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In the myocardium and skeletal muscles of rats deprived of food for 2 days, basal activity
of adenylate cyclase decreased, while the sensitivity of adenylate cyclase signaling
system to the stimulating effects of non-hormonal agents (guanine nucleotides and NaF)
and β-agonist isoproterinol modulating adenylate cyclase through stimulating G proteins
increased. In starving organism, the regulatory effects of hormones realizing their effects
through inhibitory G proteins (somatostatin in the myocardium and bromocryptin in the
brain) weakened. Their inhibitory effects on forskolin-stimulated adenylate cyclase
activity and stimulating effects on binding of guanosine triphosphate decreased. In the
brain of starving rats, the differences in the sensitivity of the adenylate cyclase signaling
system to hormones and nonhormonal agents were less pronounced than in the muscle
tissues, which attested to tissue-specific changes in the functional state of this system
under conditions of 2-day starvation.
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Food deprivation induces biochemical and physio-
logical shifts in the organism related to changes in
functional activity of hormone signaling systems,
e.g. their sensitivity to the regulatory effects of hor-
mones. Studies of adenylate cyclase (AC) signaling
system under conditions of food deprivation [6,8,9]
showed that the stimulating effects of hormones on
activity of AC, the catalytic component of this sys-
tem, realized via stimulatory G proteins (Gs pro-
teins) increased, while the inhibiting effects of hor-
mones realized via inhibitory G proteins (Gi pro-
teins) decreased. Stimulation of AC activity in the
adipose tissue by adrenergic receptor ligands was
observed as soon as after 10-h food deprivation [6].

Starvation for 1-3 days 2-fold increased AC sensi-
tivity in rat kidneys to the stimulating effect of para-
thyroid hormone [9]. Food deprivation for 24 h
considerably potentiated the stimulating effect of
neuropeptide orexin mediated via receptors coup-
led with Gs-proteins on AC activity in the hypotha-
lamus of starving rats and weakened the inhibitory
effect of the hormone mediated though receptors
coupled with Gi proteins [8].

The overall changes in the sensitivity of AC
system in humans and vertebrates to hormones and
non-hormonal agents during food deprivation re-
main unclear. Study of changes in the functioning
of the AC system under conditions of nutrient defi-
ciency is necessary for understanding of the mole-
cular mechanisms of hormonal regulation of energy
homeostasis at the cellular and organ levels and for
the therapy of some diseases accompanied by ex-
hausting of energy resources (e.g. anorexia).
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Here were studied the regulatory effect of bio-
genic amines and peptide hormone somatostatin on
functional activity of AC system in the myocar-
dium, skeletal muscles, and striatum of rats de-
prived of food for 2 days.

MATERIALS AND METHODS

Experiments were performed on male albino Wistar
rats. Group 1 rats received standard ration (control)
and group 2 animals were deprived of food for 2
days, but had free access to water (experimental
group). Fraction of plasma membranes were iso-
lated from tissue samples of the myocardium, ske-
letal muscles, and striatum [1,4,10]. Each fraction
was isolated from 5-6 animals. Glucose concentra-
tion in blood plasma was measured by o-toluidine
method.

For evaluation of changes in the efficiency of
transmission of the stimulatory and inhibitory sig-

nals to AC during starvation we used isoproterinol
and serotonin (5-HT), i.e. hormones stimulating AC
activity via Gs proteins, and bromocryptin and so-
matostatin, i.e. hormones inhibiting AC activity via
Gi proteins. All hormones were purchased from
Sigma. The regulatory effects of these hormones on
AC activity and binding of guanosine triphosphate
(GTP) by G proteins in the myocardium, skeletal
muscles, and brain of rats receiving standard ration
were studied in our previous experiments [1-5].

For evaluation of AC activity we used (30 Ci/
mmol) [α-32P]-ATP (Amersham). For evaluation of
GTP binding to G proteins we used nonhydroly-
sable GTP analog β,γ-imido[8-3H]-guanosine 5'-tri-
phosphate ammonium salt ([8-3H]-GppNHp; 5 Ci/
mmol, Amersham) and nitrocellulose filters HA,
0.45 µ (Millipore).

Activity of AC was measured as follows [11]:
fractions of plasma membranes were incubated in
a reaction mixture at 37oC for 10 min and AC acti-

Fig. 1. AC-stimulating effects of isoproterenol in the myocardium
(a) and skeletal muscles (b) and 5-HT in the brain (c) of control
rats (1) and rats deprived of food for 2 days (2).

A. O. Shpakov, L. A. Kuznetsova, et al.



14

vity was determined by the amount of formed cyc-
lic AMP (cAMP). Specific binding of GTP to hetero-
trimeric G proteins was determined by the differ-
ence between binding of [8-3H]-GppNHp in the
absence and presence of 10 mM GTP [1].

The data were processed using ANOVA soft-
ware. Each experiment was performed in 3 repeti-
tions. The differences between control samples and
samples exposed to hormones and non-hormonal
agents were considered significant at p<0.05.

RESULTS

Basal activity of AC in the myocardium, skeletal
muscles, and striatum of control rats was 16.6±1.1,
16.2±0.8, and 76.9±5.2 pmol cAMP/min/mg mem-
brane protein. In rats deprived of food for 2 days,
basal activity of the enzyme in the myocardium and
skeletal muscles decreased to 12.2±1.0 and 13.4±
0.5 pmol cAMP/min/mg, respectively, but remained

practically unchanged in the striatum (71.3±6.5
pmol cAMP/min/mg membrane protein). The AC-
stimulating effect of GppNHp (10—5 M) in the myo-
cardium of control animals was 179 and 98%, re-
spectively, while in starving rats it increased by 1.5
times (to 295 and 142%, respectively). The AC-
stimulating effect of another G protein activator
NaF (10—2 M) also increased during food depriva-
tion, but to a lesser extent. In the myocardium and
skeletal muscles of controls it was 1845 and 1290%,
respectively, while in starving rats the correspon-
ding values were 2125 and 1440%. The AC-stimu-
lating effect of forskolin (10—5 M) that directly inter-
acts with the catalytic site of the enzyme was con-
siderably higher in the myocardium of starving rats
(369%) than in controls (305%), whereas in skeletal
muscles the AC-effects of forskolin differed in-
significantly (330% during food deprivation vs.
318% in the control). In the brain of starving and
control rats, no reliable differences in the effect of

Fig. 2. Inhibition of forskolin (10—5 M)-stimulated AC activity by
somatostatin in the myocardium (a) and by somatostatin (b) and
bromocryptin (c) in the brain of control rats (1) and rats deprived
of food for 2 days (2).
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non-hormonal activators on AC activity were ob-
served (data not presented).

Then, we compared the AC-stimulating effects
of biogenic amines realizing their effects in tissues
of starving and control rats via specific receptors
coupled with Gs proteins. The AC-effects of iso-
proterenol, a specific β-adrenoceptor agonist, in
muscles of starving rats far surpassed the control
(Fig. 1, a, b). In the brain of starving rats, the AC-
stimulating effect of 5-HT only slightly surpassed
the effect of the hormone in the brain of control
animals (Fig. 1, c).

Evaluation of the sensitivity of the AC system
to hormones acting via receptors coupled with Gi

proteins showed that the inhibitory effects of soma-
tostatin in the myocardium and D2-agonist bromo-
cryptin in the brain on forskolin-prestimulated AC
activity considerably decreased in rats deprived of
food in comparison with the control (Fig. 2). The
AC-inhibiting effect of somatostatin in the brain
little changed. Thus, transmission of hormonal sig-
nals inhibiting AC is suppressed in the myocar-
dium and, to a lesser extent, in the brain of star-
ving rats.

Binding of GTP to G proteins is a parameter re-
flecting their functional activity. In plasma mem-
brane fraction of the myocardium, skeletal muscles,
and striatum of control rats, this parameter was
2.37±0.14, 1.45±0.13 and 6.93±0.35 pmol [8-3H]-
GppNHp/mg membrane protein, respectively. Du-
ring starvation, GTP binding decreased in all tis-
sues (maximum decrease was observed in the myo-
cardium) and was 1.75±0.19, 1.22±0.15 and 5.57±
0.41 [8-3H]-GppNHp/mg membrane protein, re-
spectively. Under conditions of food deprivation,
stimulation of GTP binding by hormones realizing
their regulatory effects on AC via Gs proteins in-
creased, while stimulation of GTP binding by hor-
mones inhibiting AC activity via Gi proteins de-
creased (Fig. 3). The differences in the sensitivity
of G proteins to hormones were most pronounced
in the myocardium.

Thus, transmission of AC-stimulating hormonal
signals via the AC system in muscle tissues of rats
deprived of food for 2 days became more inten-
sive, whereas transmission of AC-inhibiting hormo-
nal signals weakened. The observed changes in
functional activity of the AC-system under condi-
tions of 2-day starvation were tissue-specific. In the
striatum of control and starving rats, the differences
in the sensitivity of the AC system to hormones and
non-hormonal agents were less pronounced then in
muscle tissues, which attests to tissue-specific chan-
ges in the functional state of this system under
conditions of 2-day starvation.

We hypothesized that changes in the sensitivity
of the AC system to hormones are an effective
adaptation mechanism aimed at optimization of the
energy metabolism at the cellular and organ levels
under conditions of starvation. Changes in hor-
monal sensitivity of the AC system can be triggered
by hypoglycemia, i.e. a decrease in blood glucose
concentration in starving rats. In rats deprived of
food for 2 days, blood glucose concentration was
2.7±0.7 mM, i.e. almost 2-fold below the control
(5.1±0.5 mM). A clear-cur relationship between
blood glucose concentration and functional activity
of hormonal signals was demonstrated in studies of
hypoglycemia [7]. It was found that the increase in
glucose concentration in insulin-dependent diabetes
mellitus and incubation of cell cultures in a me-
dium containing glucose in concentrations consi-
derably surpassing its normal level in blood plasma
directly affect functional activity of different G pro-
teins and, consequently, on the efficiency of trans-
mission of the hormonal signal through the AC
system.

Thus, modulation of functional activity of hor-
monal signaling systems, in particular, AC system,
and its sensitivity to hormonal signals can be a
primary cause of biochemical and physiological
changes in the organism during starvation.

The study was supported by Program “Funda-
mental Sciences to Medicine” established by Presi-
dium of Russian Academy of Sciences.

REFERENCES
1. A. O. Shpakov, I. A. Gur’yanov, L. A. Kuznetsova, et al., Biol.

Membrany, 21, No. 6, 441-450 (2004).
2. A. O. Shpakov, I. A. Gur’yanov, L. A. Kuznetsova, et al.,

Thitologiya, 48, No. 5, 450-459 (2006).

Fig. 3. Simulation of GTP binding by hormones in membrane
fraction from the myocardium (1, 4), skeletal muscles (2) and brain
(3, 5, 6) of control rats (light bars) and rats deprived of food for 2
days (dark bars). 1, 2) isoproterenol, 10—5 M; 3) 5-HT, 10—5 M; 4,
5) somatostatin, 10—7 M; 6) bromocryptin, 10—5 Ì. *p<0.05 compared
to the control.

A. O. Shpakov, L. A. Kuznetsova, et al.



16

3. A. O. Shpakov, I. A. Gur’yanov, L. A. Kuznetsova, et al., Ros.
Fiziol. Zh., 92, No. 5, 521-535 (2006).

4. A. O. Shpakov, L. A. Kuznetsova, S. A. Plesneva, et al., Thito-
logiya, 47, No. 6, 540-548 (2005).

5. A. O. Shpakov, L. A. Kuznetsova, S. A. Plesneva, and M. N.
Pertseva, Byull. Eksp. Biol. Med., 140, No. 9, 286-290 (2005).

6. K. E. Hadri, C. Charon, J. Pairault, et al., Biochem. J., 323, Pt.
2, 359-364 (1997).

7. S. Hashim, Y. Li, A. Nagakura, S. Takeo, V. B. Anand-Sriva-
stava, Cardiovasc. Res., 63, No. 4, 709-718 (2004).

8. E. Karteris, R. J. Machado, J. Chen, et al., Am. J. Physiol.
Endocrinol. Metab., 288, No. 6, E1089-E1100 (2005).

9. T. Kawane, S. Saikatsu, N. Akeno, et al., Eur. J. Endocrinol.,
137, No. 3, 273-280 (1997).

10. S. A. Plesneva, A. O. Shpakov, L. A. Kuznetsova, and M. N.
Pertseva, Biochem. Pharmacol., 61, No. 10, 1277-1291
(2001).

11. A. O. Shpakov, V. I. Korolkov, S. A. Plesneva, et al., Neuro-
sci. Behav. Physiol., 35, No. 2, 177-186 (2005).

Bulletin of Experimental Biology and Medicine, Vol. 144, No. 1, 2007 GENERAL PATHOLOGY AND PATHOPHYSIOLOGY


