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1. Introduction

The synthesis of tiver glycogen and the activity of
gycogen synthetase (EC 2.4.1.11) are strongly stimu-
luted hy giucose both in vivo [1,2], in the perfuszd
liver |3, 4] and in liver homogenates | 5. Glucaose,
besides being & substrate for glycogen synthesis, ap-
pears to activate glycogen synthetase phosphatase
(activatinz enzyme) by an uas yet incompletely charac-
terized mechanism [6] . Insulin and glucocorticoid
hormone also stimulate glycogen formation i vivo,
but it is not clear to what extent these hormones in-
teract and how their actions are related to the glucose
effect [6,7].

The availability <t intact parenchymal rat liver
cells inn large quantities [8--10] offees an opporturiity
to study the regulation of glycogen synthesis in a
wetl-defined in vitro system. These cells have previous-
iy been shown to respond to both glucocorticoid {11}
and polypeptide hormacne [12], and in the present
comumunication their capacity for glucese-stimulated
gycugen synthesis is demonstrated.

Abbreviations:
HEPES = V- 2-hy droxyethylpiperazine-V'-2-cthanesulfonic
acid; TES = N-Tris-thydioxy methyDmethyl-2-amino-
cthaneswlfonic acid; Tricine = N-Tes-Chydroyrymethyl)
methylgly cine.
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2. Materizls and methods

Male Wistar cats (Z250—300 g) were maintained on
a controlled feeding and illumination schedule {13]
untless otherwise stated. Suspensions of rat liver cells
were prepared by perfusion of ihe isolaied liver with
collagenase (hyaluronidase omizted) essentiaily as pre-
viously described [9, 10]. The parenchyrmal cells
were parified by differential centrifugation {11} angd
suspended at a concentration of 8--10 X 109 cells/ml
(80— 100 mg/mi) in suspension bufier, pfl 7.6 (37°)
of the following compaosition: 4.0 g NaCl, 0.4 g KCI,
015« KH,P04, 0.1 ¢ Nay80,4, 0.13 g MeCly-6 H5 0,
Q.18 gCaCl,-2H,0, 7.2 g HEPES, 6.9¢ TES, 0.5 ¢
Tricine, 2.1 g NaOH and 1,0 »d 1000 ml. The final -
yield of purified cells was in th-2 range 3(--50%; more
than 95% of the cells were parenchymnal, and 80—-90%
of these were intact by the trypan blue exclusion test.

0.5 ol aliquouws of cell suspeasion were pipctted
into 15 mt centrifuge tubes and incubated at 377 ina
gyvrarotatory shaker at 215 rpm. All added components
were in isotonic solution (280--290 mosM), and ihe
final incubation volume never exceeded 0.65 mi.
Reactions were stopped by the addition of 0.2 mi
1 0% perchloric acid (PCA}, and after two washings of
the precipitates with 0.5 ml 2% PCA at 4°, the com-
bincd PCA extracts were used for analysis of sceto-
acetate and f-hydroxybutyrate by eazymaltic methods
[14] and glucose and lactate as pieviously described
{13} - Glycogen was also completely extracted by
FC A, and coudd be precipitated by ethanol [15], hy-
drolyzed in .5 M H.S0, and determined as glucose.
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Fig_ 1. Glycogen synthesis by isolat=d parenchymul ezt liver
ceHs. Frashly prepared cells wera inzubunied in cuspeavion
butfer without plucase X —X—X} or with the followmyg cen-
centrations of glucose: 10 mM (a—--a—a), 20 mM (a-—-a—=)
35 mM (s —ea—a} or 70 mM (o—-o——c). The conwznt of gly-

cogen (A} and glucose (B) in the tedal system {cells + medi-
um) has bzen expressed as pmoles of plucose equivalents per
2 liver cells (wer weiphtl.

The PCA-precipitates were used for analysis of pro-
tein [13]. DNA and RNA [16] as previously de-
scribed. Wet weights were obtained from cell samples
pelieted by centrifugacion at 3000 rpm for 5 min.

Tnsulin {beef immsulin mono-component, lot no.
MC-0-1070) was a gifi from Novo. All other bio-
chemicals were purchased from Sigma.

3. Results

The liver cells used in these experiments were pre-
pared from animals taken at the end of a 16 hr fast-
ing period, when glycogen levzls are at a minimum
{17] . Giycogen is further br 'ken down during the
cell isolation procednur:, which involves perfusion, in-
cubation and several centrifugations in the absence
of substrate {altogether approx. 1 hr). Liver glycogen
at the beginning of an expe "ment was therefore tow
{< 1 zmolefg) or undetectable.

Liver cells incubated with glucose (0—70 mM) ac-
cumulated glycopgen in a dose-dependent manner (fig.
1A). The rate of glycogen formation at the higher
concentrations of gluconse (usually 50 mM) was in the
range 1530 pmoles/g per hir, which is comparabie to
rates found iz vivo [1] and in the perfused liver [3].
In the absence of added glucose, no glycogen was
synthesized. Instead the liver formed elucose at a rate
of 57 umoles/g per hr, which is only about 5% of
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: Table 1
Effect of glucose a the metabolism of isofated rat liver colfs,

Metaboiic

chang: )

0-90 min (pmoles/g)

T — Glucose + Glucose

Glucose +105 £ 1.1 (9) —86.2 t158 (I0)
Glycogen
{1as glucose) Undetectable +250 = 2.4 (16
Lactate + 33 £ 0.7 (5) +22.0 =z D9 (5
Ketones
{acetoacetate
+ g-hydroxy-
hityrate) +36.4 = 19 (5) +326 = 1.2 B

Final value at 90 min (mg/g)
DNA [.83+ 0.03(5) 174+ 005 (5
RNA 11.2 &+ 0.3 (5) 115 £ 0L (5
Protein 261 1l 3y 285 7 (5}

Freshly prepared parenchymal rat uver cells were incubated
for 90 min in suspension buffer with or without S0 mM siu-
cose, and the metabolire levels of the total syster (cells

+ medium) were dieasured at O and 90 min. Metabolic
chunges dusing this period (+ denotes net accumuiation;

— demot=s net consumption) have been expressed in the ta-
hile as gmoles per g liver celiis {(mean + 5.E.} with the number
of incubated samples in brackets. The rontent of DNA, RNa
anda protein was measured at the end of incobation.

the glncopenic rate found in glycogen-containing per-
fused livers {13].

There was no measurable net consumption of glu-
cose by the hiver cells at glucose cancentrations be-
low 50 mM (fig. 1 B), which mnipht suppest that endog-
enous substrates rather than glucose were being usad
for glycopen synthesis. However, glycogen formaticn
accounted for anly 2--3% of the total plucosz pres-
ent in the system. which is within the limits of ex-
perimental variability . At SO mM glucose, a signifi-
cant net utilization of glucosz could usually be de-
tected, accompanied by a significant increase in lac-
tate formation {table 1), The rate of ketone body
formation was not affected by glucose at this concen-
tration, and the cellular content of DNA, RNA and
protein remained constant during 90 min both in the
presence and absence of glucose (table 1).

Glucose at 30 mM concentration pfies possible en-
dopenous substrate appeared to suppori near-maxi-
mal rates of glycogen synthesis, since fusther
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Table 2
Effects of cycloheximide and lactate on glycogen formation
in isniated rat fiver cells.

Significance
Substznee Glycogen formed of cffect by
added " (mmolesig) the 2-test
None 20.8 £ 2.9(5)
Lactate 221+ 28(5) N.S.
Cyctaheximide P <602

12.1 * 0.6 (5)

Freshils prepared parenchy mal 12l liver cells were Incubated
for 90 min in suspension buffer containing glucose (50 mM)
and lactate (5.6 mM) or eycloheximide (1 M) as indicated.
The amount of glycopen formed during the fncubation period
has been expressed 25 umoles (glucose equivalents) per g liver
cells t(mean & S.E,} with the number of incubated samples in
brackets.

provision of gluconeogenic substrate by the addition
of lactate (5.6 mM) did not affect glycogen foriua-
tion {table 2).

Glucose still stimulated glycogen synthesis in the
presence of cycloheximide (table 2), which means
thal new pratein synthesis is not necessary for this ef
fect, since cycloheximide at the concentration used
(1 mM) inhibils wrotein synthesis by 90% (unpub-
lished ohservacdion). However, the fact that cvelo-
heximide reduced glycogen accumulation by 40%
during 30 min indicates that protein components
with fairly rapid turnover may be involved in glucose-
stimulated plycopen synth:eéis.-

Insulin had no effect on glycogen formation in the
usual experimental system {table 3). The hormone
was ineffective over a wide concentration range, and
was also without effect when lower concentrations
of glucose were used. However, if cells were prepared
from rats starved for 3 days, a significant siimulation
of glycogen formation by insulin could be observed
at high concentrations of glucase {table 3). The rate
of plycogen formation both in the presence and ab-
sefice of insulin was conspicuously fow in these
starved cells, indicating a glycogen-synthetic lesion
(2.g. the loss of a rapidly turning over protein compo-
nent as mentioned abave) which was only partially
repaired by insulin.
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Table 3
Effect of insulin an elycogen formatior in liver cells from
starved and non-starved rats.

Significance
of insulin
Azvimal effect by the
ticatment Glycogen formed (umoles/g) r-tast
— Insudin + Insulin
Starved
T2hr 1.8+ 0.1(D) L1203 F <001
Non-
starved

41.8+32(3) 445+23(3) NS.

Freshly prepsred parenchymal rat liver cells were incubated
for 90 min in suspension buffer containing 50 mM glucose;
with or without insulin (5 X 16°% M). The amount of glyco-
gen formed during the incubation period has heen axprassed
as pmoles of glucose equivalents per g liver cells (mean * S.E.)
witl the number of incubated samplas in brackets.

4, Discussian

Glycogen synthietase, the rate-limiting enzyme in
glycogen formaticn, exists in an inactive phospho-
rylated form and an active dephusphorylated form.
Aciivation s catalvzed by the enzyme glycogen svn-
thetase phosphatase, the activity of which is subject
to control by glucose and hormones {6, 7] . Accord-
ing to Flers [6] this contrel is exerted at the level of
plycogen phasphorylase phasphatase, which catalyzes
the conversion of the active phosphorylasc a {phos-
photylated) to inactive phosphoryiase # (dephospho-
rylated), and thereby relieves the direct inhihition of
glycogen synthetase phosphatase by phosphorylase a.

The present study demonstrates that glucose stimu-
lates glycogen synthesis by a direct effect on paren-
chymai liver cells in the complete absence of hor-
mones and other exogenous agents. The glucoss ef-
fect does not require pretein synthesis, but the meta-
bolic lability of a participating protein which is indi-
cated by the partiai cyciohe ximide inhibition may ex-
plain why the glucose efiect almost disappears during
starvation. The labile component may be glycogen
synthetase phospl-aiase, which has been skown to dis-
appear during stz 1tion or cycloheximide treatment
in vivo [2] . Glucose restored the enzyme activity in
the starved animals; an effect which was blocked by
cycloheximide [2]. This i viva-etfect of glucose
mity have been caused by insulin release, since the
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hormone displays a similar effect — albeit of small {3t 1. Buschlazzn 1H. Exton and C.R. Park, Proc. Natl

mabmtude - tm glycogen synthes:s in 1solated hver Acad, Sci. U.S. 65. E{alS"l"ﬂ} 383,
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