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Chapter 3 

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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Quantitative detection of glucosylceramide in plasma 

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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Quantitative detection of glucosylceramide in plasma 

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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Quantitative detection of glucosylceramide in plasma 

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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