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ABSTRACT

Drug-induced lysosomal storage disease (DILSD) caused by cationic amphiphilic drugs (CADs), which exhibits
toxic manifestations and pathological findings mimicking Fabry disease (a-galactosidase A deficiency), has
attracted the interests of clinicians and pathologists. Although the affected region is lysosomes in both the dis-
eases, DILSD is characterized by intralysosomal accumulation of phospholipids and Fabry disease that of glo-
botriaosylceramide (Gb3) and globotriaosylsphingosine (Lyso-Gb3). However, it is unknown whether
administration of CADs affects the catabolism of Gb3 and Lyso-Gb3 in Fabry disease. In this study, we inde-
pendently administered hydroxychloroquine/amiodarone to wild-type and Fabry mice and examined the effects
of the drugs on the enzyme activity and substrates accumulated in organs and tissues. The results revealed that
the administration of the drugs induced accumulation of phosphatidylcholine in both the wild-type and Fabry
mice. However, reduction of a-galactosidase A activity in the organs and tissues of the wild-type mice was not
found, and the storage of Gb3 and Lyso-Gb3 was not accelerated by these drugs in the Fabry mice. This suggests
that hydroxychloroquine/amiodarone do not have any significant impact on the catabolism of Gb3 and Lyso-Gb3
in organs and tissues of both wild-type and Fabry mice.

1. Introduction

disorder without the childhood symptoms [1,2]. The clinical features of
Fabry females are heterogeneous, in general milder, according to

Fabry disease (OMIM 301500) is an X-linked genetic disease caused
by a deficiency of a-galactosidase A (a-Gal, EC 3.2.1.22) activity. The
enzymatic defect leads to impaired catabolism of sphingolipids, result-
ing in accumulation of globotriaosylceramide (Gb3) and globotriaosyl-
sphingosine (Lyso-Gb3) in lysosomes of various types of cells [1].
Classically affected males with Fabry disease have onset in childhood or
adolescence and exhibit acroparesthesia, angiokeratoma, hypohidrosis,
and corneal opacities. They develop life-threatening renal, cardiac and
cerebrovascuolar disorders in adulthood. Some atypical male patients,
who usually have residual a-Gal activity, develop a heart and/or renal

random X-chromosomal inactivation [3]. The pathological features of
biopsied tissues in Fabry patients are characteristic, exhibiting the ul-
trastructural appearance of lamellar inclusion bodies, zebra bodies,
myeloid bodies or concentric electron dense bodies in cells. The exis-
tence of such pathological findings had been thought to constitute strong
evidence that a patient had Fabry disease [1], although exceptional
cases, in which a significant Gb3 deposits could be observed in cardiac
tissue before the formation of inclusion bodies, have been reported,
suggesting the cardiomyocytes might be affected early on, before the
appearance of typical pathological changes during the disease
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progression [4].

Recently, acquired lysosomal storage diseases caused by cationic
amphiphilic drugs (CADs) including chloroquine/hydroxychloroquine
and amiodarone have attracted the interests of clinicians and patholo-
gists [5-7]. Chloroquine and hydroxychloroquine are antimalarial
drugs, and are also used for treatment of connective tissue diseases such
as systemic lupus erythematosus, cutaneous lupus erythematosus,
rheumatoid arthritis, and Sjogren syndrome, as an immunomodulator
[8,9]. On the other hand, amiodarone is an anti-arrhythmic agent for
treatment of ventricular and supraventricular arrhythmia that is difficult
to control with other drugs [10,11], and is sometimes used for Fabry
patients suffering from severe arrhythmia. It has been reported that
patients treated with these drugs sometimes exhibit toxic manifestations
and pathological findings that cannot be distinguished from those of
Fabry disease [12-26]. Furthermore, there is a report that a Fabry male
placed on amiodarone for treatment of arrhythmia developed acute
decompensated heart failure, although the heart failure resolved after
amiodarone was discontinued [27].

A drug-induced lysosomal storage disease (DILSD) caused by CADs is
characterized by the accumulation of phospholipids [5-7]. However, the
effects of CADs on the metabolism of sphingolipids, especially that on
the catabolism of Gb3 and Lyso-Gb3, are unclear. As there would be
cases in which chloroquine/hydroxychloroquine or amiodarone are
needed to treat patients with Fabry disease, it is important to determine
whether these drugs accelerate the storage of Gb3 and Lyso-Gb3, and
affect Fabry patients or not in order to avoid inappropriate treatment for
them.

In this study, we administered hydroxychloroquine/amiodarone
independently to wild-type and Fabry mice, and examined the effects of
these drugs on a-Gal activity and the contents of phosphatidylcholine
(PhC), as a representative phospholipid, Gb3, and Lyso-Gb3 in their
organs and tissues.

2. Material and methods
2.1. Reagents

Hydroxychloroquine sulfate and amiodarone hydrochloride
(Ancaron®) were purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan) and Sanofi Co., (Tokyo, Japan), respectively. PhC
(C24:0) was purchased from Wako Pure Chemical Co., Ltd. (Osaka,
Japan). 4-Methylumbelliferyl a-D-galactopyranoside and N-acetyl-D-
galactosamine were purchased from Calbiochem (La Jolla, CA) and
Sigma-Aldrich (St. Louis, MO), respectively. A mixture of various Gb3
isoforms, Gb3 (C17:0), and Lyso-Gb3 were purchased from Matreya LLC.
(Pleasant Gap, PA). Stable isotope-labelled Lyso-Gb3 having one '3C and
three deuterium atoms was synthesized by Nard Institute, Ltd. (Kobe,
Japan). All other reagents used in this study were of analytical grade.

2.2. Animals

Four-month-old male Gla-knockout (Fabry model) mice donated by
A.B. Kulkarni and T. Oshima (Gene Targeting Research and Core Facil-
ity, National Institute of Dental Research, National Institute of Health),
and C57BL/6 J wild-type ones were used for animal experiments in this
study. The study involving mice was approved by the Animal Care and
Use Committee of Meiji Pharmaceutical University.

2.3. Animal experiments

To examine effects of hydroxychloroquine and amiodarone on the
cabolism of Gb3 and Lyso-Gb3 in Fabry disease, 50 mg/kg body weight
of these drugs was independently administered intraperitoneally to
Fabry mice and wild-type ones every day for 14 days, the mice being
sacrificed on the day after the last injection. The mice were perfused
then with phosphate-buffered saline (PBS), pH 7.4. Then, their livers,
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kidneys and hearts were harvested, homogenized in 20 mmol/L MES
buffer, pH 6.0, containing cOmplete™ mini (Sigma-Aldrich), and used
for biochemical analyses. Each group consisted of four mice.

2.4. Protein determination

The protein concentrations of the homogenates were determined
with a Micro BCA protein assay kit (PIERCE, Rockford, IL), using bovine
serum albumin as the standard.

2.5. Measurement of PhC in livers of mice

To confirm the occurrence of phospholipidosis induced by hydrox-
ychloroquine/amiodarone, the contents of PhC isoforms in the liver of
mice were measured basically according to the method of Sanoh et al.
[28]. Briefly, the lipid fraction of a liver homogenate, containing PhC
(C24:0) as an internal standard (PhC IS), was extracted by adding
methanol:chloroform:water (2:2:1). Then, the chloroform layer was
separated by centrifugation, followed by second extraction with chlo-
roform. Then, the lower extracts were evaporated and the residue was
reconstituted in isopropanol:methanol (2:1). For liquid chromatography
(LC), a LC system (Shimadzu, Kyoto, Japan) and an Inertsil ODS-3 col-
umn (125 x 2.1 mm ID., 5 pm; GL Science Ltd., Tokyo, Japan) were
used. The mobile phases were mixtures of 0.1% formic acid (solvent A)
and methanol (solvent B) flowing at 300 pL/min at 40 °C. The gradient
conditions were as follows: 0-1.5 min, 70% B; 1.5-6.0 min, 70-100% B;
6.0-15.0 min, 100% B; 15.0-17.0 min, 100-70% B; and 17.0-20.0 min,
70% B for re-equilibration. For tandem mass spectrometry (MS/MS) to
detect PhC isoforms, an LCMS-8040 triple quadrupole mass spectrom-
eter (Shimadzu) equipped with an electrospray ionization interface was
used. The multiple reaction monitoring (MRM) transitions of the target
PhC isoforms (C32:0-C40:7) are shown in Table 1.

2.6. Measurement of a-Gal activity in organs and tissues of mice

a -Gal activity in organs and tissues in mice was measured by
assaying with an artificial substrate, as described previously [29]. Ten pl
of a tissue homogenate was mixed with the substrate solution
comprising 5 mmol/L 4-methylumbelliferyl a -D-galactopyranoside, as a
substrate, and 117 mmol/L N-acetyl-D-galactosamine, as an inhibitor of
o -galactosidase B (« -N-acetylgalactosaminidase), in 0.1 mol/L citrate-
phosphate buffer, pH 4.6, in a 1.5 mL micro-tube, followed by incuba-
tion at 37 °C for 30 min. Then, the reaction was stopped by adding 950
pL of 0.2 mol/L glycine buffer, pH 10.7. Then, the released 4-methylum-
beriferone was measured using a fluorometer (Varioskan LUX; Thermo

Table 1
The MRM transitions for PhCs, Gb3 isoforms and Lyso-Gb3.

Precursor ion [m/z]  Product ion [m/z]  Collision energy [v]

PhC (C24:0) IS  622.3 86.2 61
PhC (C32:0) 734.5 184.0 30
PhC (C34:1) 760.6 183.9 28
PhC (C36:2) 786.4 184.0 31
PhC (C36:4) 782.5 184.0 30
PhC (C38:0) 818.4 184.0 35
PhC (C38:3) 812.4 183.9 32
PhC (C40:7) 832.2 184.1 41
Gb3 (C16:0) 1046.7 884.6 66
Gb3 (C17:0)IS  1060.7 898.6 64
Gb3 (C18:0) 1074.7 912.6 71
Gb3 (C20:0) 1102.7 940.7 66
Gb3 (C22:0) 1130.8 968.7 67
Gb3 (C22:1) 1128.7 966.7 66
Gb3 (C24:0) 1158.8 996.7 70
Gb3 (C24:1) 1156.8 994.7 70
Gb3 (C240H) 1174.8 1012.7 69
Lyso-Gb3 786.5 282.4 39
Lyso-Gb3 IS 790.3 286.4 38
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Fisher Scientific, Waltham, MA) at excitation and emission wavelengths
of 365 nm and 450 nm, respectively.

2.7. Measurement of Gb3 and Lyso-Gb3 in organs and tissues of mice

The contents of Gb3 and Lyso-Gb3 in organs and tissues were
determined by LC and MS/MS, as described previously [30]. Briefly, for
extraction of Gb3 and Lys-Gb3 from organs and tissues, a 10 pL aliquot
of a homogenate was mixed with a 70 pL aliquot of chloroform:methanol
(1:2), and then a 10 pL aliquot of 5 pg/mL Gb3 (C17:0) (Gb31S) and a 10
pL aliquot of 500 nmol/L stable isotope-labelled Lyso-Gb3 (Lyso-Gb3 IS)
were added as the internal standards. The mixture was centrifuged and
the supernatant was transferred to a LC vial. For LC, an Unison UK-C8
column (20 x 3 mm ID., 3 pm; Imtakt Co.) was used, the column oven
being kept at 30 °C. Chromatographic separation was performed with a
binary gradient comprising a mobile phase of water containing 0.1%
acetic acid and 2 mmol/L ammonium acetate (solution A), and methanol
containing 0.1% acetic acid and 2 mmol/L ammonium acetate (solution
B). The gradient conditions were as follows: 0-0.5 min, 50-100% B;
0.5-5.5 min, 100% B; and 5.5-13 min, 50% B. The flow rate was 0.25
mL/min and the injection volume was 2 pL. Then, Gb3 isoforms and
Lyso-Gb3 in the samples were detected by MS/MS using a LCMS-8040
triple quadrupole mass spectrometer (Shimadzu) equipped with an
electrospray ionization interface in the positive-ion mode. The MRM
transitions for Gb3 isoforms and Lyso-Gb3 are shown in Table 1. The
total Gb3 contents of the organs and tissues were calculated from the
sums of the Gb3 isoforms.

2.8. Statistical analysis

Data are expressed as means + standard deviation (SD) [n: number of
trials]. The differences among the targeted groups were assessed by
means of Welch’s t-test, it being taken that there was a significant dif-
ference if p < 0.05.

3. Results

3.1. Levels of PhCs after administration of hydroxychloroquine/
amiodarone in livers of wild-type and Fabry mice

To examine the effects of hydroxychloroquine/amiodarone on the
metabolism of phospholipids in the livers of wild-type and Fabry mice,
the levels of PhC isoforms in their livers were measured by means of LC-
MS/MS, and the results are summarized in Fig. 1. When hydroxy-
chloroquine was administered, increases in the contents of PhC (C32:0),
PhC (C36:4), and PhC (C38:0), and those of PhC (C32:0), PhC (C34:1),
and PhC (C40:7) were observed in the wild-type and Fabry mice,
respectively, although the level of PhC (C36:2) in the
hydroxychloroquine-treated Fabry mice was decreased, compared with
in non-treated cases (treated vs. not treated, p < 0.05). The reason why it
decreased is unknown, but it was confirmed that the content of whole
PhC isoforms apparently increased in hydroxychloroquine-administered
Fabry mice compared with in non-treated cases. On the other hand,
when amiodarone was administered, increases in the contents of PhC
(32:0), PhC (C34:1), PhC (C36:4), and PhC (38:0), and those of PhC
(32:0), PhC (36:2), and PhC (38:3) were found in the wild-type and
Fabry mice, respectively (treated vs. not treated, p < 0.05).

3.2. a-Gal activity in organs and tissues of wild-type and Fabry mice after
administration of hydroxychloroquine/amiodarone

To examine the effects of hydroxychloroquine/amiodarone on a-Gal,
the enzyme responsible for Fabry disease, the enzyme activity in the
liver, kidneys, and heart of wild-type and Fabry mice was measured, and
the results are summarized in Table 2. The a-Gal activity in the organs
and tissues of both the wild-type and Fabry mice was not affected by the
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administration of the drugs (treated vs. not treated, p > 0.05), the wild-
type mice exhibiting sufficient a-Gal activity and the Fabry mice a
deficiency of it.

3.3. Contents of Gb3 and Lyso-Gb3 in organs and tissues of wild-type and
Fabry mice after administration of hydroxychloroquine/amiodarone

To examine the impact of hydroxychloroquine/amiodarone on the
metabolism of Gb3 and Lyso-Gb3 in various organs and tissues of wild-
type and Fabry mice, the contents of Gb3 and Lyso-Gb3 in the liver,
kidneys, and heart were measured by means of LC-MS/MS. The results of
the measurements are summarized in Table 3. The contents of Gb3 and
Lyso-Gb3 in the liver, kidneys, and heart of Fabry mice were apparently
higher than those in the wild-type ones (wild-type vs. Fabry, p < 0.05).
However, there were no statistical differences in the contents of Gb3 and
Lyso-Gb3 in the organs and tissues between the hydroxychloroquine/
amiodarone administered group and non-treated one (treated vs. not
treated, p > 0.05) in both the wild-type and Fabry mice.

4. Discussion

CADs including hydroxychloroquine/amiodarone have both a hy-
drophobic ring structure and a hydrophilic side chain with charged
cationic amines, being partly soluble in nonpolar solvents and partly
soluble in water. Due to these characteristics, they are incorporated into
various cells and induce accumulation of phospholipids such as PhC,
sphingomyelin, phosphatidylserine, and phosphatidylethanolamine in
lysosomes, leading to the formation of lamellar inclusion bodies [31]. As
the morphological findings and toxic manifestations are similar to those
in Fabry disease, DILSD caused by CADs sometimes leads to initial
erroneous interpretation of Fabry disease [22].

Although the molecular mechanism underlying CAD-induced phos-
pholipidosis remains to be resolved, it has been reported that CADs
directly inhibit the activities of phospholipases responsible for phos-
pholipid catabolism and bind to phospholipids, followed by the forma-
tion of a complex more resistant to degradation [6,31,32]. There have
also been reports that CADs inhibit the function of saposin B [33], an
activator of some lysosomal enzymes including o-Gal, and disturb
autophagy [34]. Furthermore, CADs are thought to cause redistribution
of mannose 6-phosphate receptors in cultured cells, resulting in
increased secretion and an intracellular decline of lysosomal enzymes
[35]. In cultured cells, CADs incorporated into cells from the culture
medium are integrated into the lysosomes, and increase the pH value,
leading to inhibition of lysosomal enzymes, especially a-Gal, although
their direct inhibitory effect on the enzymes is not so strong [36]. Ina-
gaki et al. reported that treatment of transformed endothelial cells with
chloroquine caused specific reduction of a-Gal activity in cultured cells
and treatment of cells with chloroquine and glycosphingolipid mixture
induced lamellar structures [37].

Thus, considering that both Fabry disease and DILSD caused by CADs
affect lysosomes and exhibit similar pathological findings, it is impor-
tant for clinicians involved in treatment of Fabry patients to know
whether hydroxychloroquine/amiodarone affect the metabolism of
glycosphingolipids including Gb3 and Lyso-Gb3 and thereby exacerbate
the disease or not.

In this study, we intraperitoneally administered hydroxy-
chloroquine/amiodarone to wild-type and Fabry mice, and measured
a-Gal activity and the contents of Gb3 and Lyso-Gb3 in their organs and
tissues. The doses of the drugs were determined according to the papers
describing experiments involving rats previously published [38-40].
According to a report by Kumamoto, et al. [40], administration of 50
mg/kg body weight of chloroquine induced pathological changes such
as inclusion bodies in the organs and tissues. The results of our experi-
ment confirmed that administration of hydroxychloroquine/amiodar-
one under experimental conditions induced accumulation of PhCs in the
liver in both the wild-type and Fabry mice. However, a decrease in a-Gal
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Fig. 1. Contents of PhC isoforms in the liver of the wild-type (a) and Fabry mice (b). The level of each PhC isoforms in the liver of the mice administered with
hydroxychloroquine/amiodarone is exhibited as a value (%) compared to that of the non-treated ones (controls). Gray column: not treated; white column: treated
with hydroxychloroquine; and black column: treated with amiodarone. Data are expressed as means + SD (n = 4), *treated vs. not treated, p < 0.05.
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Table 2
a-Gal activity in organs and tissues of wild-type and Fabry mice.
Wild-type [n = 4] Fabry [n = 4]
(nmol/h/mg/protein) (nmol/h/mg/protein)
Liver
Not treated 26+ 4 <1
Hydroxychloroquine 28+ 2 <1
Amiodarone 28 +3 <1
Kidneys
Not treated 17 +£1 <1
Hydroxychloroquine 17 +1 <1
Amiodarone 16 +1 <1
Heart
Not treated 440 <1
Hydroxychloroquine 441 <1
Amiodarone 3+0 <1

Data are expressed as means + SD.

Table 3
Contents of Gb3 and Lyso-Gb3 in organs and tissues of wild-type and Fabry mice.
Wild-type [n = 4] Fabry [n = 4]
Gb3 (ug/  Lyso-Gb3 Gb3 (pg/  Lyso-Gb3
2) (nmol/g) 2) (nmol/g)
Liver
Not treated 1.0 + 0.08 + 0.01 155 + 7.3+ 0.6
0.0 15
Hydroxychloroquine 1.0 + 0.06 + 0.01 145 + 6.7 + 0.3
0.0 12
Amiodarone 1.0 £ 0.06 + 0.01 169+ 9 7.6 £0.9
0.0
Kidneys
Not treated 15+3 0.08 + 0.01 165 + 2.0+03
12
Hydroxychloroquine 13 + 2 0.08 + 0.01 156 + 1.9+0.1
10
Amiodarone 14+1 0.09 £+ 0.02 160 + 21+0.2
16
Heart
Not treated 0.5+ 0.09 £+ 0.02 37+6 0.59 £ 0.11
0.0
Hydroxychloroquine 0.5 + 0.10 + 0.01 38+3 0.58 + 0.55
0.0
Amiodarone 0.5+ 0.08 + 0.01 40 £ 3 0.59 + 0.07
0.0

Data are expressed as means + SD.

activity in the organs and tissues of the wild-type mice was not found. As
it is known that hydroxychloroquine/amiodarone are essentially
catabolized in the liver via various metabolic pathways and excreted in
urine and feces (Japan Pharmaceutical Interview Form on hydroxy-
chloroquine sulfate/amiodarone hydrochrolide), these drugs may not be
concentrated in the lysosomes of cells of organs and tissues under
experimental conditions, different from in the case of cultured cells.
Recently, Breiden and Sandhoff [41] proposed intralysosomal
luminal vesicles (ILVs) as major platforms for degradation of lipids and
phospholipids. They reported that CADs possibly affect ILVs and thereby
inhibit the lysosomal degradation of major lipids, sphingolipids and
phospholipids although the resulting lysosomal storage is dominated by
the accumulation of phospholipids as their normal turnover exceeds that
of sphingolipids. The results of our experiments suggested that
hydroxychloroquine/amiodarone do not have any significant impact on
the catabolism of Gb3 and Lyso-Gb3, at least they did not induce ac-
celeration of the storage of Gb3 and Lyso-Gb3 in the organs and tissues
of Fabry mice, although it has not been completely determined whether
the defects of lysosomal functions induced by the CADs lead to pro-
gression of Fabry disease. More detailed analysis is required in future.
An Australian product information document on Replagal® (agalsi-
dase alfa, therapeutic recombinant human a-Gal produced in human
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fibroblasts, Shire, Lexington, MA) describes that this drug should not be
co-administered with chloroquine, amiodarone, benoquin or gentamicin
to Fabry patients who require treatment with these drugs because it has
the potential to inhibit intracellular a-Gal activity. As the next study, it is
necessary to examine whether CADs affect the therapeutic efficacy of
recombinant a-Gal or not.

This study has several limitations. First, it was performed to examine
the effects of CADs on organs and tissues using mice, as an experimental
target, not humans. Based on the results of this animal experiment, to
translate this evidence from animal experiment to humans, it will be
necessary to measure Gb3 and Lyso-Gb3 in clinical samples (i.e., blood
and urine) of Fabry patients treated with hydroxychloroquine and
amiodarone in the future. Second, the experiments were performed
under the fixed conditions (i.e., doses and method of administration of
the drugs) described. Third, we focused on the effect of CADs on the
catabolism of Gb3/Lyso-Gb3 in the organs and tissues in this study.
Additional biochemical and functional experiments are required to
determine the influence of the drugs on Fabry disease.

5. Conclusion

In this study, we examined the impact of administration of hydrox-
ychloroquine/amiodarone on the content of PhC in the liver, and the
a-Gal activity and contents of Gb3/Lyso-Gb3 in the liver, kidneys, and
heart of wild-type and Fabry mice. The results revealed that these drugs
induced phospholipidosis but did not cause reduction of the a-Gal ac-
tivity in the wild-type mice or acceleration of Gb3/Lyso-Gb3 accumu-
lation in the organs and tissues of Fabry mice.
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