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Biochemical and clinical analysis of accumulated
glycolipids in symptomatic heterozygotes of
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in comparison with hemizygotes
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Abstract Angiokeratoma corporis diffusum (Fabry’s disease) is
an X-linked disorder of glycosphingolipid catabolism. Heterozy-
gous females, although usually asymptomatic, are occasionally
as severely afflicted as hemizygous males; recently we identified
a heterozygous patient with cardiomyopathy and severe pain in
the extremities. In order to elucidate the difference of the clinical
features, we analyzed the glycolipid composition of the heart,
liver, and kidney obtained from the patient and from a hemizy-
gote. Gas-liquid chromatography revealed that globotriaosylcer-
amide (Gbs) was markedly increased in the heart (32.4 times
higher than control) and increased to a lesser extent in the liver
and kidney (3.74 and 6.79 times, respectively). The pattern of
Gb; accumulation in the heterozygote, where the highest in-
creases were seen in the heart, was distinct from that in the
hemizygote, where elevated levels of Gbs and Ga, were found in
the kidney. Furthermore, the «-galactosidase activity in the
heart, liver, and kidney of the heterozygote was 17%, 26%, and
36%, respectively, of normal controls, which correlated well with
the accumulation of glycosphingolipid in the heart and with the
disease’s clinical manifestations. Two other hemizygotic patients,
who were identified by low a-galactosidase activities, demon-
strated the cardiac involvement. — Hozumi, I., M. Nishizawa,
T. Ariga, and T. Miyatake. Biochemical and clinical analysis
of accumulated glycolipids in symptomatic heterozygotes of an-
giokeratoma corporis diffusion (Fabry’s disease) in comparison
with hemizygotes. J. Lipid Res. 1990. 31: 335-340.
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Fabry’s disease is an X-linked disorder of glycosphingo-
lipid catabolism due to a deficiency of the lysosomal en-
zyme, c-galactosidase A. The diagnosis is biochemically
confirmed by demonstration of marked accumulation of
glycolipids, particularly globotriaosyl ceramide (Gbs) in
urinary sediment, cultured fibroblasts, heart, kidney,

ganglion cells, and most other tissues. Progressive glycoli-
pid deposition leads to skin lesions, renal disease, and a
painful polyneuropathy. Most heterozygous females have
intermediate levels of a-galactosidase A and Gbs accu-
mulation and are almost asymptomatic (1). However,
there have been reports of heterozygous carriers in whom
the symptoms were comparable to those observed in
severely affected hemizygous patients (2-7). Colley et al.
have reported lipid-deposits in heterozygote kidney (8),
but there have been no studies of the accumulated glycoli-
pids in heterozygous females with this disorder. In a
previous study, we identified a case of symptomatic
Fabry’s disease and reported that histochemical examina-
tion demonstrated marked glycolipid deposits in spinal
and sympathetic ganglia, which were identified as Gbs
and Ga, by gas-liquid chromatography (9). In this study
we performed biochemical investigations of tissues obtain-
ed from the heterozygote and made comparisons between
the hemizygote and the symptomatic heterozygote. In ad-
dition, we discuss the clinical manifestations of Fabry’s
disease in symptomatic heterozygotes.

Abbreviations: Gbs, globotriaosylceramide; Ga,, galabiosylceramide;
ECG, electrocardiogram; SEP, sensory evoked potential; LacCer, lacto-
syl ceramide; 4-MU derivative, 4-methyl umbelliferyl derivative; GLC,
gas-liquid chromatography; TLC, thin-layer chromatography.
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MATERIALS AND METHODS

Brief case reports

Fatient 1. A 50-year-old Japanese women complained of
anterior chest pain and fatigue. Her electrocardiogram
(ECG) was indicative of apical hypertrophic cardiomyo-
pathy. An endomyocardial biopsy showed vacuolar and
granular deposit composed of myelin-like structures in
myocardial cells. At the age of 55, her anterior chest pain
and fatigue became severe, and she also developed pain in
the extremities. She was diagnosed as symptomatic he-
terozygotic Fabry’s disease by measurment of lysosomal
enzyme activities in leukocytes (Table 1). She also devel-
oped interstitial pneumonia, disseminated intravascular
coagulation, and cerebral hemorrhage, and subsequently
died. She had neither skin lesions nor anhidrosis; chromo-
somal analysis revealed no abnormality, and her blood
group type was O. Details of the cardiologic (10) and
neurological (9) findings have been reported elsewhere.

Fatient 2. A 27-year-old daughter of patient 1 was found
to be a heterozygote of Fabry’s disease by enzymological
examination (Table 1). She was asymptomatic, and nerve
conduction velocity and sensory evoked potential (SEP)
were normal. However, her ECG already showed ST-T
changes in leads II, III, and aVF.

Fatient 3. An 18-year-old woman was discovered to have
hypertension. At 21 years of age, her left eye lost sight
because of ischemic optic neuropathy. She complained of
severe headache and her cerebrospinal fluid showed pleo-
cytosis. A renal biopsy was performed because of pro-
teinuria and showed intracellular vacuolation. A diagno-
sis of Fabry’s disease was substantiated by enzymological
examination (Table 1). Her ECG and echocardiogram
taken at age 26 were normal. However, isotopic myocar-
dial scintigraphy revealed marked uptake of isotope in the
apex of the heart. This finding was thought to correlate
with the accumulation of glycolipid. She also had pains in

TABLE 1. The a-galactosidase activity of leukocytes and fibroblasts

a-Galactosidase Activity

Subjects . Leukocytes Fibroblasts

nmol/k - mg protein™

Patient 1 12.4 17.1

Patient 2 27.3 ND

Patient 3 34.5 ND

Normal controls 67.0 + 16.2 84.5 ¢+ 21.8
n = 38 n=>5

The activity was measured with 4-methyl-umbellifery] o-D-galactoside.
All other lysosomal enzyme activities (8-galactosidase, 8-hexosamidase
A and B) measured were within normal range. Normal control values
are expressed as mean + SD; ND, not determined.
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the extremities, especially after taking a bath. Her nerve
conduction velocity and SEP were normal. Her brother
was identified as having Fabry’s disease.

Fatient 4. A 20-year-old man was discovered to have pro-
teinuria. From early childhood, he noticed anhidrosis.
Renal function then deteriorated and he was maintained
on chronic dialysis. The enzymatic examination and the
increase of Gb; and Ga, in urinary sediments revealed
that he had Fabry’s disease. At the age of 41, he died of
cerebral hemorrhage.

Estimation of accumulated neutral glycosphingolipids

Total lipids were extracted from 1 g of tissue, obtained
from each patient or normal control, with 20 ml each of
chloroform-methanol 2:1 and 1:2 (v/v). The combined
lipid extracts were applied to a DEAE-Sephadex A-25 col-
umn (acetate form, 3 ml bed volume) and further eluted
with 40 ml of chloroform-methanol-water 30:60:8 (by
volume). The fraction that contained the neutral glycoli-
pids was evaporated to dryness, dissolved in 6 ml of 0.2
N NaOH in methanol, and incubated at 40°C for 2 h in
order to hydrolyze excess phospholipids. After neutraliza-
tion with appropriate amounts of acetic acid, the liberated
fatty acid esters were removed by the addition of n-
hexane. Then 10 mi of chloroform and 4 ml of water were
added and partitioned. The upper aqueous layer was
removed and 4 ml of chloroform-methanol 1:1 (v/v) was
added to the lower chloroform layer which contained
crude neutral glycolipids (11). The mixture was partition-
ed. The upper phase, which contained impurities, was
discarded. The lower phase was evaporated to dryness
under a stream of nitrogen. Final purification of the gly-
colipids was achieved by preparative thin-layer chromato-
graphy (TCL) with chloroform-methanol-water 65:35:8
(by volume),.

Quantitative analyses of globotriaosyl ceramide (Gbs)
and galabiosylceramide (Ga,)

The regions on the plates corresponding to authentic
samples of Gb; and lactosyl ceramide (LacCer) were
scraped with a razor blade and the silica gel powder was
applied to an Iatrobeads (0.2 g) column, which had been
prewashed with 5 ml of methanol and then 5 ml of chloro-
form-methanol 2:1 and 1:2 (v/v). Glycolipids were eluted
with 10 ml each of chloroform-methanol 2:1 and 1:2 (v/v).
The eluates were combined and evaporated to dryness
under a stream of nitrogen. Aliquots of glycolipid frac-
tions, to which 5 pg of myoinositol was added as an inter-
nal standard, were methanolized with 200 ul of 3% (w/v)
HCI (gas) in methanol at 75°C for 16 h. After removing
the fatty acid methyl esters with n-hexane, the methanol
layer was evaporated under a stream of nitrogen and dried
under vacuum. The residue was then trimethylsilylated
with 20 ul of hexamethyldisilazane-trimethylsilane-pyri-
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dine 2:1:5 (by volume) at 75°C for 7 min. An aliquot of
this reaction mixture was injected into a gas chromatog-
raph equipped with a 3% OV-1 column maintained at
175°C. Standard samples consisting of various amounts
(5 to 30 ug) of globoside purified from pig erythrocyte
membranes and 5 pg of myoinositol as an internal stan-
dard were also analyzed (12).

Measurement of lysosomal enzyme activities

Leukocytes were isolated from heparinized blood of the
patient and sonicated three times in phosphate-buffered
saline for 20 sec. Heart, liver, and kidney were homo-
genized with two volumes of distilled water, and then
sonicated three times for 20 sec. Lysosomal enzyme ac-
tivities were measured using 4-methylumbelliferyl (4-
MU) derivatives as substrates (13), and «-galactosidase A
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activities were determined with *H-labeled Gb; as the
natural substrate according to the method of Kobayashi,
Shinnoh, and Kuroiwa (14).

RESULTS

In a heterozygous carrier (patient 1) and a hemizygous
male (patient 4), two major glycolipids, Gbs and Ga,,
were found to be accumulated in heart, kidney, and liver
(Fig. 1 and Table 2). The chemical structures of Gbs and
Ga, were confirmed by carbohydrate analysis by gas-li-
quid chromatography (GLC) and thin-layer chromato-
graphy (TLC) with authentic glycolipids. The band
corresponding to Ga, should also contain a small amount
of LacCer. In normal controls, the band corresponding to
ceramide disaccharide in liver and heart was mainly Lac-
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Fig. 1. Thin-layer chromatography (TLC) of neutral glycolipids of heart, liver, and kidney. Left panel: a hetero-
zygote of Fabry’s disease (patient 1) and control 1 (a 55-year-old female). One-tenth of the control amount of neutral
glycolipids from heart and kidney of patient 1 was applied to the plate. The amount of Gbj is markedly increased
in the heart of patient 1. Right panel: a hemizygote of Fabry's disease (patient 4) and control 2 (a 45-year-old male).
One-tenth of the control amount of neutral glycolipids from heart and kidney of patient 4 was applied to the plate.
Gbs and Ga, increased predominantly in the kidney of patient 4.
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TABLE 2. Concentrations of Gbs and Ga, plus LacCer in patients 1 and 4 with Fabry’s disease and
in normal controls

Heart Liver Kidney
Subject Age Sex Gb; Ga, + LacCer Gb; Ga,; + LacCer Gb; Ga, + LacCer
yr ug/g wet weight
Patient 1
Heterozygote 55 F 3190 258 76.6 14.0 1440 784
Control 1 55 F 98.4 12.7 20.5 19.8 212 45.0
Patient 4
Hemizygote 44 M 5290 621 317 59.3 11600 4060
Control 2 45 M 65.0 15.9 15.0 17.5 182 51.9
Cer, but the band in kidney also contained Ga, as previ- DISCUSSION

ously reported (15). In the heterozygote, the amount of
Ghb; in heart, liver, and kidney was 32.4, 3.74, and 6.79
times greater, respectively, than that in normal controls,
the heart thus showing the greatest amount (Table 2). Ga,
was found to accumulate markedly in both kidney and
heart.

In the hemizygous male, Gbs and Ga, progressively ac-
cumulated in heart, liver, and kidney. The amount of Gb;
in the heart, liver, and kidney was 81.3-, 21.1-, and 63.7-
fold, respectively, that of the normal control values. In the
hemizygote, the greatest accumnulation of Gbs was in the
kidney, 2.2 times the amount in the heart (Table 2). Ga,
was also markedly increased in the kidney, and to a lesser
extent, in the heart and liver.

Table 3 shows the levels of a-galactosidase A activity in
the heterozygous female. The levels of a-galactosidase ac-
tivity in heart, liver, and kidney were 16.9%, 26.1% and
36.0%, respectively, of normal controls, when measured
using the 4-MU derivative of a-galactoside as substrate,
and 21.4%, 29.6%, and 39.5%, respectively, of control lev-
el when the natural substrate *H-labeled Gb; was used.
The residual activity of a-galactosidase was 18.5% in leu-
kocyte and 20% in cultured fibroblasts of normal controls
(Table 1). The residual activity of a-galactosidase activity
in heart may lead to the marked accumulation of Gb; and
Ga, and correlates well with the clinical cardiac involve-
ment. The levels of other lysosomal enzymes were un-
changed.

In Fabry’s disease, most heterozygous females have
either only mild symptoms, such as corneal opacities, or
are almost completely asymptomatic throughout life (1).
However, several heterozygotes have been reported to
show the same clinical manifestations as those observed in
hemizygous males (2-7). The present report is the first
biochemical study of organs obtained from a symptomatic
heterozygote. The accumulation of glycosphingolipids in
the three organs studied correlated with the deficiency of
a-galactosidase activities in those organs. The cardiac ab-
normalities may be caused by the remarkable accumula-
tion of glycosphingolipids in the heart, which was more
pronounced than in liver or kidney. It is probable that the
cardiac impairments reported in other symptomatic
heterozygotes are also related to the accumulation of gly-
colipids. Generally, the cardiac abnormalities develop
during middle age, consistent with a slow accumulation of
Gb; caused by a-galactosidase deficiency. However, we
have also demonstrated some cardiac involvement in two
young heterozygotes (patients 2 and 3) who had a-
galactosidase activities in leukocytes that were approx-
imately 50% of normal. Patient 1 had residual a-galac-
tosidase activities that were less than the expected 50% of
normal in all tissues examined, but they varied con-
siderably from one organ to another. In hemizygotes, of
course, «-galactosidase activities in all tissues are much
lower than in our hetrozygote patient (14-16).

TABLE 3. The «-galactosidase activity of various organs obtained from patient 1

4-MU-a-Galactoside

[*H]Gbs,

Organ Patient 1 Controls, n = 3 Patient 1 Controls, n = 3
Heart 8.4 49.7 + 4.6 1.45 6.77 + 1.21
Liver 22.2 84.9 + 24.1 2.74 9.25 + 2.36
Kidney 32.4 90.3 + 17.8 4.62 11.7 + 2.07

The activity was measured with 4-methyl umbelliferyl-o:-D-galactoside and [*H]Gb;. Normal controls are expressed

as mean + SD.
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The mechanism responsible for the low a-galctosidase
activity in the heart of patient 1 is unknown, but a consi-
deration of the genetics of this disease may provide an hy-
pothesis. One of the two X-chromosomes is thought to be
randomly inactivated at an early stage of normal embryo-
genesis (17). In Fabry’s disease, however, most females
have revealed intermediate levels of a-galactosidase A ac-
tivity and intermediate levels of Gbs accumulation. The
a-galactosidase A gene has been located to the q22-q24
region on the long arm of the X-chromosome (18). Three
possible mechanisms can be proposed to explain various
lysosomal enzyme a-galactosidase A activities as shown in
Table 3. First, since the inactivation of the X-chromosome
is thought to occur before tissue differentiation, the com-
ponents in the primordial cell may change in subsequent
development of each organ. Different proportions of cells
might be expressed in a Fabry phenotype to yield varia-
tions in the residual a-galactosidase activity among tis-
sues. Second, cells with normal e-galactosidase activity
and cells with a defective enzyme may have different vi-
abilities in vivo. Romeo and Migeon (16) reported that fi-
broblasts obtained from Fabry heterozygotes formed two
distinct clonal populations in culture, one with normal
and the other with deficient enzyme activity. In the case
of X-linked adrenoleukodystrophy (ALD), the mutant
allele was shown to give a selective growth advantage to
cultured skin fibroblasts from the ALD heterozygote (19).
We observed that, in cultured fibroblasts of Fabry hetero-
zygotes, the residual a-galactosidase activity gradually in-
creased with the number of passages in culture (Hozumi,
I., unpublished data) suggesting selection favoring the
normal allele. Differences in enzyme activities among tis-
sues must be explained by other factors such as the extra-
cellular environment. Third, inactivation of the X-chro-
mosome may be a nonrandom process {20). A female with
muscular dystrophy was recently shown to have specific
X-chromosome translocations with the breakpoint at Xp
21 (21). In that patient, the normal X-chromosome seemed
morphologically inactive. In our patient, such nonrandom
activation process may lead to differences in «-galac-
tosidase A activities.

The nucleotide sequence of cDNA of the structural
gene encoding «-galactosidase A has recently been deter-
mined (22). Similar analyses of cDNA in Fabry’s disease
are now in progress in our laboratory. There may be point
mutations, deletions, or mutation in the regulatory se-
quence. At present, no information is available on the re-
lationship between the abnormality of the chromosome
and preferential inactivation. The a-galactosidase gene in
our patient is presently being analyzed for any abnormali-
ty. The reason for a different organotypic pattern in in-
volvement between male and female Fabry’s patients
remains unclear. The study on Fabry heterozygote may
provide some clues to answer these problems. B
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