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On the basis of changes in the adenine nucleotide and mito-
chondrial metabolism of the remnant liver, insulin require-
ments for hepatic regeneration were studied in diabetic rats
treated with varying amounts of alloxan. Mildly diabetic rats
with less than 30% inhibition in maximal portal insulin re-
sponse to oral glucose load, showed a parabolic glucose
tolerance pattern and could tolerate partial hepatectomy.
Whereas, severely diabetic rats with more than 45% inhibi-
tion showed a linear glucose tolerance pattern and died within
24 hours after partial hepatectomy. In the former rats, the
energy charge (ATP + '/2ADP/ATP + ADP + AMP) levels of the
remnant liver decreased slightly at an early period after partial
hepatectomy but could be restored rapidly to normal levels
with a concomitant rise of oxidative phosphorylation in remnant
liver mitochondria. In contrast, the energy charge levels in the
latter groups fell more markedly and could not be restored,
because of insufficient enhancement of mitochondrial oxidative
phosphorylation. It is suggested that an enhancement in mito-
chondrial phosphorylative activity of the remnant liver follow-
ing partial hepatectomy is inhibited in proportion to the severity
of impaired insulin secretion, resulting in a decrease of the
potential functional capacity of liver.

A N ENHANCEMENT of mitochondrial phosphorylative
I activity occurs with a concomitant decrease in the
energy charge (ATP + 1/2 ADP/ATP + ADP + AMP)
of the remnant liver17 and is requisite for later in-
crease in nuclear DNA synthesis in regenerating
liver.23 Such an enhancement is induced when an ele-
vated level of portal factor is available to respiratory
assemblies."4 Evidence has accumulated indicating that
insulin plays an important role as a portal factor in

Submitted for publication February 16, 1976.
This work was supported by grants from the Scientific Research

Fund of Ministry of Education, the Japanese Association for Study of
Metabolism and Disease, Miura Scientific Research Fund, and
Kyoshin Research Fund.

Reprint requests: Toshihiko Yamada, M.D., Ist Department of
Surgery, Kyoto University Medical School, Sakyo-ku, Kyoto, Japan.

From the Department of Surgery,
Kyoto University School of Medicine,

Sakyo-ku, Kyoto, Japan

the mechanism by which the portal blood controls oxi-
dative phosphorylation of the liver mitochondria. 1616
Also, changes in mitochondrial phosphorylative ac-
tivity during regeneration are associated with char-
acteristic changes in glucose intolerance pattern.7
Hepatectomy in patients with severe glucose intolerance
or impaired insulin secretion results in high mortality.2'
However, quantitative information is not available con-
cerning insulin requirement of regenerating liver.
These results led us to show how the mitochondrial
oxidative phosphorylation and the energy charge of liver
change after partial hepatectomy in diabetic rats with
varying degrees of impairement of insulin secretion.

In this study, evidence will be presented that the
decrease of energy charge in the remnant liver following
partial hepatectomy is augmented with insufficient en-
hancement of mitochondrial phosphorylative activity due
to impaired insulin secretion, and that the more severe
the impaired insulin secretion, the lower the potential
regenerative capacity of liver.

Materials and Methods

Treatment of Experimental Animals

Adult male Wistar strain rats weighing 200 gm were
maintained on Clea CE-2 (Nippon Haigoshiryo Co.
Ltd.) and water ad libitum 2 weeks before treatment.
Five groups of diabetic rats (group A, B, C, D and E)
were induced by intravenous injection of 2.8% solution
of alloxan monohydrate (Eastman Organic Chemicals)
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FIG.? 1. Glucose tolerance (left) and Insulin Response (right) to an
oral glucose load in 5 groups of diabetic rats treated with varying
amounts of alloxan. Vertical bars indicate standard error of the
mean of 8 to 10 animals. A, group A of diabetic rats treated
with 35 mg/kg of alloxan; B, group B of diabetic rats treated with
49 mg/kg of alloxan; C, group C of diabetic rats treated with 63
mg/kg of alloxan; D, group D of diabetic rats with non-fatty livers
treated with 70 mg/kg of alloxan; E, group E of diabetic rats with
fatty livers treated with 70 mg/kg of alloxan. Po, portal vein insulin.
Pe, peripheral vein insulin.

at a dose of 35, 49, 63 and 70 mg/kg of body weight.
The animals were fasted for 15 hours before alloxan
injection. Rats were considered diabetic if they exhibited
polydipsia, polyuria with positive urine sugar (TES
TAPE; Lilly & Co. Ind.), maximal blood sugar over

250 mg/100 ml after oral glucose load and blood hydroxy-

butylate (determined by enzymatic method13) over 2.10
mM. Urine ketone was determined by Ketostix (Ames
Division, Miles-Sankyo Co. Ltd.). Hepatectomy and
sham operation were performed 48 hours after alloxan
injection at about 10 a.m.

Partial hepatectomy was performed under ether anes-
thesia in the conventional manner as originally de-
scribed by Higgins and Anderson.5 Fifteen hours before
and after operation rats were fasted. In sham operated
control rats laparotomy and separation of the median
and left lateral lobes of the liver from those surround-
ing ligaments were carried out.

Glucose Tolerance Test

In the glucose tolerance test (GTT) a 50%o solution
of glucose (3 g/kg of body weight) was administered
intragastrically after a fasting period of 15 hours. Blood
samples were drawn at 0, 1, 2 and 3 hours. Blood
glucose was determined by the o-toluidine method.6
Plasma immunoreactive insulin (IRI) was estimated
according to radioimmunoassay methods.4

Assays ofAdenine Nucleotides

The liver was clamped and frozen in situ with stain-
less steel tongs precooled with liquid nitrogen. The
frozen tissue was removed and immersed in liquid nitro-
gen through which CO had been bubbled. The proce-
dure was completed within 10 seconds. The frozen tissue
was powdered with a liquid nitrogen cooled stainless
steel mortar and pestle in the liquid nitrogen bath. The
powdered tissue was weighed and homogenized in 3
volumes of cold 5% perchloric acid at 00. The superna-
tant was adjusted to pH 6.0 with cold 60o K2C03 and
recentrifuged at 10,000 g for 15 minutes at 00. The
amounts of ATP, ADP and AMP were enzymatically
measured.2

Assays of Oxidative Phosphorylation of Liver
Mitochondria

The preparation of liver mitochondria and the assays
of oxygen consumption, phosphorylative activity and
the contents of respiratory carriers were done by methods
described elsewhere.18 The respiratory control ratio was
calculated from the polarographic tracing by the method
of Chance3 from the equation, RCR = state 3 respiration
rate (in the presence of ADP)/state 4 respiration rate
(after exhaustion of ADP). Since it has been found that,
in alloxan diabetic rats cytochrome, concentrations
decrease when expressed per mitochondrial protein,10'12
the oxidative and phosphorylative activities are expressed
relative to cytochrome a (+a3) concentrations. The value
is expressed as the moles of oxygen used (or ATP
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TABLE 1. Effect of Increasing Amounts ofInjected Alloxan on Rats

Survival Rate

Fasting Blood hydroxy-
blood sugar butylate Urine Urine Fatty 48 hours after 12 days after

Group (mg/I00 ml) (mM) sugar ketone liver alloxan injection alloxan injection

Normal rats (20)* 101 ± 3t 1.25 ± 0.22 (-) (-) (-)
Group A (20) 103 ± 2 2.10 ± 0.04 1/8% (I) (-) 1o0 90%0

(35 mg/kg alloxan)
Group B (20) 142 ± 9 2.10 ± 0.72 /8% (-) (-) 100o% 90%

(49 mg/kg alloxan)
Group C (20) 360 ± 13 2.37 ± 0.21 ½/2% (++) (-) 95% 55%

(63 mg/kg alloxan)
Group D (20) 520 ± 18 4.96 ± 0.75 ½2% (+++) (-)

(70 mg/kg alloxan)
70% 10W

Group E (20) 712 ± 25 5.55 ± 0.83 2% (+++) (++)
(70 mg/kg alloxan)

* Figures in parenthesis indicate numbers of animals.
t Means ± SEM.

formed) per second divided by the moles of cytochrome
a(+a3). Protein was determined by the method of Lowry
et al.11 with crystalline bovine serum albumin as standard.

Results

Figure 1 shows glucose tolerance and insulin response

to oral glucose load in 5 groups of diabetic rats treated
with varying amounts of alloxan. In the diabetic rats of
group A treated with 35 mg/kg of alloxan, the fasting
blood glucose levels were within normal limits but the
maximal blood glucose level reached approximately 260
mg/100 ml after an oral glucose load. The portal and
peripheral vein insulin responses at the maximum to
glucose load were suppressed to about 78% and 79o of
normal controls, respectively. In the diabetic rats of
group B treated with 49 mg/kg of alloxan, the fasting
blood glucose levels increased slightly and the maximal
peak of blood glucose level was observed at 2 hours.
The portal and peripheral vein insulin responses at the
maximum to glucose load were suppressed to 72%
and 75% of controls, respectively. Fasting portal and
peripheral vein insulin levels in groups A and B were

within normal limits. In these two groups of mildly
diabetic rats, although there was no ketonuria, glu-
cosuria developed and blood hydroxybutylate levels
increased to a significantly high level (Table 1). Most of
these animals lived longer than 12 days after alloxan
injection. In diabetic rats (group C) treated with 63
mg/kg of alloxan, fasting blood glucose levels were about
360 mg/100 ml and blood hydroxybutylate level was

2.37 mM with positive ketonuria. The blood glucose
level increased after an oral glucose load and reached
about 500 mg/100 ml at 3 hours. The portal and peripheral
vein insulin responses to glucose load were inhibited

to 55% and 50%o of controls, respectively. Fasting portal
and peripheral vein insulin levels were 78% and 67% of
controls. About 55% of these diabetic rats died within
12 days after alloxan injection. When 70 mg/kg of
alloxan were given, the diabetic rats were divided into
two groups according to the absence or the presence
of fatty liver: the mean fasting blood glucose levels of
the diabetic rats with non-fatty livers were about 520
mg/100 ml (group D) and those with fatty livers were
about 712 mg/100 ml (group E). Fasting portal and
peripheral vein insulin levels and insulin responses at
the maximum to glucose load were inhibited severely.
Glucosuria and ketonuria developed concomitantly with
high blood hydroxytubylate (5.55 mM) in these groups.
Only 10%o of these diabetic rats treated with 70 mg/kg of
alloxan lived beyond 12 days. Since the blood glucose
curves of groups A and B showed a return of blood
glucose level toward normal levels within 3 hours, they
are classified as parabolic GTT patterns. The blood
glucose levels of groups C, D and E increased linearly
for more than 3 hours after an oral glucose load. This
type of response is called a linear GTT pattern.
Figure 2 shows the survival rate of diabetic rats

after partial hepatectomy. In groups A and B the survival
rates of hepatectomized and sham operated groups were
over 70%o at 10 days after operation. In group C the
survival rate fell rapidly to zero within 4 days after
partial hepatectomy, and in the sham operated group
the survival rate was 50% at 10 days. In groups D
and E the survival times were short following either
hepatectomy or sham operation, especially after partial
hepatectomy.

Figure 3 shows changes in the energy charge of
remnant liver after partial hepatectomy in diabetic rats.
In normal rats, the energy charge levels of the remnant

Vol. 185 . No. I
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liver decreased significantly (P < 0.05) from 0.846
+ 0.001 to 0.839 + 0.002 at 3 hours after partial hepatec-
tomy and returned rapidly to normal level within 12
hours. In groups A and B of diabetic rats, the energy
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FIG. 2. The survival rate
of 5 types of alloxan dia-
betic rats following
partial hepatectomy.
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charge of the remnant liver decreased significantly
(P < 0.05) from 0.864 + 0.003 to 0.817 + 0.007 and re-
turned to normal level within 12 hours after partial
hepatectomy. On the other hand, in groups C, D and E

FIG. 3. Changes in the
energy charge of the rem-
nant liver in 5 types of
diabetic rats following par-
tial hepatectomy. *Signifi-
cantly lower than the cor-
responding sham operated
group. **Only 2 animals
were studied.
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of diabetic rats, the energy charge fell rapidly to re-
markably lower level (P < 0.01) (0.785 + 0.012 in group
C and 0.752 + 0.011 in group D and E) at 3 hours
after partial hepatectomy, continued to fall and did not
show any tendency to recover. In sham operated diabetic
rats, however, there occurred no significant changes in
the energy charge levels during the period tested.
Table 2 shows the details of the changes in the con-

centrations of adenine nucleotides of the remnant liver
after partial hepatectomy. In groups A and B of diabetic
rats, only slight reduction of ATP with a concomitant
rise of ADP in the remnant liver was observed at an
early stage after partial hepatectomy with rapid recovery
to normal within 12 hours. The AMP and total nucleo-
tide levels remained within normal concentrations.
On the other hand, in groups C, D and E both ATP
and total nucleotide concentrations decreased to signifi-
cantly lower levels with a concomitant rise in both ADP
and AMP concentrations.
Changes in phosphorylative activity per unit of cyto-

chrome a (+a3) of mitochondria from the remnant liver
after partial hepatectomy in diabetic-rats, and the details
of the changes in mitochondrial oxidative phosphorylation
are shown in Fig. 4 and Table 3. In groups A and B
of diabetic rats oxidative and phosphorylative activities
per unit of cytochrome a (+a3) of liver mitochondria
were not significantly different from normal controls.
In group C phosphorylative activity per unit of cyto-
chrome a (±a3) decreased slightly. In group D oxidative
and phosphorylative activity per unit of cytochrome
a (+a3) and respiratory control ratio were inhibited signifi-
cantly, although the P/O ratio remained within normal
limits. In group E all of these levels were inhibited
severely. After partial hepatectomy oxidative and phos-
phorylative activities per unit of cytochrome a (+a3) of
the remnant liver in groups A and B enhanced to signifi-
cantly higher levels than those in sham operated normal
rats shortly after operation and then gradually declined.
The oxidative and phosphorylative activities per unit of
cytochrome a (+a3) in the remnant livers of groups C, D
and E did not, however, reach the levels of sham operated
normal rats.

Discussion

A continuous supply of ATP, mainly from oxidative
phosphorylation, is essential to maintain the diverse
functions of the hepatocytes. Normally, the rate of forma-
tion of ATP in the liver cells is equal to the rate of use
of ATP, and intracellular ATP is maintained at a con-
stant level. In this dynamic steady state, the concept of
the energy charge proposed by Atkinson' as an indicator
of cellular energy status is useful for understanding
the cell's energy flow between energy-utilizing reactions
and energy-generating reactions. A rise in energy ex-
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FIG. 4. Changes in phos-
phorylative activity per
unit of cytochrome a(+a3)
of mitochondria from the
remnant liver in five types
of diabetic rats following
partial hepatectomy. *Sig-
nificantly higher than the
corresponding sham oper-

ated normal controls.
**Only 2 animals were
studied.
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penditure of the cells would result in a decrease of
the energy charge, unless a concomitant increase in the
rate of phosphorylation of ADP to ATP occurs.

After partial hepatectomy of groups A and B having
no more than 28% inhibition in portal vein insulin re-

sponse to glucose load, the energy charge levels of the
remnant liver decreased slightly and could be restored
rapidly toward normal levels, while after partial hepatec-
tomy of groups C, D and E having more than 45% inhibi-
tion, the energy charge fell remarkably and could not be
restored. The mitochondria obtained from the remnant
liver of groups A and B exhibited a rise in the capacity
to produce ATP which exceeded significantly the values
of sham operated normal controls at 3-24 hours. On
the contrary, an enhancement of mitochondrial phos-
phorylative activity did not reach the values of sham
operated normal controls in groups C, D and E.
Such in vitro studies of isolated mitochondria might

not, however, be directly indicative of the mitochondrial
activity in situ, though the energy charge measured in
the liver tissue can indicate the actual state of the tissue
at a given time. Considering the recent observation8
that insulin induces an enhancement in mitochondrial
oxidative phosphorylation with a concomitant rise in the
energy charge of perfused guinea pig liver, it is tempt-
ing to speculate that an enhancement in mitochondrial
oxidative phosphorylation occurs as a result of conforma-
tional or configurational changes in one or all respira-
tory elements which are acquired in vivo and are not

AFTER OPERATION

altered during the isolation and assay procedure. Thus,
these results indicate that, despite the marked rise in
the energy-utilizing reactions in early regeneration
processes, the delicate balance between energy-utiliza-
tion and energy-generation can subsequently be re-

stored to normal by an enhancement of ATP generat-
ing reactions in groups A and B, but can not in groups C,
D and E.
The possibility that an enhancement of liver mito-.

chondrial function following partial hepatectomy in
groups C, D and E is inhibited by the toxic effect of
alloxari24 may not be excluded completely. However, it
has been found that the intraportal administration of
insulin restores the oxidative and phosphorylative activi-
ties in the liver mitochondria of severely diabetic rats
treated with alloxan.19 Further evidence has ac-

cumulated,8 indicating that an enhancement in mito-
chondrial oxidative phosphorylation of liver is induced
by an elevated level of insulin available to hepatocytes.
Consequently, it may be suggested that one possible
rate limiting factor for an enhancement of liver mito-
chondrial phosphorylative activity in early regenerating
processes may be availability of portal vein insulin
for respiratory assemblies of liver mitochondria, and that
the more severe the impairement in insulin secretion
from the pancreas, the lower the potential functional
capacity of liver. In mild diabetes the liver may be able
to regenerate quickly after partial hepatectomy, by using a

large quantity of available energy formed as a result of
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enhanced ADP-phosphorylating reactions by mito-
chondria, while the liver of severe diabetes can not adapt
to hepatectomy in this way.

Mildly diabetic rats with relatively good insulin re-
sponse to glucose load show a parabolic GTT pattern,
while severely diabetic rats with highly inhibited insulin
response to high blood glucose levels show a linear GTT
pattern. The mortality rate by hepatectomy in the former
is very low, while in the latter it is very high. Only
the diabetic rats without ketonuria and with parabolic
GTT pattern can tolerate the partial removal of the liver.
The results of blood glucose response to glucose load
in mildly and severely diabetic rats are consistent with
two distinct patterns (parabolic and linear) of glucose
intolerance classified in jaundiced patients20 and animals22
or patients with liver cancer.21 Also, it has been found
that the energy charge and mitochondrial oxidative phos-
phorylation of the liver is positively correlated with blood
glucose and insulin levels in response to an oral glucose
load.9 Thus, glucose tolerance pattern in diabetes in
human as well as rats is indicative not only of the severity
of impaired insulin secretion but also of the possibility of
the occurrence of a compensatory enhancement in mito-
chondrial oxidative phosphorylation, and may be useful
in assessing the functional hepatic reserve.

References

1. Atkinson, D. E.: Enzymes as Control Elements in Metabolic
Regulation. In The Enzymes, vol. 1. Boyer, P. D. (ed.),
1970, New York and London, Academic Press, p. 461.

2. Bergmeyer, H. V.: Methods of Enzymatic Analysis, New York,
Academic Press, 1965; pp. 544, 573.

3. Chance, B: Quantitative Aspects on the Control of Oxygen
Utilization in CIBA Foundation Symposium Regulation Cell
Metabolism. Boston, Little, Brown & Co., 1959; p. 91.

4. Herbert, V., Lau, K. S., Gottlieb, C. W. and Bleicher, S. J.:
Coated Charcoal Immunoassay of Insulin. J. Clin. Endocrinol.,
25:1375, 1965.

5. Higgins, G. M. and Anderson, R. M.: Experimental Pathology
of the Liver. Arch. Pathol., 12: 186, 1931.

6. Hultman, E.: Rapid Specific Method for Determination of
Aldosaccharides in Body Fluids. Nature, 183:108, 1959.

7. Ida, T., Ozawa, K. and Honjo, I.: Glucose Intolerance follow-
ing Massive Liver Resection of Patients and Other Mammals,
and its Biological Significance. Am. J. Surg., 129:523, 1975.

8. Ida, T., Sato, M., Kamiyama, Y., et al.: Effect of Insulin on

lYlltU%.IIUIIU11a1 %_JA1UatLV1Z K_1lU5PllU1y1atL1Vl allU L11w164r %_,nair,% V1

the Perfused Guinea Pig Liver. J. Lab. Clin. Med., 87:925, 1976.
9. Kimura, K., Kamiyama, Y., Ozawa, K. and Honjo, I.: Changes

in Adenylate Energy Charge of the Liver following an Oral
Glucose Load. Gastroenterology, 70:665, 1976.

10. Lerner, E., Shug, A. L., Elson, C. and Shrago, R.: Reversible
Inhibition of Adenine Nucleotide Translocation by Long
Fatty Acyl Coenzyme A Esters in Liver Mitochondria of
Diabetic and Hibernating Animals. J. Biol. Chem., 247:
1513, 1972.

11. Lowry, 0. H., Rosebrough, N. J., Farr, A. L. and Landall,
R. J.: Protein Measurement with Folin Phenol Reagent. J.
Biol. Chem., 193:265, 1951.

12. Matsubara, T., Ishikawa, U. Y. and Tochino, Y.: Respiratory
Activity and Cytochrome Content of Liver Mitochondria from
Diabetic Rats. Life Sci., 2:11:1429, 1971.

13. Mellanby, J. and Williamson, D. W.: Acetoacetate. In Methods of
Enzymatic Analysis. Bergmeyer, H. V. (Ed.), New York,
Academic Press, 1965; p. 1480.

14. Ozawa, K., Kitamura, O., Yamaoka, Y., et al.: Role of Portal
Blood on the Enhancement of Liver Mitochondrial Metabolism.
Am. J. Surg., 124:16, 1972.

15. Ozawa, K., Yamada, T. and Honjo, 1.: Role of Insulin as a
Portal Factor in Maintaining the Viability of Liver. Ann. Surg.,
180:716, 1974.

16. Ozawa, K., Yamaoka, Y., Nambu, H. and Honjo, I.: Insulin as
the Primary Factor Governing Changes of Mitochondrial
Metabolism Leading to Liver Regeneration and Atrophy.
Am. J. Surg., 127:669, 1974.

17. Ozawa, K., Takeda, H., Yamaoka, Y., et al.: Adenine Nucleo-
tide Metabolism in Regenerating, Atrophic and Necrotizing
Process of the Liver. Gastroenterology, 67:1225, 1974.

18. Ozawa, K., Kitamura, O., Mizukami, T., et al.: Human Liver
Mitochondria. Clin. Chim. Acta, 38:385, 1972.

19. Ozawa, K., Kamiyama, Y., Kimura, K., et al.: Comparison of
Subcutaneous and Intraportal Insulin Administrations on Mito-
chondrial Oxidative Phosphorylation and Adenylate Energy
Charge of the Liver in Diabetic Rats. J. Lab. Clin. Med., in
press.

20. Ozawa, K., Yamada, T., Takasan, H. and Honjo, I.: Insulin
Response in two Distinct Patterns of Glucose Intolerance in
Jaundiced Patients. Br. J. Surg., in press.

21. Ozawa, K., Ida, T., Yamada, T. and Honjo, I.: Significance of
Glucose Tolerance as Prognostic Sign in Hepatectomized Pa-
tients. Am. J. Surg., 131:541, 1976.

22. Yamada, T., Ida, T., Yamaoka, Y., et al.: Two Distinct Patterns
of Glucose Tolerance in Iceteric Rats and Rabbits. Relation-
ship to Impaired Liver Mitochondria Function. J. Lab. Clin.
Med., 86:35, 1975.

23. Yamaoka, Y., Ohsawa, T., Takasan, H., et al.: Energy Require-
ment in Regenerative and Atrophic Processes of the Liver in
Man and Other Mammals. Surg. Gynecol. Obstet., 139:234,
1974.

24. Younathan, E. S.: Effect of Alloxan on Mitochondrial Adenosine
Triphosphatase Activity and the ATP-ADP Exchange Reac-
tion. Arch. Biochem. Biophys., 113:439, 1966.


