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Summary. Glucocorticoids stimulate the rate of lipoly-
sis which is reduced in adrenalectomized animals. This
hormonal action is antagonized by insulin. The antilipoly-
tic action of insulin appears to be mediated by a reduced
intracellular concentration of 3’,5-AMP. This reduction
can partly be attributed to an insulin-induced acceleration
of 37,5-AMP degradation. — It is shown that the stimu-
latory influence of glucocorticoids on lipolysis is due to a
reduction of 3’,5’-AMP phosphodiesterase (PDE) activity,
which is increased by adrenalectomy. PDE activity was
also increased in liver, skeletal muscle and kidney of
adrenalectomized rats; treatment with a glucocorticoid
prevented this increase. In vitro, PDE purified from beef
heart was inhibited by glucocorticoids in high concentra-
tions (K; = 1.1 - 10-3 M for 6 a-methylprednisolone hemi-
sucecinate, K; = 1.6 - 10-* M for prednisolone sucecinate).
In vivo, the glucocorticoid-induced decrease of PDE acti-
vity (with retarded onset as shown in liver), may essentially
be attributed to a decreased enzyme synthesis. — Studies
on the interaction of insulin and glucocorticoids on PDE
activity were performed in the liver. In adrenalectomized,
alloxan diabetic rats insulin stimulated PDE activity
suppressed by treatment with a glucocorticoid, unsup-
pressed PDE activity was not increased by insulin. In
contrast, the action of glucocorticoids on PDE activity
was independent of the presence or the effectiveness of
insulin.

Effets des glucocorticoides et de Uinsuline sur Iactivité de
la 3’5'-AMP-phosphodiestérase chez des rats surrénalecto-
misés

Résumé. Les glucocorticoides stimulent la lipolyse qui
est réduite chez les animaux surrénalectomisés. Cette
action hormonale est contrecarrée par I’insuline. L’action
antilipolytique de 'insuline semble étre due & une réduc-
tion de la concentration intracellulaire de 3’5’-AMP.
Cette réduction peut étre attribuée en partie & une accélé-
ration due & I'insuline de la dégradation du 3’5-AMP. On
a montré que Pinfluence stimulatrice des glucocorticoides
sur la lipolyse est due & une réduction de l’activité de la
3’5’-AMP-phosphodiestérase (PDE), qui est accrue par la
surrénalectomie. L’activité de la phosphodiestérase est
également augmentée dans le foie, le muscle strié et les
reins des rats surrénalectomisés, le traitement par un
glucocorticoide prévient cette augmentation. In witro,
1a phosphodiestérase purifiée du coeur de boeuf est in-
hibée par les glucocorticoides & fortes concentrations
(K; = 1.1 - 10-3 M pour I’hémisuccinate de 6 «-méthyl-
prednisolone, K; == 1.6 - 10-3 M pour le sucecinate de predni-
solone). In wivo, la diminution provoquée par les gluco-
corticoides de Dactivité de la phosphodiestérase qui se
produit au bout de quelque temps, comme on 1’a montré
dans le foie, peut essentiellement étre attribuée & une
synthése diminuée de I’enzyme. Des études sur Vinter-
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action de V'insuline et des glucocorticoides sur activité de
la phosphodiestérase ont été effectudes sur le foie. Chez les
rats surrénalectomisés, rendus diabétiques par I’alloxane,
I'insuline stimule P'activité de la phosphodiestérase qui a
6t6 supprimée par un traitement avec un glucocorticoide,
Yactivité de la phosphodiestérase qui n’a pas été suppri-
mée n’est pas augmentée par I'insuline. Par contre, I'ac-
tion des glucocorticoides sur Pactivité de la phosphodie-
stérase est indépendante de 1’action de Iinsuline.

Wirkungen von Qlucocorticoiden und Insulin auf die
3’,8%- A M P-Phosphodiesterase-Aktivitdt  bei  adrenalekto-
mierten Tieren

Zusammenfassung. Die Lipolyse, die bei adrenalekto-
mierten Tieren vermindert ist, wird durch Glucocorticoide
verstérkt. Die gegeniiber Glucocorticoiden antagonisti-
sche Wirkung von Insulin, das die Lipolyse vermindert,
kann durch eine Abnahme der intracelluldren 3/,5-AMP-
Konzentration erklért werden. Diese ist teilweise auf
einen beschleunigten Abbau des Nucleotids zuriickzufiih-
ren. — Die Lipolysesteigerung durch Glucocorticoide ist
durch eine Verminderung der 3’,5-AMP-Phosphodieste-
rase (PDE)-Aktivitdt bedingt, die bei adrenalektomierten
Ratten erhoht ist. Die PDE-Aktivitét adrenalektomierter
Tiere ist auch in Leber, Skeletrouskulatur und Niere er-
hoht, die Gabe eines Glucocorticoids verhindert diesen
Anstieg. Glucocorticoide hemmen aus Rinderherz isolierte
PDE n vitro, jedoch sind hohe Steroidkonzentrationen
erforderlich (K; = 1,1 - 103 M fiir 6 «-Methylprednisolon-
Hemisuceinat, K; = 1,6 - 10-* M fiir Prednisolon-Sucei-
nat). Die einige Stunden nach Gabe eines Glucocorticoids
einsetzende Abnahme der PDE-Aktivitdt kann im wesent-
lichen auf eine verminderte Enzymsynthese zuriickge-
fithrt werden. — Insulin steigert bei adrenalektomierten,
alloxandiabetischen Ratten die PDE-Aktivitéit in der Le-
ber nur, wenn die Tiere mit einem Glucocorticoid behan-
delt sind, nicht jedoch die erhohte PDE-Aktivitdt bei
Fehlen von Glucocorticoiden. Der EinfluB von Gluco-
corticoiden auf die PDE-Aktivitét ist dagegen nicht an
die Wirkung von Insulin gebunden.

Key-words: Glucocorticoids, 3/,5-AMP phosphodie-
sterase, lipolysis, glycogen metabolism, insulin, lipolytic
action of glucocorticoids, glucocorticoid-interaction with
insulin, eyclic adenosine 3’,5’-monophosphate.

Non-Standard Abbreviations

Glucose-6-phosphate, G 6 P; non-esterified, free fatty
acids, FFA ; cyclic adenosine-3’,5-monophosphate, 3’,5’-
AMP; 3/,5’-AMP phosphodiesterase, PDE.

Enzymes

Adenylate kinase, ATP: AMP phosphotransferase
(E.C. 2.7.4.3); pyruvate kinase, ATP: pyruvate phospho-
transferase (E.C. 2.7.1.40); lactate dehydrogenase, L-lac-
tate NAD oxidoreductase (E.C. 1.1.1.27); glycogen syn-
thetase, UDP-glucose: w«-1,4-glucan «-4-glucosyltrans-
ferase (E.C. 2.4.1.11).
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In adipose tissue the rate of triglyceride breakdown
depends on triglyceride lipase activity. This enzyme
is activated by 3',5’-AMP. The lipolytic action of sever-
al hormones, e.g. catecholamines, is mediated by an
increased formation of this nucleotide [29, 5]. Insulin
injected or added to the incubation medium, reduces
the rate of lipolysis [16, 19, 21, 30, 11] which is in-
creased in insulin deficiency, i.e. after starvation or in
alloxan diabetes [15, 10, 22]. The antilipolytic action
of insulin is due to a decreased intracellular concen-
tration of 3’,5'-AMP [5, 6]. This may be explained by
a hormonally-induced decrease of the 3',5'-AMP
formation [20], and an accelerated degradation of the
nucleotide [32].

In contrast, glucocorticoids have been shown to
exert a lipolytic action. In adrenalectomized animals,
release of FFA from adipose tissue is reduced [15, 28].
Treatment with glucocorticoids leads to an elevation
of plasma FFA concentration in adrenalectomized and
intact animals [15, 41, 13, 8]. The release of FFA and
glycerol from adipose tissue incubated with these
hormones is also increased [19, 10, 9, 24]. The increased
FFA release caused by glucocorticoids is reduced by
insulin [10, 41].

These findings have raised the question whether
the stimulatory action of glucocorticoids on lipolysis,
which is opposite to the action of insulin, is also me-
diated by an influence on 8',5'-AMP con centration. In
the present paper it is shown that glucocorticoids
suppressed 3’,5’-AMP phosphodiesterase activity which
was elevated in adrenalectomized animals. These
enzymic alterations not only occurred in adipose
tissue, but also in liver, skeletal muscle and kidney.
Insulin increases liver PDE activity provided that it
is not heightened by glucocorticoid deficiency. The
suppression of PDE activity by stercids appears to
enable insulin to regulate the activity of this enzyme.

Materials and Methods

Male Wistar rats were used in this study whose body
weight was between 150 and 200 g. The animals were
fed a standard pellet diet (Altromin®) ad libitum unless
otherwise stated. Studies in diabetic rats were per-
formed 48 h after i.v. injection of 80 mg/kg alloxan
tetrahydrate. Only those animals were used whose
blood glucose concentration exceeded 200 mg/100 ml.
Crystalline, glucagon-free insulin from cattle (Farb-
werke Hoechst AGY) diluted in 0.99; NaCl solution was
injected i.v.

Adrenalectomy was performed under diethylether
narcosis by paravertebral incisions. 0.99, NaCl solution
served these animals as drinking fluid. If glucocorti-
coids were given, 6 a-methylprednisolone was injected
s.c. as acetate or i.v. as hemisuccinate (Farbwerke
Hoechst AG*). For experiments ¢n wvitro the latter

1 The authors wish to thank Dr. A. Framme, Farb-
werke Hoechst AG, and the Merck AG, Darmstadt, who
kindly supplied these substances.
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substance, as well as prednisolone-21-succinate (Merck
AG, Darmstadt!), were used. Solvents were injected
into respective controls.

Blood glucose and tissue protein determinations
as well as measurement of tissue PDE activity were
performed as previously described [32]. PDE purified
from beef heart according to BurcmEr and SUTHER-
LAND [4] was used for studies ¢n vitro. In these ex-
periments the enzymatic activity was determined by
continuous measurement of 5’-AMP formed under the
influence of PDE in a 0.15 M glycylglycine buffer, pH
7.5, containing 6mM MgCl,, by aid of adenylate
kinase, pyruvate kinase, and lactate dehydrogenase
[1, 31].

Data are given as mean -~ S.E.M. and compared
using Student’s ¢-test and the #-tables of PiTav [27).

Results

In liver, adipose tissue and kidney of fed rats adre-
nalectomized 5 days before the experiments, PDE
activity was increased over the values obtained from
intact animals, Daily s.c. injections of 1 mg/kg 6u-
methylprednisolone prevented this increase. In
skeletal muscle, similar changes of PDE activity were
measured, but the increase in PDE activity caused by
adrenalectomy was smaller than that in the other
tissues. The changes in PDE activities were indepen-
dent of enzyme activities being referred to wet weight
or tissue protein (Tab. 1).

These findings prompted us to investigate whether
purified PDE is inhibited by glucocorticoids n vitro.
The activity of PDE isolated from beef heart, was
reduced by 6 a-methylprednisolone added as hemisuc-
cinate. The type of inhibition was non-competitive
with respect to 3',5'-AMP, the K; value was approx.
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Fig. 1. Inhibition of 3’,5-AMP phosphodiesterase (puri-
fied from beef heart) by 6-methylprednislone (hemisucei-
nate)
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1.1+ 10-3 M (Fig. 1). Prednisolone, added as succinate,
was also found to inhibit PDE non-competetively, the -
K value was approx. 1.6 - 10-3M (Fig. 2). Addition of
suceinate (3 + 10-3M) did not influence PDE activity.
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In contrast to the high glucocorticoid coneentration
required for reducing PDE activity in vitro, discon-
tinuation of adrenal steroid secretion and substitution
with exogenous glucocorticoid influenced PDE acti-
vity markedly. In adrenalectomized, fasted rats
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PDE activity was slightly reduced 2 and 4 b after
glucocorticoid application, a further reduction was
measured 15 and 27 h after steroid injection (Fig. 3).
In order to elucidate the relationship between the
opposite actions of insulin and glucocorticoids on PDRE

Table 1. Influence of adrenalectomy and of application of 6-methylprednisolone (1 myg - kg™t + d-t
s.c. for & days) on 3',6’-AMP phosphodiesterase activity. Animals were fed ad libitum

adrenalectomized rats (5 days post op.) -
Intact rats -+ 6-methylprednis-
olone
Liver
n moles 645 4-20 734 416 596 4-26
min - g W.W. n=18 p<<0.002 n=24 p<<0.0002 n=19
Adipose tissue
n moles 32.8 +2.1 84.7 112.6 49.1 1-4.1
min « g W.w. 0<0.0002 p<<0.02
n moles 1.62 0.08 | 2.78 +0.22 | 1.82 +0.17
min - mg prot. p<<0.0002 p<<0.002
n=25 ‘ n=17 | n=20
Kidney
n moles 484 119 649 J4-21 460 415
min - g w.w. p<0.0002 p<0.0002
7 moles 8.51 -4-0.33 | 11.954-0.44 | 7.61 4-0.28
min - mg prot. p<0.0002 p<0.0002
n=19 ’ n=26 ’ n=19
Skeletal muscle
7 moles 67.0 +3.2 71.6 13.1 57.2 43.3
min - g W.W. »<0.003
7 moles 0.839-1-0.041 0.9024-0.042 l 0.707+4-0.043
min - mg prot. p<0.003
n=21 n==25 l n=21
[S]5= drenalectomized rafs freated with 6-methylprednisal
M At - adrenalectomized rafs treated with 6~methylprednisolone
o 1M IE-AMP 0 0 025 05 15 15427hrs
15~ non
adr-~
4 t.
1 g geoo y
2 £
10k cle
/ y o 33-10°5M 3!5-AMP
=412 1 2
o /o LSG“ 1 1 11 10 1 10 121 110
- /" o 8.2-1075M 3i51-AMP p<0.0005 p<0.06>p<0005
q/o/ Fig. 3. Influence of 8-methylprednisolone on liver 3%,5'-
1 AMP phosphodiesterase activity. Adrenalectomy was per-

{
0 i 3709w 1

Fig. 2. Inhibition of 8’,5’-AMP phosphodiesterase (puri-
fied from beef heart) by prednisolone (-21-succinate)

with low insulin plasma concentration [2], liver PDE
activity was increased compared with intact rats. After
a single injection of 6 a-methylprednisolone there was
no decrease in enzyme activiby within the first hour.

formed 3 days before experiment. All rats were fasted for

2 days. 1 mg/kg 6-methylprednisolone was injected as

hemisuccinate Nat i.v. 0.25, 0.5, 1, and 2 h, s.c. 4 h, as
acetate s.c. 15 and 27 h prior to decapitation

activity, insulin was injected into alloxan diabetic
rats that were adrenalectomized and treated with
various doses of a glucocorticoid. In adrenalectomized,
diabetic animals not substituted with glucocorticoids,
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liver-PDE activity was not increased by injection of
0.5 U/kg insulin (Fig. 4). This dose has been shown to
stimulate enzyme activity in diabetic rats whose
adrenals had not been removed [32]. Even the appli-
cation of an insulin dose 10 times higher did not in-
fluence liver PDE activity in adrenalectomized rats.
If, however, in adrenalectomized rats PDE activity
was normalized by treatment with 6«-methylpred-
nisolone, insulin induced a dose-dependent increase of
PDE activity. The glucocorticoid-induced suppression
of enzyme activity was nearly prevented by 5 Ulkg
insulin. In rats treated with 6o-methylprednisolone
3 mgfkg, the decrease of PDE activity was insigni-
ficantly greater than after application of 1 mgjkg.
Injection of 0.5 U insulin/kg resulted in a higher
enzymic activity in adrenalectomized animals treated
with the lower dose of the glucocorticoid than in those
treated with the higher dose (Fig. 4).

no glucocorticoids  1mg/kg Goc-methyl- 3mg/kg 6o -methyl~
prednisolone prednisolon:
600+ T p<00002 p=008 a3 peODBOOT pe005 o T
3 L &
Bl
£| 2500
C'é L
400}
insufin 005 5 0 05 5 0 05 50lkg
n= 36 36 14 24 21 13 11 12 9

Fig. 4. Influence of insulin on liver 3/,6-AMP phospho-

diesterase activity in diabetic rats adrenalectomized 24 h

prior to decapitation. Alloxan (80 mg/kg) was injected

i.v. 48 h, 6-methylprednisolone acetate s.c. 12 h, insulin
i.v. 45 min before decapitation

Discussion

Glucocorticoids are known to be inducers of the key
enzymes of hepatic gluconeogenesis, which are oppo-
sitely influenced by insulin {40, 39, 23]. In contrast to
the inductive action of glucocorticoids on other enzy-
mes, there is a suppressive action of these hormones on
PDE in several tissues.

It has been shown by Farx, Scow and CHERNICK
[10] that the stimulation of lipolysis caused by glu-
cocorticoids is delayed. More than 2 h is required for
an acceleration of triglyceride breakdown. These
findings correspond to the glucocorticoid-induced
decrease in enzymic hydrolysis of 3’,5-AMP, and the
delayed hormonal action on PDE activity shown in the
liver. Owing to this fact and to the lack of PDE in-
hibition by low glucocorticoid concentrations occurring
physiologically, an inhibitory action of glucocorticoids
on PDE may be regarded as unimportant for the
hormonal-induced reduction of enzymic activity. In
vivo, the decrease of PDE activity must mainly be
referred to a suppressed enzyme synthesis. The in-
hibitory action of glucocorticoids on PDE can, how-
ever, be taken into consideration for explaining the
stimulation of lipolysis within the first few hours after
application of high doses of a steroid.

Diabetologia, Vol, 4
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The influence of glucocorticoids on the degradation
of 3’,5"-AMP, the formation of which is increased by
several hormones, can help to explain the following
findings. The capacity of adipose tissue to respond in
viwo or i vitro to catecholamine-stimulation by an
increased FFA release, is strongly reduced in gluco-
corticoid deficiency [28, 33, 34, 25] accompanied by an
accelerated hydrolysis of 3',5'-AMP. The responsive-
ness to epinephrine is restored after the animals have
been treated with a glucocorticoid. It can be assumed
that this treatment normalizes the increased 3',5'- AMP
degradation, and thereby allows a higher catechola-
mine-induced increase of tissue 3’,5-AMP concentra-
tion.

Insulin may influence glycogen metabolism and
lipolysis by accelerating 3',5"-AMP degradation [32].
Suppression of PDE activity by glucocorticoids is
required for the regulation of enzyme activity by in-
sulin. This can be concluded from the following fin-
dings. 1. Glucocorticoids suppress renal PDE activity,
although, even in high doses, there is no influence of
insulin on the activity of this enzyme in the kidney
{32]. 2. Glucocorticoids suppress PDE activity not
only if insulin is ineffective, i.e. in kidney, but also if
it is absent, i.e. in alloxan diabetes. 3. Insulin does not
increase PDE activity unless it has been suppressed by
glucocorticoids. The dose-dependent increase of enzy-
me activity by insulin is limited to the range of gluco-
corticoid-induced suppression. Actinomycin D inter-
fering with DNA-dependent synthesis of messenger
RNA [14], has been shown to block the insulin-
induced increase of PDE activity [32]. Therefore, it
can be assumed that the regulation of enzymie activity
by insulin, which reduces glucocorticoid-caused supp-
ression of PDX activity, is on the level of transcrip-
tion.

That the action of glucocorticoids on PDE is
necessary for the action of insulin on the activity of
this enzyme, can also be seen from the following
findings. The early stimulation of liver glycogen
synthetase activity by insulin can be explained by a
decreased concentration of 3’,5"-AMP, which nucleoti-
de activates transferase-I-kinase [18]. This enzyme
catalyzes the conversion of the more active form of
glycogen synthetase (I) to the less active form (D).
This activation of liver glycogen synthetase measured
30 min after stimulation of insulin secretion by glucose
administration, has only been found in intact animals
[7]. In adrenalectomized rats whose liver PDE ac-
tivity is not increased by insulin, glycogen synthetase
I activity remained unchanged?,

Liver and muscle glycogen conecentrations are
reduced in adrenalectomized animals, and are slowly

2 Added in proof. In adrenalectomized animals, how-
ever, increased liver glycogen synthetase I activity caused
by stimulation of insulin secretion or by injection of in-
sulin (6 U/kg i.p., 75 min) into diabetic rats was meas-
ured by other authors [22a]. This indicates that insulin may

also influence this enzymatic activity through another,
glucocorticoid-independent action.

25
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increased by glucocorticoid application [13, 12, 38, 17,
8). There are difficulties in correlating these findings
with an increased PDE activity in glucocorticoid
deficiency, and a reduction of PDE activity by gluco-
corticoids. Increases of gluconeogenesis [40, 39, 23]
and of G6P concentration [38, 17], caused by appli-
cation of a glucocorticoid, may be regarded as factors
that favour glycogen formation. An increased concen-
tration of G6P, which stimulates glycogen synthetase
activity [37], has, however, not always been found
after application of glucocorticoids [8]. Increased
glycogen formation by glucocorticoids must mainly
be referred to an increased synthesis of the enzyme
glycogen synthetase [38, 17, 35]. This hormonal acti-
on, which can be prevented by application of acti-
nomycin D [35], may be regarded as more important
than a possible stimulation of transferase-I-kinase
mediated by 3',5’-AMP. This enzyme, which catalyzes
the inactivation of glycogen synthetase, could be
activated in the case of a glucocorticoid-caused reduec-
tion of 3/,5'-AMP degradation in insulin deficiency.
Plasma insulin concentrations of glucocorticoid-
treated animals can, however, be assumed to be high
[2, 26]. There is even & possible partieipation of insulin
in the increased formation of the enzyme glycogen-
synthetase that is observed after application of gluco-
corticoids. Insulin is known to promote the formation
of liver glycogen-synthetase [36]. Since glucocorticoids
increase the secretion of insulin [2, 26], this hormone
could possibly be involved in the action of adrenal
steroids on glycogen synthetase activity.
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