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Chapter 5 

Summary and general discussion 
Amino acids play an important role in glycogen and protein metabolism 

of the liver not only as subs t ra tes but also as regulators. 
In isolated rat hepatocytes, amino acids st imulate glycogen synthesis 

from glucose [1-3]. This stimulation is mediated by cell swelling due to 
concentrative Na+-dependent amino acid t ransport [2;4[. The resulting 
decrease in intracellular chloride concentration after "regulatory volume 
decrease" contributes to the activation of glycogen synthase phospha tase 
[2; 4]. An increase in glycogen synthesis can also be achieved by cell swelling 
resulting from a decreased extracellular NaCl concentration. In contrast , cell 
shrinkage, resulting from either increased extracellular NaCl concentration 
or SMase action, inhibits glycogen synthesis due to an increase in 
intracellular chloride concentration [5;6](chapter 3). In addition to regulation 
by intracellular chloride concentrations, glycogen synthase activity is also 
inhibited by wortmannin and LY294002 [7]. Studies with these inhibitors led 
to the conclusion that glycogen synthesis is regulated by PI-3-kinase activity 
[7]. However, the fact that LY294002 inhibits glycogen synthesis in 
hepatocytes completely whereas wortmannin results only in a partial 
inhibition of glycogen synthesis, suggests that the effects of these inhibitors 
may be non-specific (chapter 2, Fig. 1). More evidence contradicting the 
involvement of PI-3-kinase in glycogen synthesis is the following. Firstly, a 
combination of phenylalanine, tyrosine and leucine (PTL), three amino acids 
that are particularly effective in inducing LY294002- and wortmannin-
sensitive S6 phosphorylation [8;9], have no effect on glycogen synthesis [9], 
Secondly, the inhibitory effect of SMase on glycogen synthesis was not 
mediated by ceramide-induced inhibition of the amino acid-induced signal 
t ransduct ion pathway but ra ther by volume regulation resulting from 
massive breakdown of p lasma membrane sphingomyelin (chapter 3). From 
these findings it can be concluded that PI-3-kinase does not play a role in 
amino acid-mediated stimulation of glycogen synthesis. Furthermore, since 
rapamycin has no effect on amino acid-stimulated glycogen synthesis 
(general observation, not shown in this thesis) it can be concluded that the 
amino acid-dependent signal t ransduct ion pathway leading to S6 
phosphorylation does not play a role in the stimulation of glycogen synthesis 
at all. 

In contrast to amino acids, insulin st imulates glycogen synthesis by a 
well-described PI-3-kinase-mediated signal t ransduct ion pathway [10; 11]. In 
insulin-sensitive cells, insulin-dependent glucose metabolism is inhibited via 
inhibition of insulin signalling by an increase in intracellular ceramide 
production, resulting from TNF-a induced SMase activity [12-14]. 
Furthermore, TNF-a infusion in ra ts decreased hepatic glycogen content and 
it has been shown to activate neutral SMase in hepatocytes [15; 16]. It is 
plausible that the inhibitory effect of SMase on insulin signalling (as 
described in literature) as well as on amino acid-mediated glycogen synthesis 
in hepatocytes (described in chapter 3), both account for the ability of TNF-a 
to contribute to insulin resistance and glucose intolerance. 

Intracellular protein degradation can occur by two processes: lysosomal 
and extra-lysosomal proteolysis. Short-lived proteins are degraded in the 
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cytosol. This type of proteolysis is an ongoing process. Lysosomal proteolysis 
is initiated upon starvation and occurs by autophagy. In this process 
proteins and even whole organelles are degraded [17]. Because amino acids 
are products of autophagy it is not surprising that they are also the main 
regulators of this process. Other regulators of hepatic autophagy are the 
hormones insulin (inhibitory) and glucagon (stimulatory). Our laboratory was 
the first to discover that amino acids can stimulate signal t ransduction: in 
isolated rat hepatocytes, amino acids increased phosphorylation of S6 in an 
mTOR-dependent manner [8;9]. Phosphorylation of S6 correlated with an 
inhibition of autophagy and stimulation of protein synthesis [8;9], Among 
the various amino acids a combination of leucine, phenylalanine and 
tyrosine is most effective [8;9; 18-20] and cell swelling potentiates their effect 
[9;21]. Cell swelling enhances the inhibition of autophagy by PTL whereas it 
has no effect on autophagy by itself [22]. The amino acid-dependent signal 
t ransduct ion pathway has now also been identified in other cell types [23-
28]. It is generally believed to proceed via the activation of mTOR, which 
phosphorylates both 4E-BP1 and p70S6 kinase. The latter subsequently 
phosphorylates the ribosomal protein S6. Both S6 and 4E-BP1 play an 
important role in the induction of protein synthesis (see also chapter 1 of 
this thesis). In the literature there is much speculation about the role of PI-
3-kinase in the activation of mTOR. The PI-3-kinase inhibitors wortmannin 
and LY294002 partly inhibit the phosphorylation of S6 and p70S6 kinase 
[8;9;23;25;27;29-31]. However, actual activation of PI-3-kinase upon amino 
acid addition could not be demonstrated [7;23;27;32;33] except in two 
studies [7;33], It has been previously shown that wortmannin and LY294002 
also inhibit mTOR at concentrations generally used in experiments [34], This 
suggests that the effects of these two inhibitors on p70S6 kinase 
phosphorylation may be due to inhibition of mTOR rather than of PI-3-
kinase. In addition, the stimulation of PKB activity in hepatocytes by amino 
acids is inhibited by rapamycin but not by LY294002 (chapter 4). All this 
supports the idea that PI-3-kinase is not involved in amino acid-mediated 
signalling. 

Isolated hepatocytes, as generally used in our laboratory, maintain their 
s t ructural integrity for only 2 h. Therefore HepG2 cells, a h u m a n hepatoma 
cell line, were studied for their suitability as a control for isolated 
hepatocytes in long-term experiments. These cells display, in contrast to 
primary hepatocytes, a high proliferation rate, which, of course, is one of the 
properties of tumour cells. This high proliferation rate appears to be 
maintained by a low overall rate of proteolysis (chapter 2). Autophagy is low 
in these cells and not regulated by amino acids. The amino acid-mediated 
p70S6 kinase phosphorylation is present in these cells and is necessary for 
proper regulation of protein synthesis (chapter 2). Our findings suggest that 
the low rate of autophagy is due to low capacity of the proteolytic machinery. 
Another possible explanation for low rates of autophagy in HepG2 cells is a 
mutat ion in a protein involved in the regulation of autophagy, such as the 
newly identified protein beclin, a novel Bcl-2-interacting protein [35;36]. 
Autophagy in MCF7 cells containing muta ted beclin that can not leave the 
nucleus was no longer regulated by nutr ients [35]. Furthermore, it has been 
suggested that beclin is also involved in the induction of apoptosis and that 
this protein is frequently muta ted in cancer cells [37;38], Because autophagy 
is often observed during apoptosis [39;40], it seems likely that HepG2 cells 
have a decreased autophagic capacity in order to maintain a high 
proliferation rate as well as a decrease in its ability to undergo apoptosis. 
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The regulation by amino acids of signalling and their effects on protein 
and glycogen metabolism closely resemble those described for insulin. The 
insulin signal t ransduct ion pathway (reviewed recently by Kido et al. [10] 
and Avruch et al. [11]) involves a tyrosine kinase pathway originating from 
the insulin receptor, which proceeds, amongst other proteins, via IRS-1, 
PDK-1, PKB and PI-3 kinase. From PI-3- kinase onwards, different 
ser ine/ threonine kinase pathways are activated, including the 
mTOR/p70S6kinase /4E-BPl pathway described above for amino acids. 

Insulin and amino acids synergise with regard to both S6 
phosphorylation and inhibition of autophagy as was first shown by our 
laboratory [8;9[. Recently, the interaction of amino acid and insulin-
mediated signal t ransduct ion has become a major point of discussion. In 
several cell types synergism of insulin and amino acids with regard to p70S6 
kinase or 4E-BP1 phosphorylation is observed [23;27;32;41-43], The 
mechanism of this synergism is largely unexplained. Our data show that 
insulin- and amino acid-dependent signal t ransduct ion converge at two 
independent points: at the level of PKB and mTOR. Based on the literature 
and on the studies described in chapter 4, the following mechanism can be 
hypothesised (as depicted in Fig. 5, chapter 4): Insulin and amino acids 
synergise at the level of mTOR, as was also suggested by Navé et al. [44]. 
Low concentrations of amino acids mediate phosphorylation in the 
regulatory domain of mTOR. This is required for further phosphorylation of 
the kinase domain by high concentrat ions of amino acids or insulin-
stimulated PKB. The mechanism of this sequential phosphorylation may be 
identical to that described for p70S6 kinase: phosphorylation of the 
regulatory domain 'opens' the s t ructure of mTOR, thereby increasing the 
accessibility of the kinase domain. This explains the synergy of amino acids 
and insulin with regard to p70S6 kinase and 4E-BP1. Also, amino acids may 
increase PKB activity by inhibition of an, as yet unidentified, phosphatase 
that acts on PKB, either directly or indirectly. 

Concluding remarks 
From the studies described in this par t of the thesis it can be concluded 

that neither PI-3-kinase nor amino acid-dependent signal t ransduct ion via 
mTOR/p70S6 kinase play a role in amino acid-stimulated glycogen 
synthesis, in contrast to the literature. Furthermore, the inhibitory effect of 
TNF-cc-mediated neutral SMase activity on amino acid-dependent glycogen 
synthesis occurs via cell shrinkage and the concomitant rise in intracellular 
chloride concentration rather than by inhibition of the amino acid-dependent 
signal t ransduct ion pathway following an increased ceramide concentration. 
Thus, despite the similarities, the mechanism by which insulin and amino 
acids affect glycogen synthesis in hepatocytes is different. The amino acid-
and insulin-dependent signal t ransduct ion pathways converge at the level of 
PKB and mTOR/p70S6 kinase (described in Fig. 5, chapter 4). 
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