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SUMMARY

Maximum DNA synthesis occurred later after partial
hepatectomy in mouse liver than in rat liver, and there was a
similar delay in maximum glycogen depletion. The decline in
activities of glycogen synthetase and phosphorylase did not
parallel changes in glycogen concentration in the regenerating
rat liver, being less pronounced and occurring later after partial
hepatectomy. The glycogen concentration of two slowly
growing hepatomas (96l8A and 7787) was greater than in the
rapidly growing hepatomas examined (5123tc and 7777). In
vitro assays of tumor glycogen synthetase activity showed a
decrease to less than 25% of the activity in normal or host
liver. On addition of glucose 6-phosphate this change was less
marked, and in the slowest growing hepatoma (9618A) there
was no significant difference in activity. Glycogen
phosphorylase activity was decreased in the hepatomas, and,
most noticeably in the rapidly growing hepatomas. there was
an increase in the stimulation of activity by AMP. The effect
of cysteine on glycogen phosphorylase activity in the rapidly
growing hepatoma 7777 differed from that in rat liver or
gastrocnemius muscle. Acid a-glucosidase activity was
increased in the rapidly growing hepatomas but not in
regenerating rat liver. It was concluded that glycogen
metabolism in slowly growing hepatomas more closely
resembles that in normal rat liver than does glycogen
metabolism in rapidly growing hepatomas.

INTRODUCTION

The correlation of molecular changes with the growth rates
of tumors has been used as an experimental approach for
identification of factors which may control cellular
proliferation in neoplasia (24, 27). In such comparisons, some
aspects of metabolism may appear greatly changed in tumors,
irrespective of the growth rate. Early studies on glycogen levels
in transplantable rat hepatomas showed low levels in all the
tumors examined (21 , 24). A decrease in glycogen
concentration has also been observed in the regenerating rat
liver (7, 8, 12, 19). In the latter system, the lowest values were
found during the 1st 24 hr after partial hepatectomy, and
significant decreases were not seen in sham-operated animals.
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This fall in glycogen concentration preceded maximum rates
of DNA synthesis (19). The observation that the peak of DNA
synthesis occurs later in the mouse than in the rat after partial
hepatectomy (1) suggested an experimental model in which to
examine a possible inverse relationship between DNA synthesis
and glycogen concentration. In the regenerating liver of the
rat, determinations of glycogen synthetase and phosphorylase
revealed decreased activities 5 days after partial hepatectomy
(3). It was of interest, therefore, to examine the activity of
these enzymes at shorter times after partial hepatectomy,
when changes in glycogen concentration are greatest. The
induction of hepatomas with appreciable glycogen levels (10,
11) has provided the opportunity to study glycogen
metabolism in liver tumors which show large differences in the
accumulation of this metabolite. The purpose of this
investigation was to examine the correlation of glycogen
concentration and related enzyme activities with the growth
rate of regenerating liver and liver neoplasms.

MATERIALS AND METHODS

Animals. All animals were males, kept in separate cages
which were illuminated from 6 a.m. to 7 p.m. Water and food
(Wayne Lab-Blox) were available ad libitum. Experiments on
regenerating liver were performed with C3H/HeJ mice (20 to
27 g) and Sprague-Dawley rats (1 75 to 225 g) by removal of
approximately 66% of the liver (6). In sham operations, the
liver was exposed but no portion was excised. The tumors used
included hepatoma 9618A, generation 6; hepatoma 7787,
generations 15 and 16; hepatoma 5123tc, generation 99; and
hepatoma 7777, generations 66, 68, and 69. All of the tumors
were transplanted bilaterally s.c. in Buffalo rats. The biology,
histology, and growth properties of the tumors were described
previously (10, 11).

Reagents. Thymidine-methyl-3 H was purchased from New
England Nuclear (Boston, Mass.). UDP@ C was
obtained from International Chemical and Nuclear Corp.
(Irvine,Calif.).

Preparation of Tissues and Assay Methods. Animals were
kified between 10 and 11 a.m., and tissue homogenates were
prepared as described previously (7). In studies on DNA
synthesis, mice received i.p. injections of thymidine-methyl-3 H
containing 1 @zmole/ml(specific activity, 10 pCi/@zmole). The
solution contained 0.1 5 M sodium chloride. Injections of 0.1
ml of solution per 10 g body weight were given, and the
animals were killed after 60 mm. DNA extraction, assay, and
radioactivity determinations were performed as described
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previously (27), except that the amount of tissue and volumes
of solutions were reduced to one-fourth. The system had a
counting efficiency of approximately 30%. The procedure of
Roe and Dailey (1 6) was followed for glycogen
determinations, and protein was assayed by the method of
Lowry et aL (9). Enzymes were assayed at 37Â°with freshly
prepared tissue homogenates. Glycogen synthetase (UDP
glucose:glycogen a4-glucosyltransferase) was assayed in the
presence and absence of 7 mM glucose-6-P by the procedure of
Vifiar-Palasi Ct a!. (23). Determinations of the activity of
glycogen phosphorylase (a-i , 4-glucan:orthophosphate
glucosyltransferase) were made in the presence and absence of
1.5 mM AMP (4). The activities of acid a-glucosidase
(a-D-glucoside glycohydrolase), with maltose as the substrate,
and glucose 6-phosphatase were assayed by the procedures of
Hers (4).

Expression and Evaluation of Results. Data are presented as
the mean Â±S.E. of a stated number of experiments. Each
experiment represents duplicate determinations on 1 animal.
The results were subjected to statistical evaluation by the t test
for small samples. Differences between means with a
probability of less than 5% were considered to be significant.

RESULTS

The mean value for incorporation of thymidine-3 H into
DNA was significantly increased 24 hr after partial

hepatectomy, reaching a level 23 1% of that in control mouse
livers (Chart 1). The maximum DNA synthesis was seen 48 hr
after partial hepatectomy, when the incorporation was over 40
times greater than control values. By 72 hr, the incorporation
was a little under 20-fold of control values. There was no
significant change in sham-operated mice. The glycogen
concentration decreased significantly in sham-operated and
partially hepatectomized mice 24 hr after the operation to 58
and 41%, respectively, of that of the control animals. There
was a further decrease in glycogen concentration in
regenerating liver at 48 hr but not in the sham-operated
animals. At 72 hr after partial hepatectomy, the glycogen level
was 18% of control values, whereas the sham-operated animals
had a mean glycogen concentration which was not
significantly different from that of the normal liver.

The glycogen concentration in the hepatomas was
significantly less than that in the host livers for all tumors
examined (Table 1). The concentration was very low in the 2
rapidly growing hepatomas (5123tc and 7777) but was
approximately one-half and one-fourth of that in the
respective host livers for the slowly growing 9618A and 7787
tumors. All of the host livers had glycogen concentrations
above 20 mg/g tissue except that of 1 animal bearing
hepatoma 5123tc, which had a value of 2.7 mg/g tissue. The
hepatomas had significantly lower protein concentrations than
did the respective host livers. A decreased protein
concentration has frequently been observed in liver tumors
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Chart 1. Glycogen concentration and thymidine-3H incorporation into DNA of mouse liverafter sham operation or partial hepatectomy. Mean

glycogen concentrations and S.E.'s are given for 7 to 14 animals; for thymidine-' H incorporation, the S.E.'s are for 5 to 7 animals. Values for
regeneratingliverare so designated;unmarked curves, liversfrom sham-operatedmice.
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Tissue sourceConcentration

(mg/g tissue)ofGlycogenProteinHost

liver
9618A
7787
5123tc
7777

Hepatoma
9618A
7787
5123tc
777734.8

Â±2.5 (6)a
37.3 Â±3.6 (5)
33.4Â±11.0(5)
50.8 Â±0.7 (2)

17.0 Â±2.6 (6)
9.3 Â± 1.3 (6)
0.3Â± 0.1(7)
0.6 Â±0.1 (6)246

Â±10 (6)
243 Â±6 (8)
211Â± 3(6)
195 Â±7 (7)

175 Â±7 (6)
215 Â±7 (8)
153Â± 1(7)
139 Â±3 (9)

Hr after
partial

hepatectomyGlycogen
concentration
(mg/g tissue)GlycogensynthetaseGlycogen

phosphorylaseWithout

glucose-6-PWith glucose-6-PWithout AMPWithAMPControl

4
12
24
48
72

120
16853.8

Â±3.5 (5)a
1.0 Â±0.5 (4)

11.7 Â±3.2 (4)
9.6 Â±2.4 (9)

19.4Â±2.2(14)
20.5 Â±2.2 (7)
34.9 Â±1.8 (3)
47.7 Â±2.6 (7)2.69

Â±0.21 (5)
2.58 Â±0.38 (5)
2.69 Â±0.25 (4)
1.81 Â±0.49 (5)
1.56Â±0.22(4)
1.47 Â±0.22 (4)
1.37 Â±0.04 (3)
1.52 Â±0.38 (7)9.21

Â±1.17(5)
8.00 Â±0.95 (5)
7.01 Â±0.73 (4)
7.18 Â±0.99 (5)
7.62Â±1.40(4)
7.01 Â±0.74 (4)
7.24 Â±0.35 (3)
6.82 Â±0.59 (7)160

Â±15 (6)
140 Â±14 (5)
132 Â±12 (4)
147 Â±7 (3)
121Â± 5(3)
99 Â±5 (4)

107 Â±6 (3)
143 Â±10 (4)197

Â±17 (6)
165 Â±12 (5)
177 Â±7 (4)
172 Â±5 (3)
133Â± 5(3)
130 Â±11 (4)
141 Â±8 (3)
177 Â±4 (4)
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(27). The lbwest protein concentrations were observed in the 2
rapidly growing hepatomas.

In the regenerating rat liver, the lowest glycogen levels were
observed during the 1st 24 hr after partial hepatectomy, but in
vitro assays revealed no significant changes in glycogen
synthetase or phosphorylase activities during this time (Table
2). In the absence of added glucose-6-P, the glycogen
synthetase activities were significantly decreased in the
regenerating rat liver at 48 hr, and the lowest activities were
found at 120 hr after partial hepatectomy (51% of mean
control values). No significant change in glycogen synthetase
activity was observed in the presence of glucose-6-P. Decreased
glycogen phosphorylase activities were seen at 48, 72, and 120
hr after partial hepatectomy, and the lowest activities were
seen at 72 hr. The ratio of glycogen phosphorylase activities in
the presence and absence of added AMP showed little change
in the regenerating rat liver.

In the absence of added glucose-6-P, the glycogen
synthetase activities in the hepatomas were less than those in
host livers (Table 3). This was also the case in the presence of
added glucose-6-P, except for rats bearing hepatoma 96l8A, in

Table 1
Glycogenand protein concentration ofrat liver and hepatomas

All valuesare means Â±S.E.

which the activities were in the same range. Although the
highest glycogen synthetase activities were found in the most
slowly growing hepatoma (9618A), the low activities seen with
hepatoma 7787 precluded a conclusion that glycogen
synthetase activity showed a consistent inverse correlation
with tumor growth rate. Glycogen phosphorylase activities
were lower in the hepatomas than in host livers, with the
lowest activities in the 2 rapidly growing hepatomas (5123tc
and 7777). The percentage of increase in glycogen
phosphorylase activity caused by AMP was greater for
hepatomas than for host livers and increased with the growth
rate of the tumor. In the most rapidly growing hepatomas
examined (hepatoma 7777), AMP caused a doubling of
glycogen phosphorylase activity.

In discussing the increased response of glycogen
phosphorylase activity to AMP in the AH-l30 rat ascites
hepatoma, Takeda et al. (22) considered the possibility that
this change might be due to a transition from a liver-type to a
muscle-type phosphorylase. This transition would be
analogous to the isoenzyme changes seen for hexokinase,
aldolase, and pyruvate kinase. The lack of response of liver
glycogen phosphorylase to cysteine (20) suggested a method
of comparing the hepatoma with the liver and muscle
enzymes. Hepatoma 7777 was selected for study as a rapidly
growing tumor that shows a marked change in the pattern of
hexokinase isoenzymes (7). The data presented in Table 4
show that without AMP addition the glycogen phosphorylase
activities of host livers and hepatoma 7777 showed little
change in the presence of 10 mM cysteine. With preparations
of rat gastrocnemius muscle, there .was a mean increase in
activity of 45%. After addition of AMP, the presence of
cysteine had a similar influence on host liver and
gastrocnemius muscle activities, which were unchanged and
stimulated 44%, respectively. On the other hand, there was a
consistent inhibition of glycogen phosphorylase activity of
hepatoma 7777 by 10 mM cysteine in the presence of AMP. In
a study with 1 tumor preparation at cysteine concentrations of
1, 3, 6, and 10 mM, it was observed that the degree of
inhibition was related to the cysteine concentration.

The activities of 2 hydrolases that have been implicated in

Table 2

a Figures in parentheses, no. of animals.

Glycogenconcentration and activities ofglycogen synthetase
and phosphorylaseofregenerating rat liver

All values are means@ S.E. Enzyme activitiesare expressed as @molesof substrate metabolized per min
per g of protein.

a Figures in parentheses, no. of animals.
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GlycogensynthetaseGlycogenphosphorylaseTissueWithoutWithWithoutWithsourceglucose-6-Pglucose-6-PAMPAMPHost

liver9618A3.15
Â±0.33 (3)a11.61 Â±1.29 (3)184 Â±9 (4)243 Â±22(4)77872.23
Â±0.33(4)7.78 Â±0.82 (4)154 Â±7 (5)196 Â±10(5)5123tc1.46
Â±0.05 (5)7.12 Â±0.23 (5)195 Â±13 (4)238 Â±13(4)77771.83
Â±0.23(4)8.83 Â±0.96(4)187 Â±17 (4)223 Â±19(4)Hepatoma9618A0.68Â±0.05(5)11.49Â±0.23(5)92Â±

10(4)135Â±14(4)77870.34
Â±0.07 (4)1.70 Â±0.27 (4)71 Â±12 (3)1 18 Â±16(3)5123tc0.15
Â±0.01 (5)3.86 Â±0.36 (5)31 Â±5 (5)55 Â±4(5)77770.41
Â±0.04 (5)4.34 Â±0.55 (5)52 Â±6 (5)108 Â±10 (5)

Tissue sourcePhosphorylase

activityWithout

AMP
or cysteineWith cysteine onlyWithAMP onlyWith

AMP
andcysteineHostliver(3)'@

Hepatomallll(4)
Gastrocnemius muscle (4)100

100
100108Â±

4
104Â±6
145 Â±20120Â±

3
201Â±18
990 Â±264118Â±

6
135Â±1

1427 Â±525

Tissue sourceGlucose 6-phosphataseAcida-glucosidaseHost

liver9618A53@9@3â€¢7(4)a1.12Â±0.12(5)778760.8

Â±4.0 (5)0.81 Â±0.04(4)5123tc45.0
Â±2.6 (6)0.96 Â±0.07(5)777767.0
Â±6.0 (3)1.14 Â±0.09(3)Hepatoma9618A31.1Â±4.4(4)1.77Â±0.18(5)778710.0

Â±1.4 (5)0.85 Â±0.03(3)5123tc9.0
Â±1.5 (5)3.52 Â±0.26(5)77770.0

(3)3.33 Â±0.01 (3)

M. A. Lea, P. Murphy, and H. P. Morris

Table 3
Glycogensynthetaseand phosporylaseactivities in rat liver and hepatomas

All values are means Â±S.E. Activities are expressed as pmoles of substrate metabolized per
min per g of protein.

a Figures in parentheses, no. of animals.

Table 4
Effect of cysteineon phosphorylaseactivity in rat tissues

All values are means Â±S.E. The activity in the absence of added AMP (1.5 mM) or cysteine

(10 mM)is represented as 100.

aFig@resin parentheses, no. of animals.

livers of Sprague-Dawley rats. No significant change in activity
was observed in regenerating liver at 24 and 48 hr after partial
hepatectomy. Except for hepatoma 7787, the acid a-
glucosidase activities per g protein were increased in the
hepatomas. The activities in hepatoma 9618A were not
significantly different from host livers when expressed per g,
wet weight, of tissue, but the activities in the 2 rapidly
growing hepatomas, 5123tc and 7777, were significantly
increased with the use of either basis for expression of activity.

DISCUSSION

An objective of this study was to determine whether an
inverse correlation exists between glycogen concentration and
growth rate of hepatic tissues. To some extent, the data in the
present report support the view that it does exist. The increase
in DNA synthesis after partial hepatectomy occurred later in
the mouse than in the rat, and there was also a delay in the
maximum depletion of glycogen. The glycogen concentrations

of hepatomas 9618A and 7787 indicate that this is a
parameter which may be classified as showing a correlation
with hepatoma growth rate, according to the molecular
correlation concept of Weber and Lea (27). The previous
classification of glycogen concentration as a parameter low in
all hepatomas arose from studies with more rapidly growing

Table 5
Glucose6-phosphataseand acid cr-glucosidase

activities in rat liver and hepatomas

a Figures in parentheses, no. of animals.

the etiology of glycogen storage diseases (4) are presented in
Table 5 . The values for glucose 6-phosphatase activities show a
tendency to decrease with increasing hepatoma growth, in
accord with earlier observations (24). There is appreciable
glucose 6-phosphatase activity in hepatoma 5 l23tc, although
the growth rate has increased considerably since the early
transplant generations prior to maintenance in tissue culture.
Other investigators have reported that glucose 6-phosphatase
activity is unchanged in regenerating rat liver (3, 25). Acid
a.glucosidase activities were similar in host livers and in normal
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hepatomas then available (24). However, in normal liver, a
decreased glycogen concentration occurs in a number of
situations in which there is no increase in growth rate, for
example with fasting or as a response to epinephrine
administration. On the other hand, in the late-term fetal liver,
glycogen accumulates under conditions of hepatic growth
(18).Theregenerativeresponsecanoccurin theratliver
without glycogen depletion if the animal receives a glucose
perfusion (19). This indicates that glycogen breakdown is not
an essential feature of this response when an alternative energy
supply is available. If the delayed acceleration of DNA
synthesis in the regenerating mouse liver results from a slower
breakdown of glycogen, it may be possible to hasten the
regenerative response by continuous glucose administration.

In this study, only 1 tumor-bearing rat had a very low
glycogen concentration in the host liver. The values for the
rats bearing rapidly growing hepatoma 7777 are consonant
with a normal liver glycogen concentration in healthy animals,
the animals gaining weight and bearing only small tumors. A
decrease in glycogen concentration in the livers of some
tumor-bearing rats (13, 15, 24) supports the view that tissues
in a tumor-bearing animal are subject to a factor or factors
influencing glycogen metabolism. Anorexia could be such a
factor and might vary with the location, size, or type of
tumor. The tumor itself could be subject to this influence. It
seemed appropriate, therefore, to compare glycogen
metabolism in the tumor with that in the liver of the same
animal rather than with the livers of nontumor-bearing rats.
Those rats bearing the most slowly growing tumors in these
experiments were 5 months older than the rats bearing
the most rapidly growing hepatomas. This difference in age
must be considered in a comparison of glycogen metabolism in
the host livers of rats bearing these 4 hepatoma lines.

An examination of the ratios of in vitro activities of
enzymes believed most important for the regulation of
glycogen metabolism, namely, glycogen synthetase and
phosphorylase, did not reveal a mechanism for the low
glycogen levels in regenerating liver and rapidly growing
hepatomas. Either other enzymes, such as branching and
debranching enzymes, are crucial in this process, or the
activity in vitro does not reflect the activity in vivo with
different concentrations of regulator molecules, such as glucose,
glycogen, inorganic phosphate, ATP, 5'-AMP, and cyclic
3',S'-AMP, which are known to control these enzyme activities
in the liver (5). There may be changes in the kinetic
characteristics of enzyme-catalyzed reactions in the tumors.
These alterations could be with respect to substrate, as shown
for phosphoglucomutase (26), or to the different regulator
molecules. The presence of normal acid a-glucosidase activity
in the regenerating rat liver indicates that increased activity of
this enzyme is not an essential feature of increased hepatic
growth. The elevated levels of this lysosomal enzyme in
hepatomas 5 123tc and 7777 may reflect changes in structure
or function of lysosomes in these hepatomas.

Glucose-6-P caused a greater stimulation of glycogen
synthetase activity in the hepatomas than in normal, host, or
regnerating liver. This is in contrast with data for the AH 130
rat ascites hepatomas, in which glycogen synthetase was
activated by glucose-6-P to a smaller degree than was the liver
enzyme (22). On the other hand, Saheki and Tsuiki (17)
observed a conversion of glycogen synthetase from the I to D

form, on incubation of these tumor cells in a
glucose-containing medium, which would result in a response
to glucose-6-P similar to that found in hepatomas in the
present investigation. Although hepatomas 5 l23tc and 7777
accumulate very little glycogen, they retain considerable
glycogen synthetase activity, particularly in the presence of
glucose-6-P. If the glycogen synthetase activity in the absence
of glucose-6-P is due to the dephosphosynthetase and if the
increase in activity caused by glucose-6-P results from a
phosphorylated form, which in the liver is completely inactive
in the presence of a physiological concentration of inorganic
phosphate (5), then one would expect little glycogen
synthetase activity in these hepatomas. However, the ratio of
glycogen synthetase activity in the presence and absence of
glucose-6-P was also high for hepatoma 9618A; yet the
glycogen concentration therein was much greater than in the
rapidly growing hepatomas. This suggests that in vivo either
there is an extensive dephosphorylation of glycogen synthetase
or the phosphosynthetase can be activated in this tissue.
Muscle glycogen phosphosynthetase is less sensitive to
inhibition by inorganic phosphate, and a preliminary report
notes a transition to nonhepatic isozymes of glycogen
synthetase in some liver neoplasms (28).

The stimulation of glycogen phosphorylase activity by AMP
was shown to be greater in Novikoff hepatoma (2, 14) and AH
130 rat ascites hepatoma (22) than in normal liver. In the
present study, the mean stimulation of activity by AMP was
23% in normal livers, from 21 to 32% in host livers, and from
10 to 34% in regenerating rat livers. The corresponding
increases in the hepatomas were as follows: hepatoma 96 18A,
46%; hepatoma 7787, 66%; hepatoma 5123tc, 77%; and
hepatoma 7777, 108%. Thus the effect is most pronounced in
the rapidly growing hepatomas, but even in hepatoma 7777
the stimulation of glycogen phosphorylase activity by AMP
was much less than the 890% increase seen with preparations
of rat gastrocnemius muscle. The effect of cysteine on
glycogen phosphorylase activity in hepatoma 7777 did not
support the hypothesis of a transition to a muscle-type
enzyme, but the inhibitory effect of cysteine in the presence
of AMP did suggest a difference from the liver enzyme. It is
possible that cysteine acted on one of the enzymes known to
regulate glycogen phosphorylase rather than on the enzyme
itself. It would be interesting to establish whether the
inhibitory effect is peculiar to cysteine or to other sulffiydryl
compounds.

It may be concluded that glycogen metabolism in slowly
growing hepatomas resembles that in normal liver more than
does glycogen metabolism in rapidly growing hepatomas. In
this respect, the trend in glycogen metabolism resembles that
for a variety of enzyme activities which several groups of
investigators have found exhibit greater changes in the more
rapidly growing hepatomas (27, 28).
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