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Preface 

The original aim of this PhD project was to establish whether 
glucosylceramide and an abnormal glucosylceramide/ceramide ratio 
could play a role in the pathophysiology of Gaucher disease. Because 
literature data suggested that glucosylceramide might signal tissue 
proliferation, the hypothesis was that an increased intracellular 
glucosylceramide/ceramide ratio could be at the basis of the 
hepatosplenomegaly seen in Gaucher patients. The success of 
elucidating a role of these lipids in Gaucher disease depended on the 
accurate determination of GlcCer and ceramide in Gaucher t issues 
and tissue cultures. An appropriate methodology had to be developed 
for this. Changes in the GlcCer/ceramide ratio in hepatic tissue 
cultures (HepG2 cells) induced by either PDMP (very low GlcCer) or 
CBE (very high GlcCer) appeared to have no effect on some 
proliferative end-points that were measured. These facts, combined 
with increasing evidence in the literature that ceramide may not affect 
signal transduction events, triggered the decision to redirect the 
project. 

In view of published results regarding the interaction of 
sphingomyelinase action (increased ceramide) with insulin-dependent 
signal transduction we decided to investigate the possibility of a 
similar interaction with amino acid-mediated signal transduction. The 
latter pathway shares components with the insulin-dependent 
pathway. We chose HepG2 cells and freshly isolated rat hepatocytes 
as experimental systems, in order to stay close to the original plan of 
exploring the control of liver proliferation and function. We noticed 
that insulin alone had little effect on several parameters in 
hepatocytes. Because of this finding the second part of the thesis 
evolved into a study of the interaction between insulin- and amino 
acid-mediated signalling. 

The fact that this thesis describes studies on two different topics 
that are nevertheless interconnected by the putative role of ceramide 
in regulatory mechanisms has stimulated the layout of this thesis 
work. 
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Chapter 1 

Introduction 

Lysosomes 

Function and composition 
Eukaryotic cells contain a rich array of intracellular compartments , 

which are highly specified in their functions: the nucleus , the endoplasmic 
reticulum (ER), the Golgi appara tus , lysosomes, mitochondria and 
peroxisomes. Lysosomes are specialised in degradation of intracellular and 
extracellular macromolecules and particles [1]. To fulfil this function 
lysosomes are sur rounded by a unique membrane that contains a Mg2+-
dependent ATP-driven proton pump, to t ransport H+ into the lysosome to 
maintain an acid pH (pH 4.5-5.5). To allow the digestive products to escape 
the lysosome and to be reutilised, the surrounding membrane also contains 
t ransport proteins (reviewed by [2]). The low pH inside the lysosomes may 
cause denatura t ion of some of the subs t ra tes to be degraded, facilitating 
degradation by the hydrolytic enzymes. These lytic enzymes are proteases, 
nucleases, glycosidases, lipases, phospholipases, phospha tases and 
sulfatases [3]. They have an acid pH optimum, which prevents potential 
damage at the site of synthesis, to cytosolic components during t ransport to 
the lysosome or if leakage occurs through the lysosomal membrane , when a 
lysosome is damaged. 

Acid lysosomal hydrolases and lysosomal membrane proteins are 
synthesised by ribosomes bound to the rough endoplasmic reticulum (RER), 
t ransported through the Golgi and delivered to the lysosome via t ransport 
vesicles that bud from the Golgi membrane . These t ransport vesicles mus t 
incorporate specifically these lysosomal proteins, excluding all other proteins 
that are destined for t ransport elsewhere. Mannose 6-phosphate (M6P) 
residues that are a t tached to the soluble lysosomal hydrolases in the cis-
Golgi are crucial for the sorting in the trans-Golgi of lysosomal enzymes by a 
membrane-bound M6P receptor protein (MPR) into lysosome-directed 
t ransport vesicles. Multiple M6P residues are present on the hydrolases, 
amplifying the sorting signal. The MPR's that reside in the trarts-Golgi 
membrane bind the M6P residues of the hydrolases [4-7]. Subsequently, 
clathrin-coated t ransport vesicles bud from the Golgi and shed their coat 
before fusing with an endolysosome, thereby delivering the hydrolases and 
membrane proteins to the lysosome. 

The binding of MPR to M6P residues is pH dependent. The 
oligosaccharide chain is bound to its receptor at pH 7 in the trans Golgi 
network (TGN) and during transport , and is released at pH 6 after fusion 
with the endolysosome. After the lysosomal hydrolase is released from the 
MPR the receptor is retrieved from the endolysosome and re turned to the 
TGN membrane . MPR's have also been detected on the cell surface where 
they bind lysosomal hydrolases tha t escaped the lysosomal t ransport route 
and were excreted. These hydrolases are retrieved by receptor-mediated 
endocytosis (see below). 

The integral lysosomal membrane proteins, like lamps (lysosome-
associated membrane proteins), limps (lysosomal integral membrane 
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proteins) and lgps (lysosomal membrane glycoproteins) are routed to the 
lysosomes via an M6P-independent pathway. The heavy glycosylation of 
these proteins probably functions to protect the components of the 
lysosomal membrane against the acidic and lytic environment. These 
integral membrane proteins are sorted via a C-terminal cytosolic sorting 
sequence and t ransported to the lysosomes either directly via clathrin-coated 
vesicles from the TGN or indirectly via t ransport to the p lasma membrane 
and subsequent endocytosis (reviewed in [8;9]). 

Except for the fact that it is M6P-independent little is known about the 
mechanism of t ransport of membrane-associated lysosomal hydrolases. For 
glucocerebrosidase, for example, it has been shown that the oligosaccharide 
chains are not phosphorylated during maturat ion of the protein [10] and 
tha t t ransport to the lysosome is not mediated by the M6P system [11]. 

Degradation of extracellular material 
Lysosomal degradation comprises the degradation of extracellular as well 

as of intracellular material. Degradation of extracellular material occurs via 
endocytosis, a process by which pieces of extracellular fluid containing 
compounds that need to be degraded are engulfed by par t s of the plasma 
membrane and internalised. A distinct form of endocytosis that only occurs 
in phagocytes like macrophages and polymorphonuclear cells is 
phagocytosis. In non-phagocytic cells endocytosis is also referred to as 
pinocytosis. Two ways of endocytosis can be distinguished, clathrin-
independent and clathrin-dependent endocytosis. Clathrin-independent 
endocytosis, or macro-pinocytosis, is a non-selective uptake of extracellular 
fluid by the cell via constitutive internalisation of plasma membrane areas 
(reviewed by [12; 13]). Clathrin-dependent endocytosis, or receptor-mediated 
endocytosis, is a specific process that involves binding of specific molecules 
to plasma membrane-receptors and subsequent internalisation (reviewed by 
[14]). Growth factors, interleukins and particles like lipoproteins that need to 
be taken u p from the extracellular space, bind to their corresponding 
receptors. A clathrin-coated vesicle containing the area with the ligand-
receptor complexes buds from the plasma membrane . The clathrin coat is 
shed and the vesicle fuses with an early endosome. Due to the mildly acidic 
pH in the early endosomes (pH 6) the ligand is released from its receptor. 
The receptor is either retrieved and returned to the cell surface or degraded. 
Vesicles containing acid hydrolases from the Golgi fuse with this 
endolysosome. The internal environment is acidified to pH 4.5-5.5 and rapid 
breakdown of the contents to its building blocks occurs. With this process a 
(signalling) growth factor / receptor complex is eliminated from the cell 
surface to downregulate the signal t ransduct ion pathway or to degrade 
obsolete receptors or extracellular components . 

Phagocytosis (depicted in Fig. 1) involves the internalisation of relatively 
large particles and even whole micro-organisms (reviewed in [15; 16]). 
Recognition of the particles that need to be phagocytosed occurs either via 
direct recognition by cell surface antibodies or indirect via binding of 
opsonins, antibodies or complement factors, which bind to the particle. In 
tu rn these opsonins are in tu rn recognised by specific cell surface receptors. 
Upon binding to the receptors a clathrin-coated vesicle buds from the 
p lasma membrane and after the clathrin coat is shed the phagosome fuses 
with lysosomes. In the resulting phagolysosome degradation of the ingested 
material takes place. 

10 
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Autophagy Endocytosis Phagocytosis 

autophagolysosome phagolysosome 

Fig 1. Schematic overview of autophagy, endocytosis and phagocytosis 

Degradation of intracellular material 
Lysosomal degradation of intracellular material is also called autophagy 

(depicted in Fig. 1). Autophagy is a specific process involved in protein 
turnover and breakdown of proteins or organelles, which are no longer 
needed in the present metabolic state of the cell, to building blocks tha t can 
be re-used. For example, in response to amino acid deprivation (starvation), 
autophagic proteolysis is upregulated to produce amino acids that are 
needed for survival of the cell and in the liver also for gluconeogenesis. The 
first step in autophagy is sequestrat ion of a part of the cytoplasm, 
sometimes even containing whole organelles. These autophagosomes possess 
a double membrane that presumably originates from the ribosome free parts 
of the rough endoplasmic ret iculum [17; 18]. Two stepwise processes have 
been described for the matura t ion of these autophagosomes. Firstly, the 
autophagosomes acquire lysosomal membrane proteins by fusion with 
vesicles deficient in hydrolytic enzymes, followed by acidification. By fusion 
with existing lysosomes a mature , acid hydrolases-containing 

11 
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autophagolysosome is formed, in which the cellular debris is degraded 
[17; 19]. A second mechanism by which autophagosomes can mature , is tha t 
the autophagosomes fuse with early endosomes to form amphisomes [20]. 
Acid hydrolases are acquired by fusion with existing lysosomes. In the 
resulting autophagolysosome, degradation of proteins and other 
macromolecular material takes place. 
Most of the studies on autophagy have been carried out in liver cells, 
because the rates of autophagy are appreciable in this organ. For example, 
in a perfused rat liver or in isolated rat hepatocytes in the absence of amino 
acids (the main regulator of autophagy) the rate of autophagy can reach 4-5 
% protein loss per hour [21;22]. Amino acids are the major products as well 
as the main regulators of the autophagic pathway. Amino acids initiate a 
signal t ransduct ion pathway resulting in the phosphorylation of the 
ribosomal protein S6 [23;24]. The degree of phosphorylation of S6 was found 
to correlate with the inhibition of autophagy. 

Lysosomal dysfunction 
The importance of lysosomal breakdown in cellular function and 

metabolism is shown by the severe effects of defects in lysosomal hydrolases, 
which result in lysosomal storage diseases [25;26]. Over 40 lysosomal 
storage disorders are known (see for example Fig. 3). Four different types of 
storage material can be accumulated: oligosaccharides, 
mucopolysaccharides, sphingolipids and other lipids. For almost all of these 
disorders the underlying molecular defect is known. There are several 
defects that can cause these lysosomal storage disorders. The first, most 
common, group of defects affects a single lysosomal enzyme, which leads to 
accumulat ion of the substrate(s) of the enzyme. Because lysosomal enzymes 
have a broad specificity, accumulat ion of several subs t ra tes can occur. Some 
enzymes act sequentially in the degradation of a particular molecule, t hus 
inducing a blockade of a whole degradation pathway if such a hydrolase is 
deficient. A wide variety of gene mutat ions has been characterised, from 
mutat ions leading to an inactive enzyme, incorrect folding, an uns table 
enzyme or a defect routing of the enzyme causing mislocalisation. Other 
muta t ions affect RNA synthesis, stability or splicing. An example of a 
lysosomal storage disease caused by a mutat ion in a single lysosomal 
enzyme is Gaucher disease which is caused by a defect in ß-
glucocerebrosidase (see below). 

A second group of defects inducing lysosomal storage diseases involves 
deficiency of accessory proteins or defects in activator proteins. An example 
of such a storage disease is Galactosialidosis [27]. In this disease, cathepsin 
A is affected which stabilises both neuraminidase and ß-galactosidase and 
activates the latter. Defiency of cathepsin A activity leads to reduced activity 
of both enzymes. 

Another set of lysosomal storage disorders is caused by defects in the 
export of the degradative products out of the lysosome. Examples are Salla 
disease [28] and cystinosis [29]. In these diseases sialic acid and cystine, 
respectively, are inefficiently t ransported out of the lysosome. 

Finally, there is a group of lysosomal storage disorders in which 
miscellaneous defects are involved. A well-known example is Fcell disease in 
which the phosphotransferase responsible for the creation of the mannose-6-
phosphate (M6P) residue as a lysosomal targeting signal is defect. This 
deficiency affects the sorting of all M6P-dependent lysosomal hydrolases for 
t ransport to the lysosomes. Fibroblasts are predominantly affected because 

12 
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they totally depend on the M6P sorting system, whereas other cell types have 
an additional M6P-independent lysosomal sorting pathway. 

Sphingolipid metabolism and sphingolipidoses 

Sphingolipid synthesis 
The biosynthetic pathway of sphingolipids is depicted in Fig. 2. The first 
steps leading to the formation of ceramide, are catalysed by membrane-
bound enzymes at the cytosolic surface of the ER. The first enzyme involved 
uses L-serine and palmitoyl-CoA to form dehydrosphinganine. This 
compound is first reduced by dehydrosphinganinereductase to sphinganine 
and subsequently acylated via sphinganine N-acyltransferase. The 4- t rans 
double bond that is introduced in the dihydroceramide transforms it to 
ceramide. Ceramide is then used as a precursor in sphingomyelin synthesis 
and synthesis of glycosphingolipids with glucosylceramide as backbone. To 
complete glycosphingolipid synthesis the newly formed ceramide is 
t ransported from the ER to the Golgi appara tus . The na ture of this t ransport 
is still an enigma. In the literature, both t ransport via vesicular membrane 
flow as well as non-vesicular t ransport has been described [30;31]. Once 
arrived at the Golgi appara tus ceramide is glycosylated by a 
glucosyltransferase to form glucosylceramide (GlcCer). Sequential addition of 
further monosaccharide and sialic acid (NeuAc) residues yielding GM3, GD3 
and more complex gangliosides is mediated by membrane-bound 
glycosyl transferases. 

Sphingolipid breakdown 
Glycosphingolipids are important components of the eukaryotic cell. 

They make u p a large part of the membrane components . The catabolism of 
glycosphingolipids is, like the biosynthesis, a stepwise process. The 
degradation of glycosphingolipids, as depicted in Fig. 3, takes place in 
lysosomes. It is generally a s sumed that the glycosphingolipids of the p lasma 
membrane reach the lysosomes by endocytosis [32], probably after 
enrichment of this part of the p lasma membrane . 

Also depicted in Fig. 3 are the various enzyme defects in the degradation 
pathway and the name of the resulting lysosomal storage disorder. There is a 
h u m a n lysosomal storage disease associated with almost every enzyme 
involved in glycosphingolipid catabolism, whereas there are no diseases 
known as yet to be associated with defects in glycosphingolipid biosynthesis. 
This suggests that sphingolipid biosynthesis is very important for the cell 
and tha t there is either redundancy or that a defect in biosynthesis is lethal. 
An indication for functional redundancy within glycosphingolipids is 
provided by the creation of mice deficient in complex gangliosides by 
disruption of the ßl,4-N-acetylgalactosaminyltransferase (GalNacT) gene. 
Despite the complete absence of complex gangliosides, these mice were 
grossly normal at 12 months old [33;34]. Elimination of the major pathway 
of glycosphingolipid synthesis, by disruption of the gene encoding 
glucosylceramide synthase in embryonic mice, appeared to be lethal [35]. In 
this s tudy it was shown that glycosphingolipids tha t arise from 
glucosylceramide are not vital for the differentiation of pluripotent cells into 
primitive lineages, however further differentiation was clearly impaired [35]. 

13 
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Fig. 2. Schematic overview of the biosynthetic pathway of sphingolipids 

Gaucher disease 
Gaucher disease is the most prevalent lysosomal storage disorder. The 
phenotype was first described in 1882 by Phillippe Gaucher [36] and was 
named Gaucher disease by Brill in 1905 [37]. In 1965 Brady et al. [38] and 
Patrick [39] showed that the enzymatic defect in Gaucher disease was due to 
impaired glucosylceramide hydrolysis. The underlying molecular defect is 
deficiency in activity of the lysosomal acid ß-glucosidase (glucocerebrosidase) 
(Fig. 3). This enzyme degrades glucosylceramide to ceramide and glucose. 
Deficiency of this enzyme results in lysosomal storage of glucosylceramide. 
Tissue macrophages degrade senescent blood cells that are rich in 
glycosphingolipids, thereby producing massive amoun t s of glucosylceramide 
as the common intermediate of lysosomal degradation of glycosphingolipids 
(see Fig. 3). This is probably the reason tha t in these t issue macrophages the 
glycosphingolipid storage is particularly profound. Lipid laden macrophages 
have a typical morphology and are called Gaucher cells [40]. 
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disorders and the underlying enzyme defect are also shown. 
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Three types of Gaucher disease can be distinguished by age of onset and 
clinical manifestation: type 1 (the adult form), type 2 (the acute 
neuronopathic form or infantile form) and type 3 (the subacute 
neuronopathic form or juvenile form). Type 1 Gaucher disease is most 
prevalent in the Ashkenazi Jewish population. The most prominent clinical 
features of this type of Gaucher disease are progressive hepato- and 
splenomegaly and bone-involvement. Splenomegaly can result in cytopenia 
due to enhanced clearance of blood cells by the spleen [41]. Skeletal 
involvement probably leads to the most invalidating symptoms: atypical bone 
pain, aseptic osteomyelitis (bone crisis), septic osteomyelitis and pathological 
fractures [42], Involvement of kidneys and lungs have been described in rare 
cases [43]. The clinical manifestations as well as the age of onset of type 1 
Gaucher disease are very heterogeneous. The symptoms can occur at any 
age and asymptomatic individuals (sometimes even carrying the same 
genetic defects as the symptomatic individuals) were identified above the age 
of 70 years [44]. 

Type 2 and Type 3 Gaucher disease both display neurological involvement in 
addition to hepatosplenomegaly. Type 2 Gaucher disease is rare and is 
characterised by a rapid neurological deterioration leading to death before 
the age of 2 years [41]. Like type 1 disease, type 3 Gaucher disease is 
characterised by progressive hepatosplenomegaly and bone involvement. In 
this type of disease these symptoms are followed by slowly progressive 
neurological symptoms usually occurring during childhood [45]. As in type 1 
disease, there is variability in the clinical manifestation of type 3 Gaucher 
disease. 

Nowadays over 120 mutat ions that can cause Gaucher disease have been 
identified in the glucocerebrosidase gene. These include point mutat ions , 
missense mutat ions , splice site mutat ions and recombinant events with the 
glucocerebrosidase pseudogene (reviewed in refs. [41;46;47]). Due to the 
large differences in clinical outcome of the disease even within identical 
twins [48], there is a low predictive value of the genotype. The five most 
common mutat ions are listed below: 

The N370S mutat ion alters the asparagine residue at position 370 in a 
serine residue, leading to a stable protein with reduced enzymatic activity 
[49; 50]. Homozygosity for this mutat ion is associated with mild disease and 
is often found in non-symptomatic patients [51;52]. The presence of the 
N370S mutat ion is considered as a protection against neurological 
symptoms because it is not found in type 2 and type 3 patients [53]. 

The L444P mutat ion is a base subst i tut ion resulting in an amino acid 
change from leucine to proline at amino acid position 444 producing an 
uns table protein [50;54]. Homozygosity for this mutat ion was found to be 
often associated with neurological symptoms [49]. In the Norbottnian 
Swedish population this genotype is strongly correlated with type 3 Gaucher 
disease [55]. In other populations, homozygosity for L444P often results in 
either type 2 or type 3 Gaucher disease [56;57]. 

The 84GG mutat ion is an insertion of a second guanine at cDNA 
nucleotide 84. This insertion results in a frame shift leading to early 
termination of the enzyme (null mutant) [58]. 

In the IVS2+1 mutat ion a nucleotide in a splice junct ion is subst i tuted. 
This subst i tut ion causes skipping of exon 2 and leads to a null mu tan t [59]. 

The R463C is another base substi tution. The amino acid arginine at 
position 463 is changed in a cystine residue [60]. This subst i tut ion leads to 
an enzyme that is less activated by Saposin C and phosphatidylserine [61]. 

16 
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Saposin C is a small glycoprotein, which enhances the activity of 
glucocerebrosidase both in vitro [62-70] and in vivo [71;72]. 

Of all glucocerebrosidase alleles in Ashkenazi Jewish pat ients 97.5 % 
contains one of these five muta t ions [59]. In non-Jewish patients these 5 
mutat ions cover about 60-85 % of the glucocerebrosidase alleles [51;73;74], 

Therapy 
Because the Gaucher cells are t issue and bone macrophages, allogeneic 

bone marrow transplantat ion is considered an attractive therapy for Gaucher 
patients. Successful bone marrow transplantat ion indeed leads to a decrease 
in hepatosplenomegaly and an arrest of neurological manifestation [75-77], 
bu t not to recovery from the existing neurological symptoms [78]. However, 
this approach is associated with high risks and morbidity due to graft 
rejection. 

Gene therapy for Gaucher pat ients is currently being developed. Human 
hematopoietic progenitor cells (CD34+ cells) carrying a defective 
glucocerebrosidase gene, isolated either from the peripheral blood or from 
the bone marrow, are transfected with a wildtype glucocerebrosidase gene. 
Since this procedure involves autologous t ransplantat ion with genetically 
corrected cells it is not hazardous for the patient. Different groups have 
reported long-term expression of the glucocerebrosidase gene in CD34+-cells 
[79-82]. Reconstitution of these cells in the bone marrow of mice results in 
increased glucocerebrosidase levels in liver, spleen and explanted 
macrophage cultures [83;84]. In Gaucher pat ients CD34+ cells in which the 
glucocerebrosidase gene was transferred via a retroviral vector were also 
successfully reconstituted. In the peripheral blood lymphocytes of the 4 
patients that were t ransplanted with these genetically corrected cells the 
t ransgene was present and enzymatic activity was about as high as carrier 
levels [85-87]. In another s tudy 3 patients were t ransplanted with 
autologous CD34+ cells that were genetically corrected. In these pat ients the 
lifetime of the transfected cells in the peripheral blood was about 3 months 
postinfusion, meaning that the t reatment should be repeated every 3 
months . However, in this s tudy the level of corrected cells was too low to 
result in any clinical benefit [88]. These studies suggest that reconstitution 
of glucocerebrosidase-transfected cells is in principle beneficial for the 
pat ients . The transfected CD34+ cells proliferate and mature , however during 
this process the glucocerebrosidase gene is lost. Patients need to be infused 
with their recombinant s tem cells every 3 months . The development of a 
methotrexate selectable vector might enhance the persistence and the 
expression of the glucocerebrosidase gene in the genetically corrected cells 
[89;90]. 

The general t reatment for Gaucher disease is enzyme supplementat ion 
therapy. Gaucher disease is the first and as yet the only lysosomal storage 
disorder for which a successful therapy is available. The first enzymatically 
active glucocerebrosidase tha t was available for infusion in Gaucher patients 
was purified placenta enzyme. When the therapy was developed around 
1966 [91] it was not particularly effective, because of insufficient up take by 
the t issue macrophages. It was not unti l 1981 that this enzyme 
supplementat ion therapy was successful. To target the enzymes to the 
macrophage mannose receptors it was enzymatically partially deglycosylated 
to expose the mannose residues in its glycans [92]. This modified h u m a n 
placenta glucocerebrosidase is now commercially available unde r the name 
Ceredase. Because of the risk of contamination of the placental 
glucocerebrosidase enzyme with other proteins or viruses a recombinant 
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glucocerebrosidase was developed. This enzyme is commercially available 
under the name Cerezyme. Since a few years, world-wide Gaucher pat ients 
are treated with Cerezyme. Because of the high costs of the enzyme 
supplementat ion therapy (between 45.000 and 230.000 Euro per patient per 
year in the Netherlands), a vast amount of research on the optimal dosage 
regimen was performed. The response to enzyme therapy is monitored by the 
correction in clinical parameters like spleen and liver volume, haemoglobin 
levels and the number of platelets. Recently, the p lasma levels of 
chitotriosidase, an enzyme secreted in large amounts by Gaucher cells, is 
added as a biochemical parameter for response to enzyme therapy. 
Improvements of these parameters are observed in the majority of the 
treated patients, irrespective of the dose administered. Although there 
continues to be a lot of controversy, the preferred dosage regimen with 
respect to costs / benefit seems to be a low dose / high frequency regimen. 
However, the dosage regimen is individually established for every patient in 
order to achieve an optimal response of the parameters that are determined. 

Another approach to lower the burden of lysosomal GlcCer in Gaucher 
patients is to inhibit glucosylceramide synthase [93] (substrate deprivation 
therapy). A potent inhibitor of glucosylceramide synthase is N-
butyldeoxynojirimycin (OGT 918 or iVB-DNJ) (Fig. 4). This compound 
prevented the lysosomal storage of GlcCer in an in vitro model of Gaucher 
disease (CBE-induced model using the murine macrophage cell line WEHI-
3B) [94]. Furthermore, OGT 918 delayed the onset of GM2 gangliosidosis in a 
gene-knockout mouse model and prolonged the life of the affected mice 
[95;96]. N-butyldeoxynojirimycin has already been used in trials with AIDS 
patients to block the spreading of the virus by blocking its glycolipid 
synthesis [97;98]. In these trials the compound was well tolerated. Recently 
a clinical trial has started in which pat ients underwent subs t ra te deprivation 
therapy. The patients were treated with orally administered OGT 918 in 
much lower amounts than were used in the AIDS trials. After 12 months of 
t reatment many of the clinical signs and laboratory hal lmarks of Gaucher 
disease were reduced [99]. Because OGT 918 is small enough to cross the 
blood-brain barrier, this compound might provide a therapy that relieves the 
neural symptoms of type 2 and type 3 Gaucher disease. 

Sphingolipid signal transduction 

The pathophysiological mechanism of Gaucher disease is still largely 
unknown. The fact that the largest amount of glucosylceramide is stored in 
macrophages (which become Gaucher cells), the brain (in case of 
neurological involvement) and spleen and liver suggests that the storage 
material itself is responsible for the clinical symptoms of Gaucher disease. 
This implies that storage of glucosylceramide activates macrophages and 
induces proliferation of hepatic and splenic t issue. 

For a considerable period of time lipids were merely seen as membrane 
components whose major function was to maintain the s t ructural integrity of 
the cell membrane and to allow intra- as well as intercellular t ransport and 
to confer permeability properties of the membranes . The fluid mosaic model 
of Singer and Nicholson [100] that allows lateral diffusion of lipids and 
proteins in the plane of the membrane altered that idea. With the increase in 
dynamic properties of lipids, they are nowadays believed to function as 
mediators of signal t ransduct ion events. Glucosylceramide for example is 
believed to be a mediator of anabolic signal t ransduct ion pathways whereas 
ceramide, the breakdown product as well as precursor of glucosylceramide, 
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seems to be implicated in catabolic signalling pathways (see below). However, 
there continues to be a lot of discussion about the exact signal t ransduct ion 
pathways tha t are initiated by sphingolipids. 

Glucosylceramide in signal transduction 
The first indications that GlcCer induced cellular proliferation were 

derived from the clinical symptoms of Gaucher pat ients . For example, the 
storage of glucosylceramide in Gaucher disease is believed to be in part 
responsible for the hepatic and splenic enlargement that is observed in these 
patients [101]. Some Gaucher pat ients also suffer from B lymphocyte 
proliferative disorders [102]. More indications tha t glucosylceramide was 
involved in anabolic cellular responses were derived from at tempts to create 
an animal model for Gaucher disease. Injection of emulsified GlcCer in mice 
induced hepatic growth [103]. Treatment of mice over a period of time with 
conduritol B epoxide (CBE) (Fig. 4), an irreversible inhibitor of 
glucocerebrosidase, induced an animal model of Gaucher disease. These 
mice had increased growth of liver and brain [104]. Furthermore, it was 
found that topical application of CBE in mouse epidermis increased 
epidermal GlcCer levels twofold and stimulated epidermal proliferation. In 
this same study in t racutaneous administrat ion of GlcCer also st imulated 
DNA synthesis . Finally, when both GlcCer and CBE were simultaneously 
administered this resulted in an additive increase in DNA synthesis [105]. 
More evidence that GlcCer is involved in regulation of cell growth was 
derived from studies with PDMP (D-threo-l-phenyl-2-decanoylamino-3-
morpholino-1-propanol) (Fig. 4), a ceramide analogue and inhibitor of 
glucosylceramide synthase. Addition of PDMP to cell cul tures decreased the 
levels of GlcCer and increased the levels of ceramide, the precursor of 
GlcCer. This inhibition of UDP-glucose:ceramide glucosyltransfer-ase 
(glucosylceramide synthase) is competitive with ceramide [93]. Injection of 
this inhibitor in mice suppressed the growth of Ehrlich ascites tumour cells 
[106]. In vitro, inhibition of glucosylceramide synthesis by PDMP inhibited 
experimental metastasis of murine Lewis lung carcinoma [107]. 
Furthermore, it was reported that in kidneys of ra ts with streptozotocin-
induced diabetes mellitus, in which GlcCer is increased due to increased 
levels of UDP-glucose, the substra te for GlcCer synthesis, PDMP could 
reverse the hypertrophic response (measured by decrease in kidney weight 

and glomerular morphometry) [108]. In addition GlcCer has been 
implicated in oncogenic transformation [109; 110]. The glycolipid expression 
found in these studies was higher in transformed cells compared to non-
transformed cells. 
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Fig. 5. Schematic overview of GlcCer signal t ransduct ion 

Furthermore, it was shown that high rates of GlcCer synthesis could induce 
multidrug-resistance of tumour cells [111]. These high rates of GlcCer 
synthesis are decreased by agents that reverse mult idrug-resistance (such as 
the chemotherapeutic subs tances tamoxifen, verapamil and cyclosporin A) 
by inhibition of ceramide glycosylation [112]. Recently it was shown that the 
h u m a n mult idrug resistance protein 1 (MRP1) is involved in the 
translocation of short acyl-chain sphingolipid analogues, like C6-GlcCer, 
from the cytoplasmic leaflet to the exoplasmic leaflet [113]. It was suggested 
that this translocation process is involved in multidrug resistance [113]. 

Although much research has been conducted on the subject it is still not 
known how GlcCer t ransduces this proliferative signal. A possible 
explanation is that GlcCer promotes the formation of so-called rafts (Fig. 5). 
Rafts are floating islands in the cell membrane (microdomains) that are 
enriched in glycosphingolipids in which proteins involved in signal 
t ransduct ion are clustered [114]. This focal concentration of signal 
t ransducing molecules might facilitate proliferative signals. Another 
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possibility is tha t GlcCer binds specifically to a factor in the growth-
controlling cascade. Although there is no evidence for this, it is plausible 
since it is well known tha t several related glycosphingolipids bind to specific 
moieties in viruses, bacteria and toxins (reviewed by [115; 116]). 

Actual signal t ransduct ion events have been described in a number of 
reports. An overview of the current knowledge on GlcCer signal t ransduct ion 
is presented in Fig. 5. Diacylglycerol (DAG), a hydrolysis product of 
phospholipase C (PLC) activity, was substantial ly elevated in GlcCer depleted 
(by PDMP) Madin-Darby canine kidney (MDCK) cells [117]. Although DAG is 
an activator of protein kinase C (PKC) by increasing its affinity for Ca2+, so 
tha t PKC becomes activated at physiological levels of Ca2+, the activity of 
PKC was decreased in PDMP-treated MDCK cells. This can be at tr ibuted to 
down-regulation of PKC by the persistent presence of DAG [118]. In MDCK 
cells treated with CBE, DAG was found to be mildly elevated and PKC 
activity was increased [117]. Because the increase in GlcCer upon CBE 
treatment was not accompanied by a decrease in ceramide it was concluded 
tha t increased GlcCer levels were responsible for the increase in PKC 
activity. PKC is a s e r / t h r kinase that is a mediator of proliferative and anti-
apoptotic signal t ransduct ion [119-122] and has many target proteins. Until 
now, the target protein of PKC in the a s sumed GlcCer signalling pathway is 
not known. 

Ceramide signal transduction 
Ceramide, the glucosylceramide precursor and breakdown product, is 

believed to be a second messenger in catabolic signal t ransduct ion pathways 
leading to cell cycle arrest and apoptosis (programmed cell death). Up to now 
there is a lot of controversy with respect to the role of ceramide in signal 
t ransduct ion. 

Sphingomyelin hydrolysis (Fig. 6) is believed to be the major source of 
intracellularly generated ceramide upon binding of Fas-ligand (FasL) or 
tumour necrosis factor (TNF), 1,25-dihydroxy-vitamin D, ionising radiation 
and various chemotherapeutic agents [123-125]. There are several 
mammalian sphingomyelinases (SMases) known, which differ in their 
catalytic properties, subcellular localisations and probably in their modes of 
regulation. The first SMase to be characterised was the lysosomal acid 
SMase (aSMase) [126;127], which plays a role in the degradation of 
sphingomyelin. The lysosomal storage disorder Niemann Pick disease type A 
and B is caused by a defect in the aSMase gene. This results in a massive 
accumulat ion of sphingomyelin in the lysosomes. The pat ients die in early 
childhood [128], By artificially disrupting this aSMase gene a Niemann Pick 
mouse model h a s been generated [129; 130]. A Mg2+-dependent neutral 
SMase (nSMase) resides in the p lasma membrane and is mainly expressed in 
the brain [131; 132]. Furthermore, there are three SMases known that are 
not membrane-bound: the gene tha t encodes the lysosomal aSMase also 
encodes a secreted form of the aSMase [127; 133], a soluble Mg2+-
independent nSMase, which resides in the cytosol [134] and a secreted 
alkaline SMase [135]. One or several of these SMases can be activated upon 
an apoptotic s t imulus . In some cases the increase in de novo synthesis of 
ceramide is responsible for the increase in ceramide levels [136]. 
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With regard to the ceramide signal t ransduct ion pathway there appear to 
be two different pathways (Fig. 7), one leading to proliferation, differentiation 
and inflammation (in case of cells involved in the immune system) and the 
other pathway leading to apoptosis. Ceramide is one of the most 
hydrophobic molecules in mammal ian cells and it tends to remain within the 
membrane bilayer. Therefore it probably exerts its function at the site of its 
production. The topology of ceramide generation may be the factor tha t 
determines whether the induced ceramide signals for apoptosis or 
proliferation and differentiation. In studies with the mutan t s of the 
cytoplasmic domains of the 55 kDa TNF receptor it was shown that specific 
receptor domains link to nSMase or aSMase [137]. The nSMase is activated 
by a membrane proximal region called the NSD domain (Neutral 
Sphingomyelinase Domain)[138;139]. It was suggested that the nSMase is a 
mediator of proliferation, differentiation and inflammation. In contrast, the 
aSMase is activated by the Death Domain (DD) in the carboxyl-terminal 
region of the TNF receptor [137] and is involved in the induction of 
apoptosis. More evidence that aSMase is crucial for apoptosis is derived from 
genetic models of Niemann-Pick disease (aSMase deficiency). Lymphoblasts 
from Niemann-Pick disease patients and from aSMase knockout mice were 
defective in the apoptotic response [140]. Furthermore, B-cell lines from 
Niemann-Pick disease pat ients did not respond to ionising radiation with 
ceramide generation and apoptosis, whereas normal lymphocytes do. After 
restoration of the aSMase activity by transfection of the cells with h u m a n 
aSMase cDNA, the abnormal apoptotic response was reversed. Ceramide has 
been reported to regulate directly or indirectly the activity of several enzymes 
and signalling components , amongst which Mitogen Activated Protein 
kinases (MAP kinases) [141-145], Ceramide Activated Protein kinase (CAP 
kinase) [143;146;147], PKCÇ [148-150], Ceramide Activated Protein 
Phosphatase (CAPP)[124;151;152], phospholipases such as cytosolic 
Phospholipase A2 (cPLA2) [153] or Phospholipase D (PLD) [154;155], 
transcription factors such as Nuclear Factor K B (NF-KB [150; 156; 157] and 
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caspase-3 (CPP32-like caspases)[158;159]. The interpretation of these da ta 
mus t be considered with caution, because in most studies short-chain 
ceramide analogues or exogenous SMase were used over prolonged periods 
of time to mimic the effects of ceramide inducing agents . This may not reflect 
the t ransient and focal physiologic generation of small amoun t s of ceramide 
in response to exogenous stimuli. Furthermore, these large amounts of 
ceramide may serve as the source of other bioactive sphingolipids as 
described above. For MDCK cells it has been described that high amoun t s of 
ceramide induce glucosylceramide synthase within 5 hours after the 
intracellular increase of ceramide [160]. 

The neutral SMase is localised at the p lasma membrane [131; 132] and is 
believed to mediate the signal t ransduct ion pathway leading to proliferation, 
differentiation and inflammation. This SMase is usually activated by specific 
regions of SMase-inducing receptors like the TNF-receptor, Fas- receptor, 
Interleukin-1 ß-receptor or the Interferon-y-receptor (reviewed by [124; 161]. 
Ceramide induced by the action of this SMase activates CAP kinase 
[146; 162; 163]. CAP kinase is a 97 kDa protein tha t is exclusively membrane-
associated and belongs to the family of proline-directed s e r / t h r protein 
kinases [146;163]. CAP kinase phosphorylates and activates Raf-1 [143;147], 
which activates MEK1 (MAPkinase kinase). By this mechanism, the MAP 
kinase pathway is activated tha t leads to proliferation. MAP kinase has been 
described to activate PLA2, leading to formation of arachidonic acid, which is 
a precursor of eicosanoids and can induce inflammation [137; 138]. It was 
reported that PKCÇ is directly bound and activated by ceramide [149; 150]. 
Furthermore, PKCÇ is known to be a par t of an anti-apoptotic signalling 
pathway [119-122]. 

In addition to localisation in lysosomes and endosomes [164] aSMase has 
been identified in the caveolae at the p lasma membrane [165]. This enzyme 
has been implicated in the apoptotic signal t ransduct ion pathway [137], on 
the grounds of its binding to the death domain of the 55 kDa TNF receptor. 
aSMase becomes activated upon environmental s tresses like radiation, UV, 
H2O2 and heat or by proteins a t tached to the death domains of receptors like 
TNF-receptor and Fas-receptor [166; 167]. Upon activation of aSMase 
ceramide is formed, which activates two parallel signalling pathways. One 
pathway is the so-called SAPK/JNK (Stress Activated Protein Kinase / c -Jun 
N-terminal Kinase) pathway [166;167] involving a s e r / t h r kinase cascade. 
Upon activation of MEKK1 (MEK kinase or MAP kinase kinase kinase) by 
ceramide [166], SEK1 (SAPK kinase), SAPK and c -Jun (a transcription factor) 
are sequentially activated by phosphorylation [166]. How c-Jun induces 
apoptosis is as yet unknown, but as c-Jun-mediated apoptosis could be 
blocked by peptide inhibitors of ICE-like caspases (caspase-1 family) [168] it 
is likely that c - Jun induces apoptosis indirectly through protease 
intermediates. 

The other pathway of aSMase-induced ceramide involves the 
mitochondria. Ceramide induces by an unknown mechanism the 
heterodimerisation of a pro-apoptotic Bcl-2 family protein (like Bax, Bak or 
Bad) with an anti-apoptotic Bcl-2 family member (like Bcl-2 or BC1-XL) 
(reviewed by [169]). Anti-apoptotic Bcl-2 proteins control the release of 
cytochrome c (cyt c) [170; 171] and possibly also of AIF (Apoptosis Inducing 
Factor). Upon dimerisation of pro- and anti-apoptotic Bcl-2 proteins, cyt c i s 
released by the mitochondria and activates a CPP32-like caspase (caspase-
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3), leading to nuclear apoptosis. The activation of CPP32 by Cyt c required 
other cytosolic factors like dATP [172]. AIF is a 50 kDa ICE-like protease 
(caspase-1 family) that can induce nuclear apoptosis by itself [173]. 
Caspase-1 is important in the induction of permeability transition (PT) of the 
mitochondrial membrane [174]. PT pore opening causes uncoupling of the 
respiratory chain resulting in a collapse of the mitochondrial 
t r ansmembrane potential (MTP) (reviewed by [175;176], a t tenuat ion of ATP 
synthesis and the release of calcium, glutathione and apoptotic subs tances 
like AIF and cyt c. 

Caspase-1 family proteases link the two ceramide-induced apoptotic 
pathways to each other. It is probably activated by the SAPK pathway and by 
the Bcl-2 mediated pathway in the form of AIF (which is a caspase-1), and it 
induces mitochondrial collapse and the release of AIF. Once caspase-1 is 
activated it enters a self-sustaining loop. 

Whether or not ceramide and the sphingomyelin cycle are involved in 
apoptosis remains controversial. Recently, studies were published showing 
no change of ceramide levels upon several apoptotic stimuli [177; 178]. Other 
studies showed a slow elevation of ceramide levels upon Fas and TNF 
stimulation (the two most extensively studied systems) [179; 180]. The latter 
studies led to the conclusion that the increase in ceramide is a consequence 
ra ther than a cause of apoptosis. 

With regard to the role of ceramide and / or glucosylceramide signalling 
in the pathophysiology of Gaucher disease several hypotheses can be made. 
Firstly, a fraction of the stored glucosylceramide could escape the lysosomes 
and mediate an anabolic signal t ransduct ion pathway leading to proliferation 
of hepatic or splenic t issues or to the sustained activation of the 
macrophage /Gaucher cell. However, since it was reported that natura l 
ceramide cannot escape the lysosome in the case of lysosomal ceramidase 
deficiency (Färber disease) [181] it seems unlikely that GlcCer could. 
Secondly, the existence of a second non-lysosomal glucocerebrosidase was 
described previously [182]. This enzyme is plasma membrane-bound, not 
deficient in Gaucher disease and is not inhibited by CBE as is its lysosomal 
relative. In this context another hypothesis is that a part of the lysosomally 
stored glucosylceramide either escapes the lysosome or migrates to the 
cytosolic side of the lysosomal membrane . Once at the outer leaflet or 
outside the lysosome it comes into contact with the second non-lysosomal 
glucocerebrosidase and is degraded. The resulting local increase in ceramide 
concentrations could then induce a signal t ransduct ion pathway also leading 
to activation (as described above). A third hypothesis is tha t the ratio of 
ceramide and GlcCer is disturbed in such a way that the balance 
catabolic/anabolic metabolism has turned in favour of anabolism. 
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Scope of this part of the thes i s 

Lipid metabolism is vital for adequate functioning of the cell. In Gaucher 
disease the lysosomal glucocerebrosidase activity is deficient. Macrophages 
are primarily affected by lysosomal storage of glucosylceramide (GlcCer) due 
to their phagocytic properties. These lipidladen macrophages become 
activated and are called Gaucher cells. The Gaucher cells are believed to be, 
at least partly, responsible for the Gaucher phenotype. 

The aim of the studies described in this part of the thesis was several-
fold. In literature it is reported tha t GlcCer can induce a signal t ransduct ion 
cascade leading to proliferation. Furthermore, in the case of Gaucher 
disease, it is believed that the increased intracellular levels of GlcCer are, at 
least partly, responsible for the hepatosplenomegaly which is one of the most 
important clinical features of Gaucher disease. In chapter 2 the possibility 
that lysosomally stored GlcCer can induce signal t ransduct ion is discussed. 
For this study, HepG2 (human hepatoma cells) were treated with either CBE 
to induce the Gaucher phenotype or with PDMP to induce the opposite effect. 
The effect of these alterations in the intracellular GlcCer concentration on 
the amino acid induced p70S6 kinase phosphorylation and protein synthesis 
was investigated. 
In Gaucher disease, increased levels of GlcCer in plasma, blood cells and 
spleen are found. Because GlcCer and ceramide are believed to have 
opposite effects on cellular metabolism, it is of interest to determine the 
balance of ceramide and GlcCer in Gaucher patients. In chapter 3, three 
methods to determine GlcCer and ceramide are compared: the densitometric 
method tha t is widely used and relatively easy to perform, the DAG kinase 
assay tha t measures the extra ceramide formed in the sample after 
degradation of GlcCer to ceramide and glucose by purified 
glucocerebrosidase, and the HPLC method that measures the deacylated 
forms of ceramide and GlcCer simultaneously. In addition, chapter 3 
describes the distribution of ceramide and GlcCer in p lasma lipoprotein 
fractions of Gaucher patients and control persons. In Chapter 4 the HPLC 
procedure, described in chapter 3, was used to determine ceramide and 
GlcCer levels in p lasma of Gaucher patients. The effect of enzyme 
supplementat ion therapy and of the recently developed substra te deprivation 
therapy on plasma ceramide and GlcCer concentrations was investigated. 
Furthermore, the correlation of p lasma GlcCer with plasma chitotriosidase 
activity (a marker for the amount of Gaucher cells) before and after therapy 
was investigated. In Chapter 5 the outcome of these studies is summarised 
and briefly discussed. 
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Chapter 2 

Manipulation of glucosylceramide concentration 
does not affect protein synthesis, cell growth and 

p70S6 kinase activation in HepG2 cells. 

Abstract 
Lipids are no longer considered as merely const i tuents of cellular 

membranes . Many lipids are now believed to play a role in cellular signalling. 
Ceramide, for example, plays a role in signal t ransduct ion pathways leading 
to different metabolic outcomes, varying from apoptosis to inflammatory 
reactions, proliferation and differentiation. Glucosylceramide is believed to 
play a role in anabolic signalling, leading to proliferation and, in the case of 
cells of the immune system, activation. Although many studies have been 
conducted to elucidate the role of glucosylceramide and glycosphingolipids in 
cellular proliferation, little is known about the signal t ransduct ion pathway 
that is mediated by these lipids. Most s tudies that at tempt to determine the 
effects of glucosylceramide use conduritol B epoxide (CBE) and l-phenyl-2-
decanoylamino-3-morpholino-l-propanol (PDMP) to manipulate 
glucosylceramide levels. CBE is an irreversible inhibitor of (lysosomal) 
glucocerebrosidase, which can be used to mimic Gaucher disease in animal 
models and cell cul tures. PDMP is a ceramide analogue, which functions as 
an inhibitor of glucosylceramide synthase, thereby depleting the 
glucosylceramide contents of the cell and subsequently increasing the 
ceramide concentration. 

In this study, protein synthesis and cell growth were determined before and 
after manipulat ion of the intracellular glucosylceramide concentration of 
cultured HepG2 cells. Furthermore, phosphorylation of p70S6 kinase, which 
plays a prominent role in the activation of protein synthesis, was 
investigated. It appeared tha t in HepG2 cells manipulat ion of the 
glucosylceramide concentration by incubation with either CBE or PDMP did 
not affect the rate of cell growth, protein synthesis or the phosphorylation of 
p70S6 kinase. 
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Introduction 
Gaucher disease is the most prevalent lysosomal storage disorder 

(reviewed by Beutler and Grabowski [1] and Barranger and Ginns [2]). The 
genetic defect in the lysosomal glucocerebrosidase gene is autosomal 
recessively inherited. Due to dysfunction of this lysosomal 
glucocerebrosidase, the subst ra te glucosylceramide (GlcCer) is mainly stored 
in the lysosomes of t issue macrophages. These lipid-laden, activated 
macrophages are called Gaucher cells and display a distinct phenotype. The 
most prominent clinical features of Gaucher disease are hepatosplenomegaly 
and boneinvolvement. It is believed that the presence of Gaucher cells in the 
liver and spleen is partly responsible for the marked hepatosplenomegaly. A 
second mechanism that causes hepatosplenomegaly is believed to be cellular 
proliferation induced by the storage product GlcCer, which allegedly plays a 
role in anabolic signal t ransduct ion pathways [2-5]. In contrast, ceramide, 
the precursor and breakdown product of GlcCer, is responsible for 
inflammatory reactions that include activation of cells of the immune system 
and for catabolic signal t ransduct ion pathways leading to cell death [6;7]. 
There is an ongoing debate about the physiological relevance of the ceramide 
pathways [8;9]. 

Many studies have been conducted to elucidate the role of 
glycosphingolipids in cellular proliferation (reviewed in chapter 1 of this 
thesis). In these studies animal models or in vitro models for Gaucher 
disease were induced by long-term treatment of the desired model with CBE, 
an inhibitor of lysosomal glucocerebrosidase. In a mouse model that was 
created with CBE, liver and brain t issue proliferated due to increased GlcCer 
[4]. In several CBE-induced Gaucher t issue culture models the rates of 
proliferation were increased compared with non-CBE-treated cells. These 
proliferative responses could be reversed by PDMP, an inhibitor of 
glucosylceramide synthase (see chapter 1). Inhibition of GlcCer synthase by 
PDMP decreased the level of GlcCer and consequently increased intracellular 
ceramide levels. Another observation that GlcCer is involved in cellular 
proliferation was made in multidrug-resistant (MDR) cancer cells. It was 
shown that these cells had high intracellular levels of GlcCer [10] and 
inhibition of GlcCer synthesis by chemotherapeutic compounds, like 
tamoxifen, verapamil and cyclosporin A, or by PDMP reversed MDR [11]. 

Previously, the existence of an amino acid-induced anabolic signal 
t ransduct ion pathway in rat hepatocytes was reported, leading to the mTOR-
dependent phosphorylation of the ribosomal protein S6 [12; 13]. In these 
studies, it was also shown that the increase in S6 phosphorylation in 
response to amino acids was accompanied by decreased autophagic 
proteolysis and increased protein synthesis. The existence of an amino acid-
dependent s e r / t h r kinase pathway leading to the phosphorylation of p70S6 
kinase, a kinase responsible for the phosphorylation of S6, and also of 4E-
BP1, a protein involved in the control of the initiation of protein synthesis, 
was recently confirmed in other cell types (reviewed by van Sluijters et al. 
[14]). The phosphorylation of both S6 and 4E-BP1 are important steps in the 
induction of protein synthesis. The lipid kinase PI-3-kinase is also believed 
to play a role in the amino acid-stimulated phosphorylation of p70S6 kinase 
and 4E-BP1 (reviewed by van Sluijters et al. [14]). 

In order to obtain information on the possible role of GlcCer in the 
control of cell proliferation, the GlcCer levels of the h u m a n hepatoma cell-
line HepG2 were manipulated by incubation with CBE or PDMP. The effect of 
altered GlcCer concentration on protein synthesis was dermined either in the 
absence or in the presence of amino acids. Furthermore, the effect of 
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changes in GlcCer concentration on the amino acid-induced signal 
t ransduct ion pathway, was determined. It is shown tha t in HepG2 cells 
changes in the amount of intracellular GlcCer have no effect on either 
protein synthesis or amino acid-mediated signal t ransduct ion. 

Materials and methods 

Materials 
PDMP, rapamycin, Folin reagens and the chemicals for enhanced chemi-luminescence 

(ECL) were obtained from Sigma (ST. Louis, MO, USA). LY294002 and CBE was obtained from 
Biomol (Plymouth Meeting, PA, USA). Rabbit anti-p70S6 kinase and rabbit anti-MAP kinase 
antibodieswere obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Goat anti-
rabbit HRP conjugated antibody was obtained from Biorad (Hercules, CA, USA). 

All other chemicals and enzymes were obtained from either Boehringer (Mannheim, 
Germany) or Sigma (St. Louis, MO, USA). 

Methods 
Cell culture 

HepG2 cells were grown to confluence in HAM/DMEM (1/ l(Gibco BRL Life Technologies, 
Paisley, Scotland) supplemented with 10% FCS (Gibco BRL Life Technologies, Paisley, 
Scotland) at 37 °C and 5 % CO2. CBE (300 uM) and PDMP (15 uM) were added to the culture 
medium either 3 or 6 days prior to the experiments. In the experiments, cells were incubated 
with the indicated compounds for the indicated time periods. 

DAM quantification 
DNA was quantified as was previously described by Labarca and Paigen [15]. HepG2 cells 

were homogenised in phosphate-saline buffer (50 mM Na2P04 , 2 mM EDTA, 2 M NaCl, pH 
7.4) and briefly sonicated. Aliquots of the homogenate were mixed with phosphate-saline 
buffer containing Hoechst 33258 to a final concentration of 1 ug/ml. Fluorescence was 
measured at excitation wavelength 356 nm and emission wavelength 458 nm. 

Protein quantification 
Cells were lysed in distilled water and briefly sonicated. Protein was measured by Lowry 

assay [16] using a standard BSA solution for calibration. 

Protein synthesis 
Protein synthesis was measured as incorporation of L-[14C]valine according to Hensgens 

and Meijer [17]. Prior to the determination of protein synthesis the cells were incubated 
overnight in minimal medium (Krebs-Henseleit bicarbonate buffer plus 10 mM Na-Hepes (pH 
7.4) and 20 mM glucose) supplemented with a complete mixture of amino acids at a 
concentration 4 times the concentration found in the portal vein of a fasted rat [18] except 
that the leucine concentration was 1 mM. At t=0 the cells were washed 3 times with minimal 
medium and incubated for 1 or 3 hours in minimal medium supplemented with 0.4 uCi L-
[14C] valine and the complete mixture of amino acids as described above except that the 
concentration of valine was 2.5 mM. After the incubation cells were washed 4 times with 
minimal medium supplemented with 2.5 mM valine. The cells were taken up in 10 % 
trichloric acid (TCA) and the precipitated protein pellet was washed 4 times with 10% TCA 
supplemented with 2.5 mM valine. The pellet was dissolved in 0.1 M KOH and the 
incorporated L-[HC] valine was determined with a ß-counter. 

Lipid extraction 
Cells were homogenised in 1 ml of distilled water and briefly sonicated. 500 ul of the 

homogenate was used to determine the protein content. The remaining 500 ul were used to 
extract the lipids according to Folch [19]. The lipids were extracted in CHCb:MeOH =1:1 (v/v) 
for 1 h at room temperature under constant stirring. Precipitated proteins were collected by 
centrifugation and the pellet was re-extracted twice as described above. The total 
CHCl3:MeOH fraction was brought to CHCLr.MeOH: NaCl (0.73%) = 2:1:0.6 (by volume) and 
mixed. The phases were separated by centrifugation at 3000 rpm for 5 min and the lower 
CHCb phase was retrieved in a clean glass tube. The upper phase was re-extracted twice with 
CHCI3. The CHCb fractions were pooled and dried under nitrogen. The lipid residue was taken 
up in CHCb:MeOH = 2:1 (v/v) and spotted on a Silica gel TLC plate. 

37 



Chapter 2 

Separation by TLC and charring densitometry 
The lipids were separated by thin layer chromatography using two solvents. The first 

solvent, CHCl3:MeOH:H20:NH40H = 50:50:2:1 (by volume), was allowed to migrate to 70% of 
the TLC plate. The TLC plate was dried and developed farther by migration in the same 
direction of a second solvent, CHCl3:MeOH:H20:NH40H = 90:10:0.5:0.5 (by volume) to 100%. 
To visualise the lipids, the TLC plate was sprayed with 3% Cu(Ac)a in 8% H3PO4 and dried 
during 20 min at 180 °C. GlcCer was quantified by densitometry using a standard solution for 
calibration. 

Gel retardation assay 
After incubation with the indicated compounds, the cells were lysed in 500 jjl of SDS 

sample buffer and brought to 95°C for 5 min. An equivalent of 60-80 |jg of cell protein per 
sample was separated by SDS-PAGE. In order to separate the different phosphorylated forms 
of p70S5 kinase a 10% Polyacrylamide gel was used. After separation a standard Western 
Blotting procedure was performed and the PVDF blot was incubated with an antibody against 
p70S6 kinase. The proteins were specifically visualised by enhanced chemi-luminescence 
(ECL). 

Results 

To determine whether HepG2 cells were affected by incubation with CBE 
and PDMP, GlcCer was visualised by TLC and charring. As shown in Fig. 1, 
after incubation with CBE for 3 days the amount of GlcCer increased 
compared to control cells, whereas incubation with PDMP for 3 days 
decreased the amount of GlcCer to hardly detectable levels, as expected. 
Incubation with CBE and PDMP for 6 days did not have an additional effect 
on GlcCer. Because ceramide cannot be separated from other neutral 
sphingolipids and fatty acids, the increase in intracellular ceramide 
concentration that accompanies the decrease in GlcCer induced by PDMP 
could not be detected by TLC. 
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Fig. 1. The effect of CBE and PDMP incubation on intracellular GlcCer in 
H e p G 2 cel ls . HepG2 cells were grown for 3 and 6 days in the presence or absence of GlcCer 
or PDMP. Lipid extracts and separation were performed as described in "Materials and 
Methods". 

Glucosylceramide 

38 



Manipulation of glucosylceramide concentration 

The amount of protein and the amount of DNA per well were determined 
after incubation with CBE or PDMP for 3 days. In Table 1 it is shown that 
the amount of protein per well was similar unde r control conditions, in the 
presence of CBE or of PDMP. The amount of DNA was also similar unde r the 
three culture conditions. 

Protein (mg/well) DNA (ug/well) 
Control 1.30 + 0.02 (4) 92.0 ± 0.8 (4) 
CBE 1.27 ± 0 . 0 3 (4) 87.5 ± 4.3 (4) 
PDMP 1.23 ± 0 . 0 7 (4) 88.0 ± 7.4 (4) 
Table 1. The amoun t of protein and DNA per well after 3 days culture. HepG2 
cells were grown for 3 days under control conditions and in the presence of CBE or PDMP. 
Protein and DNA were determined as described in "Materials and Methods". The mean 
amount of protein and DNA is depicted ± sem. 

The rate of protein synthesis was not affected by CBE (Table 2). 
Surprisingly, rapamycin, an inhibitor of p70S6 kinase phosphorylation, did 
not inhibit the rate of protein synthesis. The PI-3-kinase inhibitors 3-
methyladenine and wortmannin did inhibit protein synthesis, as expected. 

Control (nmol va l /mg protein/h) CBE (nmol va l /mg 
p r o t e i n / h } _ 

Control 5 . 1 + 0 . 2 4.8 + 0.3 
3-Methyladenine 3 . 0 ± 0 . 2 2.8 + 0.1 
Wortmannin 2.1 ± 0.1 2.7 ± 0.1 
Rapamycin 6 . 1 + 0 . 4 6.5 ± 0.3 
Table 2. Protein synthesis in HepG2 cells in the presence and in the absence 
of C B E . 3-Methyladenine was used at 10 mM, wortmannin at 100 nM, rapamycin at 100 nM 
and CBE at 300 |aM. Cycloheximide (25 |aM), a known inhibitor of protein synthesis, was used 
as a negative control. Protein synthesis is expressed in nmol valine/mg protein/h ± sem, as 
the mean of 2 independent experiments. 

Taken together, these findings indicate tha t in HepG2 cells changes in 
ceramide and GlcCer concentration have no effect on cellular proliferation. 

The phosphorylation of p70S6 kinase was increased upon incubation of 
the HepG2 cells with 4xAA (Fig. 2). This was expected from similar 
experiments with primary rat hepatocytes (see part II of this thesis). Changes 
in the levels of GlcCer had no effect on the amino acid induced 
phosphorylation of p70S6 kinase. Incubation with either CBE or PDMP did 
not affect p70S6 kinase phosphorylation, either in the presence or in the 
absence of amino acids (Fig. 2). 
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- ^ ^ ^ — P70S6 kinase 

CBE - + - + 
PDMP - - + + 
4xAA - - - + + + 

Fig. 2 The effect of CBE and PDMP on p70S6 kinase phosphorylation in the 
presence and absence of amino acids. HepG2 cells were incubated for 3 days in the 
presence or absence of CBE or PDMP. After incubation overnight with minimal medium 
supplemented with 5 mM glucose, the cells were incubated in the presence or absence of 
4xAA. The phosphorylation of p70S6 kinase was determined as described in "Materials and 
Methods". 

Discussion 

This s tudy showed a lack of response of HepG2 cells to changes in the 
intracellular levels of GlcCer. This is in contrast with previous findings in 
animal studies and other cell types (see chapter 1 of this thesis). There are 
multiple explanations for our findings. Firstly, the basal level of GlcCer in 
HepG2 cells was high relative to primary rat hepatocytes (about 0.9-1 
nmol /mg protein versus 0.08-0.09 n m o l / m g protein). HepG2 cells display a 
high proliferation rate. Because increased concentration of GlcCer is believed 
to lead to increased proliferation [20-22] and oncogenic transformation 
[23;24], the concentration of GlcCer in HepG2 cells might be involved in the 
regulation of the proliferation. In MDCK cells, the proliferative response of 
these cells upon t reatment with CBE was less pronounced than the 
inhibition of proliferation upon t reatment with PDMP [20]. Furthermore, in 
MCT cells a similar mechanism was described. MCT cells grown in high 
glucose had increased concentration of GlcCer. However, the increase in 
GlcCer concentration had no effect on the proliferation rate, whereas a 
decrease in GlcCer by incubation PDMP inhibited proliferation significantly 
[21]. In both studies it was concluded that in these cell lines the GlcCer 
concentration was already at a level needed for active growth and that , 
therefore, an increase in this level had no additional effect. However, HepG2 
cells did not respond to either an increase or decrease of GlcCer 
concentration. Analogous to the hypothesis by Shayman et al. this could 
indicate that HepG2 cells, even after incubation with PDMP, contain enough 
GlcCer maintain the proliferation rate. 

As expected, protein synthesis in HepG2 cells was inhibited by the PI-3-
kinase inhibitors wortmannin and 3-methyladenine. Surprisingly, inhibition 
of p70S6 kinase and 4E-BP1 phosphorylation by rapamycin had no effect on 
protein synthesis. In another s tudy (described in chapter 2 in part II of this 
thesis) it was shown that amino acid dependent phosphorylation of p70S6 
kinase is rapamycin-sensitive. This would suggest that the inhibitors of the 
ups t ream component PI-3-kinase, wortmannin and 3-methyladenine, do not 
affect protein synthesis via PI-3-kinase inhibition bu t ra ther by aspecific 
inhibitory actions. It has been suggested previously that the PI-3-kinase 
inhibitors LY294002 and wortmannin may not be entirely specific [25-27]. 
Based on the fact that protein synthesis in HepG2 cells is not inhibited by 
rapamycin it may be hypothesised that a component downstream of p70S6 
kinase, involved in the initiation of protein synthesis, is constitutively active. 

In line with the lack of effect on protein synthesis, manipulat ion of 
GlcCer did not influence the p70S6 kinase phosphorylation, either in the 
presence or absence of amino acids. If indeed HepG2 cells have a 
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constitutively active anabolic signal t ransduct ion pathway this is not a 
suitable model for studying the anabolic effects of GlcCer. 

Taken together, the data presented in this chapter give no evidence that 
changes in the GlcCer concentration affect protein synthesis. It remains to 
be determined whether hepatosplenomegaly in Gaucher disease is partly 
caused by GlcCer-induced proliferation. 
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Quantitative detection of ceramide and 
glucosylceramide in plasma: Comparison of 

different methods 

D.A. van Sluijters, J . Videler, E. Swart, A. Romme, B. Poorthuis, J . Aerts. 

Abstract 
Measurement of the precise concentration and lipoprotein distribution of 

glucosylceramide (GlcCer) and ceramide in relatively small amoun t s of 
h u m a n p lasma is of interest since theoretically dis turbances in the balance 
of these lipids may have important physiological consequences. It is likely 
that major abnormalities in GlcCer/ceramide ratio may occur in p lasma 
patients suffering from Gaucher disease. 
In this s tudy different procedures for detection of these two 
(glyco)sphingolipids lipids were compared and an optimal methodology for 
their s imultaneous detection was established. The most attractive method 
for quantitative detection was found to be based on microwave-induced 
deacylation of sphingolipids, followed by derivatisation with 
orthophtaldehyde (OPA), high performance liquid chromatographic 
separation and fluorescent detection. In principle, as little as 5 ja.1 p lasma is 
sufficient for accurate determination of ceramide and GlcCer levels. The 
HPLC method was found to be superior to thin layer chromatography 
combined with densitometry or to a diacylglycerol kinase-based detection 
procedure. 

Using the newly developed procedure, the distribution of ceramide and 
GlcCer among lipoprotein fractions of p lasma from Gaucher type 1 pat ients 
and healthy subjects was analysed. Interestingly, a remarkable large amount 
of ceramide as well as GlcCer was recovered in VLDL fractions of patients, 
suggesting tha t it is has recently been exported from hepatocytes. The 
GlcCer/ ceramide ratio was markedly increased in VLDL particles from 1 out 
of 2 Gaucher patients, suggesting the hepatocytes overproduce GlcCer. The 
amount of HDL and LDL particles was reduced bu t due to the relatively 
increased GlcCer content of these particles the total GlcCer amount in LDL 
and HDL lipoproteins fractions of Gaucher p lasma samples was modestly 
increased. 
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Introduction 
Glycosphingolipids occur abundant ly in the outer leaflet of the p lasma 

membrane of various cell types. It has been documented that a considerable 
amount of glycosphingolipid is also present in the plasma, predominantly 
associated with lipoproteins [1;2]. For example, the concentration of 
glucosylceramide (GlcCer) in plasma of healthy subjects is found to be 
a round 10 (iM. Data on the occurrence in h u m a n plasma of ceramide, the 
precursor of glycosphingolipids, are still scarce. Inherited lysosomal 
glycosphingolipid storage disorders are characterised by accumulat ion of 
specific glycosphingolipids in t issues. In some cases this is associated with 
abnormally elevated levels of these lipids in plasma. Gaucher disease is such 
an autosomal, recessively inherited lysosomal storage disorder that is due to 
a deficiency in activity of the lysosomal glucocerebrosidase [3]. 
Glucocerebrosidase (E.C.3.2.1.45) catalyses the lysosomal hydrolysis of 
glucosylceramide to free glucose and ceramide. Because of the phagocytic 
function of cells of the monocytic lineage, the lysosomes of these cells have 
to catabolise relatively large amounts of glycosphingolipids. For this reason 
the accumulat ion of GlcCer in Gaucher patients occurs almost exclusively in 
lysosomes of t issue macrophages [3]. The lipid-laden macrophages become 
activated and are called Gaucher cells. In t issues like spleen and the bone 
marrow GlcCer levels may be several hundred fold. Modestly elevated levels 
of GlcCer have been reported for p lasma of symptomatic Gaucher patients. It 
is so far unknown whether ceramide levels in Gaucher p lasma are normal or 
decreased. It has been postulated that GlcCer promotes proliferation, 
whereas ceramide might play a role in cell cycle arrest and apoptosis (see 
chapter 1). In view of this hypothesis it may be envisioned that a major 
dis turbance in the balance between GlcCer and ceramide in plasma of 
Gaucher pat ients may directly contribute to some of the haematological 
abnormalities in these patients. 

It is known that in p lasma lipids, including glycosphingolipids, are 
predominantly bound to lipoproteins [1;2]. The majority of the GlcCer in 
plasma is bound to LDL (Low Density Lipoproteins) and HDL (High Density 
Lipoproteins) [4;5]. The concentrations of LDL and HDL particles are 
frequently decreased in p lasma of Gaucher patients [6;7]. Consistent with 
this, HDL and LDL cholesterol levels are also significantly reduced [7;8]. It 
has been previously reported that the excess of GlcCer in Gaucher p lasma is 
distributed among the various lipoprotein fractions in the same relative 
proportions as in healthy control subjects [1]. Furthermore, it was suggested 
that GlcCer can exchange between plasma lipoproteins, erythrocytes and 
white blood cell membranes [1;2]. Direct evidence for this assumpt ion is 
however still lacking. 

The aim of this s tudy was to develop a convenient methodology that 
allows accurate quantitative detection of both glucosylceramide and 
ceramide in relatively small amoun t s of p lasma of Gaucher patients and 
healthy subjects. Moreover, the precise distribution of these two lipids over 
various lipoproteins was re-examined. The results of this investigation are 
reported in this chapter. 
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Materials and methods 

Materials 
Gaucher patients were diagnosed by the demonstration of deficient glucocerebrosidase 
activity in fibroblasts and/or leukocytes, and by the occurrence of characteristic clinical 
symptoms of the disorder. 

Plasma samples were prepared immediately after collection of blood and stored at -20 °C. For 
lipoprotein fractionation blood was collected from overnight fasted Gaucher patients and 
control subjects. Plasma was fractionated immediately after preparation. Spleen from a ^ 
Gaucher disease patient was collected after splenectomy and immediately stored at -70 °C. 
Glucocerebrosidase was purified according to Furbish et al. [9]. Diacylglycerol kinase and C6-
ceramide were obtained from Biomol (Plymouth Meeting, PA, USA). Bovine brain ceramides, 
glucosylceramide, sphingosine, sphinganine, psychosine and orthophtaldehyde were obtained 
from Sigma (St. Louis, MO, USA). Methanol, methanol LiChrosolv, chloroform, hexane and 
TLC plates (Kieselgel 60) were obtained from Merck. C18 Seppak columns and the syringe 
filter (4 mm) were obtained from Baker (Phillipsburg, NJ, USA). All other chemicals were 
obtained from Sigma (St. Louis, MO, USA). 
The concentration of the reference solutions of pure GlcCer, ceramide, sphingosine, 
sphinganine and psychosine was determined by weight as well as TNBS method exactly as 
described by Yamamoto and Rouser [10]. A mixture of TNBS-standardised sphingosine, 
sphinganine and psychosine was used as a reference in this assay. The GlcCer and ceramide 
reference solutions were used to determine the recovery in each assay for these lipids. 

Methods 
Lipid extraction 
Spleen was homogenised in distilled water to 10 mg/ml wet weight and briefly sonicated. 
Plasma was used undiluted. The lipid extraction was performed according to Folch [11]. The 
lipids were extracted in CHCb:MeOH =1:1 (v/v) during 1 hour at room temperature under 
constant stirring. Precipitated proteins were collected by centrifugation and the pellet was re-
extracted twice as described above. The total CHCbiMeOH fraction was brought to 
CHCbiMeOH: NaCl (0.73%) = 2:1:0.6 (by vol.) and mixed. The phases were separated by 
centrifugation at 3000 rpm for 5 min and the lower CHCb phase was retrieved in a clean 
glass tube. The upper phase was re-extracted twice with CHCb. The CHCb fractions were 
pooled and dried under nitrogen. The lipid residue was taken up in CHCb:MeOH = 2:1 (v/v) 
and stored at -20 °C or used immediately. 

Separation by TLC and charring densitometry 
The lipid residue from 250-400 jil plasma was spotted on a Silica gel TLC plate. The lipids 
were separated by thin layer chromatography using two solvents. The first solvent, 
CHCb:MeOH:H2Ó:NH4OH = 50:50:2:1 (by vol.), was allowed to migrate to 70% of the TLC 
plate. The TLC plate was dried and developed further by migration of a second solvent, 
CHCb:MeOH:H20:NH40H = 90:10:0.5:0.5 (by vol.) to 100%. To visualise the lipids the TLC 
plate was sprayed with 3% Cu(Ac)2 in 8% H3PO4 and dried during 20 min at 180 °C. Lipids 
were quantified by densitometry using a standard solution for calibration. 

Diacylglycerol (DAG) kinase assay 
Sample preparation 
100 ul Spleen-solution or 100 ul of plasma was diluted to 1 ml with Mcllvain buffer (50 mM 
citric acid, 100 mM Na2HP04 at pH 5.2). The diluted samples were incubated at 37 °C for 2 h 
with 10 ul purified glucocerebrosidase in order to degrade GlcCer to ceramide. A control 
sample of spleen or plasma for the determination of background levels of ceramide was also 
diluted with Mcllvain buffer and incubated at 37 °C for 2 h without purified 
glucocerebrosidase. Lipids were extracted as described above. 

The DAG kinase assay 
The assay was performed mainly as described by van Veldhoven et al. [12] who adapted it 
from Preiss et al. [13]. Lipid equivalent to 20 ul plasma was dissolved in 20 ul of solution A 
(7.5% octyl-ß-D-glucoside, 5 mM cardiolipin and 1 mM DTPA) by bath sonication. The 
solution was allowed to stand at room temperature for 5-15 min. After addition of 50 ul of 
solution B (100 mM imidazole-HCl pH 6.6, 100 mM NaCl, 25 mM MgC12 and 2 mM EGTA), 10 
Ml of a freshly prepared 100 mM DTT solution was added. The total volume was brought to 90 
pi by addition of H20 and DAG kinase (activity equivalent to 40-43 nmol/min). The reaction 
was started by the addition of 10 ul of a solution containing 10 mM y-[32p]-ATP in 100 mM 
imidazole-HCl pH 6.6 and 1 mM DTPA. The amount of radioactivity used per reaction was 1.0 
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pCi. The reaction mixture was vortexed and incubated at 25 °C for 1.5 h. The reaction was 
stopped by the subsequent addition of 20 pi 1% HC104 and 450 pi CHCl3:MeOH = 1:2 (v/v). 
After mixing the phases were separated by centrifugation in an Eppendorf centrifuge for 5 
min. The lipid-containing lower phase was washed twice with 1 ml of HC104. The lipid residue 
was vacuum dried and dissolved in 25 pi CHCb:MeOH = 1:2 (v/v). The lipids were spotted on 
a TLC plate that was prerun in acetone and dried prior to use. The lipids were separated 
using CHCl3:MeOH:acetic acid = 91:21:7 (by vol.) as a solvent. The TLC plate was dried and 
the incorporated radioactivity was analysed by phosphorimaging (STORM-imaging apparatus 
from Becton&Dickinson). 

HPLC procedure 
Deacylation 
The dried lipids equivalent to 100 pi plasma or 50 pi of Gaucher spleen were dissolved in 0.5 
ml 0.1 M NaOH in MeOH. The deacylation method was adapted from Taketomi et al. [14]. The 
samples were deacylated one at the time in a microwave oven for 20 min at 650 Watt in an 
airtight glass tube. 
The deacylated lipids were acidified by addition of 25 pi 4 M HCl to 250 pi of the deacylated 
sample. The free fatty acids that were formed in the deacylation procedure were separated 
from the lipids by hexane extraction: after addition of 12.5 pi of H2O and 1 ml of hexane the 
sample was mixed and centrifuged; the hexane was removed and the methanol phase was re-
extracted with hexane twice. The samples were diluted with an equal volume of H2O and the 
lipids were purified with Seppak C18 columns as was described by Taketomi et al. [14], The 
Seppak columns were eluted by vacuum in order to shorten the elution time and 
subsequently pre-eluted with 2 ml of MeOH and 3 ml of MeOH:0.1 M NaCl =1:1 (v/v). After 
pre-elution the samples were placed on the columns and the lipids were subsequently eluted 
with 4 ml H2O (to elute the salts), 4.5 ml ethanol 99% (to elute the deacylated lipids) and 7 ml 
CHCl3:MeOH:H20 = 60:30:4.5 (to elute all other lipids). The ethanol phase was dried under 
nitrogen and the residue was dissolved in 1 ml CHC1 3:MeOH = 2:1 (v/v). 

Orthophtaldehyde (OPA) derivation 
OPA-derivates were prepared essentially as described by Merrill et al. [15]. Of the final lipid 
preparation 225 pi and 450 pi were dried under nitrogen and dissolved in 50 pi of MeOH 
LiChrosolv. The derivation was started by addition of 50 pi freshly prepared OPA-reagent (8 ml 
3% H3BO3, pH 10.5 with KOH, 4.0 mg orthophtaldehyde in 80 pi ethanol 99% and 4.0 pi 2-
mercaptoethanol) and was allowed to proceed for 10 min at room temperature. The reaction 
was stopped by the addition of 250 pi eluent (MeOH:5mM KH2PO4 pH 7.0 = 9:1 (v/v)). Before 
liquid chromatography the sample was filtered with a 4 mm syringe filter. 

Liquid chromatography 
The HPLC procedure that was used was adapted from Merrill et al. [15] and Strasberg et al. 
[16]. The HPLC analyses were conducted using a Waters HPLC with Hypersil BDS C18 
column 5 p (250 x 4.6 mm) and a Hypersil BDS C18 5p guard column (10 x 4.6 mm). An 
isocratic solvent system was used, the solvent being MeOH:5mM KH2PO4 pH 7.0 = 9:1 (v/v). 
The flow rate was 1.0 ml/min. The injection volume of the sample (after two washes with 30 pi 
sample) was 20 pi. The detection was fluorimetric with an excitation wavelength of 340 nm 
and an emission wavelength of 435 nm. The time of analysis was 30 min. 

Lipoprotein fractionation 
Lipoprotein fractions were isolated essentially as described by Redgrave et al. [17; 18). 
KBr was added to the freshly prepared serum to a density of 1,21 g/ml. Of this sérum 4 ml 
was transferred into a Beekman Ultra-Clear tube (14x89 mm)(Beckman). Subsequently 3 ml 
of a solution of 91.63 g KBr/1 in 1 mM EDTA (density 1.063 g/ml), 3 ml of a solution of 29.05 
g KBr/1 in 1 mM EDTA (density 1.019 g/ml) and 1.8 ml of a solution of 0.9% NaCl in ImM' 
EDTA (density 1.006 g/ml) were layered carefully on top of the serum. The layers were 
centrifuged (Beekman Ultracentrifuge) at 16 °C during 24 hours at 36.000 rpm (rotor SW 41 
Ti). No brake was applied. The VLDL, LDL, HDL and LPDS fractions were isolated and 
dialysed against PBS (pH 7.4) at 4 °C. Protein in the fractions was determined by Lowry assay 
[19] using a standard BSA solution for calibration. The fractions were aliquotted and stored at 
-70 °C. Ceramide and glucosylceramide in the fractions was determined by HPLC as described 
below. 
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Results 
Three different methods for the quantification of ceramide and GlcCer in 

plasma samples were compared: 
1. One dimensional thin layer chromatography (TLC) was followed by lipid 

charring and densitometric detection [20]. 
2. A method developed by van Veldhoven and colleagues based on 

diacylglycerol (DAG) kinase-mediated radioactive phosphorylation of 
ceramide [12]. This assay was originally used to determine DAG [13]. The 
procedure by van Veldhoven was modified further by u s to determine 
also glucosylceramide. For this purpose, samples were prior to kinase-
mediated radioactive phosphorylation of ceramide treated with and 
without purified glucocerebrosidase tha t was capable to completely 
convert GlcCer to ceramide and glucose. The amount of ceramide in both 
the glucocerebrosidase treated and unt rea ted aliquots of a sample was 
measured by the DAG kinase assay. The amoun t of GlcCer in the sample 
was similar to the increment in radio-labelling of ceramide upon 
glucocerebrosidase t reatment . 

3. The third method was based on microwave-induced deacylation of 
sphingolipids, followed by derivatisation with OPA. A high pressure liquid 
chromatography (HPLC) method for the s imultaneous quantification of 
ceramide and GlcCer was adapted from Merrill and colleagues [15] and 
from Strasberg and collaborators [16]. 

Comparison of linearity an sensitivity of the different methods 

Thin layer chromatography with the solvent system as described in 
Materials and Methods allows excellent separation of GlcCer from other 
lipids. However, this solvent system is not capable of completely separat ing 
both GlcCer and ceramide from other lipids. Repeated thin layer 
chomatography in multiple solvent systems is required for complete 
separation of ceramide from neutral lipids and fatty acids, resulting in poor 
separation of GlcCer from other lipids. 

TLC with the above described solvent system followed by densitometry 
allows linear detection in the range of 1-12 nmoles. Below 1 nmoles the 
staining and densitometric quantification becomes unreliable. The method 
can be also applied for p lasma samples, resulting in a comparable detection 
range (2-10 nmoles). Using a similar procedure for pure ceramide s tandards 
the same linearity and detection limits were observed (not shown). Given the 
poor sensitivity of detection, the level of ceramide in h u m a n p lasma samples 
was not examined with the TLC/densitometric procedure. It can be 
concluded that due to its insensitivity the TLC/densitometric procedure 
proves not attractive for accurate detection of glucosylceramide and 
ceramide in p lasma samples. For example, duplicate measurements of both 
lipids in a sample (with and without glucosylceramide and ceramide spikes) 
will require several mi's of plasma. 

With the DAG kinase based methodology pure ceramide s tandards could 
be detected in the picomole range. A s tandard C6-ceramide solution was 
reliably quantified in the range of 50 to 800 picomoles. In order to determine 
whether this assay can be adapted for the determination of GlcCer, we 
treated a Gaucher spleen extract with and without glucocerebrosidase. The 
amount of enzyme used and the time of incubation was sufficient to ensure 
the conversion of all GlcCer into ceramide as was determined by TLC 
followed by charring densitometry (not shown). The lipids in enzyme-treated 
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and non-enzyme-treated splenic extract were assayed for their ceramide 
concentration with the DAG kinase assay and the amount of GlcCer was 
determined by subtraction. Using this procedure the splenic GlcCer seems 
not to be completely recovered, given the higher concentrat ions measured 
with TLC/densitometry (see Table 1). This was also indicated by the fact tha t 
spiking of splenic extracts with fixed amoun t s of pure GlcCer did not yield a 
complete recovery of the spike when the DAG kinase based method was used 
for quantification. 

Method GlcCer (nmol/10 
weight) 

mg wet Ceramide (nmol/10 mg wet 
weight) 

TLC and 560 ND 
densitometry 
DAG kinase 308 10.8 
HPLC 488 12.5 
Table 1. GlcCer and ceramide concentration in Gaucher spleen. Lipids were 
extracted from a Gaucher spleen extract. GlcCer and Ceramide were determined as described 
in "Materials and Metods". ND is not determined. 

The results obtained with p lasma samples and the DAG kinase based 
method were even more disappointing. As illustrated in Table 2 the 
determination of ceramide in p lasma samples was not reproducible. Poor 
reproducibility of the method with more complex lipid mixtures and 
commercially available DAG kinase has also been noted by others (see 
discussion). Based on our findings the method can not be considered to be 
suitable for accurate and sensitive detection of GlcCer and ceramide in 
h u m a n plasma samples. 

Plasma number First assay Second assay 
Ceramide (nmol/ml) Ceramide (nmol/ml) 

4 3.4 12.9 
17 4.4 6.7 

136 3.9 13.1 
150 5.1 8.5 
208 6.4 5.7 
316 5.6 10.5 

Table 2. Concentration of ceramide in control p lasma samples determined 
b y two i n d e p e n d e n t DAG k i n a s e a s s a y s . Lipids were extracted from 100 jul control 
plasma samples. Ceramide was determined by DAG kinase assay as described in "Materials 
and Methods". 

The HPLC method described in Materials and Methods is based on the 
s imultaneous detection of OPA-derivatised deacylated products of ceramide 
(sphingosine and sphinganine) and GlcCer (psychosine = 
glucosylsphingosine) can be measured in the same assay (Fig. 1). Ceramide 
and GlcCer can be determined in picomoles and the assay range we used 
was linear up to at least 50 picomoles (not shown). Levels as little as 10 
pmole can still be accurately measured. The deacylation step in the 
microwave oven was found to be very critical and only well reproducible in a 
sophisticated industrial oven. 
Human plasma contains hardly any free sphingosine, sphinganine or 
glucosylsphingosine. It is therefore not required to analyse h u m a n plasma 
samples with and without deacylation. In order to check for complete 
recovery it is advisable to measure samples with and without defined spikes 
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of pure GlcCer and ceramide. Recoveries higher t han 90% are routinely 
accomplished. 
The extreme sensitivity of the HPLC method allows accurate quantification of 
both ceramide and GlcCer in tiny amounts of plasma. For accuracy, 
routinely 100 JJ.1 aliquots of p lasma were used for lipid extraction, exactly as 
described in Materials and Methods. 

Fig. 1. HPLC-profile of 
control plasma. Lipid-extract 
form control plasma was 
deacylated according to 
Taketomi [14]. Deacylated lipids 
were separated by HPLC as 
described in "Materials and 
Methods". Sphingosine and 
sphinganine are the deacylated 
products of ceramide. 
Psychosine 
(glucosylsphingosine) is the 
deacylated product of GlcCer. 

It I 

Table 3 shows that the HPLC procedure is nicely reproducible. Levels of 
GlcCer in control p lasma samples determined with the HPLC and the far less 
sensitive TLC/densitometry method compared nicely (Tables 1 and 4). 

Plasma First assay First assay Second assay Second assay 
Cer (nmol/ml) GlcCer 

(nmol/ml) 
Cer (nmol/ ml) GlcCer 

(nmol/ml) 
2 7.4 8.3 7.9 7.7 

51 26.5 13.3 26.9 12.6 
316 7.0 5.6 7.1 6.7 
671 20.9 15.1 19.9 15.3 

Table 3 . Concentration of GlcCer in control p lasma samples determined by 
two i n d e p e n d e n t HPLC a s s a y s . Lipidextracts from 100 |xl control plasma were 
deacylated in a microwave oven and separated by HPLC as described in "Materials and 
Methods". 

Plasma TLC GlcCer ( nmol/i Til) HPLC GlcCer (nmol/ml) 
1 15 13.9 
2 9 8.1 
17 5 5.0 
51 18 13.0 
150 10 14.4 

Table 4. Concentration of GlcCer in control p lasma samples determined by 
both TLC a n d HPLC a s s a y . Lipidextracts were separated by either TLC (lipids equivalent 
to 250-400 |il plasma) or HPLC (lipids equivalent to 100 (tl plasma) as described in "Materials 
and Methods". 
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Lipoprotein distribution of GlcCer and ceramide as measured with the HPLC 
procedure 

In order to determine the distribution of GlcCer among the lipoprotein 
fractions in normal subjects and pat ients with Gaucher disease, we 
fractionated p lasma from two starved controls and untreated Gaucher 
patients using the centrifugation procedure. The studied subjects were age-
and sex-matched: control 1 with patient 1 and control 2 with patient 2. We 
noticed that after centrifugation of p lasma in a density gradient the 
fractionated p lasma of the two untreated Gaucher pat ients contain a large, 
well visible amount of VLDL (Very Low Density Lipoproteins) (Fig. 2). 
Furthermore, it was already apparent by visual inspection that in the p lasma 
of the tested Gaucher patients HDL and LDL levels are markedly decreased. 

VLDL 

LDL 

HDL 

LPDS 

Fig. 2 . Lipoprotein fractionation of p lasma of two control subjects (1 and 2) 
and two unt rea ted Gaucher pat ients (3 and 4). Lipoproteins from freshly prepared 
plasma from two starved control subjects and two starved untreated patients were separated 
as described by Redgrave [17; 18] (see also "Materials and Methods"). The different lipoproteins 
are indicated with arrows. 
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Table 5 shows the total ceramide and GlcCer levels and GlcCer/ceramide 
ratio in the lipoprotein fractions VLDL, LDL, HDL and in LPDS (Lipoprotein 
Deficient Serum). In the case of the control subjects, the vast majority of 
ceramide and GlcCer is bound to LDL and HDL. In the case of the patients, 
the relative recovery of GlcCer in the VLDL and LPDS fractions was high. The 
amoun t s of GlcCer in HDL and LDL fractions of patient p lasma samples were 
less strikingly abnormal. 

Total lipid in lipoprotein fractions expressed in n m o l / m l plasma. GlcCer 
and ceramide were determined by HPLC as described in "Materials and Methods". 

A Control 1 Control 2 Patient 1 Patient 2 
VLDL 0,1 0,2 1,1 0,4 
LDL 3,1 3,0 2,5 2,8 
HDL 2,2 2,1 4,6 0,9 
LPDS 0,6 0,5 1,9 1,1 

Total Plasma 8,1 7,5 14,6 8,9 
Table 5A. Concentration of GlcCer in the lipoprotein fractions in nmol /ml 
plasma. 

B Control 1 Control 2 Patient 1 Patient 2 
VLDL 0,9 0,5 1,0 0,9 
LDL 4,9 4,1 0,8 1,1 
HDL 3,2 1,7 0,8 1,0 
LPDS 0,5 0,8 0,5 0,5 

Total Plasma 11,3 8,4 4,6 4,9 
Table 5B. Concentration of ceramide in the lipoprotein fractions in 
nmol /ml pi asma. 

C Control 1 Control 2 Patient 1 Patient 2 
VLDL 0,1 0,4 1,0 0,5 
LDL 0,6 0,7 3,1 2,6 
HDL 0,7 1,2 5,5 0,9 
LPDS 1,2 0,6 3,5 1,9 

Total Plasma 0,7 0,9 3,2 1,8 
Table 5C. GlcC« :r/ceramide : ratio in the lipc jprotein fractions. 
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Table 6 shows the GlcCer and ceramide per mg protein of isolated 
lipoprotein particles. Assuming that the protein content of individual 
lipoprotein particles is similar in pat ients and normal subjects, the ceramide 
content of various lipoproteins appeared normal in the examined Gaucher 
patients. In sharp contrast GlcCer was elevated per VLDL, LDL and HDL 
particle of pat ients . In patient 1 this elevation was most prominent. 

Lipid per mg protein in lipoprotein fractions, expressed in n m o l / m g 
protein 
A Control 1 

2,14 
Control 2 Patient 1 Patient 2 

VLDL 
Control 1 

2,14 4,67 18,50 5,00 
LDL 6,06 7,57 17,60 14,00 
HDL 1,56 1,90 7,27 2,06 
LPDS 0,01 0,01 0,02 0,02 

Total Plasma 0,11 0,11 0,18 0,14 
Table 6A. Concentration of GlcCer per mg protein in the lipoprotein 
fractions in nmol /mg protein 

B Control 1 Control 2 Patient 1 Patient 2 
VLDL 21,43 11,33 18,00 10,67 
LDL 9,50 10,29 5,60 5,43 
HDL 2,24 1,56 1,32 2,19 

LPDS 0,01 0,01 0,01 0,01 
Total Plasma 0,15 0,12 0,06 0,08 
Table 6B. Concentration of ceramide per mg protein in the lipoprotein 
fractions in nmol /mg protein 

Discussion 
The TLC/densitometry method for detection of GlcCer in h u m a n plasma 

is relatively convenient. A serious disadvantage is, however, it's poor 
sensitivity. An additional disadvantage of this procedure is that ceramide 
and GlcCer cannot be simultaneously separated and quantified. This renders 
the method unattractive to be used for measurement of ceramide and GlcCer 
levels in relatively small amoun t s of h u m a n plasma as for instance are 
usual ly available during follow u p of Gaucher patients, particularly severe 
pediatric cases. 

Schneider and Kennedy [21] showed that E.coli diacylglycerol kinase can 
phosphorylate ceramide as well as diacylglycerol. Subsequently this enzyme 
was used to determine levels of ceramide [12] with an assay that was 
adapted from the DAG kinase assay used to determine DAG [13]. In this 
chapter it was shown that the DAG kinase assay is appropriate to determine 
ceramide in 'clean' samples, like a reference ceramide solution. The 
quantification of a s tandard solution of na tura l bovine ceramide is linear and 
reproducible u p to 800 picomoles of ceramide. However, the quantification in 
a serum lipid extract is irreproducible. This is probably due to the presence 
of other factors in the plasma, which either stimulated or inhibited the DAG 
kinase enzyme. Because GlcCer is measured indirectly as the increase in the 
amount of ceramide after the conversion of GlcCer into ceramide and glucose 
by purified glucocerebrosidase, the DAG kinase assay is not suitable for the 
quantification of GlcCer in p lasma samples. In the literature, there is much 
discussion about the validity of results obtained with the DAG kinase assay. 
It was reported that the commercially available DAG kinase that is widely 
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used is st imulated by a factor in the lipid extract from cell samples [22]. This 
factor was identified as ganglioside GD3 [23]. It is likely that GD3 is not the 
only factor affecting the activity of the kinase. However, it was also argued 
tha t if the assay conditions are chosen to achieve 100% phosphorylation of 
ceramide, i.e. with an excess of enzyme, contaminat ions of the sample 
should not affect the quantification of ceramide [24]. In the case of an 
inhibitor of the enzymatic phosphorylation of ceramide or in the case of 
competition of the subst ra te it will be very difficult to achieve these optimal 
conditions and the results obtained by DAG kinase assay should interpreted 
with caution. Recently other studies were performed which compared the 
DAG kinase and HPLC assays for the determination of ceramide [25;26]. In 
these studies it was concluded that the two techniques yield similar results 
for the quantification of ceramide. Either reference lipids or lipid extracts 
from tissue culture cells were used for this comparison. Furthermore, in 
these studies the extracted lipids were subjected to mild alkaline hydrolysis 
and re-extracted prior to the DAG kinase assay. By alkaline hydrolysis 
glycerophospholipids are digested. With p lasma samples the resul ts might 
also be more reproducible if the samples are subjected to alkaline hydrolysis. 
Adding such a pre- treatment will however make the procedure far more 
tedious and potentially lower the accuracy. 

The HPLC procedure developed by u s , is extremely adequate for the 
determination of both ceramide and GlcCer in p lasma as well as t issue 
extracts. This method is suitable for the follow-up of Gaucher pat ients . At 
every point prior to the derivation step the samples can be stored at -20°C to 
be assayed later in time. The HPLC analysis allows the s imultaneous 
quantification of ceramide and GlcCer in a single run. Actually, 
simultaneously also information is obtained about p lasma lactosylceramide 
and ceramidetrihexoside levels. The procedure can therefore also be directly 
applied for diagnosis and monitoring of Fabry disease. Chapter 4 describes 
the successful use of the method for ceramide and GlcCer measurement in 
large series of p lasma samples from Gaucher pat ients prior and during 
therapeutic intervention. In conclusion, HPLC analysis is considered to be a 
very sensitive and reliable method to determine both ceramide and GlcCer in 
p lasma samples from normal subjects and Gaucher patients. 

Analysis of the distribution of ceramide and glucosylceramide among 
lipoprotein fractions of p lasma from two controls and two symptomatic 
Gaucher pat ients became feasible with the novel, sensitive HPLC method 
and rendered a number of remarkable observations. Firstly, the pat ients ' 
VLDL fractions were far more prominent compared to the controls ' VLDL 
fractions. Furthermore we noticed that LDL and HDL were markedly 
decreased in both Gaucher patients, consistent with earlier li terature reports 
[6;7]. As was described before, the majority of GlcCer as well as ceramide in 
control p lasma is bound to LDL and HDL [4; 5]. In p lasma from the two 
untreated Gaucher patients a larger proportion of GlcCer was recovered in 
the VLDL fraction compared to the control situation. GlcCer per mg protein 
was increased in patient VLDL particles compared to control VLDL particles. 
The relative amoun t s of GlcCer per LDL and HDL particle were even more 
increased in patient plasma samples. In contrast , the total amount of 
ceramide was decreased in LDL and HDL fractions and this decrease was 
correlated to the reduction in LDL and HDL particles. Ceramide per mg 
protein was similar in control and patient VLDL particles as well as in HDL 
and LDL particles. HPLC analysis of the GlcCer and ceramide levels in the 
VLDL fraction showed tha t this lipoprotein fraction contained much more 
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GlcCer compared to the situation for the control persons. The relative 
amount of ceramide bound to VLDL particles seemed normal. The increased 
GlcCer/ceramide ratio in the VLDL fraction suggests an increased GlcCer 
synthesis by the liver. Increased GlcCer synthesis by the glucosylceramide 
synthase in hepatocytes is not entirely surprising. Gaucher cells are known 
to produce cytokines, including TNF-a [27;28]. Recently it was reported that 
this cytokine promotes markedly glucosylceramide synthesis in hepatocytes 
of rodents ([29]; see chapter 4 for a more detailed discussion). 

In conclusion, our preliminary data suggest that the absolute increase in 
GlcCer in plasma from Gaucher patients is highest in LPDS and VLDL 
fractions. The marked increase of GlcCer in the VLDL fraction suggests that 
the GlcCer production by the liver is increased. The concentration of LDL 
and HDL particles is decreased in Gaucher patients and the amount of 
ceramide in these particles appears normal. In contrast, the relative amount 
of GlcCer per HDL and LDL particle in p lasma of Gaucher pat ients seems to 
be markedly elevated but the total amount of GlcCer in the LDL and HDL 
fractions is not dramatically different due to reduction in the concentrat ions 
of both types of lipoprotein particles. To substant ia te further our intriguing 
findings the location of GlcCer and ceramide in lipoproteins has to be 
carefully analysed for large numbers of Gaucher pat ients before and upon 
t reatment with enzyme supplementat ion. Preferentially, a fast 
chromatographic separation of various lipoproteins has to be used in such 
study to exclude significant exchange of ceramide a n d / o r glucosylceramide 
among the various lipoprotein particles. 
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Plasma levels of glucosylceramide and ceramide in 
Gaucher disease. Changes following therapies. 

D.A. van Sluijters, E. Swart, A. Romme, S. van Weely, B. Poorthuis, J . Aerts 
In preparation for submission 

Abstract 
In Gaucher disease pat ients the lysosomal catabolism of glucosylceramide 
(GlcCer) to ceramide is impaired. Limited information is available about 
abnormalities in GlcCer and ceramide in p lasma of pat ients and their potential 
value as markers of ongoing pathology. In this s tudy the levels of ceramide and 
GlcCer were determined in p lasma samples of symptomatic type 1 Gaucher 
patients. The effect of intervention by chronic intravenous supplementat ion 
with recombinant glucocerebrosidase (enzyme supplementat ion therapy) and 
intervention by oral administrat ion of butyldeoxynojirimycin (substrate 
deprivation therapy) was monitored. 
GlcCer levels were found to be modestly elevated in p lasma of symptomatic 
patients, but ceramide levels were in the normal range. Abnormalities in p lasma 
GlcCer do not seem to be a direct reflection of the total body burden on lipid -
laden storage cells, but ra ther reflect increased GlcCer synthesis by hepatocytes 
that is induced by abnormalities in cytokines that are (locally) derived from 
storage cells. 
Following enzyme therapy with a low enzyme dose regimen, GlcCer levels 
declined slowly whereas ceramide levels remained constant . Between changes 
in p lasma chitotriosidase activity (a marker for the total body burden on storage 
cells) and plasma GlcCer levels following therapy a correlation, though not very 
strict, was observed. Substra te deprivation therapy resulted in a rapid and 
pronounced reduction in p lasma GlcCer concentration, whereas ceramide 
concentration was not significantly increased. The rapid correction in 
circulating GlcCer levels was associated by a slow correction in p lasma 
chitotriosidase activity. These findings substant ia te the hypothesis that the 
elevated circulating GlcCer levels are largely determined by the situation in the 
liver and do not accurately reflect the presence of Gaucher cells in other body 
locations. The value of plasma GlcCer measurement in monitoring efficacy of 
therapy of Gaucher disease is discussed. 
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Introduction 
Gaucher disease is one of the most frequent lysosomal storage disorders [1]. 

Due to an inherited deficiency in glucocerebrosidase (E.C.3.2.145), the 
intralysosomal hydrolysis of glucosylceramide (GlcCer) into glucose and 
ceramide is markedly reduced. Consequently, GlcCer accumula tes massively in 
t issue macrophages, resulting in several hundred-fold increased lipid levels in 
various t issues and the bone marrow. The storage macrophages have a 
characteristic morphology and are referred to as Gaucher cells. The storage 
cells are viable, chronically activated macrophages and are believed to exert a 
crucial role in the pathophysiology of Gaucher disease. The molecular 
mechanism underlying the chronic activation of Gaucher cells is not precisely 
known. It seems likely that dis turbances in GlcCer and ceramide 
concentrations in the storage cells play a crucial role in the process. 

The information on GlcCer and ceramide in p lasma of Gaucher pat ients is 
scarce. It has been previously reported that GlcCer is modestly elevated in 
Gaucher p lasma samples [1]. The precise origin of the elevated p lasma lipid is 
not exactly known. It has been thought to originate by an exchange mechanism 
from storage cells, but our own recent findings ra ther suggest that the p lasma 
GlcCer is largely newly produced in the liver (see chapter 3). The effect of 
glucocerebrosidase deficiency on ceramide levels is unknown. For example data 
on ceramide concentrat ions in p lasma of Gaucher pat ients are so far lacking. 
Given the proposed critical role for ceramide in regulation of cellular functioning 
(see chapter 1), it can not be excluded that abnormalities in p lasma ceramide 
concentration may affect, due to lipid exchange, the surrounding peripheral 
blood cells and endothelial cells. Accurate measurement of the levels of 
ceramide as well as GlcCer in the plasma of symptomatic type 1 Gaucher 
patients is therefore of interest. 

Type 1 Gaucher disease can be successfully treated by chronic intravenous 
administrat ion of (recombinant) h u m a n glucocerebrosidase [2; 3]. This enzyme 
supplementat ion therapy is extremely costly. This has st imulated clinical 
studies on individualised t reatment protocols with low enzyme dose regimens 
[4]. Accurate monitoring of efficacy of therapeutic intervention is of great 
importance in this connection. This has prompted researchers to look for 
sensitive, quantitative p lasma markers for the occurrence of pathological lipid-
laden macrophages in Gaucher patients. A number of years ago it was 
discovered that plasma of symptomatic Gaucher pat ients shows a markedly 
increased capacity to hydrolyse 4-methylumbelliferyl-chitotrioside. The 
corresponding enzyme was named chitotriosidase and found to be a chitinase 
[5J. Chitotriosidase activity has been subsequently noted to be several hundred 
fold elevated in p lasma of affected Gaucher patients [5]. The enzyme is 
specifically secreted in large amoun t s by lipid-laden macrophages and the 
p lasma enzyme level is regarded to be a marker for the total body burden on 
Gaucher cells [5;6]. The physiological role of chitotriosidase in h u m a n s and the 
s l gnificance of the elevation of this enzyme in Gaucher disease is still largely 
unknown. The established antifungal properties of chitinases in plants and the 
secretion of chitotriosidase by activated macrophages suggests a role in the 
defence against chitin containing pathogens like fungi [7;8]. The high frequency 
of carriers and homozygotes (36% and 6% respectively) for a mutat ion in the 
chitotriosidase gene which leads to an inactive enzyme [9], suggests that 
deficiency of chitotriosidase is not disadvantageous for survival of immune-
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competent individuals. The frequency of the mutat ion in the chitotriosidase 
gene is similar in Gaucher patients and normal individuals. Measurement of 
chitotriosidase activity in p lasma of Gaucher pat ients is presently used in many 
countries to monitor the response to therapeut ic intervention that should aim 
to remove a n d / o r prevent formation of the pathological Gaucher cells tha t 
produce the marker enzyme. Enzyme supplementat ion therapy results in rapid 
and pronounced corrections in p lasma chitotriosidase levels, indicating the 
reduction in storage cells in treated Gaucher pat ients [5]. A relationship has 
been observed between the amount of administered enzyme and the degree of 
reduction in p lasma chitotriosidase. Changes in p lasma chitotriosidase levels 
are nowadays used as a guideline to improve the intervention with the costly 
recombinant enzyme. 

Besides the effective enzyme supplementat ion therapy, an alternative 
therapeutic approach for Gaucher disease is presently pursued . The concept of 
the so-called subst ra te deprivation therapy is based on the expected beneficial 
effect of lowering GlcCer synthesis in Gaucher pat ients . This can be 
accomplished by chronic oral administrat ion of inhibitors of glucosylceramide 
synthase, for example butyldeoxynojirimycin (OGT 918). Clinical s tudies with 
OGT 918 therapy are presently conducted with type 1 Gaucher pat ients and 
positive clinical responses and modest corrections in p lasma chitotriosidase 
levels have been very recently reported [10]. Substra te deprivation directly aims 
to lower GlcCer concentrat ions in cells and it is expected that this will be 
associated with a reduction in p lasma GlcCer level. 

It has been earlier proposed tha t the determination of GlcCer concentration 
in p lasma and erythrocytes of type 3 Gaucher pat ients is valuable for 
monitoring efficacy of enzyme replacement therapy [11]. To test the potential 
value of monitoring p lasma lipids, we have analysed GlcCer and ceramide levels 
in p lasma of type 1 Gaucher pat ients that received enzyme therapy and pat ients 
tha t took par t in the clinical s tudy on subst ra te deprivation therapy. 
Concomitantly the plasma marker of pathological Gaucher cells, chitotriosidase 
activity, was determined in the blood samples from the pat ients . 

In this chapter the results of the investigations on p lasma ceramide and 
GlcCer in symptomatic Gaucher pat ients before and after therapies are 
reported. The findings are discussed in the light of pathophysiological 
mechanisms. Special attention is paid to the value of p lasma GlcCer 
measurements for monitoring efficacy of therapeutic interventions. 

Materials and methods 

Patients. 
Dutch patient cohort. 
A total of 22 Dutch type 1 Gaucher patients, diagnosed on the basis of clinical signs, 
demonstration of deficient glucocerebrosidase activity and genotyping, were examined [12; 13). 
The patients were known by referral to the Academic Medical Centre in Amsterdam. The clinical 
manifestations of the type 1 patients were classified using the modified severity scoring index 
(SSI), which is based on an assessment of the extent of liver, spleen and bone involvement and 
the severity of pancytopenia [14]. Disease state was considered mild when SSI was between 1 to 
6, moderate when between 7 to 14, and severe when between 15 to 19. Using the SSI, mild 
disease was present in 6 patients, moderate disease in 7 patients and severe disease in 9 
patients. The control population consisted of 23 healthy volunteers, all of whom were found to 
have normal glucocerebrosidase activity. 
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Enzyme replacement therapy 
Eleven of the Dutch type 1 Gaucher patients (3 mild, 3 moderate and 5 severe) were studied 
during therapy with intravenous enzyme replacement therapy. The type 1 patients started with 
placenta-derived glucocerebrosidase (Ceredase®, alglucerase injection, Genzyme, MA) at a dose of 
1.15 U/kg three times a week (15 U/kg per month) (n=9) or 4 U/kg three times a week (60 U/kg 
per month). The dose was adjusted in time according to the individual responses based on 
previous described criteria [4], During therapy, all patients have switched over to recombinant 
glucocerebrosidase (Cerezyme®, imiglucerase injection, Genzyme, MA). 

International patient cohort. 
Substrate deprivation therapy. 
A total of 28 type 1 Gaucher patients, diagnosed at the Department of Medicine at University of 
Cambridge, the Academic Medical Centre in Amsterdam, the Charles University in Prague and the 
Shaare Zedek Clinic in Jerusalem, were examined [10]. 
The patients were treated by three-daily oral administration of butyldeoxynojirimycin (OGT918 
(VevescaTM ; Oxford GlycoSciences) exactly as reported [10]. 

Plasma 
EDTA-blood was collected from the Dutch Gaucher patients and the controls. Li-heparine blood 
was collected from the international Gaucher patient cohort. Plasma was stored at -20 °C 
immediately after preparation. 

Plasma ceramide and GlcCer measurement 
Reference solutions 
The concentration of the reference solutions of GlcCer, ceramide, sphingosine, sphinganine and 
psychosme was determined by TNBS method exactly as described by Yamamoto and Rouser [15]. 
A mixture of TNBS-standardised sphingosine, sphinganine and psychosme was used as a 
reference in this assay. The GlcCer and ceramide standard solutions were used to determine the 
recovery in each assay for these lipids. 

Preparation of lipid extracts 
Lipids were extracted from a minimum of 100 ul plasma. The lipid extraction was performed 
according to Folch [16]. The lipids were extracted in CHCl3:MeOH =1:1 (v/v) during 1 hour at 
room temperature under constant stirring. Precipitated proteins were collected by centrifugation 
and the pellet was re-extracted twice as described above. The total CHCl3:MeOH fraction was 
brought to CHCh.-MeOH: NaCl (0.73%) = 2:1:0.6 (by vol.) and mixed. The phases were separated 
by centrifugation at 3000 rpm for 5 min and the lower CHCb phase was retrieved in a clean glass 
tube. The upper phase was re-extracted twice with CHC13. The CHCI3 fractions were pooled and 
dried under nitrogen. The lipid residue was taken up in CHCl3:MeOH = 2:1 (v/v) and stored at -
20 °C or used immediately. 

Deacylation 
The dried lipids equivalent to 100 ul plasma were dissolved in 0.5 ml 0.1 M NaOH in MeOH The 
deacylation method was adapted from Taketomi et al. [17]. The samples were deacylated one at 
the time m a microwave oven for 20 min at 650 Watt in an airtight glass tube. 
The deacylated lipids were acidified by addition of 25 ul 4 M HCl to 250 ul of the deacylated 
sample. The free fatty acids that were formed in the deacylation procedure were separated from 
the lipids by hexane extraction. After addition of 12.5 ul of H2O and 1 ml of hexane the sample 
was mixed and centrifuged. The hexane was removed and the methanol phase was re-extracted 
with hexane twice. The samples were diluted with an equal volume of H2O and the lipids were 
purified with Seppak C18 columns as was described by Taketomi et al. [17]. The Seppak columns 
were placed on a vacuum block and subsequently pre-eluted with 2 ml of MeOH and 3 ml of 
MeOH:0.1 M NaCl = 1:1 (v/v). After pre-elution the samples were placed on the columns and the 
lipids were subsequently eluted with 4 ml H2O (to elute the salts), 4.5 ml ethanol 99% (to elute 
the deacylated lipids) and 7 ml CHCb:MeOH:H20 = 60:30:4.5 (to elute all other lipids). The 
ethanol phase was dried under nitrogen and the residue was dissolved in 1 ml CHClaMeOH = 2 1 
(v/v). 

Orthophtaldehyde (OPA) derivation 
OPA-derivatives were prepared essentially as described by Merrill et al. [18]. Of the final lipid 
preparation, an aliquot was dried under nitrogen and dissolved in 50 ul of MeOH LiChrosolv. The 
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derivation was started by addition of 50 jul freshly prepared OPA-reagent (8 ml 3% K3BO3, pH 10.5 
with KOH, 4.0 mg orthophtaldehyde in 80 (il ethanol 99% and 4.0 ni 2-mercaptoethanol) and was 
allowed to proceed for 10 min at room temperature. The reaction was ended by the addition of 
250 nl eluent (MeOH:5mM KH2PO1 pH 7.0 = 9:1 (v/v)). Before liquid chromatography the sample 
was filtered with a 4 mm syringe filter. 

Liquid chromatography 
The HPLC procedure that was used was adapted from Strasberg et al. [19] and Merrill et al. [18]. 
The HPLC analyses were conducted using a Waters HPLC with Hypersil BDS C18 column 5 p. 
(250 x 4.6 mm) and a Hypersil BDS C18 5u guard column (10 x 4.6 mm). An isocratic solvent 
system was used, the solvent being MeOH:5mM KH2PO4 pH 7.0 = 9:1 (v/v). The flow rate was 1.0 
ml/min. The injection volume of the sample (after two washes with 30 jil sample) was 20 jul. The 
detection was fluorimetric with an excitation wavelength of 340 nm and an emission wavelength 
of 435 nm. The time of analysis was 30 min. 

Chitotriosida.se activity 
Plasma chitotriosidase activity was determined routinely with the fluorogenic substrate 4-
methylumbelliferyl-N-acetyl-ß-D-N,N',N"-triacetylchitotrioside. Substrate mixtures contained 
0.027 mM substrate and 1 mg/ml of bovine serum albumin in Mcllvain buffer (100 mM citric acid 
/ 200 mM sodium phosphate), pH 5.2. Assays were performed essentially as described previously 
[5]. The reaction was allowed to proceed for 20 min. at 37 °C. The reaction was stopped by the 
addition of excess 0.3 M glycine-NaOH (pH 10.6). Liberated 4-methylumbelliferon was 
fluorimetricalfy determined using an excitation wavelength of 366 nm and an emission 
wavelength of 445 nm. 

Results 
Plasma ceramide and GlcCer concentrations in symptomatic type 1 Gaucher 
patients 

The concentrat ions of GlcCer and ceramide in p lasma samples of 22 Dutch 
and 28 international symptomatic type 1 Gaucher pat ients and 23 Dutch 
normal subjects were determined as described in Materials and Methods. 
On average, GlcCer was found to be 3-fold elevated in p lasma of un t rea ted 
Gaucher type 1 patients as compared to controls. This finding resembles earlier 
reports in the literature [1]. Although the increase in p lasma GlcCer 
concentration was significant, there is considerable overlap in p lasma GlcCer 
levels with control levels (see Table 1 and Fig. 1). 

The ceramide levels were similar in p lasma samples from Gaucher pat ients and 
normal subjects (Table 1). 

GlcCer Cer GlcCer/Cer 
^ jnrnol /mrj (nmol/ml) 

Control 10.0 + 0.7 10.4 ± 0.8 0.98 ± 0.05 
Range (n=23) 5 . 0 - 1 8 . 2 5 . 5 - 2 0 . 1 0 . 3 9 - 1 . 3 9 
Dutch Gaucher type 1 30.3 ± 3.0 9.3 + 0.6 3.22 + 0.22 
Range (n=22) 1 0 . 8 - 5 1 . 5 5 . 7 - 1 6 . 9 1 . 3 6 - 4 . 8 4 
International Gaucher 29.7 ± 2 . 1 1 1 . 1 + 0 . 9 2.95 + 0.23 
type 1 1 0 . 8 - 5 2 . 5 4 . 5 - 2 3 . 1 0 . 8 0 - 5 . 0 0 
Range (n=28) 

Table 1. Concentration of GlcCer and ceramide in p lasma of control subjects 
a n d u n t r e a t e d G a u c h e r p a t i e n t s . Plasma was collected and stored as described in 
"Materials and Methods". The GlcCer and ceramide concentration was determined with the HPLC 
as described in "Materials and Methods". The concentrations are expressed in nmol/ml plasma ± 
SEM. 
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Fig. 1. (A) GlcCer/ceramide ratio, (B) GlcCer concentration and (C) ceramide 
concentration in plasma of control persons (n=23) and Gaucher type 1 patients 
(n=22 for Dutch pat ients and n=28 for international patients). Plasma was collected 
a n d s tored a s descr ibed in "Materials a n d Methods". The GlcCer a n d ceramide concent ra t ion was 
de te rmined with the HPLC as descr ibed in "Materials a n d Methods". 

It was noted that by u s that the absolute amounts of GlcCer and ceramide can 
fluctuate, during a single day and on consecutive days, in plasma samples from 
the same individual, however the ratio of GlcCer/ceramide is relatively constant 
for an individual. Table 1 shows that the ratio GlcCer/ceramide levels in plasma 
of Gaucher patients (Table 1) was strikingly higher than that in samples from 
controls with minor overlap between the two groups (see Fig. 1). 

Fig. 2 . Correlation of 
GlcCer concentration in 
plasma of Dutch Gaucher 
patients and the SSI. The ssi 
was assessed based on Zimran et al. 
[14]. The concentration of GlcCer in 
plasma (expressed in nmol/ml) was 
determined with the HPLC as 
described in "Materials and 
Methods". 
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The relationship between 
severity of disease manifestation (SSI) and plasma lipid abnormalities was 
analysed. No strict correlation between SSI and plasma glucosylceramide levels 
or GlcCer/ceramide ratio was noted, al though there was a tendency of more 
pronounced abnormalities in the more markedly affected patients (Fig. 2). 
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The relationship between plasma lipid abnormalities and body burden on 
storage cells was determined by measurement of p lasma chitotriosidase activity. 
Because carriers for a defect in the chitotriosidase gene produce less enzyme 
than wildtype subjects, a distinction was made between individuals with the 
different chitotriosidase genotype. There is a clear correlation between the 
chitotriosidase activity and the p lasma concentration of GlcCer in individuals 
with a wild type chitotriosidase genotype (Fig. 3). 
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Fig. 3 . Correlation of GlcCer 
concentration and 
chitotriosidase activity in 
plasma of Gaucher patients. 
The GlcCer concentration and 
chitotriosidase activity in plasma 
before initiation of therapy was 
determined as described in 
"Materials and Methods". Different 
symbols are used to discriminate 
between the genotypes for 
chitotriosidase deficiency: • wildtype 
; • homozygote ; • carrier. 

The changes in p lasma lipid and chitotriosidase levels were determined for 11 
Gaucher pat ients that had received enzyme supplementat ion therapy for a 
prolonged period of time. The p lasma GlcCer and ceramide concentration was 
determined before and 1 and 4 - 6 years after initiation of enzyme 
supplementat ion. 
Figure 4 shows that the p lasma GlcCer concentration did not decrease in 3 of 
the Gaucher pat ients (B), whereas in 8 pat ients p lasma levels were significantly 
reduced (A). In all pat ients the ceramide levels remained normal and did not 
change during therapy (results not shown). In parallel with the decrease in 
plasma GlcCer levels, the GlcCer/ceramide ratio decreased slightly after 
therapy (not shown). 

60 

50 

y e a r s o f t h e r a p y 

Fig. 4 . GlcCer concentration in p lasma of 11 Gaucher type 1 pat ients before, 1 
year and 4-6 years after initiation of enzyme supplementat ion therapy. GlcCer 
concentration in plasma was determined by HPLC as described in "Material and Methods". 
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Fig. 5. Decrease in excess GlcCer concentration related to the decrease in 
chitotriosidase activity in plasma of Gaucher patients after the first year of 
e n z y m e s u p p l e m e n t a t i o n t h e r a p y . The GlcCer concentration and chitotriosidase activity in 
plasma after 1 year of therapy was determined as described in "Materials and Methods" The 
amount of GlcCer in Gaucher plasma above 10.0 nmol/ml was depicted as the excess GlcCer 
Relative reduction in excess GlcCer is plotted against the relative reduction in plasma 
chitotriosidase. 

The reductions in plasma chitotriosidase and in GlcCer levels in p lasma 
samples from patients receiving enzyme supplementat ion therapy are compared 
in fig.5. There is a correlation, al though not very strict, between the relative 
decrease in excess p lasma GlcCer concentration and the relative decrease in 
p lasma chitotriosidase activity following enzyme supplementat ion therapy. 

The effect of subs t ra te deprivation therapy on plasma GlcCer and ceramide 
levels was analysed. Figure 6 shows the results after 1 year of t reatment. 
Plasma GlcCer was markedly reduced in 14 of the 22 patients, whereas in 8 
pat ients no decrease was observed. Plasma ceramide was not significantly 
altered in most patients. The plasma GlcCer/ceramide ratio was reduced in all 
patients after one year of t reatment . 

S ! 20 

B 

Fig. 6. (A and B) GlcCer concentration 
and (C) ceramide concentration in 
plasma of 22 international Gaucher 
pat ients during 1 year of subs t ra te 
d e p r i v a t i o n t h e r a p y . GlcCer and ceramide 
concentration in plasma was determined by HPLC 
as described in "Materials and Methods". 
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Fig. 7 . Decrease in excess GlcCer concentration related to the decrease in 
chitotriosidase activity in plasma of Gaucher pat ients after the first year of 
s u b s t r a t e d e p r i v a t i o n t h e r a p y . The GlcCer concentration and chitotriosidase activity in 
plasma after 1 year of therapy was determined as described in "Materials and Methods". The 
amount of GlcCer in Gaucher plasma above 10.0 nmol/ml was depicted as the excess GlcCer. 
Relative reduction in excess GlcCer is plotted against the relative reduction in plasma 
chitotriosidase. 

The relationship between changes in p lasma GlcCer and chitotriosidase levels 
following subst ra te deprivation therapy is depicted in Fig.7. It can be observed 
that chitotriosidase corrections in the pat ients were modest, sharply contrast ing 
with the pronounced reduction in p lasma lipid. 

Discussion 
In this s tudy the p lasma concentrat ions of GlcCer and ceramide were 

determined in relation to type 1 Gaucher disease. To the best of our knowledge 
this consti tutes the first report on p lasma ceramide levels in Gaucher pat ients . 
Consistent with earlier li terature reports, the mean plasma GlcCer 
concentration was about 3 times higher in symptomatic type 1 Gaucher 
pat ients compared to control individuals. In sharp contrast the ceramide levels 
in p lasma samples from healthy subjects and pat ients did not differ 
significantly. It was observed by u s that the absolute amoun t s of GlcCer and 
ceramide can fluctuate -during a single day and on consecutive days- in p lasma 
samples from the same individual, however the ratio of GlcCer/ ceramide is 
relatively constant for an individual. A considerable overlap in GlcCer 
concentration between Gaucher and control p lasma samples was observed. The 
ratio GlcCer/ceramide in p lasma samples from controls (n=23) and type 1 
Gaucher pat ients (n=50) did hardly overlap. 

Our observation tha t p lasma ceramide concentrat ions in Gaucher pat ients 
are not reduced but in the normal range is of importance. It can now be 
excluded that abnormalit ies in p lasma ceramide levels in Gaucher pat ients 
might directly affect peripheral blood cells or endothelial cells. However, it 
remains possible tha t the elevation in plasma GlcCer level is not without 
consequences. The lipid may be exchanged to membranes of blood cells or the 
vessel wall and in such manner affect these cells in their functioning [20;21]. 
Moreover, the lipoprotein-bound glycolipid may be taken u p by receptor-
mediated endocytosis, t h u s promoting (transient) lysosomal accumulat ion. 

An elevated p lasma GlcCer/ceramide ratio was encountered in Gaucher 
pat ients , regardless of the severity of disease manifestation as assessed by the 
severity scoring index. This is not entirely surprising since the SSI does not 
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truly reflect the actual severity of disease or the number of storage cells in the 
body, but also accounts for signs and symptoms that have developed in the 
past , like skeletal complications and splenectomy. Interestingly, the p lasma 
levels of chitotriosidase activity and GlcCer concentration in Gaucher pat ients 
appeared to be linearly related. This indicates that the increase in p lasma 
GlcCer concentration is somehow associated with the presence of storage cells. 
Upon enzyme supplementat ion therapy the p lasma GlcCer concentration, and 
GlcCer/ceramide ratio, decreased slowly in 8 of the 11 Gaucher patients. 
However, in 3 of the 11 patients both parameters increased. In these pat ients 
the chitotriosidase concentration also did not decrease significantly. A strict 
relationship does, however, not exist between changes in chitotriosidase level 
and glycolipid level in plasma of treated pat ients . Apparently, p lasma GlcCer 
elevation is not a simple, direct reflection of the body burden on storage cells in 
Gaucher patients. 

As described in the previous chapter, the plasma (glyco)sphingolipids are 
associated with lipoprotein particles, predominantly VLDL and LDL, suggesting 
that these lipids have largely been newly synthesised in the liver. This implies 
that in hepatocytes of symptomatic Gaucher patients the synthesis of GlcCer is 
markedly increased. An explanation for this remarkable phenomenon may be 
found in induction of glucosylceramide synthesis by certain cytokines. Indeed, 
Memon and coworkers [22] have recently reported that TNF-a markedly 
increases the synthesis of GlcCer by the corresponding synthase in rodents. It 
is well documented that Gaucher cells are actively secreting various cytokines, 
creating high local concentrations. In some patients even chronic elevations in 
plasma concentrations of cytokines like IL-1, IL-6, TNF-a can be detected 
[23;24]. In the light of these observations it seems most likely tha t the elevation 
of GlcCer in plasma of Gaucher pat ients is indirectly related to the presence of 
storage cells, particularly in the liver. Local overproduction of cytokines may 
stimulate overproduction of glycosphingolipid in hepatocytes that is 
subsequently incorporated in VLDL particles and released in the circulation. 
The abnormalities in p lasma GlcCer levels may therefore predominantly reflect 
the situation in the liver of Gaucher patients. 

Our finding that plasma GlcCer concentrations correlate to a certain extent 
with p lasma chitotriosidase levels in untrea ted Gaucher patients suggests tha t 
the accumulat ion of storage cells in the liver during progression of the disease 
is to a certain degree related to the total increase in Gaucher cells in the body. 
During enzyme supplementat ion therapy the correction of storage cells in the 
liver and those at other locations in the body can proceed differently. The 
finding that p lasma GlcCer concentrations corrected relatively slowly suggests 
that correction of storage cells in the liver, and normalisation of local cytokine 
levels, was only slowly accomplished following t reatment with the low dose 
enzyme regimen. 

The effects of enzyme replacement therapy and substra te deprivation on 
p lasma levels of GlcCer and chitotriosidase sharply contrast. Whereas enzyme 
supplementat ion therapy results in a marked correction of p lasma 
chitotriosidase, the effect of subst ra te deprivation therapy is modest. 
Conversely, subs t ra te deprivation therapy lowers markedly circulating plasma 
GlcCer, whereas the low dose regimen of enzyme supplementat ion therapy does 
not. Enzyme therapy appears more effective in rapid reduction of storage cells, 
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whilst subs t ra te deprivation particularly acts by preventing further storage cell 
formation. 

In conclusion, our s tudy revealed that the p lasma GlcCer/ceramide ratio 
can discriminate nicely between most Gaucher pat ients and controls. The 
elevation in p lasma GlcCer is only very slowly reduced during enzyme 
supplementat ion therapy with a low dose regimen. The elevated p lasma GlcCer 
in pat ients seems to reflect largely GlcCer overproduction by the liver rather 
than the total body burden on lipid-laden macrophages. Nevertheless, 
determination of p lasma GlcCer concentration in combination with 
chitotriosidase activity does seem useful in the follow-up of Gaucher patients 
during enzyme therapy, because both parameters indicate the involvement of 
different t issues (liver and Gaucher cells in various locations, respectively). The 
overproduction of glycosphingolipid in the liver most likely contributes to the 
progression of disease at other body locations. Effective therapy should 
ultimately aim to reduce the overproduction of glycosphingolipid in the liver and 
therefore monitoring of the phenomenon by measurement of p lasma lipid levels 
should be advocated. For a better interpretation of results it may be useful to 
fractionate the various lipoproteins in p lasma and determine concentrat ions of 
GlcCer and ceramide in individual lipoprotein fractions. Monitoring of the 
plasma lipid is also useful in the case of subs t ra te deprivation therapy to get an 
impression about the degree of direct inhibition of glycolipid synthesis in the 
body. Given the complex origin of elevated p lasma GlcCer in Gaucher pat ients , 
it seems wise to also monitor the lipid levels in leukocytes of pat ients receiving 
subst ra te deprivation therapy. This will give a more clear insight to which 
extent the administrat ion of butyldeoxynojirimycin is inhibiting de novo 
synthesis of GlcCer in cells. 
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Summary 

Degradation of lipids occurs in the lysosomes and is an important 
process in the life cycle of the cell. Deficiency of enzymes tha t are involved in 
e.g. lipid degradation leads to lysosomal storage disorders. Over 40 
lysosomal storage disorders are known, of which Gaucher disease is the 
most prevalent. In Gaucher disease the glycolipid GlcCer is accumulated in 
lysosomes of t issue and blood macrophages due to a deficiency of the 
lysosomal enzyme glucocerebrosidase. Because m u c h GlcCer is present in 
senescent blood cells that are degraded by phagocytosing cells such as 
macrophages, these cells are predominantly affected by this deficiency. The 
lipid-laden macrophages become activated, acquire a specific foamcell 
morphology and are called Gaucher cells [1]. It is believed that these 
Gaucher cells are responsible for the most predominant clinical features of 
Gaucher disease, such as enlarged spleen and liver and bone crises. 

Apart from the fact that massive lysosomal accumulat ion of GlcCer 
precedes the formation of Gaucher cells, little is known about the 
mechanism of activation. Increases in intracellular GlcCer concentrat ions 
have been shown to increase cellular proliferation and hypertrophy in both 
t issue cul tures and animal models [2-5]. However, unti l now the signal 
t ransduct ion pathway induced by GlcCer is still an enigma. PKCÇ appears to 
be involved [6], bu t activation of known downstream targets of this kinase 
like N F - K B and Raf-1 has not been shown. 

The studies described in chapter 2 were performed to elucidate the role 
of GlcCer in proliferation by studying the signal t ransduct ion cascade tha t is 
allegedly initiated by GlcCer. The h u m a n hepa toma cell line HepG2 was used 
in these studies, because of the expertise in our laboratory on the 
metabolism of hepatocytes and the fact that in Gaucher cells the liver is 
enlarged. Liver protein and carbohydrate metabolism depend on the 
presence of amino acids, which are mediators of an anabolic signal 
t ransduct ion pathway and metabolism. The effects of changing GlcCer 
concentrat ions in amino acid-induced signal t ransduct ion and metabolism, 
such as glycogen and protein synthesis, were investigated. In HepG2 cells 
the concentration of GlcCer was high compared to primary hepatocytes. The 
rate of protein synthesis was also relatively high and not regulated by amino 
acids, al though the p70S6 kinase pathway was initiated. This s tudy did not 
provide any evidence that changes in the intracellular GlcCer concentration 
interfere with amino acid-mediated protein synthesis or signal t ransduct ion. 
The highly anabolic state of HepG2 cells might explain the lack of effect of 
increasing GlcCer concentrat ions. However, the effects of decreased GlcCer, 
after PDMP incubation, to approximately zero should still have been 
detectable. 

Ceramide, the precursor and breakdown product of GlcCer, is also 
known to play a role in signal t ransduct ion pathways. The pathway initiated 
by ceramide is well-defined, al though there continues to be a lot of 
discussion on the role of ceramide in signal t ransduct ion [7;8]. Two 
pathways have been defined for ceramide (see fig. 7 in chapter 1). One 
pathway leads to apoptosis or cell cycle arrest via stress kinases , the 
mitochondria and caspases . The other pathway leads to inflammation, 
proliferation and differentiation and travels via Raf-1, MAP kinases and NF-
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KB. This second pathway seems similar to the signalling cascade that is 
believed to be induced by GlcCer. Because both lipids play a role in cellular 
metabolism, it is likely that the intracellular ratio of GlcCer and ceramide is 
an important factor in the determination of the metabolic s ta tus of the cell. 
In affected cells and t issues in Gaucher disease patients, such as 
macrophages, liver and spleen, the overall GlcCer/ceramide ratio is greatly 
disturbed due to the massive GlcCer accumulation. This ratio may play a 
role in the pathophysiology of Gaucher disease. Until now data on GlcCer 
distribution amongst the plasma lipoprotein fractions in control subjects and 
patients are scarce, whereas there are no data at all regarding plasma 
ceramide concentrations. Although measurements in liver, spleen and bone 
marrow are more relevant sources for the determination of the storage 
product GlcCer, blood and urine are more preferred, because the biopsies 
are invasive and can be hazardous for the patient. Plasma is the most 
frequently used material to follow up Gaucher patients, because it can be 
easily stored for a long period of time. The studies described in chapter 3 
were performed to obtain more information regarding the GlcCer and 
ceramide concentrations in overall p lasma as well as in the lipoprotein 
fractions. First an assay was needed for s imultaneous, sensitive 
determination of ceramide and GlcCer in plasma. The widely used TLC assay 
was not suitable for the determination of ceramide and GlcCer 
simultaneously and this assay was rather insensitive in the determination of 
the concentration of GlcCer. The second assay that was tested was the DAG 
kinase assay, which was adapted to determine ceramide as well as GlcCer. 
This assay appeared to be suitable for the determination of ceramide and 
GlcCer in spleen and reference solutions. However, this enzymatic assay 
appeared to be sensitive for unidentified interfering compounds present in 
plasma. The third method, microwave deacylation of lipids and subsequent 
HPLC-based detection of these deacylated products after OPA-derivatisation, 
was very adequate and sensitive for the follow-up of Gaucher pat ients . In 
addition this assay also provides information on other p lasma lipids, such as 
for example lactosylceramide and ceramidetrihexoside levels. This 
information will even be available in retrospect. 

The preliminary study on the distribution of GlcCer and ceramide in 
p lasma lipoprotein fractions, as described in chapter 3, became feasible due 
to the extreme sensitivity of the HPLC-based assay that was jus t evaluated. 
GlcCer and ceramide were determined in the p lasma lipoprotein fractions of 
two untreated Gaucher patients and two age and sex matched control 
subjects. The overall distribution of GlcCer over the lipoprotein fractions was 
similar in control and Gaucher plasma: GlcCer was predominantly found in 
LDL and HDL. In Gaucher plasma , the increase in GlcCer was most 
prominent in the VLDL fraction. HDL and LDL lipoprotein fractions in 
p lasma of Gaucher patients were decreased compared to control plasma, 
whereas VLDL was increased, as was described previously [9-11]. The 
changes in the amounts of lipoproteins induced a more marked increase in 
GlcCer per protein than was already detected absolutely. In contrast, the 
amount of ceramide per protein in the lipoprotein fractions was similar in 
control and Gaucher plasma. Previously, it was postulated that this increase 
m VLDL is a compensatory mechanism of the liver to correct the decreased 
LDL and HDL [11]. However, the increased GlcCer/ceramide ratio in 
Gaucher pat ients (chapter 3) suggests an increased GlcCer synthesis by the 
liver. A more plausible explanation is that the increased secretion of VLDL as 
well as the increased GlcCer synthesis is driven by factors secreted by 
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Gaucher cells. Many cytokines, including TNF-a, are known to be produced 
by Gaucher cells [12; 13]. The concentrat ions of these cytokines secreted by 
Gaucher cells locally in the liver will be many times higher than can be 
detected in the circulation of Gaucher pat ients . Furthermore, TNF-ct was 
recently reported to stimulate GlcCer synthesis in hepatocytes of rodents 
[14]. Were TNF-a involved in the increase GlcCer production by the liver, an 
increased concentration GlcCer in VLDL would also be found in other 
diseases which involve inflammatory reactions. In the future, it would be 
interesting to check this hypothesis. 

Little is known about the plasma GlcCer concentration after therapy of 
Gaucher disease and nothing is known about the ceramide concentration in 
p lasma of Gaucher pat ients and the effects of therapy. The common therapy 
for Gaucher disease is enzyme supplementat ion therapy, which is based on 
addition by intravenous administrat ion of the affected enzyme 
glucocerebrosidase [15-17], Though very costly, this therapy is successful. 
Recently, a s tudy was started to examine subst ra te deprivation, based on 
inhibition of GlcCer synthesis, as a therapy for Gaucher disease [18]. In 
chapter 4 the HPLC method was used to determine GlcCer and ceramide in 
plasma of Gaucher patients and control subjects. The p lasma GlcCer 
concentration was increased approximately 3 times in Gaucher pat ients with 
considerable overlap between pat ients and controls. Although the 
concentration of ceramide was comparable in patient and control plasma, 
the GlcCer/ceramide ratio hardly overlapped between the two groups. 
Furthermore, in this s tudy the activity of chitotriosidase was determined in 
the p lasma of the Gaucher pat ients . Chitotriosidase is a h u m a n chitinase, 
which is increased on the average 600 times in p lasma of Gaucher pat ients 
compared with control persons [19]. The enzyme is secreted massively by 
Gaucher cells, therefore it is regarded as a marker for the amount of 
Gaucher cells tha t are present in the patient [19;20]. Prior to enzyme 
supplementat ion therapy plasma GlcCer and chitotriosidase activity 
correlated to some extent but following therapy chitotriosidase levels reduced 
more markedly and rapidly than lipid level. In contrast , with subs t ra te 
deprivation therapy the opposite was noticed. This is not surprising since the 
latter therapy is not directly removing storage cells but ju s t prevents further 
formation. Our data indicate that the chitotriosidase activity and plasma 
GlcCer concentration are markers for two different processes in Gaucher 
disease: chitotriosidase activity is a direct marker for activated macrophages 
(Gaucher cells), whereas GlcCer concentration is a marker for the 
involvement of the liver in GlcCer metabolism of the body. In this view it is 
very useful to measure both parameters in the follow-up of Gaucher 
patients. 

In the future, it would be interesting to determine the distribution of 
GlcCer in the lipoprotein fractions on regular time points before and after 
initiation of enzyme supplementat ion or subs t ra te deprivation therapy. If the 
liver is involved in the increased p lasma GlcCer concentrat ions the GlcCer 
would still be increased in VLDL after enzyme supplementat ion therapy 
whereas the GlcCer in HDL and LDL should be normalised. After subs t ra te 
deprivation therapy the GlcCer concentration in VLDL, LDL and HDL should 
be normalised. 

In conclusion, no evidence was found to support the hypothesis that the 
increase in intracellular GlcCer in Gaucher disease increases cell 
proliferation, thereby contributing to the hepatosplenomegaly observed in 
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these patients. Furthermore, the HPLC-based quantification method made 
the determination of GlcCer and ceramide in p lasma and lipoprotein 
fractions feasible. Determination of p lasma GlcCer and ceramide 
concentrations in lipoprotein fractions of Gaucher patients suggested that 
the liver plays an important role in the increased p lasma GlcCer 
concentration in Gaucher pat ients . This is supported by the more marked 
decrease in plasma GlcCer concentration achieved by subst ra te deprivation 
therapy compared to enzyme supplementat ion therapy. Whether the 
decrease in p lasma GlcCer is related to a decrease in clinical symptoms 
remains to be determined. In general, enzyme supplementat ion therapy 
decreases the clinical symptoms very well. Therefore in future a combination 
of both therapies may be beneficial for the Gaucher patient. 
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Samenvatting 

Lysosomen zijn compart imenten in de cel die een belangrijke rol spelen 
bij het afbreken van exogene en endogene macromoleculen. Belangrijk voor 
de functie van lysosomen zijn een lage pH en de aanwezigheid van enzymen 
die gespecialiseerd zijn in de afbraak van macromoleculen zoals eiwitten, 
suiker-polymeren en vetten. Als één van deze enzymen niet goed functioneert 
of niet in het lysosoom aanwezig is kan het subs t raa t van dit enzym niet 
volledig afgebroken worden en onts taat er stapeling. Er zijn meer dan 40 van 
deze zogenaamde lysosomale stapelingsziekten bekend, waarvan de ziekte 
van Gaucher de meest voorkomende is. De oorzaak van de ziekte van 
Gaucher is een mutat ie in het gen van het enzym glucocerebrosidase. Dit is 
een lysosomaal enzym dat het lipide glucosylceramide (GlcCer) afbreekt tot 
glucose en ceramide. Beide producten k u n n e n dan door de cel opnieuw 
gebruikt worden. Door de mutat ie in het gen werkt dit enzym niet goed meer 
of is zelfs afwezig. Dit heeft tot gevolg dat GlcCer zich ophoopt in het 
lysosoom. Omdat GlcCer vooral veel voorkomt in 'oude' bloedcellen, zijn met 
name macrofagen aangedaan. Deze cellen ruimen door fagocytose 
verouderde cellen op waarbij een opname en afvoer naar lysosomen plaats 
vindt. Macrofagen waarvan de lysosomen GlcCer opstapelen veranderen in 
zogenaamde Toamcellen' (schuimcellen) en worden Gaucher cellen genoemd. 
Dit blijken geactiveerde macrofagen te zijn, wat inhoudt dat ze diverse pro-
inflammatoire (= ontstekingsreactie stimulerende) factoren en 
afbraakenzymen uitscheiden die onder andere de afweer verhogen. Er wordt 
algemeen aangenomen dat de Gaucher cellen op zijn minst verantwoordelijk 
zijn voor een deel van de klinische symptomen van Gaucher patiënten: de 
massale aanwezigheid van Gaucher cellen gaat gepaard met een vergroting 
van lever, milt en verstoringen in beenmerg en botmetabolisme. Een andere 
oorzaak voor de sterk vergrote lever en milt bij de ziekte van Gaucher kan 
een verhoogde proliferatie (groei) of hypertrofie (vergroting) van levercellen en 
miltcellen zijn. In de l i teratuur is namelijk aangetoond dat GlcCer een rol 
speelt in het verhogen van de proliferatiesnelheid van cellen. Hoe dit precies 
werkt is nog niet bekend. Het is aangetoond dat PKCÇ (protein kinase C 
zeta), een enzym dat een fosfaat aan zijn subs t raa t koppelt (een kinase), kan 
worden geactiveerd als de concentratie GlcCer in de cel stijgt. Het is echter 
nog niet aangetoond dat bepaalde kinases , die in een 
signaaltransductiecascade vaak volgen op PKCÇ-activatie (zoals N F - K B en 
Raf-1), ook worden geactiveerd. Een signaaltransductiecascade is een reeks 
van activaties van enzymen in een cel om een signaal in de celkern te 
krijgen. 

Een voorwaarde voor proliferatie is een verhoogde eiwitsynthese en een 
verlaagde eiwitafbraak. Eiwitten waarvan bekend is dat ze een rol spelen in 
de regulatie van eiwitsynthese en eiwitafbraak zijn PI-3-kinase en p70S6 
kinase. Deze enzymen maken deel uit van een signaaltransductiecascade die 
in levercellen wordt geactiveerd door aminozuren. Deze aminozuur-
signaaltransductie is recent ook aangetoond in andere celtypen. Om meer 
inzicht te krijgen in de signaaltransductieroute die wordt gebruikt als GlcCer 
in de cel wordt verhoogd is in HepG2 cellen (een h u m a n e levertumor cellijn) 
het effect bepaald van verandering van de concentratie GlcCer in de cel 
(hoofdstuk 2). CBE (conduritol B epoxide) is een stofje dat de afbraak remt 
van GlcCer omdat het specifiek het lysosomale glucocerebrosidase remt. Het 
effect is dus vergelijkbaar met de ziekte van Gaucher. PDMP (l-phenyl-2-
decanoylamino-3-morpholino-l-propanol) is een chemische stof die GlcCer 
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verlaagt door het enzym te remmen dat glucose aan ceramide bindt. 
Verhoging van GlcCer met behulp van CBE had geen effect op eiwitsynthese 
zelf (in aan- of afwezigheid van aminozuren). Remmers van PI-3-kinase die 
de eiwitsynthese verlagen hadden wel effect, maar verhoging van GlcCer had 
ook in deze situatie geen additioneel effect. Verhoging of verlaging van 
GlcCer had ook geen effect op de fosforylering (maat voor de activatie) van 
p70S6 kinase in aan- of afwezigheid van aminozuren. Wat opviel aan de 
HepG2 cellen was dat de basale eiwitsynthese vrij hoog was en dat de 
concentratie GlcCer veel hoger was dan in primaire (niet delende) levercellen. 
Dit houdt waarschijnlijk verband met het feit dat het tumorcellen zijn. De 
verwachting was dat het verlagen van de concentratie GlcCer de 
proliferatiesnelheid van de HepG2 cellen zou verlagen en dat veranderingen 
in de concentratie GlcCer in het algemeen het effect van aminozuren en de 
signaaltransductie zou veranderen. In hoofdstuk 2 zijn hier echter geen 
bewijzen voor gevonden. 

Van ceramide, het afbraakproduct en de grondstof voor GlcCer, is 
bekend dat het een rol speelt in een signaaltransductie route die leidt tot 
apoptose (geprogrammeerde celdood). De signaaltransductieroute waarin 
ceramide een rol speelt is goed bestudeerd. Nadat aanvankelijk in de 
l i teratuur werd aangetoond dat ceramide een rol speelt in apoptose, bleek dit 
later niet zo eenduidig te zijn. Er is een ander s ignaaltransductiepad waarin 
ceramide ook een rol speelt, dat aanleiding geeft tot cel proliferatie en 
immunologische activatie. Omdat verondersteld wordt in de l i teratuur dat 
beide lipiden een tegengestelde rol spelen in het metabolisme (positieve en 
negatieve beïnvloeding) kan de verhouding van GlcCer en ceramide 
belangrijk zijn voor de pathofysiologie (het ziekteproces) van de ziekte van 
Gaucher. Om beide lipiden te kunnen meten zijn drie methoden vergeleken 
(hoofdstuk 3). De algemeen gebruikte methode met behulp van TLC (dunne 
laag chromatografie) was wel reproduceerbaar, maar niet erg gevoelig (veel 
onderzoeksmateriaal nodig). Bovendien kunnen GlcCer en ceramide niet 
gescheiden worden van het totale mengsel lipiden in één en hetzelfde 
monster . Een tweede methode was gebaseerd op een enzymassay: DAG 
kinase (diacylglycerolkinase) werd gebruikt om ceramide te fosforyleren met 
een radioactief gemerkt fosfaat. De lipiden werden vervolgens gescheiden en 
de hoeveelheid radioactiviteit gebonden aan ceramide werd gemeten. GlcCer 
werd bepaald door het monster eerst te behandelen met gezuiverd 
glucocerebrosidase, zodat GlcCer werd omgezet in glucose en ceramide. 
Vervolgens werd de ceramide door DAG kinase gelabeld met radioactief 
fosfaat. De hoeveelheid ceramide gemeten zonder glucocerebrosidase werd 
afgetrokken van de hoeveelheid ceramide na de behandeling. Voor zuivere 
s tandaard lipiden werkte deze assay goed, echter de reproduceerbaarheid 
bleek onvoldoende voor complexe mengsels zoals p lasma monsters . Dit 
wordt waarschijnlijk veroorzaakt door het feit dat andere factoren in p lasma 
de kinase-gekoppelde bepaling beïnvloeden. Een laatste methode die werd 
getest om GlcCer en ceramide in p lasma monsters te bepalen was een HPLC 
methode (hoge druk vloeistof chromatografie). Deze scheidingsmethode 
maakt gebruik van een kolom waarop een lipidenmengsel met een bepaalde 
loopvloeistof onder hoge druk kan worden gescheiden. Het bleek dat deze 
methode nauwkeurig GlcCer en ceramide in één p lasma monster zeer 
gevoelig en betrouwbaar kon meten. 

Lipiden zoals GlcCer en ceramide zijn slecht wateroplosbaar en in het 
bloed gebonden aan lipoprotéine partikels. Als de lipoprotéine partikels in 
p lasma worden gescheiden levert dat 4 fracties op: VLDL (very low density 
(heel lage dichtheid) lipoprotéine), LDL (lage dichtheid lipoprotéine), HDL 
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(hoge dichtheid lipoprotéine) en LPDS (lipoprotéine deficiënt serum). Naast 
het vergelijken van 3 methoden om GlcCer en ceramide te meten werd in 
hoofdstuk 3 tevens de HPLC-methode gebruikt om de verdeling van GlcCer 
en ceramide over deze verschillende lipoproteïne-fracties in p lasma te 
bepalen. In deze kleine studie werd het p lasma van twee onbehandelde 
Gaucher patiënten en twee, wat betreft leeftijd en geslacht vergelijkbare, 
controle personen gebruikt. Voor het fractioneren van p lasma in 
lipoproteïne-fracties was vers plasma van gevaste personen nodig. Na het 
scheiden van de lipoproteïnen bleek dat de hoeveelheid van VLDL verhoogd 
en van LDL en HDL verlaagd was in de Gaucher patiënten ten opzichte van 
de controle personen. De verlaging van LDL en HDL was eerder beschreven 
in de l i teratuur. De concentratie van ceramide in de lipoprotéine particles 
was niet abnormaal in Gaucher patiënten, wel bleek de concentratie van 
GlcCer sterk verhoogd in VLDL, LDL en HDL. Omdat het VLDL door de lever 
wordt aangemaakt , duidt een verhoging van GlcCer in VLDL erop, dat de 
lever meer GlcCer maakt en het gebonden aan VLDL uitscheidt in het 
plasma van aangedane Gaucher patiënten. Dit houdt in dat de concentratie 
GlcCer nog meer verhoogd wordt door aanvoer vanuit de lever. De reden 
waarom de lever dit doet is niet bekend, maar een verklaring zou k u n n e n 
zijn dat de geactiveerde macrofagen (Gaucher cellen), eiwitten ui tscheiden 
zoals TNF-alfa die rechtstreeks de glycolipid a a n m a a k aanzwengelen. 

De gangbare therapie voor de ziekte van Gaucher is de zogenaamde 
enzym suppletie therapie. Intraveneus toegediend glucocerebrosidase wordt 
opgenomen door macrofagen en zorgt ervoor dat een deel van het gestapelde 
GlcCer wordt afgebroken. Vrij recent is een nieuwe therapie voor Gaucher 
patiënten ontwikkeld, de zogenaamde subs t raa t deprivatietherapie. Deze 
therapie is erop gericht om de hoeveelheid subs t raa t (GlcCer) van het 
ontbrekende enzym glucocerebrosidase te verlagen in Gaucher patiënten. 
Hiertoe nemen patiënten oraal een chemische stof, butyl-deoxinojirimycm 
(DNJ), in die de a a n m a a k van GlcCer remt. In het vierde hoofdstuk is de 
HPLC-methode gebruikt om GlcCer en ceramide te bepalen in p lasma van 
Gaucher patiënten en controle personen en is het effect van enzym suppletie 
therapie en subs t raa t deprivatie therapie op deze waarden bepaald. 

Het bleek dat de verhouding GlcCer over ceramide in het p lasma van 
Gaucher patiënten duidelijk hoger was dan in controle plasma. Hoewel de 
concentratie GlcCer sterk overlapte in p lasma van Gaucher patiënten en 
controle personen was er bijna geen overlap in de verhouding GlcCer over 
ceramide. Verder bleek de activiteit van het enzym chitotriosidase in het 
p lasma van Gaucher pat iënten evenredig te zijn met de concentratie GlcCer. 
Chitotriosidase is een enzym dat door Gaucher cellen wordt uitgescheiden. 
Het wordt gezien als een directe marker voor het aantal aanwezige Gaucher 
cellen. Na enzymtherapie daalde de chitotriosidase activiteit sneller dan de 
concentratie GlcCer in plasma, waardoor er niet langer een absoluut verband 
was tussen beide waarden. Dit wijst erop dat de enzymtherapie direct werkt 
op de afname van activiteit van Gaucher cellen, door de GlcCer lokaal in de 
Gaucher cellen af te breken. Bij subs t raa t deprivatie therapie n a m de 
concentratie GlcCer in p lasma sterker af dan gevonden werd bij enzym 
therapie, terwijl de activiteit van chitotriosidase in p lasma juis t minder sterk 
afnam. Dit komt overeen met de in hoofdstuk 3 gestelde hypothese dat de 
lever een rol speelt in de verhoging van de concentratie GlcCer in p lasma van 
Gaucher patiënten. Uit deze gegevens blijkt verder dat chitotriosidase en 
p lasma GlcCer markers zijn voor verschillende processen die een rol spelen 
in de pathofysiologie van de ziekte van Gaucher: chitotriosidase is een maa t 
voor de activiteit van de macrofagen (Gaucher cellen) en p lasma GlcCer is 
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een maa t voor het effect van de ziekte op de lever. Ju i s t hierdoor is het van 
belang om in Gaucher patiënten beide markers te bepalen. Omdat de enzym 
suppletie therapie direct op de macrofagen werkt en de subs t raa t deprivatie 
op de a a n m a a k van GlcCer in weefsels (waaronder de lever), zou het 
interessant zijn om deze beide therapiën te combineren. 

In de studies beschreven in dit deel van het proefschrift is geen bewijs 
gevonden ter ondersteuning van de hypothese dat de verhoging van GlcCer 
in Gaucher patiënten celgroei stimuleert en zo een rol speelt bij de vergroting 
van de lever en de milt in deze patiënten. Verder is gebleken dat de HPLC-
methode beschreven in hoofdstuk 3 een betrouwbare methode is om GlcCer 
en ceramide in plasma's te meten. De verhoging van GlcCer in het p lasma 
van Gaucher patiënten lijkt eerder veroorzaakt te worden door een verhoogde 
uitscheiding van GlcCer door de lever dan door uitwisseling met bloedcellen. 
De verhouding GlcCer over ceramide is een duidelijke indicatie voor de ziekte 
van Gaucher, ongeacht de ernst van de ziekte. 
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Preface 

The original aim of this PhD project was to establish whether 
glucosylceramide and an abnormal glucosylceramide/ceramide ratio 
could play a role in the pathophysiology of Gaucher disease. Because 
literature data suggested that glucosylceramide might signal tissue 
proliferation, the hypothesis was that an increased intracellular 
glucosylceramide/ceramide ratio could be at the basis of the 
hepatosplenomegaly seen in Gaucher patients. The success of 
elucidating a role of these lipids in Gaucher disease depended on the 
accurate determination of GlcCer and ceramide in Gaucher t issues 
and tissue cultures. An appropriate methodology had to be developed 
for this. Changes in the GlcCer/ceramide ratio in hepatic tissue 
cultures (HepG2 cells) induced by either PDMP (very low GlcCer) or 
CBE (very high GlcCer) appeared to have no effect on some 
proliferative end-points that were measured. These facts, combined 
with increasing evidence in the literature that ceramide may not affect 
signal transduction events, triggered the decision to redirect the 
project. 

In view of published results regarding the interaction of 
sphingomyelinase action (increased ceramide) with insulin-dependent 
signal transduction we decided to investigate the possibility of a 
similar interaction with amino acid-mediated signal transduction. The 
latter pathway shares components with the insulin-dependent 
pathway. We chose HepG2 cells and freshly isolated rat hepatocytes 
as experimental systems, in order to stay close to the original plan of 
exploring the control of liver proliferation and function. We noticed 
that insulin alone had little effect on several parameters in 
hepatocytes. Because of this finding the second part of the thesis 
evolved into a study of the interaction between insulin- and amino 
acid-mediated signalling. 

The fact that this thesis describes studies on two different topics 
that are nevertheless interconnected by the putative role of ceramide 
in regulatory mechanisms has stimulated the layout of this thesis 
work. 
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Chapter 1 

Introduction 

This chapter has been published: 

Amino acid-dependent signal transduction 

Daphne A. van Sluijters, Peter F. Dubbelhuis, Edward F.C. Blommaart 
and Alfred J . Meijer 

Biochemical Journal 2000, 251: 545-550 

Summary 
Recent research carried out in several laboratories has indicated that , in 

addition to their role as intermediates in many metabolic pathways, amino 
acids can interact with insulin-dependent signal t ransduct ion. In this short 
review, the current state of this rapidly expanding field is discussed. 



Chapter 1 

Introduction 
The first indications that amino acids can stimulate signal t ransduct ion 

were obtained in studies on the regulation of hepatic autophagy. In the liver, 
autophagy is responsible for most of the starvation-induced proteolysis [1]. 
In response to amino acid deprivation, autophagy is upregulated to produce 
amino acids that are needed for survival of the cell and in the liver also for 
gluconeogenesis. Since amino acids are products of autophagy, it is not 
surprising that they are inhibitors of this process. Hormones that control 
hepatic autophagy are insulin (inhibitory) and glucagon (stimulatory). 

In studies on the mechanism responsible for the inhibition of autophagy 
by amino acids in isolated rat hepatocytes, we discovered that the addition of 
amino acids in the absence of insulin or other growth factors resulted in a 
strong and fairly rapid stimulation (ti /2, 10-20 min) of the phosphorylation of 
ribosomal protein S6 [2;3]. S6 phosphorylation is known to be required for 
the translation of the terminal oligopyrimidine (TOP) family of mRNAs that 
contain an oligopyrimidine tract ups t ream of their transcription-initiation 
site. These messengers encode proteins belonging to the protein-translation 
machinery [4; 5]. Maximal stimulation of S6 phosphorylation by amino acids 
was observed at concentrations similar to those found in the portal vein after 
feeding. Stimulation of S6 phosphorylation and inhibition of autophagic 
proteolysis followed the same amino acid concentration-dependence and 
time-dependence. Furthermore, a linear relationship was observed between 
the degree of S6 phosphorylation and the percentage of inhibition of 
autophagic proteolysis after addition of amino acids. Moreover, the amino 
acid specificities of the stimulation of S6 phosphorylation and of the 
inhibition of proteolysis were identical. Among the various amino acids, a 
combination of leucine, tyrosine and phenylalanine proved to be particularly 
effective in stimulating S6 phosphorylation and in inhibiting autophagic 
proteolysis. Since the stimulation of S6 phosphorylation by amino acids 
could be completely prevented by rapamycin, it was concluded that mTOR-
dependent activation of p70S6 kinase mus t be responsible for amino acid-
stimulated S6 phosphorylation [3]. Intriguingly, rapamycin accelerated 
autophagy in the presence of inhibitory concentrations of amino acids. 
Acceleration of autophagy by rapamycin under nutrient-rich conditions has 
also been found in yeast cells [6]. These observations clearly indicate that 
autophagy, at least in part, is under the control of either mTOR itself or of a 
protein, the activity of which is regulated by mTOR in a rapamycin-sensitive 
manner . 

Incubation of hepatocytes with insulin alone neither stimulated S6 
phosphorylation nor inhibited autophagic proteolysis unless low 
concentrations of amino acids were present. Furthermore, amino acids and 
insulin acted synergistically on both processes [2;3]. At high amino acid 
concentrations, S6 phosphorylation was maximally induced and could not be 
further stimulated by insulin. Likewise, in the presence of low but not of 
high amino acid concentrations, addition of glucagon to hepatocytes 
decreased S6 phosphorylation and stimulated proteolysis. 
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Mechanism of amino acid-dependent signalling 

p70S6 kinase and amino acids 
Amino acid-dependent signal t ransduct ion and the interaction with 

insulin-dependent signal t ransduct ion appeared not to be unique to 
hepatocytes and has now been found in various insulin-sensitive cell types. 
Examples are adipocytes, muscle cells, hepatoma cells, CHO cells, HT-29 
cells and pancreatic ß cells [3;7-12]. In most studies, phosphorylation (and 
the activity) of p70S6 kinase was measured and, like S6 phosphorylation in 
hepatocytes, was found to be stimulated by amino acids in a rapamycin-
sensitive manner . Activation of p70S6 kinase requires hierarchical 
phosphorylation of about 10 different sites by independently regulated 
protein kinases [13; 14). Increases in p70S6 kinase activity by 
phosphorylation may be due to direct phosphorylation by mTOR of the 
rapamycin-sensitive site Thr«2 which then promotes the ability of 3-
phosphoinosit ide-dependent protein kinase-1 (PDK1) to phosphorylate Thr2S2 
[15]. (These amino acids correspond to positions 389 and 229 of the short 
splice variant of p70S6 kinase [16]). Like S6 phosphorylation in hepatocytes 
[2;3], ammo acids and insulin synergised in activating p70S6 kinase in 
several cell types [7; 10; 12; 17]. Interestingly, the specificity of the amino acid 
activation was similar to that observed in hepatocytes in that , among the 
various amino acids, leucine was the most potent stimulator of p70S6 kinase 
[7;8;10-12;18-20]. However, for full activation of p70S6 kinase other amino 
acids needed to be present as well. A plausible explanation for the additional 
role of some other amino acids, which by themselves are not effective in 
activating p70S6 kinase (e.g. glutamine [9]), might be found in their ability to 
increase the cell volume, which results from their Na+ -coupled t ransport 
against a concentration gradient. In support of this view, experiments in 
hepatocytes have indicated that stimulation of S6-phosphorylation by 
leucine (which does not affect the cell volume [8;21]) can be strongly 
potentiated by a hypoosmotically-induced increase in cell volume [2;3]. The 
observation made with J u r k a t cells that depletion of glutamine and ' 
asparagine in the presence of all other amino acids resulted in inactivation of 
p70S6 kinase [22] may then be explained by a decrease in cell volume The 
mechanism by which changes in cell volume affect signalling is not known at 
present (but see summary below, for discussion). 

4E-BP1 and amino acids 

In addition to p70S6 kinase, the eIF-4E-binding protein (4E-BP1 also 
known as PHAS-1) is a subs t ra te of mTOR [23-26]. 4E-BP1 has at least 5 
phosphorylation sites that are targets of different protein kinases and 
phosphorylation of 4E-BP1 results in the dissociation of 4E-BP1 from the 
eIF4E-4EBPl complex. The protein-translation initiation factor eIF-4E (the 
7-methylguanosine cap-binding protein) then becomes available to form part 
of the eIF-4F translation-initiation complex which consists of the scaffold 
protein eIF-4G, the RNA helicase eIF-4A and the RNA binding protein eIF-4B 
[27]. Phosphorylation of 4E-BP1, like tha t of p70S6 kinase, requires the 
presence of amino acids (leucine in particular [7;9;12]) and amino acids 
alone (but not insulin alone [7;28]) st imulate phosphorylation of this protein 
m a rapamycm-sensitive manne r [7-10;20;28;29]. 



Chapter 1 

PI 3-kinase, protein kinase B and amino acids 
The mechanism responsible for the activation of p70S6 kinase (and also 

of 4E-BP1) by amino acids and the synergism of their effect with that of 
insulin has been the subject of intense study. Although in the absence of 
amino acids insulin alone has no effect on p70S6 kinase, the hormone does 
activate tyrosine phosphorylation of the insulin receptor and of insulin 
receptor substra te-1 (IRS-1) and increases the activity of PI 3-kinase and 
PKB [7;10;17;20], all of which are components ups t ream of mTOR and 
p70S6 kinase in the insulin-signalling pathway [30;31]. Conversely, amino 
acids stimulate phosphorylation and activity of p70S6 kinase, but do not 
st imulate tyrosine phosphorylation of the insulin receptor and of IRS-1 [7-
10]. They also do not seem to activate PI 3-kinase [7; 10] and PKB [7;8;10;29]. 
In one study carried out with hepatocytes, has activation been reported of PI 
3-kinase by cell swelling induced by addition of proline or glutamine [32]. 
Leucine was not tested in that study. In other studies demonstrat ing 
activation of p70S6 kinase by insulin alone, proteolytically produced amino 
acids were shown to contribute to p70S6 kinase activation [20], 

Activation of p70S6 kinase by amino acids is strikingly analogous to that 
caused by a-adrenergic agents, as recently reported for rat fibroblasts, in 
that activation of p70S6 kinase also occurred in the absence of activity 
changes in either PI 3-kinase or PKB [33]. Because amino acids were present 
at low concentrations in the culture medium, the possibility that this was 
due to stimulated t ransport of amino acids across the p lasma membrane 
was not considered, however. 

Notwithstanding the inability of amino acids to st imulate PI 3-kinase 
activity, as determined after immunoprecipitation of the enzyme from amino 
acid-treated cells [7; 10], the PI 3-kinase inhibitors wortmannin and 
LY294002 prevented activation of p70S6 kinase and phosphorylation of S6 
[7-10;20;34]. 

A possible explanation of these apparently conflicting results is that in 
vitro assays of PI 3-kinase do not reflect the t rue activity of the enzyme in the 
intact cell because of the existence of several isoforms of the enzyme [35]. 
Insulin and other growth factors stimulate PI 3-kinase class I, resulting in 
the production of PtdIns(3,4)P2 and PtdIns(3,4,5)P3 which recruit PKB to the 
plasma membrane and colocalise it with constitutively active 3-
phosphoinosit ide-dependent kinase 1 (PDK1) [31;35]. These 
phosphatidylinositol phospholipids also induce a conformational change in 
PKB that allows it to be phosphorylated and activated by PDK1 on Thr30« and 
Ser4?3 [31;36[. Class II PI 3-kinase, which has sequence similarity to class I 
PI 3-kinase within a kinase core region, possesses distinct N- and C-termini 
with a characteristic C-terminal C2 domain and does not associate with the 
p85 adaptor protein [35], can also be activated by insulin [37]. However, 
class II PI 3-kinase has strong preference for Ptdlns and PtdIns(4)P as 
substra tes and does not produce PtdIns(3,4,5)P3 [35]. Class III PI 3-kinase, 
which is the mammal ian homologue of the yeast VPS34, only produces 
PtdIns(3)P [35] and its activity may not be affected by insulin as suggested by 
the finding that intracellular PtdIns(3)P levels, in contrast to those of 
PtdIns(3,4)P2 and PtdIns(3,4,5)P3, do not increase in the presence of insulin 
[38]. As assays of PI 3-kinase have been, in fact, assays of class I [7; 10] the 
possibility cannot be excluded that amino acids activate PI 3-kinase class II. 
The observation that autophagy is stimulated by PtdIns(3)P and inhibited by 
both PtdIns(3,4)P2 and PtdIns(3,4,5)P3 [39], together with the notion that 
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amino acids are strong inhibitors of autophagy, would be consistent with, 
but does not prove, activation of either PI 3-kinase class I or class II. 

The most likely explanation for the conflicting data concerning the role of 
PI 3-kinase in amino acid signalling, however, is tha t the PI 3-kinase 
inhibitors are not specific and that they also inhibit other signal-
t ransduct ion components [7; 10]. Indeed, direct inhibition of mTOR by 
wortmannin and LY294002 has been demonstrated which is explained by 
the fact that the catalytic domain of mTOR resembles tha t of PI 3-kinase 
[40]. 

A possibility that has not been considered in the literature so far is tha t 
the amino acids do not affect PI 3-kinase itself but ra ther inhibit the activity 
of the lipid phosphatase PTEN which removes the phosphate group in the 3-
position of PtdIns(3,4,5)P3 [41]. Inhibition of PTEN by amino acids would 
thus result in an increased level of PtdIns(3,4,5)P3 in the absence of activity 
changes in PI 3-kinase. This would also account for the synergism between 
the effects of insulin and amino acids. Although attractive, this hypothesis 
does not explain why amino acids alone do not activate PKB, but do activate 
p70S6 kinase. 

mTOR and amino acids 
Recent reports indicate that mTOR may be the point where amino acid 

and insulin signalling converge. Firstly, a rapamycin-resistant p70S6 kinase 
deletion mu tan t in CHO cells was also resistant to amino acid depletion and 
could be activated by insulin alone [7]. Secondly, experiments in vitro 
revealed that PKB could directly phosphorylate Sera is 0f m TOR but that in 
intact cells insulin-dependent, wortmannin-sensit ive and rapamycin-
insensitive, PKB-mediated phosphorylation of Ser2448 was dependent on the 
presence of amino acids [42]. Moreover, in the absence of insulin, amino 
acids themselves were able to st imulate the phosphorylation of Ser2448. 
Interestingly, PKB could phosphorylate mTOR in vitro, but only when mTOR 
was immunopurified from amino acid-treated cells [42]. This indicates that 
amino acids promote the activation of mTOR either by direct activation of 
PKB-induced phosphorylation of Ser2448 or by inducing phosphorylation of 
amino acid residues adjacent to Ser2448 by an as yet unknown protein 
kinase, which would then facilitate access of PKB [42]. The possibility of an 
amino acid-inhibitable protein phosphatase that would be responsible for the 
dephosphorylation of Ser2448 was considered to be less likely because 
phosphorylation of Ser2448 was not sensitive to known phosphatase inhibitors 
[42]. Perhaps the proposed unknown protein kinase is also the target of 
cAMP which inhibits insulin-mediated phosphorylation and activation of 
mTOR without affecting PKB [43], This antagonism between amino acids and 
cAMP with regard to mTOR activation would nicely explain the opposing 
effects of amino acids and glucagon on S6 phoshorylation in hepatocytes as 
discussed above. 

PP2A and amino acids 

As the extent of phosphorylation of a particular protein is determined by 
the balance of phosphorylation and dephosphorylation, it has been proposed 
that amino acids may inhibit a protein phosphatase acting on p70S6 kinase 
[7]. Such a mechanism would satisfactorily account for the synergism 
between amino acids and insulin in st imulating p70S6 kinase activity. 
Support for this proposal was obtained from cross-linking, co-
immunoprecipitation and affinity chromatography experiments showing that 
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p70S6 kinase is tightly associated with protein phosphatase PP2A [44;45], 
which in mammalian cells is the major soluble ser ine/ threonine 
phosphatase [36]. Association of PP2A with p70S6 kinase did not occur with 
the mutan t p70S6 kinase mentioned earlier that is resistant to rapamycin 
and also to amino acid deprivation-mediated dephosphorylation [45]. In 
intact J u r k a t cells, phosphorylation and activation of p70S6 kinase and 4E-
BP1 in the absence of amino acids or in the presence of rapamycin could be 
induced by addition of the PP2A inhibitor calyculin [45]; similar observations 
were made in HEK 293 cells exposed to hyperosmotic stress [46]. Moreover, 
t reatment with rapamycin resulted in an increase in PP2A activity towards ' 
4E-BP1 as measured in vitro. Because mTOR isolated from stimulated cells 
could phosphorylate PP2A in vitro, it was proposed that in intact cells 
phosphorylation of PP2A on s e r / t h r residues by mTOR inhibits its activity 
[45]. y 

Although this is compelling evidence support ing a role of PP2A in the 
control of p70S6 kinase activity, the use of PP2A inhibitors has , however, not 
always yielded unequivocal results . Furthermore, increases in p70S6 kinase 
phosphorylation, and activation, by PP2A inhibitors is not always found 
[7;44], 

Like p70S6 kinase, PKB is also inactivated by PP2A and 
dephosphorylation of PKB induced by hyperosmotic stress can be prevented 
by calyculin [47]. Whether amino acids are able to inhibit PKB 
dephosphorylation is unknown at present. 

In addition to mTOR, JAK-2 may be another candidate kinase that 
phosphorylates PP2A, be it not on ser ine/ threonine residues but on tyrosine 
residues. PP2A and JAK-2 are closely associated and phosphorylation of 
PP2A by insulin-stimulated JAK-2 inhibits its activity. Interestingly, these 
two proteins were found to be in a complex with PI 3-kinase and it was 
proposed that inactivation of PP2A by phosphorylation may result in 
amplification of insulin-generated signals at the level of PI 3-kinase [48], 

Summary (Fig. 1) 

From these studies, and in spite of conflicting results , the picture 
emerges that PP2A acts as a switch that t u rns off signals generated by 
insulin (and perhaps other growth factors). Amino acids may interact with 
insulin signalling either by inhibiting PP2A activity or by altering the binding 
of the enzyme to signal-transduction components. If, indeed, PP2A acts at 
various levels in the signalling pathway, and if the amino acids function as 
inhibitors of PP2A activity, this would account for the fact that the amino 
acids alone are so effective as activators of 70S6kinase, S6 and 4E-BP1 
phosphorylation. It would also account for the synergism between amino 
acids and insulin. 

mTOR plays a central role in the amino acid-sensing mechanism, in 
analogy with the role of the rapamycin-sensitive TOR proteins in nutr ient 
control in yeast [49-51]. As indicated above, amino acids stimulate the 
phosphorylation of mTOR, which in turn not only st imulates 
phosphorylation of p70S6 kinase and 4E-BP1, but also of PP2A. This results 
in inhibition of PP2A, which further enhances phosphorylation of p70S6 
kinase and of 4E-BP1. If PP2A would also act on mTOR itself (although there 
is no direct evidence for this as yet [42]), a feed-back loop resulting in 
autoactivation of mTOR would be 
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Fig. 1. Interactions between amino acid-dependent signalling and insulin-
dependent signalling. 

set u p (Fig. 1). However, even if amino acids do not act on a phosphatase 
with mTOR as a target, but ra ther on a protein kinase with mTOR as 
subst ra te (perhaps by facilitating access of PKB to mTOR [42]), this would 
still explain why amino acids alone are so effective in st imulating 
phosphorylation of p70S6 kinase and 4E-BP1. Amino acids would then 
simultaneously activate phosphorylation and inhibit dephosphorylation of 
these two proteins. In this context it is important to note that in yeast, too, 
the rapamycin-sensitive TOR proteins have been shown to affect PP2A' , in 
this case by modulating its association with a protein called Tap42 [49;50]. 

If amino acids do, indeed, activate mTOR, either by stimulating 
phosphorylation of mTOR a n d / o r of PP2A, the question remains by which 
mechanism amino acids exert these effects. One possibility is tha t amino 
acids (e.g. leucine) directly stimulate the protein kinases responsible for 
these phosphorylations. It is also possible that the p lasma membrane 
contains a separate amino acid receptor connected to an intracellular 
signalling system, which then would have to feed into mTOR. There is some 
evidence support ing the existence of a specific leucine-binding protein in the 
p lasma membrane which might be such a putative amino acid receptor. 
Leus-MAP (a small, cell-impermeant, globular peptide with 8 leucine residues 
on the outside) binds to this protein and inhibits hepatic autophagic 
proteolysis [52;53[. However, experiments with this peptide (kindly provided 
by Dr. G. Miotto) carried out in rat hepatocytes in our laboratory did not 
show any increase in S6 phosphorylation in hepatocytes after short exposure 
to Leug-MAP. Only after long-term exposure of the cells to this compound 
(>lh) was some phosphorylation of S6 observed, but this may have been 
at tr ibutable to release of free leucine from Leu8-MAP [54]. 
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Another hypothetical mechanism, not involving a specific amino acid 
receptor in the plasma membrane, is a mechanism in which cells respond to 
changes in the degree of aminoacylation of tRNAs, and in which free, 
uncharged, tRNA in the cell prevents mTOR-mediated p70S6 k inase ' 
phosphorylation [29]. This hypothesis is based on observations in yeast 
where, upon amino acid starvation, free tRNA binds with high affinity to the 
protein kinase GCN2 and activates this enzyme, because the 
carboxyterminus of GCN2 structurally resembles histidyl-tRNA synthetase 
and other aminoacyl-tRNA synthetases [55]. Activation of GCN2 in yeast 
subsequently leads to increased synthesis of GCN4, a transcriptional 
activator of at least 40 genes encoding amino acid biosynthetic enzymes. 
Evidence in favour of free tRNA controlling mTOR-mediated p70S6 kinase 
activation in mammal ian cells was obtained in experiments showing that 
inhibitors of amino acid-tRNA synthetases counteracted amino acid-
stimulated p70S6 kinase activity. Moreover, inhibition of p lasma-membrane 
amino acid t ransport also inhibited p70S6 kinase activity, which strongly 
suggests that amino acids had to enter the cells before they could stimulate 
p70S6 kinase [29]. If this mechanism is true, the particular potency of 
leucine in stimulating p70S6 kinase may be explained by the frequency of 
utilisation of this amino acid in protein synthesis and by the existence of 
multiple leucyl-tRNA synthetases arising from the 6-fold codon degeneracy 
[7]. The question arises about the identity of the signal-transduction 
component(s) that would be sensitive to inhibition by tRNA. Because 
uncharged tRNA did not affect the activity of immunoprecipitated mTOR, it 
mus t be postulated that tRNA interacts with an, as yet unknown, signal-
t ransduct ion component regulating mTOR [29]. 

Uncharged tRNA as inhibitor of signalling could also explain why an 
increase in cell volume would potentiate signalling. Increases in cell volume 
(whether induced by concentrative Na+-dependent amino acid t ransport or by 
hypotonicity of the extracellular medium) cause many cell types to respond 
by releasing KCl in an at tempt to restore their original volume, a 
phenomenon known as "regulatory volume decrease" [56], This can result in 
a considerable decrease in cytosolic chloride concentrations. In hepatocytes, 
the decrease in chloride concentration following amino acid-induced cell 
swelling leads to activation of glycogen synthase phosphatase , and thus to 
increased glycogen synthesis, because chloride is an inhibitor of this enzyme 
[57]. Data obtained with E. coli enzymes have indicated that at low 
concentrations, chloride can also inhibit aminoacyl-tRNA synthetases and 
can significantly raise the Km value for tRNA of these enzymes [58]. If 
chloride also inhibits aminoacylation of tRNA in mammal ian cells, a decrease 
in chloride concentration following regulatory volume decrease would result 
in a fall in uncharged tRNA, and hence in activation of signalling. Such a 
mechanism would also provide a satisfactory explanation for the observation 
that cell swelling accelerates protein synthesis in hepatocytes [56]. 

Physiological relevance of amino acid-dependent signalling 
Although most studies on amino acid-dependent signalling have been 

carried out with isolated cell systems, there is evidence that amino acids also 
stimulate signal t ransduction in vivo. Thus, the protein anabolic response 
after a protein-rich meal in man [59], mice and rats [60;61] was related to 
postprandial increases in plasma amino acid concentrations rather than in 
insulin concentrations; this response was accompanied by an increase in 
phosphorylation of 4E-BP1 and p70S6 kinase in muscle and liver [60-62] In 
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another study, it was shown that the efficacy of insulin to improve the net 
nitrogen balance across the h u m a n forearm greatly increased when amino 
acids were infused together with insulin [63]. 

A fascinating observation is that amino acids not only st imulate 
signalling in insulin-sensitive cells but that they also do so in the insulin-
producing pancreatic ß cells. In ß cells, amino acids also appear to st imulate 
phosphorylation of p70S6 kinase and 4E-BP1 in a rapamycin-sensitive and a 
wortmannin-sensitive manner [12;28]. Amino acid-dependent signalling in ß 
cells can occur under conditions when they are unable to secrete insulin. 
Like in other cell types, insulin alone, either added externally or produced by 
the ß cells upon addition of glucose, is not effective in stimulating p70S6 
kinase and 4E-BP1 phosphorylation unless amino acids are also present 
[12;28]. Again, among the various amino acids, leucine is the most effective 
[12J. 

While amino acids will promote ß cell proliferation via increased 
signalling, recent da ta indicate that extramitochondrial glutamate in ß cells 
can also directly enhance exocytosis of insulin, possibly by causing swelling 
of the insulin-containing granules [64], Thus, from a point of view of whole-
body physiology these amino acid effects are extremely efficient: amino acids 
not only increase insulin signalling in insulin-sensitive cells but they also 
increase insulin production and excretion from the pancreas . 

Concluding remarks 
The notion that amino acids are not only important as intermediates in 

metabolism bu t can positively interact with insulin-dependent signalling and 
can also st imulate signal t ransduct ion on their own, adds a new element to 
the control of metabolic pathways. The fact that, in concert with insulin, 
amino acids can oppositely affect protein synthesis and autophago-lysos'omal 
proteolysis by the same signalling pathway is extremely efficient from the 
point of view of metabolic regulation. The increase in ß cell function by 
amino acids further adds to the anabolic function of amino acids. 

A corollary of the synergism between amino acids and insulin is that the 
metabolic effects of insulin not only depend on the concentration of insulin 
itself (and on the concentration of counterregulatory hormones and other 
factors), but also depend on the ambient amino acid concentration. It may 
even be speculated that in certain cases of non-insul in-dependent diabetes 
mellitus a defect in amino acid-dependent signalling, ra ther than in insulin-
dependent signalling, may be the underlying mechanism. 
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Scope of this part of the thes is 

Amino acids play an important role in the regulation of protein and glycogen 
metabolism in the liver. The discovery of an amino acid acid-induced signal 
t ransduction pathway in isolated hepatocytes was made in our laboratory 
several years ago. It is now believed that the amino acid-induced signal 
t ransduct ion pathway involves mTOR, p70S6 kinase and 4E-BP1 and occurs 
in different cell types. The effect of amino acids on glycogen and protein 
synthesis as well as the initiated signal t ransduct ion pathway are partly 
similar to those described for insulin. The studies described in this thesis 
were performed in order to gain more information on the signal t ransduct ion 
pathway that is initiated by amino acids. Because isolated rat hepatocytes 
tha t are used in our laboratory in studies regarding amino acid-dependent 
metabolism and signalling maintain their s t ructural integrity only for 2 to 4 
h, a hepatic cell line would be useful for more long-term studies. The studies 
described in chapter 1 compare some of the aspects of amino acid-mediated 
metabolism and signal t ransduct ion as occur in HepG2 cell, a h u m a n 
hepatoma cell line, and isolated rat hepatocytes. With regard to insulin it 
was reported that SMase activation, either by exogenous SMase or by TNF-oc, 
inhibited insulin-mediated signal t ransduct ion. The study described in 
chapter 3 deals with the question if SMase affects amino acid-induced signal 
t ransduction and metabolism in the same way as was described for insulin. 
Because of the similarity in the signal t ransduct ion pathways for insulin and 
amino acids there was a lot of discussion on a possible interaction between 
these two pathways. Chapter 4 describes the interaction of the amino acid-
and insulin-induced signal t ransduct ion pathways in isolated hepatocytes. 
In chapter 5 the outcome of the previous chapters is summarised and briefly 
discussed. 
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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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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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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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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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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 
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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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Sphingomyelinase treatment of rat hepatocytes 
inhibits cell-swelling-stimulated glycogen 

synthesis by causing cell shrinkage 

Daphne A. van Sluijters, George M. van Woerkom, J o h a n n e s M. F. G. Aerts 
and Alfred J . Meijer 

European Journal of Biochemistry 1999, 266: 653-659 

Summary 
Breakdown of p lasma-membrane sphingomyelin caused by TNF-a is 

known to inhibit glucose metabolism and insulin signalling in muscle and fat 
cells. In hepatocytes, conversion of glucose to glycogen is strongly activated 
by amino acid-induced cell swelling. In order to find out whether breakdown 
of p lasma-membrane sphingomyelin also inhibits this insulin-independent 
process, the effect of addition of sphingomyelinase was studied in rat 
hepatocytes. 

Sphingomyelinase (but not ceramide) inhibited glycogen synthesis, 
caused cell shrinkage, decreased the activity of glycogen synthase a, but had 
no effect on Phosphorylase a. Cell integrity was not affected by 
sphingomyelinase addition as gluconeogenesis and the intracellular 
concentration of ATP were unchanged. As a control, glycogen synthesis was 
studied in HepG2 cells. In these cells, the basal rate of glycogen production 
was high, could not be stimulated by amino acids, nor be inhibited by 
sphingomyelinase. 

Regarding the mechanism responsible for the inhibition of glycogen 
synthase a, sphingomyelinase did not affect amino acid-induced, Ptdlns 3-
kinase-dependent, phosphorylation of p70S6 kinase, but caused an increase 
in intracellular chloride, which is known to inhibit glycogen synthase 
phosphatase . 

It is concluded that the decrease in cell volume, following the breakdown of 
sphingomyelin in the p lasma membrane of the hepatocyte, may contribute to 

the abnormal metabolism of glucose when TNF-a levels are high. 
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Introduction 
Activation of plasma membrane-bound neutral sphingomyelinase by TNF-ce 
may be one of the factors contributing to insulin resistance in non-insulin-
dependent diabetes mellitus. Addition of sphingomyelinase (or of the 
products of the sphingomyelinase reaction) to insulin-responsive cells, such 
as adipocytes, hepatoma cells and muscle cells, has been shown to mimic 
the effects of TNF-a, to diminish insulin-dependent signal t ransduct ion and 
to counteract insulin stimulation of glucose t ransport and metabolism [1-3]. 

Many of the metabolic effects of insulin can be mimicked by amino acid-
induced cell swelling. In hepatocytes, for example, synthesis of glycogen from 
glucose is strongly stimulated by cell swelling resulting from concentrative 
Na+-dependent amino acid t ransport [4;5]. Other effects of amino acid-
induced cell swelling on hepatic metabolism also resemble those of insulin 
[6;7]. It has even been proposed that insulin exerts many of its anabolic 
effects by causing cell swelling [7] bu t this view is not generally accepted 
[8;9]. 

The question arose as to whether addition of sphingomyelinase, or of cell-
permeable ceramides, can also interfere with glucose metabolism via an 
effect independent of the presence of insulin. An answer to this question may 
be of importance because TNF-a infusion in ra ts not only decreased the rate 
of total body glucose consumption but also decreased the hepatic glycogen 
content [10]. In addition, TNF-a has been shown to activate neutral 
sphingomyelinase in hepatocytes [11]. We therefore studied the effects of 
added sphingomyelinase and of ceramides on amino acid-stimulated 
glycogen synthesis and on gluconeogenesis, using isolated rat hepatocytes. 

The results indicate that glycogen synthesis could be specifically 
inhibited by sphingomyelinase but not by addition of cell-permeable 
ceramides. Gluconeogenesis was not affected. We were able to relate the 
inhibition of glycogen synthesis by sphingomyelinase to a decrease in cell 
volume. 

Materials and Methods 
Materials 
Sphingomyelinase (from Bacillus cereus), rapamycin and serum albumin (A-6918) were from 
Sigma (St. Louis, MO, U.S.A). LY294002 (2-(4-morpholinyl)-8-phenylchromone), C2-ceramide 
and C6-ceramide were 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). Ham F12/DMEM culture medium was from Gibco Brl Life 
Technologies (Paisley, Scotland). All other chemicals and enzymes were obtained from either 
Boehringer (Mannheim, Germany) or Sigma (St. Louis, MO, USA). 

Male Wistar rats (about 250 g) were obtained from T.N.O., Zeist, The Netherlands, and 
were maintained on standard laboratory chow and water ad libitum, until initiation of the 
fasting period. 

Methods 
Preparation of hepatocytes 
Hepatocytes from rats fasted for 16-20 h were isolated by collagenase perfusion [12]. 

Hepatocyte incubation 
Hepatocytes (5-10 mg dry mass-mW) were incubated for 1 h at 37° C in Krebs-Henseleit 
bicarbonate buffer plus 10 mM Na-Hepes (pH 7.4), 0.2% (m/v) bovine serum albumin and the 
components indicated in the legends to Figures and Tables; final volume, 2-4 ml. The gas 
atmosphere was Oa /CO2 (19:1, v/v). 

Hypo-osmotic incubation conditions were created by decreasing the concentration of 
NaCl in the Krebs-Henseleit bicarbonate medium from 120 to 70 mM [4]. In some of the 
experiments, a complete mixture of all amino acids (4xAA) was used. The composition of this 
mixture was such that the concentration of each of the amino acids was present at a 
concentration 4 times that found in the portal vein of a fasted rat. The composition of the lx 
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mixture was exactly as described in [12] except that the leucine concentration was 250 uM. 
At the end of the incubations, samples of the hepatocyte suspension were taken and 

prepared for metabolite and enzyme analyses. For the determination of glucose and ATP, 0.5-
ml samples were quenched with HCIO4 (final concentration: 3.5% m/v). The precipitated 
protein was removed by rapid centrifugation at 4e C in a microcentrifuge, and the 
supernatants were neutralised to pH 7 by addition of a mixture of 2 M KOH plus 0.3 M Mops. 

For the determination of glycogen, 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. 

Samples for the determination of glycogen synthase and Phosphorylase were prepared as 
follows: 0.5 ml of the 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 supernatant, cells were extracted with 0.3 ml of a medium containing 50 mM 
glycylglycine (pH 7.4), 75 mM NaF, 3 mM EDTA, 0.5% glycogen and 0.1% Triton X-100, and 
were immediately frozen in liquid nitrogen [13]. 

Samples for the measurement of lactate dehydrogenase were obtained by centrifugation 
of 0.5 ml of the cell suspension in a microcentrifuge for 1 s. Enzyme activity was measured 
both in the supernatant and in the total cell suspension (after addition of 0.2% Triton X-100 
to lyse the cells). 

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 [14] and brought to 90° C for 5 min. 

Unless indicated otherwise, cell volume was determined with the "hepatocrit" method 
[15]. 

Intracellular chloride was measured with by incubation of the cells with 36C1- (0.05 
uCi-ml-i). After incubation of the cells, 1 ml of the cell suspension was spun down for 1 s in a 
microcentrifuge. The extracellular fluid was carefully removed by suction, the wall of 
centrifuge tube was blotted dry with a piece of filter paper and the cell pellet was dissolved in 
0.5 ml of 0.2% Triton X-100. Radioactivity was measured with a liquid scintillation counter. 
In parallel incubations, 36C1-was replaced by [14C]carboxyl-dextran (0.05 uCi-mH) which was 
used to measure the volume of the extracellular fluid adhering to the cell pellet. Total cell 
volume (intracellular plus extracellular) in these experiments was obtained by measurement 
of the wet weight of the cell pellet. The intracellular volume was then calculated by 
subtracting the [14C]carboxyl-dextran space from the wet weight of the cell pellet. 

HepG2 cells 
HepG2 cells, a human hepatoma cell line, were grown to about 80% confluency in Ham 
F12/DMEM medium supplemented with 10% (v/v) foetal calf serum at 37° C under a gas 
atmosphere of O2 /CO2 (19:1, v/v). 

For measurement of glycogen synthesis, HepG2 cells were first depleted of glycogen by 
incubation overnight (16 h) in Krebs-Henseleit bicarbonate buffer plus 10 mM Na-Hepes (pH 
7.4) and 0.2% (m/v) bovine serum albumin in the absence of glucose. Synthesis of glycogen 
was then started by addition of 5 mM glucose and the compounds indicated in the legend to 
Table 3. At the end of the incubations (1-3 h), cells were washed three times in icecold Krebs-
Henseleit bicarbonate buffer in the absence of glucose, and the cells (about 1 mg of protein) 
were extracted with 0.3 ml of 0.1 M KOH. The samples were then treated following the 
procedure as described for hepatocytes (see above). 

For p70S6 kinase assays, HepG2 cells were incubated for 16 h in Krebs-Henseleit 
bicarbonate buffer plus 10 mM Na-Hepes (pH 7.4) to which 5 mM glucose was added. 
Incubations were then carried out in the same medium, supplemented with 0.2% (m/v) 
bovine serum albumin and the compounds indicated in the legend to Fig. 2. At the end of the 
incubations (1 h), cells were washed three times with icecold Krebs-Henseleit bicarbonate 
buffer. The cells (about 1 mg of protein) were then solubilised with 0.3 ml of SDS sample 
buffer and heated at 90° C for 5 min. 

Metabolite and enzyme assays 
Glycogen, glucose, ATP and the activities of glycogen synthase a, glycogen synthase a+b, 
glycogen Phosphorylase a and glycogen Phosphorylase a+b were measured at 37° C as 
described in [16]. Enzyme activities are expressed in U/g dry mass of cells in which one unit 
equals 1 pmol.min-1. Lactate dehydrogenase was determined as described in [17]. 

Phosphorylation of p70S6 kinase was measured with the band-shift assay described in 
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[18]. A sample of the cell extract, equivalent to 50 ng of protein, was subjected to SDS 
Polyacrylamide (7.5%, m/v) gel electrophoresis. The proteins were transferred by blotting to 
PVDF membrane (Millipore, Bedford, MA, USA). The membrane had been treated as described 
in [18]. Rabbit anti-p70S6 kinase (0.05 ng/ml) and goat anti-rabbit horseradish peroxidase, 
combined with enhanced chemiluminescence, were used for detection of the p70S6 kinase 
protein. 

Sphingomyelin was determined as follows. Lipids were extracted according to [19] and 
separated by thin-layer chromatography on Silicagel 60 (Merck, Darmstadt, Germany) using 
chloroform : methanol : 15 mM CaCh at a volume ratio of 60 : 35 : 8 as the solvent. Lipids 
were visualised by spraying with a solution of 3 % (m/v) copper acetate in 8 % (m/v) H3PO4. 

Ceramide was determined as described in [20]. 
Protein was determined according to the method of Lowry [21], with bovine serum albumin as 
the standard. 

Statistical analysis 
The data were summarised as means + S.E., with the number of different hepatocyte 
preparations in parentheses. The statistical significance of differences of the means was 
calculated using Student's f-test. 

Results 
Glycogen synthesis in hepatocytes 
The effect of sphingomyelinase on the synthesis of glycogen from either 
glucose or dihydroxyacetone was studied (Table 1). In agreement with 
previous observations [4], glycogen synthesis was stimulated by cell swelling 
caused by amino acid addition (10 mM glutamine or proline, or a complete 
mixture of all amino acids, with each of the amino acids present at 4 times 
its concentration in the portal vein of a starved rat) or by hypo-osmolarity. 
Addition of sphingomyelinase caused partial inhibition of glycogen 
production by 30-70%, depending on the conditions; maximum inhibition 
was obtained with 50 mU of sphingomyelinase/ml of incubation medium, 
which was sufficient to deplete about 80% of the cellular sphingomyelin 
content within 30 min of incubation (data not shown). Under all conditions, 
inhibition of glycogen production by sphingomyelinase was accompanied by 
a decrease in cell volume (Table 1A). In contrast, addition of cell-permeable 
C2-ceramide or C6-ceramide affected neither glycogen synthesis nor cell 
volume (Table 1A). 

Inhibition of glucose metabolism by sphingomyelinase was specific for 
glycogen synthesis: gluconeogenesis from lactate or dihydroxyacetone was 
not significantly affected by sphingomyelinase (Table IB). 

In the presence of sphingomyelinase, the total amount of intracellular 
ATP slightly decreased under most conditions, al though these effects did not 
reach statistical significance (Table 2). Because the cell volume also 
decreased in the presence of sphingomyelinase, it can be calculated that the 
intracellular concentration of ATP remained constant after sphingomyelinase 
addition (not shown). 

Table 1 . Effect of sphingomyelinase and of ceramides on glycogen synthesis 
and gluconeogenesis (next page). 
Hepatocytes were incubated for 1 h in the absence or presence of sphingomyelinase (50 
mU-ml-i) supplemented with 20 mM glucose (Table 1A), 10 mM dihydroxyacetone (DHA) 
(Tables 1A and B) or 10 mM lactate (Table IB) and, where added, a complete 4x amino acid 
mixture, 10 mM glutamine, 10 mM proline, 50 nM C2-ceramide or 50 pM C6-ceramide. Since 
the ceramides were dissolved in dimethylsulfoxide (Me2SO), separate controls containing 
dimethylsulfoxide (0.5%, v/v) alone were carried out. *, Significantly different from the control 
in the absence of sphingomyelinase (p<0.05); **, significantly different from the control 
incubated with glucose or dihydroxyacetone alone under iso-osmotic conditions (p<0.05). 
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Addition Glycogen 

(jjmol.h- !-g dry mass 1 ) 

Volume 

(ml-g dry mass-

SMase (mU.ml-i) 0 5 0 50 

Glucose 18.3±3.6 (10) 7.6+1.2(10)* 

Glucose + 4xAA 77.3±5.0 (10)" 45.0±5.4 (10)* 

Glucose + glutamine 92.1±7.2 (10)** 53.2+7.7(10)* 

Glucose + proline 97.4±7.6 (10)** 59.0±6.6 (10)* 

2.23±0.15 (5) 1.70+0.11 (5)* 

2.69+0.12(5)" 2.32+0.12(5)* 

2.99±0.25 (5)** 2.19+0.22(5)* 

2.74±0.09 (5)" 2.48+0.12(5)* 

Glucose + 

4xAA + Me2SO 82.9+3.9 (3) 

Glucose + 

4xAA + C2~ceramide 83.5+3.7 (3) 

Glucose + 

4xAA + C6-ceramide 79.2+6.8 (3) 

2.74+0.09 (3) 

2.62+0.10 (3) 

2.65+0.14 (3) 

DHA 

DHA + glutamine 

DHA + proline 

DHA + hypo-osmotic 

14.0+2.9 (4) 4.1+ 1.5 (4)* 

83.9+9.4(4)** 36.4+11.3(4)* 

103.9+8.2(4)** 78.5+11.7(3)* 

46.3+8.1 (4)** 26.7+ 8.4 (4)* 

2.36+0.06(4) 1.94+0.07(4)* 

3.31+0.20(4)** 2.45+0.24(4)* 

3.01+0.16 (4)*' 2.57+0.13 (4)* 

2.66+0.10(4)*' 2.29+0.06(4)* 

Table IB 

Addition 

SMase (mU-mT 

None 

Lactate 

DHA 

DHA + glutamine 

DHA + proline 

Glucose production 

(jjmol.rr'-g dry mass ' 

0 

14.4+ 4.4 (4) 

198.3+23.5 (4) 

381.7+30.7 (4) 

341.2+25.1 (4) 

408.6+20.9 (4) 

DHA + hypo-osmotic 353.2+22.8 (4) 

50 

23.6+ 5.3 (4) 

169.8+10.2 (4) 

353.8+18.2 (4) 

380.4+26.0 (4) 

408.3+29.4 (4) 

349.9+10.9 (4) 
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In order to rule out the possibility that the decrease in total ATP by 
sphingomyelinase was due to cell death, the leakage of lactate 
dehydrogenase from the cells was also measured. Although there was a 
significant increase in the amount of lactate dehydrogenase leakage caused 
by sphingomyelinase addition, the extent to which this occurred was only 
minor (Table 2). 

In the experiments with glucose as the substra te for glycogen synthesis 
(Tables 1A and 2), the activities of glycogen synthase and Phosphorylase 
were also measured. Inhibition of glycogen synthesis by sphingomyelinase 
was associated with a decrease in glycogen synthase a activity (Table 3) with 
no effect on glycogen synthase a+b (not shown). On the other hand, glycogen 
Phosphorylase a was not affected by sphingomyelinase (Table 3), nor was 
Phosphorylase a+b (not shown). 

Addition ATP LDH 

(nmol-g dry mass 1 ) (%) 

SMase (mU.ml-i) 0 50 0 50 

Glucose 12.6+1.4(4) 10.3±0.8 (4) 12+3(4) 15+3(4) 

Glucose + 4xAA 12.4+1.1(4) 11.6+1.1(4) 2+1(4) 6+1(4)* 

Glucose + glutamine 12.6+1.1 (4) 10.9+1.3 (4) 14+4 (4) 19±2 (4)* 

Glucose + proline 14.6+1.3 (4)" 13.8+1.2 (4)** 9+3 (4) 14+2 (4)* 

DHA 12.4±0.6 (4) 11.1+0.9(4) 4+2(4) 13+1(4)* 

DHA + glutamine 11.6+0.9(4) 10.8+0.9(4) 5+2(4) 8±1 (4) 

DHA + proline 13.6+0.9 (4) 12.2+0.9 (4) 4+2 (4) 6±2 (4) 

DHA + hypo-osmotic 11.9+1.3 (4) 11.2+1.5(4) 8±5 (4) 12+2(4) 

Table 2. Effect of sphingomyelinase on intracellular ATP and leakage of 
lactate dehydrogenase (LDH). 
Hepatocytes were incubated as described in the legend to Table 1. *, Significantly different 
from the corresponding control in the absence of sphingomyelinase (p<0.05). **, Significantly 
different from the corresponding control in the presence of glucose alone (p<0.05). 

In Fig. 1, glycogen production from glucose was plotted against the cell 
volume and glycogen synthase a activity, after correction of the values of 
Tables 1 and 3 for the slight differences in cell death (cf. Table 2) under the 
various conditions. Linear relationships were obtained for the experimental 
conditions tested, in the absence or presence of amino acids a n d / o r 
sphingomyelinase. A linear relationship between glycogen and cell volume 
was also observed with dihydroxyacetone as precursor for glycogen synthesis 
(not shown). 

We have previously shown that addition of amino acids to hepatocytes 
results in a p70S6 kinase-dependent phosphorylation of ribosomal protein 
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Addition 

GSa (U-g dry mass-1 
Pa (U-g dry m a s s 1 

SMase (mU-mF) 0 50 50 

Glucose 2.29±0.51 (5) 1.44+0.33 (5)* 

Glucose + 4xAA 5.66+0.71 (5)** 3.40+0.61 (5)* 

Glucose + glutamine 5.12+0.62 (6)** 2.73+0.56 (6)* 

Glucose + proline 4.58+0.66 (6)** 3.32+0.54 (6)* 

41 ±7 (6) 

26±5 (6)* 

32+4 (6) 

33+6 (6) 

45+ 5 (6) 

3 1 + 5 (6)' 

36± 4 (6) 

35+ 4 (6) 

Table 3 . Effect of sphingomyelinase on the activities of glycogen synthase a 
(GSa) and Phosphorylase a (Pa). 
Hepatocytes were incubated with 20 mM glucose and the additions indicated (concentrations 
as in Table 1A). Values for glycogen synthase (a+b) and Phosphorylase (a+fa) were independent 
of the conditions studied (not shown), and were 6.27 ± 0.23 and 104 ± 1 U-g dry mass 1 , 
respectively. *, Significantly different from the control in the absence of sphingomyelinase 
(p<0.05); **, significantly different from the control incubated with glucose alone (p<0.05). 

S6 [22]. This pathway contains Ptdlns 3-kinase as a component, which is 
located ups t ream of p70S6 kinase [23;24]. According to Krause et al. [23], 
activity of glycogen synthase a in hepatocytes is partly controlled by Ptdlns 
3-kinase (but not by p70S6 kinase), and amino acid-induced cell swelling 
results in activation of the enzyme. In order to establish whether the 
inhibition of glycogen synthesis by sphingomyelinase addition was due to 
inhibition of Ptdlns 3-kinase, we tested the effect of sphingomyelinase on the 
phosphorylation state of p70S6 kinase (as measured by the band-shift assay) 
as an indicator of Ptdlns 3-kinase activity in situ. We preferred this 
measurement above the assay of Ptdlns 3-kinase activity itself because 
determination of Ptdlns 3-kinase a s sumes that sphingomyelinase t reatment 
of the cells would result in a stable change in enzyme activity still present 
after immunoprecipitation of the enzyme. However, a direct effect on the 
activity of Ptdlns 3-kinase (e.g. an effect on the ATP binding site of the 
enzyme [24;25]) would not reveal itself in such an assay. The result of the 
p70S6k bandshift assay is shown in Fig. 2. Addition of a complete mixture of 
all amino acids resulted in phosphorylation of the enzyme. This effect could 
be prevented by LY294002, an inhibitor of Ptdlns 3-kinase [25], or by 
rapamycin, which inhibits p70S6 kinase activation [26]. Addition of 
sphingomyelinase did not affect p70S6 kinase phosphorylation (Fig. 2A), 
showing that sphingomyelinase did not inhibit glycogen synthesis by 
interfering with the activity of Ptdlns 3-kinase. The conclusion that 
sphingomyelinase t reatment of hepatocytes did not affect Ptdlns 3-kinase 
activity was also confirmed by the observation that autophagic proteolysis, 
another process dependent on the activity of Ptdlns 3-kinase [24], was not 
inhibited by sphingomyelinase (not shown). 

Another mechanism responsible for the inhibition of glycogen synthase a 
by sphingomyelinase could be an increase in intracellular chloride 
concentration. Chloride at physiological concentrat ions is a ra ther potent 
inhibitor of glycogen synthase phospha tase [5] and amino acid-induced cell 
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swelling promotes the efflux of KCl from hepatocytes during "regulatory 
volume decrease" [6], This results in a considerable fall in the intracellular 
chloride concentration, and this contributes to activation of glycogen 
synthase phosphatase [5]. Table 4 shows that the intracellular chloride 
concentration decreased by about 40% in the presence of glutamine, and 
that this decrease was prevented by sphingomyelinase addition. 

—„ 1.5 2 2,5 3 3,5 4 

volume (ml-g dry mass1) GSa (U-g dry mass"1) 

Fig. 1. Relationship between glycogen synthesis, glycogen synthase a and 
hepatocyte volume. 
The data plotted are from Tables 1 and 3, after correction for cell death (leakage of lactate 
dehydrogenase from table 2). Both symbols ( • , O) show glucose was present; closed symbols 
indicate sphingomyelinase was present, open symbols indicate sphingomyelinase was absent. 

Glycogen synthesis in HepG2 cells 
HepG2 cells present a control for hepatocytes because we found glycogen 
synthesis in these cells to be independent of the presence of amino acids. 
Unlike the situation in hepatocytes (cf. Table 1), in HepG2 cells the rate of 
glycogen synthesis from glucose in the absence of amino acids was high and 
was hardly or not st imulated by amino acid addition (Table 5); addition of 
sphingomyelinase did not affect glycogen production in these cells. However, 
addition of amino acids to HepG2 cells did result in p70S6 kinase 
phosphorylation (cf. [27]) (Fig. 2B). As in hepatocytes, this effect could be 
prevented by LY294002 and rapamycin, but not by sphingomyelinase. 

+ 4xAA Fig. 2 . Effect of 
sphingomyelinase on 
amino acid-induced 
phosphorylation of 
p70S6 kinase in 
hepatocytes and 
HepG2 cells. 
(A) Hepatocytes were 
incubated for 1 h with 20 
mJVI glucose and the 
additions indicated in the 
Figure. Similar results were 
obtained when the cells 
were incubated for 30 min 

(not shown). Abbreviations: LY, LY294002 (100 uM); rapa, rapamycin (100 nM); SMase, 
sphingomyelinase (50 mU-mH). 
(B) HepG2 cells were incubated for 1 h with 5 mM glucose and the additions (as in A) 
indicated. Abbreviations, as in A. 
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Addition Intracellular chloride 

(mM) 

30 min 60 min 

Control 52.7±5.7 (4) 44.4±2.6 (4) 

Glutamine 30.3±1.5*(4) 27.8+1.4*(4) 

Sphingomyelinase 48.2+3.8 (4) 60.0±3.7 (4) 

Sphingomyelinase + glutamine 57.1+2.5 (4) 63.9+2.4 (4) 

Table 4 . Effect of sphingomyelinase on intracellular chloride. 
Hepatocytes were incubated for 1 h in the presence of 20 mM glucose and, where indicated, 
10 mM glutamine and sphingomyelinase (50 mU-ml-'), plus either Na36Cl or ["CJcarboxyl-
dextran (cf. Materials and Methods). *, Significantly different from the corresponding control 
in the presence of glucose alone (p<0.05). 

Glycogen 

(umol-h-i-mg pro te in 1 

Addition 

SMase (mU-mW) 0 50 

Glucose 80±3 (13) 78±3 (10) 

Glucose + glutamine 94±3 (8)* 92+7 (3) 

Glucose + proline 85+6(8) 91 + 1(3) 

Glucose + 4xAA 83±4 (5) 79+5 (8) 

Table 5. Effect of sphingomyelinase on glycogen synthesis in HepG2 cells. 
HepG2 cells were incubated in the absence or presence of sphingomyelinase (50 mU-ml-') 
with 20 mM glucose and, when present, 10 mM glutamine, 10 mM proline or the complete 4x 
mixture of amino acids. *, Significantly different from the control in the absence of glutamine 
(p<0.05). 

Discussion 
The experiments described in this paper were carried out in order to find out 
whether or not addition of sphingomyelinase, or of its ceramide products , 
was able to interfere with amino acid stimulation of glycogen synthesis in 
hepatocytes, a phenomenon that does not require the presence of insulin. 

Our data show that addition of sphingomyelinase partially inhibited 
glycogen synthesis and that this is likely to be related to the decrease in cell 
volume. The partial inhibition of glycogen synthesis by added 
sphingomyelinase is reminiscent of that observed with TNF-oc (which 
activates p lasma-membrane-bound neutral sphingomyelinase) in rat 
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skeletal-muscle cells incubated with glucose and insulin [3], 
A decrease in glycogen synthase a activity by addition of 

sphingomyelinase, as observed in the present experiments with hepatocytes, 
was also reported by Begum and Ragolia [3] in insulin-stimulated rat 
skeletal-muscle cells. Cell volume was not measured in their experiments. 

Addition of sphingomyelinase to HepG2 cells did not affect glycogen 
synthesis. This contrasts the situation in hepatocytes and suppor ts the view 
that in hepatocytes it was the stimulation of glycogen synthesis by amino 
acids that was specifically affected by sphingomyelinase. 

We have been unable to find any effect of cell-permeable ceramides. 
Arora et al. [28] reported a collapse of the mitochondrial membrane 
potential, followed by ATP depletion, upon addition of cell-permeable 
ceramides to hepatocytes. We have no explanation for our failure to observe 
an effect of addition of cell-permeable ceramides, except that it may be 
related to subtle differences in experimental conditions. Like Arora et al. [28], 
we also tried ethanol (instead of Me2SO) as the solvent for the lipid, even 
though in hepatocytes this is not a metabolically inert compound. However, 
the results remained negative, despite the fact that more than half of the 
ceramide that was added to the cells was found to be associated with the 
cells (results not shown). Thus, poor solubility of the lipid could not have 
explained the lack of response of our cells. 

Regarding the mechanism by which sphingomyelinase-induced cell 
shrinkage inhibits glycogen production, our present data show that 
sphingomyelinase did not affect amino acid-stimulated phosphorylation of 
p70S6 kinase. Because Ptdlns 3-kinase is required for amino acid-dependent 
activation of p70S6 kinase in hepatocytes [23;24], the inhibition of glycogen 
synthesis by sphingomyelinase addition could not have been due to 
inhibition of Ptdlns 3-kinase. However, inhibition by sphingomyelinase of 
amino acid signalling downstream of Ptdlns 3-kinase, but not leading to 
phosphorylation of p70S6 kinase, cannot be ruled out at present. The lack of 
effect of sphingomyelinase on amino acid-dependent p70S6 kinase 
phosphorylation is clearly different from the inhibition of insulin-dependent 
signal t ransduct ion by sphingomyelinase in adipocytes and muscle cells 
[1;2[. This is consistent with the fact that the two pathways of signal 
t ransduction, either amino acid-dependent or insulin-dependent, are not 
identical [27;29-31], 

Another mechanism by means of which sphingomyelinase-induced cell 
shrinkage inhibits glycogen synthesis in hepatocytes possibly involves an 
increase in intracellular chloride, which is an inhibitor of glycogen synthase 
phosphatase [5], The data of Table 4 indicate that this mechanism may, 
indeed, contribute to the inactivation of glycogen synthase a by 
sphingomyelinase. 

An additional mechanism may be that a change in p lasma-membrane 
lipid composition and membrane stretch somehow directly affects the 
accessibility of glycogen synthase b to glycogen synthase phosphatase , since 
glycogen synthase in fasted hepatocytes becomes closely associated with the 
p lasma membrane when suddenly challenged with a high glucose 
concentration [32], a situation comparable to our experimental conditions. 

Stress-activated kinases such as c-Jun kinase and p38 MAPkinase have 
been shown to increase their activity upon hyperosmotically-induced cell 
shrinkage [33]. Whether their activities also increase after cell shrinkage 
induced by sphingomyelinase treatment, and how this would relate 
mechanistically to changes in glycogen synthase a activity, remains to be 
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explored. However, a role for the stress-activated kinases in the regulation of 
glycogen synthesis by changes in cell volume in general seems unlikely as 
they are activated by both cell shrinkage and cell swelling [33;34]. By 
contrast , glycogen synthesis is inhibited by cell shrinkage but stimulated by 
cell swelling. 

In conclusion, regardless of the precise mechanism, our da ta show that 
the decrease in cell volume that accompanies the breakdown of 
sphingomyelin in the p lasma membrane may contribute to the dis turbance 
of glucose metabolism when TNF-cx levels are high. 
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Chapter 4 

Insulin regulates amino acid-induced p70S6 
kinase activity. No role for Protein Phosphatase-
2A or another calyculin A-sensitive phosphatase. 

Abstract 
Recently, the interaction of amino acid- and insulin-mediated signal 

t ransduct ion has become a major point of discussion. Our laboratory 
discovered the existence of an amino acid-mediated signal t ransduct ion 
pathway in isolated rat hepatocytes, activation of which results in the 
phosphorylation of ribosomal protein S6 via mTOR. The occurrence of this 
signal t ransduct ion pathway has now been confirmed in other cell types. The 
insulin-mediated signalling leads, among other metabolic endpoints, to 
increased protein synthesis via stimulation of PI-3-kinase, Protein Kinase B 
(PKB), mTOR and S6. In this chapter it is shown that , in fasted rat 
hepatocytes, insulin promotes amino acid-induced p70S6 kinase activity in 
the presence of a low concentration of amino acids bu t has no effect on its 
own. Furthermore, amino acids increase PKB activity slightly and this 
increase is additive with the effect of insulin on PKB bu t not mediated by PI-
3-kinase. Because p70S6 kinase activation by amino acids is inhibited by 
the PI-3-kinase inhibitor LY294002, this indicates that PKB does not play a 
role in p70S6 kinase activation by amino acids or in the synergy between 
insulin and amino acids on p70S6 kinase activation. The synergism of 
insulin and amino acids in activating p70S6 kinase could not be explained 
by amino acid-mediated inhibition of Protein Phosphatase 2A (PP2A). This 
was established with two inhibitors of PP2A, calyculin A and okadaic acid. 
Calyculin A increased the phosphorylation, but not the activity, of p70S6 
kinase either in the presence or in the absence of amino acids. Okadaic acid 
neither affected the phosphorylation nor the activity of p70S6 kinase. 
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Introduction 
The molecular mechanisms of insulin action are well defined (recently 

reviewed by Kido et al. [1] and Avruch et al. [2]). The insulin signal 
t ransduct ion pathway star ts with the autophosphorylation of the insulin 
tyrosine kinase receptor upon binding of insulin. The activated insulin 
receptor induces a tyrosine kinase cascade that leads via 1RS proteins to PI-
3-kinase activation. The lipid products of PI-3-kinase activity, PIP2 and PIP3, 
are involved in the phosphorylation and activation of PKB. It is generally 
believed that PKB invokes a s e r / t h r kinase cascade via mTOR and p70S6 
kinase leading to phosphorylation of the ribosomal protein S6. Like p70S6 
kinase 4E-BP1 is phosphorylated on multiple s e r / t h r sites by mTOR. Both 
4E-BP1 and p70S6 kinase play an important role in the initiation of protein 
translation (reviewed by Proud and Denton [3]). It has become clear that 
activation of mTOR and subsequent phosphorylation of p70S6 kinase and 
4E-BP1 requires the presence of amino acids [4-6]. Amino acids alone, bu t 
not insulin alone st imulate phosphorylation of these proteins in a 
rapamycin-sensitive manner [4;5;7-12]. 

In our laboratory, the existence of an amino acid-induced signal 
t ransduct ion pathway in isolated rat hepatocytes was previously reported 
[13; 14]. This pathway involves the amino acid-induced phosphorylation of 
S6 in a rapamycin-sensitive manner [13; 14]. This amino acid-induced 
t ransduct ion cascade was also identified in other cell types [4;5;8;15-17]. 
Overall, the following pathway is believed to be activated by amino acids: 
amino acids enhance via an unknown mechanism the phosphorylation of 
mTOR [18], which is responsible for the phosphorylation of 4E-BP1 as well 
as p70S6 kinase at multiple s e r / t h r sites. The latter kinase phosphorylates 
the ribosomal protein S6 which leads, at least in part, to inhibition of 
autophagic proteolysis [13; 14]. 

The intermediates that are responsible for the amino acid-induced 
activation of mTOR, p70S6 kinase and 4E-BP1 are still unknown. There is a 
considerable amount of controversy regarding the role of PI-3-kinase in this 
process. Wortmannin and LY294002, two structurally unrelated inhibitors of 
PI-3-kinase, inhibit amino acid-induced p70S6 kinase activation and S6 
phosphorylation [4;5;7-9;19[. From these studies it may be concluded that 
PI-3-kinase is involved in the amino acid signalling pathway as a regulator of 
mTOR. However activation of PI-3-kinase upon amino acid addition could 
not be demonstrated except in two studies [4;8;11;20;21[. In one study it 
was shown that in response to glutamine- and to proline-induced cell 
swelling PI-3-kinase was activated [20], However in this s tudy leucine, which 
is the most effective amino acid in inducing signal t ransduct ion [14], was not 
tested. In the other s tudy that was published only recently, it was shown 
that leucine initiates a rapid t ransient (within 2 min) PI-3-kinase activation 
[21]. PKB, which is a direct target of PI-3-kinase and believed to play a role 
in p70S6 kinase activation, is also not activated by amino acids 
[4;7;8;12;21;22[. 

Synergism of amino acids and insulin in phosphorylation of S 6 in 
isolated fasted rat hepatocytes was described previously in our laboratory 
[13; 14]. In line with these findings, more recently the synergism of amino 
acids and insulin in the activation of p70S6 kinase was described for several 
cell types [4;6;8;22]. Furthermore, the same synergy mechanism was 
described with regard to the phosphorylation of the other mTOR-regulated 
protein, 4E-BP1 [4;6;8;10;11;22]. 

The mechanism of the synergism between insulin and amino acids is 
largely unexplained. Convergence of the amino acid- and insulin-dependent 
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signal t ransduct ion pathways ups t ream of mTOR and possibly at the level of 
PI-3-kinase was postulated [18;21]. Another protein tha t has been implied in 
the regulation of p70S6 kinase phosphorylation by amino acids is the 
s e r / t h r phosphatase PP2A, although an increase in p70S6 kinase 
phosphorylation by PP2A inhibitors okadaic acid or calyculin A was not 
always found [4;23-25]. 

In this chapter, a s tudy was conducted in order to obtain more 
information on the mechanism of interaction of amino acid- and insulin 
induced signalling. It is demonstrated that insulin-induced PKB 
phosphorylation in isolated fasted rat hepatocytes is enhanced by addition of 
amino acids, but that this activation of PKB is not involved in the synergism 
of amino acids and insulin regarding the phosphorylation of p70S6 kinase. 
Furthermore, we show tha t PP2A is unlikely to play a role in amino acid-
mediated signal t ransduct ion. 

Materials and methods 

Materials 
Insulin, rapamycin, calyculin A, okadaic acid and the chemicals for enhanced chemi-

luminescence (ECL) were from Sigma (St. Louis, MO, USA). LY294002 (2-(4-morpholinyl)-8-
phenylchromone) was obtained from Biomol (Plymouth Meeting, PA, USA). Phosphospecific 
anti-PKB was from New England Biolabs. Rabbit anti-p70S6 kinase, goat anti-PKB, donkey 
anti-goat-HRP were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Goat anti-rabbit-
HRP and goat anti-mouse-HRP were from Biorad (Hercules, CA, USA). All other chemicals and 
enzymes were obtained from either Boehringer (Mannheim, Germany) or Sigma (St Louis 
MO, USA). 

Rapamycin, calyculin A, okadaic acid and LY294002 were dissolved in DMSO. The final 
DMSO concentration did not exceed 0.25% (vol./vol.). This concentration of DMSO did not 
affect the processes that were studied. 

Preparation of hepatocytes 
Hepatocytes were isolated from 16-20 h starved male Wistar rats (200-250 g) by 

collagenase perfusion [26], 

Hepatocyte incubation 
Hepatocytes (5-10 mg dry mass / ml) were pre-incubated for the indicated time periods at 

37° C in minimal medium (Krebs-Henseleit bicarbonate buffer plus 10 mM Na-Hepes (pH 7.4) 
and 20 mM glucose). After pre-incubation the components as indicated in the legends to the 
figures were added; final incubation volume was 2-4 ml. The gas atmosphere was O2 / CO2 
(19:1, v/v). 
The composition of the complete mixture of all amino acids (4xAA) used in the experiments, 
was such that the concentration of each of the amino acids was present at a concentration 4 
times that found in the portal vein of a fasted rat. The composition of the lxAA mixture was 
exactly as described in [27]except that the leucine concentration was 250 11M. 
At the end of the incubations, hepatocytes were collected by centrifugation in 2 volumes of 
ice-cold PBS for 5 sec in an Eppendorf centrifuge. For the SDS-PAGE procedures the pellet 
was lysed by addition of Laemmli sample buffer and subsequently incubated at 95° C for 5 
min. For the in vitro kinase assays cells were lysed in the appropriate buffers. 

Gel retardation assay 
An equivalent of 60-80 iig of cell protein per sample was separated by SDS-PAGE. For 

separation of the different phosphorylated forms of p70S6 kinase a 10% Polyacrylamide gel 
was used. After separation a standard Western Blotting procedure was performed and the 
PVDF blot was incubated with an antibody against p70S6 kinase. The proteins were 
specifically visualised by enhanced chemi-luminescence (ECL). 

Immunoprecipitations 
After incubation, hepatocytes were collected by centrifugation for 5 sec. in an Eppendorf 

microcentrifuge in 2 volumes of ice-cold PBS. For immunoprecipitation of p70S6kinase the 
cell pellets were lysed in RIPA buffer (30 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.5% 
Triton X100, ImM Na3V04, 10 mM NaF, 0.5% deoxycholate) supplemented with protease 
inhibitor mix (Boehringer Mannheim). For immunoprecipitation of PKB the cell pellets were 
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lysed in lysisbuffer (10 % glycerol, 137 mM NaCl, 20 mM NaF, 1 mM disodium 
pyrophosphate, 1 mM Na3V04, 20 mM Tris-HCl pH7.5, 1 % NP40) supplemented with 
protease inhibitor mix. The cell lysates were centrifugea for 15 min. at 4° C in an Eppendorf 
centrifuge and the supernatant, containing an equivalent of 0.5 mg of cell protein) was 
incubated for 2 h at 4° C with an antibody against either p70S6 kinase or PKB. Subsequently 
protein G sepharose beads (Pharmacia) were added and the lysates were incubated at 4° C for 
another hour. 

In vitro kinase assays 
p70S6kinase: The immunoprecipitates were washed 3 times with RIPA and once with the 

kinase buffer (MOPS 20 mM pH 7.2, ß-glycerophosphate 25 mM, EGTA 5 mM, EDTA 2 mM, 
MgCh 20 mM, Na304V 2 mM, DTT 1 mM). The kinase assay was carried out essentially as ' 
described [28]. The kinase reaction was performed for 15 min at 30° C in kinase buffer 
containing PKA-inhibitor peptide (Santa Cruz, CA, USA) 1 nM, PKC-inhibitor peptide (Santa 
Cruz, CA, USA) 1 |uM, p70 S6 Rsk substrate (Santa Cruz, CA, USA) 200 pM, ATP-Mg 150 MM 
and 10 nCi of [y-32p]ATP. After incubation the reaction mix was spotted on Whatman p81 
paper and the excess free ATP was removed by washing 4 times during 1 h with 75 mM 
phosphoric acid. The papers were washed once with acetone, dried and bound radioactivity 
was counted. 

PKB: The immunoprecipitates were washed twice with lysis-buffer plus protease inhibitor 
mix, once with water and once with kinase buffer for PKB (20 mM Hepes pH7.4, 10 mM 
MgCb, 10 mM MnCh). The kinase assay was carried out essentially as described [29]. The 
kinase reaction was performed for 15 min at 30° C in kinase buffer containing 0.05 mg/ml 
histone 2B, 5 JJM ATP, 1 mM DTT and 10 MCi of [y-32p]ATP. The excess of free ATP was 
removed with an S-200 column (Pharmacia). Histone 2B was separated from the other 
compounds in the reaction mixture by 15 % SDS-PAGE. The gel was dried and incorporated 
radioactivity was quantified by phospho-imaging. 

Results 

In order to determine whether the synergism of amino acids and insulin 
at the level of S6 phosphorylation, described previously for hepatocytes by 
our laboratory [13;14], also occurred at the level of p70S6 kinase, we 
measured the in vitro activity of p70S6 kinase in hepatocytes as a function of 
time (Fig. 1). In the presence of 4xAA, p70S6 kinase activity was maximal 
within 10 min. Insulin alone did not activate p70S6 kinase and lxAA alone 
only slightly increased the activity of the enzyme, whereas in the presence of 
both lxAA and insulin the activity of p70S6 kinase was increased to 
maximum within 10 min. Furthermore, in the presence of amino acids alone, 
the onset of p70S6 kinase activation tended to be slower compared to that in 
the presence of both insulin and amino acids. This effect was most 
pronounced in the presence of lxAA. 

v 

Data are expressed as the mean of 5 experiments : 
LY, LY294002 at 100 (iM ; rapa, rapamycin at 100 nM. 

Fig. 1 Synergism of 
amino acids and 
insulin on p70S6 
kinase activity. 
After 10 min of pre
incubation in minimal 
medium, hepatocytes were 
incubated for 10, 20 and 30 
min with the indicated 
additions. The in vitro 
activity of p70S6 kinase 
was measured as described 
in "Materials and Methods". 
The activity is expressed as 
fold increase from control, 

sem. Abbreviations: Ins., insulin at 107M 
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To assess whether insulin- and amino acid-mediated signal t ransduct ion 
pathways converge ups t ream of mTOR [18;21], we determined the in vitro 
kinase activity of PKB as a function of time (Fig. 2). Activation of PKB by 
both insulin and amino acids was transient . Amino acid- and insulin-
induced PKB activity was additive rather than synergistic. Furthermore, 
insulin-mediated bu t not amino acid-mediated PKB activation was 
LY294002-sensitive. Rapamycin, an inhibitor of mTOR, which is downstream 
of PKB, eliminated the stimulation by amino acids in the presence of insulin. 
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Fig. 2 Amino acids- and insulin-induced PKB activity is additive 
After 10 min of pre-incubation in minimal medium, hepatocytes were incubated for 10, 20 
and 30 min with the indicated additions. The in vitro activity of PKB was measured as 
described in "Materials and Methods". The activity is expressed as fold increase from control. 
Data are expressed as the mean of 3 experiments + sem. Abbreviations: Cntr., control 
(minimal medium) ; Ins., insulin at 10 7M ; LY, LY294002 at 100 |iM ; rapa, rapamycin at 100 
nM. 

A simple explanation for the synergistic effects of amino acids and insulin 
on p70S6 kinase activation would be inhibition of PP2A by amino acids. To 
assess whether this protein phosphatase is involved in the 
dephosphorylation of p70S6 kinase, we determined the p70S6 kinase 
phosphorylation in the presence of the PP2A inhibitors okadaic acid or 
calyculin A. Calyculin A but not okadaic acid increased the phosphorylation 
independent of the presence of either insulin or amino acids (Fig. 3A). The 
phosphorylation of p70S6 kinase caused by calyculin A and by amino acids 
was additive. Furthermore, calyculin A did not synergistically increase the 
phosphorylation in the presence of insulin. The phosphorylation of p70S6 
kinase that was induced by calyculin A was rapamycin insensitive, unlike 
the phosphorylation induced by amino acid addition (Fig. 3B). 

The phosphorylation of p70S6 kinase induced by calyculin A had no 
effect on the activity of p70S6 kinase, either in the presence or in the 
absence of amino acids or insulin (Fig. 4). 
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Fig. 3 Phosphorylation of p70S6 kinase in the presence of calyculin A and 
okadaic acid 
A and B: After 10 min of pre-incubation in minimal medium the hepatocytes were incubated 
for 30 min with the indicated additions. Lysates were separated by SDS-PAGE, 
immunoblotted with anti-p70S6 kinase antibody and visualised by ECL as described in 
"Materials and Methods". Abbreviations: Cntr is control (minimal medium) ; Oka, okadaic acid 
at 20 nM ; Caly, calyculin A at 40 nM; Rapa, rapamycin at 100 nM. 
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Fig. 4 Calyculin A does not increase p70S6 kinase activity 
After 10 min of pre-incubation in minimal medium hepatocytes were incubated for 30 min 
with the indicated additions. The in vitro activity of p70S6 kinase was measured as described 
in "Materials and Methods". The activity is expressed as fold increase from control. Data are 
expressed as the mean of 4 experiments ± sem. Abbreviations: Cntr., control (minimal 
medium) ; Ins., insulin at 10-?M ; rapa, rapamycin at 100 nM. Calyculin A was used at a 
concentration of 40 nM. 
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Discussion 
Many reports on the interaction of amino acid and insulin-mediated 

signal t ransduct ion in various cell types have appeared recently 
[4;6;8;13;14;22]. These studies led to the conclusion that the insulin signal 
t ransduct ion cascade from mTOR onwards is regulated by amino acids 
[4;6;8;10;11;18;22]. In the present s tudy with isolated hepatocytes, amino 
acids induced p70S6 kinase activation, whereas insulin alone had no effect 
on the activity of this kinase. However, insulin and lxAA acted 
synergistically on the activity of p70S6 kinase. Under all conditions p70S6 
kinase activity was rapamycin-sensitive. Thus, amino acids activate the 
p70S6 kinase signalling cascade via mTOR and insulin modulates the 
activity of this s e r / t h r kinase pathway when amino acids in the environment 
are low but not zero. These findings are in line with previous data from our 
laboratory regarding S6 phosphorylation [13;14], 

In contrast with previous reports us ing other cell types [4;7;8;12;21;22], 
amino acids did increase the activity of PKB independent of the presence of 
insulin, albeit slightly. The amino acid-induced increase in PKB activity was 
additive with the insulin-dependent PKB activity. Furthermore, the increase 
in PKB activity by amino acids appeared to be insensitive to LY294002, 
whereas it was inhibited by rapamycin. This suggests that PI-3-kinase 'is not 
involved in the activation of PKB by amino acids, in contrast to mTOR, which 
is generally thought to be downstream of PKB. Thus, in contrast to the 
activation of PKB by insulin, which is dependent on PI-3-kinase activation 
[30;31], it seems likely that the effects of amino acids on PKB activity directly 
proceed via mTOR. For example, this could occur via inhibition of insulin 
degradation by amino acids. However, the fact that amino acids do not 
prolong the activation of PKB by insulin (Fig. 2) whereas re-addition of 
insulin reactivates PKB (P.F. Dubbelhuis and A.J. Meijer, personal 
communication), contradicts this explanation. Another possibility is tha t 
mTOR inactivates an, as yet unknown, phosphatase that is responsible for 
the dephosphorylation of PKB. Because insulin and amino acids act 
additively rather than synergistically in the activation of PKB it is likely that 
this amino acid-regulated phosphatase would not be involved in insulin-
induced PKB activation. 

Recently, Peyrollier and co-workers reported for L6 muscle cells a 
t ransient (1 min) activation of PI-3-kinase by amino acids [21]. In that s tudy 
it was concluded that the amino acid signalling pathway could interact with 
insulin-mediated signal t ransduct ion at the level of PI-3-kinase. Nave et al. 
[18] described experiments showing that , in vitro, PKB phosphorylates mTOR 
isolated from HEK-293 cells treated with amino acids, but not mTOR 
isolated from amino acid-depleted cells [18]. In our study, amino acids 
increased p70S6 kinase activity with only a small effect on PKB activity while 
insulin alone greatly increased PKB activity with no effect on p70S6 kinase 
activity. This suggests that in isolated rat hepatocytes activation of PKB 
alone is not sufficient for the amino acid induced increase in p70S6 kinase 
activity. Perhaps the small activation of PKB by amino acids is necessary for 
full activation of mTOR, and subsequently p70S6 kinase, by high 
concentrations of amino acids. 

A satisfactory explanation for the synergism of amino acids and insulin 
with regard to p70S6 kinase activation would be available if amino acids 
were to inhibit a phosphatase . For other cell types it was suggested that 
PP2A may be inhibited by amino acids [23;24]. Another s tudy suggested that 
an unknown okadaic acid-insensitive but calyculin A-sensitive phospha tase 
was inhibited by amino acids [32]. In our study, okadaic acid, an inhibitor 
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PP2A, had no effect on the phosphorylation of p70S6 kinase. In contrast, 
calyculin A, another inhibitor of PP2A, increased p70S6 kinase 
phosphorylation, bu t did not affect its activity. The calyculin A-induced 
phosphorylation was additive with amino acid-mediated phosphorylation of 
p70S6 kinase and was rapamycin-insensitive. Moreover, the effects of 
calyculin A and insulin on phosphorylation of p70S6 kinase were not 
synergistic, in contrast to those of amino acids and insulin. These data 
indicate that there is a kinase that phosphorylates p70S6 kinase, which is 
constitutively active and which does not involve mTOR. The simplest 
explanation for the increase in phosphorylation of p70S6 kinase by calyculin 
A is that the sensitive phosphatase dephosphorylates p70S6 kinase directly 
at a certain amino acid. An alternative, more complex, explanation is that 
the calyculin A-sensitive phosphatase inhibits the activity of a p70S6 kinase 
kinase, thereby preventing phosphorylation of p70S6 kinase. 

Surprisingly, the increased phosphorylation of p70S6 kinase by calyculin 
A had no effect on the activity of the enzyme, either in the absence or 
presence of amino acids. In view of the large number of phosphorylation 
sites of p70S6 kinase and the hierarchical phosphorylation that is required 
for its activation [33;34], it may be hypothesised that the constitutively active 
kinase phosphorylates p70S6 kinase on residues that play no role in 
activity-control of p70S6 kinase. From these data, it was concluded that 
PP2A, or another calyculin A-sensitive phosphatase , does not play a role in 
amino acid-mediated signal t ransduct ion. 

The following mechanisms accounting for the synergism of insulin and 
low concentrations of amino acids may be envisaged. Firstly, it has been 
proposed that insulin can enhance the p lasma membrane amino acid 
t ransport [6;35;36]. However, direct a t tempts to demonstrate this in isolated 
hepatocytes have failed (A.J. Meijer, personal communication). Secondly, 
phosphorylation of p70S6 kinase involves 8 to 10 different serine and 
threonine residues and the quanti ty of phosphorylated residues does not 
necessarily correlate with the activity of the kinase [33;34]. The residues are 
phosphorylated in a specific sequence and only the residues si tuated in the 
kinase domain regulate the activity [33;34]. It may be speculated that high 
concentrations of amino acids induce the phosphorylation of all serine and 
threonine residues that are necessary for full activation of p70S6 kinase, 
whereas a low concentration of amino acids induces the phosphorylation of 
the first residues in the activation sequence. The phosphorylation of the first 
s e r / t h r residues would 'open' the s t ructure of the kinase, thereby facilitating 
the phosphorylation of the s e r / t h r residues si tuated in the kinase domain by 
the insulin signal t ransduct ion cascade [33; 34]. In this view, low 
concentrations of amino acids would enhance the activation of p70S6 kinase 
by insulin. A similar type of reasoning could, however, also apply to mTOR, 
which, too, contains multiple phosphorylation sites al though these have not 
all yet been identified [37]. A tentative scheme accounting for our own 
results and those reported in the literature (as discussed above) is given in 
Fig. 5. In this scheme it is assumed that mTOR (like p70S6 kinase) has 
several phosphorylation sites that have to be phosphorylated in a specific 
sequence. The scheme as sumes that phosphorylation in the regulatory 
domain of mTOR (promoted by low concentrations of amino acids) is 
essential for phosphorylation in the kinase domain. This scheme accounts 
for the observation that all amino acid-mediated effects on p70S6 kinase and 
S6 phosphorylation are rapamycin-sensitive. It also accounts for the finding 
that , in vitro, PKB can phosphorylate mTOR only when mTOR is isolated 
from amino acid-treated cells [18], as discussed above. 

54 



Insulin regulates amino acid-inducedp70S6 kinase 

] mTOR 

Regulatory domain Kinase domain 

Essential 

Fig. 5. Schematic view of the activation of mTOR via amino acid- and 
insulin-dependent signal t ransduct ion. 
Phosphorylation of the regulatory domain (1) mediated by low concentrations of amino acids 
is required for phosphorylation of the kinase domain (2). The latter step can be mediated by 
both high concentrations of amino acids and insulin. The convergence of amino acid and 
insulin signalling on PKB activation is explained by amino acid-mediated inhibition of a 
putative phosphatase by mTOR. 

In conclusion, no evidence could be obtained in support of a calyculin A-
sensitive phosphatase that is responsible for the synergy of insulin and 
amino acids with regard to p70S6 kinase. The slight activation of PKB by 
amino acids may be essential for full activation of p70S6 kinase by high 
concentrations of amino acids. This could also explain the mechanism of the 
interaction at the level of p70S6 kinase between insulin and amino acids. 
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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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Samenvatting 

Aminozuren, de bouwstenen van eiwitten, spelen een belangrijke rol in 
de regulatie van de aanmaak en afbraak van eiwitten en glycogeen. 
Glycogeen is de Voorraad'-vorm van glucose die gebruikt wordt om het 
lichaam van energie te voorzien, zodra glucose in het bloed tekortschiet. 
Aminozuren k u n n e n op een aanta l manieren beschikbaar komen in de lever. 
Ten eerste nemen wij aminozuren tot ons door middel van onze voeding. 
Voeding bevat namelijk eiwitten die in het maagdarmkanaa l worden 
afgebroken tot aminozuren. Deze aminozuren worden via de bloedcirculatie 
naar de lever getransporteerd. De tweede manier waarop de lever aan 
aminozuren komt is via afbraak van overbodige of te vervangen eiwitten in de 
lever zelf of elders in het lichaam. Afbraak van eiwitten (proteolyse) is een 
continu proces in de cel. Een vorm van proteolyse die gestimuleerd wordt als 
de concentratie aminozuren in het bloed laag is (bijvoorbeeld tijdens vasten) 
is autofagie. Autofagie vindt plaats via de lysosomen (organeilen die 
gespecialiseerd zijn in de afbraak van hoog-moleculaire stoffen in de cel). 
Door middel van dit proces worden eiwitten en zelfs complete celorganellen 
(structuren in de cel die een specifieke functie hebben) afgebroken. 

In geïsoleerde rattelevercellen st imuleren aminozuren glycogeen synthese 
uit glucose (glycogeen bestaat uit een lange keten van glucose moleculen). 
Het mechanisme hierachter is als volgt: Aminozuren worden tegelijk met 
natr ium-ionen de cel in getransporteerd. Door de verhoogde concentratie 
natr ium-ionen in de cel gaat water de cel in (dit proces heet osmose). De cel 
zwelt op, maar probeert zijn volume zo veel mogelijk constant te houden. Dit 
gebeurt via "gereguleerde volume verkleining". Om dit te bereiken worden 
chloride-ionen uit de cel getransporteerd. Omdat chloride de aanmaak van 
glycogeen remt, zal een daling van de concentratie chloride in de cel leiden 
tot een verhoging van de glycogeen aanmaak . Omgekeerd krimpt de cel door 
bijvoorbeeld een hoge concentratie ionen buiten de cel: water gaat dan via 
osmose de cel uit, via "gereguleerde volume vergroting" wordt de concentratie 
chloride in de cel verhoogd en glycogeen synthese wordt geremd. Naast 
regulatie door de intracellulaire chloride concentraties wordt 
glycogeensynthese ook geremd door wortmannine en LY294002. Dit zijn 
chemische stoffen die het enzym PI-3-kinase, dat een rol speelt in 
signaaltransductie processen, remmen. Echter de remming van de glycogeen 
synthese met LY294002 is bijna compleet, terwijl wortmannine maar 
gedeeltelijk remt. Dit geeft aan dat PI-3-kinase zelf geen rol speelt in de 
aminozuur gestimuleerde glycogeensynthese en dat remming door 
wortmannine en LY294002 berus t op niet-specifieke effecten van deze 
stoffen. Verder blijkt uit hoofdstukken 2 en 3 dat niet alleen PI-3 kinase, 
maar zelfs de mTOR / p70S6 kinase / S6 signaal t ransduct ieroute (een ' 
signaal t ransduct ieroute is het proces om een "observatie" buiten de cel via 
enzymen aan de celinhoud te rapporteren zodat de cel kan reageren) die door 
amino zuren wordt aangezet geen rol speelt in de aminozuur-gest imuleerde 
glycogeensynthese. In HepG2 cellen, namelijk, is glycogeensynthese niet 
beïnvloedbaar door aminozuren, terwijl p70S6 kinase wel wordt geactiveerd 
(hoofdstuk 2). Bovendien heeft rapamycine, een chemische stof die de mTOR 
signaaltransductie route en dus p70S6 kinase activatie remt, ook geen effect 
op de glycogeensynthese, zowel in HepG2 cellen als in hepatocyten. In 
hepatocyten werd de glycogeensynthese wel, gedeeltelijk, geremd door SMase 
(zie hieronder voor verdere uitleg), maar niet de p70S6 kinase fosforylering 
(hoofdstuk 3). Bovendien stimuleert zwelling alleen op basis van een lage 
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extracellulaire concentratie NaCl (natriumchloride = keukenzout) wel 
glycogeensynthese maar geen p70S6 kinase activatie, terwijl een combinatie 
van 3 aminozuren, fenylalanine, tyrosine en leucine, wel p70S6 kinase 
activeren maar geen efect hebben op de glycogeen aanmaak . Het lijkt er dus 
op dat regulatie van het celvolume, door middel van de intracellulaire 
chloride concentratie, verantwoordelijk is voor het effect van aminozuren op 
de glycogeensynthese. 

Naast aminozuren speelt ook het hormoon insuline een rol in de regulatie 
van het glucose metabolisme. Bovendien is bekend dat een deel van de 
signaaltransductieroute van insuline dezelfde kinases (eiwitten die activeren 
en geactiveerd worden door binding van een fosfaatgroep) omvat als de route 
die door aminozuren wordt geactiveerd. Het is bekend dat TNF-alfa, een 
hormoon dat door geactiveerde cellen van het immuunsys teem wordt 
uitgescheiden, door middel van activatie van sfingomyelinase (SMase) de 
insuline signaaltransductie kan remmen. Hierdoor kan TNF-alfa bijdragen 
aan insuline resistentie (één van de oorzaken van niet-insuline afhankelijke 
suikerziekte of ook wel type 2 diabetes). SMase is een enzym dat 
sfingomyeline (een lipide (vet) dat onder andere in de celmembraan aanwezig 
is) omzet in ceramide en fosforylcholine. Ceramide wordt verantwoordelijk 
gehouden voor de remming van de insuline signaaltransductie door TNF-alfa 
(zie ook deel 1 van dit proefschrift). Uit hoofdstuk 3 blijkt dat het effect van 
SMase op aminozuur-gestimuleerde glycogeensynthese in levercellen 
verloopt via celkrimping en niet via remming van de signaaltransductie. Naar 
aanleiding van dit hoofdstuk kan worden verondersteld dat de bijdrage van 
TNF-alfa aan insuline resistentie en glucose intolerantie tweeledig is: 
remming van de insuline-afhankelijke signaaltransductie en remming van de 
aminozuur-gestimuleerde aanmaak van glycogeen in de lever. 

Het effect van aminozuren op het eiwitmetabolisme is tweeledig. 
Aminozuren remmen autofagie, hetgeen niet verwonderlijk is omdat 
aminozuren de eindproducten van dit proces zijn. Verder stimuleren 
aminozuren de synthese (aanmaak) van eiwitten. Ook dit laatste ligt in de 
lijn der verwachting omdat aminozuren de bouwstenen zijn van eiwitten. In 
ons laboratorium is voor het eerst een aanwijzing gevonden dat dit effect van 
aminozuren op het eiwitmetabolisme via een, door aminozuren gereguleerde, 
s ignaaltransductieroute loopt (zie ook hierboven). Deze 
signaaltransductieroute is n u ook gevonden in andere celtypen dan 
hepatocyten. Er is nog wel veel discussie in de l i teratuur of PI-3-kinase een 
rol speelt in deze aminozuur signaaltransductieroute. Remmers van PI-3-
kinase, zoals LY294002 en wortmannine, remmen namelijk p70S6 kinase 
activatie door aminozuren. Werkelijke activatie van PI-3-kinase is echter 
maar in twee studies gemeten. Verder is al eerder beschreven dat LY294002 
en wortmannine ook mTOR kunnen remmen, dat qua s t ruc tuur lijkt op PI-3-
kinase. Bovendien duiden de studies beschreven in hoofdstuk 4 erop dat PI-
3-kinase niet betrokken is bij aminozuur-afhankelijke signaaltransductie. In 
dit hoofdstuk staat namelijk beschreven dat LY294002 weliswaar de 
aminozuur-afhankelijke p70S6 kinase activatie remt, maar niet de 
aminozuur-afhankelijke PKB activatie, terwijl rapamycine (een remmer van 
mTOR) beide activaties wel remt. Dit duidt erop dat het effect van LY294002 
en wortmannine op p70S6 kinase activatie door aminozuren berust op 
remming van mTOR. 

Er zijn verscheidene groepen die een interactie hebben beschreven 
tussen de aminozuur-gestimuleerde en de insuline-gestimuleerde 
signaaltransductieroute. In ons laboratorium zijn de eerste bewijzen 
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Samenvatting 

gevonden dat insuline de aminozuur-gestimuleerde en S6 fosforylering en de 
remming van autofagie versterkt. Het mechanisme van deze versterking is 
grotendeels onbekend. Recent is in de l i teratuur beschreven dat mTOR hier 
waarschijnlijk een rol in speelt. In hoofdstuk 4 wordt een studie beschreven 
met betrekking tot de interactie van de insuline- en aminozuur-afhankelijke 
signaaltransductie routes. Wij hebben naa r aanleiding van de gegevens uit 
dit hoofdstuk en uit de l i teratuur het volgende schema (hoofdstuk 4, figuur 
5) opgesteld: Een lage concentratie van aminozuren fosforyleert mTOR in het 
regulatoire domein. Deze initiële fosforylering is noodzakelijk om via een 
hoge concentratie aminozuren of door insuline het kinase domein (het 
actieve deel) van mTOR te fosforyleren. Dit zou verklaren dat insuline alleen 
niet in s taat is om p70S6 kinase te activeren, terwijl in combinatie met een 
lage concentratie aminozuren, die op zichzelf p70S6 kinase slechts matig 
activeren, het effect op p70S6 kinase activiteit groter is dan de som van de 
effecten van insuline en de lage concentratie aminozuren (dit effect heet 
synergisme). Dit synergisme zien we niet met betrekking tot PKB. Dit kinase 
wordt geactiveerd door insuline en heel matig door aminozuren. De activiteit 
van PKB als gevolg van een combinatie van aminozuren en insuline is de 
som van beide effecten (dit heet additief). Verder is de insuline-gestimuleerde 
PKB activatie PI-3-kinase afhankelijk, terwijl de aminozuur-gestimuleerde 
PKB activatie wordt geremd door rapamycine en niet door LY294002. Het 
lijkt er dus op dat aminozuren eerst mTOR activeren en dat deze, via een nog 
niet geïdentificeerd fosfatase (een enzym dat een fosfaat van zijn doeleiwit 
afhaalt) of een ander onbekend eiwit, PKB een beetje activeren. 

Conclusies 
Naar aanleiding van de studies beschreven in dit proefschrift kan worden 

geconcludeerd dat noch PI-3-kinase noch aminozuur-afhankelijke 
signaaltransductie via mTOR/p70S6 kinase een rol spelen in aminozuur-
gestimuleerde glycogeensynthese, in tegenstelling tot wat in de l i teratuur is 
beschreven. Verder remt TNF-alfa-gestimuleerde neutrale SMase activiteit de 
aminozuur-afhankelijke glycogeensynthese via celkrimping en bijbehorende 
verhoging van de intracellulaire chloride concentratie en niet via inhibitie 
van de aminozuur-afhankelijke signaaltransductie als gevolg van een 
verhoogde ceramide concentratie. Dus, ondanks de overeenkomsten, is het 
mechanisme waarmee insuline en aminozuren de glycogeensynthese 
beïnvloeden verschillend. De aminozuur- en insuline-afhankelijke 
signaaltransductie routes convergeren zowel op het niveau van PKB als op 
het niveau van mTOR/p70S6 kinase (weergegeven in hoofdstuk 4, figuur 5). 
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