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1. Introduction 

Insulin can activate liver glycogen synthase from a 
basal state (in the absence of glucose) [ 11. Since gly- 
cogen synthase is regulated by covalent modification 
through phosphorylation, it could be expected that 
Insulin would exert its action either by increasing the 
dephosphorylation catalyzed by protein phosphatases 
or by decreasing the phosphorylation catalyzed by 
protein kinases. Following the latter hypothesis, the 
hormone was shown to decrease synthase I kinase in 
perfused livers of fed rats [2] while in [3] no varia- 
tion in the detectable activity of cyclic-AMP depen- 
dent histone kinase from liver was observed when 
insulin was injected into rabbits in vivo. In the liver, 
several enzymes are able to phosphorylate glycogen 
synthase [4]. The first to be discovered was cyclic 
AMP-dependent protein kinase. Subsequently cyclic 
AMP-independent glycogen synthase kinases have 
been described and studied [5,6]. 

24 h before hepatocyte isolation as in [7]. Cells were 
finally resuspended in Krebs-Ringer bicarbonate buffer 
(pH 7.4) pre-gassed with OZ/COZ (19:l). Aliquots 
(5 ml, 6-8 X 1 O6 cells/ml) were poured into stoppered 
30 ml vials and incubated at 37°C with shaking (100 
strokes/min). Hepatocytes were allowed to equilibrate 
with the medium for 30 min before insulin addition. 
Immediately after incubation the contents of each 
vial were centrifuged (1000 X g, 20 s) and the cell 
pellet was homogenized at 2°C with the extraction 
buffer using a motor-driven Teflon-glass Potter- 
Elvehjem homogenizer. The cell homogenates were 
centrifuged at 10 000 X g for 15 min at 4’C and the 
supernatants were used for determination of enzymic 
activities. 

2.2. Enzyme assays 

Here, we have determined that insulin is able to 
inactivate the cyclic AMPdependent protein kinase in 
liver cells, a process that would explain the mechanism 
producing the observed activation of glycogen syn- 
thase by insulin. We show that by employing a new 
low CAMP&$ CAMP activity ratio assay, an inactiva- 
tion of cyclic AMP-dependent protein kinase from rat 
hepatocyte after incubation with insulin can be 
detected. The inactivation is caused by a decrease in 
the sensitivity of protein kinase to its positive modu- 
lator cyclic AMP. 

For protein kinase activity assays, cell pellets were 
homogenized with 320 fi buffer containing 150 mM 
potassium fluoride, 10 mM EDTA, at pH 7.0. Protein 
kinase activity was assayed using histone as a substrate 
by the method in [8] in the presence of 1 mM theo- 
phylline to inhibit phosphodiesterase. Kinase activity 
was expressed as the ratio of activities measured: 
(i) In the absence of added CAMP and in the presence 

of 2 X lo-’ M CAMP (-cAMP/+cAMP); 
(ii) In the presence of lo-’ M CAMP and in the 

2. Materials and methods 

2.1. Preparation of hepatocytes homogenates 
Male Sprague-Dawley rats (200-220 g)were starved 

presence of 2 X lo- M (low cAMP/high CAMP). 
To determine the degree of stimulation of protein 
kinase in control and insulin extracts at different 
concentrations of CAMP, the extracts were filtered 
through Ultragel AcA 202 columns (1 cm X 15 cm) 
equilibrated with the extraction buffer at 4”C, recover- 
ing only the peak of protein. Protein determinations 
were immediately performed on the filtered extracts 
and they were diluted to equal their protein concen- 
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trations. Then, activity was measured in the presence 
of increasing concentrations of cyclic AMP. In experi- 
ments designed to separate cyclic AMP-dependent 
protein kinase from cyclic AMP-independent protein 
kinases, 500 ~1 extracts were applied to 1 cm X 2 cm 
phosphocellulose columns equilibrated with buffer A 
described in [6], and then washed with 1 ml same 
buffer A. Cyclic AMP-independent protein kinases 
were retained in the column, while cyclic AMP-depen- 
dent protein kinase was not. Cyclic AMP-dependent 
protein kinase activities were assayed in the eluates. 

2.3.Analytical methods 
When cellular cyclic AMP was to be determined, 

incubations were terminated by rapid centrifugation 
(1000 X g, 20 s) and 1 ml 5% (w/v) trichloroacetic 
acid was rapidly added to the resulting pellet. After 
centrifugation (3000 X g, 10 min), the supernatants 
were added with 10 ~1 10 N HCl, then extracted 
4 times with 5 ml water-saturated diethyl ether. After 
lyophylization, cyclic AMP was dissolved in 0.2 ml 
100 mM sodium acetate (pH 4) and determined by 
the method in [9]. Protein was determined in cell 
homogenates by the biuret method in [lo]. 

2.4. Materials 
Collagenase, cyclic AMP, theophylhne and histone 

II A were purchased from Sigma Chemical Co. Phos- 
phocellulose P-l 1 was obtained from Whatman. Insulin 
proceeded from Eli Lilly Co. Cyclic [3H] AMP and 
[y-32P]ATP came from New England Nuclear. 

3. Results 

When rat hepatocytes were incubated with insulin 
(lo-* M) and the activation state of the cyclic AMP- 
dependent protein kinase measured in the extracts by 
the standard -cAMP/+cAMP activity ratio assay, the 
activity ratio decreases were so small as to be of no 
statistical significance (p > 0.5). However, when the 
activation state of the enzyme was measured by 
determining the activity ratio at two concentrations 
of CAMP, one low (lo-’ M) and one saturating (2 X 
IO-’ M), a clear-cut inactivation of the enzyme could 
be observed. The new activity ratio decreased by 
-0.185 upon insulin incubation_ 

This effect of insulin was dependent on both the 
concentration of insulin and the time of incubation 
with the hormone. Fig.1 shows the time course of the 
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Fig.1. Changes in the standard -cAMP/+cAMP (A+) and low 
CAMP/high CAMP (o,e) activity ratios of protein kinase in rat 
hepatocytes incubated with 10-s M insulin (A,*) or saline 
(4,o) for the indicated times. Results are mean * SD of 24 
expt. performed on different days. 

effects of the hormone, maximal effects being observed 
at 5 min, and the low cAMP/high CAMP activity ratio 
returning to basal levels after 20 min. Fig.2 shows 
that the effect was already observed at 5 X lo-” M 

INSULIN (M) 

Fig.2. Dosedependence of the effect of insulin in the low 
CAMP/high CAMP (lo-’ M/2 X 10M5 M) (0) activity ratio of 
cyclic AMPdependent protein kinase in liver cells. Hepatocytes 
were incubated for 5 min at the indicated concentrations of 
the hormone. Results are mean f SD of 24 expt. performed 
on different days. 
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Fig.3. Cyclic AMP stimulation of protein kinase activity in 
control and insulin treated hepatocyte extracts. Liver cells 
were incubated with lo-* M insulin (e) or saline (0) for 5 mm. 
After gel filtration, the activity was determined at increasing 
concentrations of cyclic AMP. Results are expressed as ratios 
referred to the activity measured in the presence of 2 X 10s5 M 
cyclic AMP. Results are mean + SD of 24 expt. performed on 
different days. 

insulin, The half-maximal dose was -1 O-’ M and 
maximal effect was reached at 1 O-* M of the hormone. 

These results demonstrate that insulin produces a 
lack of sensitivity of cyclic AMP-dependent protein 
kinase to its positive modulator cyclic AMP. This 
effect should result in an inactivation of the enzyme 
at non-saturating concentrations of cyclic AMP. This 
inactivation in fact is exerted on cyclic AMPdepen- 
dent protein kinase as it persists even when the cyclic 
AMP-independent protein kinases are separated from 
the extracts by absorption on phosphocellulose. It 
should be stressed that the inactivation of protein 
kinase by insulin is only observed when the low 
cAMP/high CAMP activity ratio or more sophisticated 
kinetic measurements are used. Almost no effect is 
observed when using the -cAMP/tcAMP assay. 

These effects cannot be attributed to a decrease in 
the CAMP levels after insulin incubation, as measure- 
ments of the cell cyclic AMP content showed that 
there was no significant difference (p > 0.4) between 
saline (0.612 0.05 nmol/g wet wt) and 1 0m8 M (5 min) 
insulin-treated hepatocytes (0.58 f 0.04 nmol/g wet 
wt). 

The kinetic basis of this effect was studied by 
assaying at several concentrations of CAMP the pro- 
tein kinase activity of insulin and control extracts 
previously gel-filtered to remove endogenous CAMP 
(fig.3). Neither in the absence of added CAMP nor in 
the presence of a high concentration of the nucleotide, 
could any differences be observed between control 
and insulin extracts. 

In the high assay, the concentration of CAMP is 
2 X 1 O-’ M equal to that generally used in the tcAMP 
assay. However, by adjusting the concentration of 
CAMP in the low assay, in accordance with the kinetic 
properties of protein kinase (as shown in fig.3), 
maximum sensitivity to the effect of insulin can be 
obtained. In our conditions, CAMP at 3 X lo-* M to 
lo-’ M for the low assay were satisfactory. It could 
be argued that the CAMP used in the low assay was 
degraded by phosphodiesterase, known to be activated 
after insulin treatment [ 111. This effect would lead 
to an artificial decrease in the protein kinase activity 
of insulin extracts measured at low CAMP as compared 
with controls. To avoid this situation, assays were 
performed in the presence of 1 mM theophylline to 
inhibit phosphodiesterase activity. 

However, at intermediate concentrations of CAMP The effect of insulin is reflected in an increase in 
significant differences between insulin and control theMo.s for CAMP of the enzyme. It is worth noting 

extracts were observed, maximal differences taking 
place at ~10~’ M CAMP. That is, insulin increased 
M0.s for CAMP of rat hepatocyte protein kinase. This 
effect persisted after gel filtration and was maintained 
by freezing of the extracts. Extracts were passed 
through phosphocellulose columns to remove cyclic 
AMP-independent protein kinase also present in the 
liver extracts [6]. Cyclic AMP-dependent protein 
kinase was recovered in the first fraction and activity 
was measured. The low cAMP/high CAMP activity 
ratio significantly decreased Cp < 0.0005) from 
0.85 + 0.03 to 0.69 f 0.03 upon insulin treatment 
whereas the -cAMP/+cAMP activity ratio did not 
(p >0.45) (saline 0.56 + 0.03 and insulin 0.52 + 0.03). 

4. Diacuasion 
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that no differences between control and insulin-treated 
cells could be observed at saturating concentrations 
of CAMP or in the absence of CAMP. That would 
explain why no effects of insulin on CAMP-dependent 
protein kinase had been observed using the -CAMP/ 
+cAMP activity ratio. 

This decrease in sensitivity of cyclic AMP-depen- 
dent protein kinase to CAMP from hepatocytes treated 
with insulin is similar to that in rat hemidiaphragms [ 12, 
131, which led them to propose that a specific media- 
tor of insulin might be bound to cyclic AMP-depen- 
dent protein kinase, decreasing its response to cyclic 
AMP. The possibility that glycogen synthase phospha- 
tases may also play a role in the mechanism of glycogen 
synthase activation by insulin cannot be precluded. 
However, our results on cyclic AMP-dependent pro- 
tein kinase could account for the observed effects of 
the hormone. To affirm that the inactivation of pro- 
tein kinase is responsible for glycogen synthase activa- 
tion, a determined sequence of events must be 
observed, i.e., the inactivation of protein kinase must 
precede the activation of glycogen synthase. This 
requirement is fulfilled as maximum inactivation of 
protein kinase takes place at 5 min cell incubation 
with the hormone, while glycogen synthase is maxi- 
mally activated at 10 min [ 11. 

In conclusion, the present results demonstrate the 
inactivating effect of insulin on cyclic AMP-dependent 
protein kinase in liver cells, which represents a further 
step in the elucidation of the mechanism by which 
insulin activates glycogen synthase even in the absence 
of glucose. 
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