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Abstract

 

The aim of this study is to determine if proglycogen and
macroglycogen are kinetically related in rat skeletal muscle.
Eight groups of anesthetized fasted rats (seven hepatic-
occluded and one nonoccluded) were intravenously infused
with [3-

 

3

 

H]glucose at a rate of 1.7 

 

m

 

Ci·min

 

2

 

1

 

 for 20 min. At
the end of infusion, hindlimb muscles were excised and rap-
idly frozen in liquid nitrogen. Proglycogen was extracted by
precipitation in 10% TCA; and macroglycogen as a part of
total glycogen by precipitation in 20% KOH-65% ethanol.
Along with the tracer, the occluded rats were also infused
with: saline (group 1); insulin at rates ranging from 5 to
50 mU·min

 

2

 

1

 

 (groups 2 to 5); and insulin at a rate of 10
mU·min

 

2

 

1

 

 plus glucose at rates of 10.2 and 20.4 

 

m

 

mol·min

 

2

 

1

 

,
respectively (groups 6 and 7). The infusion regimens re-
sulted in up to 30-fold difference in whole-body glucose uti-
lization among the rats. In the rats infused with saline and
insulin at a rate of 5 mU·min

 

2

 

1

 

, [

 

3

 

H]glucose was found to be
exclusively incorporated into proglycogen. Incorporation
into macroglycogen was found in the rats infused with insu-
lin at rates 

 

.

 

 10 mU·min

 

2

 

1

 

. Supplementary glucose infusion
increased the synthesis of [

 

3

 

H]proglycogen (four- to sixfold),
and equilibrated the two extractable forms of glycogen in
the insulin-infused rats. In the saline-infused nonoccluded
rats, only proglycogen was found to be labeled. In conclu-
sion, our data indicate that in the intact and hepatic-occluded
rats, proglycogen in the skeletal muscles may undergo syn-
thesis and degradation of its own more readily than ex-
change between itself and depot macroglycogen. (

 

J. Clin.
Invest. 

 

1997. 99:501–505.) Key words: proglycogen 

 

• 

 

macro-
glycogen 

 

• 

 

insulin 

 

• 

 

hepatic inflow occlusion

 

Introduction

 

Glycogen is generally thought to be heterogeneous in size with
a molecular weight range of 1 

 

3

 

 10

 

6

 

 

 

z

 

 1 

 

3

 

 10

 

8

 

 D (1). In 1990
Whelan et al. discovered a new protein-rich form of glycogen
in rabbit skeletal muscle, hence the name proglycogen (2).
Proglycogen was found to have a molecular weight of 4 

 

3

 

 10

 

5

 

 D
and its protein moiety, glycogenin, 3.7 

 

3

 

 10

 

4

 

 D (2–4). Glycoge-

nin was shown to be an enzyme catalyzing the synthesis of a
glycogen primer through a novel glucosyltyrosine linkage be-
tween glucose and tyr-194 of its own molecule (3). Proglyco-
gen appears to be similar in physical properties to a bound
form of glycogen known as desmoglycogen found by Willstät-
ter and Rhodewald in 1934 (5). The existence of the two pools
of glycogen was also suggested 20 years later by Stetten and
Stetten who injected rats with [

 

14

 

C]glucose, and found that the
specific radioactivity (SA)

 

1

 

 of bound glycogen to be consis-
tently higher than free glycogen in the liver and skeletal
muscle (1).

The discovery of proglycogen and glycogenin has led to
new insights into the regulation of glycogen metabolism tradi-
tionally known to be regulated at glycogen phosphorylase and
glycogen synthase by covalent modification (5). Proglycogen
was proposed to be the stable intermediate for the synthesis
and breakdown of depot macroglycogen (5). By converting
proglycogen into macroglycogen, tissue reserve of glycogen
can be expanded (5). The same purpose can be achieved, if
glycogenin copies can be increased in the cell through gene ex-
pression (5). The overall glycogenesis flux may also be regu-
lated by the self-glucosylating activity of glycogenin through
protein phosphorylation–dephosphorylation at a tyrosine resi-
due other than tyr-194 (5).

In view of these new findings, the aim of this study is to in-
vestigate how proglycogen and macroglycogen are kinetically
linked in rat skeletal muscle, and whether increases in the rate
of glycogen synthesis are associated with increases in macro-
glycogen reserve at the expense of proglycogen. Intact and he-
patic-inflow occluded rats (6) were used for this study. The in
vivo hepatic-occluded model separates the liver from systemic
circulation and allows whole-body glucose utilization to be de-
termined through changes in plasma glucose. It was found that
in this model whole-body glucose utilization can be varied by
as much as 30-fold, and glycogen synthesis measured by the in-
corporation of the intravenously infused [3-

 

3

 

H]glucose by as
much as 55-fold when insulin or insulin plus glucose was in-
fused into the rat. Proglycogen was extracted by precipitation
in 10% TCA (TCA-G), and macroglycogen as a part of total
tissue glycogen by precipitation in 20% KOH-65% ethanol
(KOH-G). The kinetic relationship between the two fractions
of glycogen (proglycogen and macroglycogen) was determined
by comparing the yield and specific radioactivity (SA) of the
two extractable forms of labeled glycogen.

 

Methods

 

Materials.

 

Bovine insulin (27.3 USP U/mg) was obtained from Sigma
Chemical Company (St. Louis, MO). [3-

 

3

 

H]Glucose (13.5 Ci·mmol

 

2

 

1

 

)
was obtained from Dupont-New England Nuclear (Wilmington, DE).
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Abbreviations used in this paper:

 

 GIR, glucose infusion rate; SA,
specific radioactivity.
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Dowex AG 1 

 

3

 

 8 and 50W 

 

3

 

 8 resins were obtained from BioRad
(Richmond, CA). Intramedic PE 10 cannulas were purchased from
Clay Adams (Parsippany, NJ). Enzymes for the determination of gly-
cogen and other metabolites were obtained from Boehringer Mann-
heim (Mannheim, Germany). RIA kit for insulin assay was obtained
from CIS Biointernational (France). All other chemicals were ob-
tained from Sigma Chemical Company.

 

Animal experiments.

 

The following animal protocols were preap-
proved by an institutional committee on animal experimentation at
the Chang Gung Medical College. Male Wistar rats (250–300 g) were
maintained individually in metabolic cages, and were allowed free ac-
cess to food (Purina rat chow) and water until the day before the ex-
periment when food only was removed (fasted for 

 

z

 

 20–24 h). Rats
were divided into eight groups: seven hepatic-occluded and one intact
(nonoccluded), each containing five individuals. All rats were anes-
thetized with ketamine (100 mg·kg

 

2

 

1

 

, i.p.) and were implanted with
two cannulas (Intramedic PE 10): one in the aorta for blood sam-
pling, and the other in the inferior vena cava for intravenous infusion
before the experiments as previously described (7). In the occluded
rats a laparotomy was also made and a piece of 4-O surgical silk was
placed loosely around the hepatic triads (portal vein, hepatic artery,
and bile duct) (6). The incision in the abdomen was covered with a
piece of saline-moistened gauze. The model is similar to the human
procedure of Pringle’s maneuver (8). After the surgery the animals
were placed on a thermal blanket (Harvard Apparatus) for body tem-
perature to be maintained at 37

 

8

 

C. The initial intraperotoneal dose of
ketamine was found to be sufficient to maintain the animals in the
anesthetized state throughout the experimental procedure, lasting
generally for less than 1 h.

The animals were injected intravenously with heparin (1,000
U·kg

 

2

 

1

 

). 0-time blood sample (0.5 ml) was taken from the arterial
cannula after 10 min. Thereafter, the silk loop around the hepatic tri-
ads in the occluded rats was tightened. During the next 20 min, the
seven groups of occluded rats were differently infused: group 1 with
saline; groups 2–5 with insulin at rates of 5, 10, 25, and 100 mU

 

?

 

min

 

2

 

1

 

;
groups 6 and 7 with insulin at a rate of 10 mU·min

 

2

 

1

 

 and supplemen-
tary glucose at rates of 10.2 and 20.4 

 

m

 

mol

 

?

 

min

 

2

 

1

 

. All infusates were
administered through the cannula implanted in the inferior vena
cava. The one group of intact rats, subjected similarly to ketamine-
anesthesia and surgical cannulation but without hepatic occlusion,
were intravenously infused with saline for 20 min. In all groups of
rats, [3-

 

3

 

H]glucose was also infused intravenously at a rate of 1.7

 

m

 

Ci·min

 

2

 

1

 

. [3-

 

3

 

H]Glucose was purified before use by passing through
tandem columns of Dowex AG 1 

 

3

 

 8 (1 ml) and Dowex 50W 

 

3

 

 8
resins (1 ml). The neutral effluents (10 ml) were freeze-dried, dis-
solved in saline, and stored in a 

 

2

 

30

 

8

 

C freezer until use. The concen-
trations of insulin in the infusion solutions were 65, 130, 325, or 649
mU·ml

 

2

 

1

 

. The solutions were delivered at a fixed rate of 0.077
ml·min

 

2

 

1

 

. The rates of insulin infusion were estimated to be 5, 10, 25,
and 50 mU·min

 

2

 

1

 

 in the rats. The infusion solutions for the two
groups of rats infused with insulin plus supplementary glucose con-
tained insulin at a concentration of 130 mU·ml

 

2

 

1

 

 and glucose at con-
centrations of 132 and 265 mM.

Blood (0.5 ml) was taken from the aorta at 5, 10, 15, and 20 min
during the infusion. Blood loss from the animals was replaced imme-
diately by transfusion using blood obtained from heparinized, fasted,
and ketamine-anesthetized donor animals (9). After 20 min, the gas-
trocnemius mass in the hindlimbs was excised and freeze-clamped im-
mediately in liquid nitrogen. The gastrocnemius group is predomi-
nantly a fast-twitch muscle comprising 70% fast-twitch and 30%
slow-twitch fibers (10). Therefore, results of this study do not discrim-
inate between the two fiber types, rather represent an average of the
total muscle. The anesthetized animals were sacrificed by opening the
chest through an incision in the diaphragm. Hindlimb muscles were
pulverized and stored in a 

 

2

 

80

 

8

 

C freezer until analysis.

 

Glycogen assays.

 

Frozen muscles (

 

z

 

 0.5 g) were weighed and ho-
mogenized in 5 ml of 10% TCA or 2.5 ml of a solution containing
20% KOH and 65% ethanol using a polytron. The TCA extracts

 

were centrifuged (800 

 

g

 

, 20 min) at 4

 

8

 

C and the supernatants dis-
carded. The pellets were washed twice with 10% TCA and once with
diethyl ether to remove residual TCA (2). After evaporating the re-
maining ether, glycogen in the precipitates (TCA-G) was hydrolyzed
in 1 N HCl (1 ml) at 100

 

8

 

C for 1 h (11). The hydrolysates were neu-
tralized with NaOH and centrifuged. The supernatants used for the
determination of radioactivity were 0.7 ml, and for the determination
of glucosyl units 0.02 ml, equivalent to extracts of about 0.4 and 0.01 g
of the muscle samples, respectively.

The KOH-ethanol extracts were incubated at 85

 

8

 

C for 15 min.
After centrifugation (800 

 

g

 

, 20 min), the precipitates were washed
twice with 1 ml chloroform:methanol (1:1 vol/vol; 12). The residual
organic solvents were evaporated, and glycogen in the precipitates
(KOH-G) was hydrolyzed in 1 N HCl at 100

 

8

 

C for 1 h (11). The
masses of the muscle samples used for the determination of radioac-
tivity and glucosyl units of KOH-G were as described above for
TCA-G. Glucosyl units in the glycogen hydrolysates were measured
by the hexokinase and glucose-6-phosphate dehydrogenase-linked
reduction of NADP

 

1

 

 (13). The solutions for the determination of ra-
dioactivity were mixed with 5 ml of scintillation fluid (Aquasol-2; Du-
pont-New England Nuclear). Radioactivity in counts per minute
(cpm) in the hydrolysates was determined in a Beckman 5000 TD
counter. The background radioactivity was 

 

z

 

 20 cpm. The raw data
for radioactivity counting in muscle glycogen samples, although low
in some instances (e.g., 

 

z

 

 250 cpm in saline-infused hepatic-inflow oc-
cluded rats), were significantly greater than background radioactivity.

 

Plasma glucose and insulin.

 

Plasma was deproteinized by 3.6%
perchloric acid (PCA). Glucose in the neutralized PCA extracts was
assayed spectrophotometrically by the hexokinase and glucose-6-phos-
phate dehydrogenase-linked reaction (13). Plasma insulin was deter-
mined by radioimmunoassay (14).

 

Statistics.

 

Data are expressed as means

 

6

 

SE. Significance of dif-
ference between TCA-G and KOH-G belonging to the same group of
animals was tested by paired 

 

t

 

 test. Significance of difference in
groups of animals treated with different doses of insulin or glucose
was tested by ANOVA or unpaired 

 

t

 

 test. Statistical significance was
indicated by 

 

P

 

 

 

,

 

 0.05.

 

Results

 

Hepatic occlusion.

 

Plasma glucose in fasted intact rats (no he-
patic occlusion) infused with saline remained constant at
5.4

 

6

 

0.4 mM (

 

n

 

 

 

5

 

 5) over the 20-min experimental period. In
contrast, plasma glucose in fasted hepatic-occluded rats in-
fused with saline decreased linearly from 5.8

 

6

 

0.3 mM to
4.0

 

6

 

0.3 mM (

 

n

 

 

 

5

 

 5) after 20 min. From the decline in plasma
glucose, whole-body rate of glucose utilization in a 300 g rat
was estimated to be 0.73 

 

m

 

mol

 

?

 

min

 

2

 

1

 

, assuming a blood vol-
ume of 54 ml

 

?

 

kg

 

2

 

1

 

 and hematocrit of 0.5 (15).
KOH-G which contained total tissue glycogen (proglyco-

gen 

 

1

 

 macroglycogen) in skeletal muscle of the hepatic-occluded
rats infused with saline was not significantly different from the
intact nonoccluded rats (occluded 29.8

 

6

 

2.5 vs. intact 31.0

 

6

 

2.0

 

m

 

mol glucosyl units·g

 

2

 

1

 

 wet weight, 

 

n

 

 

 

5

 

 5). TCA-G which con-
tained the protein-rich proglycogen in the two groups of rats
were also found not to be significantly different (occluded
13.9

 

6

 

1.0 vs. intact 13.0

 

6

 

0.2 

 

m

 

mol glucosyl units·g

 

2

 

1

 

 wet
weight, 

 

n

 

 

 

5

 

 5). Protein-rich proglycogen as a fraction of total
tissue glycogen was found to be about 45% in these two groups
of rats.

The incorporation of [3-

 

3

 

H]glucose into TCA-G (1,048

 

6

 

114 cpm·g

 

2

 

1

 

 wet weight) in the occluded rats was found to be
greater than KOH-G (620

 

6

 

85 cpm·g

 

2

 

1

 

 wet weight). However,
the difference between the two was not found to be statistically
significant (

 

P

 

 

 

5

 

 0.069). The similarity in yield of radioactivity
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between the two extractable forms of glycogen indicates that
all the radioactivity found in total tissue glycogen were from
protein-rich proglycogen, macroglycogen was not labeled.
The SA of TCA-G (78

 

6

 

12 cpm·

 

m

 

mol

 

2

 

1

 

 glucosyl units) was
3.7-fold greater than KOH-G (21

 

6

 

3 cpm·

 

m

 

mol

 

2

 

1

 

 glucosyl
units; 

 

P

 

 

 

5

 

 0.002).

 

Insulin infusion in the occluded rats.

 

Insulin was infused at
rates ranging from 5 to 50 mU·min

 

2

 

1

 

 to increase whole-body
glucose utilization and skeletal muscle glycogen synthesis. Be-
fore the infusion, plasma levels of insulin were found to be less
than 5 

 

m

 

U·ml21. At the end of infusion, plasma insulin levels
were found to be 1956190, 6086127, 12856240, and
11756371 mU·ml21, respectively (n 5 5), for rates of infusion
of 5, 10, 25, and 50 mU·min21. Plasma insulin levels in the lat-
ter three groups were found to be similar to or greater than
those reported for glucose utilization to be maximally stimu-
lated in awake intact rats (z 600 mU·l21; 15).

The incorporation of [3-3H]glucose into TCA-G and KOH-G
in hindlimb muscles of the insulin-infused hepatic-occluded
rats are shown in Table I. In the rats infused with insulin at a
rate of 5 mU·min21, labeled glucose was found to be incorpo-
rated exclusively into proglycogen (TCA-G 20576660 vs.
KOH-G 218661451 cpm·g21, n 5 5). The incorporation of
[3-3H]glucose (cpm·g21 wet weight) into TCA-G and KOH-G
increased as the rate of insulin infusion increased (Table I).
The yield of radioactivity in KOH-G in the rats infused with
insulin at rates . 10 mU·min21 was found to be significantly
greater than TCA-G by 48–58% (Table I), indicating label in-
corporation into macroglycogen. The increases in yield of ra-
dioactivity in the insulin-infused rats was paralleled with in-
creases in SA in TCA-G or KOH-G (Table I). In all four
groups of insulin-infused rats, SA of TCA-G was found to be
significantly greater than KOH-G (Table I). The degree of dif-
ference, however, diminished from 90% in the rats infused
with insulin at the lowest rate (5 mU·min21) to 20–40% in rats
infused with insulin at the three higher rates (Table I). While
the amount of TCA-G in the insulin-infused rats was found to
be unchanged, the amount of KOH-G was found to decrease
by about 20%, as compared to the saline-infused rats (Table I).

Infusion of insulin plus supplementary glucose. Supplemen-
tary glucose was also infused into the occluded rats infused
with insulin at a rate of 10 mU·min21. Plasma glucose concen-
tration in the rats infused with insulin alone declined from
about 5 mM to 2.160.3 mM at the end of infusion (Fig. 1). The
rate of whole-body glucose utilization estimated was 1.50
mmol·min21, about twofold greater than the saline-infused oc-

cluded rats. The infusion of supplementary glucose was an
attempt to restore plasma glucose to a constant level, a condi-
tion allowing whole-body glucose utilization to be measured
from the rate of glucose infusion (GIR; 15). A GIR of 10.2
mmol?min21 could not prevent plasma glucose from falling
(Fig. 1). At a GIR of 20.4 mmol·min21, plasma glucose could
be maintained at about 9.0 mM for 20 min in the hepatic-
occluded rat (Fig. 1), indicating a whole-body rate of glucose
utilization of this magnitude. The rate of glucose utilization in
the rats infused with insulin plus supplementary glucose was
about 30- and 14-fold greater than the rates estimated from the
decline in plasma glucose concentrations for the saline-infused
and insulin-infused rats, respectively. The rate of glucose utili-
zation estimated in this study for the hepatic-occluded rats
infused with insulin plus supplementary glucose was slightly
greater than GIR reported for pentobarbital-anesthetized in-
tact rats (10%), but was about 50% less than GIR determined
for awake intact rats by hyperinsulinemic-euglycemic clamp
(16).

The incorporation of [3-3H]glucose into the two extractable
forms of glycogen in the two groups of occluded rats infused
with insulin plus supplementary glucose are shown in Table II.
The yield of radioactivity (cpm·g21wet wt) in TCA-G in-
creased 6.2-fold and KOH-G 6.7-fold in the rats infused with

Table I. TCA-precipitable (TCA-G) and KOH-precipitable Glycogen (KOH-G) in Hindlimb Muscles of Fasted Anesthetized Rats 
Intravenously Infused with Insulin at Rates of (A) 5, (B) 10, (C) 25, and (D) 50 mU·min21 during a 20-min Period of Hepatic 
Inflow Occlusion

A B C D

TCA-G KOH-G TCA-G KOH-G TCA-G KOH-G TCA-G KOH-G

[3H] glycogen
(cpm·g21 3 1024)

0.2160.07 0.2260.15 0.3360.03 0.5260.05* 0.6360.07‡§ 0.9360.08*‡§ 0.5160.08‡§ 0.8160.10*‡§

Amount (mmol·g21) 13.261.0 24.962.1* 13.561.4 25.261.0* 14.160.6 26.360.3* 12.360.6 25.962.8*
SA (cpm·mmol21) 148635 79647* 247623 206621* 452646‡§ 354631*‡§ 474666‡§ 336670*‡§

Data are means6SE of five experiments. *P , 0.05 vs. TCA-G of the same treatment group, paired t test. ‡P , 0.05 vs. group A, §P , 0.05 vs. group
B, ANOVA.

Figure 1. Plasma glucose concentrations in the hepatic-occluded rats 
infused with insulin at a rate of 10 mU?min21 plus glucose at a rate of 
0 (d), 10.2 mmol?min21 (s), and 20.4 mmol?min21 (✕). Data are 
mean6SE of five experiments in each group.
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supplementary glucose (20.4 mmol·min21) as compared to the
rats infused with insulin alone (Tables I and II). The yield of
radioactivity in KOH-G was found to be significantly greater
than TCA-G (70%), indicating labeling of not only protein-
rich proglycogen but also macroglycogen in the skeletal muscle.

While the amounts of TCA-G in the rats infused with insu-
lin alone and with supplementary glucose (10 mmol·min21)
were not found to be different, the amount of KOH-G
(mmol·g21 wet weight) in the rats infused with the low dose of
supplementary glucose was found to be greater by about 20%
than the rats infused with insulin alone (Tables I and II).
KOH-G increased but not significantly in the rats infused with
the high-dose of supplementary glucose (20.4 mmol·min21).
The SA in both TCA-G and KOH-G in rats infused with sup-
plementary glucose increased fivefold and 5.5-fold, respec-
tively, as compared to the rats infused with insulin alone (Ta-
bles I and II). Unlike other groups of hepatic-occluded rats,
SA of the two extractable forms of glycogen in the rats infused
with supplementary glucose were found to become equili-
brated (Table II).

Label incorporation into TCA-G and KOH-G in intact
rats. The incorporation of [3-3H]glucose into TCA-G and
KOH-G in ketamine-anesthetized intact rats were also stud-
ied. Intact rats were infused with saline and [3-3H]glucose at a
rate similar to that for the occluded rats. The radioactivity in-
corporated into TCA-G and KOH-G were found to be identi-
cal (TCA-G 1,9706113 vs. KOH-G 20406272 cpm·g21 wet
weight, n 5 5), indicating incorporation of [3-3H]glucose exclu-
sively into TCA-extractable glycogen. The SA of TCA-G
(11968 cpm·mmol21) was about 80% greater than KOH-G
(6568 cpm·mmol21; P , 0.001, n 5 5, unpaired t test), reflect-
ing again the 1:2 ratio in glucosyl units between TCA-G and
KOH-G as was in the hepatic-occluded rats.

Discussion

Differential incorporation of [3H]glucose. In this report, the
metabolic role of proglycogen in rat skeletal muscle was stud-
ied. Proglycogen was extracted as protein-rich glycogen by
precipitation in 10% TCA (TCA-G) (2), while total tissue gly-
cogen containing both proglycogen and macroglycogen was
extracted by precipitation in KOH-ethanol (KOH-G; 12). The
two extractable forms of glycogen were labeled by [3-3H]glu-

cose infused intravenously for 20 min. The infused [3-3H]glu-
cose was found to be exclusively incorporated into TCA-G in
three groups of rats: (a) anesthetized intact rats infused with
saline, (b) hepatic-occluded rats infused with saline, and (c)
hepatic-occluded rats infused with insulin at a rate of 5
mU·min21. Macroglycogen in skeletal muscle in these three
groups of rats was not labeled, because the yields of radioactiv-
ity (cpm·g21 tissue wet weight) in TCA-G and KOH-G were
found to be identical.

The incorporation of [3-3H]glucose into macroglycogen, as
indicated by excess recovery of [3H]glycogen (cpm·g21 wet
weight) in KOH-G than TCA-G, became apparent in the he-
patic-occluded rats infused with insulin or insulin plus supple-
mentary glucose. Intravenous infusion of insulin at rates . 10
mU·min21 in the hepatic-occluded rats resulted in moderate
increases in the recovery of radioactivity in [3H]glycogen,
while the infusion of insulin plus supplementary glucose re-
sulted in maximal increase in the recovery of radioactivity in
[3H]glycogen in the present study. The SA, estimated by divid-
ing isotope yield of glycogen by tissue content of glycogen, was
found to be significantly greater in TCA-G than KOH-G un-
der moderate stimulation (Table I). Isotopic equilibrium be-
tween different fractions of tissue glycogen was found in the
rats infused with insulin plus supplementary glucose (Table II).

Metabolic roles of proglycogen and macroglycogen. Progly-
cogen has been proposed to be an intermediate for the synthe-
sis and breakdown of depot macroglycogen (5). The incorpo-
ration of [3H]glucose exclusively into TCA-G in fasted intact
rats anesthetized with ketamine and hepatic-occluded rats in-
fused with saline or low rate of insulin indicates that proglyco-
gen is the only fraction of tissue glycogen undergoing turnover.
That macroglycogen is metabolically inactive indicates that
there is no exchange between proglycogen and macroglycogen
under these conditions. Macroglycogen was recruited in mus-
cle glycogen turnover under conditions of moderate increases
in [3H]glycogen synthesis as in the insulin-infused rats. Further
increases in [3H]glycogen synthesis resulted in isotopic equilib-
rium between proglycogen and macroglycogen, indicating
exchange between the two forms of glycogen in the skeletal
muscle.

It has also been proposed that by converting proglycogen
to macroglycogen glycogen reserve in the muscle may be
greatly expanded as in glycogen supercompensation (5). In the
present study, muscle reserve of glycogen was found to change
in two occasions: (a) a decrease of 20% in KOH-G in the insu-
lin-infused rats compared to the saline-infused rats (Table I);
and (b) increases of 20% in KOH-G in the rats infused with in-
sulin plus supplementary glucose compared to the rats infused
with insulin alone (Tables I and II). In both situations, glyco-
gen contents in TCA-G were either found to be the same (in-
sulin-infused rats and rats infused with supplementary glucose
at a rate of 10.2 mmol·min21), or increased (supplementary glu-
cose at a rate of 20.4 mmol·min21). The former suggests that
macroglycogen only, not proglycogen is associated with the in-
crease in the turnover of macroglycogen, and the latter progly-
cogen is the site for the increase in glycogen deposition. These
data collectively indicate that increases in the turnover of mac-
roglycogen do not result in significant changes in glucosyl units
in proglycogen. The increases in macroglycogen turnover may
involve addition or subtraction of glucosyl units to and from
glycogen molecules in the weight range of 106–108 D.

The hepatic-occluded model. The hepatic-occluded rat model

Table II. TCA-precipitable (TCA-G) and KOH-precipitable 
(KOH-G) in Hindlimb Muscles in Fasted Anesthetized Rats 
Intravenously Infused with Insulin at a Rate of 10 mU·min21 
Plus Supplementary Glucose at a Rate of (A) 10.2 mmol·min21 
and (B) 20.4 mmol·min21 during a 20-min Period of
Hepatic Occlusion

A B

TCA-G KOH-G TCA-G KOH-G

[3H] glycogen
(cpm·g21 3 1024)

1.3960.03 2.7860.05* 2.0260.33 3.4460.61

Amount (mmol·g21) 14.060.9 33.761.6* 16.461.5 29.662.7*
SA (cpm·mmol21) 9796157 8256140 1,2006116 1,1396150

Data are means6SE of five experiments in each group. *P , 0.05 vs.
TCA-G of the same treatment group, paired t test.
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was selected, because we have found in this model that whole-
body glucose utilization and glycogen synthesis can be varied
greatly. Whole-body glucose utilization in the rats can be mea-
sured from the decline in plasma glucose, because endogenous
source of glucose from the liver is blocked. In trying to find a
GIR to maintain plasma glucose concentration at a constant
level, a strategy similar to the widely-used technique of eugly-
cemic clamp (15, 17, 18), we found that the selected rate of in-
fusion had to be substantially greater (14-fold) than the rate of
glucose utilization estimated from the decline in plasma glu-
cose in rats infused with insulin alone (Fig. 1). The difference
in rates of glucose utilization between the two groups of rats
may be overestimated and may be reduced to 2.5-fold, if glu-
cose distribution space instead of plasma volume was used in
rate calculation for the insulin-infused rats (19). A separate ef-
fect for glucose to stimulate whole-body glucose utilization in
the presence of hyperinsulinemia has been reported previously
by others (17, 18, 20, 21).

The hepatic-occluded model allowed the synthesis of [3H]gly-
cogen to be varied by more than 55-fold when treated with the
different infusion regimens. Because the SA of the precursor
pool (UDP-glucose) is not known, true rates of glycogen syn-
thesis can not be calculated. The SA of plasma [3-3H]glucose
has been suggested to be used as a substitute for UDP-glucose
(22). However, since our primary objective is to determine the
difference in labeling between the two forms of glycogen
within a wide-range of difference in glycogen synthesis in the
muscle, we did not pursue further rate calculation for glycogen
synthesis in this report.

Conclusion. In summary, our data indicate that proglyco-
gen is the only fraction of muscle glycogen undergoing synthe-
sis and degradation when the rate of glycogen turnover is low,
as are in the ketamine-anesthetized intact (nonoccluded) rats
and hepatic-occluded rats infused with saline or a low dose of
insulin (5 mU·min21). When the rate of glycogen synthesis in-
creases, however, macroglycogen is also recruited in glycogen
turnover. Initially, the precursors and products of macroglyco-
gen turnover involve only glycogen in the molecular weight
range of 106–108 D. Upon further increases in macroglycogen
turnover, glycogen molecules belonging to a lower weight
range are involved (proglycogen included), leading eventually
to equilibration in specific activities between proglycogen and
macroglycogen. Because glucosyl units in TCA-G (z 14
mmol·g21 wet weight) and the ratio between TCA-G and
KOH-G (40–50%) were found to vary within narrow ranges
under the present conditions, it is suggested that transition
from an inactive to an active state of proglycogen-macroglyco-
gen exchange in rat skeletal muscles is not associated with a
net conversion of proglycogen to macroglycogen.
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