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We demonstrated changes in the sensitivity of the adenylate cyclase signaling system to
biogenic amines (adrenoceptor agonists and serotonin) underwent a change in skeletal muscles
of rats with 30-day streptozotocin-induced diabetes. Isoproterenol had a less significant
stimulatory effect on adenylate cyclase in diabetic rats. Hormonal signals via Gi proteins were
suppressed in animals with diabetes, which determined a greater stimulatory effect of nor-
epinephrine and serotonin on adenylate cyclase. Hormones less significantly increased gua-
nosine triphosphate-binding activity of G proteins in diabetic rats, which reflects the impair-
ment of their functional coupling with receptors.
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Hormone-sensitive adenylate cyclase signaling system
(ACS) is one of the major systems responsible for
signal transduction in cells. Function of this system
under pathological conditions is an important problem
in modern molecular endocrinology. Recent studies
showed that molecular changes in functional activity
of this system during diabetes are accompanied by
variations in tissue sensitivity to the regulatory effect
of hormones (e.g., biogenic amines). These data are
consistent with the hypothesis that molecular defects
in hormonal signaling systems serve as a cause of
endocrine diseases. The development of experimental
streptozotocin-induced diabetes is accompanied by
changes in the expression of signal proteins (compo-
nents of ACS). Expression of β1-adrenergic receptors
(AR) significantly decreases, while expression of β2-
AR and β3-AR increases in the heart of diabetic rats

[4,11]. Moreover, expression of some G proteins va-
ries in diabetes. The concentration of Gi2 and Go pro-
teins in the heart decreases, while the content of GS

proteins remains unchanged under these conditions
[5,15]. However, there are no data on changes in over-
all activity of ACS during diabetes. Moreover, the
molecular mechanisms of these disturbances are poorly
understood. Understanding of the mechanism of abnor-
mal sensitivity of ACS to biogenic amines would allow
us to develop new approaches to therapeutic treatment
of this disease and associated disorders. It is based on the
interaction (cross-talk) between signaling systems re-
gulated by biogenic amines and insulin [3,7,10].

Here we compared the sensitivity of ACS to bio-
genic amines in skeletal muscles of intact animals
(control) and rats with 30-day streptozotocin-induced
diabetes. The peptide strategy was used to study func-
tional coupling between receptors for biogenic amines
and G proteins under normal and pathological con-
ditions. This approach is based on the treatment with
synthetic peptides, whose primary structure corre-
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sponds to C-terminal regions in α-subunits of stimu-
latory (GS) and inhibitory G proteins (Gi). Previous
studies showed that these peptides competitively in-
hibit hormonal signal transduction from the receptor
to adenylate cyclase (AC), which is realized via α-
subunits [1,2,9,12, 13]. Study peptides are derived from
the primary structure of α-subunits and, therefore, can
be used to evaluate the role of certain G proteins in
hormonal regulation of AC. Peptide treatment selec-
tively inhibits and/or modulates the stimulatory and
inhibitory effect of hormones on AC. These hormones
bind to GS protein-coupled specific receptors and in-
crease AC activity. Binding of hormones to other re-
ceptors coupled to Gi proteins leads to inhibition of
AC. Our experiments were performed with norepi-
nephrine that can stimulate and inhibit AC through β-
AR and α2-AR, respectively. We also used serotonin
producing a stimulatory (via type 4, 6, and 7 serotonin
receptors) or inhibitory effect on AC (via type 1 sero-
tonin receptors).

MATERIALS AND METHODS

Fraction of plasma membranes was isolated from hind-
limb muscles of Rattus norvegicus [8]. Each fraction
was obtained from 5-7 control and diabetic animals.
Type I diabetes was produced by administration of
streptozotocin in a dose of 65 mg/kg (30 days). The
disease manifested in a significant increase in blood
glucose concentration and glucosuria.

Radioisotope assay involved [α-32P]ATP (30 Ci/
mM) and β,γ-imido[8-3H]-guanosine-5'-triphosphate
ammonium salt ([8-3H]-GppNHp, 5 Ci/mM, Amer-
sham). Guanosine triphosphate-binding (GTP-binding)
activity of G proteins was determined using type HA
nitrocellulose filters (0.45 µ, Millipore). Peptides cor-
responding to C-terminal regions 385-394 and 346-
355 of αS and αi2 subunits from human G proteins,
respectively, were presented by I. A. Gur’yanov (In-
stitute of High-Molecular-Weight Compounds, Rus-
sian Academy of Sciences, St. Petersburg).

AC activity was measured as described elsewhere
[14]. The fraction of plasma membranes was incu-
bated in the reaction mixture at 37oC for 10 min. AC
activity was determined by the amount of cAMP for-
med in the enzymatic reaction. C-terminal peptides
were preincubated with the sample at 4oC for 10 min.
The samples were mixed with hormones. Solvents of
hormones and peptides were added to control samples
(instead of the test agents).

GTP-binding activity of G proteins was studied as
described previously [1]. Specific GTP-binding acti-
vity of heterotrimeric G proteins was calculated as the
difference between binding of labeled [8-3H]Gpp
[NH]p in the absence or presence of 10 mM GTP.

The results were analyzed by means of ANOVA
software. Each experiment was performed in 3 repe-
titions. The data are expressed as means and standard
errors estimated in several independent experiments.
Differences between control samples and samples expo-
sed to the effect of hormonal and nonhormonal agents
were significant at p<0.05.

RESULTS

Basal AC activity in skeletal muscles of diabetic rats
was much higher compared to control animals (18.5±
0.9 and 13.7±0.4 pmol cAMP/mg protein/min, respec-
tively). A β-AR agonist isoproterenol stimulated AC
and increased GTP-binding activity in muscles of con-
trol and diabetic rats. Isoproterenol in various concen-
trations (10—8-10—5 M) had a greater stimulatory effect
on AC in control animals (as compared to diabetic
rats, Fig. 1, a). Significant differences were revealed
in the influence of 10—6 M isoproterenol on GTP bin-
ding. Isoproterenol increased GTP-binding activity in
control and diabetic rats by 97 and 42%, respectively.
The effect of isoproterenol (10—6 M) on AC activity
dose-dependently decreased in the presence of peptide
385-394 from the GS protein αS subunit (Fig. 2, a).
This peptide blocks transduction of stimulatory signals
to AC. It should be emphasized that the shape of cur-
ves for an inhibitory effect of peptide 385-394 αS on
stimulation of AC with isoproterenol did not differ in
control and diabetic animals. The stimulatory effect of
this hormone on GTP binding decreased in control and
diabetic rats (by 39 and 27%, respectively). Peptide
346-355 of the Gi protein αi2 subunit impairs coupling
between receptor and G protein. This peptide had little
effect on stimulation of AC with the hormone (slight
potentiation in diabetic rats, Fig. 2, a). This can be
associated with blockade of the signal pathway via Gi

protein. This pathway triggers β3-AR, which is acti-
vated by isoproterenol and capable of coupling to Gi

proteins in muscle tissues [6]. The stimulatory effect
of isoproterenol on GTP-binding activity of G proteins
slightly decreased in diabetic rats (by 16%), but remai-
ned unchanged in control animals. These changes reflect
the decrease in reactivity of GS-coupled ACS to iso-
proterenol in skeletal muscles of rats with diabetes.

Norepinephrine in concentrations of 10—8-10—5 M
stimulated AC. It should be emphasized that this hor-
mone in concentrations of 10—6-10—5 M had a more
significant effect in muscles of diabetic rats (Fig. 1,
b). By contrast, the stimulatory effect of 10—6 M nor-
epinephrine on GTP binding in control animals was
more pronounced than in diabetic rats (by 122 and
69%, respectively). The stimulatory effect of norepi-
nephrine on AC sharply decreased in the presence of
peptide 385-394 αS (particularly in control animals,
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Fig. 2, b), but increased after treatment with peptide
346-355 αi2. The degree of stimulation increased by
1.5 times and by 20% in muscles of control and dia-
betic rats, respectively. Our results are consistent with
published data on the impairment of Gi protein func-
tion during diabetes [5,15]. Previous studies showed
that the concentration of Gi proteins in control rats is
higher than in diabetic animals. Therefore, the inhi-
bitory pathway via α2-AR plays a greater role in the
regulation of AC activity by norepinephrine. These
data explain the results of our study. We showed that
peptide 346-355 αi2 decreases the inhibitory effect of
the hormone. Hence, the stimulatory effect of this
hormone in control animals is more significant than in
diabetic rats. Our assumption is supported by a more
significant decrease in the stimulatory effect of 10-6 M
norepinephrine on GTP-binding activity of G proteins

from control animals in the presence of peptide 346-
355 αi2 (41 vs. 11% in diabetic rats). However, the ef-
fect of peptide 385-394 αS decreased similarly in con-
trol and diabetic animals (by 35 and 27%, respectively).

After serotonin treatment AC activity remained
practically unchanged in muscles of control rats, but
increased in diabetic animals (Fig. 1, c). The stimu-
latory effect of 10—6 M serotonin on GTP binding in
control rats was more pronounced than in diabetic
animals (by 75 and 49%, respectively). In the presence
of peptide 385-394 αS, serotonin inhibited AC in con-
trol rats. The stimulatory effect of this hormone in
diabetic animals was less pronounced under these con-
ditions (Fig. 2, c). Peptide 346-355 αi2 partially bloc-
ked the inhibitory effect of serotonin in control ani-
mals. We revealed a stimulatory effect of serotonin on
AC in these rats. It should be emphasized that this

Fig 1. Effects of isoproterenol (a), norepinephrine (b), and serotonin
(c) on adenylate cyclase (AC) activity in the plasma membrane
fraction from control (1) and diabetic rats (2). Stimulatory (+) and
inhibitory effects (-) of hormones on AC activity are shown in
brackets. Basal AC activity, 100%.
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peptide did not modulate the influence of serotonin in
diabetic animals. These data are consistent with the re-
sults of experiments with norepinephrine. Our findings
indicate that coupling of type 1 serotonin receptors to Gi/o

receptors is impaired during diabetes. Thus, the effect of
serotonin is mainly realized via GS proteins and mani-
fested in activation of AC. We showed that peptide 346-
355 αi2 does not modulate the stimulatory effect of sero-
tonin on GTB binding in diabetic rats, but blocks this
action in control animals (by 31%). In the presence of
peptide 385-394 αS, this effect decreased similarly in
control and diabetic rats (by 22 and 20%, respectively).

Our results show that the sensitivity of skeletal
muscle ACS to AR ligands and serotonin is modified
in rats with experimental diabetes. It is particularly
pronounced in ACS coupled to Gi proteins. The ob-
served changes are probably related to the decrease in
Gi protein expression and impairment of their func-
tional interaction with receptors.

This work was supported by the Russian Founda-
tion for Basic Research (grant No. 03-04-49114) and
Program of the Presidium of the Russian Academy of
Sciences (Fundamental Sciences for Medicine).

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

Biol. Membrany, 21, 441-450 (2004).
2. A. O. Shpakov, V. I. Korol’kov, S. A. Plesneva, et al., Ros.

Fiziol. Zh., 89, 837-850 (2003).
3. I. Angel, R. Burcelin, M. Prouteau, et al., Endocrinology, 137,

2022-2027 (1996).
4. U. D. Dincer, K. R. Bidasee, S. Guner, et al., Diabetes, 50,

455-461 (2001).
5. S. Gando, Y. Hattori, Y. Akaishi, et al., J. Pharmacol. Exp.

Ther., 282, 475-484 (1997).
6. C. Gauthier, G. Tavernier, F. Carpentier, et al., J. Clin. Invest.,

98, 556-562 (1996).
7. P. Jost, M. Fasshauer, R. Kahn, et al., Am. J. Physiol. Endo-

crinol. Metab., 283, 146-153 (2002).

Fig. 2. Effects of C-terminal peptides 385-394 αS and 346-355 αi2

on stimulation of AC with isoproterenol (a), norepinephrine (b), and
serotonin (10—6 M, c) in muscles of control and diabetic rats. Control
rats, peptide 385-394 αS (1); diabetic rats, peptide 385-394 αS (2);
control rats, peptide 346-355 αi2 (3); diabetic rats, peptide 346-355
αi2 (4). Basal enzyme activity, 100%.

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



308

8. A. M. Kidwai, A. M. Radcliffe, E. V. Lee, and E. E. Daniel,
Biochim. Bioiphys. Acta, 289, 593-607 (1973).

9. O. G. Kisselev, C. K. Meyer, M. Heck, et al., Proc. Natl.
Acad. Sci. USA, 96, 4898-4903 (1999).

10. X. Liu, F. Perusse, and L. J. Bukowiecki, Am. J. Physiol., 274,
1212-1219 (1998).

11. N. Matsuda, Y. Hattori, S. Gando, et al., Biochem. Pharmacol.
58, 881-885 (1999).

12. T. Morizumi, H. Imai, and Y. Shichida, J. Biochem. (Tokyo),
134, 259-267 (2003).

13. J. Novotny, B. Gustafson, and L. A. Ransnas, Biochem. Bio-
phys. Res. Commun., 219, 619-624 (1996).

14. S. A. Plesneva, A. O. Shpakov, L. A. Kuznetsova, and M. N.
Pertseva, Biochem. Pharmacol., 61, 1277-1291 (2001).

15. A. Wichelhaus, M. Russ, S. Petersen, and J. Eckel, Am. J.
Physiol., 267, 548-555 (1994).

Bulletin of Experimental Biology and Medicine, Vol. 140, No. 3, 2005 BIOPHYSICS AND BIOCHEMISTRY


