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Fabry disease is a lysosomal storage disorder caused by
an a-galactosidase A (a-Gal A) deficiency and resulting
in the accumulation of glycosphingolipids, predomin-
antly globotriaosylceramide (Gb3). A transgenic
mouse expressing the human a-Gal A R301Q mutant
in an a-Gal A-knockout background (TgM/KO) should
be useful for studying active-site-specific chaperone
(ASSC) therapy for Fabry disease. However, the Gb3
content in the heart tissue of this mouse was too low to
detect an ASSC-induced effect. To increase the Gb3
levels in mouse organs, we created transgenic mice
(TgG3S) expressing human a1,4-galactosyltransferase
(Gb3 synthase). High levels of Gb3 were observed in
all major organs of the TgG3S mouse. A TgG3S
(þ/�)M(þ/�)/KO mouse was prepared by cross-
breeding the TgG3S and TgM/KO mice and the Gb3
content in the heart of the TgG3S(þ/�)M(þ/�)/KO
mouse was 1.4mg/mg protein, higher than in the
TgM(þ/�)/KO (50.1 mg/mg protein). Treatment
with an ASSC, 1-deoxygalactonojirimycin, caused a
marked induction of a-Gal A activity and a concomi-
tant reduction of the Gb3 content in the TgG3S(þ/�)
M(þ/�)/KO mouse organs. These data indicated that
the TgG3S(þ/�) M(þ/�)/KO mouse was suitable for
studying ASSC therapy for Fabry disease, and that the
TgG3S mouse would be useful for studying the effect of
high Gb3 levels in mouse organs.

Keywords: active-site-specific chaperone therapy/
Fabry disease/globotriaosylceramide/mouse model.

Abbreviations: A4GalT, a1,4-galactosyltransferase;
ASSC, active-site-specific chaperone; a-Gal A,
a-galactosidase A; DGJ, 1-deoxygalactonojirimycin;
Gb3, globotriaosylceramide (Gala1,4Galb1,
4Glc-Ceramide); GLAko mouse, a-Gal A knockout
mouse; Gb4, globotetraosylceramide; G3Stg/GLAko
mouse, transgenic mouse expressing human Gb3
synthase in a-Gal A knockout background; G3S/
COS-7 cells, COS-7 cells expressing human Gb3
synthase; HPTLC, high-performance thin-layer
chromatography; LacCer, lactosylceramide; PBS,
phosphate-buffered saline; Stx1B, Shiga toxin 1
B-subunit; TgM/KO mouse, transgenic mouse
expressing human mutant R301Qa-Gal A in a-Gal A
knockout background; TgG3S mouse, transgenic
mouse expressing human Gb3 synthase; TgG3S
(þ/�)M(þ/�)/KO mouse, transgenic mouse
expressing human Gb3 synthase and mutant
R301Qa-Gal A in a-Gal A knockout background.

Fabry disease is an X-linked recessive disease caused by
insufficient activity of lysosomal a-galactosidase A
(a-Gal A, EC 3.2.1.22), an enzyme responsible for the
catabolism of glycosphingolipids, predominantly glo-
botriaosylceramide (Gb3) (1). Patients with Fabry
disease show diverse clinical manifestations caused by
generalized vasculopathy—pain in the extremities,
hypohidrosis, angiokeratoma, corneal opacity, ischae-
mic heart disease, progressive nephropathy and cere-
brovascular disease (2). Approximately 60% of the
mutations reported in patients with Fabry disease are
missense mutations in the a-Gal A gene. Although
many products encoded by these missense mutations
have normal catalytic properties, they also have low
thermostability and degrade rapidly after their synthe-
sis in the endoplasmic reticulum (ER) (3�5). A novel
therapeutic strategy for the treatment of Fabry disease,
which uses competitive inhibitors of a-Gal A as
active-site-specific chaperones (ASSCs), has been sug-
gested (6�8). The normal folding of those missense
mutant enzymes can be restored by ASSC treatment,
thus preventing excessive ER-associated degradation
and improving the transport of the mutant enzyme to
the lysosomes (4). Cultivation of patients’ cells with an
ASSC of a-Gal A [e.g. 1-deoxygalactonojirimycin
(DGJ)] at low concentrations resulted in a substantial
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increase in both residual enzyme activity and the
amount of intracellular enzyme protein (4, 6, 9).

A mouse line deficient in a-Gal A (GLAko mice)
was established in 1997 by disruption of the murine
a-Gal A gene (10). Despite the accumulation of Gb3
in Fabry disease-relevant organs of the GLAko mice,
the mice were clinically normal and had a typical life
span. These mice have served as an excellent model for
studies on enzyme replacement therapy (11), gene
therapy (12�14) and substrate reduction therapy (15),
wherein the increased a-Gal A activity and reduced
Gb3 accumulation were primary objectives. However,
this mouse model is not suitable for studying ASSC
therapy, which requires the expression of a human
mutant enzyme. In a previous report (16), we estab-
lished a homozygous transgenic mouse in a murine
a-Gal A knockout background (TgM/KO mouse) by
crossbreeding a TgM mouse expressing the human
a-Gal A R301Q mutant (17) in GLAko mice. Like
the GLAko mouse, the TgM/KO mouse does not
exhibit a disease phenotype, however these mice do
express human mutant a-Gal A and serve as an excel-
lent biochemical model for studying ASSC (18).
Heterozygous TgM/KO mice show a lower a-Gal A
activity than the homozygotes, and Gb3 accumulates
in the kidney of the heterozygous mouse, but not in the
heart, which is affected in Fabry disease (16).

The purpose of this study was to establish a trans-
genic mouse that expressed high levels of Gb3 as well
as the human mutant a-Gal A enzyme in heart tissue,
which would permit us to assess the effect of ASSC
(enhancement of a-Gal A activity and decrease in
Gb3 accumulation) in the heart. Here, in order to in-
crease cardiac Gb3 production, we simply overex-
pressed human a1,4-galactosyltransferase [A4GalT,
Gb3 synthase (G3S, EC 2.4.1.228)] to obtain the
TgG3S mouse line. We confirmed that these mice ex-
pressed high levels of Gb3 in their major organs, and
then bred them with the TgM/KO mice to obtain
TgG3S(þ/�)M(þ/�)/KO mice. Here we report the
characterization and potential usefulness of this new
mouse line.

Materials and Methods

Establishment of a stable transformant expressing A4GalT
in COS-7 cells and A4GalT-overexpressing
transgenic mice (TgG3S)
The human Gb3 synthase (G3S) cDNA containing the full-length
coding sequence and an EcoRI site at both ends was prepared by
polymerase chain reaction (PCR) using a PhusionTM High-Fidelity
PCR Kit [New England BioLabs (NEB), Ipswich, MA, USA]. The
cDNA for a1,4Gal-TpVTR1 (19) was the template, and the primer
sequences were 50-TGGGAATTCCATGTCCAAGCC-30 and
50-GGGGAATTCACAAGTACATTTTCATGGC-30. The 1.1-kb
PCR product was purified with a PCR Purification Kit (QIAGEN
K.K., Japan) and digested with EcoRI (NEB). The digested cDNA
was subcloned into the EcoRI site of expression vector pCXN2 (20),
and the product was designated as pCXN2-G3S. For the prepar-
ation of the stably transformed G3S/COS-7 cells, pCXN2-G3S
was linearized with HindIII (NEB) and then transfected into
COS-7 cells with the FuGENETM6 transfection reagent (Roche
Molecular Biochemicals, Basel, Switzerland), according to the
manufacturer’s protocol. Stably transformed G3S/COS-7 cells were
selected by growing them in culture medium containing 400mg/ml of
G418 (Sigma, St Louis, MO, USA) for 4 weeks.

A DNA fragment comprising a mammalian expression unit and
the human Gb3 synthase cDNA was prepared by digesting the
pCXN2-G3S with SalI and BamHI (NEB). A fragment that was
�3.5 kb was isolated by agarose gel electrophoresis and purified by
a Gel Extraction Kit (QIAGEN). A transgenic mouse (TgG3S) ex-
pressing human Gb3 synthase was generated by injecting the DNA
fragments into the pronuclei of fertilized eggs taken from superovu-
lated C57BL/6J Jms female mice, and the embryos were implanted
into pseudopregnant Jcl:MCH mice, as described previously (21).
Transgenic founder mice were identified by PCR with a primer set
(50-ATTGTTCTCAAGAACCTGCG-30 and 50-ATTTGTGAGCC
AGGGCATTG-30). A transgene fragment was confirmed as a
single 548-bp band on agarose gel electrophoresis. To generate an
animal model exclusively expressing both human G3S and human
mutant a-Gal A in an endogenous GLA knockout background
[TgG3S(þ/�)M(þ/�)/KO mice], we first prepared a mouse line
overexpressing the human G3S transgene in an a-Gal A knockout
background (G3Stg/GLAko) by crossbreeding male TgG3S mice
and homozygous female GLAko mice (since GLA is located on the
X chromosome). After the G3Stg/GLAko mouse line was estab-
lished, TgM/KO and G3Stg/GLAko mice were crossbred to obtain
TgG3S(þ/�)M(þ/�)/KO mice.

Determination of A4GalT mRNA expression in mouse tissues
The A4GalT mRNA expression of the transgene (human A4GalT)
was determined by a reverse transcriptase (RT)-PCR using Takara
RNA PCR Kit (AMV) Ver.3.0 (Takara Bio Inc., Shiga, Japan). The
total RNA samples from tissues of wild-type and transgenic mice
were prepared with RNAiso (Takara Bio Inc.), and the RNA con-
centrations were determined by absorbance at 260 nm. The RT
reaction was performed at 30�C for 10min, and then at 42�C for
15min, followed by incubation at 99�C for 5min. PCR amplification
was performed using the following conditions: initial denaturation
(94�C, 5min) followed by 30 cycles of denaturation at 94�C for 30 s,
annealing at 58�C for 30 s, elongation at 72�C for 30 s and further
elongation at 72�C for 2min. The DNA fragment (409 bp), which
contained a sequence that is highly conserved between the mouse
and human A4GalT genes, was amplified with primers 50-GGCATC
TC(A/T)CTTCTGAGCTG-30 and 50-GGATGGAACACCACTTC
TTG-30. PCR products were run on a 2% agarose gel, stained
with ethidium bromide and photographed. The glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) gene was used as an expres-
sion control gene as described previously (22).

Administration of DGJ to TgG3S(þ/�)M(þ/�)/KO mice
TgG3S(þ/�)M(þ/�)/KO mice were supplied with fresh tap water
ad libitum and rodent pellets. DGJ (Toronto Research Chemicals,
Toronto, Canada) was administrated to one group of female
TgG3S(þ/�)M(þ/�)/KO mice in tap water as a DGJ aqueous
solution without any other substances. After 4 weeks, the animals
were sacrificed and the organs were quickly removed and rinsed with
phosphate-buffered saline (PBS). Tissue homogenates were subjected
to enzyme assays and lipid extraction.

Assay of enzyme activity and protein content
All samples were kept on ice and processed as rapidly as possible.
Approximately 10% (w/v) tissue homogenates were prepared in
water using a micro-homogenizer (Physcotron, Niti-on Inc., Chiba,
Japan). The supernatant obtained from the homogenate after cen-
trifugation at 10,000g for 5min was used in the enzyme assays. The
a-Gal A activity was assayed with 4-methylumbelliferyl a-D-galacto-
side (Sigma) as the substrate and N-acetyl-D-galactosamine (75mM)
as the inhibitor for a-N-acetylgalactosaminidase in 0.1M sodium
citrate buffer (pH 4.6) as described previously (16). The protein con-
centration was determined using a DC Protein Assay kit (Bio-Rad
Laboratories, Hercules, CA, USA) with bovine serum albumin as
the standard.

Detection of neutral and acidic glycosphingolipids by
thin-layer chromatography analysis
Glycosphingolipids were extracted from cultured cells and mouse
tissues and were analysed as described previously (14), with some
modifications. Crude lipids were extracted from cultured cells
(eq. to 1mg of protein) and tissue homogenates (eq. to 5mg of
protein), using a mixture of chloroform :methanol (2 : 1, v/v).
Glycosphingolipids were dried under a stream of nitrogen.
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The dried samples were dissolved in chloroform :methanol : water
(30 : 60 : 8, v/v) and applied to a TOYOPEARL DEAE-650 column
(Tosoh Corporation, Tokyo, Japan). The column was washed with
chloroform :methanol : water (30 : 60 : 8, v/v). The pass-through frac-
tion was pooled for the preparation of neutral glycosphingolipids.
The acidic glycosphingolipids including gangliosides were eluted
with chloroform :methanol : 0.8 M sodium acetate (30 : 60 : 8, v/v),
and they were desalted with Sep-Pak C18 reverse-phase cartridge
(Waters, Milford, MA, USA) and then analysed by thin-layer chro-
matography (TLC). The neutral glycosphingolipids fraction was
dried, and then subjected to mild alkaline treatment with 1ml of 0.1
N NaOH in methanol at 40�C for 2 h. After neutralizing the solution
with glacial acetic acid, glycosphingolipids were further subjected to
the Folch’s partition (choloroform :methanol :H2O, 8 : 4 : 3 in v/v/v),
recovered in the lower phase, and then quantitatively applied to TLC
plates. TLC analyses were performed with HPTLC-Silica gel 60 plates
(Merck & Co., Inc., Whitehouse Station, NJ, USA) using a solvent
system of chloroform :methanol : water (60 : 35 : 8, v/v/v) and
chloroform :methanol : 0.2% CaCl2 (60 : 35 : 8, v/v/v) for the
separation of neutral and acidic glycosphingolipids, respectively.
Glycosphingolipids were detected by spraying the plate with
orcinol-sulphuric acid reagent, and heating the plate at 110�C. The
Gb3 from porcine erythrocytes was purchased from Nakalai Tesque
(Kyoto, Japan), and other glycosphingolipid standards were pur-
chased from Wako Pure Chemicals (Osaka, Japan). The ganglioside
standards from bovine brain (GM1, GM2 and GM3) were purchased
from Wako.

Binding assay
The Stx1B binding assay was performed as described previously (23),
with some modifications. After glycosphingolipids were separated by
TLC as described above, a TLC plate was sunk in a 0.4% polyiso-
butylmethacrylate (GlycoTech, Rockville, MD, USA) solution
(2.5% polyisobutylmethacrylate in chloroform was diluted to 0.4%
with hexane) and then blocked with 1% bovine serum albumin in
PBS (BSA-PBS). The plate was incubated with 2.5 mg/ml of Stx1B in
BSA-PBS at room temperature for 20min and washed with PBS.
After incubation with 7.0 mg/ml of anti-Stx1B polyclonal antibody
(produced in rabbits with purified Stx1B) for 20min the plate was
washed with PBS. After further incubation with horseradish
peroxidase-conjugated anti-rabbit IgG (Pierce Chemical, Rockford,
IL, USA) at room temperature for 20min and the following
final washing, Stx1B-binding was visualized with an enhanced
chemiluminescent substrate (Pierce).

Immunoelectron microscopy
The G3S/COS-7 cells were cultured with or without 10mM DGJ for
4 days, then fixed in 2% glutaraldehyde in 0.2M phosphate buffer
(pH 7.4) for 3 h; they were then further incubated in 1% osmium
tetraoxide for 2 h, dehydrated in ethanol and embedded in Epok 812.
Immunoelectron microscopy was performed as described previously
(24). In summary, each thin section was briefly microwaved in
Target Retrieval Solution, pH 10 (DAKO, Carpinteria, CA, USA)
and then incubated for 30min at room temperature with Stx1B
(2.5 mg/ml). After being washed with Wash Buffer [50mM
Tris�HCl (pH 7.6) containing 0.8% NaCl and 0.1% BSA], the ultra-
thin section was incubated with anti-Stx1B antibody (7 mg/ml). After
another wash, the section was incubated with gold-conjugated goat
anti-rabbit IgG. The section was then washed again, stained with
uranyl acetate and lead citrate, and examined using a transmission
electron microscope (JEM-1200EXII, JEOL, Akishima, Tokyo,
Japan).

Results

Establishment of TgG3S mice
First, we prepared a stable transformant COS-7 cell
line expressing Gb3 synthase (G3S/COS-7 cells) to
confirm that the expression construct prepared in our
present study could increase intracellular Gb3 content.
We extracted neutral glycosphingolipids from the cells
and quantitated them by high performance TLC
(HPTLC) (Fig. 1). The Gb3 and globotetraosylcera-
mide (Gb4) levels in the G3S/COS-7 cells were

markedly higher than those in the parental COS-7
cells or in a control line transformed with only the
empty vector. The content of lactosylceramide
(LacCer) in the G3S/COS-7 cells was lower than it
was in the COS-7 cells, indicating that the expression
product from the A4GalT gene in our construct cata-
lysed the construction of Gb3 from LacCer.

A mouse line expressing the A4GalT gene (TgG3S)
was generated by injecting the DNA fragment into the
pronuclei of fertilized mouse ova taken from C57BL/
6J female mice. A marked increase in the expression of
the A4GalT gene in heart, kidney, liver, spleen, small
intestine, brain, lungs and muscle of the TgG3S mice
compared with wild-type C57BL/6J mice was observed
by RT-PCR (Fig. 2A). High levels of Gb3 synthase
expression resulted in an increase in Gb3 levels of all
organs examined in this study (Fig. 2B). A glycosphin-
golipid band (possibly galabiosylceramide) with an Rf
value similar to that of LacCer by HPTLC was also
increased in the kidney and brain of the TgG3S mouse.
No change was observed in the content of acidic glyco-
sphingolipids including gangliosides in organs of
TgG3S mice (data not shown). The TgG3S mouse
line did not show any clinical phenotype and had a
typical life span.

Preparation of TgG3S(þ/�)M(þ/�)/KO mouse line as
a model mouse for ASSC therapy
To study the effect of ASSC on Gb3 content in the
heart, we tried to increase the cardiac Gb3 content of
the TgM/KO mouse by introducing the G3S-
overexpressing transgene. The TgG3S(þ/�)M(þ/�)/
KO mouse was created by crossbreeding the G3Stg/
GLAko mouse and the TgM/KO mouse. The Gb3
content in the TgG3S(þ/�)M(þ/�)/KO heart and
kidney was determined and compared with that in

Fig. 1 Neutral glycosphingolipids in stably transformed G3S/COS-7

cells. Neutral glycosphingolipids were extracted from cell hom-
ogenates (containing 1mg protein), as described in ‘Materials and
Methods’ section. Glycosphingolipids were visualized with
orcinol-sulphuric acid reagent. Lane 1, intact COS-7 cells; lane 2,
mock transfection; lane 3, stable transformant G3S/COS-7 cells.
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wild-type C57BL/6J, TgG3S(þ/�) and TgM(þ/�)/KO
mice (Fig. 3). A Gb3 level as high as that of the TgG3S
mice (1.3� 0.3 mg/mg protein) was observed in
the heart of the TgG3S(þ/�)M(þ/�)/KO mice
(1.1� 0.3 mg/mg protein) (Fig. 3A). Furthermore,
when we probed the HPTLC plate with Shiga toxin 1
B-subunit (Stx1B), which selectively binds Gb3, we did
not detect Gb3 in the heart tissue of mouse lines that
did not express the A4GalT transgene (i.e. wild-type
and TgM(þ/�)/KO mice) (Fig. 3C). In contrast, Gb3
was detectable in kidney tissue of all the mouse lines,
and a slight increase was observed in the lines express-
ing the A4GalT transgene (Fig. 3B, D and F). The
A4GalT transgene did not change the a-Gal A activity
in either the heart or kidney (Fig. 3G and H). Marked
increase in Gb3 content was detected in the heart and

kidney by the expression of Gb3 synthase, however no
abnormality was observed in the histological examin-
ation of both organs from TgG3S(þ/�)M(þ/�)/KO
mouse (data not shown).

Age-related increase in the kidney Gb3 content in
TgG3S(þ/�)M(þ/�)/KO mice
The Gb3 content in the kidney of both the TgM(þ/�)/
KO and the TgG3S(þ/�)M(þ/�)/KO mice increased
�3-fold between 5 and 10 weeks of age (Fig. 4A and
B). In contrast, neither the Gb3 content in the heart
nor the a-Gal A activity in the heart or kidney changed
during this time (Fig. 4B�D). These data showed that
we needed to use age-matched TgG3S(þ/�)M(þ/�)/
KO mice to determine the effect of DGJ on Gb3 con-
tent in the kidney. Because the change in the Gb3 con-
tent in the kidney changed relatively little between
10 and 15 weeks of age, we used mice in this age
range to study the effects of DGJ treatment.

Effect of 0.05 mM DGJ treatment on Gb3 content in
heart and kidney of TgG3S(þ/�)M(þ/�)/KO mice
DGJ was administrated to TgG3S(þ/�)M(þ/�)/KO
mice in their water as a 0.05mM solution, available
ad libitum, for 4 weeks. Based on the daily water con-
sumption, the DGJ dosage was calculated to be
�3mg/kg body weight/day. In the heart tissues of
TgG3S(þ/�)M(þ/�)/KO mice after treatment with
DGJ, a 0.69-fold decrease in Gb3 content
(1.44� 0.38 and 0.99� 0.40 mg/mg protein in control
and DGJ-treated mice, respectively) was observed,
along with a 5.4-fold increase in a-Gal A activity
(24.7� 7.6 and 133.0� 24.9 unit/mg protein in control
and DGJ-treated mice, respectively) (Fig. 5). Likewise,
the Gb3 content of the kidney tissue decreased
0.61-fold (6.56� 1.33 and 3.97� 0.57mg/mg protein
in control and DGJ-treated mice, respectively), and
the a-Gal A activity in the kidney increased 4.4-fold
(6.4� 3.1 and 28.0� 2.8 unit/mg protein in control and
DGJ-treated mice, respectively) after treatment. These
data indicate that the enhancement of the mutant
a-Gal A activity by treatment with DGJ reduced the
Gb3 content of the heart as well as the kidney, and that
the TgG3S(þ/�)M(þ/�)/KO mouse line is a useful
mouse model for the study of ASSC treatment in
Fabry disease-relevant organs.

Inhibitory effect of high-concentration DGJ on a-Gal A
activity causes Gb3 accumulation in G3S/COS-7 cells
To determine the critical concentration of DGJ
required to reduce the Gb3 accumulation of mamma-
lian cells, G3S/COS-7 cells were cultured in DGJ
(0�10mM)-supplemented medium for 4 days.
Significant Gb3 accumulation was observed in cases
where DGJ dosage was41mM (Fig. 6A and B). As
an explanation, we found that DGJ decreased the
intracellular a-Gal A activity at these higher concen-
trations, although it slightly increased the a-Gal A
activity at 10 mM DGJ, by the ASSC effect (Fig. 6C).

To confirm that the Gb3 accumulated in the lyso-
somes of the G3S/COS-7 cells, an immunoelectron
microscopic study was conducted using the Stx1B
and anti-Stx1B polyclonal antibodies to label the

Fig. 2 Expression of A4GalT gene and glycosphingolipids in tissues of

TgG3S mice. A human G3S-overexpressing mouse line was prepared
as described in ‘Materials and Methods’ section. (A) The expression
of A4GalT mRNA was determined by RT�PCR analysis with a
primer set that can amplify both mouse and human genes. The
glyceraldehyde phosphate dehydrogenase (GAPDH) gene was
amplified as an internal control. (B) Neutral glycosphingolipids
were extracted from tissue homogenates (containing 5mg protein)
prepared from age-matched TgG3S and wild-type mice and
applied to HPTLC, as described in the legend to Fig. 1.

C. Shiozuka et al.

164

 at C
hanghua C

hristian H
ospital on Septem

ber 26, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Gb3 (Fig. 6D and E). The number of gold particles in
each lysosome was markedly increased in the samples
treated with 10-mM DGJ, indicating that the Gb3 had
accumulated in them.

Administration of DGJ at high concentrations to
TgG3S(þ/�)M(þ/�)/KO mice
To elucidate whether high concentrations of DGJ
would also cause Gb3 accumulation in mouse tissues,

Fig. 3 Characterization of TgG3S(þ/�)M(þ/�)/KO mouse line. Gb3 content and a-Gal A activity in heart (A, C, E, and G) and kidney (B, D,
F, and H) tissue from 10-week-old TgG3S(þ/�)M(þ/�)/KO mice were compared to those from age-matched mice from other lines. In (A�H),
the lanes and columns show results from the following genotypes: 1, wild-type; 2, TgG3S(þ/�); 3, TgM(þ/�)/KO; 4, TgG3S(þ/�)M(þ/�)/KO.
The neutral glycosphingolipids were extracted and visualized with orcinol-sulphuric acid reagent (A and B) or by Stx1B-binding (C and D). The
Gb3 content (E and F) and a-Gal A activity (G and H) were determined as described in ‘Materials and Methods’ section.
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TgG3S(þ/�)M(þ/�)/KO mice (three 10-week-old
female mice for each group) were treated with DGJ
at 5-fold (0.25mM) and 25-fold (1.25mM) higher con-
centrations than in the original experiment, for
4 weeks. No significant increase in Gb3 content
either in heart or kidney tissue was observed after
treatment with DGJ at high concentrations, and the
low level of Gb3 in the TgG3S(þ/�)M(þ/�)/KO
mouse tissues (�1.0 and 3.7 mg/mg protein in heart
and kidney, respectively) was maintained (Fig. 7A

and B), compared to that of age-matched
G3Stg/GLAko mice (14 and 38 mg/mg protein in
heart and kidney, respectively), which have no a-Gal
A activity in their organs. Likewise, DGJ increased
a-Gal A activity dose-dependently in the heart and kid-
ney of the TgG3S(þ/�)M(þ/�)/KO mice (Fig. 7C and
D). These data indicated that at least a 25-fold higher
DGJ concentration (75mg/kg body weight/day) may
be safe for the treatment of patients with Fabry
disease.

Fig. 4 Developmental changes in Gb3 content and a-Gal A activity in mouse heart and kidney. The Gb3 content and a-Gal A activity in the heart
and kidney of TgM(þ/�)/KO (A and C) and TgG3S(þ/�)M(þ/�)/KO mice (B and D) were determined at the indicated ages, as described in
‘Materials and Methods’ section. Each bar represents the means� SD of data from three or four mice.

Fig. 5 Effect of DGJ treatment on Gb3 content and a-Gal A activity in TgG3S(þ/�)M(þ/�)/KO mice. DGJ (0.05mM) was administrated to
10-week-old TgG3S(þ/�)M(þ/�)/KO mice in their drinking water for 4 weeks. The dosage of DGJ was estimated to be 3mg/kg/day. Six female
mice each were used in the DGJ-treated (dark-coloured bar) and control (light-coloured bar) groups. The Gb3 content (A) and a-Gal A activity
(B) in the heart and kidney were determined as described in ‘Materials and Methods’ section. The statistical significance of the difference was
determined by Student’s t test. *P50.05, **P50.01.
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Discussion

To increase the Gb3 content in mouse tissues, we tried
overexpressing human Gb3 synthase in them. Since
high Gb3 content was observed in tissues of the
TgG3S mouse compared with wild-type mouse
organs (Fig. 2), Gb3 synthase may be a critical
enzyme for the synthesis of Gb3 in mouse organs, par-
ticularly in the heart and small intestine, where the
increase was greatest. The increase in the tissue Gb3
level was determined by the binding of Stx1B (Fig. 3),
which selectively binds Gb3 (25, 26). The effect of
G3S-overexpression on Gb3 content was greater in
the heart than in the kidney, indicating that Gb3 syn-
thase is expressed at low levels in wild-type mouse
heart. The absence of Gb3 in the TgM/KO mouse
heart was caused not only by its low expression of
the Gb3 synthase gene, but also by the high activity
of the mutant a-Gal A. However, the G3S-stimulated
Gb3 production outstripped Gb3’s decomposition
by a-Gal A activity in the heart of the TgG3S
(þ/�)M(þ/�)/KO mouse, leading to the accumulation
of Gb3 (even though the Gb3 content was still lower
than it was in the kidney).

We did not identify the neutral glycolipid, which has
a similar Rf value to that of LacCer on HPTLC and
which increased in the kidney and brain tissues in
response to G3S-overexpression. However, it may
be galabiosylceramide (Gala1,4Gal-Cer), since this
glycolipid can be made by Gb3 synthase (19), and

galactosylceramide (Gal-Cer) is produced in the
kidney as well as in the brain (27).

The kidney Gb3 level increased with age in both
TgM(þ/�)/KO and TgG3S(þ/�)M(þ/�)/KO mice
(Fig. 4). However, the a-Gal A activity was not changed
in kidney tissue by the additional expression of
the Gb3 synthase gene, and an increase in the kidney
Gb3 level with age was also reported in GLAko mice
(28), indicating that the age-related Gb3 accumulation
in the kidney is not caused by a decrease in the catab-
olism of Gb3. Although the mechanism by which
kidney Gb3 levels increase with age is unknown, these
findings meant that we had to use age-matched mice
to determine the ASSC effect on the kidney Gb3 level.

After successfully increasing the heart Gb3 level in
mice, we were able to examine the ASSC effect of DGJ
on Gb3 content in the heart tissue of TgG3S(þ/
�)M(þ/�)/KO mice. A significant reduction of Gb3
in the heart was observed following treatment with
0.05mM DGJ for 4 weeks, indicating that TgG3S(þ/
�)M(þ/�)/KO mice are a useful animal model for
determining the effect of ASSC therapy. A recent
report on ASSC by Khanna et al. (29) using model
mice also demonstrated that treatment with DGJ
decreases the Gb3 level in the mouse heart. Although
they used the same human mutant a-Gal A (R301Q)
cDNA for the preparation of a model mouse, their
strategy was very different from ours. Their mouse
model, which shows Gb3 accumulation in heart

Fig. 6 Treatment of G3S/COS-7 cells with high-concentration DGJ. G3S/COS-7 cells were cultured for 4 days in high-glucose DMEM medium
containing 10% foetal bovine serum with different concentrations of DGJ. After cells were rinsed with PBS, cells were harvested with PBS by a
plastic scraper, and collected by centrifugation (3000g, 5min). The cell pellet was homogenized with water and used for the determination of Gb3
content and a-Gal A activity. In (A), HPTLC analysis of Gb3 and Gb4 was visualized by orcinol-sulphuric acid reagent. The values of Gb3
content (B) and a-Gal A activity (C) are the means� SD from three cultures. The statistical significance of the difference was determined by
Student’s t test; *P50.05 versus DGJ-free culture. In (A, B and C), lanes and columns are the same, and 1, DGJ-free control culture; 2, 1mM
DGJ; 3, 10 mM DGJ; 4, 100mM DGJ; 5, 1mM DGJ; 6, 10mM DGJ. The accumulation of Gb3 in lysosomes was determined by Stx1B-binding
immunoelectron microscopic study in DGJ-free (D) and 10mM DGJ-treated G3S/COS-7 cells (E). The ultrathin sections were incubated with
Stx1B, then with anti-Stx1B polyclonal antibody, followed by immunogold labeling. Typical gold particles are pointed out by arrows.
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tissues, was prepared by reducing the expression level
of the mutant a-Gal A gene by using the human GLA
promoter—which is a very weak promoter— instead of
the stronger CAG (cytomegalovirus immediate-early
enhancer/chicken b-actin hybrid) promoter. In con-
trast, we prepared a mouse model overexpressing
both Gb3 synthase and the mutant a-Gal A genes.
Our study confirmed the work of Khanna et al. (29)
by reproducing their findings on the effect of DGJ in
the heart, in a different mouse model. Although the
effect of ASSC on Gb3 content can be determined in
our mice and mice reported by Khanna et al. (29), the
benefit of our mice is to be able to determine the lo-
calization and content of mutant enzyme in mice tissue
with its antibody (16, 18) as well as the localization of
Gb3. Our mice will be useful for the elucidation of the
mechanism of ASSC effect in detail by the detection of
both mutant enzyme and Gb3 at the same time.

Although treatment with DGJ at a low concentra-
tion (5100 mM) can increase mutant a-Gal A activity,
at high concentrations (41mM) DGJ significantly
inhibits a-Gal A (30), leading to a corresponding in-
crease in Gb3 levels in G3S/COS-7 cells (Fig. 6). Here,
the increase in Gb3 content correlated with a decrease
in the intracellular a-Gal A activity, and we used
immunoelectron microscopy to show that Gb3 accu-
mulated in the lysosomes of G3S/COS-7 cells treated
with 10mM DGJ. These data demonstrate the import-
ance of determining a safe and effective concentration
of DGJ for use in clinical therapy. In our present

study, we used a 25-fold higher concentration
(�75mg/kg/day treatment) of DGJ than the usual
dose (3mg/kg/day treatment), which did not inhibit
a-Gal A activity nor increase the tissue Gb3 level
(Fig. 7), indicating that the tissue concentration of
DGJ is below the inhibitory level at oral dosage.
From no further reduction of Gb3 content either in
heart or kidney tissue was observed by the treatment
with DGJ at higher concentrations, the usual dose
(3mg/kg/day treatment) may be a suitable dose for
the ASSC effect in our mouse model.

In conclusion, the Gb3-synthase-overexpressing
mouse (TgG3S) shows an increased Gb3 level in its
organs, and was useful in generating a mouse line
(TgG3S(þ/�)M(þ/�)/KO) that can be used as an ani-
mal model for studying the efficacy of ASSC therapy
for Fabry disease.
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