, and fat cells were incubated with increasing concentrations of
isoproterenol either alone (A) or in combination with adenosine deam-
inase (B and C) in a total volume of 0.05 ml for another 180 min.
When present, adenosine deaminase (1.6 ug/ml) and isoproterenol
were added at the start of the final incubations. Values are
means±standard error of four (A) to five paired experiments (B and
C). For other details see Methods. Abbreviation: Adenos. Deam.,
adenosine deaminase.

trols, the antilipolytic effects of those agents known to affect
lipolysis via inhibition of adenylate cyclase (N6-phenylisopro-
pyladenosine, prostaglandin E2, clonidine) were abolished in fat
cells pretreated with pertussis toxin.

Among the agents tested, only insulin was capable of inhib-
iting lipolysis in toxin-treated cells. The antilipolytic action of
insulin was completely unaffected with respect to effective con-
centration range and degree ofinhibition. Time course ofglycerol
release and concomitant determinations of cAMP levels in the
presence and absence of insulin and prostaglandin E2, respec-
tively, are shown in Fig. 4. In this experiment the medium con-
tained 1.6 .g/ml ofadenosine deaminase throughout. In control
cells cAMP levels (in the presence of adenosine deaminase)
ranged from 55 to 65 pmol/106 cells and glycerol release averaged

Table I. cAMP Levels in Nontreated and
Pertussis Toxin-pretreated Human Adipocytes

cAMP levels

Additions Control Pertussis toxin

pmol/10 cells pmol/106 cells

27±5 160±20§
Adenosine deaminase

(1.6 iig/ml) 70±15* 180±25§

Values are means±SE of eight separate experiments carried out with
fat cells from different subjects. cAMP levels were determined at either
10 or 12 min of incubation. For experimental details, see Methods
and legend to Fig. 2.
* Significantly higher than basal levels (P . 0.05).
§ Significantly higher than controls (P . 0.05).
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Figure 3. Effects of pertussis toxin on the antilipolytic action of pros-
taglandin E2, insulin, clonidine, and N6-phenylisopropyladenosine.
Untreated and pertussis toxin-treated fat cells were incubated with in-
creasing concentrations of various antilipolytic agents for 180 min at
37°C. Antilipolytic agents were added at the start of the incubations.
The medium contained 1.6 jg/ml of adenosine deaminase. Values are
means±standard error of four (C and D) to six (A and B) paired ex-
periments carried out in duplicate with fat cells from different sub-
jects. For further details see Methods. Open symbols refer to pertussis
toxin-treated cells; closed symbols show the respective controls. Ab-
breviation: PIA, N6-phenylisopropyladenosine.

1.6 Mmol/ 106 cells per 60 min. Prostaglandin E2 (50 nmol/liter)
depressed cAMP levels to 30 usmol/ 106 cells. Concomitantly,
glycerol release was decreased to 0.4 Mmol/106 cells per 60 min.
Insulin reduced the rate of glycerol release from 1.6 M4mol/ 106
cells per 60 min to 1.0 Amol/ 106 cells per 60 min. In contrast
to prostaglandin E2, insulin had no measurable effect on cAMP
levels under the conditions employed, indicating that in human
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Figure 4. Effects of insulin and of prostaglandin E2 on cAMP accumu-
lation and glycerol release in nontreated and pertussis toxin-treated
adipocytes. Experimental conditions were similar to those described
for Fig. I except that not only adenosine deaminase (1.6 ug/ml) but
also hormones were added 15 min before the start of the experiment.
Glycerol accumulating between - 15 min and 0 min was subtracted
from subsequent determinations. This representative experiment was
repeated six times (Table II). For further details see legend to Fig. I
and Methods. Symbols: *, control; *, insulin (10 nmol/liter); *, pros-
taglandin E2 (50 nmol/liter).

fat cells insulin can exert antilipolytic effects although cAMP
levels remain unchanged.

In cells treated with pertussis toxin, glycerol release averaged
2.5 ,mMol/106 cells per 60 min. The inhibitory action of pros-
taglandin E2 was completely abolished, consistent with the data
shown in Fig. 4, whereas the antilipolytic effect of insulin was
preserved in toxin-treated cells. Not only insulin but also pros-
taglandin E2 failed to decrease cAMP after the cells had been
treated with pertussis toxin.

The lack of effect of insulin on cAMP levels was confirmed
in six separate experiments carried out with different cell prep-

Table II. Effects ofInsulin and Prostaglandin E2 on cAMP Accumulation and
Lipolysis in Nontreated and Pertussis Toxin-treated Human Adipocytes

Control* Pertussis toxin

cAMP cAMP

Additions at 12 min at 24 min Glycerol release at 12 min at 24 mm Glycerol release

pmol/10' cells pmol/10' cells jsmol/10' cells per 60 min pmol/10' cells pmol/10' cells jumol/lO' cells per 60 min

- 65±15 72±20 1.8±0.1 200±30 220±40 2.8±0.3
Prostaglandin E2

(50 nmol/liter) 35±10* 40±10t 0.3±0.05* 193±30 200±40 2.9±0.2
Insulin

(10 nmol/liter) 73±15 80±15 1.1±0.1t 210±30 215±30 1.8±0.1*

* Values are means±standard error of six paired experiments carried out in duplicate with fat cells of different subjects. The medium contained
1.6 ;g/ml of adenosine deaminase under both conditions. For experimental details, see Methods and legend to Fig. 2. * Significantly lower than
control values (P = 0.05).
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arations (Table II). For comparison, the effects of prostaglandin
E2, which is known to act via inhibition of adenylate cyclase,
were tested simultaneously. Prostaglandin E2 consistently re-
duced cAMP levels by -50% whereas insulin failed to induce
a detectable inhibition ofcAMP levels under the conditions em-
ployed. The effects of insulin on cAMP accumulation are com-
plex and have frequently been shown to depend on the insulin
concentration used (1). Therefore, additional time-course studies
(n = 3) were carried out using four different insulin concentra-
tions ranging from 10 pmol/liter to 10 nmol/liter. However,
even under these conditions no decrease ofcAMP levels could
be detected (not shown). In order to exclude the possibility that
insulin only transiently decreased cAMP levels, three other ex-
periments were carried out in which cAMP levels were deter-
mined at 1, 5, and 10 min after the addition of the hormone
(10 nmol/liter). However, no short-term change in cAMP con-
centrations could be detected.

Discussion

Effects ofpertussis toxin and of adenosine deaminase on basal
and isoproterenol-activated rates of cAMP accumulation and
glycerol release. Fat cells produce and extrude inhibitory regu-
lators such as adenosine or prostaglandins of the E type (1-8).
As reported previously and shown in Fig. 1 and 2, even extremely
dilute suspensions of human adipocytes produce adenosine in
amounts sufficient to depress glycerol release substantially ( 19).
In the present studies, both removal of endogenous adenosine
and treatment of adipocytes with pertussis toxin resulted in an
increase of cAMP. Lipolysis was considerably activated when
cAMP levels were increased two- to threefold (adenosine de-
aminase) and proceeded at maximal rates after treatment with
pertussis toxin which was associated with about a five- to sev-
enfold increase in cAMP levels. These results are consistent with
the widely held belief that only a small increase in total cyclic
AMP is necessary to stimulate lipolysis fully. The fact that pre-
treatment of fat cells with pertussis toxin resulted in higher cAMP
levels than removal ofendogenous adenosine could suggest either
that some tightly-bound adenosine is not accessible to adenosine
deaminase or that adenosine is not the only inhibitor produced
during incubations in vitro. Support for the latter possibility
comes from studies ofChang et al. (8), who showed that human
adipocytes also produce prostaglandins of the E and F types.
Similar explanations may apply to the observation that cAMP
levels elevated by isoproterenol (in the presence of adenosine
deaminase) were further increased by pertussis toxin treatment.
The latter effect of pertussis toxin can also be explained by as-
suming that binding of isoproterenol to its receptor causes not
only activation ofcAMP formation via the stimulatory nucleo-
tide binding-protein of adenylate cyclase (Nj), but also simul-
taneous inhibition via the inhibitory coupling protein (N1), as
proposed by Murayama and Ui (20) for rat adipocytes.

Reversal by pertussis toxin of the inhibitory effects of N6-
phenylisopropyladenosine, prostaglandin E2, and clonidine. As
in the rat fat cell, pretreatment of human adipocytes with per-
tussis toxin abolished the antilipolytic effects of N6-phenyliso-
propyladenosine and prostaglandin E2 (10, 11, 13). Concomi-
tantly the decrease ofcAMP levels produced by both agents was
reversed. Rat adipocytes contain no functional a2-receptors. In
human fat cells the a2-adrenergic effects of epinephrine (not
shown) and of clonidine were also blocked (Fig. 3). Pertussis

toxin catalyzes the ADP ribosylation in various cell types in-
cluding fat cells of a 41,000-mol wt protein that is apparently a
subunit ofNi, the inhibitory guanine nucleotide binding-protein
of adenylate cyclase (for review see References 21 and 22). The
covalent modification inhibits the functional ability of inhibitory
receptors to depress cAMP formation (21-23). cAMP levels were
increased in adipocytes pretreated with pertussis toxin and re-
versal ofthe antilipolytic effect ofprostaglandin E2 was associated
with a corresponding increase ofcAMP, suggesting that adenylate
cyclase is in fact involved. However, several effects of pertussis
toxin have been described which are independent of cyclic nu-
cleotide changes (21, 22, 24). In addition, the concentration of
pertussis toxin used in this study was more than 10-fold higher
than that used by others with rat adipocytes (13). Therefore, we
cannot exclude the possibility that mechanisms other than mod-
ification of adenylate cyclase are also important.

The role of adenosine and of E-type prostaglandins as phys-
iologic regulators of adipose tissue is unknown at present. How-
ever, there is mounting evidence from in vitro experiments sug-
gesting that local regulators are important in long-term regulation
of lipolysis of different species including humans (1-3, 25-29).
Previous studies with adipocytes of starved subjects led us to
conclude that the increase in basal lipolytic rate seen in starvation
is mainly due to reliefof endogenous inhibition (19). The results
of the present studies are consistent with this view. They dem-
onstrate that relief of endogenous inhibitory influences results
in almost maximal stimulation of glycerol release, suggesting
that the primary functional state which is attained in the absence
ofany regulators is characterized by high rates ofglycerol release.
Therefore, a certain degree of inhibition appears to be necessary
for fat cell lipolysis to be susceptible to activation.

Effects of insulin. In contrast to all other inhibitors tested,
the antilipolytic action of insulin was preserved after pretreat-
ment of adipocytes with pertussis toxin. In addition, although
the antilipolytic effect was clearly manifested, the peptide hor-
mone had no inhibitory effects on cAMP accumulation regard-
less ofwhether the cells had or had not been treated with pertussis
toxin.

The ,-oligomer of pertussis toxin has been shown to have
insulinlike effects on glucose oxidation in rat adipocytes (24).
The observations of the present studies, however, are almost
certainly not related to this subunit, which mediates binding of
the holotoxin to the cell surface, because basal glycerol release
should have been decreased rather than increased ifthe 3-oligo-
mer, in addition to its effects on glucose oxidation also had in-
sulinlike antilipolytic effects.

The antilipolytic effect of insulin has often been correlated
with a decrease in cAMP concentrations in adipose tissue, and
some investigators have proposed that this decrease in cAMP
level fully explains the antilipolytic action of this hormone in
fat cells of different species including human adipocytes (30-
33; for review see Reference 34).

The cAMP response of adipocytes to lipolytic agents often
does not reach a steady state, but shows a peak followed by a
decline (1, 35). The sharpness of the peak has been found to be
very variable (1, 35). A possible explanation for this variability
comes from studies of Engfeldt et al. (35), who showed that
phosphodiesterase activity is reduced by collagenase digestion
of human adipose tissue. In the present studies, cAMP accu-
mulation in cells exposed to isoproterenol showed a rapid in-
crease to maximum level that remained at the same increased
level for 60 min. Similar time courses in cAMP response were
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reported from hamster adipocytes (36). Insulin is known to ac-
tivate a low-Km phosphodiesterase (1). In view of the findings
of Engfeldt et al. (35), we cannot exclude the possibility that
phosphodiesterase activity was sufficiently reduced to preclude
any insulin-induced activation ofphosphodiesterase. In addition,
in cultured 3T3-Ll adipocytes insulin activation of phospho-
diesterase is prevented by pertussis toxin treatment (37). If ap-
plicable to human adipocytes, these latter findings would explain
why cAMP levels were not changed by insulin after treatment
with pertussis toxin. In addition, the effects of insulin were as-
sessed only with glucose in the medium. Hence, we do not know
whether changes ofcAMP would have occurred in the absence
of glucose. We, therefore, do not suggest that insulin has not
effects on cAMP levels at all. However, our observations dem-
onstrate that changes in cAMP levels cannot offer a satisfactory
explanation for the mechanisms of the antilipolytic action of
insulin under all conditions. This conclusion is consistent with
recent reports in which rat adipocytes were employed that had
been made permeable by digitonin, or pharmacologic manip-
ulations to bypass endogenous cAMP production and utilization
(38-40). These latter studies consistently showed that the anti-
lipolytic effect of insulin does not require adenylate cyclase or
phosphodiesterase action (38-40).

In conclusion, the results show that the antilipolytic effect
of insulin is not necessarily related to measurable decreases of
cAMP. Additional evidence that the mechanisms underlying
the antilipolytic action of insulin is different from the mecha-
nisms of other antilipolytic compounds comes from the obser-
vation that pertussis toxin blocks the inhibitory action of pros-
taglandin E2, N6-phenylisopropyladenosine, and clonidine
without affecting the antilipolytic action of insulin. The peptide
hormone is the only antilipolytic regulator shown to be physi-
ologically important in vivo. In vitro, lipolysis is severely re-
strained by endogenous inhibitors, of which adenosine is prob-
ably the most important. Unrestrained lipolysis proceeds at al-
most maximal rates, suggesting that a certain degree of inhibition
might be necessary for fat cell lipolysis to be susceptible to stim-
ulation. Further information about the concentrations of aden-
osine and prostaglandins within adipose tissue in vitro and in
vivo, therefore, would be ofgreat value in gaining more detailed
insights into the mechanisms that adjust lipid mobilization to
the actual demands of the organism.
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