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Chapter 2 

Proteolysis and glycogen synthesis in HepG2 
cells 

Abstract 
In this chapter the effects of amino acids on glycogen synthesis and 

proteolysis in HepG2 cells, a h u m a n hepatoma cell line, were compared with 
those of freshly isolated ra t hepatocytes. The rate of glycogen synthesis from 
glucose was higher in HepG2 cells compared to hepatocytes. Furthermore, in 
contrast to hepatocytes, glycogen synthesis in HepG2 cells was not affected 
by the amino acids proline or glutamine and also not by the PI-3-kinase 
inhibitors wortmannin and LY294002. The overall rate of proteolysis in 
HepG2 cells was low compared to hepatocytes. The rate of proteolysis was 
hardly affected by a complete mixture of amino acids nor by inhibitors of 
lysosomal proteolysis such as methylamine and 3-methyladenine. 
Apparently, in HepG2 cells, in contrast to hepatocytes, the rate of autophagy 
is very low. Notwithstanding the fact that the effects of amino acids on 
proteolysis and glycogen synthesis were clearly different, the signal 
t ransduct ion cascade initiated by a complete mixture of amino acids as 
measured by p70S6 kinase phosphorylation was similar in hepatocytes and 
HepG2 cells. 
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Chapter 2 

Introduction 
The regulation of both protein and glycogen metabolism in the liver is 

greatly dependent on the presence of amino acids. In our laboratory studies 
on amino acid-mediated regulation of these processes have been conducted 
with freshly isolated rat hepatocytes in suspension [1-4]. However, under 
these conditions, the cells maintain their s t ructural integrity for a period of 
only 2-4 hours , because they are highly catabolic in vitro. A cell line is to be 
preferred for the study of more long-term effects of compounds tha t affect 
lipid (see chapter 2 part I), protein or glycogen metabolism (see chapter 3 
part II). In this chapter some of the properties of freshly isolated hepatocytes 
were compared with HepG2 cells, a h u m a n hepatoma cell line. Among these 
are the regulation by amino acids of glycogen production and of autophagic 
proteolysis and the effect of amino acids on signal t ransduction. 

In freshly isolated rat hepatocytes amino acids st imulate glycogen 
synthesis from glucose [3;5;6]. This is caused by cell swelling resulting from 
concentrative Na+-dependent amino acid t ransport [3;4]. An increase in cell 
volume activates glycogen synthase phosphatase because of a fall in 
intracellular Cf ions [3;4]. Amino acids that are particularly effective in 
stimulating glycogen synthesis are proline and glutamine [3;5;6]. 
Furthermore, glycogen synthase activity in hepatocytes is inhibited by the 
PI-3-kinase inhibitors wortmannin and LY294002 [7], From these studies it 
was concluded tha t the signal t ransduct ion intermediate PI-3-kinase plays a 
role in the regulation of amino acid-stimulated glycogen synthesis. 

Proteolysis in hepatocytes occurs predominantly via lysosomal 
degradation. This process occurs predominantly via autophagy and is 
responsible for a protein loss of u p to 4-5% per hour under extreme catabolic 
conditions [8;9]. Via autophagy obsolete proteins and even whole organelles 
are selectively degraded [10]. Autophagy is inhibited by amino acids: a 
combination of phenylalanine, tyrosine and leucine (PTL) is most effective 
[1;2;11-13] whereas the other amino acids act synergistically by inducing 
cell swelling [14]. Recently, it was shown in our laboratory that in isolated 
rat hepatocytes amino acids inhibit autophagic proteolysis via rapamycin-
dependent phosphorylation of the ribosomal protein S6 [1;2]. This amino 
acid-dependent signal t ransduct ion pathway is now also described for other 
cell types and the consensus is that this pathway involves mTOR-dependent 
phosphorylation of 4E-BP1 and p70S6 kinase (reviewed in chapter 1 of part 
II of this thesis). Both 4E-BP1 and p70S6 kinase play an important role in 
the regulation of protein synthesis (see also chapter 1). 

The data in this chapter indicate tha t HepG2 cells incubated with 
glucose, in contrast to hepatocytes, have a high basal rate of glycogen 
synthesis, which is neither influenced by amino acids nor by wortmannin 
and LY294002. The rate of total protein degradation as well as that of 
autophagic proteolysis in HepG2 cells was low compared to the values 
observed in freshly isolated rat hepatocytes and not influenced by amino 
acids. However, amino acid-dependent signal t ransduction, as measured by 
phosphorylation of p70S6 kinase, was similar in HepG2 cells and 
hepatocytes. 
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Proteolysis and glycogen synthesis in HepG2 cells 

Materials and methods 
Materials 
Rapamycin, wortmannin and methylamine were from Sigma (St. Louis, MO, USA). 3-
Methyladenine was obtained from Fluka (Milwaukee, USA). LY294002 was obtained from 
Biomol (Plymouth Meeting, PA, USA). Rabbit anti-p70S6 kinase was from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Anti-rabbit-HRP was from Biorad (Hercules, CA, USA). 
All other chemicals and enzymes were obtained from either Boehringer (Mannheim, Germany) 
or from Sigma (St. Louis, MO, USA). 

Preparation of hepatocytes 
Hepatocytes from rats fasted for 16-20 h were isolated by collagenase perfusion [151. 

Cell culture 
Hepatocytes (5-10 mg dry mass-ml1) were incubated for 60-90 min at 37° C in Krebs-
Henseleit bicarbonate buffer plus 10 mM Na-Hepes (pH 7.4) (basal medium) supplemented 
with 20 mM glucose and the components indicated in the legends; final volume, 2-4 ml. The 
gas atmosphere was O2 /CO2 (19:1, v/v). 
HepG2 cells were grown to about 80% confluence in HamF12/DMEM (1/1 by volume; end 
concentration of glucose was 17.5 mM) (Gibco BRL Life Technologies, Paisley, Scotland) 
supplemented with 10% (by volume) foetal calf serum (Gibco BRL Life Technologies, Paisley, 
Scotland) at 37°C and 5% CO2. 

Glycogen synthesis 
Hepatocytes: At the end of the incubations, 0.5 ml of cell suspension was added to 1.5 ml of 
ice-cold 150 mM NaCl plus 10 mM Na-Hepes (pH 7.4) and the cells were centrifuged in a 
microcentrifuge for 1 s. After removal of the extracellular fluid, the cell pellet was extracted 
with 0.5 ml of 0.1 M KOH, incubated for 30 min at 90° C, cooled and brought to pH 4.5 by 
addition of 3 M acetic acid. Precipitated protein was removed by centrifugation in a 
microcentrifuge for 1 min. 
HepG2 cells: For the measurement of the rate of glycogen synthesis, the cells were first 
depleted of glycogen by incubation overnight (16 h) in basal medium and 0.2% (m/v) bovine 
serum albumin (BSA) in the absence of glucose. After the cells had been washed 3 times with 
basal medium, glycogen synthesis was started at t=0 by addition of basal medium 
supplemented with 5 mM glucose and the compounds indicated in the legends. Glycogen 
synthesis was allowed to proceed for 3 h. At the end of this incubation period cells were 
washed three times in ice-cold basal medium. The cells were extracted with 0.3 ml of 0.1 M 
KOH, incubated for 30 min at 90°C, cooled and brought to pH 4.5 by addition of 3 M acetic 
acid. Precipitated protein was removed by centrifugation in a microcentrifuge for 1 min. 

For both celltypes glycogen was measured as described in [16] using amyloglucosidase, 
glucose 6-phosphate dehydrogenase, hexokinase, ATP and NADP+ . 

Proteolysis 
Hepatocytes: Proteolysis was determined as production of valine during 90 min of incubation. 
Hepatocytes were incubated in basal medium supplemented with 20 mM glucose, 25 MM 
cycloheximide and the additions indicated in the legends. Cycloheximide was present to 
prevent simultaneous protein synthesis. At this concentration cycloheximide did not affect the 
flux through the autophagic pathway [14]. After incubation, aliquots of the incubations were 
mixed with icecold sulfosalicylic acid (final concentration 6.7%) and the precipitated protein 
was pelleted. The supernatant was adjusted to pH 2.2 with LiOH (3M) and the amount of 
amino acids was determined using an amino acid analyser (Alpha Plus, LKB). 
HepG2 cells: Cells were incubated overnight (16 h) in basal medium supplemented with 5 mM 
glucose and a complete mixture of amino acids at 4 times the concentration found in the 
portal vein of a starved rat (4xAA) (described in [15], except that the concentration of leucine 
was 250 uM). 

After the cells had been washed 3 times with basal medium the measurement of 
proteolysis was started at t=0 by addition of basal medium supplemented with the 
compounds indicated in the legends. Proteolysis was measured as production of valine during 
3 h of incubation at 37°C. After incubation the cells were scraped off the culture plate and 
were transferred with the incubation medium to a clean eppendorf tube. Sulfosalicylic acid 
was added to the suspension to a final concentration of sulfosalicylic acid was 6.7%. 
Subsequently the precipitated protein was pelleted and the supernatant was adjusted to pH 
2.2 with LiOH (3M). The amount of amino acids was determined using an amino acid analyser 
(Alpha Plus, LKB). 
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Chapter 2 

The percentage protein loss was calculated by dividing the total mass (in mg) of amino 
acids, produced by the cells and present in the supernatant, by the total protein mass of the 
cells as was determined at t=0 by the Lowry assay [17]. 

Proteolysis was also measured using radioactive valine. For this assay the cells were 
incubated overnight in basal medium supplemented with 5 mM of glucose, 4xAA, 0.2 nCi of 
14C-valine per ml and 2.5 mM valine. Immediately before the assay cells were washed with 
basal medium (37°C). The assay was started at t=0 with basal medium supplemented with 5 
mM glucose, 2.5 mM valine and the compounds indicated in the legends. Proteolysis was 
measured as the release of acid soluble radioactivity into the incubation medium. Samples 
were taken every hour during 8 h by refreshing the incubation medium. Of the 'old' 
incubation medium a sample was mixed with an equal volume of 20% (w/v) trichloric acid 
(TCA). 0.5% (w/v) BSA was added as a carrier and proteins were allowed to precipitate at 4°C 
overnight (16 h) (total volume was 1.8 ml). The protein was pelletted by centrifugation in an 
Eppendorf centrifuge. The supernatant was transferred to a clean tube. The pellets were 
washed 3 times with ice cold 10% TCA and all supernatants were combined with the first 
supernatant. The radioactivity in an aliquot (1 ml) of the total of supernatants was determined 
by liquid scintillation counting. 

The percentage proteolysis per hour was calculated by dividing the amount of 14C-valine 
released at the various time points by the total amount of «C-valine that was incorporated 
into cell protein at zero time. Incorporated "C-valine at t=0 was determined by dissolving the 
total cell pellet in 0.1 M NaOH after washing the cells 3 times with ice-cold basal medium in 
order to remove free >4C-valine from the cells. Radioactivity in the cell pellet was determined 
by liquid scintillation counting. To check the recovery the remaining radioactivity in the cell 
pellet after the 8 h incubation period was also determined. 

Gel retardation assay for p70S6 kinase phosphorylation 
Hepatocytes: At the end of the incubations, samples for the p70S6 kinase band-shift assay 
were obtained by addition of 0.5 ml of the cell suspension to 1.5 ml of ice-cold 150 mM NaCl 
plus 10 mM Na-Hepes (pH 7.4) and the cells were centrifuged in a microcentrifuge for 1 s. 
After removal of the supernatant, the cells were lysed with 0.5 ml SDS sample buffer [18] and 
brought to 90° C for 5 min. 
HepG2 cells: For the measurement of p70S6 kinase phosphorylation the cells were incubated 
overnight (16 h) with basal medium supplemented with 5 mM glucose and 0.1% BSA. Cells 
were washed 3 times with basal medium. The incubation was started by the addition of basal 
medium supplemented with 5 mM glucose and the compounds indicated in the legends. After 
1 h of incubation the cells were washed 3 times with basal medium and lysed in Laemmli 
sample buffer. The lysates were brought to 95°C for 5 min. 

For both celltypes an equivalent of 80 ng of protein was analysed with SDS PAGE (10% 
Polyacrylamide gel). For optimal separation of the different phosphorylated forms of p70S6 
kinase this protein was allowed to migrate to the lower 2-3 cm of the gel. After separation, a 
standard Western Blotting procedure was performed. Subsequently the PVDF blot was 
prepared for enhanced chemi-luminescence (ECL) as described by the supplier of the p70S6 
kinase antibody (Santa Cruz Biotechnology). The blot was subsequently incubated with a 
rabbit-anti- p70S6 kinase antibody and an anti-rabbit-HRP antibody. The concentrations of 
antibody that were used were as described by the supplier. The p70S6 kinase was specifically 
visualised by ECL. 

Results 
Glycogen synthesis 

The basal rate of glycogen synthesis in HepG2 cells in the presence of 5 
mM glucose was about 75 nmol per mg protein per h (Fig. 1A). This rate is 
high compared to tha t observed in primary rat hepatocytes, which display 
glycogen synthesis rates in the presence of glucose alone of approximately 
15 nmol per mg protein per h (Fig. IB). Furthermore, in contrast to the 
situation in hepatocytes, in HepG2 cells the rate of glycogen synthesis was 
not significantly increased by the amino acids glutamine and proline, nor 
was it affected by the PI-3 kinase inhibitors LY294002 and wortmannin (Fig. 
1A and B). 
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Fig. 1 Glycogen synthesis from glucose. 
A) HepG2 cells were i ncuba t ed as descr ibed in "Materials a n d methods" . Prior to t h e a s s a y the 
cells were i ncuba t ed overnight in basa l m e d i u m s u p p l e m e n t e d with 0.2% BSA. The a s s a y was 
s t a r t ed by incuba t ion of the cells in b a s a l m e d i u m s u p p l e m e n t e d with of 5 mM glucose a n d 
the addi t ions indicated, a t the following concen t ra t ions : g lu tamine 10 mM; proline 10 mM; 
w o r t m a n n i n 3 0 0 nM; LY294002 100 |jM. After 1 h the glycogen syn thes i sed from glucose w a s 
de te rmined a s descr ibed in "Materials a n d methods" . Glycogen syn thes i s is expressed in 
n m o l / m g p r o t e i n / h as the m e a n of 5 exper iments . 
B) Hepatocytes were isolated a n d incuba ted as descr ibed in "Materials a n d methods" . The 
a s s a y was s t a r t ed by addi t ion of the c o m p o u n d s as indicated in the legend at the 
concen t ra t ions as descr ibed for HepG2 cells. Glycogen syn thes i s is expressed in n m o l / m g 
p r o t e i n / h a s the m e a n of 5 to 14 exper iments . 

In HepG2 cells glycogen synthesis was maximal in the presence of 5 mM 
glucose (Table 1), whereas in hepatocytes glycogen synthesis with glucose as 
sole subs t ra te s tar ts at 12-15 mM glucose and increases with increasing 
glucose concentration to a maximum of 50-60 mM glucose [5; 19]. 

Glucose (mM) 
0 
5 
10 
20 

Glycogen (nmol/mg/h) 
0 + 0 

76.4 ± 2.1 (3) 
79.2 ± 1.0 (3) 
88.8 ± 3.9 (3) 

Table 1. Glycogen synthesis from glucose in HepG2 cells 
Cells were i ncuba t ed as descr ibed in "Materials a n d methods" . The concen t ra t ion of glucose 
was varied a s indicated. Glycogen was m e a s u r e d as descr ibed in "Materials a n d m e t h o d s " 
after 1 h of incuba t ion in the p resence different concen t r a t ions of glucose. The m e a n ra te of 
glycogen syn thes i s was ca lcula ted from 3 different exper iments . Glycogen syn thes i s is 
expressed in n m o l / m g p r o t e i n / h ± sem. 

Protein degradation 
To evaluate the effect of glucose on the rate of proteolysis in HepG2 cells, 

proteolysis was determined either in the presence or absence of 5 mM 
glucose and cycloheximide, an inhibitor of protein synthesis. Glucose 
inhibited net protein loss from the cells in the absence but not in the 
presence of cycloheximide (Fig. 2). Evidently, in the absence of cycloheximide 
this inhibition mus t have been caused by stimulation of protein synthesis. 
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X 0,1 

0,6 

0,2 CJ] 
I cycloheximide 

S control glucose 

with basal medium in the presence 
Samples were taken after 1 and 3 h 
described above. The mean protein 

Fig. 2 The effect of glucose on 
proteolysis in HepG2 cells. 
HepG2 cells were incubated overnight 
in basal medium supplemented with 
4xAA. Before the initiation of the 
experiment cells were incubated in 
basal medium for 2 h to allow 
breakdown of short-lived proteins. The 
experiment was started by incubation 

or absence of 5 mM of glucose or 25 uM of cycloheximide. 
and proteolysis was determined by amino acid analysis as 

loss is expressed in percent per h. 

Because glucose is required for ATP production and because proteolysis 
per se was not affected by the presence of glucose, subsequent proteolytic 
measurements were conducted in the presence of both glucose and 
cycloheximide. Degradation of short-lived proteins occurred during the first 
two hours after initiation of starvation. Rates of proteolysis, expressed per 
hour, were constant after 2 h (Fig. 3). Furthermore, proteolysis unde r these 
conditions was not inhibited by a complete mixture of amino acids 4xAA) 
which inhibits autophagolysosomal proteolysis (reviewed in [10)20]) (Mg. à). 

In order to determine the contribution of autophagy to the total amount 
of proteolysis in HepG2 cells, the inhibition of proteolysis by methylamme 
(MA) or 3- methyladenine (3-MA) was determined. Methylamme dis turbs 
lysosomal proteolysis by increasing the lysosomal pH and 3-methyladenme 
by inhibition of autophagic sequestrat ion [21;22], one of the first s teps m 
autophagy Like 4xAA, methylamine and 3-methyladenine had a minor 
inhibitory effect on the rate of proteolysis in HepG2 cells (Fig. 4). Apparently, 
in contrast to hepatocytes (Table 2), lysosomal proteolysis only accounts for 
a small part of total proteolysis. Furthermore, proteolysis m HepG2 cells is 
low when compared to hepatocytes (Table 2). 

20,0 

5- 15,0 

10,0 

Time (h) 

Fig. 3 The effect of amino 
-Control acids on proteolysis in 

AA HepG2 cells. 
HepG2 cells were incubated 
overnight in basal medium 
supplemented with 5 mM of 
glucose, 4xAA, 2.5 mM valine 
and "C-valine (0.2 uCi). Before 
initiation of the experiment the 
cells were incubated in basal 
medium supplemented with 5 
mM glucose, 250 uM valine and 
25 |jM of cycloheximide and in 
the presence or absence of 

4xAA During the 8 h of incubation the medium was collected every hour and replaced by 
fresh medium. Valine release was determined as described in "Materials and methods . 
Proteolysis is depicted in percent valine loss per h. 
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Valine release HepG2 
nmol /mg pro te in /h 

Control 
4xAA 
3 -methyladenine 
Methylamine 

2.3 + 0.2 (4) 
1.7 ± 0 . 2 (4) 
1.6 ± 0 . 1 (4) 
1.8 ±0.1 (4) 

Valine release 
hepatocytes 

nmol /mg pro te in /h 
15.1 ± 0.3 (4) 
6.3 ± 0 . 7 (3) 
7.0 ± 0 . 2 (3) 
5.2 ± 0 . 1 (2) 

Table 2. Valine release in HepG2 cells and hepatocytes. 
HepG2 cells were treated as described in the legends to Fig. 4. Valine release was determined 
by amino acid analysis. Hepatocytes were isolated as described in "Materials and Methods". 
The experiment was started at t=0 by incubation in basal medium supplemented with 20 mM 
glucose, 25 |uM cycloheximide and in the presence or the absence of 4xAA (without valine), 5 
mM 3-MA or 10 mM MA. After 90 min valine release was determined as described in 
"Materials and Methods". 

Amino acid-dependent signalling 
In hepatocytes phosphorylation of the ribosomal protein S6, which is 

induced by amino acids, is involved in the regulation of autophagy [1;2]. 
Phosphorylation of S6 occurs by p70S6 kinase [23].The phosphorylation of 
p70S6 kinase in HepG2 cells and hepatocytes was determined in the 
absence and presence of a complete mixture of amino acids. In HepG2 cells, 
as in hepatocytes, p70 S6 kinase was phosphorylated in response to amino 
acids (Fig. 5A and B). Furthermore, as in primary hepatocytes, this 
phosphorylation was rapamycin-sensitive (an inhibitor of mTOR). Thus , the 
amino acid-induced mTOR-dependent p70S6 kinase phosphorylation is 
similar in hepatocytes and HepG2 cells. 

_ 2,5 
.n 

2. 2 
01 
« A c 
CO ' ' D 

4) 

£ 1 
CD 

£ 0,5 
TO 

> 
Control 4xAA 3-MA MA 

Fig. 4 Inhibition of autophagy in HepG2 cells. 
HepG2 cells were incubated overnight in basal medium supplemented with 5 mM glucose, 
4xAA, 2.5 mM valine and 14C-valine (0.2 (jCi). Before initiation of the experiment the cells were 
incubated in basal medium supplemented with 25 pM cycloheximide, 2.5 mM valine and 5 
mM glucose for 2 h to ensure the degradation of short-lived proteins. The experiment was 
started by incubation in basal medium supplemented with 25 |aM cycloheximide, 2.5 mM 
valine and 5 mM glucose and in the presence or absence of 4xAA, 5 mM 3-MA or 10 mM MA. 
After 3 h, proteolysis was determined as described in "Materials and Methods". Protein loss is 
expressed in percent protein loss per h as the mean ± sem of 4 experiments. 
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p70S6 kinase 

p70S6 kinase 

B 
Cntr. 1xAA 4xAA 4xAA 

Rapa 

Fig 5 Phosphorylation of P 7 0 S 6 kinase in hepatocytes (A) and HepG2 (B). 
(A) HepG2 cells were starved overnight by incubation in basal medium ^ P P 1 ^ 1 * ? , ^ , 
' L / u c o s e The cells were incubated for 30 min in basal medium supplemented with 5 mM 
S u c o ^ and the additions indicated. Abbreviations: Cnt., Control ; IxAA, complete mixture of 
f m no acids composition as indicated in "Materials and Methods») ; 4xAA, mixture of ammo 
adds (composition as indicated in «Materials and Methods») ; Rapa rapamycm (100 nM). 
fB Hepatocytes were isolated as described in "Materials and Methods». The cells.were 
incubated for 30 min in basal medium supplemented with 20 mM glucose and the additions 
indicated. Abbreviations as in (A). 

Discussion , . , , . r r . 
The regulation of glycogen synthesis in HepG2 cells is clear y different 

from tha t found in freshly isolated fasted rat hepatocytes. Firstly the basal 
rates of glycogen synthesis from glucose in HepG2 cells were higher than 
those described in fasted rat hepatocytes (75 versus 24 nmol /mg prote in /h ; 
see Fig 1). Secondly, in HepG2 cells glycogen synthesis from glucose was 
not controlled by cell swelling resulting from concentrative Na-dependen t 
amino acid t ransport or by PI-3 kinase, as was previously described for 
hepatocytes [3;4;7]. In addition, glycogen synthesis in HepG2 cells was 
already maximal in the presence of 5mM glucose, whereas m rat hepatocytes 
glycogen synthesis increased with the glucose concentration far above this 
concentration [5; 19]. These differences are probably due to the presence of 
(low Km) hexokinase in HepG2 cells [24;25], whereas in hepatocytes (high Km) 
glucokinase is responsible for the phosphorylation of glucose to glucose-6-
nhosphate . The fact that the rates of glycogen synthesis in HepG2 ce Is are 
high and cannot be increased by amino acids like glutamine and proline 
suggests tha t either glycogen Phosphorylase activity is low in these cells (but 
the evidence as described by Syed and Khandelwal [26] is against this) or 
that in hepatocytes glucokinase shows the highest control in glycogen 
synthesis. The latter assumpt ion would imply that these ammo acids are 
involved in the regulation of glucokinase. However, detntiat ion of 2-3H-
glucose, which can be regarded as a direct measure of the flux through 
glucokinase in the intact hepatocytes, does not seem to be affected by ammo 
acids [5-271 An alternative explanation for the high rate of glycogen 
synthesis in HepG2 cells is that the activity of glucose-6-phosphatase may 
be low in these cells. In hepatocytes the high activity of this enzyme prevents 
net glycogen deposition when glucose is present as the only subst ra te , and 
amino acids presumably inhibit flux through this enzyme [27]. 

The fact that PI-3-kinase inhibitors like LY294002 and wor tmannm do 
not affect glycogen synthesis in HepG2 cells, in contrast to hepatocytes 
indicates that glycogen synthesis in these cells is not regulated by a PI-3-
kinase^mediated signal t ransduct ion pathway. It mus t be pointed out that , 
even in hepatocytes, inhibition of PI-3-kinase only partly prevented the 
stimulation of glycogen synthesis by amino acids (Fig. IB). 
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Proteolysis can occur both intra- and extralysosomally. Autophagy 
occurs via the lysosomal pathway (reviewed by [10]). The extralysosomal 
pathway involves, amongst other proteases, the 26S proteasome complex 
[28] and calpains [29]. In the liver, proteins with a high turnover rate are 
degraded by extralysosomal proteolysis. In HepG2 cells these short-lived 
proteins were degraded during the first two hours after amino acids were 
depleted from the medium. The rate of proteolysis, determined radioactively 
during 8 h after depletion of amino acids from the medium, stabilised at 
approximately 1.5% / h during the last 6 h of the experiment. Proteolysis in 
HepG2 cells determined by amino acid analysis (Fig. 2) was lower t han that 
determined radioactively, approximately 0.8% and 1.5% respectively (Fig. 3 
and 4). A plausible explanation for this finding may be found in the fact that 
in the radioactive determination of proteolysis, the specific activity of long-
and short-lived proteins is different. The short-lived proteins have a high 
turnover rate bu t they represent only a small percentage of the total protein 
content of the cell [30;31], Therefore, the specific activity of the pool of labile 
proteins will be increased compared to that of the stable proteins. Even after 
a 2 h lag period to allow short-lived proteins to be degraded before initiation 
of the experiment, a small amount of short-lived proteins can be degraded 
and measured as autophagy. This will increase disproportionally the rate of 
autophagy that is determined. 

The rate of proteolysis in HepG2 cells was low compared to that in 
hepatocytes. Furthermore, in contrast to hepatocytes, proteolysis was less 
affected by addition of amino acids or methylamine and 3-methyladenine, 
both inhibitors of lysosomal proteolysis (autophagy). Addition of either one of 
these two compounds to HepG2 cells decreased the rate of proteolysis only 
by approximately 17% (Fig. 4), whereas in hepatocytes proteolysis was 
decreased by more than 50% (Table 2). Apparently, autophagic degradation 
in HepG2 cells is very low, approximately 0 .3% protein loss per h. In 
hepatocytes, autophagy is at least 10-fold higher (Table 2) [8;9]. Presumably, 
the low rate of autophagy enables these cells to maintain a high proliferation 
rate, even when nutrit ion in the environment is low. 

In hepatocytes, amino acids control autophagic proteolysis, at least 
partly, via a signal t ransduct ion pathway [1;2[. This pathway involves the 
mTOR- and p70S6 kinase-mediated phosphorylation of ribosomal protein S6 
[1;2]. The phosphorylation of S6 can easily be determined in hepatocytes by 
in situ labelling of proteins with 3 2 p . In hepatocytes, S6 can be separated 
from other phosphorylated proteins by SDS PAGE. Unfortunately, in HepG2 
cells the S6 protein could not be separated from other phosphorylated 
proteins (not shown). Therefore, phosphorylation of p70S6 kinase, which is 
ju s t ups t ream of S6, was determined. Phosphorylation of p70S6 kinase upon 
addition of amino acids was similar in hepatocytes and HepG2 cells. 
Furthermore, in both cell types phosphorylation of this kinase was inhibited 
by rapamycin, an inhibitor of mTOR. Thus, the fact that proteolysis in 
HepG2 cells was not sensitive to inhibition by amino acids was not caused 
by a defect in the regulation of the amino acid-dependent signalling 
pathway. 

In summary, the strong dependence on amino acids of glycogen 
synthesis and protein breakdown, as observed in freshly isolated 
hepatocytes, appears to be absent in HepG2 cells. However, the signal 
t ransduct ion pathway that is st imulated by amino acids appears to be 
similar in both HepG2 cells and hepatocytes. Although HepG2 cells are not a 
suitable model to replace freshly isolated hepatocytes with regard to the 
regulation of glycogen synthesis and proteolysis by amino acids, these cells 
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can be used for the study of the regulation by amino acids of mTOR-
dependent signal t ransduct ion. 
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