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SUMMARY

The lipolytic potencies of 64 compounds, mostly xanthine derivatives, is-crc del ermined in

epididymal fat celLs. Nine of the compounds of is-idely varying lipolytic potency were exam-

inedas inhibitors of cyclic AMP phosphodiesterase activity. Substantial hipolytic effects

svere seen at concentrations producing less than 20 #{182}�inhibit ion of phosphodiest erase ac-
tivity. The most active compound, 1-methvl-3-isobutylxanthine, w-as about 15 times more

potent than theophylline in both systems. Over a 20-fold range of concent rat ions, there is-as

close agreement between the lipolytic activities of the compounds and their activities as

inhibitors of phosphodiesterase. The close correlat ion bet w-een these two act ivit ies strongly
indicates that the lipolytic activity of the xanthine derivatives is a result of inhibition of

cyclic AMP phosphodiesterase.

INTRODUCTION

The methyixanthines caffeine and thieo-
phylline stimulate lipolysis in epididymal fat

pads and isolated fat cells of the rat (1-3).
Adenosine 3’ , 5’-monophosphate (cyclic
AMP) and a variety of hormones is-hich
stimulate the formation of cyclic AMP in fat
cells also stimulate lipolysis (4, 5); further-

more, both the lipolytic effects of submaxi-
mal doses of these hormones and their effects
on cyclic A�IP levels in fat cells are poten-
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tiated by niethvlxanthines (1, 5). Since the
methylxanthimies inhibit cyclic AMP phos-

phodiesterase activity (6, 7), and the amount

of inhibition ivith theophyllinc is roughly
proportional to tue amoumit of lipolysis (2,

8), this has been assumed to be the mecha-
nism by w-hich these agents stimulate lipol-
ysis. If this concept were correct, one might
expect that the potencies a.s hipohytic agemits

of a series of substituted xanthines ss’ould
parallel their potencies as inhibitors of phos-

phodiesterase activity. At least such a rela-
tionship should exist provided that time phos-
phodiesterase activity ‘which is-as measured

ivas related to time poo1 of cyclic AMP affect-
ing lipolysis and that the effect of the in-

hibitors on this relevant phosphodiesterase
activity is-as not distorted by such factors as

permeability, binding, and metabolism of the
substances. The purpose of the present StU(ly
was to examine in adipose tissue a number
of xatithine derivatives for a possible correla-
tion between their effects on hipolysis amid on
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I)iiospho(hiesterase activity and thereby to
establish, if possible, a n1o(Iel systen1 isImichi

could be CLj)j)hie(i to other tissues and otliet’

resl)OmiS(�i4 affected by tue n�ietii�-lxantiiimiis.

EXPEItI ii ENTAL 1’IOOCEF)URE

.�Iaterials. Crude bacterial collagenase is-as

Pit rchased from \Vorti i ingtot i Biochienriical
Corporation , �iIl(l ( ‘iota/us atio.r venon� from
I�oss Alien’s ilel)tile Institute. Glycerol ki-

liast! amid glycerophios�)l tat e (lehy(lrOgeliase

is-crc I)tI1c11tts(�(l fronl l�)(’hlringer \Iottirihieim

Corporation. Bovine serum albumin (Frac-

tion V) used in the lipolvsis experiments is-as
obtiumied from Nutritional Biochemicals (‘or-
poratiomi and dialyzed against three ch1anges

of distilled water prior to use (9). The albu-

min used in the phosphodiesterase assay is�as
obtained from Sigma Chienuical Company

(crystallized amid lvophihized, lot lOMB-Si 70).
Thseophylline amid caffeine is�ere obtained

from �‘\lerck anti Company, theobromnie

from Eastm�tn Orgatiic (‘hienlicals, audi di-
azoxide from the Schiering Corporation. All

other experimental Coml)oun(ls isere umum-

chased from Aldrich Chemical Company or
is-crc custom-synthesized and kindly supplied

by the C. 1). Searle (‘ompany, its indicated

in Table 1 . Concentrations of the compounds

were deternlined by iseighing amid is-crc miot

corrected for j)Ossible hydration. Mild heat-

ing or addition of small amounts of sodium

hvdroxi(le ivas needed to dissolve some of time

compounds. None of these solutions gave a

precipitate when diluted 10-fold with isater

or Tris-HCI buffer (pH 7.5), and the ultra-

violet absorption spectra in(licated that the

cOfli1)OuIids remained us solutioni after dilu-

tion. However, it could imot be similarly
established that the COIl1pOtllI(l5 staved in

soi�tioti isiten (liluted isitim tue complete

hipolysis OE j)h iosphtodiest erase assay mix-

tures, since the large amounts of protein
present interfered isitii the optical (iensity

measurements.

Assaij proee(lures. Isolntted fat cells ivere

prepared as described by Rodbell (10) from
the epidi(lymal adipose tissue of fed, 140-
160-g ratS. Alit iuots of the cell suspension

cont:tining 25-3() ing of cells were added to

i’�irebs-liimiger-bicarbomintte buffer (pH 7.4)

ishich contained varying amounts of the cx-

l)erimelital c()mI)OuIld. Time final incubation
i’olimnie istts 2.5 nil and contained 3.5 #{182}�4al-

bumin. The mixtures ivere imicubated for 60

mimi at 37#{176}113 a covered, shaking ‘water bath
ivhich is�its continuously ga.ssed with a mix-

ture of 95 � 02 amid 5 #{182}� (102 . The reaction

ivas terminated by additiomi of 0.25 ml of
30 % perchloric acid, and the glycerol con-

centration of the incubation medium is-as

assayed enz�-matically (1 1 ) . Both basal and
thieophvllimie-stimulated glycerol release is-crc
linear for at least SO mm under these comidi-

tions. The lipolytic effect of tlieophylline ivas

determined for each batch of cells.
An ahiquot of the original cell suspensions

was washed twice isith 0.04 Lii Tn HCL (pH
7.5) and then resuspemided irs 5 volumes of

the same buffer to w-hicis bovine serum albu-
miii hind been added to a concentrations of
either 0.2 #{182}�or 8.7 �. This suspension was

hiomogenized by means of a motor-driven

ground glass pestle in a comiical ground glass

I tomogemmizer. Cyclic A\ IP phosphodiesterase
activity its tue isomogenates was determined

as described elsewhere (12), ivithi slight modi-

fications. Briefly, tnitiated cyclic AMP was
incubated for 3� mini at 37#{176}with an appropri-
ate amount of the homogemiate amid an excess
of Crotalus atrox vemsom (ishichi contaimis a

5’-nucleotidase); the reaction is-as stopped by

addition of 2 volumes of a solution of non-

labeled cyclic AMP (0.1 mu) and heated in a
95-100#{176} water bath for 75 see; tue tritiated
product was separated from residual sub-
strate by means of i)oivex 2 aniomi exchange

resin chroniatography; amid the amount of

product amid remaining substrate ivere deter-
mined in a liquid scintillation spectrometer.

use initial concentratiomi of cyclic AMP in

time reaction mixture ivas 1 MM, and 110 more
titans 35 #{182} of this was hydrolyzed in the ab-
semice of inhibitor. Time final comicentration of

albumin was cithier 0.08 % or 3.5 �. Tue ef-

fect of theophvlhiiie on phosphodiesterase ac-
tivity was tested for each batch of cells.

RESULTS

Effects of deinatives on lipolysis. Sixty-four

compoumsds is-crc tested at 0.05 amId 0.50 mu
for their lipolytic activities imi the isolated

fat cell si-stem (Table 1). These tivo con-
ccitt rations of theoj )hyll inc prodinced about
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7-positions by N,N’-dimethylene-

TABLE 1

Lipolytic potencies relative to theophylline of 64 xanlhine derivatives and related compounds

Lipolytic activities are expressed as the percentage of the glycerol released by the same concentra-

tions of theophylline in the same experiment. The amounts of glycerol released by 0.05 and 0.50 msm

theophylline were 1.14 ± 0.64 (SD) and 6.33 ± 1.44 �zmoles/100 mg, dry weight, per hour, respectively

(17 experiments). Compounds 1-56 are xanthine derivatives substituted at posit ions 1, 3, and 7, 8, or 9

as indicated. Compounds 58-64 are various mnracil, puritie, or henzothiadiazide derivatives. No. 57 is

xanthine.

0

C N
/6 /7/

HN’ �(‘

8CII Xanthine
(2 4( ,/

�/ 3/ 9/

0 N N
H H

Corn- Position 1
pound Position 3 Positions 7, 8, 9

Lipolvtic activity rela-
- tive tOtheoj)hVllifle

0.05 rn� 0.50 m�t

1 Methyl
2 Methyl
3#{176} Methyl

4#{176} Methyl

5b Methyl

66 Methyl
7b Methyl
8#{176} Methyl

9b Methyl

lOb Methyl

1P Methyl

12#{176} Methyl
136 Methyl

14#{176} Methyl

15#{176} Methyl
106 Methyl

17#{176} Methyl

18#{176} Methyl

19#{176} Methyl

20#{176} �\1ethyl
21#{176} Methyl
22#{176} Methyl

23#{176} Methyl

24#{176} Ethyl

25#{176} Ethyl
26#{176} Ethyl

Methyl

Methyl

Methyl
Methyl

�sIethyl

Methyl

Methyl

Methyl
Methyl
�\Iethvl

Methyl

Methyl

Methyl

Methyl

Methyl
�Iethyl
Methyl
Methyl

2-Hydroxyethyl

Duty 1

Is()bUt yl

2-Isobutenvl

Ethyl

Ethyl
Ethyl

(7) Methyl

(7) Chlorotnet hylene

(7) llydroxymethvlene

(7) 2-Chloroethyl

(7) 2-Ilydroxyethyl

(7) 2,3-I)ihydroxyethyl

(7) 2-Cyanoethvl

(7) Ethyl acetate

(7) Piperadylmethylene

(7) Morpholinylmethyl-

erie

(7) o-Glucosyl

(7) N,N’-l)imethylene-

l)iperaz�’ltheophyl-
line

(7) Methyl

(8) Isoamyloxy

(8) Bromo

(8) Chloro
(8) i�1ercapto

(8) Nitro

(8) Methyl
(7) Methyl

(8) Chloro

(7) Methyl

(7) Ethyl

100 100

16 47

91 74

113 85
118 124

<1 28

4 4
69 35

7 <1

59 80

92 82

<1 <1
185 110

<1 3
498 115

257 113
436 115
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TABLE 1 -Continued

Corn- - .
pound Position 1

Position 3 Positions 7, 8, 9

Lipolytic activity rela-
tive to theophylline

0.05 mat 0.50 mat

% %

27#{176} Ethyl Ethyl (7) 2-Hydroxyethyl 9 <1
28#{176} Ethyl Ethyl (8) Bromo <1 <1

29#{176} Ethyl Propyl 553 131
30#{176} Ethyl Propyl (9) Methyl 3 <1

31#{176} Ethyl Butyl 593 170
32#{176}-‘ Ethyl 2-Isobutenyl 250 108

33#{176} Ethyl 2,3-Dibromopropy! (8) Methyl 359 121
34#{176} Ethyl 2-Dimethylaminoethyl (8) Benzyl 92 84
35#{176} Ethyl Cyclohexyl 410 92

36#{176} Ethyl 2-Phenylethyl 220 21
37#{176} Ethyl Ethyldimethyipropyl- 3 17

ammonium bromide

38#{176} Ethyl Ethyldimethyipropyl- (8) Methyl <1 3
ammonium bromide

39#{176} 2-Hydroxyethyl Methyl 18 36

40a Propyl Propyl 410 106
41#{176} Propyl Propyl (7) Methyl 209 108

42#{176} Ally! Allyl 246 110
43#{176} Ally! Ally! (8) Methyl 262 77

44#{176} 2-Propynyl Ethyl (7) Ethyl 413 167
45#{176} Butyl Butyl 519 90

46#{176} Pent�-l Ethyl 482 78
47#{176} Benzyl Benzyl 59 69
48 Methyl (7) Methyl <1 17
49#{176} 2-Hydroxyethyl 16 65

50#{176} 2-Hydroxyethyl (8) Ethyl 54 3
51” 2-iIydroxyethyl (7) 2-Hydroxyethyl 83 100

52#{176} Propyl (7) Butyl 83 89
53” Propyl (7) Ethyl-N-dimethyl 13 7
54#{176} Propyl (7) Ethyldimethylpro- 11 <1

pylammonium bro-

mide

55#{176} Allyl 21 31

566 (8) Bromo 4 <1
(9) D-Ribosyl

576 <1 <1

58#{176} 1 -Allvl-6-amino-3-ethyluracil (aminornetramide) 8 9
59b 2-Ami no-6-hydroxy-8-mercaptopurine 13 3

096 2-Mercapto-6, 8-purinediol 2 2

Glh N, N-Bis(2-hydroxyethyl)-6-aminopurine 1 1
026 Puriiie-6-thioacetic acid 1 1

63b 1 -Benzyl -6-oxy-9-ri-ribosylpurine 1 1
64 7-Chloro-3-methyl-2H-l , 2, 4-henzothiadiozine 1,1-dioxide (diazoxide) 12 3

‘ May be isomer where positions 1 and 3 are reversed.

10 % and 60 �, respectively, of tile maximal the most active compound, 1-methyl-3-iso-
response which could be elicited by theophyl- butylxanthine, caused 19 times more glycerol
line. At time lois-er coiicemstration, 0.05 mu, release thani 0.5 mr�i theophylline; 12 other
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Althougis no s�-stematic deterruinatioum of

compounds produced several times greater
lipolysis than theophylline at this concen-
tration.

Some of the compounds, including Nos. 36
and 50 (Table 1), were considerably less
lipolytic at 0.5 mM than at 0.05 mu, indicat-
ing that at higher concentrations these com-
pounds inhibited lipolysis. In general, the

compounds are arranged in Table 1 accord-
ing to increasing size of the substituent on

positions 1 , 3, and 7, respectively. Several cx-
ceptions to this system were made in order
to keep homologous series of compounds

together.
Effects of derivatives on phosphodiesterase

activity. Nine compounds of widely varying
apparent lipolytic potencies is-crc then tested
over a 20-fold range of concentrations as
lipolytic agents and as cyclic AMP phospho-
diesterase inhibitors (Figs. I and 2). There

was good general agreement between the
orders of relative potencies in the tis-o sys-

tems over the entire range of concentrations.
One compound, 1, 3-dimethyl-8-mercapto-
xanthine (No. 17), was more effective as an
inhibitor of phosphodiesterase activity is-hen

the concentration of albumin in the assay
medium was lowered (Fig. 3). A similar,

though quantitatively smaller, effect is-as
seen with 1, 3-diethylxanthine (No. 24). No
appreciable difference between the apparent

potencies at the high and low albumin con-
centrations was noted for any of the other

compounds.
Substantial increases in lipolysis is-crc as-

sociated with only partial inhibition of phos-

phodiesterase activity. For instance, concen-
trations of any of the compoimnds which
inhibited phosphodiesterase activity 20 �
produced easily detectable increases in ii-
polysis (Figs. 1 and 2).

None of the compounds interfered with tile
assay for glycerol or with the effectiveness of
the venom (5’-nuclcotidase) used in the assay
for phosphodiesterase activity. The amounts

of sodium hydroxide added to aid in solubi-
lizing some of tile compounds did miot change

either the pH of the assay mixtures or tile
rate of basal glycerol release from tile 1SO-

lated cells. Glycerol release in the presence
of the nine compounds listed ltl Figs. 1 and 2
was virtually linear for at least SO mm, as

FIG. 1 Stimulation of lipolysis in isolated fat

cells by ranthine derivatives and other compounds

Cells were incubated with the experimental

compounds, arid lipolysis was measured by deter-
mining the glycerol released into the incubation

medium. The results are expressed as the per-
centage of the maxitilal response produced by

theophylline in the same experiment. The amounts
of glycerol released with no theophylline and 2

mat theophylline (taken to he maximal) were

042 ± 0.13 (SI)) and 7.30 ± 1.84 �moles’hr’i00

mg, dry weight, respectively (14 experiments).

The albumin concentration was � The points

on the theophvlline curve are the mean values of

14 experiments ± standard deviation (shaded

area). The other curves represent single experi-

ments done concurrently with those shown in

Fig 2 The compounds tested were: �4. 1-methyl-

3-isobutylxanthine (No. 21 in Table 1); B, 1,3-
diethylxanthine (No. 24); C, 1-pentvl -3-ethyl-

xanthine (No. 46); D, 1 ,3,7-t rimcthylxanthine

[caffeine (No 2)]; K, 3,7-dimethvlxanthine
[theobrornine (No. 48)]; F, 1-allyl-6-arnino-3-

et hvl uracil [aminomeiramide (No. 58)1; G, 3-

propyl-7-et hyl-N-dirnethylxant hine (No. 53); H,

1 ,3-dimethyl-8-mercaptoxant hine (No. 17).

illustrated its Fig. 4 by the most potent and

one of thse least potent of thiese compounds.

1)1 5CUS5ION

Tue close agreenient bet is-ecu the I)oteticies

as lipohytic agents audi as cyclic AMP phos-

phodiesterase imlhibitors of this series of xan-
thimme derivatives strongly indicates that
their lipolytic activity is mediated via their

effects on phosphodicsterase. The data also

suggest that omlly partial inhibition of 1)iiOS-
phiodiesterasc activity is necessary to raise

tile effective ks-el of cyclic AMP in the cell.
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Fio. 2. Inhibition of cyclic AMP phospho-

diesterase by xanthine (lerivatives and other com-

pounds

The phosphodiestera.se activity in homogenates

of the same cell suspensions used to obtain the

results iii Fig. 1 wa.s determined by measuring the
amount of radioactive product formed from triti-

ated cyclic AMP (1 �M) during a 30-mm incubat ion

at 37#{176}.Less thati 35% of the initial substrate was

hydrolyzed in the control (uninhibited) tubes.

The albumin concentration was 3.5%. The t heo-

phylline curve was I akeim from the mean values of

six experimelils ± st atidard deviation (shaded

area), and the 01 her (-urves were t aken from single
experiments done ())Ilclirrently with t hose shown

in Fig. 1. Compounds A through H are identified

in the legend to Fig. 1.

Fit;. 3. Effects of albumin concentration Ofl

phosphodieslerase- inhibitor/I activity of I ,3-di-

methyl-8-merca pto.ran th me (No. 17 in Table 1)

Conditions were as described iii Fig. 2.

structure-activity relatiomiships isas at-

tempted, several general obscrsrations crtis be
made. The most active derivatives were

those which contained small nonpolar groups

� both positions 1 Illid 3 (e.g., ethyl, propyl,

isobutyl). Substitutions of a halide group oms
positioms S caused thie compound to be iiiac-

tive. Similarly, the three compounds having
a substitutiomm 011 l)osition 9 ivere inactive.

In gemieral, substitutions made on position 7

caused either no change its the potency of the

compoumid or a reductioms in potency.

Several possible problems inherent in the
interpretation of these studies must be con-

sidered. First, errommeous interpretations

could arise if soti�e of the compounds were

bouisd to a componemst of time incubation

medium. For example, 1, 3-dimethyl-S-mer-
captoxanthine is-as a better inhibitor of phos-
phodiesterase activity is-hen the albumin
concentration of time medium is-as low-ered.
Its lipoivtic activity then may have been

affected by its bitidimsg to albumin. Similarly,
erroneous interpretations might be made if
there is-crc differeisces imi abilities of the corn-

pouisds to enter time unbroken cell. A com-
pound hmavimig such difficulty might itlhibit

phosphodiesterase activity imi homogenates
of the cells but be umiable to produce the
expected response in time iiitact cell. How-

ever, this may not be a serious problem with
most xammthiine derivatives, siusce caffeine, at

least, does cross cell membranes readily (13).

Fmu. 4. Time course for glycerol release from

isolated fat cells in response to substituted xanthines

The commcentration of the experimental corn-

pounds was 0.5 imisi. 1-Met hvl 3-isobutylxanthine
is No. 21 in Table 1, and 3-propyl-7-ethyl-N-

dinmet hylxant hiie is No. 53. Conditions and pro-

cedtmres were as described under EXPEICiMENPAL

PR0(.E1)U lIE.
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Other potential problems could arise if tile

compounds ss’ere metabolized by the cell type

under study, or if they ss-ere only partially
soluble in the assay mixtures. Any of these
factors could have been responsible for the

slight discrepancy between tile lipolytic and
phosphodiesterase-inhibitory potencies seen

with tsvo of the compounds, 1, 3-diethylxan-

thine and 1 -pentyl-3-ethylxanthine (B and
C in Figs. 1 and 2). In addition, it should be
recognized that the amount of phosphodi-

esterase inhibition occurring in a broken cell
preparation may not be an accurate reflec-
tion of that occurring in the intact cell.
Furthermore, especially iii studies which
svould itivolve broken cell preparations from
heterogemieous cell populations, a substantial

amount of the phosphodiesterase activity
measured may not be related to the cell type

producing the physiological event of interest.
Evidence exists that more than one form of

phosphodiesterase activity is present within

at least tsvo different tissues (12, 14, 15), and

unless all forms of tile enzyme respond simi-
larly, the effects of inhibitors on the relevant

phosphodiesterase activity may be obscured
in some preparations. Even is-hen using a
preparation from a homogeneous cell popula-

tion, such as isolated fat cells, it is an as-

sumption that most if not all of the phos-
phodiestera.se activity being measured is, or

responds similarly to, that which is related

to lipolysis. Despite these difficulties in inter-
pretation, the experimental approach of corn-
paring the potencies of a series of xamithine

derivatives as inhibitors of cyclic nucleotide
phosphodiesterase activity ivitis their p0-
tencies in producing a physiological response
may be useful as ati aid in clarifying the

diverse pharmacological effects of these
agemits iti other tissues.
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