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ABSTRACT: The relative roles of insulin and glucose in the 
regulation of hepatic glycogen synthase and phosphorylase 
were studied in hepatocytes from fed rats. Elevation of extra- 
cellular glucose led to a rapid decrease in phosphorylase a 
activity followed by a slower increase in glycogen synthase I 
activity. A reciprocal and coordinate relationship between 
phosphorylase inactivation and synthase activation in response 
to glucose was observed; following initial glucose-induced in- 
activation of phosphorylase, there was a highly significant 
linear inverse relationship between residual phosphorylase 
activity and glycogen synthase activation. Insulin led to a 

In the transition between the fed state and Deriods of short 
fasting, the net hepatic glucose output is determined by the 
reciprocal activities of glycogen synthase (UDPg1ucose:gly- 
cogen 4-a-glucosyltransferase, E C  2.4.1.1 1) and glycogen 
phosphorylase (1,4-a-D-gIucan-orthophosphate a-glucosyl- 
transferase, EC 2.4.1.1). The regulation of the activation and 
inactivation of both of these enzymes has been the object of 
intense investigation, particularly with regard to the roles of 
various hormones, including insulin, glucagon, and catechol- 
amines, and of glucose. 

Glucose has been recognized to be an important regulator 
of hepatic glucose output. This observation extends from the 
initial studies of Soskin et al. (1938) who noted that the level 
of glycemia controls, in part, net hepatic glucose uptake or 
output. This concept has been considerably extended, princi- 
pally by the investigations of Hers and Stalmans (Hers, 1976; 
Stalmans, 1976). These investigators have indicated a major 
role for glucose in the regulation of glycogen synthase and 
phosphorylase in the liver. 

Insulin has also been implicated as a major regulator of 
hepatic glucose output. The studies of Mortimore (1963) and 
Jefferson et al. (1968) demonstrated that, in the isolated per- 
fused liver, insulin acts to decrease hepatic glucose output. 
Miller & Larner (1973) have reported that insulin acts to 
promote glycogen synthesis by a direct activation of glycogen 
synthase. The study of insulin activation of hepatic glycogen 
synthase has been undertaken both in vivo (Bishop & Larner, 
1967; Gold, 1970; Bishop et al., 1971; Curnow et al., 1975; van 
der Werve et  al., 1977) and in the isolated perfused liver 
(Miller and Larner, 1973). However, both the quantitative 
contribution of insulin stimulation to glycogen synthase acti- 
vation and the locus of insulin action remain unclear. Fur- 
thermore, there are few reports of insulin modulation of hepatic 
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further decrease in phosphorylase activity and a 30-50% ad- 
ditional increase in glycogen synthase activity over that caused 
by glucose. The effects of insulin required the presence of 
glucose and served to augment acute glucose stimulation of 
glycogen synthase and inhibition of phosphorylase. Insulin did 
not perturb the reciprocal and coordinate relationship between 
phosphorylase inactivation and synthase activation in response 
to glucose. The results suggest that  the ability of insulin to 
activate hepatic glycogen synthase can be entirely accounted 
for by its ability to inactivate phosphorylase. 

phosphorylase activity (van der Werve et al., 1977; Curnow 
et al., 1975). 

Herein we report studies of the relative roles of insulin and 
glucose in the minute-to-minute regulation of hepatic glycogen 
synthase and glycogen phosphorylase in the isolated rat hep- 
a toc yt e. 

Materials and Methods 
Chemicals. Crude collagenase (type I, lot no. CLS45E059) 

was obtained from Worthington Biochemical Co. Rats were 
obtained from the Charles River Breeding Laboratories. Bo- 
vine serum albumin (lot no. 55C-0151), rabbit liver glycogen, 
uridine diphosphate glucose, glucose 1 -phosphate, and glucose 
6-phosphate were purchased from Sigma. Monocomponent 
pork insulin was a generous gift from Dr. J. Schlichtkrull of 
the Novo Research Institute. Minimal essential medium 
concentrated amino acids and vitamins were obtained from 
Grand Island Biological Co. Uridine diphosphate [U-14C] - 
glucose and a -~ - [U- l~C]g lucose  1 -phosphate were purchased 
from New England Nuclear. 

Experimental Procedures. Hepatocytes were isolated by 
collagenase perfusion of the isolated livers from male 
Sprague-Dawley rats fed standard laboratory chow ad libitum 
(Witters et a]., 1976). Following isolation and washing, the 
cells were suspended in minimal essential (ME)’ medium with 
5.5 m M  glucose, 25 m M  Hepes buffer, and 1% bovine serum 
albumin a t  a cell density of 5.0 to 10.0 X 106/mL. Cell via- 
bility, as assessed by trypan blue exclusion, was routinely 
85-95% and was maintained throughout the experiments 
performed. As judged by electron microscopy2 Kuppfer cells 
constituted less than 4% of the cell population. Freshly isolated 
cells were incubated a t  37 O C  under 95% 0 2 / 5 %  COz for 30 
min and were then reisolated by low-speed centrifugation (50 
X g for 2 min). The cells were resuspended into fresh medium 
without glucose and incubated for an additional 15 min prior 
to beginning experiments. 

Experiments were initiated by the addition of cell suspension 

Abbreviations used: M E  medium, minimum essential medium: Hepes. 
4’-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid: SEM,  standard 
error of the mean. * Kindly performed in the laboratory of Dr. Leonard Jarrett. 
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FIGURE 1: Percent glycogen synthase I and phosphorylase a with 30 mM 
glucose. The extracellular glucose concentration was increased acutely 
from 0 to 30 mM glucose. Aliquots of the cell suspension were withdrawn 
at various time points and processed for measurements of glycogen 
phosphorylase a,  glycogen synthase I, and total glycogen synthase (data 
not shown). 

to vessels containing either glucose or glucose plus insulin. At 
selected time points an aliquot of cell suspension was removed 
and immediately frozen in dry ice/acetone, after the addition 
of 0.1 volume of sucrose (0.25 M final concentration), N a F  
(1 50 mM),  and EDTA (5 mM). Subsequently, the suspension 
was rapidly thawed and immediately homogenized by brief 
sonication (75 W s, Sonifer Cell Disruptor, Branson Instru- 
ments). The homogenate was diluted into buffers appropriate 
for the assays of glycogen synthase and glycogen phosphoryl- 
ase. 

Glycogen synthase was assayed by the method of Thomas 
et al. (1968). The initial cell homogenate was diluted 1:l into 
a second buffer to achieve a final concentration of Tris-C1, 50 
mM, pH 7.80, NaF, 150 mM, EDTA, 5 mM, and sucrose, 0.25 
M. Glycogen synthase I was determined in the presence of 
Na2S04 (10 mM) and total synthase activity (D + I) in the 
presence of 10 mM glucose 6-phosphate. Total synthase ac- 
tivity which was unchanged throughout all experiments was 
0.861 f 0.052 (SEM) units where 1 unit equals 1 pmol of 
uridine diphosphate glucose incorporated into glycogen per rnin 
per g weight of pelleted hepatocytes. The results are expressed 
as percent synthase I (I activity/total activity X 100). 

Glycogen phosphorylase was assayed by the method of 
Stalmans & Hers (1975) as adapted to the filter paper method. 
The initial cell homogenate was diluted 1 volume to 3 volumes 
into a buffer to achieve a final concentration of P-glycero- 
phosphate, 100 mM (pH 6.50), sodium fluoride, 150 mM, 
EDTA, 5 mM, and sucrose, 0.25 M. The phosphorylase a re- 
action contained caffeine at  0.5 mM; under these conditions, 
phosphorylase b is totally inactive (data not shown). Results 
are expressed as units of phosphorylase a activity, where one 
unit equals one pmol of glucose 1-phosphate incorporated into 
glycogen per min per g of pelleted hepatocytes. 

I n  the present report, the term activation of glycogen syn- 
thase refers to an increase in glycogen synthase I activity and 
inactivation of phosphorylase to a decrease in phosphorylase 
a activity. 

Studies were carried out to assess the influence of the re- 
sidual glucose, amino acids, and vitamins from the M E  me- 
dium on the activities of both glycogen synthase and phos- 
phorylase a.  Direct comparison of homogenates prepared by 
the above method to homogenates obtained by initial pelleting 
of the hepatocytes with subsequent resuspension and homog- 
enization into the appropriate buffer yielded identical values 
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FIGURE 2: Glucose dose-response; percent synthase I and phosphorylase 
a. Cells were incubated in different glucose concentrations for 15  min; 
enzyme activities were measured as described in Materials and Methods. 
The results ( ISEM) represent five experiments with different cell prep- 
arations. The alteration in enzyme activity at each glucose concentration 
was compared statistically by Student’s t test with the activity observed 
at  the next lower glucose concentration; * indicatesp < 0.025 and ** p 
< 0.01. 

for percent synthase I and phosphorylase a.  The quick freeze 
technique of cell suspension permits rapid sampling during a 
minute-to-minute time course with measurement of the ac- 
tivities of both enzymes from a single cell homogenate. 

Statistical analyses were performed using Student’s t test, 
by linear regression analysis and by analysis of variance. 

Results 
Glucose Regulation of Glycogen Synthase and Phospho- 

rylase. When the glucose concentration of the cell suspension 
is acutely increased from 0 to 30 m M  (Figure 1) the first 
change demonstrable is a rapid fall in phosphorylase a activity 
commencing within the first minute and reaching an appar- 
ently stable plateau between 2 and 4 min. Synthase I increased 
more slowly, with a rise in percent synthase commencing at  5-6 
min, and reaching peak level at  15 min. Values returned to 
baseline by 30 rnin (data not shown). A similar temporal se- 
quence of phosphorylase inactivation followed by synthase 
activation in response to glucose has been observed at  all glu- 
cose concentrations studied between 10 and 50 mM. 

The dose-response relationship between glucose concen- 
trations and percent synthase I (Figure 2) demonstrates a 
linear increase in percent synthase I between 10 and 50 mM 
glucose. In contrast, phosphorylase a levels decline in a cur- 
vilinear pattern toward a level of one unit in response to in- 
creasing glucose concentration. 

Comparison of percent synthase I with the simultaneous 
value of phosphorylase a (Figure 3) at all time points between 
0 and 15 rnin in response to 0 and 30 mM glucose reveals two 
important relationships between phosphorylase a and percent 
synthase I. First, there appears to be a distinct “threshold” of 
phosphorylase a activity between 1 and 2 units a t  which syn- 
thase activation commences. In hepatocytes from fed rats, no 
activation of synthase in response to glucose is achieved if 
phosphorylase a activity is not lowered to these “threshold” 
levels. Second, below “threshold” levels of phosphorylase a ,  
there is a highly significant linear inverse relationship between 
residual phosphorylase a activity and synthase activation. 
Thus, below a certain “threshold” level of phosphorylase a,  
small changes in absolute phosphorylase a activity are ac- 
companied by large changes in synthase I activity. 

Insulin Regulation of Glycogen Synthase and Phospho- 
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FIGURE 3: Percent synthase I; relationship to phosphorylase a. Cells were 
incubated in  either 0 or 30 mM glucose and aliquots removed at 0, 2, 5, 
IO,  and 15 min in five experiments. All values of percent synthase I are 
plotted against the simultaneous values of phosphorylase a determined 
in the same homogenate. 

rylase. When insulin is introduced with glucose, a further in- 
crease in percent synthase I is observed as compared with that 
elicited by glucose alone. The time course of insulin stimulation 
of glycogen synthase (Figure 4) is identical a t  10 and 30 m M  
glucose with insulin stimulation emerging between 5 and 10 
min, and peaking at  10 and 15 min. All values returned to 
baseline by 30 min (data not shown). Half-maximal activation 
of glycogen synthase by insulin (at 30 m M  glucose) occurs a t  
an insulin concentration of 50-100 l U / m L  (data not shown). 
These levels a re  consistent with insulin levels achieved in the 
portal circulation under physiologic conditions. 

The interaction of insulin and glucose in the activation of 
glycogen synthase was studied a t  four different glucose con- 
centrations (Figure 5 ) .  While glucose is a potent activator of 
glycogen synthase, insulin contributes approximately one-third 
(20 and 30 m M  glucose) to one-half (10 m M  glucose) of total 
synthase activation. However, analysis of eight experiments 
performed at  zero glucose reveals no significant difference 
between insulin and control values for glycogen synthase I in 
hepatocytes from fed rats. Thus, insulin substantially augments 
the activation of glycogen synthase only in the presence of a 
concomitant stimulation by glucose. 

Because of the reciprocal relationship between phospho- 
rylase inactivation and synthase activation in response to 
glucose alone (Figures 1 and 3), the effect of insulin on phos- 
phorylase inactivation and its possible relation to the insulin 
stimulation of synthase were evaluated. Glucose produces a 
rapid and profound inactivation of phosphorylase; when the 
same glucose pulse is given with insulin, a further inactivation 
of phosphorylase due to insulin is observed. Though the abso- 
lute change in phosphorylase a activity due to insulin is small 
in  magnitude, insulin-induced inactivation of phosphorylase 
is observed at  both 10 and 30 m M  glucose (Figure 6) and is 
highly significant in both instances. However, in the absence 
of glucose, insulin has no discernible effect on phosphorylase 
a. 

Insulin inactivation of phosphorylase a t  10 and 30 m M  
glucose achieves significance after 10 and 15 min of hormone 
exposure (Figure 7) .  This time course is similar to that of in- 
sulin-induced activation of glycogen synthase (Figure 4). 

Thus, a reciprocal relationship between phosphorylase in- 
activation and synthase activation as seen in response to glucose 
alone is still observed in the presence of insulin plus glucose. 
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FIGURE 4: Insulin stimulation of percent synthase I; time course. At zero 
time, the extracellular glucose concentration of cell suspension was in- 
creased from 0 to 10 mM (upper panel) or 30 mM (lower panel) with or 
without insulin ( 1  mU/mL) introduced simultaneously; glycogen synthase 
I and total glycogen synthase (unchanged; not shown) were measured as 
described in Materials and Methods. Results are expressed as a percentage 
of zero glucose control ( fSEM) at each time point. The change in percent 
synthase I with glucose plus insulin to that with glucose alone was com- 
pared by Student's t test; * indicates p < 0.02 relative to glucose alone. 
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FIGURE 5: Insulin stimulation of percent synthase I;  relationship to glu- 
cose. Cells incubated in the absence of glucose were introduced into vessels 
to bring the final glucose concentration to 0, 10, 20, or 30 m M  with or 
without insulin ( 1  mU/mL).  Aliquots were taken at 15 min for assay of 
glycogen synthase I and total glycogen synthase (unchanged; not shown); 
results are expressed as percentage of zero glucose control ( G E M ) .  The 
response of glucose plus insulin (stippled bars) to glucose alone (hatched 
bars) at each glucose concentration was compared by Student's t test: * 
indicates p < 0.02 relative to glucose alone. 

In  order to evaluate the effect of insulin on this reciprocal re- 
lationship, we compared by analysis of variance the slopes of 
the regression lines generated in the presence of glucose alone 
(Figure 3) to that observed with glucose plus insulin at  all time 
points in six experiments. Such a comparison indicates that 
insulin does not significantly alter the relationship between the 
residual phosphorylase a and synthase I (glucose alone: y = 
-19.031 X +35.453; r = 0.6760; p < 0.0025; insulin plus 
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FIGURE 6: Insulin inactivation of phosphorylase a;  relationship to glucose. 
Cells incubated in the absence of glucose were introduced into vessels to 
bring the final glucose concentration to 0, I O ,  or 30 mM with or without 
insulin (1 mU/mL). Aliquots were taken at 15 min for assay of phos- 
phorylase a as described in Materials and Methods. The results are ex- 
pressed as the ratio of phosphorylase a activity in  the presence of glucose 
plus insulin to that in glucose alone (X 100) ( f S E M )  at each glucose 
concentration and the comparison evaluated by Student's t test; * indicates 
p < 0.02 relative to glucose control and NS, nonsignificance. 

glucose: y = -25.561 X +42.856; r = 0.8907; p < 0.005; 
analysis of variance of differences of slopes: 0.2 < p < 0.3). 
Thus, a t  phosphorylase a levels less than 1-2 units, small 
changes in phosphorylase a activity, such as those induced by 
insulin, a re  accompanied by large changes in synthase I. 

In the fed state, we have been unable to dissociate the two 
observed effects of insulin, activation of glycogen synthase and 
inactivation of glycogen phosphorylase. Insulin activation of 
synthase under all conditions studied is always accompanied 
by a concomitant inhibition of phosphorylase activity. 

Discussion 
These studies indicate that both glucose and insulin are 

major regulators of hepatic glycogen synthase and glycogen 
phosphorylase in hepatocytes isolated from fed rats. The data 
further demonstrate that the regulation by glucose and by in- 
sulin is interdependent, depending critically on the underlying 
reciprocal relationship of the activities of glycogen synthase 
and phosphorylase. 

Glucose regulation involves an  initial reduction of phos- 
phorylase a activity to a "threshold" level a t  which synthase 
activation commences. At  levels of phosphorylase a below this 
threshold, a strong linear inverse relationship between residual 
phosphorylase a activity and synthase I remains. A role for 
glucose as an important regulator of phosphorylase was first 
suggested by Cori et  al. (1943) and later amplified in studies 
of Helmreich and co-workers (1967). The present observations 
are consistent with the studies of Hers and Stalmans (Stalmans 
et  al., 1974a,b; Hue  et al., 1975). Based in part on studies of 
isolated enzymes in vitro, they have postulated that the level 
of phosphorylase a is a critical regulator of synthase activation, 
through phosphorylase a inhibition of synthase D dephos- 
phorylation. By this model, glucose binding to phosphorylase 
a increases the rate of dephosphorylation of phosphorylase a 
(Stalmans et al., 1974a). As phosphorylase (I levels fall, the 
inhibition of synthase D dephosphorylation is relieved with 
consequent activation to synthase I. While this model has been 
the most thoroughly studied with regard to the mechanism of 
glucose action, it does not exclude the possibility that glucose 
might in addition have direct effects to promote synthase ac- 
tivation independent of changes in phosphorylase. Hizurki & 
Takeda (1970) have suggested that glucose 6-phosphate might 
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FIGURE 7: Effect of insulin on phosphorylase a ;  time course. The extra- 
cellular glucose concentration of cell suspension was increased from 0 to 
10 mM (upper panel) or 30 mM (lower panel) with or without insulin (1  
mU/mL) introduced simultaneously. Phosphorylase a was measured as 
described in Materials and Methods. Results are expressed as percentage 
of glucose control G E M .  The change in phosphorylase a with glucose 
plus insulin to that with glucose alone was compared by Student's t test; 
* indicates p < 0.02 relative to control and NS, nonsignificance. 

directly promote the dephosphorylation of synthase D to the 
I form, based on studies of a partially purified synthase from 
bovine spleen. It is not clear, however, that this effect of glucose, 
6-phosphate is operative intracellularly in the presence of other 
effectors of enzyme activity. 

The present studies confirm earlier observations on the 
ability of insulin to activate hepatic glycogen synthase (Miller 
& Larner, 1973; Bishop & Larner, 1967; Gold, 1970; Bishop, 
1970; Bishop et al., 1971; Curnow et al., 1975; van der Werve 
et a]., 1977) but serve to extend and clarify the relative roles 
of insulin stimulation and glucose stimulation quantitatively, 
as well as suggest a locus of insulin action. Thus, insulin can 
exert a quantitatively major effect on synthase activation in 
comparison with glucose, Le., a 30-50% augmentation of the 
response elicited by glucose alone. The demonstration of this 
effect of insulin may depend critically on the conditions em- 
ployed. It is to be emphasized that insulin stimulation was 
observed in hepatocytes from fed rats, required the presence 
of glucose, and occurred during acute glucose stimulation of 
synthase. 

In addition, these studies demonstrate clearly that insulin 
can promote the inactivation of glycogen phosphorylase. There 
are a few published reports of the effects of insulin on hepatic 
phosphorylase. Curnow and co-workers (1 975) have demon- 
strated insulin-induced inactivation of phosphorylase in the 
liver of the rhesus monkey studied in vivo. Van der Werve and 
co-workers (1 977) observed a similar inactivation in the rabbit 
liver in vivo. In the present studies, insulin-induced inactivation 
of phosphorylase represents a further inactivation beyond that 
achieved by glucose alone. 

Insulin activation of glycogen synthase occurs following 
acute glucose-induced suppression of phosphorylase activity. 
This observation is consistent with studies in the rabbit liver 
in vivo of van der Werve and co-workers (1977) who noted 
insulin activation of glycogen synthase only when the con- 
comitant levels of phosphorylase a were low. The current data 
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demonstrate, in addition, that insulin promotes a further in- 
activation of phosphorylase beyond that achieved with glucose. 
Furthermore, insulin-induced glycogen synthase activation is 
not dissociable from insulin-induced phosphorylase inactiva- 
tion. The ability of insulin to further suppress phosphorylase 
activity a t  levels of phosphorylase a wherein relatively small 
changes in the latter activity are associated with large changes 
in synthase I suggests that the ability of insulin to activate 
hepatic glycogen synthase may be entirely accounted for by 
this hormone’s ability to inactivate phosphorylase. A second 
action of insulin to independently and simultaneously activate 
glycogen synthase cannot, however, be excluded. 

The effects of insulin on both hepatic glycogen synthase and 
phosphorylase appear to require the presence of glucose in the 
incubation medium. Insulin-induced alterations in either 
glucose entry or in glucose metabolism cannot be excluded as 
the basis for this observation; this possibility is currently under 
study. A second possibility is that insulin induces a stable 
modification in the substrate for glucose action, rendering it 
more sensitive to ligand-mediated alterations. Changes in 
covalent enzyme phosphorylation or dephosphorylation in- 
duced by insulin are one such possible modification. 

In summary, in hepatocytes isolated from fed rats, both 
insulin and glucose play major regulatory roles in the modu- 
lation of glycogen synthase and glycogen phosphorylase. 
Studies on the hormonal and substrate regulation of glycogen 
metabolism must consider the apparent obligatory relationship 
between the activities of glycogen synthase and glycogen 
phosphorylase. The present studies establish the characteristics 
of these enzymes in hepatocytes from the fed rat and serve as 
a basis for comparison with other tissues as well as a variety 
of other nutritional and disease states. 
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