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Abstract

We studied the effects of insulin and glucagon on energy and carbohydrate metabolism of rat
hepatocytes in primary culture. The aim of this study is to elucidate the mechanism of the syner-
gistic action of insulin and glucagon and to evaluate the combined effects of these hormones on
liver injury. Insulin increased the level of adenosine triphosphate in hepatocytes in the presence
of glucagon. Insulin increased the activities of glucokinase (EC 2.7.1.1), phosphofructokinase
(EC 2.7.1.11), pyruvate kinase (EC 2.7.1.40) type L and glucose 6-phosphate dehydrogenase (EC
1.1.1.49). Glucagon had no antagonistic effect on these increases. Glucagon increased the activity
of glucose 6-phosphate (EC 3.1.3.9) (G6Pase) in the presence or absence of insulin, while insulin
had no effects on the levels of G6Pase and fructose 1,6-bisphosphatase (EC 3.1.3.11) in the pres-
ence or absence of glucagon. Metabolite analysis of cultured hepatocytes indicated that insulin
and glucagon have antagonistic effects on the glycolytic activity of hepatocytes. These combined
effects of insulin and glucagon may partially explain the preventive effects of these hormones on
liver injury.

KEYWORDS: cultured rat hepatocytes, energy metabolism, carbohydrate metabolism, insulin,
glucagon
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Effects of Insulin and Glucagon on Energy and Carbohydrate Metabolism

of Rat Hepatocytes in Primary Culture

Tatsunori Kobayashi*, Hiromu Tsuge and Kunzo Orita

First Department of Surgery, Okayama University Medical School, Okayama 700, Japan.

We studied the effects of insulin and glucagon on energy and carbohydrate

metabolism of rat hepatocytes in primary culture.

The aim of this study is to

elucidate the mechanism of the synergistic action of insulin and glucagon and to
evaluate the combined effects of these hormones on liver injury. Insulin increased
the level of adenosine triphosphate in hepatocytes in the presence of glucagon.
Insulin increased the activities of glacokinase (EC 2.7.1.1), phosphofructokinase
(EC 2.7.1.11), pyruvate kinase (EC 2.7.1.40) type L and glucose 6-phosphate
dehydrogenase (EC 1.1.1.49). Glucagon had no antagonistic effect on these in-
creases. Glucagon increased the activity of glucose 6-phosphatase (EC 3.1.3.9)
(G6Pase) in the presence or absence of insulin, while insulin had no effects on the
levels of G6Pase and fructose 1,6-bisphosphatase (EC 3.1.3.11) in the presence
or absence of glucagon. Metabolite analysis of cultured hepatocytes indicated that
insulin and glucagon have antagonistic effects on the glycolytic activity of hepato-
cytes. These combined effects of insulin and glucagon may partially explain the
preventive effects of these hormones on liver injury.

Key words : cultured rat hepatocytes, energy metabolism, carbohydrate metabolism, insu-
lin, glucagon

It is now well established that insulin
and glucagon are important to the regulation
of the blood glucose level through their an-
tagonistic effects on hepatic carbohydrate
metabolism. On the other hand, these hor-
mones have a synergistic effect on liver
regeneration (1, 2). In fact, it has been
suggested that the administration of both
insulin and glucagon improves the survival

rate of patients or animals with severe liver
injury (3, 4). Recently, Okita et al. (5)

* To whom correspondence should be addressed.
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demonstrated the usefulness of glucagon and
insulin therapy for human fulminant hepati-
tis. Experimental in vivo systems for the
elucidation of the synergistic action of in-
sulin and glucagon may not be applicable to
the study of apparently opposing effects of
these hormones because of the complexity
of the hormonal actions under pathological
conditions. Accordingly, we adopted pri-
mary cultured rat hepatocytes as an experi-
mental system to study the effects of insulin
and glucagon on energy and carbohydrate
metabolism of hepatocytes. We compared
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the results with those obtained in vivo to
delineate further the mechanism of the syn-
ergistic action of these hormones in carbo-
hydrate metabolism.

Materials and Methods

Materials. Collagenase Type 1 (EC 3.4.24.
3) was obtained from Cooper Biomedical, Cout
Malvern, USA. Bovine insulin, glucagon, fruc-
tose 6-phosphate kinase (pyrophosphate dependent)
(EC 2.7.1.90) and reagents used as substrates
or cofactors were from Sigma Chemical Co., St.
Louis, MO, USA. Purified enzyme preparations
and calf thymus DNA were from Boehringer
Manheim, GmbH, West Germany. Other reagents
were of the highest grade available commercially.

Isolation of hepatocytes. Male Sprague-Dawley
rats (150-200 g), obtained from CLEA Japan, Inc.,
Tokyo, Japan, were kept in an animal room main-
tained at about 23°C with alternating light-dark
periods of 12 h. The animals were fed Oriental
Laboratory chow MF from Oriental Yeast Co.,
Litd., Tokyo, Japan, and given water ad libitum.
Rats were sacrificed 3-4 h after the end of the
feeding dark period. Hepatocytes were isolated
by a two-step procedure essentially as described
by Seglen (6) with modifications using Krebs-
Ringer bicarbonate buffer for perfusion and direct
bubbling of an 0,/CO, (19 : 1) mixture in the
perfusate. The viability of the cells was assayed
by the trypan blue exclusion test, and cells were
not used if the value did not exceed 85%. The
number of the cells was adjusted to 0.5 x10°
cells/ml in culture medium.

Culture medium. 1.-leucine (52 mg/1), L-
methionine (15 mg/1), L-phenylalanine (32 mg/1)
and L-ornithine (68 mg/1) were added to Eagle’s
minimal essential medium lacking L-arginine, L-
leucine, L-methionine and L.-phenylalanine (Eagle’s
MEM Nissui 5, Nissui Seiyaku Co., Ltd., Tokyo,
Japan) to prepare a basal culture medium. The
medium contained glucose (100 mg/dl), but did
not contain gluconeogenic substrates.

Hepatocyte culture. The hepatocytes in 10
ml of the basal medium supplemented with 10%
fetal calf serum, 10 nM dexamethasone-21 disodi-
um phosphate (dexamethasone, Nippon Merk Banyu
Co., Tokyo, Japan) and 0.5 nM insulin were plated
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into 100 mm Falcon plastic dishes and allowed to
attach for 4 h at 37°C in an atomosphere of hu-
midified air containing 5% CO,. The medium was
then replaced with a serum-free medium containing
10 nM dexamethasone and 0.5 nM insulin, and the
cells were incubated for 20 h. Thereafter, the
medium was changed every 24 h for 74 h with
basal media to which various hormones were
added: group D, 10 nM dexamethasone ; group D
+1I, 10 nM dexamethasone +10 nM insulin; group
D +G, 10 nM dexamethasone +10 nM glucagon and
group D+I+G, 10 nM dexamethasone +10 nM
insulin 410 nM glucagon. These concentrations of
hormones were chosen to give maximal effects (7).

Assay for metabolites and enzyme activities.
Two hours after the last medium change, cultured
cells were processed as follows. For the assay
of adenine nucleotides, glycogen and glycolytic
intermediates, the cells were scraped from 10
dishes with 3 ml of 6% perchloric acid (PCA)
after complete removal of culture medium. The
concentrations of acid-soluble metabolites were
corrected by using a mean recovery of 82%, which
was obtained by adding 0.1 ml of 2.5 mM isocit-
rate in 15% PCA to every dish. Cell suspen-
sions were homogenized with a Polytron homoge-
nizer at a speed of 75% of the maximum for 30
sec. One ml of the homogenate was used for the
glycogen assay (8, 9), and the remainder was
centrifuged for 15 min at 1,500 Xg at 4°C. The
supernatant was neutralized with 30% potassium
hydroxide (KOH) and used for the assay of ade-
nine nucleotides, glycolytic intermediates and iso-
citrate by enzymatic methods (10-15). The pel-
lets obtained by the centrifugation were used for
the assay of DNA (16). Concentrations of glu-
cose, pyruvate, lactate and cyclic adenosine 3,
5'-monophosphate (cAMP) in the medium were
determined after deproteinization by the PCA
treatment followed by neutralization as described
above. The cAMP concentration was assayed
with a Yamasa cAMP assay kit (Yamasa Shoyu
Co., Ltd., Chiba, Japan), and pyruvate and lactate
were analyzed by enzymatic methods (17, 18).
Glucose was determined by the glucose oxidase
method using a Unikit glucose-E (Chugai Pharma-
ceutical Co., Ltd., Tokyo, Japan). Fructose 2,
6 -bisphosphate (F2, 6-P,) was assayed by the
method of Van Schaftingen (19) using cell ex-
tracts made from two dishes each extracted twice
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with 2 ml of 0.3 N KOH. The mean recovery of
F2,6-P, was 98% after correction for isocitrate
which was added as a marker.

For the determination of key enzyme activities,
cells were washed twice with a homogenization
buffer containing 50 mM Tris-HCI, 100 mM KCl
and 1 mM EDTA (pH 7.5), harvested with a
rubber policeman from 5 dishes with 1 ml of the
same buffer, and homogenized with a Polytron
homogenizer at a speed of 50% of the maximum
for 20 sec. A portion of each homogenate was
used for determination of G6Pase activity (20)
and the protein concentration (21). The remaining
portion of each homogenate was centrifuged at
100,000 X g for 30 min at 4°C, and the resultant
supernatant was assayed for glucokinase (hexo-
kinase type IV) (EC 2.7.1.1) (GK) and hexo-
kinase (EC 2.7.1.1) (HK) (22, 23), phospho-
fructokinase (EC 2.7.1.11) (PFK) (24), glucose
6-phosphate dehydrogenase (EC 1.1.1.49) (G6-
PD) (25), fructose 1,6-bisphosphatase (EC 3.1.
3.11) (FBPase) (26), and pyruvate kinase (EC
2.7.1.40) (PK) (27) activities. Isozymes of PK
were separated electrophoretically (28).

Liver tissues from fed and 48 h-fasted rats

were clamped rapidly with a stainless steel tong
previously cooled in liquid N,. The frozen sam-
ples were powdered in liquid N, with 6% PCA
for the assay of adenine nucleotides, glycolytic
intermediates and glycogen and with 0.3 N KOH
for the assay of F2, 6-P,. For the assay of key
enzyme activities, liver tissues were homogenized
and centrifuged by the same method as hepato-
cytes.

Statistical analysis. Results were expressed
on the basis of ugDNA for carbohydrate metab-
olites and gmol/min/g of protein (U/g of protein)
for enzyme activities. Data were given as the
mean +standard deviation, and statistical evalua-
tion was made by Student’s # test.

Results

Adenine nucleotide levels. Total adenine
nucleotide levels of insulin-treated cultured
hepatocytes (Groups D41 and D+I+G)
were significantly higher than those of hep-
atocytes not treated with insulin (Groups

Table 1 Adenine nucleotide and energy charge levels of cultured hepatocytes and liver tissues of rats®
. Total .
Experimental ATP ADP AMP adenine Energy
conditions . charge
nucleotides
(A) Cultured hepatocytes®
D (5) 862 +130 ] 275 + 33 16 +36 1140 +127 ] 0.87 £0.03
* *
* *
D+1 (5) 1180 +103 ] . 356 +159 24 +29 1570 +212 N 0.88 £0.03 *
* * ]* * }*
* *
D+G  (5) 700 1162}* *|* 326 +161 17 £15 1043 1236]* * 0.83 J,ro.osJ
* * *
D+I+G (5) 1390 +123 1% 353 +126 28 +35 1755 +193 1* 0.90 +0.03
(B) Liver tissues?
Fed (5) 1910 +146 ]* 374 + 44} 111 +£39 2390 £119 }* 0.88 £0.02 ]
* * * o
Fasted (5) 1160 +151 °* 318 + 27 138 +£18 1620 +176 1~ 0.81 £0.02

Results (pmol/ugDNA) are expressed as the mean +standard deviation. The numbers of experiments or animals
Experimental details are described under Materials and Methods. Statistical analysis
was performed by Student’s ¢ test. *, p < 0.05; ** p < 0.01; *** p <0.001.

Energy charge was calculated by the equation (ATP+1/2ADP)/(ATP +ADP+AMP). Nucleotides were expressed

as molar concentrations.

are given in parentheses.

Insulin (1) and/or glucagon(G) were added to the medium of the primary culture of rat hepatocytes in the presence
of dexamethasone (D).
Liver tissues from fed or 48 h-fasted rats were analyzed.
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presence of dexamethasone (D) and in liver tissues.

under Materials and Methods.
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tocytes, NN and [l ; liver tissues, and 555

D and D+G) (Table 1). The nucleotide
levels in the cultured cells were lower than
that of the liver tissue from fed rats and
close to that of 48 h-fasted rat liver tissue.
ATP levels of cultured cells in the insulin-
treated groups (D+I and D+I1+G) were
higher than those in the groups without in-
sulin treatment (D and D+G). The highest
ATP level was noted in the D+14G group,
to which both insulin and glucagon were
added. The ATP levels of cultured cells
were considerably lower than that of the
liver tissue from fed rats. KEnergy charge
levels [(ATP+1/2 ADP)/(ATP +ADP +
AMP)] in hepatocytes were no less than the
in vivo level.
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enzyme activities in cultured hepatocytes in the

Results are expressed as the mean +standard deviation of 6
experiments for hepayocytes and 5 animals for fed and 48 h-fasted liver tissues.

Experimental details are described
* p <0.05; **, p<0.01;
Hepa-
, HK.

Key enzyme activities of glycolysis, glu-
coneogenesis and pentose phosphate pathway.
Activities of key glycolytic enzymes of hep-
atocytes under different hormonal conditions
are shown in Fig. 1 and compared with those
of the liver tissues. The GK activities in
the insulin-treated groups (D+I and D+I
+G) were approximately 4 times higher
than the level in the Group D. Thus, glu-
cagon did not counteract the insulin effect,
and in fact, it doubled the GK activity in
the absence of insulin (D vs. D4+G) (statis-
tically not significant). The hepatocyte GK
activity raised by the addition of insulin
was roughly 1/4 of the tissue activity of
fed rats and was on the same level as that
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and liver tissues ([ ]).

and 5 animals for fed and 48 h-fasted liver tissues.
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Fig. 2A, Glucose 6-

phosphatase ; B, fructose 1, 6-bisphosphatase ; C, glucose 6-phosphate dehydrogenase.

of the fasted rats. Hexokinase (HK) activ-
ities of cultured cells were less than half
the tissue activity of fed rats and were not
altered by the addition of hormones.

Addition of insulin increased the hepato-
cyte activity of PFK. Glucagon did not
suppress the insulin-dependent increase in
PFK activity ; however, glucagon alone de-
creased PFK activity to some extent. Un-
like GK, PFK of the cultured hepatocytes
increased upon addition of insulin to levels
comparable to that of the liver tissue of
fed rats.

The PK activities in the insulin-treated
D+I and D+1+4G groups were higher than
that in the D group. Glucagon showed no
inhibitory effects on PK activity in cultured
cells in either the presence or absence of

Produced by The Berkeley Electronic Press, 1988

insulin. As in the case of GK, the hepato-
cyte PK activity, which was increased by
insulin treatment, was 1/4 that of the tis-
sue level of fed rats, and lower than that
of 48 h-fasted rats. The electrophoretic
study showed that most of the PK activity
of the cultured hepatocytes was of the L
type, and that the M, type was almost ab-
sent.

Key enzyme activities of gluconeogenesis
and pentose phosphate pathway under varied
hormonal conditions are shown in Fig. 2
and compared with those of liver tissues.
G6Pase activity was higher in the glucagon-
treated groups (D+G and D+1+G) than in
the control D group. Insulin had no inhibi-
tory effect, whether with or without gluca-
gon. FBPase activity did not change upon
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the addition of the hormones. These gluco-
neogenic enzymes had less than half the ac-
tivities in the cultured hepatocytes as in
the liver tissue of fasted rats.

G6PD activity increased approximately
twice upon insulin treatment (Groups D41
and D+1+G) as compared with the control
activity (Group D). Glucagon did not coun-
teract the insulin effect, nor did it decrease
the activity when it was added alone. The
hepatocyte G6PD activity which was in-
creased by the addition of insulin was high-
er than that in the liver tissue of fed rats.

Levels of carbohydrate metabolites. Glu-
cose concentrations in 2 h-incubated media
after the last medium change were 98.8 +
4.6 mg/dl in the D group, 97.1 +1.8 mg/dl
in the D+1 group, 100.0 +3.2 mg/dl in the
D+G group and 97.4 +4.4 mg/dl in the
D+1+4G group. There was no significant
difference among them. The cAMP level in
the medium of the glucagon-treated D+G
group was 2.8 +1.1 pmol/ g DNA, and that
of the glucagon and insulin-treated D +1+G
group was 2.1 +1.5 pmol/ug DNA. These
levels were appreciably higher than those
of the glucagon-untreated D and D +1 groups
(< 0.2 pmol/ug DNA). The glycogen con-
tents of the cultured hepatocytes and liver
tissues are shown in Fig. 3. The glycogen
content of hepatocytes was increased by
the addition of insulin (D vs. D+I, and D
+G vs. D+I1+G), although the difference
between the D and D41 groups was not
statistically significant. The addition of
glucagon significantly reduced the level of
glycogen (D vs. D+G, and D+1 vs. D+I
+G). The glycogen content of the cultured
hepatocytes under varied hormonal condi-
tions was much lower than that in the liver
tissue of fed rats. However, it was approx-
imately equal to or greater than that of
liver tissue of fasted rats, except for the
D+G group.

The glycolytic intermediates of cultured
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Fig. 3 Effects of insulin and glucagon on glycogen levels
of cultured hepatocytes (FZZ) and liver tissues ([ ]).
Results are expressed as the mean +standard deviation of 5
experiments for hepatocytes and 5 animals for fed and
48 h-fasted liver tissues. Symbols, see the legend to
Fig. 1.

hepatocytes are shown in Table 2 and com-
pared with those of liver tissue. The levels
of glucose 6-phosphate (G6P) of cultured
hepatocytes showed marked increases in the
glucagon-treated groups (D vs. D+G, and
D+Ivs. D+I14G). The levels of fructose
6 -phosphate showed a change similar to
those of G6P except that there was no
difference between the D+1 and D+I14+G
groups. Although the fructose 1,6-bisphos-
phate (FBP) levels of the D+1 and D+I1
+G groups did not differ from that of the
D group, the FBP level was significantly
reduced in the D4+G group. Other glyco-
lytic intermediates leading to lactate in the
D+G group were reduced compared with
those of the control D group. The addition
of glucagon significantly reduced the level
of pyruvate (D vs. D+G, and D+1I vs. D+
I+G). Lactate levels in the insulin-treated
D+1I and D+1+G groups increased signif-
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tion of 5 experiments for hepatocytes and 5 animals for
fed and 48 h-fasted liver tissues. Symbols, see the
legend to Fig. 1.

icantly, as compared with the D group, al-
though there was no difference between the
insulin-treated groups. The hexose 6-phos-
phate levels of cultured hepatocytes were
considerably lower than those of the liver
tissue of fed rats. However, hexose 6-
phosphate levels of the glucagon-treated D
+G and D+1+4G groups were higher than
the liver tissue level of fasted rats. Levels
of FBP, dihydroxyacetone phosphate +gly-
ceraldehyde 3-phosphate (DAP/GAP) and
phosphoenolpyruvate (PEP) in cultured
hepatocytes were higher than those in vivo
except for the FBP level of the D+G
group. The concentrations of pyruvate and
lactate in the media after 2 h of incubation
were considerably lower than those in the
liver tissues. It was difficult to accurately
measure the concentrations of pyruvate and
lactate in cultured hepatocytes in the pres-
ence of their high concentrations in the
medium.
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F2,6-P, levels in the cultured hepato-
cytes under the varied hormonal conditions
are shown in Fig. 4 in comparison with
those in the liver tissue of fed and fasted
rats. The F2,6-P, levels in the insulin-
treated groups were significantly higher
than those in the respective control groups
(Dvs. D+1, and D+G vs. D4+I1+G). The
group of hepatocytes given glucagon alone
showed the lowest level of F2,6-P,, and
the group of hepatocytes given insulin alone
showed the highest level, which was com-
parable to the in vivo level of fed rats.
The fasted level of F2,6-P, in liver tissue
was lower than that in cultured hepatocytes
with glucagon alone.

Discussion

By adopting a primary culture system of
rat hepatocytes, we could study the meta-
bolic regulation of parenchymal liver cells
without contamination by non-parenchymal
cells and without the effects of other organs
or tissues. We used a dexamethasone-sup-
plemented arginine free medium without se-
rum to enhance parenchymal cell function
(29) and to inhibit the proliferation of non-
parenchymal cells (30), which might cause
a pattern of gene expression similar to
that of fetal hepatocytes (31). Under the
present conditions, contamination by and
proliferation of non-parenchymal cells were
negligible as indicated by the cultured
hepatocytes having mostly PK-L, a useful
marker of parenchymal cells, and having al-
most no PK-M,, a marker of non-parenchy-
mal cells (32).

It has been reported that ATP levels
decline to one half the in vivo level imme-
diately after cell preparation, but recover
to the in vivo level after 24 h (33). In our
experiment, ATP levels 74 h after incuba-
tion varied depending on hormonal condi-
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tions, the highest ATP level per DNA
being obtained when both insulin and gluca-
gon were added. However, this level was
still below the in vivo level of fed animals.
Insulin alone increased the ATP level slight-
ly, but glucagon alone did not. Thus, the
effect of insulin was augmented by the pres-
ence of glucagon. These results indicated
that insulin and glucagon had a synergistic
effect on energy metabolism of hepatocytes.
On the other hand, the energy charge of
cultured hehatocytes was kept at the in vivo
level irrespective of the hormonal condi-
tions, indicating that the energy charge
level is a minimal requirement for the main-
tenance and survival of cultured cells.

In the present study, the GK, PFK,
PK-L and G6PD activities were raised by
insulin, and the G6Pase activity by gluca-
gon. These hormones did not have antago-
nizing effects in each other. These results
suggested that insulin and glucagon acted
independently on key enzyme activities of
carbohydrate metabolism in hepatocytes.

When the key enzyme activities of carbo-
hydrate metabolism in cultured cells are
compared with those in vivo, the activities
of liver-specific GK, PK-L, G6Pase and
FBPase after 3 days of culture were either
similar to or lower than those of the 48 h-
fasted rat liver tissue, even when insulin
and glucagon were added together to the
culture. The activities of PFK and G6PD,
enzymes not specific to the liver, were
maintained at about the level of the liver
tissue of fed rats when insulin was added.
The above results are supported by recent
findings that cultured hepatocytes dediffer-
entiate with a rapid loss of liver-specific
mRNA, while the transcription of mRNA
of a common gene remains at in vivo levels
(34). Although the cultured hepatocytes
were partially dedifferentiated as mentioned
above, fetal type liver enzymes (35) were
practically absent in the hepatocytes em-
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ployed in the present experiments.

Unlike the hormonal effects on energy
metabolism and key enzyme activities of
carbohydrate metabolism in cultured hepato-
cytes, insulin and glucagon showed antag-
onistic effects on levels of carbohydrate
metabolites. The cAMP concentration in
the culture medium increased when glucagon
was added and decreased upon treatment
with insulin, in the same manner as in
perfused rat livers (36).

Glycogen and F2,6-P, levels are regu-
lated by cAMP (37). The elevation of
hexose 6-phosphate levels in cultured hep-
atocytes upon addition of glucagon can be
explained by the decline of F2,6-P, which
decreased the flux from F6P to FBP and,
in addition, by the decomposition of glyco-
gen. On the other hand, the decrease in
pyruvate caused by addition of glucagon is
probably attributable to the inhibited flux
from PEP to pyruvate, which is regulated
by ¢cAMP (37). Insulin increased the con-
centrations of pyruvate and lactate in the
medium, and glucagon inhibited the insulin
effect. Thus, the actions of insulin and
glucagon on the glycolytic metabolite levels
seemed to be antagonistic.

When the levels of glycolytic intermedi-
ates of the cultured hepatocytes were com-
pared with those in vivo, reduced levels of
hexose 6-phosphates in the hepatocytes
could be explained by decreased activity
of GK and relatively high activity of PFK.
The excessive accumulation of glycolytic
intermediates from FBP to PEP in the
hepatocytes might be caused by the lower
PK activity of the hepatocytes. Thus, the
glycolytic activity of cultured hepatocytes
appeared to be rather low, as further evi-
denced by the rate of lactate production in
cultured hepatocytes being less than 1,/1000
the rate in perfused rat liver, with 5 mM
glucose as a substrate (38).

Carbohydrate metabolism in cultured cells
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was found to appreciably differ from that in
vivo, indicating that additional factors such
as cell-cell contact may be required for the
maintenance of differentiated functions under
culture conditions (39). Since the response
of key enzymes to hormonal regulation was
insufficient, resulting in an undifferentiated
pattern of the liver-specific enzymes, hep-
atocytes in primary culture are similar to
those in an experimental system of liver
injury (40). Cultured hepatocytes may de-
generate, because they die in a week when
they are cultured in this experimental sys-
tem. The degenerative change may cause
the dedifferentiated pattern of key enzymes
as Taketa et al. showed in acute carbon
tetrachloride intoxication of rats (40). In
the present study, insulin and glucagon
increased the activities of liver-specific
enzymes and adenine nucleotide levels of
cultured hepatocytes. The preventive effect
of insulin and glucagon on liver injury, and
the restitution of injured hepatocytes by
these hormones may be partially accounted
for by the observed synergistic effects of
insulin and glucagon in the present study.

The authors wish to thank Dr.
Hisashi Mimura and Dr. Masahiro Miyazaki for their
guidance and active cooperation and Dr. Kazuhisa Taketa
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designing the experiments, interpreting the experimental
results and preparing the manuscript.
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