
Vol. 120, No. 1, 1984 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

April 16, 1984 Pages 103-l 08 

DECREASES IN HEPATIC FRUCTOSE-2,6-BISPHOSPtiATE LEVEL AND 
FRUCTOSE-6-PHOSPHATE,2-KINASE ACTIVITY IN DIABETiC MICE: 

A CLOSE RELATIONSHIP TO THE DEVELOPMENT OF KETOSIS 

Seiichi Sumi, Ikuo Mineo, Norio Kono, Takao Shimizu, 
Kyohei Nonaka and Seiichiro Tarui 

Second Department of Internal Medicine 
Osaka University Medical School 
Fukushima-ku, Osaka 553, Japan 

Received February 29, 1984 

Hyperglycemic mice with s treptozotocin diabetes were divided into two 
groups according to the presence or absence of ketosis. No difference in 
'blood glucose level 'between two groups was observed in this experiment. 
Eowever , hepatic fructose-2,6-P level and fructose-6-P,2-kinase activity were 
decreased oniy in ketotic diabegic mice. Similar decreases in those indices 
were observed in 48-h starved normal mice. In ketotic diabetes, insuliniza- 
tion for 24 h was required to normalize 
6-?,2-kinase activity, 

fructose-2,&-P2 level and fructose- 
while glucose administration normalized altered 

fructose-2,6-P metabolism in starvation only in 30 min. 
2 

!<epatic cyclic AMP 
was increased nexther in ketotic nor in non-ketotic diabetic mice. These 
results indicate that the decrease in hepatic fructose-2,6-P 2 level in 
diabetes is apparently related to the occurrence of ketosis, but not to 
hyperglycemia. The mechanisms o f the decrease in fructose-6-P,2-kinase 
activity in ketotic diabetes and starvation are discussed. 

It has been reported that the level of hepatic fructose-2,6-P 2, a potent 

activator of phosphofructokinase (1,2), and the activity of its synthesizing 

enzyme, fructose-6-P,2-kinase (ATP:D-fructose-6-phosphate 2-phosphotransfer- 

ase) (3,4) are decreased in the rat with experimental diabetes (5,6). Since 

fructose-z, 6-P 2 inhibits fructose-1,6-bisphosphatase (7,8), a decrease in 

hepatic fructose-2,6-P 2 may promote gluconeogenesis as well as inhi'bit 

glycolysis. It is generally ccnsidereo that incr eased hepatic gl.uconeogenesis 

contributes a t least in part to cne development of hyperglycemia in diabetes. 

Cn ttie other hand, the inhibi Zion of hepatic glycolysis may su'bsequently lead 

to the increased ketogenesis (9,lO). However, it remains to be clarified 

whether the decrease in hepatic fructose-2,6-? 
2 concentration is more 

responsible for hyperglycemi a or hyperketonemia in diabetes. In the present 

study, we analyzed alterations in hepatic fructose-2,6-P 
2 level anti fructose- 

6-P,2-kinase activity in diabetic mice in relation to hyperglycemia or 
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hyperketonemia comparing with those in starvation which exhibits hormonal 

imbalance of hypoinsulinemia and hyperglucagonemia (11) similar to diabetes 

(12), and 

Chemi cals: Streptozotocin and rabbit muscle phosphofructokinase were 
purchased from Sigma. All other enzymes were obtained from Boehringer 
Nannheim. Monocomponent insulin was the product of Nova Industri A/S. 
Synthetic fructose-2,6-P? was a gift from Dr. T. Fukui, Institute of 

tried to clarify a regulatory role of fructose-2,6-P 2. 

Materials and Methods 

Scientific and Industrial Research, Osaka University. 
Treatment of animals: Streptozotocin (loo-150 mg/kg body wt) was injected 

into a tail vein of male Scl:ICR mice (20-25 g) starved overnight. Mice 
injected with streptozotocin were judged to be diabetic several days later, if 
blood glucose level after an overnight fast exceeded 200 mg/dl and if random 
blood glucose level exceeded 400 mg/dl. Blood samples were taken from the 
retro-orbital sinus. The development of ketonemia roughly depended on the dose 
of streptozotocin. Plasma ketone bodies were determined semiquantitatively by 
nitroprusside reaction using a Ketostix c3 (,$il es Laboratories Inc., Elkhart, 
IN); acetoacetate above 1 mM is detectable by this method. Diabetic mice were 
sacrificed within 2 weeks after streptozotocin injection. Normal and diabetic 
mice were used for experiments following 2-h starvation unless otherwise stated. 

Preparation of liver extract and assays for fructose-2,6-P and fructose- 
6-P,2-kinase: Livers were removed from mice under pentobarbita ? anesthesia, 
homogenized in 3 volumes of ice-cold 50 mM Tris-P (pH 8.0) containing 100 mX 
KaF and 1 mN EDTA and centrifuged at 15,000 x g for 30 min at 4 C. The super- 
natant solution was used for fructose-2,6-P2 assay by the method of Uyeda et 
al. (13). Fructose-6-P,2-kinase activity was measured according to Richards 
et al. (14); supernatant solution of liver homogenate was incubated in the 
presence of 5 mM ATP and 1 mM fructose-6-P for 20 min at 30 C. Fructose-2,6- 
P2 present in the incubation mixture was then measured. One unit of activity 
is defined as the amount of the enzyme that catalyzes the formation of 1 pmol 
of fructose-2,6-P2 per min. 

Other methods: Hepatic cyclic AMP was assayed by the method of Steiner 
et al. (15). Plasma glucose was determined by the glucose oxidase method. 

Results 

Hepatic fructose-2,6-P2 levels in ketotic diabetic mice were markedly 

decreased without exception (1.2 + 0.2 nmol/g liver, mean + S.E.), while the 

levels in non-ketotic diabetic mice (13.6 + 2.1) were nearly equal to those in 

normal mice (15.1 + 1.3) (Fig. 1). Blood glucose and hepatic cyclic AMP levels 

are depicted in Table 1. There was no significant difference in blood glucose 

levels between ketotic and non-ketotic diabetic mice in this experiment. 

Bepatic cyclic AXP level in either diabetic group was not significantly altered. 

The activity of hepatic fructose-6-P92-kfnase in ketotic diabetic mice9 

0.58 + 0.13 mU/g liver (n=5), was significantly lower than that of 1.62 + 0.15 

(n=7) in normai mice (p <O.OOl), while the activity of 1.85 + 0.20 (n=4) in 

non-ketotic diabetic mice was not significantly different from the normal 
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Figure 1. Hepatic fructose-2,6-P2 concentrations in normal mice and 
diabetic mice (DM) with and without ketosis. The number of animals is given 
in parentheses. 

value. Fructose-2,6-P2 levels and fructose-6-P,2-kinase activities in ketotic 

diabetes treated with insulin are shown in Table 2. Although normoglycenia 

below 200 mg/dl was attained 1 h after intraperitoneal injection of short- 

acting :ns.ulin (10 units/kg body wt), either fructose-2,6-P2 level or fructose- 

S-P,2-kinase activity was not increased. Both of these were normalized after 

24-h insulinization with short- and intermediate-acting insulin preparations. 

When normal mice were starved for 48 h, both fructose-2,6-P2 level and 

fructose-6-P,2-kinase activity were significantly decreased (Experiment 1 in 

Table 3). Altered fructose-2,6-P* levei and fructose-6-P,2-kinase ac-civity in 

Table 1. Blood glucose levels and hepatic cyclic AMP concentra- 
tions in normal and streptozotocin diabetic mice 

Blood Blucose 
(mg/dl) 

Cyclic AMP 
(nmol/g liver) 

Normal (fed) (6) 206 + 21 0.16 + 0.01 
Ketotic diabetes (5) 583 + 53** 0.19 + 0.03 
Non-ketotic diabetes (5) 666 + 46** 0.20 + 0.04 

Values are expressed as means + S.E. 
* p< 0.05 and ** p< 0.001 W&S Normal (fed). 
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Table 2. Effect of insulin treatment on hepatic fructose-2,6- 
bisphosphate concentration and fructose-6-phosphate,2-kinase 

activity in ketotic diabetic mice 

Fructose-2,6-P2 Fructose-6-P,2-kinase 
Cnmol/g liver) (mu/g liver) 

Untreated diabetes 1.7 + 0.3 (6) 0.68 + 0.13 (5) 

Insulin-treated, 1 h 3.5 + 0.9 (3) 0.65 + 0.23 (4) 

Insulin-treated, 24 h 11.7 + 2.3*++ (5) 1.33 + 0.17* (31 

Values are means + S.E. 
* p CO.05 and ** i CO.005 versus Untreated diabetes. 

20-h starved mice were entirely normalized 30 min after intraperitoneal 

administration of glucose (Fxperinient 2 in Table 3). 

Discussion 

Although decreases in bepatic fructose-2,6-P2 level and fructose-6-P,2- 

kinase activity in experimental diabetic rats have been reported (5,6), 

results in the present study denote that diabetes does not necessarily induce 

the alteration in bepatic fructose-2,6-P2 metabolism in mice. The decrease in 

hepatic fructose-6-P,2-kinase activity, resulting in the fall in fructose-2,6- 

P2 level (Table 2), occurred only in ketotic diabetes, while ei-kher fructose- 

2,6-P2 level or fructose-S-. p,2-kinase activity in the iiver was not decreased 

in non-ketotic diabetic nice (Fig. 1). The severity of hyperglycemia in 

ketotic diabetes was similar to that in non-ketotic diabetes in the present 

Table 3. Effect of starvation and glucose administration on 
hepatic fructose-2,6-bisphosphate level and fructose-6-phosphate, 

2-kinase activity in mice 

Fructose-2,6-P- Fructose-6-P,2-kinase 
(nmol/g liverJC (mu/g liver) 

Experiment 1 
Normal (fed) 
Starved 24 h 

48 h 
72 h 

Experiment 2 

Normal (fed) Starved 20 h 
Starved 20 h 
+ Glucose § 

11.2 + 3.7 (3) 1.39 + 0.11 (3) 
1.6 ; 0.9 (31 
0.5 T 0.1* (3) 0.86 + 0.16* (3) 
0.6 : O.l* (3) 

14.4 + 1.4 (3) 1.48 + 0.14 6.1 : 0.7* (2) 0.80 7 0.07** ::; 
16.9 : 1.4 (2) 1.71 : 0.16 (4) 

Values are means + S.E. 5 30 min after intraperitoneal 
glucose injection: l p< 0.05 and l * p< 0.01 versus Normal (fed). 
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study (Table 1). These results imply that the decrease in hepatic fructose- 

2,6-P2 is closely related to the development of ketosis but not necessarily to 

hyperglycemia in diabetic mice. The decrease in hepatic fructose-2,6-P2 could 

be a trigger of enhanced ketogenesis through the inhibition of glycolysis 

which leads to a decreased supply of oxaloaceti c acid orcr-glycerophosphate to 

be coupled with increased acetyl-CoA or fatty acyl-CoAs in diabetes. Hepatic 

fructose-2,6-P* could t:hus play a key role in the transition of the liver from 

an organ of carbohydrate utilization to one of fatty acid oxidation and ketone 

body produc'-ion " L . 

Insulin has been shown to oppose glucagon action in vitro on fructose- 

2;6-P 2 metabolism in isolated hepatocytes in a short time (16). However, the 

normalization of altered fructose-2,6-P 2 metabolism by insulin treatment of 

diabetic mice needed relatively a long period (Table 2). In addition, hepatic 

cyclic ANP level in ketotic diabetes was not increased. These two findings in 

.the present study suggest that the decrease in fructose-6-P,2-kinase activity 

in ketotic mice wo,uld not be the result of the rapid inactivation of this 

enz,yme by cyclic AMP-dependen t protein kinase (17,16). A turnover of fructose- 

6-P,2-kinase may be possibly altered in ketotic diabe-tes. 

A decrease in hepatic fructose-2,6-P 2 level in starvation has been 

reported to be recovered after 24-h refeeding (5). However, normalization o< L 

fructose-2,6-P2 level and its synthesizing enzyme activity by glucose adminis- 

tration required only 30 min in the present study. Tnis result suggests two 

possible mechanisms of the glucose effect on fructose-6-P,2-kinase. First, 

hyperglycemia after glucose administration may lower glucagon level and raise 

insulin level in portal blood. These hormonal changes would result in the 

rapid increase in hepa'cic fructose-6-P,2-kinase activity. Second, glucose 

itself may activate fructose-6-P,2-kinase, as reported in Isolated hepatocytes 

from fasted rats or in he:?tocytes incubated with glucagon (19). Tine present 

observation that fructose-2,6-P2 was not decreased in non-ketotic diabetes 

might be explained by the glucose activation of fructose-6-P,2-kinase due to 

intrahepatic high glucose level. 

107 



Vol. 120, No. 1, 1984 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

Acknowledgements 

The autlnors are grateful to Dr. E. Furuya and Dr. !c. Yokoyama (Department 
of Molecular Physiological Chemistry, Osaka University Zedical School) for 

their encouraging advice. 
This study was supported in part by Grant-in-Aid for Scientific Research 

from the Ministry of Education, Science and Culture of Japan (1982-1983) and a 
research grant from the Muscular Dystrophy Association of U.S.A. (1982-1983). 

1. Van Shaftingen, E., Hue, L., and Hers, H.-G. (1980) Biochem. J. 192, 897- 
901. 

2. 
3. 
4. 

5. 

6. 

Furuya, E., and Uyeda, K. (1980) Proc. %atl. Acad. Sci. USA 77, 586I-5864. 
Furuya, E.,' and Uyeda, K. (1981) J. Biol. Chem. 256, 7109-7112. 
El-Xaghraoi, X. R., Claus, T. H., Pilkis, J., and Pil'kis, S. J. (1981) 
Biochem. Biophys. Res. Commun. 101, 1071-1077. 
Neely, P., El-Naghrabi, X. R., Pilkis, S. J., and Claus, T. B. (1981) 
Diabetes 30, 1062-1064. 
Kuwajima, M., and Uyeda, K. (1982) 3iochem. Biophys. Res. Commun. 104, 
84-88. 

7. Pilkis, S. J., El-Fcaghrabi, M. R., Pilkis, J., and Claus, Y. (1981) J. 
Biol. Chem. 256, 3619-3622. 

8, Gottschalk, X. E., Chatterjee, T., Edelstein, I., and Marcus, F. (1982) 
257, 8016-8620. 

9. 
10. 

and McGarry, J. D. (1983) New Engl. J. Med. 309, 159-169. 
But, H., Girard, J., and Leroux, J.-P. (1983) Metabolism 

11. 
12. 

J. Biol. Chem 
Foster, D. W. 
Demaugre, F., 
32, 40-48. 
Unger, R. H. 
Nuller, W. A. 
50, 1992-1999 

1971) N. Engl. J. Med. 285, 443-449. 
Faloona, G. R., and Unger, R. H. (1971) J. Clin. Invest. 

13. Uyeda, K., FuruyaF E., and Luby, L. J. (1981) J. Biol. Chem. 256, 8394- 
8399. 

14. 

15. 

16. 

17. 

- . 2.0. 

19. 

Richards, C. S., Yokoyama, M., Furuya, E.g and Uyeda, K. (1982) Biochem. 
Biophys. Res. Commun. 104, 1073-1079. 
Steiner, A. L., Parker, C. W., and Kipnis, D. 14. (1972) J. Biol. Chem. 
247, 1106-1113. 
Pilkis , S. J., Chrisman, T. D., El-Kaghrabi, X. R., Colosia, A., Fox, E., 
?ilkis , J., and Claus, T. H. (1983) J. Biol. Chem. 258, 1495-1503. 
Richards, C. S., Furuya, E., and Uyeda, K. (1981) Biochem. Biophys. Res. 
Zommun. 100, 1573-1679. 
Van Schaftingen , 3.P Davies* D. R., and Hers, B.-G. (1981) Biochem. 
Biophys. Res. Commun. 103? 362-368. 
Richards, C. S., and Uyeda, K. (1982) Biochem. Biophys. Res. Commun. 109, 
394-401. 

References 

108 


