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Autoregulation of Glucose Metabolism in the Isolated 
Perf used Rat Liver.* (32410) 
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Department of Pharmacology, Indiana University school of Medicine, Indianapolis 

Between 1850 and 1853, Claude Bernard 
described glycogen as a temporary storage 
form of carbohydrate, and the ability of the 
liver to maintain blood glucose levels in the 
absence of carbohydrate in the diet (1). Sos- 
kin in 1938 refined these observations and 
demonstrated that the dog liver would take 
up glucose when perfused with hyperglycemic 
blood, and would release glucose when the 
blood sugar was low( 2). Searle and Chaikoff, 
using the technique of measuring glucose ccm- 
centration and specific activity of C14 glucose 
in the b l d ( 3 ) ,  found that hyperglycemia 
inhi'bited glucose production. These observa- 
tions have been reconfirmed in both animals 
and man(4-7). 

In the present study autoregulation of 
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glucose production and utilization was in- 
vestigated using the isolated perfused rat 
liver, Livers from normal fasted, allo-ran 
diabetic, and adrenalectomized rats were per- 
fused with media containing glucose concen- 
trations varying from 0 to lo00 mg/100 ml. 
Both glucose production and utilization were 
determined. 

Materials and methods. Albino, male rats 
of the Wistar strain, obtained from Holtzman 
Co., weighed from 200-250 g. Animals were 
maintained on lab chow (Ralston Purina 
Company, St. Louis, Mo.) and water ad lib. 
Normal rats were fasted 24 hours prior to 
use. 

Rats were made diabetic by the injection 
of alloxan, (Eastman Organic Chemicals, 
Rochester, N. Y.),  40 mg/kg I. V.; and 
maintained on 4 units of protamine zinc in- 
sulin (Eli Lilly and Co., Indianapolis, Ind.) 
for 2 weeks prior to use. Insulin was with- 
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drawn 72 hours prior to removal of the liver. 
All blood sugars were above 300 mg/100 ml 
in the diabetic rats used. They were not 
fasted. 

Rats were adrenalectomized using pento- 
barbital anesthesia, and were maintained on 
0.9% saline as drinking water and regular lab 
chow fm 3-5 days prior to sacrifice. Food was 
wi'thdrawn 12 hours prior to removing  he 
liver. 

Livers were removed using pentobarbital 
anesthesia and placed in a Miller perfusing 
apparatus (Metaloglass Inc., Boston, Mass.). 
The perfusing fluid was an Umbreit-Ringer 
medium containing KC1 5 mM, CaC12 1 mM, 
MgC12 0.5 mM, NaC1 121 mM and NaHC03 
25 mM. This medium also contained 4 pc 
glucose-U-CI4 (specific activity 115.5 mc/ 
mM) , sulfobromvphthalein 15 mg, Albumin 
3 g (Fraction V, Sigma Chemical Co., St. 
Louis, Mo.) and heparin 0.8 mg/1001 cc of 

medium. The medium was continuously gas- 
sed with oxygen 95 %, carbon dioxide 5 % .  

Perfusion for 30 minutes was allowed for 
the liver to stabilize. Sodium lactate 20  mM 
was then added to the medium, and the 
perfusion continued for 90 minutes. Results 
were discarded if the flow rate of medium 
was slow OT sulfobromophthalein clearance 
was below 0.25 mg/g liver/90 min. Samples of 
medium were #taken at  time zero, and each 
30 minutes and analyzed for glucose, specific 
activity of glucose, sulfabmmophthalein, and 
lactate. 

Glucose was measured using glucose oxidase 
(8). Glucose C14 was measulred by converting 
glmuwse to Ithe phenylosazolme, placed oa a 
planchet and counted on a gas flow counter 
(9). Lactic acid was determined by the en- 
zymatic method of Hohorst( 10) using lactic 
dehydrolgenase and DPN. Subfobromorphthal- 
ein concentration was determined on an 

TABLE I. Total Glucose Production, Net  Glucose Production (Output) and G l u c m  Utilization 
(Uptake) by Isolated Perfused Ra.t Livers. (Values a re  recorded as the  mean (Ti) and standard 

e rmr  of the mean (SEM) and are  expressed as pnoles/g wet Liver/SO min). 

No. of Initial glu- Total glucme Net glucoee Glucose 
livers cose cone, produotion, production, utilization, 

State of animal perfused mg/100 ml pm/g/90 min ,m/g/90 min Fm/g/9O min 

Normal fasted 3 

4 

4 

3 

4 

Diabetic not fasted 4 

3 

4 

4 

4 

Adrenalectomized 3 

3 
fasted 

2 

0 

50 

100 

180 

300 

0 

100 

300 

600 

1000 

0 

50 

100 

X 41.6 
SEM 7.9 
X 27.0 
SEM 4.0 
X 26.2 
SEM 4.1 
X 23.1 
SEM 6.2 
X 21.3 
SEM 2.7 
Y 58.5 
SEM 17.3 
X 71.2 
SEM 11.7 
X 21.4 
SEM 6.6 
X 25.8 
SEM 9.1 
X 27.0 
SEM 12.0 
X 16.7 
SEM 5.6 
X 1.6 
SEM 3.5 
X 8.0 
SEM 2.2 

- 

- 

- 

- 

- 

- 

- 

- 
- 

- 

I 

- 

- 

38.8 
7.2 

21.5 
4.9 

13.2 
4.3 
8.6 
4.4 

4.6 
52.7 
16.4 
57.1 
10.6 
7.7 
5.8 

(-)37.2 
15.7 

5.2 
15.9 

5.6 

1.8 

6.1 

(-)11.9 

(-)43.2 

(-) 8.5 

(-) 9.6 

2.8 
.8 

5.5 
1.1 

13.0 
3.9 

14.5 
1.8 

33.2 
7.1 
5.8 
1.1 

14.1 
7.0 

13.7 
5.5 

63.0 
10.9 
70.2 
6.8 

.8 

.1 
10.1 

5.7 
17.6 

3.5 
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aliquot of medium which was diluted, alka- 
linized, and absorption determined on a 
Beckman DU at  585 mp. 

Results of glucose metabolism were calcu- 
lated using the following formulae: 

Total glucose produetioil = net produetioil + utilization 

Net production = 
pmoles glucose 120 miii-pmoles glucose 30 mill 

Wt of liver 
Utilization = 

Total CPM C?' 30 inin- total CPM C1' 120 min 
Specific. activity C14  glucose at 30 rnin 
-__-I____ 

1 
Wt of ~ i v s  

Initial and final samples of liver tissue 
were analyzed for glycogen by the method of 
Good et d(  1 1 ) , and the sugars were measured 
by the method of Nelson as modified by 
Somogyi ( 1 2,13 ) . Net glucose production was 
corrected for the change in glycogen. 

Results. The results expressed as p moles/ 
g wet liver/90 min. are summarized in Table 
I. In the normal fasted rats glucose produc- 
tion varied firom 41.6 t 7.9 p moles/g/90 
min using an initial glucose Concentration 
of zero mg/100 ml to 21.3 t 2.7 p moles/g/ 
90 rnin at 300 mg/100 ml initial glucose con- 
centration. Utilization increased from 2.8 t 
0.8 p moles/g/90 rnin to 33.2 k 7.1 p moles/ 
g/90 rnin between 0-300 mg/lOo ml initial 
glucose concentration. The p i n t  at which 
total glucose production equalled g l u m  
utilization was at  an initial glucose concen- 
tration of 2 0 0  mg/100 ml. 

The rate of glucose utilization in the 
adrenalectomized rats (Table I) is almost the 
same as that seen in the normal fasted rat. 
The m a t  striking change observed in the 
adrenalectomized rats was 'the decrease in 
total glucose production. The point at  which 
glucose production equalled utilization was 
a t  an initial glucose concentration of 60 
mg/100 ml. 

Livers from alloxan diabetic rats exhibited 
a very !high sate of glucose production (58-71 
p moles/g/90 min.) with low initial glucose 
concentration in the medium (Table I). This 
is almost twice that found in the normal 
fasted rats. At an initial glucose concentration 

of 300 mg/100 ml glucose production in 
livers of alloxan diabetic rats fell to normal 
values and remained unchanged with further 
increases in mediium glucose Concentration. 
Glucose utilization in the alloxan diabetic 
liver was lower than normal with medium 
glucose concentration below 300 mg/100 ml, 
and then mse rapidly to very high values at 
the glucose concentration in the medium was 
increased. The point a t  which glucose pro- 
duction equals glucose utilization in the 
diabetic livers was 340 mg/100 ml. 

Discussion. The initial glucose concentra- 
tion at which glucose production equalled 
glucose utilimtion in the n m d  fasted mts 
was 2 0 0  mg/100 ml. This figure is in the same 
range as that observed by other investigators. 
Cahill et aZ( 14) found a value of 150 mg/100 
ml in the perfused dog liver, and Miller( 15) 
reported a value of 2 0 0  mg/100 ml in the 
jsolated perfused rat liver. The plasma glucose 
in n m a l  rats is maintained between 140- 
160 mg/100 ml. Thus, under basal conditions 
it might *be expected that glucose prcduotion 
would equal glucose utilization by the liver 
when the perfusion medium glucose was be- 
tween 140-160 mg/100 ml. In  rats starved 24 
hours, gluconeogenesis should be stimulated, 
and the activity of glucokinase decreased be- 
tween 18-550/0(16,17). Both factors would *be 
expected to contribute to the higher cross- 
over value of 2 0 0  mg/lOO ml observed in our 
experiments. 

The utilization of glucose observed in 
adrenalectomized rat livers was almost the 
same as that of the normal fasted rat. This 
would agree with the observations of Ashmore 
et d ( 1 8 )  that there is no decrease in the 
utilization of glucose and in the gluicokinase 
activity( 14) in adrenalectomized rats. The 
primary defect observed in hepatic metah- 
lixn following adrenalectomy m a mwked 
decrease in gluconeogenesis from lactate. 
Exton and Park( 19) using the isolated per- 
fused liver, have shown a decreased glu- 
coneogenesis from lactate in adirenalectomized 
rats. This metabolic block was overcome if 
fructme was used as the substrate. They con- 
cluded that in adrenalectomized rats, there 
was a metabolic block between lactate and 
the trime phosphate. Lewis et aZ(20) demon- 
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strated a decreased ability )to form glucose 
firom lactate in adrenalectomized phloridzin- 
n izd  rats. This decrease was overcome if 
the animals were treated with cortisone. 
Landau(21) has reported an increased glu- 
coneogenesis from lactate in liver slices taken 
from T a t s  treated with cortisone. However, 
Winternitz et  aZ(22) found no difference in 
metabolism of infused lactake in the adrenal- 
ectomized rat and the adrenalectmized rat 
treated with cortisone. Eisenstein et aZ( 23) 
have reported normal gluconeogenesis firom 
lactate and pyruvate in the isolated perfused 
liver from adrenalectomized rats. The 
present study would support the conclusion 
that adrenalectomy results in a decrease in 
gluconeogenesis from laotate. 

In livers of diabetic rats there is a rapid 
rise in utilization of glucose between 30@600 
mg/100 ml initial glucose concentrations. This 
rise in utilization of glucose was not ac- 
companied by a change in the glycogen con- 
tent of liver, and as mentioned above, all 
results were corrected for changes in hepatic 
glycogen contenlt. I t  is unlikely Ithiat the 
change in glucose utilization could  be due to 
the distribution of glucose, since in the rat 
(24) glucose distribution is almost com- 
plete in 8-10 minutes after injection. The 
first sample used in these calculations was 
taken 30 minultes after the perfusion was 
started, and the final sample 120 minutes 
after the perfusion was started. Furthermore, 
the liver is freely permable to glucose(25). 
Therefore, changes in glucose utilization in 
these alloxan diabetic rat livers could not 
be due to changes in glucose penetration into 
the cell. 

T'he rate af glucose utilization by the liver 
then must depend on its rate of phospho- 
rylation. The major enzymes normally con- 
sidered responsible for glucose phosphorylation 
to glucuse-6~hosphate (G-6-P) have been 
called hexokinases. These have been re- 
cently classified by Katzen(26) as type 1 
through type 4. The Km (glucose) for types 
1, 2 and 3 is 10-5, lo-* and respet- 
tively, which means that these enzymes h u l d  
be maximally sarturatd at very low gluu=avse 
concentrations in the medium ({below 18 mg/ 
100 cc). The increased utilization in these 

diabetic livers could not then be explained by 
a a g e  in hexokinase activity. Glumkinme 
(Kaitzen type 4, Krn [gluwe] M) has 
been shown to be markedly reduced in ac- 
tivity in diabetic 18ivers( 2 7-30). 1-d 
glucox utilization at high glucose concen- 
trations in these diabetic livers cannot be 
explained on the basis of glucokinase ac- 
tivity. 

Rafter (3 1 ) reported that gluwse could 
be phoshorylated with inorganic pyrophos- 
phate (PPi) if liver microsomes were added 
to lthe incubation medium. Hass et aZ(32) 
reported thBt glulcc>se-6qd-iospha~e (G-6- 
Pase) could phosphorylate glucose. Nordlie 
(33-35) has described a microsomal enzyme 
he called pyrophosphate glucose phospho- 
transferase whkh converts glucose to G-6-P 
in ithe presence of Ppi. He found this en- 
zyme's activity to be increased in diabetic 
rat livers; this has been confirmed /by Fisher 
and Stetten(38). Nordlie stated (personal 
communication) that the Km (glucose) for 
this enzyme was 110-120 mM in untreated 
alloxan diabetic rats and 90-100 mM in 
treated rats. Since this Km c o m p n d s  to a 
blood sugar of approximately 1800 mg/lOO 
ml it appeared unlikely that the present ob- 
servations could be explained on the basis of 
this enzyme. However, Stetten has recently 
published data (36,3 7 )  which indicate that 
inorganic pyrophosphatase, pyrophwphate 
glucose phosphotransferase and G-6-Pase are 
all the same enzyme. She had incubated PPi 
and glucose with microsmes varying the glu- 
cose concentration and measured the amount 
of inorganic phosphate (Pi) and G-6-P 
formed. At a glucose concentration of 0.02 M 
(corresponds 'to 360 mg/100 ml) 27% of 
PPi used goes it0 form G-6-P. Increased glu- 
cose utilization in the diabetic rat livers be- 
tween 300-600 mg/100 ml could then be ex- 
plained on ithe basis of this reaction. 

Stetten also has shown(36) (that PPi (the 
substrate) and G-6-P (the product) compete 
for the same enzyme. At a glucose mncen- 
tration of 0.05 M (900 mg/100 ml) Stetten 
found 45% of the PPi used goes to fom 
G-6-P. This might explain our observation of 
a plateau in glucose utilization between 6 0 -  
1000 mg,/100 ml. At ithis glucose concentra- 
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tion glucose and G-6-Pase could be in equi- 
librium. With our methods we would record 
no change in utiliization when glucose is in 
equilibrium with G-6-P. 

Summary. Rat livers perfused with 20 mM 
sodium lactate and increasing glucose con- 
centrations from 0 to loo0 mg/100 ml come 
to a p i n t  of equilibrium at which glucose 
production equals glucose utilization. This 
occurs with an initiaI glucose concentration 
of about 2 0 0  mg/100 ml in the normal fasted 
rat, 60 mg/lOo ml for the adrenalectmized 
rat and 340 mg/lOo ml for the alloxan 
diabetic rat. An increase in glucose Utilization 
was observed in diabetic livers )bettween 300- 
600 mg/100 ml. This is thought to be due 
to the action of pyrophosphete phospho- 
tmnsferase. There was a plateau in glucose 
utilization in diabetic livers between 600-1000 
mg/loO ml initial glucose concenltration in 
the medium, and it is thought this represents 
an equilibrium between glucose and glucose-6- 
phosphate. 
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