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Abstract

The effects of fl-adrenergic agonists on ATP utilization and
adenine nucleotide breakdown in human adipocytes were ex-
amined. The catecholamine-induced increase in cAMPwas as-
sociated with an enhancement of adenine nucleotide catabolism
resulting in an increase in release of inosine and hypoxanthine
which can not be reutilized for adenine nucleotide synthesis.
Therefore, one-third of total cellular adenine nucleotides were
irreversibly lost in the presence of 1 gnmol/liter isoproterenol.

The catecholamine-induced increase in purine release could
be blocked by phosphodiesterase inhibitors, suggesting that
cAMP is the main precursor of purines in the presence of
j-adrenergic agonists. However, epinephrine (in the simulta-
neous presence of the a2-adrenergic blocking agent, yohim-
bine) and isoproterenol were 10 times more potent in stimulat-
ing purine release than in elevating cAMP. In addition, purine
release ceased when cAMPwas still markedly increased, sug-
gesting a compartmentation of the cyclic nucleotide and/or
involvement of the hormone-sensitive, low Km cAMP phos-
phodiesterase.

The results document that white fat cells have an enormous
potential for dissipating energy, and demonstrate that the
pathway involving cAMPformation and hydrolysis constitutes
the principle route of adenine nucleotide catabolism in the
presence of f-adrenergic agonists. (J. Clin. Invest. 1990.
85:106-114.) adenine nucleotides - adipocytes - purines

Introduction

It is well established that the activation of lipolysis by hor-
mones may be associated with a decrease in ATP (1-3). The
stimulatory effects of lipolytic hormones are mediated by
cAMP (4). The concentrations of the cyclic nucleotide re-
quired to produce an increase in lipolytic activity are in the
micromolar concentration range, while ATP concentrations
are in the range of 5-10 mmol/liter (4). Accordingly, it is a
widely held belief that ATP utilization via adenylate cyclase is
small in relation to total ATP turnover, even when adenylate
cyclase is maximally activated (4).

The hydrolysis of triglycerides does not require metabolic
energy. Therefore, the effects of the products of lipolysis, e.g.,
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FFA and glycerol, on energy metabolism as well as the ener-
getic requirements of their further metabolism have received
considerable attention (1-9). Glycerol cannot be metabolized
by human adipose tissue (5-8). By contrast, FFA can be de-
graded or reesterified (1-9). The triglyceride-FFA cycle re-
quires metabolic energy and generates heat (5-8). In addition,
FFA can uncouple oxidative phosphorylation and this effect
may contribute to the drop in ATP seen in the absence of
albumin, or when the FFA to albumin ratio in the media
exceeds a value of 6 (1-3, 9).

A major problem in the determination of ATP turnover
via adenylate cyclase has been the evaluation of the role(s) of
phosphodiesterase(s). Quantitative estimates of the rates of
cAMPhydrolysis revealed that, in contrast to commonly held
views, human platelets display high rates of cAMP turnover
even in the absence of activators (10). When rat adipocytes are
incubated at low densities or in the presence of adenosine
deaminase, most of the ATP may be converted to cAMP
within minutes in the presence of lipolytic activators (1 1, 12).
Accordingly, hormone-activated rates of cAMPturnover of rat
adipocytes were too rapid to be quantified by current method-
ology (1 3).

Hydrolysis of cAMPyields AMPthat is the first substrate
of catabolic reactions ( 14). Any increase in its rate of synthesis
can therefore lead to its further metabolism by dephosphory-
lation or deamination (14). Indeed, previous studies from this
laboratory revealed that isoproterenol caused an increase in
the release of inosine and hypoxanthine in human adipocytes
which appeared to be related to ATP turnover via adenylate
cyclase (15). The current studies are a detailed investigation
into the interrelationship between lipolytic activity, cAMPac-
cumulation, adenine nucleotide breakdown, and purine re-
lease in human adipocytes. It is shown that adenylate cyclase
may constitute a major route of ATP utilization in human
adipocytes in the presence of ,-adrenergic agonists. The in-
crease in cAMP is associated with an enhanced release of pu-
rines that cannot be reutilized for adenine nucleotide synthe-
sis. Prolonged f,-adrenergic stimulation therefore leads to an
irreversible depletion of cellular energy stores.

Methods

Subjects
Fat tissue was from female subjects undergoing elective abdominal or

cosmetic breast surgery who were not selected on the basis of age or

weight. The subjects were operated on after an overnight fast. Anesthe-
sia was initiated with a short-acting barbiturate and maintained with
halothane, nitrous oxide, and oxygen.

Preparation offat cells
Tissue specimens were cut into small pieces and fat cells were isolated
by the method of Rodbell (16) in Krebs-Henseleit bicarbonate buffer,
pH 7.4, containing 20 g/liter human serum albumin, 5 mmol/liter
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glucose, and I mg/ml collagenase (Worthington Biochemical Corp.,
Freehold, NJ). After 30 min of incubation fat cells were washed three
times and resuspended in the same buffer (except that collagenase was
omitted). In experiments where ectophosphatase activities were inhib-
ited a,#-methylene adenosine 5'-diphosphate (10 umol/liter) and j9-
glycerophosphate (10 mmol/liter) were added to the buffer during the
last wash.

Incubations
Immediately after washing 10-15 ml of cell suspensions were trans-
ferred to plastic scintillation vials containing hormones and enzymes
as indicated in legends to figures and tables. Appropriate dilutions of
inhibitors and hormones were made immediately before the start of
incubations. l-Methyl-3-isobutylxanthine (IBMX; 1.3 mmol/liter)'
was dissolved in 0.154 mol/liter NaOHand neutralized with I mol/
liter HC. The latter solution was used instead of 0.154 mol/liter NaCl
for preparation of a Krebs-Henseleit bicarbonate buffer containing 1
mmol/liter IBMX. Stock solutions of 4-(3-butoxy-4-methoxybenzyl)-
2-imidazolidinone (Ro 20-1724; 200 mmol/liter in ethanol) were di-
luted to yield a maximal final ethanol concentration of 0.5%, which
had no influence on cell integrity or biological response. Incubations
were performed at 370C under an atmosphere of 95%02 and 5%CO2
as described ( 15).2

To study the effects of phosphodiesterase inhibitors, cells were
preincubated at 370C in the presence of various concentrations of Ro
20-1724 or IBMX. After 30 min used media were replaced by fresh
ones and incubations were continued for another 30-90 min as indi-
cated in the legends to figures and tables. Alternatively, the washing
step was omitted and isoproterenol was added after 15 min of prein-
cubation. Untreated controls were handled in the same manner as
inhibitor-treated cells in both protocols, except that phosphodiesterase
inhibitors were omitted.

At the times indicated, 0.3 ml of suspensions were removed and
extracted by 1 mol/liter perchloric acid. Another aliquot of suspen-
sions was centrifuged through silicone oil (6,000 g, 10 s). 0.2 ml of the
cell-free infranatants were transferred to perchloric acid for determina-
tion of cAMP, adenine nucleotides, and fatty acids. The remaining
portion of the media (0.8 ml) was inactivated by heating (95°C, 5 min)
and assayed for glycerol and purines.

Assays
FFA and glycerol. FFA were determined bioluminometrically (17). To
increase the dynamic range and speed of fatty acid conversion, the
concentrations of ATP, CoA, fructose-6-phosphate, and acyl-CoA syn-
thetase were increased. The medium for conversion of fatty acids con-
tained 23 mmol/liter Hepes, pH 8.0, 1.1 mmol/liter KC1, 20 mmol/
liter arsenate, 1.1 mmol/liter DTT, 2.9 mmol/liter MgCl2, 0.5 smol/
liter EDTA, 1.2 mmol/liter ATP, 8 mmol/liter NAD, I mmol/liter
CoA, 1 mmol/liter fructose-6-phosphate, 33 U/ml triosephosphate
isomerase, 280 mU/ml aldolase, 18 mU/ml glyceraldehyde phosphate
dehydrogenase, 35 mU/ml acyl-CoA synthetase, and 100 mU/ml of
the pyrophosphate-dependent fructose-6-phophate kinase. 0.05-ml
samples were added to an equal volume of conversion medium and
incubated for 1 h at 25°C. After appropriate dilution (10 times) sam-
ples were assayed for fatty acid contents as described (17). Human
serum albumin (Behring Werke Marburg, Marburg, FRG) contained 1

rmol/g fatty acids leading to blank values of 20 Mmol/liter, a figure that
permitted a determination of FFA release without prior delipidation.
Glycerol was determined as published (18).

Purines. Adenosine, inosine, and hypoxanthine were measured by
a chemiluminescent method using the peroxidase/luminol system as
indicator reaction (19). For determination of the sum of individual

1. Abbreviations used in this paper: IBMX, 1-methyl-3-isobutylxan-
thine; LDH, lactate dehydrogenase; Ro 20-1724, 4-(3-butoxy-4-me-
thoxybenzyl)-2-imidazolidinone.
2. Kather, H., unpublished observations.

purines the assay was modified. 20-50-,gl samples were made up with
water or standard (usually 0.1 mol/liter) to yield a final volume of 0.1
ml. During a first step all purines were converted to hypoxanthine by
adding an equal volume of 0.2 mol/liter Na2HPO4buffer, pH 8.2,
containing 0.72 g/liter EDTA, 25 ,gmol/liter luminol, 1.5 U/ml perox-
idase, 50 mU/ml nucleoside phosphorylase, and 2.4 U/ml adenosine
deaminase. After 7 min light emission was initiated by adding another
0.1 ml of phosphate buffer containing 8 mU/ml xanthine oxidase, 1.5
U/ml peroxidase, and 25 Mmol/liter luminol.

Light emission was not influenced by catecholamines and phos-
phodiesterase inhibitors up to concentrations of 1 umol/liter (catechol-
amines), 0.3 mmol/liter (IBMX), and 1 mmol/liter (Ro 20-1724), re-
spectively. Samples containing higher amounts of these latter agents
were extracted with chloroform, and light output was corrected by
internal standardization.

Other determinations. Adenine nucleotides were assayed biolu-
minometrically as described (15, 20). cAMPwas determined by a
commercially available RIA after acetylation (Amersham, Bucks,
UK). Cell number was determined by counting all cells in appropri-
ately diluted aliquots of suspensions. Lactate dehydrogenase (LDH)
activity of cell-free media and suspensions was determined by a com-
mercially available kit (Boehringer Mannheim GmbH, Mannheim,
FRG) as described (15).

Materials
IBMX was purchased from Serva AG(Heidelberg, FRG). Ro 20-1724
was a gift of Hoffmann La Roche Company (Basel, Switzerland). The
sources of the other reagents used have been given in a previous re-
port (15).

Results

Effects of isoproterenol on lipolysis, cAMPaccumulation, and
adenine nucleotide concentrations. Fig. 1 shows time courses of
glycerol and FFA release in the presence and absence of 1
gmol/liter isoproterenol. The changes in cAMPand adenine
nucleotide concentrations were monitored simultaneously
(Fig. 2). On the average, isoproterenol caused a fourfold in-
crease in lipolytic activity. Isoproterenol-activated rates of
lipid mobilization proceeded at linear rates. The molar FFA to
glycerol ratio was close to the theoretical value of 3:1 in the
absence and presence of isoproterenol, indicating that no rees-
terification took place under the conditions used. In another
series of experiments (n = 4) carried out in the presence of 10
Amol/liter a,f-methylene adenosine 5'-diphosphate and 10
mmol/liter ,B-glycerophosphate - 15% of the fatty acids pro-
duced were recycled back to triglycerides in the absence and
presence of isoproterenol (not shown).

Human adipocytes contained 20-30 nmol/106 cells ade-
nine nucleotides (Fig. 2). In controls the adenine nucleotides

~~~~ro7' ~~7~' Figure]1. Release ofA Glycerol B Fatty Acids Fiue1. eeaeo
10 _ 30 glycerol (A) and FFA
- (B) in the absence and

j I/1 ;/ presence of isoproter-
enol. Isolated adipo-

roou5ii+/ _ 15 _ /{ _ cytes (20,000-40,000
0 {/ / cells/mi) were incu-

1/i< _-4I' bated in the absence (-)
0 o 4 or presence (o) of 1

0 1 2 3 0 1 2 3 ,umol/liter isoproter-
Time of Incubation (hours) enol. Incubations were

performed in the ab-
sence of ectophosphatase inhibitors. Values are means±SE of eight
paired experiments carried out with fat cells from different donors.
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Figure 2. Influence of a

maximal concentration
of isoproterenol on

cAMPaccumulation
and the concentrations
of individual adenine
nucleotides. Incuba-
tions were carried out
in the absence of inhibi-
tors of ectophosphatase
activities. Values are
means±SE of the exper-

iments summarized in
Fig. 1, and refer to the
nucleotide contents of
suspensions. Extracellu-
lar adenine nucleotide
concentrations corre-

sponded to < 10% of
total cellular adenine nucleotide contents under these conditions.
Symbols are the same as in Fig. 1.

were 74+6% ATP, 16±7% ADP, and 10±5% AMP. cAMP
levels were < 1%. The concentrations of ATP and total ade-
nine nucleotides displayed an initial decline by ! 25%, fol-
lowed by a partial recovery, which may reflect a salvage of
adenosine. Accordingly, the latter effect was not observed in
the presence of dipyridamole, an inhibitor of nucleoside trans-
port (not shown).

In the presence of isoproterenol (1 gmol/liter) ATPbecame
depleted to less than one-half of control levels (Fig. 2 A). Con-
comitantly, cAMP concentrations rose to 8±1.5 nmol/106
cells (Fig. 2 D). The initial rise in cAMPwas followed by a

gradual decline lasting > 2 h. In the rat the decline in cAMP
was associated with a marked increase in AMP(1.1, 21). By
contrast, in human adipocytes virtually no increase in AMP

was observed in conventional incubations, i.e., in the absence
of inhibitors of ectophosphatase activities (Fig. 2 C). As ADP
levels also remained unchanged (Fig. 2 B), the isoproterenol-
induced drop in ATP was reflected by a corresponding de-
crease in total adenine nucleotide contents (Fig. 2 D).

Cell integrity and catabolism of extracellular adenine nu-
cleotides. Humanadipocytes are fragile (22). In standard incu-
bations 8±2% of total cellular LDHactivity was recovered in
the media at the start of incubations. A further 8±2% was
released per hour of incubation. During rapid time courses cell
leakage was two to three times higher due to the more frequent
agitation of suspensions (Table I). Catecholamines had no de-
tectable influence on LDH release up to a concentration of 1
,umol/liter. Caution needs to be exercised at higher catechol-
amine concentrations, however. At 10 Mmol/liter LDHrelease
may be increased up to twofold in some preparations, while no
additional damage is observed in others (see legend to Fig. 3).

Humanadipocytes possess ectophosphatases that are capa-
ble of sequentially degrading ATPto adenosine (15). Consider-
ing the short-lived integrity of the cells, it appeared important
to discriminate between adenine nucleotide catabolism from
broken cells, occurring extracellularly, and intracellular ade-
nine nucleotide breakdown. Therefore, all subsequent experi-
ments were carried out in the presence of 10 amol/liter a,#-
methylene adenosine 5'-diphosphate and 10 mmol/liter 8-
glycerophosphate, which block the extracellular catabolism of
ATPat the level of AMP(23, 24). The validity of this approach
has been documented.2 Nonspecific losses of ATP result in a
corresponding accumulation of ADPand AMPin the media
under these conditions (Table I). Accordingly, the extracellular
concentrations of these latter nucleotides (and cAMP) are re-
lated to LDHrelease in the absence and presence of isoproter-
enol, and no adenosine can be detected in the media because
the extracellular catabolism of AMPis blocked (15). Notably,
isoproterenol had only marginal effects, if any, on the intra-
cellular concentrations of ADPand AMPin the presence of

Table L Influence of a Maximal Concentration of Isoproterenol on cAMPLevels, Adenine Nucleotide Concentrations,
and the Distribution of Individual Adenine Nucleotides

Suspensions Media Recovered in media

Additions 0 min 60 min 0 min 60 min 0 min 60 min

None ATP 17.0± 1.5 11.4±0.9 .0.2
ADP 2.5±0.5 3.6±0.7 0.3±0.05 2.3±0.6
AMP 2.1±0.6 3.4±0.4 0.7±0.10 3.9±0.4

ATP + ADP+ AMP 21.6±1.7 18.2±1.4 1.2±0.20 6.2±1.0 5 29
LDH 2.7±0.3 0.15±0.01 0.8±0.1 5 30

Isoproterenol ATP 17.4±1.5 4.7±0.8 .0.2
ADP 2.9±0.4 1.9±1.0 0.3±0.05 1.2±0.2
AMP 1.1±0.2 3.2±0.3 0.6±0.10 3.0±0.2

ATP + ADP+ AMP 21.4±1.6 9.8±0.9 1.1±0.20 4.2±0.3 4 20
cAMP 0.05 4.4±0.6 0.01 2.4±0.2 - 11
LDH 2.8±0.3 0.15±0.05 0.9±0.13 5 32

Values are means±SE of the initial and final values (n = 8 for each condition) obtained in the rapid time courses summarized in Fig. 6. Ade-
nine nucleotide concentrations and LDHactivity are given in terms of nanomoles/ 106 cells and units/ 106 cells, respectively. The media con-
tained 10 ,umol/liter aj-methylene adenosine 5'-diphosphate and 10 mmol/liter fl-glycerophosphate either alone or in combination with 1
jsmol/liter isoproterenol.
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inhibitors of ectophosphatase activities (Table I), consistent
with the results obtained in conventional incubations (Fig. 2).

Effects of increasing concentrations of various catechol-
amines. Fig. 3 shows the effects of various concentrations of
isoproterenol and epinephrine on cAMPlevels, purine release,
ATP, and the sum of individual adenine nucleotides. In con-
trast to isoproterenol, which is highly selective for f3-adrenergic
receptors, epinephrine has opposing a2- and fl-adrenergic ef-
fects on lipolysis and cAMPaccumulation in human adipo-
cytes (25). The effects of the naturally occurring catecholamine
were therefore assessed in the absence and presence of the
a2-blocking agent, yohimbine. Isoproterenol caused a concen-
tration-dependent increase in cAMPwhich was half maximal
at 0.3 umol/liter (Fig. 3 A). Maximal effects were observed at
an isoproterenol concentration of 3 Atmol/liter. Epinephrine
alone caused only small increases in cAMPwhich were barely
detectable in some experiments. On the average, cAMPlevels
were doubled by 1 Atmol/liter epinephrine, a figure that con-
trasts to the more than 100-fold elevation seen in the presence
of 1 gmol/liter isoproterenol. It was only in the presence of
yohimbine that the naturally occurring catecholamine caused
increases in cAMPthat were comparable to those elicited by
isoproterenol (Fig. 3 A).

As shown in a preceeding paper (15), intact human adipo-
cytes release extremely small amounts of adenosine, if any,
irrespective of whether ATP turnover is increased by isopro-
terenol or not. Accordingly, the medium concentrations of this
nucleoside were beyond detectable levels in the presence of
a,/3-methylene adenosine 5'-diphosphate and ,B-glycerophos-
phate. In contrast, isoproterenol and epinephrine (in the si-
multaneous presence of yohimbine) caused a marked increase
in inosine and hypoxanthine release which closely resembled
their cAMP-elevating effects with respect to relative efficacy
and rank order of potency (Fig. 3 B).

The stimulatory effects of both catecholamines on cAMP
accumulation and purine release were inversely mirrored by a

u Cc0 i AM °IO- i Figure 3. Effects of increasing. -A Cyclic AMP 1 B Purines cso
, 10- concentrations of different cat-

L ~; r- 1 --I echolamines on cAMPaccu-
X( j

i' ., mulation, purine release, ATP
5 [- - levels, and the sum of individ-

,, ;-4 I' I" ual adenine nucleotides.

.i'.ll1-j Values are means±SE of seven

o~H11 separate experiments for each
_ .C ATP D ATP.ADP.AF condition. cAMPand adenine

*, fo ¶Psyt+-+-i--I± oH4tI+ Z nucleotides were determined
O{ I t a + .in neutralized perchloric acid

extracts of suspensions after 20
c -5 -5 ' lj min of incubation. Purines

Titj' i4: '+~ bols refer to the effects of iso-
O-10 HH -10Lr̂i ...... proterenol (o) or epinephrine,

atecholamines (-log mol/liter) either alone (A), or in combi-
nation with 1 umol/liter yo-

himbine (A). Baseline levels of ATP and total adenine nucleotides
were in the range 12.5-13 nmol/ 106 cells and 18-20 nmol/106 cells,
respectively. LDHrelease was similar in the absence (14.5±5%) and
presence (14±6%) of 1 Mmol/liter isoproterenol, but was increased
(20±5%) at 10 jemol/liter of the fl-adrenergic agonist. The media
contained 10 mmol/liter ,-glycerophosphate and 10 Mmol/liter a,#-
methylene adenosine 5'-diphosphate.

decrease in ATP and the sum of individual adenine nucleo-
tides (Fig. 3, Cand D). All responses could be reversed by the
fl-blocking agent propranolol, indicating that they were me-
diated via a f3-adrenergic receptor (Table II).

Somewhat surprisingly, isoproterenol and epinephrine (in
the simultaneous presence of yohimbine) were more potent
( 10-fold) in stimulating purine release than in increasing
cAMP. This is more clearly illustrated in Fig. 4, showing the
effects of increasing concentrations of isoproterenol on lipoly-
sis, purine release, and cAMPaccumulation in terms of a per-
centage of the maximal response. Lipolysis was most sensitive
to isoproterenol. A maximal activation of purine release was
observed at 0.3 gmol/liter isoproterenol, whereas 3 ,umol/liter
was required for a maximal activation of cAMPaccumulation.

For technical reasons, cAMP was measured at 20 min,
while purine release was assessed at 60 min of incubation.
However, time courses of cAMPaccumulation may vary with
increasing concentrations of isoproterenol (26). Therefore, the
relationship between cAMPaccumulation and purine release
was studied in detail at different concentrations of isoproter-
enol (Fig. 5). There was a slight shift in the peaks of cAMP
accumulation from shorter to longer times with increasing
concentrations of isoproterenol (Fig. 5 A). In addition, cAMP
levels tended to decline more slowly at high concentrations of
the fl-adrenergic agonist. Overall, the kinetic variability of
cAMPaccumulation was small, however, in relation to the
marked difference in isoproterenol sensitivity noted between
cAMPaccumulation and purine release, indicating that this
discrepancy is a real one (Fig. 5 B).

An unexpected outcome of these studies was that purine
release ceased as soon as cAMPhad attained a relatively stable
level, irrespective of whether cAMPlevels remained markedly
elevated or not. This is illustrated in Fig. 6 showing a balance
of adenine nucleotide breakdown and formation of products,
e.g., cAMPand purines. In controls, cAMPaccumulation was
negligible (- 0.05 nmol/106 cells), and purine release corre-

Table II. Comparison of the Effects of Propranolol
WhenAdded Simultaneously with, or Subsequent

to, Exposure to Isoproterenol

Addition Purines

nmol . I0 -6 cells . 60 minF

None 2.2±0.9
Isoproterenol at 0 min 7.2±2.0
Isoproterenol at 0 min

+ propranolol at 0 min 2.5 ± 1.0

None 1.8±0.4
Isoproterenol at 0 min 6.0±0.5
Isoproterenol at 0 min

+ propranolol at 30 min 5.4±0.6

Values are means±SE of three paired experiments in both experi-
mental settings. Suspensions contained 27,000±3,000 cells/ml (pro-
pranolol at 0 min), and 34,000+2,500 cells/ml (propranolol at 30
min). The final concentrations of isoproterenol and propranolol were
1 and 2 Mmol/liter, respectively. The media contained 10 mmol/liter
f-glycerophosphate and 10 umol/liter a,4-methylene adenosine 5'-di-
phosphate.
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Figure 4. Isoproterenol sensitivity
of various fl-adrenergic receptor-
mediated responses. Values are
normalized means of the data ob-
tained in the experiments shown
in Fig. 3, where details are given.

sponded to < 10% of cellular adenine nucleotide contents.
After a small initial drop, adenine nucleotide concentrations,
therefore, remained essentially unchanged in the course of in-
cubations (Fig. 6 B).

Isoproterenol caused a drop in adenine nucleotide concen-
trations by half. Initially the decrease in adenine nucleotide
concentrations could be mainly accounted for by the isopro-
terenol-induced increase in cAMP. The subsequent transition
to a lower relatively stable cAMPlevel was counterbalanced by
the ongoing release of purines. Thereafter purine release
ceased even though cAMP concentrations were still > 100
times above basal levels. Concomitantly, adenine nucleotide
concentrations were stabilized at the same low level that was
initially attained, and the sum of cAMPand purines closely
corresponded to the decrease in adenine nucleotide concen-
trations in the whole course of incubations (Fig. 6 A). Consis-
tently, propranolol could only prevent the isoproterenol-in-
duced increase in purine release when added at the start of
incubations, but had little effect after 30 min (Table II).

Effects of phosphodiesterase inhibitors. The isoproterenol-
induced drop in ATP and total adenine nucleotides could be
the result of increased substrate consumption via adenylate
cyclase as well as increased ATP-utilizing activities that are
stimulated by the elevated cAMPlevel. cAMPbecame a major
adenine nucleotide in the presence of maximal concentrations
of fl-adrenergic agonists, suggesting that the former mecha-
nism is the more important one. The latter concept implies
that phosphodiesterase is one of the critical steps in the chain
of events leading to a hormone-induced increase in adenine
nucleotide catabolism.

10r

5

A Cyclic AMP

Time of Incubation (min )

.c B Purines

2-
I 5

Isoproterenol ("imol/ liter)

Figure 5. Relation between cAMPaccumulation and purine release
with increasing concentrations of isoproterenol. A, Values are means

of duplicate determinations obtained in one out of three experiments
and refer to cAMPcontents of suspensions (closed symbols) and in-
tracellular levels of the cyclic nucleotide (open symbols) at 1 imol/
liter (circles), 0.1 smol/liter (triangles), and 0.02 Mmol/liter (square)
isoproterenol, respectively. B, Purines were determined after 60 min
of incubation.
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Figure 6. Temporal interrelation-
ship between isoproterenol-in-
duced cAMPaccumulation and
its stimulatory effect on purine re-
lease: contribution of each re-
sponse to the fl-adrenergic recep-
tor-mediated depletion of cellular
adenine nucleotide contents. A,
Kinetics of cAMPaccumulation
inside the cells (o) and in suspen-
sions (e), and time course of pu-
rine release (A) in the presence of
I jcmol/liter isoproterenol. Qua-
dratic symbols refer to the sum of
cAMPand purines recovered in

suspensions. B, Concomitant changes in total adenine nucleotide
contents of suspensions in the absence (*) and presence (0) of isopro-
terenol. Values are means±SE of the experiments summarized in
Table I. The media contained 10 mmol/liter P-glycerophosphate and
10 !smol/liter a,,-methylene adenosine 5'-diphosphate.

Indeed, the phosphodiesterase inhibitors, IBMX and Ro
20-1724, inhibited the increase in purine release seen in the
presence of isoproterenol in a concentration-dependent man-
ner (Fig. 7, Table III). Half-maximal effects were observed at
0.1 mol/liter Ro 20-1724 and 0.3 mmol/liter IBMX, respec-
tively. At 1 ,umol/liter both compounds caused a virtually
complete inhibition of purine release in the presence of 1
Mmol/liter isoproterenol (Fig. 7, Table III). The inhibition of
purine release was associated with a marked increase in cAMP,
indicating that the cyclic nucleotide is in fact the main precur-
sor of purines in the presence of isoproterenol (Fig. 7, Ta-
ble III).

Reversibility of the catecholamine-induced decrease in ade-
nine nucleotide concentrations. As shown in a recent report
(15), adenosine was avidly taken up and incorporated into
cellular adenine nucleotides (Table IV). In contrast to adeno-
sine, the concentrations of exogenously supplied inosine and
hypoxanthine (1 ,mol/liter) dropped by < 10% within 3 h,
indicating that human adipocytes can reutilize only small
amounts of these latter purines, if any (Table IV). Along with
the observation that ,B-adrenergic agonists caused a selective
increase in inosine and hypoxanthine release, the latter finding
strongly suggested that the catecholamine-induced drop in
cellular adenine nucleotide contents is largely irreversible.

To substantiate this contention suspensions were incu-
bated in the absence and presence of isoproterenol, either
alone or in combination with the phosphodiesterase inhibitor,
Ro 20-1724. After 30 min the stimulatory action of isoproter-
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Figure 7. Effects of increasing
concentrations of Ro 20-1724 on
isoproterenol-activated rates of
cAMPaccumulation and purine
release. The media contained 10
Mmol/liter a,,3-glycerophosphate,

10 mmol/liter fl-glycerophosphate,
and 1 Mmol/liter isoproterenol.
Values refer to cAMPcontents of
suspensions and purine concentra-
tions in heat-inactivated media
and are means of duplicate deter-
minations.
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Table III. Effects of IBMX on Isoproterenol-stimulated cAMP
Accumulation and Purine Release

Addition Purines cAMP

nmol X 10-6 cells

Isoproterenol 7.7±1.8 7±3
Isoproterenol + IBMX 1.0±0.4 15±4

Suspensions (32,000±3,000 cells/ml) were preincubated for 30 min
in the absence or presence of I mmol/liter IBMX. Thereafter, prein-
cubation media were replaced by fresh media and incubations were
continued for another 30 min in the presence of I jtmol/liter isopro-
terenol either alone or in combination with I mmol/liter IBMX.
Values are means±SE of three separate experiments carried out with
fat cells from different donors and refer to medium concentrations of
purines and cAMPcontents of suspensions, respectively. The media
contained 10 mmol/liter fl-glycerophosphate and 10 Mumol/liter a,fl-
methylene adenosine 5'-diphosphate.

enol was terminated by 2 umol/liter propranolol and incuba-
tions were continued for another 60 min (Fig. 7). Propranolol
had no influence on purine release when added after 30 min,
consistent with the data shown in Table II. By contrast, cAMP
concentrations rapidly declined after addition of the #-block-
ing agent (Fig. 8 A). The cAMPthat was still present 15 min
after addition of propranolol was almost quantitatively recov-
ered in the media, indicating that the intracellular concentra-
tions of the cyclic nucleotide had approached basal levels.
Concomitantly, adenine nucleotide concentrations rose to a
new steady level which was, however, lower than the initial one
(Fig. 8 C). The difference between the initial and final adenine
nucleotide concentrations closely corresponded to the sum of
cAMPand purines recovered in the media, indicating that the
catecholamine-induced depletion of ATP and total cellular
adenine nucleotides is in fact largely irreversible (Fig. 8 C).

In the presence of a maximally effective concentration of
Ro 20-1724 (0.75 mmol/liter), the isoproterenol-induced in-
crease in cAMPwas doubled (Fig. 8 B). The phosphodiesterase
inhibitor delayed the decay of cAMPas expected. However, its
influence on the activity of phosphodiestere(s) in situ was rela-
tively small. The half-life of cAMPwas - 4 min in the absence
of the phosphodiesterase inhibitor and 7.5 min in its presence.
As cAMPconcentrations were doubled by Ro 20-1724, it is

Table IV. Removal of Exogenously Supplied Purines

Purines

Addition 0 min 180 min

wrnol/liter

Adenosine 0.98±0.05 0.18±0.03
Inosine 1.04±0.07 0.92±0.05
Hypoxanthine 0.98±0.04 0.89±0.05

Suspensions (38,000±5,000 cells/ml) were incubated in the presence
of I umol/liter of exogenously supplied purines. Values are
means±SE of three paired experiments carried out as time-course
studies and the initial and final values are given. The media con-
tained 10 mmol/liter fl-glycerophosphate and 10 gmol/liter a,#-
methylene adenosine 5'-diphosphate.

intuitively clear that at steady state the inhibitor of phospho-
diesterase(s) had little, if any, influence on cAMPmetabolic
flux. Nonetheless, purine release was blunted (Fig. 8 B). In
contrast to controls (Fig. 8, A and C), the isoproterenol-in-
duced drop in adenine nucleotide concentrations was almost
completely reversible in the presence of Ro 20-1724 (Fig. 8 D).
The relatively small losses of cellular adenine nucleotides
(- 10%) could be mainly accounted for by the amount of
cAMP recovered in the media under these latter conditions
(Fig. 8 D).

Discussion

It is well established that ,B-adrenergic stimulation of fat cell
lipolysis may be associated with a pronounced drop in ATP
(1-3). However, no previous study has followed the concen-
trations of other adenine nucleotides and their degradation
products in a manner adequate for a quantitative assessment
of the pathways of energy metabolism in adipocytes. The pres-
ent study demonstrates that in human adipocytes the ATP-
lowering action of ,B-adrenergic catecholamines is almost en-
tirely due to their cAMP-elevating property. The hydrolysis of
cAMP is associated with a stimulation of adenine nucleotide
breakdown which leads to an irreversible loss of adenine nu-
cleotides.

Effects of catecholamines on cAMPlevels and adenine nu-
cleotide concentrations. The rate of adenine nucleotide break-
down may be accelerated by an increase in ATP utilization, a
decrease in the ability of cells to phosphorylate ADPand
AMP, or both these mechanisms (14). As nearly three times
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Figure 8. Irreversibility of the isoproterenol-induced depletion of cel-
lular adenine nucleotide contents: effects of Ro 20-1724. Suspensions
(32,000±3,000 cells/ml) were preincubated in the absence (A, C) or
presence (B, D) of 0.75 mmol/liter Ro 20-1724 for 15 min, and then
exposed to 1 ;tmol/liter isoproterenol. After a further 30 min, 2
,umol/liter propranolol (Prop.) was added and incubations were con-
tinued for another 60 min. In A and B the effects of propranolol on
cAMPcontents of suspensions (o) and the net release of purines (A)
in the absence (A) or presence (B) of the phosphodiesterase inhibitor
are shown. , The sum of cAMPand purine contents of suspensions.
Cand D illustrate the concomitant changes in adenine nucleotide
contents of suspensions (o) and the sum of individual adenine nu-
cleotides in suspensions plus cAMPin media (A). o, Sumof adenine
nucleotides and the products of adenine nucleotide metabolism, e.g.,
cAMPin media and purines. The media contained 10 mmol/liter ,-
glycerophosphate and 10 Aemol/liter a,#-methylene adenosine 5'-di-
phosphate. Values are means of four separate experiments in each
condition.
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more fatty acids were released than glycerol, an increase in
ATP utilization due to an activation of the lipolysis-reesterifi-
cation cycle can be ruled out (4-7). Likewise, an inhibition of
ATPsynthesis by uncomplexed fatty acids is unlikely to play a
role because the molar FFA to albumin ratio was < 3:1 in the
present experiments, indicating that the tight-binding capacity
of albumin for fatty acids had not been exceeded (27). The
pathway involving cAMP formation and hydrolysis is gener-
ally not considered a major route of ATP utilization (4). By
contrast, in the present experiments the majority of ATPwas
converted to cAMPwithin 15 min in the presence of isopro-
terenol (Figs. 2 and 6). The latter finding points out the consid-
erable potential of adenylate cyclase and demonstrates that the
pathway involving the formation and hydrolysis of cAMPas-
sumes a major role in ATPutilization in the presence of max-
imally effective concentrations of f-adrenergic catechol-
amines. Similar observations were made in the rat (11, 21).
However, in rat adipocytes the catecholamine-induced drop in
ATPwas associated with a major change in adenine nucleotide
distribution (i.e., AMPbecame the predominant nucleotide),
while the sum of individual adenine nucleotides displayed no
major change (1 1, 21). By contrast, in human adipocytes the
concentrations of ADPand AMPwere not substantially al-
tered in spite of a marked drop in ATP. Along with the obser-
vation that cAMPlevels remained elevated for > 1 h in the
presence of maximal concentrations of fl-adrenergic agonists,
the latter finding suggests that the rate of AMPformation is
largely determined by the velocity of cAMPhydrolysis in the
presence of f3-adrenergic agonists.

Once formed, AMPmay be reconverted to ATP through
the action of adenylate kinase or degraded by deamination
and/or dephosphorylation (14). In human adipocytes AMP
breakdown takes place primarily by deamination.2 Indeed, the
catecholamine-induced increase in ATP turnover via adenyl-
ate cyclase resulted in a concentration-dependent increase in
release of inosine and hypoxanthine, which cannot be reuti-
lized for adenine nucleotide synthesis by human adipocytes.
Accordingly, the catecholamine-induced drop in ATP and
total adenine nucleotide concentrations was largely irrevers-
ible. Overall, the current data thus strongly suggest that the
pathway involving cAMP formation and hydrolysis not only
assumes a major role in ATP utilization (which is reversible),
but also constitutes the principle route of irreversible adenine
nucleotide catabolism in the presence of,3-adrenergic agonists.

Role ofphosphodiesterase. Recent studies in rat adipocytes
demonstrated a reversible drop in ATP in the simultaneous
presence of phosphodiesterase inhibitors and catecholamines
(11). Consistently, the irreversible loss of preformed purine
bases was prevented by this type of drug in the current experi-
ments, and the isoproterenol-induced depletion of cellular ad-
enine nucleotide contents was nearly fully reversible (Fig. 8).
The use of phosphodiesterase inhibitors is not simple, how-
ever, in that they cause only transient inhibition of cAMP
hydrolysis in situ, and may show other effects as well (28).
Since the inhibitory effects of IBMX and Ro 20-1724 on cate-
cholamine-induced adenine nucleotide catabolism were asso-
ciated with an excessive increase in cAMP, an effect of both on
phosphodiesterase may be inferred (Fig. 7). Furthermore, as
discussed below, the stimulatory effects of fl-adrenergic ago-
nists on purine release appear to be related to the initial burst
of cAMP turnover, and this explains why IBMX and Ro
20-1724 were capable of completely suppressing adenine nu-

cleotide catabolism, even though their inhibitory effects were
rapidly overcome in association with increasing levels of
cAMP. Overall, it thus appears that the catecholamine-in-
duced loss of preformed purine bases is in fact critically de-
pendent on phosphodiesterase activity.

Phosphodiesterase exists in multiple forms which vary
widely in substrate affinities and mode of regulation (26,
28-32). Among the at least three isoforms that are present in
rat fat cells, a low KmcAMPphosphodiesterase has been iden-
tified that is activated by catecholamines (presumably through
the action of a cAMP-dependent protein kinase; 31). The en-
zyme is also present in human adipocytes (30). The issue of
whether or not the increase in enzyme activity observed in
broken cell preparations relates to the intact cell remains to be
clarified. It is, therefore, difficult to decide whether the cate-
cholamine-induced acceleration of AMPcatabolism is solely
due to increased availability of its precursor cAMP, or reflects
(at least in part) regulatory influences at the level of hormone-
sensitive cAMP phosphodiesterase. The striking parallelism
between the cAMP-elevating properties of epinephrine and
isoproterenol and their stimulatory effects on purine release
suggests that increased substrate availability is one of the fac-
tors that are causally involved. However, both catecholamines
were more potent in stimulating purine release than in eliciting
an increase in cAMP. A series of reports, including this study,
have shown that a similar discrepancy exists between the
cAMP-elevating properties of catecholamines and their stimu-
latory effects on lipolysis, which may reflect a compartmenta-
tion of the cyclic nucleotide, but could be caused by other
mechanisms as well (32-34). The former possibility is sup-
ported by the work of Goldberg et al. demonstrating stimulus-
induced increases in cyclic nucleotide turnover which were
transient, and appeared to reflect a highly coordinated increase
in cyclic nucleotide formation and hydrolysis confined to
functionally important pools (10). The observation that purine
release ceased as soon as cAMPhad attained relatively stable
levels strongly suggests that similar mechanisms are operative
in human adipocytes (Fig. 6). As cAMPlevels remained mark-
edly elevated, the progressive decrease in purine release can be
classified as a homologous type of desensitization (4). Intrigu-
ingly, partially purified preparations of hormone-sensitive fat
cell phosphodiesterase display the same type of response dur-
ing sustained ,B-adrenergic stimulation (32). The questions of
whether and to what extent the stimulatory effects of catechol-
amines on purine release reflect their effects on hormone-sen-
sitive phosphodiesterase, therefore, deserve further investiga-
tion.

Physiological considerations. Previous work from this and
other laboratories revealed that the elimination of inhibitory
influences is sufficient for fat cells to achieve lipolytic activities
that are comparable with those observed in the presence of a
maximal concentration of isoproterenol (35-37). As activating
hormones are not necessary for a maximal stimulation of lipid
mobilization, it was concluded that human fat cell lipolysis
needs to be inhibited before it can be activated by lipolytic
hormones (37). By demonstrating that unopposed stimulatory
inputs can lead to an irreversible depletion of cellular energy
stores, the present findings provide further arguments in sup-
port of the view that a certain degree of inhibition is essential
for the maintenance of metabolic homoiostasis in fat cells.

Along this line of reasoning it is difficult to understand why
the cells fail to release adenosine, which, in contrast to inosine
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and hypoxanthine, is capable of preventing an excessive pro-
duction of cAMPand can be reutilized for adenine nucleotide
synthesis (1 1, 12, 35-37). In vivo, the interstitial fluid of
human adipose tissue appears to contain adenosine, however,
which may be derived from the circulation or produced locally
by vascular stromal cells or neurons (38). In addition, epineph-
rine and norepinephrine are the only hormones that have been
demonstrated to be of physiological importance as stimulators
of lipid mobilization in adult humans (22). Both hormones
have antagonistic a2- and fl-adrenergic components of action
(25). Therefore, the degree of fl-adrenergic stimulation ob-
served in the presence of maximal concentrations of isopro-
terenol will never occur in vivo (Fig. 3). The questions of
whether and how a dual regulation of a single metabolic path-
way by a single class of hormones might offer advantages over
an unidirectional type of control have not been satisfactorily
answered until now. This study points out that this type of
regulation may play a role in minimizing the energy that is
wasted by signal transmission, implying that rat adipocytes
that are devoid of functional a2-adrenergic receptors might be
more dependent on inhibitory regulators such as adenosine
than human adipocytes (22).

Therapeutic implications. A series of reports have shown
that the fl-adrenergic receptors of human and rat fat cells do
not conform to the f1/f2 classification (39, 40). Other studies
indicate that in the rat brown adipocytes have similar #-
adrenergic receptors (41). Compounds that selectively stimu-
late brown adipocyte fl-adrenergic receptors are currently
being tested for their potential as thermogenic antiobesity
drugs. However, brown adipose tissue is scarce in adult human
beings (42). It is therefore doubtful whether the oxidative ca-
pacity of this energetically wasteful tissue is large enough to
make a substantial contribution to energy expenditure in man.
The present findings document that white fat cells have an
enormous potential for dissipating energy in response to fl-
adrenergic catecholamines, suggesting that white adipose tis-
sue, which is present in excessive amounts in the obese, may be
a much more important target of thermogenic drugs in human
beings than brown adipose tissue.

In conclusion, it is shown that fl-adrenergic activation of
human fat cell lipolysis results in a marked increase in inosine
and hypoxanthine release which is closely related to cAMP
accumulation. In contrast to adenosine, inosine and hypoxan-
thine cannot be reutilized for adenine nucleotide synthesis.
Unopposed fl-adrenergic stimulation therefore leads to an irre-
versible loss of cellular adenine nucleotides which is not seen
in the presence of the naturally occurring hormone, epineph-
rine, acting through a2- and fl-adrenergic receptors.
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