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Summary. Liver protein kinase was determined in
the absence and presence of cAMP*. Experimental
alloxan diabetes resulted in a decrease in total pro-
tein kinase (+ cAMP) and an increase in the activi-
(— cAMP)
(+ cAMP)
diabetic rats reversed the observed changes in pro-
tein kinase in liver. Glucagon administered in vivo
to normal rats caused an increase in the activity
ratio and a decrease in total protein kinase activity
in liver. The changes are similar to those in diabetes.
A decrease in the ratio of insulin to glucagon in
diabetes may account for the changes in protein kin-
ase observed.

ty ratio in liver. Insulin treatment of
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Recent work has indicated that cyclic AMP was in-
creased approximately two to four fold in the rat
heart [1] and liver [1, 2] in diabetes. There is gener-
al agreement, at least in mammalian systems, that a
protein kinase is one of the intermediate steps be-
tween hormone activation of adenylate cyclase and
the physiological response [3]. Protein kinase has
been shown to consist of a regulatory component
(R) which binds cAMP and a catalytic (C) subunit
which is cAMP independent [4, 5].
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In 1971, Brostrom [6] proposed the following
equation to explain the action of cAMP on protein
kinase:

RC + cAMP =R - cAMP + C

Hormones, which have as their “second mes-
senger” cAMP, would be expected to increase or
decrease the proportion of protein kinase in the ac-
tive (C) form. Corbin, Soderling and Park [7] have
proposed an activity ratio (the ratio of protein kin-
ase activity in the absence of cAMP to the activity in
the presence of the nucleotide) as an expression of

C
RC + C.

Although definitive evidence for a role of
cAMP-dependent protein kinase in the activation of
glycogenolysis and lipolysis [3] has been obtained,
increased [cAMP] and the resulting activation of
protein kinase, e.g. increased protein activity ratio
in the diabetic liver [2], may be responsible for the
increased gluconeogenesis and other metabolic dis-
turbances in liver metabolism in diabetes.

Almost ten years ago, Jefferson et al. [2] re-
ported that liver [CAMP] was increased two fold in
alloxan diabetes. However, calculation of the pro-
tein kinase activity ratio from data reported by
Gorin and Rosenblum [8] and Zapf et al. [9] indi-
cated little or no increase in the ratio in diabetic
liver. It would be expected that the ratio would in-
crease, based on the increase in liver [cAMP] re-
ported to exist in alloxan-diabetes [1, 2]. Thus, the
purpose of the present investigation was to study the
effects of alloxan diabetes on rat liver cAMP protein
kinase.

Materials and Methods

Male, albino Sprague-Dawley rats (Holtzman Com-
pany, Madison, Wisconsin) weighing 200-250 g
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Table 1. Serum glucose and free fatty acid levels of controls,
diabetic and diabetic rats on insulin®

Group No. of Serum
rats
Glucose Free Fatty Acids
mg/100 ml  mmol/1
Control 3 176 £ 9 0.63 * 0.05
Diabetic 4 740 £ 124 1.13+0.13
Diabetic on Insulin 4 101 £9 0.43 = 0.01

2 All groups of diabetic rats received Lente insulin (6 U daily,
subcutaneously, s.c.) for seven days or longer. The last injection
was made 40 hours prior to the start of the experiment. The
diabetic on insulin group of rats obtained 6 U of Lente insulin
(s.c.) daily including the day of experiment. Mean + standard
error is shown

Table 2. Effect of insulin in vivo on liver protein kinase of dia-
betic rats®

Group No.of Protein Kinase Activity
rats (p moles/mg Ratio

protein/min) (—cAMP)
Without With cAMP (+cAMP)
cAMP (5 X 10°M)

Control 9 11.2+1.1 31.2+1.8 0.35+0.02

Diabetic 9 8.6+1.0 15.0x1.5 0.56+0.04

Diabetic + Insulin 11 8.8+£0.7 25.8%2.1 0.3430.02

(3040 min)

Diabetic + Insulin 2 13.5 25.7 0.52

(120 min)

2 All groups of diabetic rats received insulin (6 U daily, s. c.) for
seven days or longer. The last injection was made 40 hours prior
to the start of the experiment. 4 U of regular insulin (s.c.) was
given diabetic rats which were sacrificed at the times indicated.
Mean = standard error is shown

were used. Alloxan-monohydrate (Eastman Organic .

Chemical Company, Rochester, New York) was dis-
solved in saline shortly before use. Glucagon (crys-
talline porcine glucagon, lot 258-D30-138-4) was a
gift from the Lilly Research Laboratories, In-
dianapolis, Indiana. Histone (Type II-A from calf
thymus, Sigma Chemical Company, St. Louis, Mis-
souri) was used as a substrate in the protein kinase
assay.

To produce experimental diabetes, alloxan
(60 mg/kg) was injected into the tail vein of rats
anaesthetized with ether; this was followed by 5 ml
of saline intraperitoneally. Twenty-four hours after
alloxan administration, 4 U Lente insulin were given
subcutaneously (s. ¢.). On all subsequent days, 6 U
Lente insulin was injected s. c. All rats were main-
tained on insulin for at least 10 days. The acute
diabetic state was induced by withholding insulin for
40 hours prior to sacrifice.

Serum glucose and free fatty acids of acutely
diabetic rats were increased approximately four and
two fold, respectively; serum glucose and free fatty
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acids in diabetics maintained on insulin were similar
to, or less than, controls (Table 1). All rats had ac-
cess to lab chow and water up to sacrifice.

1. Preparation of Enzyme

The abdomen of the ether-anaesthetized rat was
opened rapidly. Part of the liver was excised and
placed in ice-cold saline. A piece of liver was
weighed and homogenized in 10 vol. of 0.32 M suc-
rose containing 50 mM Tris - HCl, pH 7.4; 5 mM
MgSO,; and 5 mM KCl. The homogenate was spun
at 12,000 X g for 10 min at 4° C. The supernatant
was then diluted 1:14 in a 100 mM glycerol-phos-
phate buffer, pH 6.5 for the protein kinase assay.
Protein content was estimated by the Biuret method
[10].

2. Injection of Glucagon

Under ether anaesthesia, the abdomen was opened
and glucagon (25 ug/kg body weight) dissolved in
1 ml of saline containing 0.003 N HCl was injected
rapidly into the portal vein. The needle was left in
place (to prevent bleeding) until a part of the liver
was removed. Control rats received 1 ml of saline
containing 0.003 N HCl.

3. Protein Kinase Assay

The enzyme assay used for measuring the cAMP-
dependent protein kinase was a modification of that
described by Gaballah, Popoff and Sooknandan
[11]. The reaction mixture of 0.2 ml contained:
100 mM glycerol phosphate buffer, pH 6.5; 10 mM
magnesium acetate; 10 mM NaF; 3mM EGTA;
2mM theophylline; 1.2 mg histone; 5 uM cAMP
(when added); 5 uM [*?P]-ATP (New England Nu-
clear, Boston, Massachusetts), containing 0.5 — 1.5
X 10 cpm; and 1040 ug protein. The reaction
was started with addition of the enzyme and carried
out in a shaking incubator at 30° C for 20 minutes.
[*?P]-histone was isolated according to Gaballah and
others [11] and counted in a liquid scintillation spec-
trometer (Unilux II, Nuclear-Chicago Company).
Protein kinase activity was expressed as pmoles of
32P incorporated into histone (pmoles/pg protein/
min).

Results

Reaction rate in the assay mixture was linear over
the range of 10 to 40 ug of supernatant protein
(12,000 g X 10 min). When rate constants were de-
termined with various concentrations of ATP as
substrate and the results plotted as a double-recip-
rocal graph [12], a Km for ATP was determined to
be approximately 2 X 10 M. cAMP altered Vi,
but not the Km for ATP. With rat liver supernatant,
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Ve Without cAMP, was 16.8 and with cAMP was
38.8 pmoles/mg protein/min.

Liver protein kinase of diabetic rats in the ab-
sence of added cAMP was less than controls (Table
2, p <0.001). With ATP as substrate, a double-
reciprocal plot [12] in the absence of cAMP indi-
cated a similar Km for ATP (~2 X 10 M) in con-
trols and diabetics; however, the V. in liver of
diabetics was approximately half that of controls.
Similarly, total protein kinase, measured in the pre-
sence of cCAMP (5 X 10 M), in livers of diabetic
rats was less than 50% of that of controls. Because
of the large decrease in total protein kinase in livers
(—cAMP)
(+cAMP)
creased to a value 1.5 times that of the controls.

Diabetic rats were treated with insulin to see if
the effects of diabetes on rat liver protein kinase
could be reversed. The major effect of insulin treat-
ment (30—40 minutes) was a 75% increase in total
protein kinase activity (+ cAMP) to a value ap-
proaching that in control rats (Table 2). As a result
(—cAMP)
(+cAMP)
creased to a value similar to that of controls. In rats
sacrificed 2 h following 4 U of regular insulin, liver
protein kinase activity in the absence of cAMP in-
creased, resulting in an activity ratio similar to that
of diabetic rats.

The time course of the action of insulin on pro-
tein kinase in diabetic rats was then determined
(Table 3). At 30 minutes, the earliest time point in-
vestigated, insulin caused a decrease in the activity
ratio and this effect was maximal at 45 minutes at
which time the ratio was similar to controls. By 2 h
following 4 U regular insulin, the activity ratio ap-
proached the untreated diabetic value.

Because of the known interaction of insulin and
glucagon on several metabolic processes in liver
[13], the effect of glucagon on liver protein kinase of
normal and diabetic rats was determined. In normal
rats given glucagon, there was a significant increase
(p <0.01) in liver protein kinase activity measured
in the absence of cAMP and in the activity ratio
(—cAMP)
(+cAMP)
betes, there was a decrease in total liver protein kin-
ase activity (+cAMP) following glucagon. Since the
insulin/glucagon ratio may be decreased in experi-
mental diabetes, it might be anticipated that gluca-
gon would not have demonstrable effects in the
diabetic rat. The increased protein kinase activity
ratio of diabetic rat liver was not increased further
by glucagon under these conditions (Table 5).

If the insulin/glucagon ratio is important in the
control of rat liver protein kinase, then it should be
possible to prevent the effect of glucagon by insulin

of diabetic rats, the activity ratio was in-

of this increase, the activity ratio was de-

(Table 4). As with experimental dia-
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Table 3. Effect of insulin in vivo on liver protein kinase activity
ratio of diabetic rats®

Group No. of rats  Activity Ratio
(—cAMP)
(+cAMP)
Control 3 0.32
Diabetic 3 0.52
Diabetic +  Insulin
30 min 2 0.41
45 min 2 0.33
60 min 2 0.43
120 min 2 0.53
180 min 2 0.54

2 All groups of diabetic rats received insulin (6 U Lente daily,
subcutaneously, for seven days, or longer, and the last injection
was 40 hours prior to the start of the experiment. 4 U regular
insulin (s.c.) was given to diabetic rats which were sacrificed at
the time indicated

Table 4. Effect of glucagon on liver protein kinase of normal rats?

Group Protein Kinase Activity Ratio
pmoles/mg protein/min (—cAMP)
Without cAMP With cAMP  (+cAMP)
(5X10°M)
Control (6) 14.0 £ 1.1 361+ 14 0.39 + 0.04
Glucagon (10) 18.0 £ 0.6 304 09 0.60 = 0.03

2 Glucagon (25 ug/kg body weight) was injected into the portal
vein of ether anaesthetized rats. 30 seconds post injection, the
liver was removed and homogenized. Number of rats is shown in
parentheses. Mean = standard error is shown

Table 5. Effect of glucagon on liver protein kinase of diabetic
rats®

Group  Treatment Protein kinase Activity
, (pmoles/mg protein/min) Ratio
Without cAMP With cAMP (—cAMP)

(5 X 10°M) (+cAMP)

Diabetic Saline 105 £ 0.8 23508 0.48=£0.10
Diabetic Glucagon 9.4 £ 1.1 215 £ 1.8  0.46 £ 0.07
Controls Saline 148 + 1.8 39.5+44 0.39+0.08

2 Glucagon (25 pg/kg body weight) was injected into the portal
vein of diabetic rats with blood glucose greater than 24
mM. Controls received saline. The liver was removed 30 seconds
post injection and homogenized. At least 3 animals were used in
each group. Mean = standard error is shown

pretreatment. The interactions of insulin and gluca-
gon on the liver protein kinase ratio is best studied
with the isolated perfused liver [2].

With this reservation in mind, an in vivo experi-
ment to study such an interaction was carried out.
Intraportal glucagon (25 ug/kg) injection resulted in
the expected increase in liver protein kinase activity
ratio (30 sec after injection) while similar injection
of insulin (4 U) caused only a small decrease. How-
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ever, if the same amount of insulin was administered
30 sec prior to glucagon, the action of glucagon was
blocked. When insulin was administered 30 sec after
glucagon injection, the full increase in the protein
kinase ratio following glucagon was observed. The
magnitude of the change observed, either complete
or no blockage of glucagon action by insulin, was
unambiguous. However, this experiment was per-
formed only once since we felt quantitation of this
interrelationship including the effects of variables
such as time of exposure and amount of both hor-
mones need to be carried out in detail. The isolated
perfused rat liver would be the system of choice to
obtain such data but it was not available at the time
of the study.

Discussion

The kinetic characteristics of protein kinase from rat
liver supernatant were similar to those reported for
either the purified enzyme or crude systems from
other tissues [3]. These included the Km for ATP
(2 X 10° M) and the fact that cAMP (5 uM) af-
fected the V,, without changing the Km for ATP.

The present study showed that experimental
diabetes resulted in an increased liver protein kinase
activity ratio, a measure of the proportion of protein
kinase in the active form (C) and a decrease in the
total protein kinase activity measured in the pres-
ence of added cAMP. Gorin and Rosenblum [8] and
Zapf et al. [9] have reported that total liver protein
kinase activity was decreased in alloxan and strep-
tozotocin diabetes. However, these workers found a
decrease in the protein kinase activity measured in
the absence of cAMP as well as a constant activity
ratio. Since cAMP binding was reduced by 30% in
the studies of Gorin and Rosenblum [8] and Zapf et
al. [9], one would expect an increase in the propor-
tion of the protein kinase in the (C) form. They
suggested that their results could reflect a decrease
in de novo synthesis of protein kinase during insulin
deficiency. In the present studies, we have shown
that the injection of insulin (30—45 minutes before
sacrifice) resulted in a return of the liver protein
kinase ratio to normal (Tables 2 and 3). Therefore,
unless de novo synthesis of protein kinase is extre-
mely rapid, it is unlikely that the results in the pre-
sent study can be explained by insulin acting by
promoting de novo protein kinase synthesis.

The action of injected insulin in the diabetic was
of short duration since the activity ratio was return-
ing toward that of the diabetic state within one
hour; at two hours, after subcutaneous injection, the
activity ratio had returned to that characteristic of
the diabetic state (Table 2 and 3).

Since glucagon is known to antagonize the action
of insulin in liver [13, 14], one might expect that
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glucagon administration to normal rats might mimic
the diabetic state. In this study, glucagon, within 30
seconds after intraportal injection, caused an over
1.5 fold increase in the activity ratio to a value simi-
lar to that found in diabetes. Total protein kinase
activity was decreased within 30 seconds and de-
clined progressively for 6 minutes. Takeda and Oh-
ga [15] reported a doubling of liver protein kinase
ratio 5 minutes after the intraperitoneal injection of
glucagon. Sudilovsky [16] investigated the effects of
glucagon on the liver cAMP system. Similar to find-
ings in the present study, he found a doubling of the
activity ratio and a decrease in the in vitro binding
of [*H] cAMP, which measured the in vivo regula-
tory unit saturation, one minute after the injection
of glucagon. In his studies, total protein kinase also
decreased following glucagon.

Thus, what is the significance of the activation of
protein kinase by glucagon? Langan [17, 18] re-
ported that glucagon injection in the rat caused a 20
fold increase in the phosphorylation of specific
serine residue of liver histone F;. In extending the
findings of Langan [17, 18], Takeda and Ohga [15]
followed the course of liver protein kinase activa-
tion, histone F,; phosphorylation and tyrosine
aminotransferase induction following glucagon in-
jection. They found that phosphorylation of histone
F, preceded the induction of tyrosine aminotransfer-
ase and the rate of this phosphorylation was propor-
tional to the intracellular cAMP concentration. This
increase in enzyme induction by glucagon may ac-
count for the long term increase in gluconeogenesis
observed in the diabetic state.

We have found that glucagon at the dose used
(25 ug/kg intraportally) did not cause a further in-
crease in protein kinase activity ratio which was al-
ready increased in diabetes. Pilkis, Exton, Johnson
and Park [19] reported that low concentrations of
glucagon (2 X 1071° M or less) in the perfusate did
not increase cAMP content in the livers of diabetic
rats. These workers have attributed this to a de-
creased responsiveness of adenylate cyclase in liver
plasma membranes from diabetic rats.

An interaction between insulin and glucagon in
the liver is shown by the present studies. Prior in-
traportal administration of insulin prevented the re-
sultant increase in the liver protein kinase activity
ratio following glucagon. A similar antagonism has
been shown to exist in the perfused liver both in re-
lation to cAMP content [14] and the metabolic ef-
fects of glucagon, i. e., gluconeogenesis, ketogenesis
and ureogenesis [13]. However, the temporal and
quantitative relationship between the insulin and
glucagon effects on the protein kinase activity ratio
must await further studies with a non-recirculating
in vitro liver perfusion system.

We observed that total protein kinase activity,
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measured in the presence of added cAMP, was de-
creased in diabetics and also following glucagon in
normals. Similar results following glucagon injection
have been reported by Sudilovsky [16]. In tissues
examined so far (Walaas et al. [20], Ichii [21] and
Korenman and others [22]) with the possible excep-
tion of rat fat pads and isolated fat cells (Soderling
and others [23]), a decrease in total protein kinase
activity in the diabetic state appears to be general-
ised. Although the exact mechanism for this de-
crease has not been found, Korenman and others
[22] have attributed the decrease following iso-
proterenol administration, to a translocation of dis-
sociated protein kinase in the microsomal fraction of
the uterus. Walaas and others [20] working with the
rat diaphragm, have discussed the possibility of inac-
tivation of the released catalytic subunits by the pre-
sence of an inhibitor protein.

The importance of the interaction of insulin and
glucagon at the level of protein kinase has been in-
dicated in the present study. Furthermore, the in-
sulin/glucagon ratio seems to be important. Unger
[24, 25] has discussed the significance of a decrease
in this ratio in diabetes, a change which may explain
some of the metabolic consequences of this disorder.
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