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1. Hepatocytes from starved rats or fed rats whose glycogen content was previously
depleted by phlorrhizin or by glucagon injections, form glycogen at rapid rates when
incubated with 10mMm-glucose, gluconeogenic precursors (lactate, glycerol, fructose etc.)
and glutamine. There is a net synthesis of glucose and glycogen. *C from all three types
of substrate is incorporated into glycogen, but the incorporation from glucose represents
exchange of carbon atoms, rather than net incorporation. '4C incorporation does not
serve to measure net glycogen synthesis from any one substrate. 2. With glucose as
sole substrate net glucose uptake and glycogen deposition commences at concentrations
of about 12-15mM. Glycogen synthesis increases with glucose concentrations attaining
maximal values at 50-60 mM, when it is similar to that obtained in the presence of 10 mm-
glucose and lactate plus glutamine. 3. The activities of the active (@) and total (a+b)
forms of glycogen synthase and phosphorylase were monitored concomitant with glycogen
synthesis. Total synthase was not constant during a 1h incubation period. Total and
active synthase activity increased in parallel with glycogen synthesis. 4. Glycogen phos-
phorylase was assayed in two directions, by conversion of glucose 1-phosphate into
glycogen and by the phosphorylation of glycogen. Total phosphorylase was assayed
in the presence of AMP or after conversion into the phosphorylated form by phosphorylase
kinase. Results obtained by the various methods were compared. Although the rates
measured by the procedures differ, the pattern of change during incubation was much
the same. Total phosphorylase was not constant. 5. The amounts of active and total
phosphorylase were highest in the washed cell pellet. Incubation in an oxygenated
medium, with or without substrates, caused a prompt and pronounced decline in the
assayed amounts of active and total enzyme. There was no correlation between phos-
phorylase activity and glycogen synthesis from gluconeogenic substrates. With fructose,
active and total phosphorylase activities increased during glycogen synthesis. 6. In
glycogen synthesis from glucose as sole substrate there was a decline in phosphorylase
activities with increased glucose concentration and increased rates of glycogen deposition.
The decrease was marked in cells from fed rats. 7. To determine whether phosphorolysis
and glycogen synthesis occur concurrently, glycogen was prelabelled with [2-3H,1-14C]-
galactose. During subsequent glycogen deposition there was no loss of activity from
glycogen in spite of high amounts of assayable active phosphorylase.
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We have previously reported (Katz et al., 1976)
that hepatocytes form glycogen at rapid rates when
incubated with glucose, gluconeogenic precursors and
glutamine or several other amino acids. We have now
measured the activities of glycogen synthase and
phosphorylase in parallel with glycogen synthesis
from gluconeogenic substrates or from glucose. In
the present paper we describe the enzyme pattern
occurring during glycogen synthesis in cells from
starved and fed rats. Our results are at variance with
generally held concepts of the activation of these
enzymes.
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Methods

Preparation and incubation

To deplete liver glycogen of fed animals, the rats
were injected intraperitoneally with 1ml of carbonate
buffer (containing 50mg of phlorrhizin/ml)/100g
body wt. To prepare this buffered solution, the
phlorrhizin was suspended in 0.1 M-bicarbonate and
1M-NaOH was added until the pH of the solution
was 8.5-9. The rats had access to water and urinated
copiously with marked glycosuria. At 2h after
phlorrhizin injection they were injected subcu-
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taneously with 5ug of glucagon/100g body wt., and
anaesthetized 1h later. Starved rats were deprived of
food for 20-24h.

Hepatocyte preparation was as described by Katz
et al. (1978). The cells, usually 0.12-0.2 ml of packed
cells (20-30mg of protein), were incubated in a final
volume of 3ml (without albumin or gelatin) in 25ml
siliconized-glass Erlenmeyer flasks (incubation in
cylindrical vials or centrifuge tubes is unsatisfactory;
no glycogen synthesis occurs, presumably due to
inadequate oxygenation) gassed with O,/CO, (19:1,
v/v; Katz et al., 1975). The incubation was termi-
nated with HCIO,. The flasks were kept at 37°C for
1h to complete extraction of glycogen by 5% (v/v)
HCIO,. For enzyme assay, at intervals from 2 to
60min, the flasks were chilled in an ethanol/ice
bath, 1ml was withdrawn and delivered into HCIO,
and the rest was decanted into tubes kept on ice and
rapidly centrifuged in the cold. The pellet was frozen
in a solid-CO, bath and stored at —50°C.

Analysis

Glycogen in the HCIO, extract was determined
by a modification (Katz ez al., 1976) of the method of
Lust et al. (1975). Substrates were analysed as
described in the manual of Bergmeyer (1974).

Isotope methods

[2-3H]Galactose was synthesized as described by
Wals et al. (1976). Methods for the separation of
radioactively labelled compounds and their assay
were as described by Katz ez al. (1976, 1978). When
[U-1#C]glycerol was the substrate it was necessary
to separate [**C]glucose and substrate glycerol. The
neutralized HCIO, extract was passed through three
columns in tandem, with, beginning at the top,
Dowex 50 (H* form), Dowex-1 (acetate form), and
finally Dowex-1 (borate form) as materials respec-
tively in these columns (Katz et al., 1976, 1978). 3H,O
is recovered in the eluate. Amino acids are retained
by the top column, acids by the middle column, and
glucose and glycerol by the bottom column. Glycerol
is eluted with 0.02m-(NH,),B,0O- or 0.02m-K,B,0-.
Glucose was eluted with 0.2M-tetraborate or with
0.5M-acetic acid.

Phosphorylation of glucose was obtained from the
yield of 3HHO from [2-3H]glucose, multiplied by a
factor of 1.4 to correct for incomplete detritiation
(Katz et al., 1978).

Extraction of enzymes

The medium was 50mm-Tris/HCl, pH7.4, con-
taining 10mM-EDTA, 50mMm-NaF, S5mm-dithio-
threitol, and 0.5 9 glycogen (oyster glycogen purified
by passage through a mixed ion-exchange bed). The
frozen pellet was suspended in 10vol. of cold medium
and cells were disrupted with a Tekmar (Cincinnati,
OH, U.S.A)), or with a Brinkman Polytron homog-
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enizer. The extract was used for the assay of synthase
and phosphorylase, performed within the same day.

Assay of synthase

This was by the method of Golden et al. (1977).
Briefly, 25 ul of the above (uncentrifuged) extract was
added to 50 ul of a solution of 50 mm-Tris/HCl, pH 7.8,
containing 5mM-EDTA, 1% glycogen, 1.5mm-
UDP-[**C]glucose (0.124Ci/ml). The solution used
for active synthase assay was also 15mm in Na,SO,,
and that for total (a+b) synthase activity contained
no sulphate but 3mm-glucose 6-phosphate. The
incubation (at 37°C) and separation of the labelled
glycogen by anion-exchange resin was as described
by Golden et al. (1977). To increase radioactive
isotope incorporation and sensitivity the concen-
tration of UDP-glucose in our assay was chosen as
1mmM (Golden et al., 1977) compared with 5-10mm
in most conventional assays. The enzyme activity
determined in our assay is about half that obtained
at approximately saturating concentrations (10 mm)
of UDP-glucose. However, the patterns for both
active and total synthase measured at the two con-
centrations are much the same.

Assay of phosphorylase

This was assayed by two methods, in the direction
of glycogen synthesis from glucose 1-phosphate and
in the direction of glycogen phosphorolysis.

Synthesis of glycogen

This was essentially as described by Golden er al.
(1977). A portion (25ul) of the cell extract was added
to 50 ul of a solution containing 200mMm-NaF, 15 mm-
glucose 1-phosphate, pH 6.2, and 1.59; glycogen, and
0.12 uCi of [U-'*C]glucose 1-phosphate/ml. The final
pH was about 6.5. The solution used for phos-
phorylase a was also 0.75mM in caffeine, and that for
total (a+b) phosphorylase contained no caffeine but
7.5mM-AMP. Uncentrifuged homogenate was used,
but it was found that prior centrifugation had no
effect on the assay. The incubation (at 37°C) and
separation of radioactively labelled glycogen by
anion-exchange resin was as described above.

Glycogen phosphorylation

The cell extract was centrifuged. The procedure was
essentially as described by Thurston et al. (1974). In
a spectrophotometer cuvette (at 37°C) 10-20 ul of the
clear supernatant was added to 1ml of a solution
containing 50mM-imidazole/HCl (pH7.0), 10mm-
MgCl,, 0.5mm-EDTA, 0.5mM-KH,PO,, 0.5mm-
NADP* containing 1.5 units of phosphoglucomutase
and 1.5 units of glucose 6-phosphate dehydrogenase.
The mutase suspension was centrifuged at 12000rev./
min to free the enzyme from (NH,),SO, and the
pellet dissolved in 20mMm-Tris/HCI, pH7.0. For assay
of total phosphorylase the solution was 1 mmin AMP.
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Higher AMP concentrations did not cause further
stimulation, and 5mm was inhibitory. The reaction
was started by the addition of 20 ul of a solution of
49 glycogen. The reduction of NADP* was linear
after the addition for about Smin.

Activation of phosphorylase

In later experiments total phosphorylase was
assayed after activation with phosphorylase kinase
essentially by the method of Cake & Oliver (1969).
The homogenate was added to an equal volume of a
solution containing 10mM-ATP (pH7.0) and 10 mm-
MgCl, and 15 units of phosphorylase kinase (Sigma
Chemical Co., St. Louis, MO, U.S.A.)/ml and
incubated for 15min at 37°C. (We found that higher
concentrations of ATP and magnesium caused the
formation of a precipitate and enzyme loss.) Acti-
vation was virtually complete in 10min. The solution
was chilled and kept on ice for up to 2h before assay.

Expression of results

The defatted dry weight of the cells (Katz e? al.,
1976) was determined in each experiment. This
corresponds fairly closely to cell protein content. The
formation or uptake of substrates are expressed either
as umol/100mg of protein, or as umol/ml of packed
cells. Enzyme activities are expressed as umol/min
per ml of packed cells. Since the protein content of
liver is about 209, the data may be approximately
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converted from per 100mg of protein into per g wet
wt. by multiplying by a factor of 2. The protein
content of 1 ml of packed cells is 120-135mg, so that
the results can be converted into per g wet weight by
multiplying by 1.5. However these values refer strictly
to hepatocytes rather than whole liver.

Results

Comparison of methods of phosphorylase assays

Phosphorylase activity may be assayed either in the
direction of glycogen synthesis or in the direction of
phosphorylation. There have been relatively few
studies of the assay in the direction of phosphorolysis
and the two assays have been rarely compared. It has
been reported (Mezl & Knox, 1972) that the activities
determined in the direction of phosphorolysis were
10 times those in the reverse direction. It is by no
means certain that the two rates would be affected in
the same way by various conditions.

The assay of total (a+b) phosphorylase offers many
vexing problems. The K, of the a form for glucose
1-phosphate is 1-2mm, but that of the b form about
250mM without AMP and about 50mMm with AMP
(Tan & Nuttal, 1975). The K, can be further decreased
by high concentrations of several anions, but optimal
conditions of pH and salit appear to differ markedly
between species (Stalmans & Hers, 1975). In most
methods a concentration of the order of 50mm-

Table 1. Assay of rat liver phosphorylase by several methods
Hepatocytes were incubated without added substrate for 15 or 30min with or without glucagon (1 ug/ml). Conversion
was with phosphorylase kinase (see the text). Caffeine and AMP, when present, were 0.5 and 5mM respectively. For
liver, animals were anaesthetized with barbital and livers were frozen with solid-CO,-cooled aluminium tongs. Results

for liver are averages for two separate livers.

Incubation Phosphorylase activity (umol/min per ml of packed cells)
(min) Glucagon - - -~ ~
Glycogen — glucose
Method of assay Glucose 1-phosphate — glycogen 1-phosphate
(isotopic) (spectrophotometric)
Conversion with phosphorylase kinase No Yes ! No Yes
o -~ S —t— ———

Addition of caffeine ... — + - - + + - - - -

Additionof AMP ... — -— + - - + - + -+
Procedure ... a b c d e f b/ g h i i gl

(V) (VA

Hepatocytes of 0 — 44 44 63 82 72 92 48 1.8 23 23 28 65
starved rat 15 - 23 16 40 50 38 6.6 24 0.56 096 091 14 39
15 + 51 50 58 77 67 89 56 1.8 22 21 25 83
Hepatocytes of 0 - 70 68 82 108 9.8 122 56 37 38 40 43 89
fed rat 15 - 48 47 69 89 80 95 49 19 25 25 30 64
15 + 70 69 83 103 99 122 57 30 35 37 40 76
Hepatocytes of 0 - — 54 107 — 105 10.7 50 26 29 27 28 93
diabetic rat 30 - — 22 49 — 66 79 28 1.1 11 1.2 1.2 92
Liver of starved rats — - 40 32 77 83 — 9.7 32 26 33 34 92 62
Liver of fed rats - - 47 40 86 85 — 102 39 28 39 43 49 51
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glucose 1-phosphate is used, but recent procedures
used saturated solutions (270mm; Tan & Nuttal,
1975; Lederer & Stalmans, 1976) for the assay of the
total enzyme. To increase sensitivity, we use a concen-
tration of 10mm (Golden et al., 1977). The optimal
assay for total phosphorylase would be by conversion
of the b form into the a form by phosphorylation,
since in theory after conversion the ratio of the active
and total enzyme should be the same irrespective of
the kind of assay. We thus compared several pro-
cedures, and the effect of various conditions, in the
phosphorylase assay (Table 1).

In the isotopic assay of total phosphorylase in the
direction glucose 1-phosphate to glycogen, the ac-
tivity determined after conversion with phosphorylase
kinase was always higher than that measured with
AMP. However, even after conversion, AMP was
still stimulatory. Phosphorylase is markedly inhibited
by a variety of nucleotides and phosphate esters and
this inhibition is overcome by AMP (Maddiah &
Madsen, 1966) and this most likely accounts for the
stimulation. Stalmans & Hers (1975) recommended
theuse of 0.5 mM-caffeinein theassay of phosphorylase
a to inhibit phosphorylase b. The results in Table 1
indicate that there is also inhibition of the a form.
We have used routinely 0.5 mMm-caffeine in our assays
of the a form, although under most conditions the
effect of caffeine addition is marginal.

The activities of either the a form or total phos-
phorylase, as measured by the phosphorylation of
glycogen, were one-third to one-half those measured
in the direction of synthesis. The ratio a/(a+b) was
always much higher than the corresponding ratio
obtained in the direction of synthesis. In our spectro-
photometric assay we found caffeine to be highly
inhibitory to the a form, 0.5mm inhibiting by 40%,
and 2 mMm inhibiting by over 80 %. Thus caffeinecannot
be used in the assay in the direction of phosphorolysis.

The rate of phosphorolysis would appear to pro-
vide more rational values for the activity as it occurs
in the cell. This method, however, has been seldom
used. The a/(a+b) ratio is much higher and was near
unity in cells of diabetic rats, and it is possible that
dephosphorylation of the b form is not blocked. The
assay is more laborious and slower than measuring

the incorporation of glucose 1-phosphate into

glycogen. We have thus used the spectrophotometric
procedure to a limited extent. However, as shown
below, the pattern of change obtained by the two
methods is much the same.

In theory and practice assay of total phosphorylase
after conversion with phosphorylase kinase appears
to be the method of choice. It avoids the problems
associated with the use of the very high concen-
trations of glucose 1-phosphate or salts required in
other procedures. The kinase is commercially avail-
able and the phosphorylation conversion is fairly
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rapid and simple. This method was, however, adopted
by us only in the later course of our experiments.

Carbon and **C balance

We have observed repeatedly that the uptake of
lactate was nearly equivalent or exceeded somewhat
the formation of glucose plus glycogen. Also the
uptake of glycerol, dihydroxyacetone and fructose
was somewhat higher than the yield of carbohydrate
and lactate. The molar ratio of glutamate uptake/
(alanine+aspartate production) was also in a series
of experiments close to 1 (see also Katz ez al., 1976).
These findings suggested that the three carbon com-
pounds provided the carbon for carbohydrate, and
glutamate was mainly oxidized to alanine. However,
a different pattern is shown by the !*C incorporation.
In Table 2 we present a typical example of an ana-
lytical and '*C balance, with lactate or glycerol as
gluconeogenic precursor. There was extensive net
glucose synthesis, but also glucose phosphorylation,
as measured with [2-3H]glucose (Table 2a). With
lactate the rate of glucose 6-phosphatase was twice
that of glucose phosphorylation, and with glycerol
nearly 3.5 times. **C was introduced into the glucose
6-phosphate pool by exchange with unlabelled car-
bon, and subsequently was introduced into glycogen.
In Table 2(b) the distribution of !*C from the three
substrates in the different products are shown. Total
synthesis of glycogen carbon, as calculated as the sum
of the contribution of *C from the three substrates,
was only slightly less than that estimated by chemical
analysis. With lactate the apparent contribution to
glycogen of carbon from glucose, lactate and glut-
amine was nearly equal (Table 2¢). Glycerol contri-
buted over half, and glucose about one-quarter, of
the glycogen carbon. It is apparent from Table 2(b)
that the carbon atoms of the different substrates
exchange and intermix in the intermediates, so that
the '#C yields do not provide complete information
on the role of substrates as precursors for any
product.

It is well known that, although incorporation of
14C from CO; or acetate into glucose may be exten-
sive, they are not precursors for glucose. Obviously
exchange reactions also occur with other substrates,
but still *C uptake is commonly used to quantify
the rate of precursor incorporation in hepatic
metabolism. Many investigators have used, both in
vivo and in vitro, the incorporation of *C from
glucose to evaluate the contribution of glucose and
endogenous substrates to glycogen synthesis. A recent
example is the work of Geelen et al. (1977), who
estimated that glucose is the source of some 70 to 80 %
of the glycogen formed by rat hepatocytes, although
in their experiments there was net production of glu-
cose. Obviously when thereis no net uptake of glucose,
it isnot a precursor for glycogen or any other product.
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Table 2. Carbon and radioactive isotope balance in glycogen synthesis by rat hepatocytes
Hepatocytes (25mg in 3ml volume) from one starved rat were incubated for 1h with glucose (10mm), either 16 mm-
lactate or 20mM-glycerol, and glutamine (8 mm). Each substrate combination was present in six replicate vessels,
with one of the three substrates labelled uniformly with 1#C. Glucose was also labelled with 3H in position 2. Abbrevi-

ation: N.D., not determined.

(a) Substrate balance

Concentration change or uptake of substrate
or product (umol/100mg of protein per h)

Substrates Glucose, lactate and Glucose, glycerol and
glutamine glutamine
Change in glucose 21 42
Change in glycogen 16 16
Change in carbohydrate 37 58
Change in lactate —-102 53
Change in glycerol —_ —111
Change in glutamate* —53 -54
Change in alanine 46 N.D.
Change in aspartate 10 N.D.
Apparent uptake of ['*Clglucose 8.1 6.5
Glucose phosphorylationt 16 17
Glucose 6-phosphatase} 37 59
* Includes glutamine and glutamic acid.
t From [2-3H]glucose, corrected for incomplete detritiation.
1 Glucose production plus glucose phosphorylation.
(b) Isotope balance
Labelled 14C recovered (%4 of the amount added)
substrate P A~ Isotope
Glucose Glycogen Lactate Glycerol Amino acids CO, Others recovery (%)
Glucose 95 44 0.71 — 0.41 0.47 0.30 101
Lactate 17 4.8 26 — 32 15 4.2 98
Glutamine 17 52 10 — 46 23 22 103
Glucose 96 29 0.5 — 0.42 0.47 0.25 101
Glycerol 66 15 1.5 34 7.7 4.1 24 100
Glutamine 13 3.2 23 —_ 56 21 23 103
(¢) Contribution of #C from the various substrates to #C in glycogen
Total carbon
by analysis 14C contribution (ug-atoms of C/100mg of protein per h)
(Table 1a) ~ ~
Substrate Glucose Lactate Glycerol Glutamine Sum
Lactate 95 36 26 — 30 92
Glycerol 98 24 — 54 17 95
14C contribution (%)
Lactate (100) 38 22 —_ 31 —
Glycerol (100) 24 — 55 17 —

The rate of *C incorporation will depend on the
rates of inflow from various sources into glucose
6-phosphate, and the relative rates of cycling cata-
lysed by glucokinase and glucose 6-phosphatase
(Katz et al., 1978). However, quantitative estimates
of such rates require complex calculations.

Our findings indicate the need for great caution
in the interpretation of #C data for the evaluation of
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rates in hepatic metabolism, especially as applied to
glycogen synthesis. Much of the conclusions in the
literature based on *C yields on the role of glucose
in hepatic metabolism may require re-examination.

Glycogen synthesis, synthase and phosphorylase

To correlate changes in enzyme activities to gly-
cogen synthesis, cells from a single starved animal
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were incubated with several substrate combinations
and assayed in parallel for substrate uptake, glucose
and glycogen synthesis and the activities of the
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Fig. 1. Glycogen synthesis and glycogen synthase activities
in hepatocytes from one starved rat incubated with glucose
with or without glutamine
Results are expressed as umol of glucose equiv. or
pmol of UDP-glucose incorporated into"glycogen/ml
of packed cells. Cells were incubated with 10mwm-
glucose, and with 10mM-glutamine (——) or without
glutamine (—---). (@) Synthesis of glucose (®) and
glycogen (a) in the presence of glutamine (no gly-
cogen was formed without glutamine); (b) activities
of synthase a and (a+b) in the presence and absence

of glutamine.
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enzymes in the a and (a+b) form. In Figs. 1-3 the
correlation of glycogen synthesis to synthase ac-
tivities is shown.

With 10mm-glucose there was no glycogen for-
mation and no change in active and total synthase
(Fig. 1). With glucose plus lactate (Fig. 2) there was
negligible synthesis of glycogen, but this was greatly
stimulated by glutamine. After a 10min lag period
this was linear until 85-909; of the substrate was
exhausted. Glutamine suppressed to some extent
glucose synthesis, but the yield of total carbohydrate
(glucose+glycogen) was increased. Glycogen syn-
thesis from lactate (between 10 and 60min) ranged
from 0.6-0.8umol of glucose equiv./h per ml of
packed cells, equivalent to about 1 zmol/g of hepato-
cytes. Synthase a activity was doubled within 15min
in the presence of glucose plus lactate, but then
declined. The activity of the a form was increased
over 3-fold in the presence of glutamine and remained
high for most of the experimental period. Total
synthase was also markedly increased.

With dihydroxyacetone as the gluconeogenic pre-
cursor (Fig. 3) there was some formation of glycogen
and synthase activation even without glutamine, but
both synthesis and synthase were greatly stimulated
in its presence. Again total synthase was increased.
After a 10-15 minute lag period, synthesis of glucose
and glycogen proceeded at about equal rates of about
1.5 umol/min per g wet wt. of liver. With fructose the
pattern for synthase a and (a+b) was similar to that
with dihydroxyacetone (results not shown). Total
synthase was nearly doubled during glycogen syn-
thesis. In the absence of substrates there was no
change in the activities of active and total synthase.
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o
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Fig. 2. Synthesis of glucose and glycogen (a) and glycogen synthase (b) with glucose+ lactate/pyruvate with and without
glutamine

Hepatocytes from one starved rat were incubated with 10mM-glucose, 15 mm-lactate/15 mm-pyruvate (9:1,v/v), and
glutamine, when present, at 10mm. Explanation of units and lines is as in the legend to Fig. 1.
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Fig. 3. Synthesis of glucose and glycogen (a) and glycogen synthase (b) with glucose+dihydroxyacetone with and without
glutamine

Hepatocytes from one starved rat were incubated with 10mM-glucose, 20mm-dihydroxyacetone, and, when present,
10mM-glutamine. Explanation of units and lines is as in the legend to Fig. 1.
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Phosphorylase activity (units)
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Time (min)
Fig. 4. Phosphorylase activities in hepatocytes incubated with glucose + glutamine (a), or with glucose, lactate[pyruvate +
glutamine (b)
Results are for hepatocytes used for the results shown in Fig. 1. ——, Glutamine present; ————, glutamine absent;

-+ -, no substrate. Phosphorylase was assayed by conversion of glycogen into glucose 1-phosphate. One unit of
phosphorylase forms 1umol of glucose 1-phosphate/ml of packed cells. Total phosphorylase (a+b) activity was
measured in the presence of AMP.

In Figs. 4-6 the activities of phosphorylase for the occurred within 2min after incubation, and is likely

above experiments are shown. There was always a
very pronounced rapid drop of activity of both the
a and total (a+b) form with the onset of incubation,
whether substrate was present or not. This decrease
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to be caused by the transition from the relatively
anoxic conditions in the cell pellet to the aerobic
environment in the dilute suspension in the incubation
vessels. The subsequent phosphorylase pattern dif-
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(a +b) form

Phosphorylase activity (units)
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o 10 20 30 40 50

Time (min)
Fig. 5. Phosphorylase activity of hepatocytes incubated with glucose+dihydroxyacetone + glutamine

Hepatocytes were those used for the results shown in Fig.

3. (a) Assay of phosphorylase by phosphorolysis; (b)

assay of phosphorylase by glucose 1-phosphate conversion into glycogen. Explanation of units and lines is as in
the legend to Fig. 4. Total (a+b) phosphorylase activity was measured in the presence of AMP.

~0

Phosphorylase activity (units)

.. I - ,a form
g O J— @ @ ‘
1 1 1 1 1 1

20 30 40 50 60
Time (min)

0 10

- = !
W‘ (a + b) form N

0

10 20 30 40

Fig. 6. Phosphorylase activity in hepatocytes from one rat incubated with glucose and fructose + glutamine
Total (a+b) phosphorylase activity was measured in the presence of AMP. (a) Assay of phosphorylase by phos-
phorolysis; (b) assay of phosphorylase by glucose 1-phosphate conversion into glycogen. Explanation of units and

lines is as in the legend to Fig. 4.

fered greatly with the type of substrate. The activity
remained low in cells incubated without substrate,
with glucose, or with glucose and lactate, and there
was little effect of glutamine addition. On the other
hand, with dihydroxyacetone the rapid decline was
followed by a rise in active and total phosphorylase
activities. Assay of phosphorylase in both directions
is shown and it is apparent that the pattern of change
with both methods parallel each other. Glutamine
diminished the increase in phosphorylase activity, but
it was still higher than in the absence of substrate.
With fructose the initial decline in the active and total
phosphorylase was less pronounced compared with
cells incubated without substrate, and the decrease

could be detected only by early sampling (1 to 2min;
results not shown). The decrease was followed by an
increase in activity for about 15min, which declined
afterwards. Changes in total phosphorylase paral-
leled those of the active form. Similar results with
fructose, showing a large transient increase in active
and total phosphorylase followed by a decrease were
reported with perfused liver by Walli ez al. (1975).
Fig. 7 is representative of another series of experi-
ments where hepatocytes from one starved rat were
incubated with a number of substrates. Synthesis of
glycogen and synthase a activity were maximal with
fructose. The highest amounts of active phosphorylase
were also seen with fructose. Whatever period was
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examined, there was good correlation between active
synthase amounts and glycogen synthesis, but there
was no, or negative, correlation with assayable
phosphorylase a.

These results present a pattern at variance with
other findings in the literature and accepted notions
of the behaviour of these enzymes. To sum up, in our
system: (a) the activity of total synthase was not
constant, but increased in parallel with the activity of
the a form, and thus it is impossible to express acti-
vation as a fraction of the total enzyme; (b) the
activity of total phosphorylase was also not constant,
but varied in parallel with that of the a form; (¢) there
was a large and very rapid decrease in the activity of
both forms of phosphorylase when cells were sus-
pended in oxygenated buffer; and (d) there was no
correlation between phosphorylase activity and
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glycogen synthesis. The activities of both forms of
phosphorylase depend to a large extent on the nature
of the substrates, rather than as the rate of glycogen
synthesis.

Glycogen synthesis in cells from fed rats

We were not able to obtain consistent net glycogen
synthesis with hepatocytes from fed rats unless the
animals were pretreated to deplete the glycogen. With
cells of fed rats, containing 100-150 umol of glucose
equivalents, there was first a period of glycogenolysis,
which was followed after about 30 min by variable net
glycogen deposition. However !'*C incorporation
occurs both during glycogen breakdown and during
deposition. There was glycogen synthesis when cells
of fed rats were depleted of glycogen, at rates some
25 to 509 higher than cells of starved rats. A number
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Fig. 7. Glycogen synthesis (a), and synthase (b) and phosphorylase (c) activities in hepatocytes incubated with several substrates
Total (a+b) phosphorylase activity was measured in the presence of AMP. Cells from one starved rat were incubated
for 20min with the following substrates: 0, initial value; 1, no substrate; 2, glucose; 3, glucose+fructose; 4, glucose+
fructose+glutamine; 5, glucose+lactate; 6, glucose+lactate+NH,Cl; 7, glucose+lactate+glutamine. Shaded
area, synthase a or phosphorylase a; total height of bar, synthase (a+b) or phosphorylase (a+5). Enzyme units are

defined in the Figure.
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Fig. 8. Glucose uptake, glucose phosphorylation and glycogen synthesis from glucose by hepatocytes from one starved rat (a)
and one fed rat (b)
The fed rat was treated with glucagon (see the text) to deplete liver glycogen. Cells were incubated for 1h with [2-3H]-
glucose at various concentrations (no other substrate). (0, Glucose phosphorylation as calculated from 3HHO yields
(see the text); @, net glucose uptake (by analysis); A, glucose 6-phosphate dephosphorylation (phosphorylation minus
uptake); A, glycogen synthesis. Results are expressed as umol of glucose or glucose equivalents/100mg of cell protein.

Vol. 180



398

of treatments, combining injections of phlorrhizin and
glucagon and preincubation of cells without glucose,
were employed to deplete the glycogen. The pro-
cedure that gave the most consistent results was that
described in the Methods section. However, since
rates may depend on the pretreatment, we do not
present these results in detail. The enzyme patterns
for synthase and phosphorylase were essentially those
described for starved rats.

Glycogen synthesis from glucose

Seglen (1973) reported net glycogen synthesis from
high concentrations of glucose by hepatocytes from
starved rats. We confirm his findings. Glucose uptake
commenced in various preparations between 10 and
20mMm-glucose. Glycogen synthesis increased up to
concentrations of 50-60mm. Glycogen synthesis was
somewhat higher with cells of fed glycogen-depleted
rats than with those from starved animals. In Figs. 8
and 9 we show typical results with hepatocytes from
fed and starved rats.

Net glucose uptake, glycogen deposition, the rate
of glucose phosphorylation and the calculated rate of
glucose 6-phosphatase are shown. The rate of uptake
was not saturated at 60mm. Uptake of glucose and
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glycogen synthesis by cells from fed - glycogen-
depleted rats was somewhat higher than that from
starved animals. A comparison of our results with
those for perfused liver is of interest. Probably the
highest values were reported by Alvarez & Nordlie
(1977), who perfused livers of starved and fed rats
with glucose concentrations from 10 to 80mm. The
rates of glucose uptake at 10mm were highly variable
[0.274+0.19 and 0.40+0.35 (mean+s.pD.) umol/min
per g of liver for starved and fed rats respectively].
At 20mMm the uptake was 0.8 umol/min per g of liver
for both conditions, and at a concentration of 40mm
1.6 and 2.2 umol/min per g of liver for starved and
fed rats respectively. The rates for hepatocytes (Fig. 8)
were 60-70%; of the above values (at 20mM, 0.6 and
0.8, and at 40mM, 0.9 and 1.4 umol/min per g of liver
for hepatocytes from starved and fed rats respec-
tively). Alvarez & Nordlie (1977) reported a rate of
glycogen synthesis with a liver of a starved rat
perfused with 70 mM-glucose to be 1.1 umol of glucosy!
units/min per g of liver. Our rates at 40mmM were
about 0.6 umol/min per g of liver. The rate of glucose
phosphorylation shown in Fig. 8 was calculated from
the SHHO yield from [2-3H]glucose, corrected for
incomplete detritiation of glucose 6-phosphate (Katz
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Fig. 9. Glycogen phosphorylase (a and b) and glvcogen synthase (c and d) by hepatocytes from one starved (a and c) and one
fed rat (b and d)
The cells were from the same animals as used for the results shown in Fig. 8. The cells were taken for enzyme assay
at zero time, and after 30min incubation. Total phosphorylase (a+b) form activity was determined after converting
into the a form with phosphorylase kinase, and phosphorylase was assayed by the incorporation of glucose 1-phosphate

into glycogen.
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et al., 1978). The net rate of glucose uptake represents
the difference between phosphorylation and dephos-
phorylation of glucose 6-phosphate.

In Fig. 9 the activities of active and total synthase
and phosphorylase as a function of glucose concen-
tration in the medium are shown. There was a parallel
increase in active and total synthase. Again the
amounts of both forms of phosphorylase decreased
markedly on incubation. However, in contrast with
previous systems with gluconeogenic precursors,
there was a decrease in the amount of both forms of
phosphorylase with increasing glucose concentration
and glycogen synthesis. The depression was most
pronounced with cells of fed rats. This decrease in
active phosphorylase confirms the findings of Hers
and his co-workers, as reviewed by Hers (1976) and
Stalmans (1976). It appears that the response of
phosphorylase in glycogen synthesis from glucose
differs from the response when glycogen is formed
from gluconeogenic substrates.

Phosphorylase activity in intact cells

We have found a high activity of phosphorylase
during glycogen formation from dihydroxyacetone or
fructose. It appears possible that there is a ‘futile’
cycle between glycogen and hexose phosphates, cata-
lysed by synthase and phosphorylase, with the rate of
synthase in the cell exceeding that of phosphorylase.
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To test for this possibility glycogen was prelabelled
with galactose. Galactose utilization at concen-
trations of 5-10mw is rather low, but when added in
trace amounts most of the tracer is taken up in
10-15min. In the absence of glutamine the major
labelled product from [1-'#C]galactose is glucose, and
from [2-3H]galactose is water and smaller amounts
of glucose. In the presence of glutamine the major
product from both tracers is glycogen with a 3H/**C
ratio from [1-'4C,2-3H]galactose of approx. 1.0. The
incorporation of galactose into glycogen is via
galactose 1-phosphate, UDP-galactose and UDP-
glucose and the overall reaction is irreversible.
[2-3H]Galactose was the radioactive tracer of choice,
since there appeared little likelihood that any 3H
liberated on glycogen breakdown would be rein-
corporated, but when [**C]glucose is the breakdown
product, reincorporation of '*C into glycogen would
be possible. The glycogen labelled by galactose was
isolated, hydrolysed by amyloglucosidase, and the
hydrolysate phosphorylated with ATP and hexo-
kinase. Nearly all the activity was adsorbed on an
anion-exchange column, indicating that the activity
in glycogen was indeed glucose.

Glycogen was prelabelled by incubation for about
20min with trace amounts of galactose, and then an
excess of galactose and substrate (lactate or dihy-
droxyacetone) was added, and glycogen formation

Table 3. Absence of glycogen recycling during synthesis
Cells from starved rats (26 and 28 mg of protein in Expts. 1 and 2 respectively) were incubated in 3ml containing
10mM-glucose, 10mm-glutamine and 20 mm-lactate/20mm-pyruvate(9: 1,v/v) or 20mm-dihydroxyacetone. After 10 min
a trace amount of [2-*H]galactose was added, and 20min later 10 umol of galactose was added. After a further 10min
(shown as zero time in the Table) sampling was begun and the synthesis of glycogen and *H remaining in the pre-

labelled glycogen and that liberated as water were monitored.

Expt. no. Time (min) Substrate

1 0
10
20
40
60.
60t

2 0
10
30
50*

Lactate

0 Dihydroxyacetone

10
30
50*
50t

* Substrate exhausted.
1 Glucagon added 20min previously.
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Dihydroxyacetone

Distribution of *H
(%% of initial dose)
~ N Glycogen content
Glycogen Water (umol/flask)

38 84 4.1
40 — 54
40 9.1 6.1
40 9.6 7.3
37 9.1 7.6
19 19 20
47 —_ 5.8
49 —_ 7.3
48 —_ 8.4
41 15 7.2
49 — 9.4
53 — 10.3
50 — 123
43 9.5 11.0
51 — 2.0
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and the radioactivity in glycogen and water moni-
tored (Table 3). There was continual glycogen
synthesis and as long as substrate was present there
was little if any radioactive isotope liberation from
glycogen. These results indicate that although the
amounts of assayable phosphorylase are high, there
is very little glycogen phosphorolysis and no sig-
nificant ‘futile’ cycle. Apparently phosphorylase a,
although present in high amounts, is somehow
inhibited in the cell. In these experiments with cells of
starved rats the glycogen concentrations are low and
in these conditions the phosphorylase in the intact
cell may be completely inhibited. However, in cells
with a high glycogen content it is possible that
synthase and phosphorylase are both active and
“futile’ cycling could possibly occur.

Discussion

Glycogen synthesis, synthase and phosphorylase

Our results establish the existence of two distinct
systems of glycogen synthesis by hepatocytes. In the
first type glycogen synthesis proceeds concurrently
with glucose synthesis, and the glycogen is derived
from gluconeogenic precursors. The requirements for
efficient glycogen synthesis in hepatocytes are the
presence of glucose at concentrations of about 10mm
and a supply of gluconeogenic substrates and amino
acids, most effectively glutamine (Katz et al., 1976).
Although in our experiments the initial concentra-
tions of substrates and amino acids are high (above
10mM), synthesis proceeds at linear rates until 80—
909% of the substrate is used up, down to concen-
trations of about 2mm.

A second system for glycogen synthesis from
glucose as sole substrate requires rather high concen-
trations (30-40mwm) for significant rates. Glucose is
taken up rather than produced in this system, and
there is also net glycolysis with production of lactate
and other compounds.

A marked increase in glycogen synthase activity
(both a and a+b forms) occurs during glycogen
synthesis in both systems. They differ, however, in the
response of the phosphorylase. The activity is de-
pressed with an increase in glucose concentration and
glycogen synthesis from glucose, but it is not changed
or increased in glycogen synthesis from gluconeo-
genic substrates.

It is generally held that changes in the activities of
synthase and phosphorylase, whether induced by
substrate or hormones, involves transformation by
phosphorylation/dephosphorylation from a largely
inactive (b) form, to the active (a) form, so that the
activity in the cell is determined by the fraction of
the enzymes in the a form. Our results with both types
of glycogen synthesis show, however, that the poten-
tial total activity of both synthase and phosphorylase
(a+b) in our assay is not constant, but changes
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markedly in parallel with the amount of the a form.
The behaviour of phosphorylase was most unex-
pected. In the gluconeogenic system there was no
correlation between its activity and glycogen syn-
thesis. With dihydroxyacetone and fructose, which
are excellent sources of glycogen, the assayable
activity of the a form was actually increased over
initial amounts.

Hers and his co-workers (for reviews see Hers, 1976;
Stalmans, 1976) proposed a mechanism for induction
of glycogen synthesis by glucose in which a decrease
in active phosphorylase precedes the activation of
synthase. Our results are consistent with this mechan-
ism for glycogen synthesis from glucose, but are at
complete variance with the Hers hypothesis when
glycogen synthesis is from gluconeogenic precursors.
Actually the paradoxical association under some
conditions of high phosphorylase with high glycogen
synthesis has been noted by Hers (1976). A most
striking example is in the foetal liver before birth
(Watts & Gain, 1976). In the rat there is a very rapid
glycogen deposition between days 18 and 21 after con-
ception, with glycogen attaining 7 % wet wt. of liver.
Simultaneously the activities of assayable phos-
phorylase a as well as synthase a are greatly increased.
Watts & Gain (1976) suggested that this implies a
‘futile’ cycle between glycogen and hexose 6-phos-
phate and glucose. However, we find that in spite of
high assayable activity there is little phosphorolysis,
and apparently the phosphorylase is inhibited. It is
noteworthy that in assay of phosphorylase high
concentrations of glycogen are employed, whereas in
our experiments the glycogen concentration in the
cells was very low. It appears that the assayable
amounts of phosphorylase have little physiological
significance, and it is likely that when there is glycogen
synthesis, at least in cells low in glycogen, the
phosphorylase is completely inhibited.

An unusual finding is the very rapid and drastic
decrease in phosphorylase activity on incubation.
Some preliminary experiments suggest that this is
related to the transition from an anoxic state in the
cell pellet to an oxygenated state on dispersion of the
cells in the incubation medium.

Our results show that the assayable activity of the
b form of the enzymes is variable and expressing
results for the a form as a fraction of the total enzyme
has little meaning for hepatocytes. The accepted
concept is that modulation of the activity of synthase
and phosphorylase is by a simple phosphorylation/
dephosphorylation mechanism. More recent results
indicate that the mechanism is much more complex,
involving multiple sites of phosphorylation of syn-
thase (Soderling et al., 1977) and that there is more
than one kinase, and probably more than one
phosphatase. Four kinetically discrete forms of
glycogen synthase and their interconversion were
described in adipose tissue (Eichner, 1976). Our
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results could be rationalized if, in addition to the
classical a and b forms, there are in liver other forms
that vary in their activity.

Precursors of liver glycogen

Soskin and his co-workers demonstrated (1938) the
cessation of glucose production and a large uptake of
glucose after administration of a massive (1.7g/kg
body wt.) glucose load to dogs. These results were
repeatedly confirmed and substantial accumulation
of glycogen was shown to occur (for review see
Stalmans, 1976). From such studies the concept
evolved that liver has a major role to play in the
disposal of increased blood-glucose concentrations,
and that liver glycogen was the major product. It is
noteworthy, however, that the glucose loads given
were invariably in great excess of the body-glucose
content, and also that free glucose is a rather minor
component of most foodstuffs, so that the physio-
logical relevance of such experiments is questionable.
On the other hand, the large majority of studies in
vitro indicate a limited capacity of liver to take up
glucose at physiological glucose concentrations and
to form glycogen, and also fat (see below). In our
experiments glycogen formation from 20 mm-glucose,
a concentration rarely attained in portal blood, was a
small fraction of that seen under suitable conditions
from low concentrations of gluconeogenic precursors.
In perfused liver Hems et al. (1972) and Whitton &
Hems (1977) found very low formation of glycogen
from 30mm-glucose, but substantial synthesis on
addition of gluconeogenic precursors. The question
is thus posed as to the relative contribution of glucose
and gluconeogenic precursors to glycogen under a
physiological range of conditions. Obviously there is
no contribution of glucose to glycogen unless net
uptake of glucose occurs. The capacity for glucose
utilization seems to a large extent to depend on the
composition of the diet and dietary conditioning. In
a recent study, Remesy et al. (1978) kept rats on a
diet of either 809 starch or 409 starch and 409
protein. At 4h after the onset of feeding, after
starvation overnight, the rats conditioned to an 809,
starch diet had portal plasma-glucose concentrations
of 14mMm and 13 9% of the glucose in portal-arterial
blood was taken up. With rats on the 409 starch
diet, portal plasma-glucose concentration was 8.8 mm,
and there was no uptake, but actually a small pro-
duction of glucose. In dogs Landau et al. (1961)
obtained substantial hepatic glucose uptake after a
glucose load in animals conditioned on a high-
carbohydrate diet, but very little with dogs kept on a
normal high-protein diet. It is likely that efficient
glucose uptake and utilization of glucose for glycogen
synthesis depends on the induction of glucokinase,
with a decrease in glucose 6-phosphatase activity.

There have been numerous studies with [**C]-
glucose to estimate the relative contributions of
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glucose and endogenous sources to liver glycogen.
As discussed above, the incorporation of *C may
predominantly represent exchange. It serves only to
determine the upper limit of the contribution of
glucose, and this may be a rather large overestimate
of the true rate. To cite some examples of such studies,
Moriwaki & Landau (1963) calculated that in rats in
the second hour after an oral dose of 0.6 g of glucose/
100g body wt., about half of the glycogen carbon
atoms were from glucose and half from endogenous
C; precursors, but in the third hour nearly all the
carbon was contributed by glucose. Baker (1977) fed
glucose to starved mice, so that entry from the gut
was maintained at a rate of at least 5 times the
output by liver. From specific radioactivities of glu-
cose and glycogen he calculated that about half the
glycogen carbon atoms were derived from glucose
and half from other sources. These experiments show
that even with large loads of free glucose there is
rather substantial synthesis of glycogen from
gluconeogenic precursors.

It appears that at least in the rats fed ‘normal’ diets
the role of glucose as a precursor of glycogen has
been overestimated and that glycogen synthesis is
predominantly a gluconeogenic process. The situ-
ation is akin to the role of glucose as a precursor for
hepatic lipogenesis. Results with hepatocytes (Clark
et al., 1974) established that free glucose is not an
efficient precursor of fatty acids, but that the major
sources were glycogen and lactate. These findings
have been confirmed (Salmon et al., 1974 ; Katz et al.,
1977; Bloxham et al., 1977). Most significantly the
relatively minor role of glucose for hepatic lipo-
genesis was clearly established in vivo by Hems et al.
(1975) in the starved and refed rat. Thus it appears
that in the starved and refed rat on a high-carbo-
hydrate diet, glucose is the major substrate for
adipose tissue lipogenesis, but it is not used extensively
for hepatic lipogenesis, and since the capacity for
glycogen storage in liver is limited, most of the
glucose is disposed of by extrahepatic tissues.

This research was supported in part by grants from
the National Institutes of Health (RO1 AM 12604 and
NSF BMS74-22815).
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