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‘The Ii Vp()theSis tiittt aderu )51 ill’ flIaV S( I’V(� ItS It physu 1 �gica1 feedback regulat )r of adenyi ate

cvclase in rat \Vilite fat (PuS was exitmitied. Adenosine (0.2 �i), when added to incubated

fat’ (‘ells, caused 50% inhibition of the increase in adenosine cyclic 3’, .‘-nionophosphate

accumulation due to 1 .;� /.iM iiorepiiiephirine in the presence and absence of methyixtinthines.
The otiset of adenosine inhibition was rapid and, if added 1 mm after actiVators of adenviate

cyclase, it reduced cyclic A\ I P aedulTuhlat ion during t lie next minute. Aden( )sine TV-mono-

phosphate and aden( )sine � -11.1 pli s1)httt e �ver� less eff �(t ive than adenosine as inhibit ON of

(vchc AM P accumulati( )n. Of a variety of nucleosides only N6- (phenvlisopropvl)adenosine

was more effective than adenosine iii inhibiting cyclic AMP accumulation. Under conditions
in which adenosine markedly reduced the small increase in cyclic AM P accumulation due to
norepinephrine alone, it (lid not reduce lipolysis. In contrast, insulin re(lUCe(l li�)Oly5is but

had a smaller effect on cyclic AM P accumulation. Adenosine inhibited lipolysis in the pres-
ence of insulin but Produced 110 greater effect on cyclic AM P accumulation than was seen

with adenosine alone. I)rugs such as dipyridamole or papaverine did not affect cyclic AMP
accumulation due to norepinephriiie or block the inhibitorv action of adenosine. Inhibition
of cyclic AMP accumulation by adenosine was demonstrable also when cells were incubated

in calcium-free buffer contaiiiiiig 0.25 m�i ethylene glycol bis�-aminoethyl ether)-N ,N’-

tetraacetic acid. The addition of adenosine deaminase to incubated fat. cells increased basal

lipolysis and cyclic AM P and pot.entiated the norepinephrine-induced increase in cyclic

AMP. The present. results suggest that. adenosine or related compounds max’ serve a phvsio-

logically important function as feedback regulators of adenylate cyclase.

I NTIiOI)UCTION osiiie WItS much less effective as an anti-

Adenosine and related nucleosides have li�)ol�ti(’ htg(’llt, Slfldd almost complete
been shown to be potent inhibitors of ade- inhibition of cyclic AMP accumulation due

nylate cyclase activity in fat cell ghosts and of to norepinephrine (1.5 ,�t) was not accorn-

cyclic 3’, 5’-AM P accumulation due to cate- pained by inhibitiOn of lipolysis (1). These

cholamines, in 1)0th the absence 1111(1 l)1(�5(�11((� studies suggested that adenosine or similar
of methylxanthines (1). Paradoxically, aden- compounds might function as physiological
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.J. N. Fain, t1I,1))1I)1i0�he(I observations.

regulators )! 1td(II�Vlitt( (\(laS(. fll( J)I(�(lI t

(Xl)eI’iflIeIltS ‘�V(�I( (lesigIIe(1 t () investigate

iUI’th(r the eff((ts of adenosine on (v(,hic
A\I P ar(un�u1at ion aiid Jipolvsis iii fat ((his.

METJ-1OJ)5

Ft�ee white fat (ells \Ver( obtained from

the parametrial adipose tissue of thl(( �I

fll( � 1 20-1 60-g female Sprague- 1)awlev rats

(Charles River (11) stai ii) fed Iaborat or�

(how a(1 libiturn (2). Krebs-Hinger-phos-

phat � 1)tlfI(I’ of the f )hl( )wing (Ofllj)( )siti()11

was used in all experiments: NaCI, I 2S m�i
(‘a(1I�, 1.4 m�i; MgS(�, 1.4 mM; NCI, 5.2

m�i ; Na�HP( )�, 10 nni ; and albumin, 3

Ihe buffer was prepared daily and adjusted

to pH 7.4 with Na( )H after addition of

Armour i�ovine JI�1(tiO11 \ ahl)Unlnl powder

(lot �*�3i 1). All iticubations were (arri((I out

at 37#{176}iii a shaking ineubator, in the absenie

of giu(ose, ill bi�flei (olitaining 3 albumin.

The adipose tissue (2-3 g) was in(Ul)ated

f�j 45 miii with S ml ol albumin buffer eon-

taming 0.5 mg/mI of (rude })a(terial eol-
lagetiase (\Vorthiiigt �n ). The p� a led fat eells
were (ohle(te(l, rins(d with buffer, and theti

itieubated for 15 nun in 4- S ml of buffer.

Ihe eehls were rinsed twae and distributed

among the various ilI(ubation tubes. At the

eial of the iII(tll)atioll peflo(l 50 /41 oh the
me(IiUm were analyzed br gly(erol (1), and

then 0.1 ml of 2 N H(’l was added just prior

to plaeing the t ubes in a boiling water bath

for I mm. After removal from the water bath

0.05 ml of 4 N Na( )H was added, and the

tubes were mixed and then ((lltrifug((l prior

to removal of duplieate 20-/Al ali(Iuots for

determination of total evehie AMP h� the

pro )(( (lure oh ( ii ma ii (3) as desrrii fl (1 1)re-
viously (1). ��() iflterhr(Iiee by adenositie or

phellvlisopr( )J)yladeIiOsilH with the assay for

evelir AM P was deteeted at the eoneeiit ra-

tions used in the exj)oriments.
.1)ipvridamole and papaveiitie were (his-

solved in dimethyl sulfoxide, and 10-/Al ali-

(tuots were added to (aeh illeub)atiOli tub)e.
In experiments in whieh these agents were

l)reselit 10 /11 of diniethyl sulfoxide were
added to the (ontro )l tubes. All nuele )suI(s

and flU(leotides \V(1( dissOlV(d ill water.

I)ipvridamole [Persaiitine, 2 , 2’ ,2” ,2”-

(4,5 - dipiperidinopvrimido[5 ,4 - o�I}pyiimi -

(line-2 , G-divldinitrilo)tetraethanolj was a gift

of ( eigv I �harmaeeut ieals, and Papaverille

(G ,7-dimethoxv- I -veratrvlisoquinoline) was

obtained from Sigma (‘hemi(al Company.
Ih( sour((s of the iiueleosides were as

follows : 2’ ,5’-dideoxvadenosine, 2-fluoro-
adeitosine, and U-�3-arabioiofuranosv1adenine,

gifts of I)rug lieseareh and Development,

Chemotherapy, National Cancer Institute;

_V �- (phei lylis pr� )pyl )aden Os! ne, I )r. Harold

Stork, Boeluringo r- i\Iannhueim; t ubercidin (7-

(leaZaadenosine), a gift of the Upjohn Conu-

untliy; puromv(in (3’- (a-amino-p-nwthoxy-
hydrocinnamamido) - 3’ - (boxy - , N - di -

met hi�iad nosi tie) and its amin 0)11 ucleoside

(3’ - (hoxy - 3’ - amino - , X - dimethvl -

adenosine), Nut nt ional Biochemicals Cor-

poration ; and _V6- (�2-isopentenvl )adenosiiie,
a gift of I)r. loss H. Hall. The other nu-

oloot ides 1111(1 IIU(1(Osid(s were obtained fronu

Sigma Chemical Company. Enzymes were

obtained (it her fr m Sigma or Boehringer-

M�uinheinu (New \ork).

RESULTS

Previously it was found that 75 /AM

ad(nositle inhibited cyclic Ai\ I P accumula-

tion (IU( to iipolytio agents in white fat ((lis

(1). lh( data in Figs. I and 2 indi(at( that
only 0.2 /AM adetiosine was required to give
half- nuaximal inhiil)it 1011 of cyclic A\ I P ac-

cumuiationt. 5’-A�\l P and ATP were (0)11-

siderablv less a(tive thati adetiositie as

inhibit ors of cyclic A\ P accumulation (Fig.
1). mo sitio 5’-m )no pIa sphiat e and adenosine

2’- or 3’-tflotlophosphat( had little effect on

(V(hi( AM P accumulation.’

Ihe nuost potent inhibitor of a(linylate
(y(las( activity �t1 white fat cell ghosts was

2’,S’-didooxyadetiosine, which was 10 times

nuore effe(t ive than adeta �sine (1). ( )pposite

results were seeti wit Ii respect to) iflhIil)itioli

0)1 (y(Ii( A\1 P a((umulat ion in intact cells,

since 2 /AM 2’ , 5’-dideoxyadenosine did not

inhibit (\‘(lic A\1 P accumulation as nuuch as

did 0.2 JAM ad(no)siIi( (Fig. 1).

Iii (0 )lIt rast, phenylisopropyladenosiiie had

little (fleet on adenvlate cyclase activity of

fat cell ghosts (I ). However, in intact fat

(oils �)h(t1yhisopr( ipyladenosino was as effec-

tive as ad(nOsitle iii inhibiting cyclic AM P
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FIG. 1. Comparison of effects of !Fiicleoti(/eS ui/h

that, of wleno.sine OF) o��tlic AMP OCCUFF) u/a/iou in

the presence of norepinephrine p/u.s theoph ti/line

Cells were washed twice and incubated (37

mg/tube) for 10-2() 111111 prior to tile addition of

hormones and drugs. Norepinephrine (NE) (1.5

o�i) and t heophylline (THEO) (0.1 iiu�i) were

added either without or with adenosine or nucleo-

tides, and the react io)ns were stopped 2 miii later.

The values in the presence of nucleosides or rut-

cleotides are shown as percentages ± standard

errors I or four paired experiments. The cyclic

AMP accumulation due to norepinephrine and

theophylline was approximately 10.6 nmoles g.

accumulation due to norepinephrine alone

(Fig. 2). In the prosence of norepinephrme

and a small amount of theophylline, phenyl-

isopropyladenosine was about 4 times more

active than adenosine (Fig. 2). Phenyl-

isopropyladenosine did not inhibit lipolysis

due to norepinephrine, as glycerol release

was 9 /Amoles/g during 20 mm in the absence

and 9.5 JAmoles, g in th( presence of 0.2 jAM

phenylisopropyladenosino in the exneri fli(IutS

shown in Fig. 2.

The greater effect iven ss of N �- (phenyl -

isopropvl)adenosin( as contrasted with aden-

osme was not nuimickod by any of the 16

analogues of aden( sine which were examined

(‘Fable 1). The only adenosine derivative

tested which significantly reduced cyclic

AMP accumulation was X�-methvladenosine

(Table 1).
The onset of cycli( AL\I P accumulation

due to norepmephrine in the presence of

theophyllnue was quite rapid, with a large

increase seen at 20 sec (Fig. 3). Adenosine

inhibited cyclic A\IP a((umulation wit hi

((luLIl rapidity. If adenosine was added 1

miii after the nor(pin(phrin( plus t heo phyl-

line, the cyclic AM P value failed to increase

during the next minute, as it (lid in the

absence of the drug, and 4 miii later the

value for cyclic AM P accumulation was

markedly lower (Fig. 3). In this respect th(

effect of adenosine was similar to that pre-

viously described for prostaglandin 1’� o,r

beta adrenergic blocking agents (4, 5).

Insulin can inhibit lipolysis under (ofldi-

tions in whi(h cycli( AMP accumulation is

not affected (6, 7). Adenosine, in contrast,

markedly inhibits cyclic AMP accumulation
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Fi u. 2. Couuo part so,i of i oh i/n tnr�I act in,) s of

a(lenosine and phen jli.soprop�jlw/euw.si�c OF). (i/o/i)

A lIP (l(CUFF) u/a/ion in fat cells

Cells were incubated (50 iuig tithe) for 10 miii

prior to the addition of no)repinephrine (1.5 �iM

in the absence or Presence of theophvlline (50 )2M).

Adenosi tie (S) and .V #{176}�(phenyl so pro pyladeno -

sine) (P1 A, �) were added wit Ii the lipoilvt ic

agents at the indicated concen t rat io )ns. Cyclic

AMP accumulation was measured after 5 or 20

nuin of incubation. The thin line at the bottom of

each graph represents the basal value for (y(lic

A�IP accunlulation in the absence of added agents,

expressed as a percentage of the value seen with

the lipolvtic agents. Cyclic AMP accimniulation

was as follows: basal, 0.1 nmole g. norepinephrine

at 5 mm, 0.45; norepinephrine j)llls theophylline

at 5 mm, 2.1; and norepinephrine plus theophyl-

line at 20 nuin, 2.2. The values are for six paired

experiments and are the means ± standard errors

of the paired ditlerences.



/
/\+ADENOSINE ADDEDAT 1 MIN.

minutes

30 ± 10’

50 ± 12’

84 ± 22

72 ± 30

100 ± 22

82 ± 24

120 ± 40

110 ± 20

134 ± 27

126 ± 30

140 ± 20

130 ± 45

74 ± 12

120 ± 50

74 ± 11

90 ± 30

102 ± 27
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Significant effect of added

0.05).

nucleoside (p <

without reducing hipolysis. It was of interest

to) compare thue effects of those two agents.

In thio studies shuown in Fig. 4 insulin in-

hibited cyclic AMP accumulation to a lesser

extent than did adenosine but redu(ed

Iipolysis to) a much greater d(gro(. In the

presen�ce of insulin plus adenosine iuo further
reduction in cyclic AMP accumulatio)n was

seen over that. found with adenosine alo)fle,

while lipolysis was reduced to a greater cx-

tent than by insulin alone (Fig. 4).

Both papaverine and dipyridamole are

TAIILI: 1

EJJe/ irene.ss oFf rariou.s (in.filO)(JUe.S of (loIenn.si nc as

i tohib itor.s of cyclic A lIP accu in u/at ion

Cells (43 mg/tube) were incubated for 10 miii

prior to) the addition of norepinephrine (1.5 .t\r)
puts theophylline (50 �s). The tithes were then

incubated for 20 miii with the various nucleosides

at a concent rat ion o)f 1 ,�r. Cyclic A�’LP accumu-

lat ion due to norepinephrine plus t hcophylline

was 1.85 nmoles/g. and basal cyclic AMP accit-

mulat ion was 9’ o)f this value. The results are

shown as percentages ± standard erro)rs of the

value for cyclic AMP accumulation (five paired

experiments) due to norepinephrine plus theo-

phvlline in the absence of added nolcleo)sides.

Xucleoside Percentage
of value seen with

norepinephrine

+ theophylline

at 20 mm

Adenosi ne

.V#{176}-Methvladenosine

N #{176}-l)imethyladenosi tie

N#{176}-(� 2-Isopentenyl)adenosi tie

fi-Methoxypurine ribonucleoside

6-Ntercaptopurine ribonucleo-

side

6-Mercaptopirrine 2’-deoxy-

ribon ucleosi de

2’ -I)eoxyadenosi ne

3’-Deoxyadenosi tie

9-�3-Arabi nof uranosyladeni tie

2’.O-Met.hyladenosine

7.Deazaadenosine (tubercidi ii)

Puronuycin

Anuinonucleoside of puronuyci n

Guanosi rue

2’-I )eoxyguanosi ne

2’-I)eoxyinosine

6

S

0�
E
C

4

5-
U

<2

0

Ftc. 3. Onset of ade,,o.sine inhibition in the pres-

once of norepi nephri ne and theophyllin.e

Fat cells (40 mg ‘tithe) were incubated for 10-

20 miii prior to) the addition of hormones and

drugs. Norepi nephri ime (1.5 �t) and t heophylline

(0.1 m�t) were added either without or with adeno-

sine (2 u�t), and cyclic AMP accumulation was

measured for periods from 20 sec to 5 mimi. The

values shown are t he means of four experiments:

*, adenosine was added 60 sec after the lipolvtic

agents; #{149},adenosine was added with norepi-

itephrine and theophylline; 0, norepinephrine and

theophvlline.

much moro effective inhil)itors of fat oell

Ph1osI)hiodiosteras� activity in broken (#{128}11
preparations than is theophylline (S) These
drugs are also able to inhibit the actio)n of

adenosine on platelet aggrogation (9, 10) and

to inhibit adenosine uptake by platelets

(9, 10) and red cells (11, 12) In white fat
cells noither dipyridamole nor papaverine

(50-l00 JAM) blocked the reduction by adeno-

sino of cyclic AM P accumulation due to

norepinephrine (Fig. 5). There was a small

enhancement of cyclic AMP accumulation

due to 100 JAM dipvridamole, but in the same

experiments the addition of 100 JAM theo-

phylline increased cyclic AMP (ontent to) 7

nmoles,’ g in t he presence of norepinephrine.

Adenosine at 2 JAM did not significantly affect

fatty acid release (xcept in the presence of

50 or 100 JAM dipyridamole, in which it caused

a small but statistically significant reduction.

Adonosine was able to) reduce cyclic AMP

accumulation due to) norepinephrine to the

basal value wheti moasured at 2 miii without
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reducing lipolysis over a 30-mm period (Fig.

5). Fatty acid release rather than glycerol
release was used as the index of lipolysis in

the presence of dipyridamole, because of

interference of the drug with glycero)l analy-

sis.

The possibility that adenosine �vas spe(ific

as an inhibitor of (atecholarn.lne-induced in-

FIG. 4. Dissociation between effects of insulin

a ml a(le nosine OF) lipolysis �j.s contrasted ui/h (!I(lic

AMP aecum u/a/ion

Cells (30 mg/tube) were incubated for 10 mm

in the absence or presence of insulin (120 micro-

units/mI). Norepinephrine (1.5 �oiI) was then

added either without or with adenosine (2 �

Cyclic AMP accumulation was measured after 2

nun, and glycerol release after 30 nun. The values

shown are the means of six paired experiments.

The basal value four cyclic AMP was 0.14 nnuole ‘g

(shown by t he t hi ii ii rue ac o )SS t ho figure ma rked

basal), and for glycerol release it was undctect-

able. The mean ± standard error of the paired

difference four the efiect of insulin on cyclic AMP

� -0.23 ± 0.09, and for glyoerol release.

-3.6 ± 1.1. The decrease in cyclic AMP accttnuu-

mt ion due to adenosine was -0.48 ± 0.08, and

in glycerol release, -0.6 ± 0.2. The decrease in

glycerol release due to aclenosine in the l)r(’semice

of insulin was -3.0 ± 0.7 over that seen with in-

sulin alone. The increases in cyclic AMP and glvc-

erol due to norepinephrine were 0.59 ± 0.12 and

8.7 ± 1.3, respect ivelv. In t ho’ presence of aoleno-

sine the increases in cyclic AMP and glycerol due

to norepinephrine were 0.12 ± 0.09 and 8.1 ± 1.1.

In the presence of adenosinc and insulin the in-

creases in cyclic A�\IP and glvceroil due to no)repi -

nephrine were 0.09 ± 0.04 and 1.3 ± 0.3.

Fic;. 5. I�ailure of papaverine or (/ipyrioiamo/e to

block actio)n. of a(/eno.sin.o

Fat cells (35 nig”t uhe) were i nciibatod for 10

miii in the absence (or presence of dipyridanuole

(50 or 100 JAM) or papaverm ne (50 or 100 JAM). Norepi -

nephrine (1.5 j.oM ) was added either wit bout or

� t h adetiosi rue (2 �u�l) . Cyclic AMP accumulation

was measured after 120 see, and fatty acid release

after 30 miii. The values shown are the means 0)1

five paired experiments. The basal value for cyclic

AMP accumulation in the absence of noropm-

nephri tie was 0.14 nnuode/g. The decrease caused by

adenosi tue in norepinephrine-induced fatty acid

release, as the mean ± standard error of the

paired differences, was 4.2 ± 1.9 in the absence

and 5.9 ± 2.0 and 3.8 ± 0.9 in the ��resence of

50 and 1(X) �M clipvridamiuole, respectively. The

decrease in fatty acid release due t. papaverine
wts 8.4 ± 2.2 in the absence and 8.2 ± 2.5 in

the presenco’ o)f aclenosine. The increase in fatty

aci(I release duo to Iiorepi nephri tie was 32.1 ± 2.5,

and in o’vclic AMP, 0.4 ± 0.05.
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T,�Iot.E 2

Ejiect OFFI a(/eFFo.sino’ (iC/i OF) of 010 ission of (‘a’0 from 1 ncuha/ F on mcdi u Fit

Cells (15 tug t ul)e) were incubated for 10 nun in regular buffer or in l)ufler Wit hout added (ai+ ill

tho presence o)f 0.25 taM EGTA. Then norepinephrine, theophyllitie, or adenositie was added, anol the

cells were i ncubat ccl four 5 miii. The values are the means of five experi menu t s, with the inorenien t (or

decrenuent ) chute to adenosine (1 JAM) showtu as the mean ± standard error of the paired diflerences.

Conditions Regular buffer (‘a’�-free +0.25 mit EGTA

Basal � due to adenosine Basal � clue to aclenosine

nmoles cyclic A MP/g a inn/es cyclic .1 iJP/,t�

Zero tune

5-nun oonutrol

+Nowepinephrinue, 0.15 j2it

+Norepinephrine, 1.5 oM

-f-Norepinephiine, 0.15 J.At, + theo-

pluyilune, 50 ,.zii

+Norepinephrine, 1.5 j.oM, + theo-

0.17 0.20

0.35 0)28

0.65 1.65

1.32 -0.88 ± 0.25 1.44 -0.49 ± 0.16

8.95 -8.37 ± 2.97 13.6 -12.2 ± 4.1

�hy1litie, 50 �i 5.87 -4.61 ± 1.30 11.9 -10.9 ± 3.0

oroases in ovclic AMP was exoluded by the

fitiding that adotlo)situe also inhibitod cyclic

AM P accumulation induced by gluoagon.

Thuo additioti of 1 JAg/nil of glucagoni in the

prosenco of 0.1 mM theophylline increased
oychio AM P ac(umulation from a basal value

of 0. 1 nmolo g to 1 .5 nmolos,/g after 2 mm
and to 2.2 nmoles ‘g after 5 miii. In tho

pr(sen(o of 2 JAM adonosine cych( AMP
accumulation at oithor timo interval was

loss than 0.2 nmole/g.

Tho ability of adenosine to inhibit.

mot hylxant linue-ituducod stimulation o f heart

musclo has been attributed to effects on

Caic flux (13, 14). However, tlue ability of

1 1AM adenosine to inhibit cyclic AMP

acoumulat ion clue t c� nouropin(1)hrino in both

the prosonte and absence o)f t heophvlline

was unimpairod in the absenc( of oalcium.

Fat. cells wore isolated in buffer without

added Ca2� and then incubated in the same

buffer in the presence the Cai± chelator

EUTA’ (0.25 mM). The results indicate that

the effocts o)f both noropinephrine and theo-

phylline on cyclic AMP accumulation, as

��ehl as that of adenosine, do) not require the

presonco of Ca’� in the medium or any pool

of (/a’� which is accessible to EGTA (Table

2). Essontiahly the same maximal rate of

2 The abbreviation used is: EGTA, ethylene
glycol bis (�-atuuinoethy1 ether) -N, N’-tetraacetic

acid.

fatty acid roleaso was produoed in 1)0th

media 1)V 015 JAM tiO)rOpilioI)huliii(. Thioro wi-u

no significant docrease by adenosino un(ler

any conditiouns.

If adenosino is ieleased during incubation

of fat cells it shouulcl be possible to inhibit

its aocumulationu by ao(elerating its romoaal

by doamination. Adchitioni of 0.5 � of

purified adonosine deaminase from oalf

intostino (200 units,’ mg) nioroased basal

(vclio AM P accumulation and lipolvsis in

fat coIls (Table 3). The lowost concentration

of tuoropinopliritie to.stc’d in the studies

sho�vii in Table 3 produced nuaximal act.i�’a-

tio)ti of lipolysis without affecting cyclic

AM P accumulation in the absence of

adetuosine deaminase. Howover, iii the

prosenoe of added deanuinase the addition
of 0.075 JAM norepinophrino. markedly in-

creased (Vclic AMP accumulation (Table

3). Adenosine doamituase also potentiated

the increase in cylic AMP due to) 1.5 JAM

no)ro pinephrnue in th( presence of t lio’o upluyl-

line. Tests of the deaminase preparation for

activity prior to use at 37#{176}revealed that 0.5

JAg,/ml would deanuinate 033 JAmole of

adenosine p0.1 minut Oi at an adeno )sine

(olucentration of 100 JAM. Tluo aclditionu of 5

JAg/ml of adenosine deaminase actually had

a sniallor effect on cyclic A�\1P accumulation

and lipolysis thati did 0.5 JAg/mI.’

The increase in (yclic AMP (lue to



Control � due to adeno- Control � due to adeno-

sine cleanuinase sine deaminase

n,noles/g n,,wles/g

0.33 +0.27 ± 0.11 0.15 +0.25 ± 0.00 0.4

0.10 +1.10 ± 0.35 0.24 +1.10 ± 0.40) 6.2

0.26 +1.80 ± 0.45 0.22 +1.62 ± 0.42 4.9
0.22 +1.40 ± 0.50 0.33 +1.79 ± 0.60 8.3

0.92 +3.48 ± 0.65 0.81 +1.40 ± 0.52 6.2

+1.5 ± 0.6

+4.8 ± 1.7

+i.:� ± 1.1

-0.9 ± 1.2

+2.7 ± 2.0
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T�ion.i: 3

Effect of a(leno.sl Foe dea mi na,se oin /ipo/y.sis (110(1 cyclic A lIP accum u /atioli iio isolated ulo ile fat ce//s

Cells (50 tag tube) were itucubated four 10 rain either without or with addeol orystailitie adenosino

deanuitiase (0.5 �.og ‘ml, 200 units ‘hug, frouiuu calf intestinal mucosa, Sigruua lot 30C-2643-85). After 10 rain

iuorepunuephrune and or t heouphylline were added, and the uticubat ioni was coti t i n�ied for 2 or 20 rain. The

values are the means of five experutuuents, anidl the eflect of 5 �ug ‘nil of adenuosine deanuinase is shown as

the nuean ± standard error ouf the paired differences.

Additions Cyclic AMP at 2 mm Cyclic AMP at 20 mm Glycerol released at
20 nun

Control � due to adeno-
sine deaminase

i.i’noles/g

None

No.repiniephrinle, 0.075 �in
Norepinephrine, 0.15 �.zit

Norepinephrine, 1.5 /.Lit

Norepinephrinie, 1.5 toil, +

theouphylhine, 100 JAM

tuo)repinephuritie seomi at 2 mitu iti the prosonoe

of adenosine deaminase was maintained over

the 20-mitu incubatioun period (Tablo 3).

Thuo’ effect ouf adenosine deaminase was also

equally aI)PLLreIit at both timo intervals.

These obso rvat.io )H5 �)r� uvido’ indirect evidence

for the release ouf adenosine by incubated fat

rolls if ono’ assumes that the effects ouf the

added enzyme are manifested solely b�’

adenosine deamination.

I)ISCUSSION

Adenosine was found to 1)0 a potent itt-

liiI)it our (50 ‘ blockade with 0.2 JAM or less) of

cyclic AMP accumulation due to) norepi-

uuophrino in 1)0th tho’ absotice and presetuoo of

methylxanthines undot’ cunditicuns in which

it did not affect hipolysis. Houwever, the

present results do) nout contradict the
hvpothuosis that cyclic AMP is the mediator

for catochiolamine-inducod lipolysis, smn(e

the increase in cychio A\IP iioo’dod to)

activate lipolvsis may 1)0 50 small as to 1)0

un measurable.

Tho presetit results are ill agreement with

those ouf Schwabe et al (15). Adotiosine was

a pouto’nt inhibitor of oychic AM P accumula-

tion duo to norepinophrine iii white fat

cells, with 5’-AM P boitig loss offo’ctive,

while ATP, A1)P, inousine, and hvpoxanthine

wore ma(tiVe (15).

Sohwabo’ atid Ebert (16) had oarlier fouuticl

that if 4 mg nil of whiito fat oolls woro in-

cubated with 1 JAM isoprouteronol a markool

increase in (yclic AM P accumulatiot, was

seen, which was no)t further onhuanced by I

m�i t heophyll inc. In (0 ntrast, when 20

mg/mI of fat cells wore in(ubated with,

isoprouterenol alone, there was little increase

in cyclic AMP unless I m�i theophyllino

� present (16). Sohwabo and Ebort (16)

1)OstUlated that an inhibit our of cyclic AM P
accumulation is roleased when largo amounts

of fat cells (20 mg/mI or moro’) aro incubated.

Subsequently thoy were able to show that

an itihibitor of cyclic AM P aocumttlation

was being rehoasod, which appeared to) 1)0

adenosino (15). Schwabe ci al (15) based

the samo co)n(lusio)n on the finding that.

the inhibitor was a chlouroform-insoluble,

heat -stable substance o)f low molocular-

�veighit, present in the nucleoside fraction

obtained by gel filtration, which traveled in

the satne position! as adenosine during th,in-

layer chirornat o graphv. Treatment o)f the

inhibitor with adenosine deanuinase do-

stroyod its activity (15). If 70 mg/mI of fat

cells �sero incul)atod for 10 miii, about 7

nmo)los of adomiosino wet.o roleasod 1)01 gram

of fat coIls. This was increased to) only 9

nmol(sg � thio adchitioti of 10 JAM no)repi-

nephrino’ (15).

)Jatiy drugs are much mcuro potent in-

hibit ors of cyolio A\I P phuosphiodiesterase
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thaii mo’thiylxanthines 1)ut (10 not rnimio

their effects on lipolysis (6, 17). Similar

results have been showit in the present

report, since dipyridamole and papavori 110’,

which are potent inhibitors of the oyohc

AMP phosphodiesterase activity ouf fat oell

homogetiatos (6), had little (ifect oii cyolic

Aii\IP accumulation iii illttt(t (ells. 1)ipvrida-

mole and papaverino (100 JAM) were effeotive

inhibitors of basal and insulin-stiniulated

glucose ouxidation in fat cells,’ which indicates

that they are aI)le to affect the metabolism

o�f intact cells. Papaverine (100 JAM) was a

potont stimulator of aerobic glycolysis in

fat cells’ and slightly inhibited fatty acid

release (Fig. 5), which is compatible with the

suggestion that its primary affect on fat

cells is to inhibit mit cuchondrial respirat on

(17).
Atuouther reasoun for examining the effects cuf

dipyridamolo and papaverine is that these

drugs prevent adenosine uptake and in-

corporatioii into nucleotides by red cells

(9, 10) and platehcts (7, M, IS). However,

prevoiit ion of adenosine uptake into platelots
by papaverino (7) our dipyridamole (1S�)

actually etihiaticod the i nhuibit ion o)f pla t clot

aggregationi due to adonosino. �\Iills and

Smith (19) found that ademusine, like

proustaglandin E, , increased cyclic A\l P

accumulat ion in platelets. Why adoii o )sine
should be a potent activator of cyclic AMP

accumulation in plato’lets (20) and brain

slices (21) while having just the opposite
effect on whito fat ooIl cyclic AMP is

unclear.
Tho relationshil) o)f adonosine actioun to

that of prostaglandin E1 is not known. Both

compounds inhil)it thio iticreaso in cyclic

AMP accumulation due to) catecholamines

(17) in fat cells 1)ut increase cvoIic AMP

accumulation in 1)latcIets (20) and brain

slices (21).

The renuarkablo Potelicy of X6-(phetuyl-

isopropyl)adeIiosuue as an inhibitor of cyclic

AMP accumulation may 1)0 due to) its greater

intrinsic activity than adenosine and its

resistance to inactivation by aclonosine

deaminase because of the al)sellce ouf a

primary amino group at l)ositi(un .V5.
Phenylisopropylado’nosine was ncut den mi-

hated by adonosino deaminase from calf

intestine, nor did it inhibit deaminatioti of

acletuosine by the enzymo.’ Rosistance to

niaot ivat io )li by doan’iinaso probably explains

why tin adnuinistraticun tcu humans of

j)1101 iylisopropylaclenosine, b��t iiot a(Ieno-

sine, results in inhibition of fatty acidi

nuoobilizatioon (22).

\Vo’stermann and associato’s (23, 24)

repottod that pli(tivliSopropyladenosilie was

nuuohu more effective in blocking lipolysis due

to) oateoholan,inos than that due to) thico-

plivllino. However, we previously found 5

JAM phioiiylisoproupyladeiiosiiie to be an
ext romoly effective inhibit or of lipolysis due

to) 0.1 mM theophvlhine, but less effective in

reduciiug the increase in hipolysis (lue to 1.5

pM nouropinephrine (1). Phonylisopropyl-

adonosino at 0.2 JAM didl not. block lipolvsis

duo to 1.5 pM nouropinephrine in the present

studies.
I �orlia ps phienylisopropyladenosine, like

ado11o)silio, bloooks the �)hiysi0l0gicallv mu-

J)oltant iluehease in cyclic AMP due to low
co)tlcentratio nus o f catecho ulamine, and this

results in inhibition of lipolysis. When

largor a mo uuiuts of catccholamiiue aro added,

tho inhibitioun of oychic A�\IP accumulation
is n,suffioient to) reduce lipolvsis but is

onouuglu to pre\’eiu t tlue aocumulation of

measurable amounts ouf cyclic AMP ouver

the basal value. It is aiscu possible that factors
o)thor thami cyclic A’s1J� are involved iii nuaitt-

tenaiuoo 0 )f the Iipolvtic act i(un of catechiola-

n�ii no’s.

(hue U11(XpO(todl ftndiiug was the lack cuf

correlat i outi hot W( 011 effects of nucleosides

oFn adonylato’ cyclaso activity ouf wluit.e fat

cells (1) and cyclic AMP accumulation in
intaot fat ooIIs in tluo preseluce of norepi-

no phri no. Wh� clid oxyadenosine, which was

thc most poteiut inhuibitor cuf adenylate

cyclase, was relativoly ineffective iii intact

fat cells ro mains tou 1)0 el ucidatedl. Pheiiyliso-

propyladetiosine was a niuch more effective
iiuliibito r of cyclic A\ I P accumulation than

of aclei iylate oyelaso’. However, the cyclase

assay is perfornued in the l)rcso’nce of fairly

luigh co)ncentratiouns o)f ATP and under other

(onditions not pro’sent in the iiitact fat cell.

The r(sults do indicate that one caniuot as-

sunue that the effects of nucleosicles on

aclonylate cy(laso activity of brokoii cell

l)Fd1)arat io ns rofloct t heir effects on cyclic
AMP accumulation in intact cells.

hue finding t hat (‘a2� has little offect on

lipolvsis or tluo actiouli ouf a(honoSin( is hardly
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surprising. Khoo ci al. (25) have similarly

found that omissioii of Cal+ from the buffer

used for isolation and incubation of fat cells,
even in the presence of 1 m�t EGTA, did not

affect the increase in cyclic AMP, phos-

phorylase activity, or lipase activation by

protein kinase in fat coil extracts seen after

incubation of fat cells for 5 mmn with 0.3

pM epinephrine. There does not seem to be

the same relationship between Cai+ and

hipolysis as there is between adenosine,

methylxanthines, and Ca’� and cardiac

contractility (13, 14). Adenosine action

clearly is not mediated by any process in

fat cells which requires extracehlular Ca?+

or a CaA+ J)00)l which is accessible to EGTA.

The action of insulin 011 lipolysis and

cyclic AMP accumulation was quite different

from that of adenosine. The greater in-
hibition of lipolysis by insulin, with a

smaller effo’ct on cyclic AMP accumulation,

suggests that the antihipolytic action of
insulin is not secondary to changes in cyclic

AMP accumulation. Butcher ci al. (26)

originally reported that insulin did iuot

reduce the small increase in cyclic AMP

accumulation due to catecholamines alone

in isolated fat pads 1)ut did reduce that seen

in the Presence of catechiolamines and

methylxanthines. Th(r( is increasing evi-
dence that although insulin can affect cyclic

Ai\IP content under some circumstances

there is no correlation between insulin

action on cyclic AMP content and lipolysis

(6, 7, 25).

These studies indicate that adenosine is

released during incubation of isolated fat

cells and acts to inhih)it adenylat.e cyclase

activity. There does not yet appear to he

any evidence that adenosine release is
specifically regulated by catecholamines cur
other hormones, but it is Possible that sonic
agents may influence fat cell metabolism by
affecting adenosine formation, degradation,
or action. Whether adenosine is physiologi-

cally important as a regulator of lipolysis
remains to be established. The abilities of

added adenosine at low concentrations to

inhibit cyclic AMP accumulation and of

adenosine deaminase to) increase cyclic AMP

accumulation provide further support for
the hypothesis thuat adenosine cur related

substances may be important in the regula-
tion of fat cell metabolism.
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