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Gaucher Disease. III. Substrate Specificity of Glucocerebrosidase
and the Use of Nonlabeled Natural Substrates
for the Investigation of Patients

FrANCIS Y. M. CHOY! AND RONALD G. DA VIDSON

SUMMARY

A reproducible and convenient method for assaying glucocerebrosidase
activity using the natural substrates has been developed. From the insoluble
pellet fraction of cultured skin fibroblast homogenates, released glucose was
measured enzymically using hexokinase coupled with the glucose-6-
phosphate dehydrogenase (G6PD) and nicotinamide adenine dinucleotide
phosphate (NADP) system. Optimal enzyme assay conditions required both
Triton X-100 and sodium taurocholate, pH 4.8. Glucocerebrosidase ac-
tivities from three patients with type 1 Gaucher disease were 17.5%, 15.8%,
and 11.2% of normal (normal = 198 * 14 nmol/hr per mg protein, n = 3).
The first patient had normal M-glucosidase activity with the artificial
fluorogenic umbelliferone substrate. |

Interference with the accuracy of the glucose-dependent assay system by
either glycolytic or gluconeogenic enzyme activities was not detected under
these experimental conditions, and when substrates with long fatty-acid
chain lengths (C = 22) were used, markedly decreased glucocerebrosidase
activity occurred in both normal individuals and patients. The apparent K,,’s
for the natural substrates were 0.56 *= 0.05 mM for controls and 2.2-3.3
mM for Gaucher fibroblasts.

These data further support the hypothesis that a structurally altered and
catalytically deficient enzyme is synthesized in patients with type 1 Gaucher
disease and illustrate the value of the natural substrate in investigating
patients.
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INTRODUCTION

Gaucher disease is an inherited metabolic disorder characterized by the appearance of
large glucocerebroside-laden histiocytes in the spleen, liver, and bone marrow [1-3].
Chronic nonneuropathic (type 1), acute neuropathic (type 2), and subacute neuropathic
(type 3) forms have been described [3, 4]. Deficient activity of the lysosomal enzymes
glucocerebrosidase (glucosylceramidase, E.C.3.2.1.45) and pB-glucosidase (B-D-
glucoside glucohydrolase, E.C.3.2.1.21) has been demonstrated in tissues of patients
with all three forms of Gaucher disease [S—15]. Although the artificial fluorogenic
substrate, 4-methylumbelliferyl B-D-glucopyranoside (4MUGP), is a convenient and
sensitive reagent for the diagnosis of Gaucher disease and detection of carriers [7—-9,
12], the precision of this assay is impaired by the presence in tissues of other
B-glucosidase(s) with hydrolytic activity toward the artificial but not the natural
substrate [16—21]. Addition of detergent [19, 22] or lowering the pH of the assay
system {20] is required to inhibit activity of these nonspecific B-glucosidases. The
existence of variants of Gaucher disease with relatively high levels of residual
B-glucosidase activity [21, 22] is an additional problem. Thus, assay procedures
employing 4MUGP have diagnostic validity only if the assay conditions are carefully
controlled so as to reflect activity of the relevant enzyme [15, 19, 20, 22]. Use of the
natural substrate should minimize most of these problems, but preparation of
glucocerebroside by organic synthesis or isolation from human tissues and subsequent
radiolabeling are extremely laborious. Therefore, the natural substrate is not used in
most clinical laboratories. Although a radiolabeling service is available commercially
by special order, the cost is prohibitively high. Unlabeled glucocerebroside has been
used as a substrate [6], but interpretation of assay results was complicated by the
presence of tissue glycolytic enzymes that metabolize glucose released from
glucocerebroside [5]. For these reasons, it seemed important to establish a reliable, yet
convenient, procedure that utilizes the natural substrate without the above complica-
tions for the diagnosis of Gaucher disease and for studies of the nature of the enzymatic
defect.

This paper presents a simple method for separating the cytosolic glycolytic enzymes
from the membrane-bound glucocerebrosidase [23, 24] prior to assay, thereby making
nonlabeled glucocerebroside a reliable substrate. In addition, we optimized conditions
for glucocerebrosidase assay, using a sensitive coupling system to measure the amount
of glucose produced enzymically. We also studied the substrate specificity of
glucocerebrosidase with respect to the nature of the N-acyl long-chain fatty-acid
component of glucocerebroside to further elucidate the nature of the enzyme defect in
Gaucher disease.

MATERIALS AND METHODS

N-stearoyl dihydroglucocerebroside, N-palmitoyl dihydroglucocerebroside, N-lignoceroyl
dihydroglucocerebroside, and glucose diagnostic reagent, which contains hexokinase (yeast, 800
U/liter), G6PD (yeast, 500 U/liter), adenosine triphosphate (ATP, 0.001 mol/liter), NADP
(0.0002 mol/liter), and magnesium ions (0.002 mol/liter) in phosphate buffer, pH 7.0, were
purchased from Sigma, St. Louis, Mo. Isocytophenoxypolyoxyethanol (Cutscum) was purchased
from Fisher, Fair Lawn, N.J. Sources of all other reagents have been indicated [22].



672 CHOY AND DAVIDSON

All patients were believed to be of non-Jewish ancestry. Although clinical manifestations were
highly variable, none showed any sign of neurological deterioration, and all would, therefore, be
classified as type 1.

Skin fibroblasts were obtained from punch biopsies, cultured and harvested as described [10].
The harvested cells were suspended in deionized distilled water at a protein concentration of 5—7
mg/ml and subjected to sonication (Branson sonicator) at an output of 50 W for 10 seconds in
ice. The lysed cell homogenates were then centrifuged at 48,000 g (or at other specified g
values) for 90 min at 2°C. After centrifugation, the supernatant fluid was removed by a Pasteur
pipette without disturbing the sediment. The residue pellet was resuspended in deionized water
and mixed thoroughly so that an even suspension at a final protein concentration of 3—5 mg/ml
was formed.

Glucocerebrosidase activity was assayed according to a method modified from Mueller and
Rosenberg [25]. Twenty ul of enzyme preparation containing 60— 100 ug of protein was added
to 180 ul of dispersed mixtures consisting of: glucocerebroside (1 mM), sodium taurocholate
(1.65% w/v for N-stearoyl dihydroglucocerebroside and 1.1% w/v for N-palmitoyl dihydrogluco-
cerebroside), Triton X-100 (0.22% v/v), and citrate buffer (0.044 M), pH 4.8 or as specified
(adjusted by the addition of 6 N NaOH). The reaction mixtures were incubated in sealed Pyrex
tubes at 37°C in a shaking water bath for 3—6 hrs. The blank system contained a boiled enzyme
preparation (100°C, 4 min) added to an identical amount of substrate mixture. The reaction was
stopped by immersing the tubes in boiling water for 4 min. After cooling, the contents of each
tube was transferred to an Eppendorf centrifuge tube, sealed, and centrifuged at 12,000 g
(Brinkmann centrifuge, model 3200) for 5 min at 2°C. To a 160 ul aliquot of supernate, 0.8 ml
of glucose reagent was added.* Any glucose present will be converted to glucose-6-phosphate by
hexokinase in the presence of ATP and then coupled to the subsequent reduction of NADP [26]
by G6PD. The glucose reagent mixtures were incubated at room temperature for 5 min for the
reaction to go to completion. The amount of NADPH formed was measured as absorbance at 340
nm uv (Gilford spectrophotometer, model 250), and the amount of glucose present was
calculated with respect to a glucose standard curve (0—60 nmol) calibrated under identical pH
and detergent concentration. For kinetic studies, varied amounts of glucocerebroside were
included in the reaction mixtures, and the reaction was stopped after 3 hrs of incubation.

To be certain that the amount of glucose produced and measured by our assay system was a
true reflection of glucocerebrosidase hydrolytic activity in fibroblasts, we investigated other
possible sources of production or degradation as follows: (1) for the detection of glucose-
degradative enzymes, the amount of glucose normally produced over a 4-hr period from our
normal controls was added to the enzyme reaction mixtures without the substrate, and the
amount of glucose was determined at O hr, and at the end of the second and fourth hrs,
respectively; (2) for the detection of gluconeogenesis, a similar experiment was conducted
without the addition of glucose and substrate. Absorbance at 340 nm was measured at 0 hr, and
at the end of the second and fourth hrs, respectively. B-Glucosidase activity was assayed
according to our previous procedure [22]. Protein was measured by the method of Lowry et al.
[271.

RESULTS
Effect of pH on Glucocerebrosidase Activity

The effect of pH on N-stearoyl dihydroglucocerebrosidase activity is shown in figure
1. Within the range of pH studied (3.6—6.0), glucocerebrosidase from both controls
and patients appeared to be most active around pH 4.8. Enzyme activity levels from

* After centrifugation, samples for enzymic glucose assay should be withdrawn without disturbing the
sedimented insoluble materials; otherwise, turbidity will result in artificially high readings. Because
detergents reduce surface tension, addition of glucose reagents and transfer of samples to the cuvette must
also be done carefully to avoid air bubbles and subsequent artificially high absorbance.
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FiG. 1. (LEFT) —Effect of pH on glucocerebrosidase activity from normal control and Gaucher fibroblasts.
Levels of enzyme activity were assayed from three controls and three patients with type 1 Gaucher disease.
FI1G. 2. (RIGHT) —Effect of detergents on N-palmitoyl, N-stearoyl, and N-lignoceroyl dihydroglucocerebro-
sidase activities from control and Gaucher fibroblasts. Cultured skin fibroblasts were from patient no. 2.
Similar results were also observed from patients nos. 1 and 3.

patients were 17.5%, 15.8%, and 11.2% of the normal average. Enzyme activity from
control fibroblasts decreased rapidly at pH’s below 4.4 or above 5.2. Enzyme activity
from fibroblasts of patients, however, appeared to be less sensitive to changes in pH.

When N-palmitoyl dihydroglucocerebroside was used as the substrate instead of
N-stearoyl dihydroglucocerebroside, a similar pH effect was observed. Activity of
N-palmitoyl dihydroglucocerebrosidase was 72% to 80% of N-stearoyl dihydrogluco-
cerebrosidase when assayed under identical experimental conditions. With N-ligno-
ceroyl glucocerebroside as substrate, activity of N-lignoceroyl dihydroglucocerebro-
sidase from normal fibroblasts was only 15% of N-stearoyl dihydroglucocerebrosidase.
Activity of N-lignoceroyl dihydroglucocerebrosidase from Gaucher fibroblasts was
undetectable.

Effect of Detergents on Glucocerebrosidase Activity

As shown in figure 2, when the concentration of Triton X-100 was held constant at
2%, optimal N-palmitoyl glucocerebrosidase and N-stearoyl glucocerebrosidase
activities were achieved at 1% and 1.5% sodium taurocholate, respectively. Enzyme
activity decreased steadily above these concentrations, presumably because of excess
detergent. With lignoceroyl dihydroglucocerebroside, enzyme activity remained con-
sistently low in up to 3% sodium taurocholate. Above 3%, there was a dramatic
decrease in enzyme activity, most likely because of inactivation of enzyme by excess
detergent. When the concentration of sodium taurocholate was held constant at 1%,
suboptimal glucocerebrosidase activities (N-palmitoyl or N-stearoyl) were observed at
concentrations of Triton X-100 either above or below .2%. In the absence of both
detergents, no glucocerebrosidase activity could be detected from any of the fibroblast
enzyme preparations.
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The detergent, Cutscum, has been used in several glucocerebrosidase assay
procedures [11, 21]. To determine whether this detergent is better in stimulating
glucocerebrosidase activity, it was used instead of Triton X-100, according to the
procedure of Ben-Yoseph and Nadler [21]. Enzyme activity was 90% —95% of that
found with Triton X-100 as the detergent.

Effects of Incubation Time and Protein Concentration

The amount of glucocerebrosides hydrolyzed at 37°C was directly proportional to the
time of incubation up to 6 hrs, and to the amount of protein added from 60 to 100 ug.

Detection of the Presence of Glycolytic and Gluconeogenic Enzymes

Throughout the 4-hr period, there was no detectable degradation or increase of
glucose. Also, the amount of endogenous glucose and glucose-6-phosphate, as
reflected by NADPH, was assayed and found to constitute a negligible background
reading at 340 nm (0% —2%) at 0 hr, which remained constant throughout the 4 hrs of
incubation. This eliminated the possibility that any glucose formed resulted from
endogenous gluconeogenesis rather than glucocerebrosidase hydrolytic activity.

Kinetic Data

The apparent Michaelis constants (Ky’s) for both N-palmitoyl and N-stearoyl
glucocerebrosidases from controls were calculated to be 0.56 = 0.05 mM (figs. 3 and
4). Very different kinetics were observed for both N-palmitoyl and N-stearoyl
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F1G. 3. (LEFT) —Lineweaver-Burk plot of N-palmitoyl dihydroglucocerebrosidase from control and
Gaucher fibroblasts. FIG. 4. (RIGHT) —Lineweaver-Burk plot of N-stearoyl dihydroglucocerebrosidase from
control and Gaucher fibroblasts.
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glucocerebrosidases from patients with type 1 Gaucher disease. K, values calculated
ranged from 2.2 to 3.3 mM.

Enzyme Activity in Gaucher Fibroblasts Assayed with the Natural and Artificial
Substrates

4MUGP B-glucosidase and N-stearoyl glucocerebrosidase activities from cultured
fibroblasts of patients with type 1 Gaucher disease are shown in table 1. All patients
were more deficient than controls in glucocerebrosidase activity. Patient 1 is an unusual
case of Gaucher disease whose B-glucosidase activity level was within the normal
range when assayed in the absence of sodium taurocholate [22].

The Use of Uncentrifuged Fibroblast Homogenates as Source of Enzyme

As described above, we have used the insoluble pellet fraction after centrifugation as
the source of fibroblast enzyme for glucocerebrosidase activity assay to avoid glucose
degradation by the soluble glycolytic enzymes. Since a high-speed centrifuge may not
be available in some clinical laboratories, we also determined the feasibility of using
uncentrifuged sonicated fibroblasts as the source of enzyme. Our enzyme assay system
requires a pH of 4.8, and a relatively high concentration of detergents. Because these
conditions are unfavorable for glycolytic enzyme activities [28], the glucose formed
may not be readily metabolized. The results of these assays are shown in table 2. De-
ficient activities of glucocerebrosidase were still observed using unspun homogenates
from these patients, although the specific activity of glucocerebrosidase may have been
decreased because of the presence of soluble proteins which were normally removed
after centrifugation.

Distribution of Glucocerebrosidase

Approximately 90% —95% of total enzyme activities (N-stearoyl glucocerebrosidase
and 4MUGP B-glucosidase) were detected in the pellet fraction after centrifugation.
The small amount of glucocerebrosidase and B-glucosidase activity detected in the
supernatant fraction could be due to the presence of small pieces of broken lysosomal
fragments formed during the sonication procedure. This assumption appears to be
correct, as we detected less activity (0% —2%) of glucocerebrosidase and B-gluco-

TABLE 1

B-GLUCOSIDASE AND GLUCOCEREBROSIDASE ACTIVITY FROM CULTURED SKIN FIBROBLASTS OF NORMAL
CONTROLS AND PATIENTS WITH TYPE 1 GAUCHER DISEASE

B-GLUCOSIDASE GLUCOCEREBROSIDASE

Specific activity ~ Relative %  Specific activity ~ Relative %

Controls (n0. =3) .........covviviinnn... 176.7 + 12.4 100.0 197.0 = 14.0 100.0
Gaucher disease:
131.2 74.0 34.5 17.5
2 e 42.0 23.8 31.2 15.8
2 I S1.1 28.9 22.0 11.2

NoTE. —Specific activity expressed as amount of product released in nmol/hr/mg protein.
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TABLE 2

GLUCOCEREBROSIDASE SPECIFIC ACTIVITY FROM FIBROBLAST INSOLUBLE PELLETS AND HOMOGENATES FROM
CONTROLS AND PATIENTS WITH TYPE 1 GAUCHER DISEASE

Insoluble pellets Homogenates
Controls (no. =3) ............cciiiiiiiin... 197.0 = 14.0 125.3 = 18.2
Gaucher disease:
34.5 26.8
2 31.2 26.2
K N 22.0 19.7

NoTE. —Specific activity expressed as amount of glucose released in nmol/hr/mg protein.

sidase in the supernatant fraction after centrifugation at 150,000 g for 90 min. When
the fibroblast homogenates were centrifuged at 10,000 g for 90 min, about 15% of total
glucocerebrosidase activity was detected in the supernatant fraction.

. DISCUSSION

We have developed a method that permits the use of nonlabeled glucocerebroside as
a specific and reliable substrate for the diagnosis of Gaucher disease. This procedure,
unlike previously documented procedures that utilized radiolabeled glucocerebroside
[4, 5], bypasses the problems of organic synthesis and specific radioactive isotope
labeling and, therefore, can be performed with relative ease in most clinical
laboratories. Furthermore, this method of evaluating glucocerebrosidase activity by
enzymic glucose assay requires much less time than methods that utilized glucocere-
broside specifically labeled in the N-acyl moiety [4, 21]; additional two-phase partition
or column chromatography is required by these methods to separate the mixtures of
product and substrate before radioactivity can be determined [4, 21, 29].

Another advantage of using nonlabeled natural substrate is elimination of the isotope
dilution effect [30]. Because of the relatively large amount of glucocerebroside that
accumulates in tissues of Gaucher patients, specific determination of dilution of labeled
substrate by endogenous glucocerebroside is required [5]. Otherwise, glucocerebro-
sidase activity will appear artificially low [S].

Our method of using the fibroblast insoluble pellet fraction as the source of enzyme
is also justifiable since glucocerebrosidase is a lysosomal enzyme that remains
insoluble after disruption of cells [23, 24, 31]. More than 90% of total enzyme activity
was recovered in the pellet fraction with concomitant removal of the glycolytic
enzymes in the supernatant fraction which may interfere with the assay. Similar high
recovery of $3-glucosidase activity in fibroblast insoluble pellets has been reported by
other investigators after cell homogenization and high-speed centrifugation [25, 31].

Comparison of B-glucosidase and glucocerebrosidase activities (table 1) demon-
strated that the natural substrate is a more reliable reagent for the diagnosis of Gaucher
disease, especially when variants with relatively high residual 8-glucosidase activity
were encountered (table 1, patient no. 1) [21, 22]. Since the natural substrate,
glucocerebroside, is far more complex in structure than the artificial umbelliferyl
B-glucoside substrate, a structurally altered glucocerebrosidase in Gaucher disease
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may, therefore, be more inefficient in hydrolyzing glucocerebroside. This altered
enzyme may also be more labile in the presence of the sodium taurocholate [22] used in
the glucocerebrosidase assay system, resulting in further lowering of activity. In
addition, there may be other nonspecific B-glucosidases present in tissues with no
activity toward the natural sphingolipid substrate [19]. Thus, the level of enzyme
activity assayed from these tissues will be lower when the natural substrate is used.

Although fibroblast homogenates can be used for glucocerebrosidase assay, the
following should be noted: (1) the background blank reading will be higher because of
the presence of soluble endogenous glucose and glucose-6-phosphate in the cytosol,
which, subsequently, increases the concentration of NADPH; (2) the specific activity
of glucocerebrosidase will be decreased because of the presence of additional cytosolic
proteins; and (3) excess endogenous glucocerebroside accumulated in Gaucher
fibroblasts was sometimes found as a thin surface layer of lipid after sonication and
centrifugation at 48,000 g or more, as with our patient no. 3. This lipid material was
subsequently removed together with the supernatant fluid. If cell homogenates were
being used, the presence of this excess glucocerebroside, and possibly polyglycosyl-
ceramides [32], would elevate the substrate concentration and create inconsistent assay
conditions between Gaucher patients and controls.

Our data indicate that both N-palmitoyl and N-stearoyl dihydroglucocerebrosides
are suitable in vitro substrates for glucocerebrosidase activity assay. These glucocere-
brosides were hydrolyzed significantly by glucocerebrosidase from normal fibroblasts.
Since the difference between these glucocerebrosides lies solely in the aliphatic N-acyl
moiety which determines the extent of its hydrophobicity and solubility, the amount of
detergent in our enzyme assay mixtures may critically affect the various N-acyl
glucocerebrosidase activities. For example, the less hydrophobic N-palmitoyl dihydro-
glucocerebroside may require a lower concentration of detergent for optimal enzyme
activity (1% sodium taurocholate, fig. 2), whereas the more hydrophobic N-stearoyl
dihydroglucocerebroside may require a higher concentration (1.5% sodium tauro-
cholate, fig. 2). On the other hand, the relatively small amount of hydrolysis by normal
fibroblast glucocerebrosidase on N-lignoceroyl dihydroglucocerebroside could be due
to: (1) excess hydrophobicity and insolubility of this substrate under our experimental
conditions (by virtue of the lignoceric acid present in the glucocerebroside) and (2)
stearic hindrance created by lignoceric acid at the catalytic site of glucocerebrosidase,
as lignoceric acid possesses a longer chain length (C = 22) than either palmitic acid
(C = 16) or stearic acid (C = 18). Glucocerebrosidase activity from fibroblasts of patients
with type 1 Gaucher disease was consistently deficient toward the /V-palmitoyl and
N-stearoyl dihydroglucocerebroside substrates (10% —16%), and activity toward
N-lignoceroyl dihydroglucocerebroside was undetectable. Since the sensitivity limit of
our assay system requires the presence of 1 nmol of glucose, we should still be able to
detect traces of activity from these cells if the ratio of hydrolytic activity between
N-stearoyl dihydroglucocerebroside and N-lignoceroyl dihydroglucocerebroside is
1.00:0.15, as in our controls. Therefore, our data suggest that glucocerebrosidase from
Gaucher fibroblasts is more deficient or ineffective in hydrolyzing glucocerebrosides
with longer fatty-acid chain lengths (around C = 22). This hypothesis is supported by
the results of analysis of glucocerebrosides from Gaucher spleens by other investigators
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[33-35]. A higher proportion of fatty acids averaging 22 atoms [33] and a lower
proportion of unsaturated fatty acids of shorter chain lengths [34, 35] have been found
in glucocerebroside of Gaucher spleens than in those from controls. However, our
suggestion remains speculative until glucocerebrosidase from the relevant tissues of
patients and controls can be purified and characterized in detail in regard to substrate
specificity, affinity, and other properties, including the nature of the lipids present. A
recent study [31] indicated that the addition of Gy; ganglioside to fibroblast
homogenates resulted in a 16-fold increase in Vy,ax of 4MUGP B-glucosidase in type 1
Gaucher disease and a three-fold increase in normal cells but no change in Kp,. It will
be interesting to observe the effect of Gy, ganglioside on glucocerebrosidase activity
from these cells, specifically with different N-acyl moieties in the glucocerebroside
substrate molecule.

In a study by Mueller and Rosenberg [25], glucocerebrosidase and B-glucosidase
from human cultured skin fibroblasts were solubilized, partially purified, and charac-
terized. The enzyme specific activity, as well as the K, value of glucocerebrosidase
from normal control fibroblasts, were lower than ours. These discrepancies could be
due to different sources of substrate and different experimental conditions. The natural
substrate, glucocerebroside, employed in their enzyme assay system was purified from
the total lipid extract of a Gaucher spleen [33], the N-acyl moiety of which could be
quite different from ours. A partially purified enzyme preparation was-also used in their
study. These may account for the differences in Ky, value (0.18 mM vs. 0.56 mM).
Furthermore, phosphate buffer (5 mM) was used in their enzyme assay and gel
filtration chromatography. Since phosphate ion is a potent inhibitor of human
glucocerebrosidase activity [36], this may partially explain the difference in enzyme
activity.

The sensitivity of our assay system enabled us to conduct kinetic studies on
glucocerebrosidase from fibroblasts of both the controls and Gaucher patients. In
contrast to previous pH studies that used the artificial substrate and yielded inconsistent
data regarding the existence of isozymes of B-glucosidase in fibroblasts [8, 9], use of
the natural substrate in this study revealed one symmetrical peak (fig. 1). This is further
evidence of one form of glucocerebrosidase in fibroblasts of both normal individuals
and patients with type I Gaucher disease. The results of our experiments using varying
concentrations of the detergents Triton X-100 and sodium taurocholate indicate the
importance of detergent concentration in the assay system and the differing substrate
specificities of normal and mutant glucocerebrosidase with respect to the N-acyl
moiety of the substrate (fig. 2). Data from our present (figs. 3 and 4) and previous [22]
kinetic studies once again support the hypothesis by other investigators [37, 38] that the
underlying molecular defect of type 1 Gaucher disease involves a structurally altered
and catalytically deficient enzyme. In view of the clinical and biochemical hetero-
geneity of this metabolic disorder, it will be interesting to characterize and compare
glucocerebrosidase from different tissues between the normal and mutant enzyme, and
among the mutant enzymes from patients with the different clinical types of Gaucher
disease to elucidate the physiological role of glucocerebrosidase in the balance and
maintenance of normal cerebral lipid metabolism.
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