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Human adipocytes are of limited viability (7 2 2%
release of lactate dehydrogenasefi)and contain active
ectophosphatases which are capable of sequentially degrading ATP to adenosine. At densities of 30,00040,000 cells/ml, human fat cell suspensions accumulated adenosine, inosine, and hypoxanthine, and their
concentrations were 38 f 8, 120 i 10, and 31 i 7
nmolfliter after 3 h of incubation.
Dipyridamole (10 pmol/liter), an inhibitor of nucleoside transport, caused a 6-7-fold increase in adenosine accumulation which was reduced by 85%on inhibition of ectophosphatases by &glycerophosphate and
antibodies againstecto-5’-nucleotidase or a,@-methylene 6”adenosine diphosphate (10 pmolfliter), respectively, indicating that most of the adenosine is produced in the extracellularcompartment. Accordingly,
the spontaneous accumulation of adenosine was reduced beyond 6 nmolfliter on inhibition of ectophosphatase activitiesor removal of extracellular AMP by
AMP deaminase (4 units/ml). Added adenosine (30
nmolfliter) disappeareduntil
its concentrationapproached 6 nmol/liter. Isoproterenol (1pmol/liter) had
no effect on adenosine accumulation regardless
whether purineproduction from extracellularsources
was minimized or not.
In contrast to adenosine, the concentrations of inosine and hypoxanthine displayed only a modest decrease (30-60%)on inhibition of ectophosphatase activities. In addition, isoproterenol caused a 2-%fold
increase in
inosine and hypoxanthine production which
was concentration-dependent andcould be inhibited by
propranolol.
It is concluded that the adenosine that accumulates
in human adipocyte suspensions is almost exclusively
derived from adenine nucleotides which are released
by leaking cells. Bycontrast, inosine and hypoxanthine
are produced inside the cells, and the releaseof these
latter purines appears to be linked to ATP turnover
via adenylatecyclase.

Adenosine is both an intermediate of adenine nucleotide
breakdown and a potent regulator of a variety of biological
functions (1, 2). In adipose tissue the nucleoside influences
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glucose transport and acts as an inhibitor of cyclic AMP
accumulation and lipolysis, both basal- and hormone-activated (3-13). Specific adenosine receptors (AI-RI) that mediate the diverse effects of the nucleoside on adipocyte metabolism have been characterized on adipocyte membranes (10).
Adenosine is inevitably present in the media during incubation of fat cell suspensions (3-14). Because of its profound
effects on cellular metabolism this “background” adenosine
requires careful consideration (10). Current methods are not
sensitive enough to permit serial measurements of adenosine
and other purines in adipocyte suspensions. Therefore, only
tentative estimates exist on adenosine concentrations in rat
fat cell suspensions which vary between undetectable levels
and 1pmol/ll (5-9). Quantitative information on production
and uptake of purines by human adipocytes is completely
lacking. In addition, neither is adenosine’s antilipolytic potency precisely known (because the nucleoside is continuously
produced and metabolized in the course of cell incubations),
nor has thecrucial question been addressed as to whether the
adenosine that accumulates in fatcell suspensions is released
by intact cells or is produced from adenine nucleotides that
are extruded by broken or damaged cells.
The development of sensitive methods for determination of
free fatty acids and glycerol (15, 16), and a new chemiluminescent assay for purines (17) enabled the gain of quantitative
information on export and uptake of purines by human fat
cells which is presently lacking for fat cells in general. It is
shown that the adenosine that accumulates in the media
during incubation of human adipocytes is almost exclusively
derived from adenine nucleotides which are released by leaking cells. By contrast, inosine and hypoxanthine are produced
inside the cells, and the export of these latter purines is
activated by @-adrenergiccatecholamines.
EXPERIMENTALPROCEDURES

Materials
Nucleoside phosphorylase (from bovine spleen), AMP deaminase
from rabbit muscle (EC 3.5.4.6), D-luciferin, dipyridamole, and a#methylene adenosine 5’-diphosphate were from Sigma. All other
enzymes and coenzymes were from Boehringer Mannheim, Federal
Republic of Germany. Ammonium sulfate was removed from enzyme
suspensions by centrifugation. Highly purified human serumalbumin
was purchased from Behring Werke, Marburg, Federal Republic of
Germany. The albumin contained no adenosine degrading activities.
It was contaminated by trace amounts of purines, however, which
wereremovedby
the boronate affinity technique (18). Polyacrylamide-linked boronate (Affi Gel 601, Bio-Rad; 0.5 g/l) was added to
buffers containing albumin. After stirring overnight at 4 “C, the
boronate gel was removed by filtration. Silicone oil (density 0.99 kg/
The abbreviations used are: 1, liter; HEPES, 4-(2-hydroxyethyl)1-piperazineethanesulfonicacid.
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1, viscosity 5 X
m'/s) was purchased from Serva AG, Heidelberg,
Federal Republic of Germany. Rabbit antiseraagainst human placental ecto-5'-nucleotidase were kindly donated by Dr. F. Gutensohn,
Institut f i r Humangenetik, University of Munich, Federal Republic
of Germany. & Isoproterenol and f propranolol were gifts of ICIPharma, Planckstadt, Federal Republic of Germany.

cell suspensions. Lactate dehydrogenase activity was determined in
aliquots of the media that were removed prior to heat inactivation
and kept on ice until measurement. T o assess the activity of the
enzyme in whole suspensions, cells were lysedby addition of 3 volumes
of HzO containing 1%Triton X-100.
RESULTS

Subjects

Purine Accumulation and Uptake-Human adipocytes produced adenosine, inosine, and hypoxanthine (Fig. 1).Hypoxanthine and xanthine are co-determined by the chemiluminescent method employed. To assess whether or nothypoxanthine was further degraded by human adipocytes, samples
were analyzed by high performance liquid chromatography ( n
= 3). Neither xanthine nor uric acid could be detected indiPreparation of Fat Cells and Incubations
cating that hypoxanthine is the end product of adenine nuTissue specimens were cut into small pieces and fat cells were
isolated by the method of Rodbell (19) in Krebs-Henseleit bicarbonate cleotide catabolism in human adipocytes (not shown).
At a density of 30,000-40,000 cells/ml, adenosine accumubuffer, pH 7.4, containing 20g/1 human serum albumin, 5 mmol/l
glucose, and 1mg/ml collagenase (Worthington, CLS). After 30 min lation approached concentrations of approximately 1 nmol/
of incubation, fat cells were washed (three times) and resuspended in lo6 cells within 3 h of incubation (Fig. 1B).Inosine concenthe same buffer (except that collagenase was omitted).
trations plateaued at considerably higher levels. Medium conPreincubations-Concentrated cells were divided into sets which centrations of hypoxanthine were in a range similar to adenwere preincubated in the presence of antisera against human ecto-5'nucleotidase (dilution l:lO), for 40 min at 37 "C. Controls contained osine.
The most prominent change seen in thepresence of isoproappropriately diluted control sera. After extensive washing (four
terenol was a marked increase in inosine accumulation which
times), cell number was adjusted to 2,000-120,000 cells/ml.
Incubations-The experiments were carried out as time course represented the major fraction of extracellular purines in the
studies. Immediately after washing, 10-15 ml of cell suspensions were absence and presence of isoproterenol (Fig. IA).The increase
transferred to plastic scintillation vials containing hormones and in inosine concentrations was associated with a corresponding
enzymes as indicated in the legends of the figures and incubated at
37 "Cunder an atmosphere of 95% 02 and 5% COZ. Cells were enhancement in hypoxanthine production (Fig. IA). In conmaintainedin suspension by mechanical shaking and occasional trast toinosine and hypoxanthine,the accumulation of adenosine in the media was not influenced at all by isoproterenol
swirling by hand (approximately every 15 min). At the times indicated, aliquots (1ml) were withdrawn and vials were re-gassed. Cells (Fig. 1C).
and media were separated by centrifugation through silicone oil at
The rates of adenosine accumulation were related to cell
6,000 X g for 10 s. Incubation media were deproteinized by heating. density (Fig. ZQ). In dilute suspensions (~40,000cells/ml),
When present, dipyridamole was removed by repeated partition into adenosine accumulation was linear with time up to 180 min
chloroform (1m1/0.5 ml of sample).
The silicone oil technique was time-consuming. The ATP content of incubation. In more concentrated suspensions, adenosine
of cells collected after centrifugation was variable and considerably concentrations reached a steady-state level averaging 40
lower than thatdetermined in whole suspensions. Adenylate concen- nmol/l inthis experiment. The relationship between cell
trations in the media were negligible(approximately 2 nmol/106cells). densities and kineticsof adenosine accumulation was variable,
Suspensions were therefore directly transferred into 3% (v/v) per- however. This is made evident by a comparison of the experchloric acid for determination of cellular adenylate contents. Perchlo- iments shown in Fig. 2, A and B , which were carried out with
ric acid extracts were neutralized by 1 mol/l KZC03.
fat cells from different donors. A steady-state level was observed at a density of 120,000 cells/ml in one preparation
Assays
(Fig. ZQ), whereas adenosine concentrations plateaued at a
Purines-Adenosine, inosine, and hypoxanthine were determined
by a new chemiluminescent method which is based on the determi- cell concentration as low as 30,000 cells/ml intheother

Subcutaneous adipose tissue was from surgical subjects undergoing
elective abdominal surgery or cosmetic breast surgery. Operations
were performed after an overnight fast. Anesthesia was initiated with
a short-acting barbiturateand maintained with oxygen, nitrous oxide,
and halothane. The tissue specimens were obtained a t the start of
the operations.

nation of Hz02 formed by sequential catabolism of purines to uric
acid using the luminol/peroxidase system as indicator reaction (17).
The sensitivity of the method was further improved by treating the
vials with horseradish peroxidase (1unit/l) for 24 h at 0 "C prior to
use. This procedure reduced the detection limit for adenosine from
approximately 10 nmol/l to 3 nmol/l.
Adenine Nucleotides-Adenine nucleotides were assayed bioluminometrically by the method of Spielman et al. (20) with minor
modifications. For determination of ATP, 10 pl of neutralized perchloric acid extracts were added to 0.1 mlof 40 nmol/l HEPES buffer,
pH 7.95, containing 1.6 pg/ml firefly luciferase, 0.7 pmol/l D-luciferin,
20 mmol/l MgC12, 4 mmol/l EDTA, and 0.2 mmol/l dithiothreitol.
For determination of ATP+ADP and of ATP+ADP+AMP, respectively, samples were preincubated for 20 min (ATP+ADP) or 60 min
(ATP+ADP+AMP) a t 25 "C after addition of 40 p1 of HEPES buffer,
pH 7.95, containing 1 mg/ml phosphoenolpyruvate, 4 pmol/l GTP,
20 mmol/l MgC12,20 units/ml pyruvate kinase (ATP+ADP), and 34
units/ml adenylate kinase (ATP+ADP+AMP). The integral of
counts between 16 and 18 s was taken as a measure of adenylate
concentrations.
Other Determinations-High performance liquid chromatography
analysis of purines was performed according to Ontyd and Schrader
(21) using the enzymatic peak shift method for verification. Glycerol
was determined by a luminometric micromethod (15). Cyclic AMP
was measured by a commercially available radioimmunoassay after
acetylation (Amersham, Bucks, United Kingdom). Cell number was
determined by counting all cells in appropriately diluted aliquots of
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FIG. 1. Purine accumulation in human fat cell suspensions
as influenced by isoproterenol.A and B, kinetics of accumulation
of adenosine (O),inosine (0),and hypoxanthine (A) in the presence
(A) or absence ( B ) of isoproterenol (1 pmol/l). C illustrates that the
adenosine concentrations were virtually identical in the absence (0)
and presence (0)of 1 pmol/l isoproterenol. Values are mean f S.E.
of eight paired experiments carried out with different batches. Cell
number averaged 34,000 & 4,000 cells/ml. In the case of adenosine
and hypoxanthine, the experimental error did not exceed the size of
symbols.
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FIG. 2. Kinetics of adenosine accumulation and uptake. A ,
rates of adenosine accumulation at various cell densities. Numbers to
the right of the respective time course refer to cell density in terms
of cellslpl. B , uptake of added adenosine (0)and spontaneous accumulation of the nucleoside (0).Cell number was30,000 cells/ml.
Values are mean of duplicate determinations. The experiments shown
in A and B were carried out with fat cells from different donors.

suspension (Fig. 2B). In addition, the steady-state concentrations of adenosine varied between 30 and 70 nmol/l.
The finding thatthe concentrations of adenosine approached a steady state suggested an equilibrium, where the
production and removal of the nucleoside are balanced. Accordingly, added adenosine disappeared until the same concentration was reached that was spontaneously attained (Fig.
2B). The removal of inosine was considerably slower than the
disappearance of adenosine. When added at a concentration
of 1pmolll, the concentration of inosine dropped by only 15%
within 3 hat a densityof 30,000 cells/ml. Virtually no uptake
of hypoxanthine could beobserved up toa concentration of 1
pmol/l.’
Catabolism of Extracellular Adenine Nucleotides-The intactness of the adipocytes used in the current experiments
was assessed by their ability to sustain linear rates
of lipolysis
inthe presence of isoproterenol (1 pmol/l) or adenosine
deaminase (0.5 unit/ml), their adenine nucleotide contents,
and the extentof release of the cytosol enzyme lactate dehydrogenase. The adipocytes were intact in functional terms
(Figs. 7 and 8). However, 8.5 f 2% of total lactate dehydrogenase activity was found in the media at the start of the
incubations. A further 7 zk 2% was released per hour of
incubation. On the average, human adipocytes contained 35
f 3 nmol/106 cells adenine nucleotides which dropped by
approximately 15% in the course of incubations.
Like rat fat cells (22) and vascular endothelia (23), human
adipocytes catabolized added ATP, ADP, or AMP and their
half-lives were 60, 120, and >180 min at 1 pmol/l substrate
concentration and a density of 20,000 cells/ml (Fig. 3A). The
metabolism of ATP resulted in a transient accumulation of
ADP followed by a more prolonged accumulation of AMP,
suggesting sequential degradation of extracellular nucleotides
(ATP+ADP+AMP; Fig. 3B).
The degradation of AMP was studied in the presence and
absence of the inhibitor of nucleoside transport dipyridamole
(Fig. 3C). At the concentration employed (10 pmol/l), dipyridamole had no effect on lactate dehydrogenase release. Added
AMP disappeared at identical rates in the presence and absence of dipyridamole, and its removal was associated with
an increase in adenosine concentrations under both conditions (Fig. 30). In the presence of dipyridamole, the disappearance of added AMP could almost quantitatively be accounted for by formation of adenosine that accumulated in
the media, indicating that no pathways other than dephosphorylation contributed to the catabolism of added AMP to
an appreciable extent (Fig. 3, C and D).In the absence of
dipyridamole, adenosine accumulation exhibited a markedly
H. Kather, manuscript in preparation.

Time of Incubation I hours)

FIG. 3. Degradation of added adenine nucleotides (A and B )
and relation between the disappearance of added AMP and
accumulation of adenosine, as influenced by dipyridamole and
a blockade of ectophosphatase activities (C and D ) . A , ATP
(O),ADP (0),
or AMP (A)were each added at a concentration of 1
pmol/l. The disappearance of added nucleotides and the rates of
product formation were determined in perchloric acid extracts of the
media. B, rates of product formation from added ATP. Symbols are
the same as in A and refer to the rates of disappearance of ATP (0)
or the kinetics of appearance of ADP (0)and AMP (A),respectively.
The data shown in A and B were obtained in the same suspension.
Values are mean of duplicate determinations. Cell number was
20,00O/ml. C and D,concentrated suspensions were divided into two
sets which were preincubated with antisera against human ecto-5’nucleotidase (dilution 1:lO) or appropriately diluted control sera for
40 min at 37 “C. After extensive washing (four times) cell number
was adjusted to 30,000 cells/ml and AMP was added to a final
concentration of 1.2 pmolll. At the times indicated, aliquots (1.3 ml)
of the suspensions were removed. Cells and media were separated by
the silicone oil technique. For determinations of adenosine, the media
were inactivated by heating (95 “C, 5 min). AMPwas determined in
perchloric acid extracts of aliquots (0.3 ml) that were removed prior
to heat inactivation. Shown in C is the disappearance of added AMP
in controls (A,A) or antibody-treated cells (0).Controls were incubated in the absence (A)or presence (A) of 10 pmol/l dipyridamole.
The media of antibody-treated cells contained 10pmolll dipyridamole
and 10 mmol/l j3-glycerophosphate.D,corresponding time courses of
adenosine accumulation. The symbols are the same as in C. Values
are mean of duplicate determinations.

nonlinear time course and only one-fifth of the AMP that had
disappeared was recovered as adenosine. The uptake of adenosine was completely blocked bydipyridamole (Fig. 6). It thus
appeared that AMP isdegraded by ectophosphatases to adenosine which is subsequently removed from the media via a
dipyridamole-sensitive nucleoside transporter (24).
The catabolism of added AMP could be prevented by preincubating the adipocytes with antisera against humanecto-5’nucleotidase (25) and adding 10 mmol/l @-glycerophosphate,
an inhibitor of nonspecific phosphatases, during the final
incubations (Fig. 3C). The concentrations of AMP were
slightly increased in the course of incubations under these
conditions, consistent with a continuous release of adenine
nucleotides. Concomitantly, the production of adenosine, as
assessed in thepresence of dipyridamole, was reduced by 85%
(Fig. 30). Similar results were obtained on adding 10 pmolll
of a,@-methyleneadenosine5’-diphosphate, a specific inhibitor of ecto-5‘-nucleotidase (26), in conjunction with @-glycerophosphate. The disappearance of added AMP was completely
prevented by 10 pmol/l a,@-methyleneadenosine 5”diphosphate. Half-maximal effects occurred at concentrations of
0.5-1 pmolll (not shown).
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Sources of Purine Production-To determine the fraction
of adenosine which is normally produced in the extracellular
compartment, the spontaneous accumulation of adenosine
was also assessed inthe presence and absence of dipyridamole
(Fig. 4). Dipyridamole causeda marked increase in the spontaneous accumulation of adenosine (Fig. 4,A and B),suggesting that most of the adenosine was in fact produced in the
extracellular compartment. Accordingly, the dipyridamoleinduced increase in adenosine accumulation was reduced by
more than 80%on blockadeof ectophosphatasesby antibodies
against ecto-5'-nucleotidase and P-glycerophosphate(Fig.

concentrations (Table I). At the concentration employed (4
units/ml), the enzyme degraded 1 pmol/l AMP within less
than 10 min, but was devoid of adenosine deaminating activity. When both approaches, e.g. a blockade of ectophosphatases and removal of extracellular AMP, were combined, the
adenosine concentrations in the media dropped beyond detectable levels ( 5 5 nmol/l) regardless of whether lipolysis and
cyclic AMP accumulation were activated by isoproterenol or
not (Table I). A similar pattern of effects was observed in the
presence of 10 pmol/l a,B-methylene adenosine 5'-diphosphate (Table I). Even in the presence of 1 pmol/l 2'-deoxycoformycin, a tight-binding inhibitor of adenosine deaminase
44.
In the absence of dipyridamole, adenosine was hardly de- (27), the cells failedto produce measurable amounts of adentectable on inhibition of ectophosphatase activities (Fig. 4B, osine on suppression of adenosine production from extracelTable I), indicating that the small amounts of adenosine lular sources?
Thus, the results obtained with three different approaches
whichwere still produced extracellularly had almost completely been taken up. The removal of extracellular AMP by independently revealed that the adenosine which inevitably
AMP deaminase resulted in a similar decrease in adenosine accumulates in human fat cell suspensions is almost exclusively produced byectophosphatases. In addition, these findings strongly suggested that the steady state in adenosine
concentrations that is observed under conventional incubation conditions, i.e. without controlling adenosine production
from extracellular sources, reflects an equilibrium between
the production of the nucleoside in theextracellular compartment and adenosine uptake (Fig.2B).Accordingly, added
adenosine,at a concentration as low as 30 nmol/l, disappeared
until its concentration approached 5 nmol/l on minimizing
the formation of the nucleoside from extracellular sources
(Fig. 5). The removal of adenosine was completely prevented
0
1
2
3
0
1
2
3
by
dipyridamole under these strictly controlled conditions,
T i m of Incubation (hours1
indicating that the nucleoside had been taken up by intact
FIG. 4. Effect of dipyridamole
on spontaneous accumulation adipocytes rather than having been degraded extracellularly.
of adenosine as influenced by a blockade of ectophosphatase
activities. Concentrated cells were preincubated with control sera The medium concentrations of adenosine were even slightly
or antisera against ecto-5'-nucleotidase as described in thelegend to increased inthe presence of dipyridamole, consistent with the
Fig. 3. Controls (0)and antibody-treated cells (0)were incubated in observation that some adenosine was still produced in the
the presence and absence of 10 pmol/l dipyridamole (controls) or 10 extracellular compartment on inhibition of ectophosphatases
pmol/l dipyridamole and 10 mmoljl @-glycerophosphate(antibody- (Fig. 4A).
treated cells), respectively. Values are mean ? S.E. of four paired
In contrastto adenosine, the concentrations of inosine and
experiments for each condition, carried out with fat cells from differhypoxanthine were reduced by 40-50% only on suppressing
ent donors. Cell number was 33,000 f 4,000cells/ml.
adenosine production from extracellular sources (Table 11).
Isoproterenol was still capable of increasing the concentraTABLEI
tions of these latter purines (Table 11, Fig. 6).The catecholl
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Effect of suppressing adenosine production from extracellular sources
on adenosine accumulation in human fat cell suspensions
Values denote adenosine concentrations in terms of nmol/l and
are mean and ranges of two to eight paired experimentsas indicated
by numbers in parenthesesto the right. The experiments were carried
out as time course studies and the values obtained after 3 h of
incubations are given. The cells treated with antibodies against ecto5'-nucleotidase were preincubated with antisera against the human
enzyme as described under "Experimental Procedures" and were
extensively washed (four times) prior to final incubations. AMP
deaminase (4 units/ml), @-glycerophosphate(10 mmol/l), and a,@methyleneadenosine 5'-diphosphate (10 pmolll) were added at the
start of the final incubations. Cell nuybers were in the range of
30.000-40,000 cells/ml for all conditions.
Approach

AMP deaminase
Antibodies against ecto-5'nucleotidase + @-glycerophosphate
Antibodies against ecto-5'nucleotidase + @-glycerophosphate + AMP deaminase
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FIG.5. Disappearance of added adenosine under conditions
of minimal production of the nucleoside from extracellular
sources in the absence and presence of dipyridamole.
Cells
were pretreated with antisera against human ecto-5'-nucleotidase as
described in the legend to Fig. 3 and were subsequently incubated in
media containing 10 mmol/l @-glycerophosphateand 4 units/ml AMP
deaminase in the absence (0)or presence (0)of 10 pmol/l dipyridamole. Values are mean of duplicate determinations. Cell number was
20,000 cells/ml. Spontaneous accumulation of adenosine was approximately 5 nmol/l in the presence of dipyridamole.
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TABLEI1
Influence of inhibition of extracellular purine production on the
release of inosine and hypoxanthine
Values are means f S.E. obtained in the experiments listed in Table I.
Approach

Antibodies against ecto-5'-nucleotidase
+ @-Glycerophosphate
a,@-Methyleneadenosine5"diphosphate (10pmolll)
+ 6-GlvcerouhosDhate (10mmol/l)

+
+
+

-

,

120 f 10
290 f 20
65 f 5
180 f 20
60 f 5
200 f 20

0.80 f 0.2 (8)
1.7 f 0.30 (8)
0.55 f 0.1 (4)
1.4 f 0.4 (4)
0.4 f 0.1 (4)
1.5 f 0.2 (4)

31 f 7
63 f 10
15 f 4
40 f 10
20 f 5
70 f 10

3.10 f 0.3
7.60 f 0.5
2.0 f 0.15
6.6 f 0.7
1.5 f 0.12
4.5 f 0.5

-

sponse-Fat cells display an easily quantified biological response, lipolysis. Among the purines produced by human
adipocytes only adenosine was antilipolytic. Inosine and hypoxanthine were without detectable effects up to concentra10.0
1.0
tions of 1pmol/l (not shown). Precise estimates of adenosine's
antilipolytic potency are difficult because this substance is
0.1
continuously produced and metabolized during the course of
0.01
cell incubations. Therefore, the antilipolytic action of added
0.0
adenosine was studied in extremely dilute suspensions (Fig.
7 ) .Addition of increasing concentrations of adenosine caused
- 9
a dose-dependent inhibition of lipid mobilization under these
Time of Incubationh
l aurs)
Isoproteranolcbgmcl/ll
conditions (Fig. 7A). Glycerol release was linear with time at
FIG. 6. Stimulatory effects of increasing concentrations of all adenosine concentrations employed. By successfully minisoproterenol on purine release in the absence or presence of
propranolol. The media contained 10 pmol/l a,@-methyleneadeno- imizing adenosine production and utilization (Fig. 7 B ) and
sine 5"diphosphate and 10 mmol/l @-glycerophosphateeither alone comparing the effects of adenosine and N6-phenylisopro(0)or in combination with increasing concentrations of isoproterenol pyladenosine on the same batch of fat cells (Fig. 7C), it could
as indicated by the numbers to theright of the respective time courses be shown that the naturally occurring nucleoside is only two
(Fig. 6A) which refer to agonist concentrations in termsof pmolll. E, times less potent thanN6-phenylisopropyladenosinewhich is
dose-response curve constructed from the data in A at 3 h of incu- selective for AI-adenosine receptor sites. Half-maximal effects
bation. C, influence of 1pmolll isoproterenol on purineaccumulation
and
in the absence (black bar) or presence (openbar) of 1 pmolll f were observed at 3 nmol/l (N6-phenylisopropyladenosine)
6 nmol/l (adenosine), respectively. Maximal effects occurred
propranolol.
at a N6-phenylisopropyladenosineconcentration of 30 nmol/
1. The corresponding figure for adenosine was 100 nmol/l.
TABLEI11
As a blockade of ectophosphatase activities resulted in a
Effect of dipyridamole on the concentrations
of inosine and
marked
drop in ambient adenosine concentrations, one would
hypoxanthine in human adipocyte suspensions
conditions.
Values are mean f S.E. of four separate experiments carried out expect that lipolysis is increased under these latter
with fat cells from different subjects. The cells were pretreated with This problem was studied in detail in cells that had been
antisera againstecto-5'-nucleotidase as described under "Experimen- pretreated with antibodies against ecto-5'-nucleotidase and
tal Procedures." @-Glycerophosphate(10 mmol/l) was added at the were subsequently incubated in the presence of 10 mmol/l,5-

start of the final incubations. The experiments were performed as
time course studies. The values given were determined after 3 h of
incubation. Cell numbers ranged between 30,000 and 40.000 cells/ml.
Inosine
Additions
Hwoxanthine

Dipyridamole (10 pmol/l)
Isoproterenol (1 pmol/l)
Isoproterenol (1 pmol/l) + dipyridamole (10 pmol/l)

100 f 10
50 f 8
210 f 20
120 f 10

nmol/l
15 f 3 (4)
35 f 5 (4)
65 f 5 (4)
108 f 10 (4)

amine caused a concentration-dependent increase in the release of inosine and hypoxanthine (Fig. 6 , A and B ) . Halfmaximal effects were observed at approximately 0.1 pmol/l
isoproterenol. The isoproterenol-induced increase in purine
production was inhibited by 1 Mmol/l propranolol (Fig. 6C),
suggesting that the stimulatory effect of isoproterenol is mediated via a P-adrenergic receptor and, hence, is largely confined to the cytosolic compartment. The latter conclusion is
further supported by the observation that the concentration
of inosine was reduced by approximately 50% in the presence
of dipyridamole (Table 111).Concomitantly, the concentration
of hypoxanthine was increased, consistent with the mediation
of hypoxanthine transport via a separate mechanism (27).
Relation between Purine Concentrations and Biological Re-

0

1

2

3

Time of Incubation Ihours)

. . . .

0

.

1 1 0

.

.

mwxa

Purines Inmol/l)

FIG. 7. Comparison of the effects of various concentrations

of adenosine and p-phenylisopropyladenosine on glycerol
release in extremely dilute suspensions of human adipocytes.
Cell number averaged 2000 cells/ml. Shown in A are time courses of
glycerol release in the presence of adenosine deaminase (0.5 units/
ml, M)
or increasing concentrations of adenosine; 0, 3 nmol/l;
A, 10 nmol/l; A, 30 nmol/l; 0, 100 nmol/l. Illustrated in E are the
medium concentrations of adenosine as determined after different
intervals of incubation. Fig. 4C shows a dose-response curve for
adenosine which was constructed from the data shown in A and B
(open symbols). The effects of N6-phenylisopropyladenosine(closed
symbols) were determined in the same suspension in the presence of
adenosine deaminase (0.5 units/ml).
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glycerophosphate (Fig. 8). At intermediate cell densities
(20,000-40,000 cells/ml), nonstimulated glycerol release was
frequently nonlinear with time (Fig. 8A). The progressive
decrease in lipolytic activity was not due to impaired cell
function but was caused by the continuous accumulation of
adenosine. Accordingly, lipolytic activity displayed only a
marginal deviation from linearity on inhibition of adenosine
production from extracellular sources (Fig. 8, A and C ) , and
proceeded at linear rates in,the presence of adenosine deaminase (Fig. 8, B and C ) . In contrast to controls, adenosine
deaminase caused only a slight additional increase in glycerol
release inantibody-treated cells (Fig. 8C). As in therat,
isoproterenol-activated rates of lipolysis of human adipocytes
were more resistant to the antilipolytic action of adenosine
(28, 29). Isoproterenol-activated rates of lipolysis were therefore linear and proceeded at virtually identical rates regardless
of whether the accumulation of adenosine was inhibited or
not.
DISCUSSION

This work confirms and extends previous observations in
the ratdemonstrating that adenosine is inevitably present in
fat cell suspensions (1-14). In human adipocytes, hypoxanthine constitutes the final product of the catabolism of adenine nucleotides. In contrast to the rat,neither xanthine nor
uric acid could be detected (7). An unexpected outcome of
these studies was that the adenosine which accumulates in
the course of cell incubations is almost exclusively derived
from adenine nucleotides which are released by leaking cells.
By contrast, inosine and hypoxanthine are produced inside
the cells, and the release of these latter purines is activated
by isoproterenol. Both these aspects are discussed separately.
Sources of Purine Production-Human fat cells are fragile.
On the average, 7% of the cytosol enzyme lactate dehydrogenase was released per hour of incubation suggesting that approximately 8 nmol of adenine nucleotides were liberated by
lo6 cells within 3 h of incubation. Similar observations were
made in the rat (22). Like rat fat cells, human adipocytes are
able to degrade extracellular adenine nucleotides to adenosine
which is avidly taken up via a dipyridamole-sensitive nucleoside transporter (Figs. 3 and 5). Even in the absence of added
nucleotides, dipyridamole caused a marked increase in adenosine concentrations (Fig. 4). As the uptake of extracellular

iA

10

Time of Incubation (hours)
FIG. 8. Effect of a blockade of adenosine production from
extracellular sources on lipolytic activity in the absence and
presence of isoproterenol ( A )or adenosine deaminase, respectively ( B and C). Cells were preincubated with antisera against

ecto-5’-nucleotidase or control sera
as describedunder “Experimental
Procedures.” The media of antibody-treated cells contained 10 mmol/
1@-glycerophosphateeither alone (0)or incombination with 1wmol/
1 isoproterenol (A) or 0.5 units/ml adenosine deaminase (O), respectively. Controls (0,A,m) were incubated under identical conditions
except that @-glycerophosphatewas omitted. A, values are mean &
S.E. of four paired experiments carried out with fat cells from different donors. B and C, the data are mean of two paired experiments
for each condition.

adenosine was completely blocked bydipyridamole (Fig. 5), it
appeared that either part or all of the adenosine is derived
from extracellular sources or that dipyridamole selectively
inhibits adenosine uptake without affecting adenosine release.
Others have demonstrated that dipyridamole is approximately
equipotent in inhibiting
influx and efflux of adenosine, implying that the former possibility is the most likely (24, 30, 31).
Indeed, the adenosine concentrations in themedia were consistently reduced (80% and more) on minimizing adenosine
production from extracellular sources by three different approaches, and the decrease in adenosine concentrations was
associated with a corresponding increase in lipolytic activity
(Fig. 8). Accordingly, added adenosine disappeared until its
concentration approached 5 nmol/l under these strictly controlled conditions (Fig. 5).
It has been proposed that ecto-5’-nucleotidase functions as
atransmembrane hydrolase of AMP (32). In addition, a
release of nucleotides by selective permeation has been described (23). If ecto-5’-nucleotidase were in fact to mediate a
translocation of cytosolic AMP, one would expect that the
nucleotide is directly channelled to the catalytic site of the
enzyme. Therefore, AMP should be rendered unaccessible for
added AMP deaminase until dephosphorylation, which was
not seen. In addition, cell leakage was sufficient to meet the
substrate requirements for extracellular adenosine production. Overall, the present findings thus strongly suggest that
adenosine needs to be considered as a contaminantof human
fat cell suspensions. Because of its potency in modulating
various aspects of adipocyte metabolism, including glucose
transport and lipid mobilization, the confounding effects of
the nucleoside require careful consideration. As yet, only few
authors have recognized the necessity of controlling ambient
adenosine concentrations. Londos and co-workers (29) proposed that the state
of inhibition should be defined by removing adenosine and adding known amounts of its stable analogue N6-phenylisopropyladenosine.Recent studiesfrom this
laboratory revealed that nonstimulated lipolysis displays remarkable variability which depends on the preceding diet
(33). These diet-induced changes in lipid mobilization are
only apparent in an adenosine-free environment, indicating
that general recommendations as to how the state of inhibition should be defined cannot be given at present.
Effects of Isoproterenol-It has been proposed that adenosine is produced and utilized as an endogenous regulator in
adipose tissue which may blockthe production of an excessive
amount of cyclic AMP in response to lipolytic hormones (1,
2). By contrast, the present studies document that virtually
no adenosine can escape from inside intact adipocytes, even
when ATP breakdown via adenylate cyclase is markedly
increased by isoproterenol. These findings provide unequivocal evidence against arole of adenosine as a feedback regulator
of hormone-activated lipolysis in human adipocytes.
However, the catecholamine is not inert with respect to
purine metabolism. Rather, isoproterenol selectively increased the release of inosine and hypoxanthine. Fat cells
contain a catecholamine-activated low k , cyclic AMP phosphodiesterase which probably leads to increased rates of AMP
production in the presence of isoproterenol (34, 35). The
catabolism of AMP can follow two pathways: 1)deamination
to yield IMP, which in turn can be dephosphorylated to yield
inosine and 2) dephosphorylation by 5’-nucleotidase to yield
adenosine (1, 3). Inother cell types and tissues, adenine
nucleotide breakdown has been shown to occur primarily via
AMP deaminase to yield IMP and hence, inosine and hypoxanthine (36,37). Only a small proportion of AMP is dephosphorylated by a cytosolic 5”nucleotidase. The selective stim-
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ulatory effect of isoproterenol on the production of inosine
and hypoxanthine supports the view that a similar situation
might exist in human adipocytes.
Physiological Considerations-The plasma concentrations
of adenosine are in the range of 100-300 nmol/l (21). In the
interstitial compartment, the concentration of the nucleoside
may be lower since endothelial cells have a high capacity for
adenosine removal and degradation (38). However, the lack
of adenosine release by intact human adipocytes invites the
assumption that, in vivo, some adenosine can pass the endothelial barrier. Indeed, preliminary evidence has been presented tosuggest that theinterstitial concentrations of adenosine in human subcutaneous adipose tissue are only slightly
lower than the plasma concentrations of the nucleoside (39).
Alternatively, the nucleoside may be produced locally from
extracellular sources, e.g. from adenine nucleotides that are
released from nerve endings (40).
In contrastto adenosine, the concentrations of inosine were
on the average twoto threetimes higher than published values
of serum inosine (21). In addition, the deaminated purine
nucleoside was only slowly taken up and converted to hypoxanthine, rather than being salvaged. Taken together, these
observations support the view that human adipose tissue
releases inosine in vivo, rather than adenosine. The latter
concept is consistent with the observation that the major
fraction of nucleoside material released from perfused canine
adipose tissue in fact consisted of inosine (8). Similar arguments apply to hypoxanthine which is the final product of
adenine nucleotide breakdown in human adipocytes.
In conclusion, conditions have been established which permit the assessment of purine release by intact human adipocytes. It is shown that virtually no adenosine can escape from
inside intact adipocytes, even when ATP turnover via adenylate cyclase is increased by isoproterenol. The datastrongly
suggest that commonly held concepts of adenosine acting as
an endogenous inhibitor of fat cell function require re-evaluation.

