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Abstract

Fabry disease (FD, MIM 301500) caused by a deficient activity of a-galactosidase A is characterized by intralysosomal storage of
glycosphingolipids. Main clinical features are paresthesia, hypohidrosis, angiokeratoma, renal insufficiency, and cardiovascular or
cerebral complications. The exact pathogenesis is unclear. Beside mechanical storage biochemical factors might play a role. As FD is
a multisystemic disorder and mitochondrial dysfunction has been described in patients with neuronal ceroidlipofuscinosis (another
lysosomal storage disease) we examined mitochondrial function in fibroblasts from patients with FD.

Results. Activities of respiratory chain enzymes I, IV, and V were significantly (p < 0.01) lower in FD-cells. Mitochondrial recov-
ery was unchanged as judged by the activity of the mitochondrial marker enzyme citratesynthase, cellular protein content was not
significantly different. CP, ADP, and AMP concentrations were significantly (p < 0.01) lower in FD-cells. ATP was slightly, but not
significantly reduced (p = 0.045).

Conclusion. Organ dysfunction in FD may not only be explained by mechanical storage of glycosphingolipids. As in NCL, lyso-
somal storage material may lead to mitochondrial dysfunction with a reduction of respiratory chain enzyme activities and a subse-

quent drop in cellular levels of energy-rich phosphates.
© 2004 Elsevier Inc. All rights reserved.
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Introduction

Fabry disease (FD, MIM 301500)—also known as
Anderson disease—is a pan-ethnic, X-linked lysosomal
storage disorder (LSD) caused by a deficiency of the
lysosomal enzyme a-galactosidase A (a-Gal A). A defect
of a-Gal A (encoded on an X-linked gene in the region
X(q22.1) leads to disturbance in the biodegradation of
sphingoglycolipids, resulting in progressive deposition
of terminal galactosyl-containing neutral glycosphingo-
lipids in lysosomes [1].

The main clinical symptoms in hemizygous patients
with FD are painful episodic crises, acroparesthesias,
angiokeratomas, gastrointestinal symptoms, corneal
opacities, microvascular disease of the kidneys, heart,
and brain which often lead to premature death. Hetero-
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zygous females often have a milder course of the disease
with similar symptoms. The pathogenesis in FD is still
unknown. As mitochondrial energy supply has a central
role in almost all cells disturbed mitochondrial function
may play a role in this multisystemic disorder. Diastolic
dysfunction of the heart is a frequent finding in patients
with the cardiac variant of FD [2]. Diastolic relaxation
requires cellular energy, therefore compromised mito-
chondrial function may be responsible for diastolic dys-
function in FD. In another lysosomal storage disease,
the neuronal ceroidlipofuscinosis (NCL), impaired mito-
chondrial function has been demonstrated [3,4]. In previ-
ous studies, our group has demonstrated abnormal
activity of the mitochondrial ATPsynthase resulting in
decreased intracellular levels of energy-rich phosphates
in NCL [5,6]. Thus, the concept that only mechanical
factors play a role in the pathogenesis of FD seems sim-
plistic. These findings prompted us to examine mito-
chondrial function in FD. In the present study we
measured the activities of respiratory chain enzymes and
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the cellular contents of high-energy phosphate com-
pounds (creatinephosphate CP, ATP, and ADP) and
AMP in fibroblasts from patients with FD. Deposition
of storage material has been demonstrated in human
fibroblasts [7-9].

Materials and methods

Cultured skin fibroblasts from four patients with
Fabry disease and 10 healthy age-matched controls were
examined. Cells were from early passage numbers. Fibro-
blasts from patients with Fabry disease (GMO002775/
GMO02769/GMO00882/GMO0107) were purchased from
NIGMS Human Genetic Cell Repository, Coriell Insti-
tute for Medical Research, Camden, USA. Fibroblasts
were plated on Petri dishes (diameter 30 mm) and grown
to confluence.

For spectrophotometric and luminometric experi-
ments cells were washed twice with a Hepes buffer con-
taining (mM) NaCl 110, KCI 2.6, KH,PO, 1.2, CaCl, 1,
MgSO, - TH,0 1.2, Hepes 25, pH 7.4, and then incubated
with 10mM glucose for 15min at room temperature.

Respiratory chain enzyme activities were assayed as
described before [10,11]. Cells were broken by sonication
(2x10s) using a BANDELIN probe sonicator set at
20 W of power with single pulses of 0.3 s duration. Time
between pulses was 0.7 s.

The activities of mitochondrial complexes I+ III were
measured spectro-photometrically at a wavelength of
340nm and a temperature of 37°C with rotenone serv-
ing as specific inhibitor of complex I [12]. The activities
of complexes II+1II were determined at 550nm and
37°C. The reaction was inhibited by antimycine A [13].
The enzyme activity of complex IV was measured at a
wavelength of 550nm and 37°C [14]. The activity of
complex V (oligomycine-sensitive ATPase) was assayed
spectrophotometrically at 340nm and 37 °C [15,16].

For luminometric experiments an aliquot of the cell
homogenate was placed in an equal volume of ice-cold
DMSO (dimethylsulfoxide) as described by Ouhabi
[17,18]. High energy phosphate compounds were
measured in triplicate at room temperature via biolumi-
nescence in a Bioorbit-luminometer using a luciferin/
luciferase assay. ATP and creatinephosphate were
assayed according to Ronner et al. [19]. ADP using pyru-
vate kinase as a coupling enzyme was measured as
described elsewhere [20].

Table 1

Protein was assayed according to Bensadoun and
Weinstein [21].

Materials

Tissue culture materials were from Biochrom (Berlin,
Germany), FALCON 3001 tissue culture dishes came
from Becton-Dickinson (Heidelberg, Germany). All
chemicals used were from Sigma-Aldrich (Taufkirchen,
Germany). Enzymes were from Roche (Mannheim,
Germany). BIOORBIT test kits for luminometric
measurements were obtained from Labsystems (Turku,
Finland).

Statistical analysis

Data from controls and FD cells were compared
using Student’s #-test for unpaired data.

Results

Morphology of fibroblasts from patients with FD
was unchanged compared to control cells as judged by
light microscopy. Cellular content of protein was not sig-
nificantly different between controls and FD cells.

Measurements of respiratory chain enzyme activities
were carried out in triplicate, variation between determi-
nations from the sonicate of one Petri dish was typically
5%, variation between different Petri dishes from the
same cell line was <10%. The activities of respiratory
chain enzymes I-V in control fibroblasts versus fibro-
blasts of patients with FD are shown in Table 1. Activi-
ties of respiratory chain enzymes [+ 111, IV, and V were
significantly (p < 0.01) lower in FD cells. Complex
IT+IIT—activity was not significantly reduced (p =0.05).
The activity of the mitochondrial marker enzyme cit-
ratesynthase was normal in both groups of cells. When
the activities of respiratory chain enzymes were norma-
lised to citratesynthase activities of complexes I+II1, IV,
and V were still significantly reduced in FD cells as com-
pared to controls (Table 2).

Assays of high-energy phosphates were carried out in
triplicate, variations between measurements from the same
sonicate as well as from the same cell line were similar to
determinations of respiratory chain enzyme activities. The
contents of ATP, ADP, AMP, and CP in the two different
cell preparations are summarized in Table 3. Compared

Activities of respiratory chain enzymes (nmol/min per mg protein) mean + SD

Complex I + 111 Complex II + III Complex IV Complex V Citrate-synthase
Controls (n = 10) 104 + 13 T+1 56+7 140 + 23 11+6
Fabry disease (n=4) 25" +11 4401 14"+ 6 48" +21 1042

*p <001
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Table 2
Activities of respiratory chain enzymes normalised to citratesynthase activities, mean + SD
Complex I + III/CS Complex IT + III/CS Complex IV/CS Complex V/CS
Controls (n=10) 100+1.8 0.5+0.2 47+£12 120+£32
Fabry disease (n =4) 26" +£13 0.440.1 217409 46 +£2.1
"p < 00l.
Table 3
Contents of ATP, ADP, AMP, and CP (nmol/mg protein) in control fibroblasts and cells from patients with Fabry disease (FD)
ADP AMP ATP CP
Controls FD Controls FD Controls FD Controls FD
n=12 n=4 n=12 n=4 n=12 n=4 n=12 n=4
Mean+SD 44424 31 £11 224£15 147£058 16261 156+50 108+54 87 +28
"p <001

with control cells the concentration of ATP was slightly
but not significantly reduced in FD cells (p=0.045).
Concentrations of ADP and AMP as well as CP were
significantly reduced (p < 0.01) in FD fibroblasts.

Discussion

In the present study we found reduced activities of
respiratory chain complexes in fibroblasts from patients
with FD, whereas the activity of the mitochondrial
marker enzyme was not altered compared to the control
group showing normal mitochondrial recovery. Cellular
content of protein was similar in FD- and control cells.
Furthermore, we found a decrease in energy-rich phos-
phates with ATP being mildly and ADP and CP being
profoundly reduced in FD fibroblasts. This indicates
that the reduced activities of respiratory chain com-
plexes are of relevance for energy production in the
intact cell. ATP-depletion was probably partially pre-
vented by an ATP-supply via CP which serves as an
‘energy buffer’ within the cell using the creatinekinase
reaction. The concept that mechanical deposition of
storage materials in FD is directly responsible for clini-
cal symptoms is probably simplistic. A compromised
mitochondrial energy supply via oxidative phosphoryla-
tion may play a role in the pathogenesis of organ dys-
function in patients with FD. Deficient cellular energy
supply may be directly responsible for impaired function
of most organs affected in FD, in the CNS, however,
‘secondary excitotoxicity’ (‘slow onset’ neurodegenera-
tion) via opening of NMDA-receptor associated ion
channels [22] may be involved.

Recently, we have found compromised mitochondrial
function in another lysosomal storage disease. It could be
demonstrated that the ATPsynthase activity was reduced
in fibroblasts from children with late-infantile and juve-
nile NCL [23]. Furthermore, we found anomalies in the
up-regulation of the mitochondrial ATPsynthase in

fibroblasts from children with the infantile form of NCL
as well as in an ovine model [5]. These findings were of
relevance in the intact cell as levels of high-energy phos-
phate compounds were altered in NCL-fibroblasts [6].

The reason for the reduction of respiratory chain
enzyme activities in FD, however, remains unclear.

An allosteric factor leading to decreased activities of
respiratory chain enzymes can be excluded as inhibition
was stable to dilution into large volumes during and
after sonication of cells. We rather suspect that hydro-
phobic storage material might change biophysical
properties of the inner mitochondrial membrane.
ATPsynthase has been shown to be actively regulated in
cultured human fibroblasts [10,24]. A regulatory element
is the naturally occurring inhibitor protein IF1 [25]
which binds to the ATPsynthase when the potential
across the inner mitochondrial membrane is decreased
[26]. The membrane potential may be decreased by
increasing the dielectric constant and/or decreasing the
thickness of the inner mitochondrial membrane or by
raising the permeability of the membrane. All these fac-
tors would promote binding of IF1 to the ATPsynthase
molecule which could explain decreased activity of com-
plex V in FD fibroblasts. ATPsynthase-regulation plays
an important role under physiological and pathophysio-
logical conditions [24]. Compromised activity of the
ATPsynthase may lead to secondary inhibition of other
respiratory chain complexes either by a lack of energy or
by accumulation of reactive oxygen species (ROS). On
the other hand, respiratory chain complexes are embed-
ded in the lipid milieu of the inner mitochondrial mem-
brane. Therefore, abnormal lipophilic storage material
in the inner mitochondrial membrane may directly
interact with respiratory chain complexes or alter struc-
tural proteins in the inner mitochondrial membrane.
This would result in an impaired electron flux across the
respiratory chain resulting in a decreased membrane
potential across the inner mitochondrial membrane.
Subsequently, IF1 would bind to the ATPsynthase
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leading to secondary inhibition of complex V [16].
Cardiolipin is the most abundant substance in the inner
mitochondrial membrane and may be qualitatively or
quantitatively altered by lipophilic storage material in
FD. It is not clear why the complex II + III activity is not
decreased to the same extent as the activities of com-
plexes I, IV, and V.

In a previous study it has been shown that isolated
mitochondria can be uncoupled and oxidative phos-
phorylation can be inhibited after incubation with lyso-
somal storage material in vitro [27]. These findings
would support our thesis of mitochondrial alteration in
FD.

Abnormal metabolites in blood and urine indicating
mitochondrial  dysfunction (e.g, hyperlactatemia,
increased lactate/pyruvate ratio, increased ketone bodies
and ketone body ratio, and dicarboxylic aciduria) have
not been reported in FD. This may be due to dilution if
only 1 or 2 organs are involved. Alternatively, it may be
reasoned that storage material is deposited in blood ves-
sels leading to a decreased washout of abnormal metab-
olites from affected organs.

Impaired mitochondrial energy supply is not an
unspecific finding in storage diseases as we have previ-
ously shown that respiratory chain enzymes are not
altered in fibroblasts from patients with sialidosis and
mucopolysaccharidosis VI [23], high-energy phosphate
levels were normal in fibroblasts from children with
Gaucher disease I and mucopolysaccharidosis VI [6].
Only selected storage materials may interfere with mito-
chondrial oxidative phosphorylation.

In conclusion we demonstrate impaired mitochon-
drial energy supply in skin fibroblasts from patients with
FD. Compromised mitochondrial function may play a
role in the pathogenesis of FD.
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