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Chapter 4 

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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60 80 

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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