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Genistein reduces glycosaminoglycan levels in a
mouse model of mucopolysaccharidosis type Il
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Background and purpose: Mucopolysaccharidoses (MPS) are lysosomal storage disorders resulting from a deficit of specific
lysosomal enzymes catalysing glycosaminoglycan (GAG) degradation. The typical pathology involves most of the organ
systems, including the brain, in its severe forms. The soy isoflavone genistein has recently attracted considerable attention as
it can reduce GAG synthesis in vitro. Furthermore, genistein is able to cross the blood—brain barrier in the rat. The present study
was undertaken to assess the ability of genistein to reduce urinary and tissue GAG levels in vivo.

Experimental approach: We used mice with genetic deletion of iduronate-2-sulphatase (one of the GAG catabolizing
enzymes) which provide a model of MPS type Il. Two doses of genistein, 5 or 25 mg-kg='-day~', were given, in the diet for 10
or 20 weeks. Urinary and tissue GAG content was evaluated by biochemical and histochemical procedures.

Key results: Urinary GAG levels were reduced after 10 weeks’ treatment with genistein at either 5 or 25 mg-kg~'-day~". In tissue
samples from liver, spleen, kidney and heart, a reduction in GAG content was observed with both dosages, after 10 weeks’
treatment. Decreased GAG deposits in brain were observed after genistein treatment in some animals.

Conclusions and implications: There was decreased GAG storage in the MPSII mouse model following genistein adminis-
tration. Our results would support the use of this plant-derived isoflavone in a combined therapeutic protocol for treatment
of MPS.
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Introduction

Mucopolysaccharidoses (MPS) are lysosomal storage disorders
due to the deficit of the enzymes involved in the catabolism
of the glycosaminoglycans (GAG) dermatan, heparan, keratan
and chondroitin sulphates. Patients with MPS cannot degrade
one or more of these mucopolysaccharides, which accumu-
late inside lysosomes of many tissues, causing a progressive
multi-systemic deterioration.

Clinical manifestations can vary in different MPS, as well as
in distinct patients within the same disorder, and include
hepato-splenomegaly, multiple dysostosis, reduced growth,
recurrent infections and a chronic degenerative progression of
the disease (Neufeld and Muenzer, 2001). A major CNS
involvement is characteristic of the severe forms of MPS]I,
MPSII and MPSVII, and all forms of MPSIII. Therapies avail-
able for MPS are mainly symptomatic and, for some MPS,
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haemopoietic stem cells transplantation and enzyme replace-
ment therapy (ERT) are available. Due to its limited efficacy
and the associated risks of morbidity and mortality, hae-
mopoietic stem cells transplantation is today restricted to
MPSI. ERT, although improving the patient’s quality of life, is
expensive and limited to correction of peripheral symptoms,
as no results have been obtained in subjects with a severe CNS
involvement, the enzyme being unable to cross the blood-
brain barrier (BBB) (Urayama et al., 2007).

A more recent therapeutic approach, such as the substrate
reduction therapy (SRT) cannot be applied in its original form
to MPS as, for these disorders, the competitor monomer
should be a carbohydrate that would be potentially impli-
cated in other metabolic pathways. Therefore, it would be
more appropriate in this situation to develop an alternative
form of SRT based on a reduction of GAG synthesis
(Piotrowska et al., 2006).

Genistein, a soy isoflavone, has recently been put forward
as a potential new treatment for MPS (Piotrowska et al., 2006;
Piotrowska et al., 2008; Jakobkiewicz-Banecka et al., 2009).
Genistein belongs to a group of plant-derived compounds



(phytotherapeutics) used to treat disorders such as osteoporo-
sis (Wang et al., 2006), cardiovascular disease (Vera etal.,
2007) and menopause (D’Anna et al., 2009). Further therapeu-
tic potential has been shown for cancer (Gu et al., 2005) and
for other chronic diseases (Fanti et al., 2006).

In the context of MPS, genistein has been described to
decrease the expression of genes encoding for one or more
enzymes involved in GAG synthesis (Nikitovic et al., 2003),
by inhibiting the tyrosine specific protein kinase activity of
the epithelial growth factor (EGF) receptor (EGFR or ErbB1,
ENSG00000146648) (Akiyama et al., 1987; Kim et al., 1998;
nomenclature follows Alexander et al., 2008).

A protocol for the reduction of GAG synthesis in vitro,
mediated by genistein, the gene expression-targeted isofla-
vone therapy (GET IT), has been described (Piotrowska et al.,
2006; Jakobkiewicz-Banecka etal., 2009) and the same
authors recently reported a pilot clinical evaluation of MPSIII
patients, receiving treatment with genistein (Piotrowska et al.,
2008). In addition, genistein crosses the BBB in the rat (Tsai,
2005) and in the mouse (Liu et al., 2008). As there are no
preclinical in vivo studies so far to assess the efficacy of
genistein on GAG reduction (GET IT protocol) in both sys-
temic and neurological compartments, we undertook such an
evaluation in the mouse model for the X-linked, inherited
MPSII disease (Hunter syndrome). The effects of genistein in
two different dose regimens, 5 or 25 mg-kg'-day ' adminis-
tered for 10 or 20 weeks, were analysed.

The lower dosage, 5 mg-kg'-day’, equals the human daily
intake used in the published pilot study (Piotrowska et al.,
2008) in patients with MPSIII. The higher dose
(25 mg-kg'-day™') was included as mice have a higher meta-
bolic rate than humans. Our results showed that genistein
decreased storage of GAG in several peripheral tissues with
some signs of a reduction in brain GAG levels.

Methods

Mice

All animal care and experimental procedures were conducted
according to the current national and international animal
ethical guidelines. C57BL6 wild-type mice were purchased
from Harlan, Italy. CS7BL6 iduronate-2-sulphatase (IDS)
knockout (IDS-ko) mouse, which provided the model for
MPSII (Gazrcia et al., 2007), was kindly provided by ] Muenzer
(University of North Carolina, NC, USA) and expanded in our
animal house. These IDS-ko mice have been previously char-
acterized and show significantly higher urinary levels of GAG
and tissue GAG storage, with respect to age-matched healthy
control mice (Friso et al., 2005; Cardone et al., 2006; Garcia
et al., 2007). In the present experiments, knockout and wild-
type mice were housed in light and temperature controlled
conditions, with food and water provided ad libitum. Experi-
ments were performed in hemizygous affected and wild-type
male mice. Treated mice, 4 to 5 months old at the beginning
of the study, were fed with pellets modified (Mucedola,
Milano, Italy) by adding Soyfem (Biofarm, Poznani, Poland) in
order to administer the two different dosages of genistein, 5
and 25 mg-kg'-day'. Soyfem is a proprietary product and one
tablet contains 100 mg of soy seed extract, including 26 mg of

Genistein reduces glycosaminoglycans in vivo

A Friso et al 1083

isoflavones converted to genistein. This was mixed with the
food at a rate corresponding to 37.7 mg isoflavones converted
to genistein per kilogram of pellet for the lower dose and to
188.5 mg isoflavones converted to genistein per kilogram of
pellet, for the higher dose. The doses were calculated assum-
ing an average body weight of 30 g per mouse and a daily
consumption of modified pellet of about 4 g per mouse.

The IDS-ko animals were divided into three dose groups of
10 mice each: one group was treated with genistein,
5 mg-kg'-day!, the second group with 25 mg-kg'-day', and
the last one, the control group, was fed with unmodified
pellet. Moreover, a small group of three wild-type mice were
fed with genistein at 25 mg-kg'-day ' for up to 20 weeks only
to evaluate possible oestrogenic effects of the treatment on
their weight. All mice were in individual cages during the
treatment period, and animals and food pellets were weighed
weekly. During treatment, urine samples were collected using
metabolic cages. At both time-points, five IDS-ko mice per
dose and five untreated IDS-ko mice were killed. In each
genistein-treated mice group, urinary GAG content was evalu-
ated in the whole group of 10 mice before treatment and after
10 weeks’ treatment, in the five remaining animals at 20
weeks’ follow-up. In addition, three age-paired wild-type
untreated mice were killed at each time-point as controls for
tissue analysis. Biochemical and histochemical GAG analyses
were performed on liver, kidney, spleen, heart and
brain, tissues importantly involved in the pathology of this
disorder in humans. Study design is shown schematically in
Figure 1.

Urinary GAG content

Urinary GAG content (calculated as ug GAG per mg creati-
nine) was determined using the protocol described by de Jong
et al. (1992) with modifications. GAG content was determined
in 24 h urine samples, diluted 1:16, 1:32, 1:64 and mixed with
8 M 1,9-dimethylmethylene blue chloride (Sigma-Aldrich,
Milano, Italy), 0.05M Na-formate (Sigma-Aldrich) and
0.18 M Tris-HCI (Merck, Milano, Italy) to pH 8.8. A standard
curve was prepared using chondroitin sulphate type C (Sigma-
Aldrich). Absorbance was measured at 520 nm in a multi-well
reader Victor2 1420 (PerkinElmer, Milano, Italy). Urinary
creatinine was measured by mixing diluted 1:5 and 1:10 urine
with picric acid (Sigma-Aldrich) diluted 1:5 and 7.5 g-L™
sodium hydroxide. Absorbance was measured at 535 nm and
compared with creatinine standard solutions (Sigma-Aldrich).

Tissue GAG content

Tissue GAG content was measured by using Bjornsson’s pro-
tocol (Bjornsson, 1993), with modifications previously
described (Friso et al., 2008). Briefly, tissues were lyophilized
and then homogenized in 0.9% NaCl + 0.2% Triton X-100.
The assay was performed by diluting 50 uL of blank (water),
calibrators (chondroitin sulphate C) or samples with an equal
volume of 8 M guanidine HCI, and then 0.3% H,504/0.75%
Triton X-100. Samples were incubated o/n at 4°C in the pres-
ence of Alcian Blue solution. Following centrifugation, pellets
were washed with 40% DMSO/0.05% MgCl, and resuspended
in 4 M guanidine HCI/33% isopropanol/0.25% Triton X-100.
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Figure 1 Study design. IDS, iduronate-2-sulphatase; IDS-ko, IDS knockout; UT, untreated mice; wt, wild-type.

All reagents were purchased from Sigma-Aldrich. Absorbance
was measured at 620 nm. GAG content was calculated as
ug-mg' protein, and protein content was determined using
the Bio-Rad Protein Assay (Bio-Rad Laboratories, Milano,
Italy).

Histochemical analysis

Mice were killed and tissues rapidly dissected and fixed for
48 h in Bouin’s solution. Thereafter, tissues were extensively
washed in 70% ethyl alcohol, dehydrated and paraffin embed-
ded. Sections (7 um) were cut, de-paraffined and stained with
1% Alcian Blue (Sigma-Aldrich) solution pH 1.0; 0.1% Nuclear
Fast Red (Sigma-Aldrich) was used as counterstain. All sections
for the same organ obtained from wild-type, untreated IDS-ko
and treated IDS-ko mice were stained at the same time. Sec-
tions were assessed without knowledge of the treatments.

Statistical analyses
Results reported in Figure 2 are single animal values, each
representing the average of four separate assays performed in
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duplicate. In the same figure, mean values for each group of
samples are also shown. In Figures 3 and 5, data are expressed
as mean =* SD.

Statistical evaluation was performed by using Wilcoxon
signed rank test for Figure 2 and Student’s t-test for the data in
Figures 3 and 5. Differences were considered statistically sig-
nificant when P < 0.05.

Results

Animal weights and genistein intake

No weight difference was observed at any time in the different
groups analysed (data not shown). Measurement of food
intake confirmed that the animals were receiving the correct
genistein dosages (data not shown).

Effects of genistein on urinary GAG

Figure 2 shows urinary GAG content in each animal before
treatment (0) and at the end of the treatment (10 or 20
weeks).
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Figure 2 Urinary glycosaminoglycan (GAG) levels in genistein-treated iduronate-2-sulphatase knockout (IDS-ko) mice. (A) 5 mg-kg™'-day™',
10 weeks’ treatment, n = 10; (B) 5 mg-kg'-day”', 20 weeks’ treatment, n = 5; (C) 25 mg-kg'-day™’, 10 weeks’ treatment, n = 10; (D)
25 mg-kg'-day™', 20 weeks’ treatment, n = 5. Graphs represent single animal data measured at baseline level (0) and at the end of the
follow-up (10 or 20 weeks). Each value represents the average of four separate assays, performed in duplicate, on three different dilutions. Short
black horizontal lines show the mean value at each time-point. Urinary GAG levels were significantly decreased in mice treated with either 5
or 25 mg-kg™'-day~' for 10 weeks (P < 0.05; P < 0.005, respectively, indicated as*; Wilcoxon’s signed rank), compared with baseline levels.

After 10 weeks’ treatment, there was for six out of 10 mice
fed genistein at 5 mg-kg'-day!, a decrease of urinary GAG, of
up to 26% (Figure 2A). A more consistent reduction, that is,
in all 10 animals, of up to 20%, was observed at
20 weeks (Figure 2B). With the higher dose of genistein
(25 mg-kg'-day™), following 10 weeks of treatment, urinary
GAG content was lower in nine out of 10 IDS-ko mice, reach-
ing 37-47% decrease in four animals (Figure 2C). After 20
weeks (Figure 2D), all animals showed a reduced GAG
content, up to 36% and 41% in two animals.

On average, the decrease with respect to the starting level
was 11% and 24% for mice fed 5 and 25 mg-kg'-day’ follow-
ing 10 weeks of treatment respectively (P < 0.05 and P <
0.005). At 20 weeks, the average decrease in urinary GAG was
17% and 25% for the animals treated with 5 and
25 mg-kg'-day!, respectively, and these changes did not
reach statistical significance.

Biochemical analyses of GAG deposits in visceral organs

after treatment

Data obtained from the biochemical evaluation of tissue GAG
levels in mice treated with genistein in their diet for 10 or 20
weeks are summarized in Figure 3.

Overall there was no dose-related effect and the magnitude
of the reductions varied between tissues and between animals.
There was a decrease of 48% in the GAG content of liver in
one animal treated with the lower dose and of 55% with the
higher dose. Reductions of 27% in the kidney of one animal
following administration of 5 mg-kg'-day', of about 40% in

the spleen of three animals and of 39% in one mouse for the
two doses respectively, a decrease of 32% in the heart of one
animal fed the lowest dose and of 37% in one mouse treated
with the higher dose were also found.

After 20 weeks’ treatment, a similarly wide variation in
results was observed for either dose. In the liver, with the
lower dose three animals reached a decrease of 44%, 37% and
27%, while two animals treated with the higher dose showed
37% and 22% reductions in GAG content. No improvement
was detected in the Kkidney (Figure 3B) of mice fed
5 mg-kg'-day™ for 20 weeks, and no significant decrease was
observed in the same tissue following administration
of 25mgkg'day'. In the spleen one animal fed
25 mg-kg'-day"' showed a 50% decrease; in the heart, one
animal fed 5 mg-kg'-day' showed a 54% reduction.

Statistical analysis of the group means showed that the
effects of genistein at either high or low dose were not sig-
nificant in any tissue after 20 weeks’ treatment, relative to
those in the untreated IDS-ko mice. However, after 10 weeks’
treatment, there were significant reductions in all sampled
tissues (Figure 3), for one or both dose regimens.

Histochemical analysis of GAG deposits in visceral organs

after treatment

The results of histochemical analysis of liver, kidney, spleen
and heart, performed after 10 weeks of treatment is shown in
Figure 4. Animals treated with the two different doses of
genistein were compared with age-matched untreated IDS-ko
and wild-type mice.

British Journal of Pharmacology (2010) 159 1082-1091
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Figure 3 Tissue levels of glycosaminoglycan (GAG) measured biochemically in genistein-treated iduronate-2-sulphatase knockout (IDS-ko)
mice. n =5 for untreated (UT) IDS-ko mice, 5 mg-kg~'-day™' treated IDS-ko mice, 25 mg-kg~'-day' treated IDS-ko mice; n = 3 for untreated
wild-type (wt) mice. Values, presented as mean *+ SD, resulted significantly decreased, compared with untreated IDS-ko animals (UT), in liver
(P < 0.01), kidney (P < 0.01) and spleen (P < 0.005) of IDS-ko mice treated with 5 mg-kg™'-day' for 10 weeks, in liver (P < 0.05) and heart
(P < 0.05) of IDS-ko mice treated with 25 mg-kg™'-day' for 10 weeks. *Statistically significant decrease compared with UT.

In the liver of untreated IDS-ko animals, accumulation of
undegraded GAG was routinely observed around the vessels
and in the extracellular matrix of hepatocytes (Figure 4A).
Some hepatic lobules showed a vacuolated structure. In the
same tissue from healthy controls, a light blue staining was
observed (Figure 4D). In the genistein-treated animals
(Figures 4B,C), histopathological signs were remarkably
improved. Improvements of tissue architecture could be
observed both along the hepatic sinusoids and in the paren-
chyma where the vacuolated structure was less evident.

In the kidney from IDS-ko animals, blue staining was
associated with glomerular structures and parenchyma
(Figure 4E). An important reduction of GAG storage was
observed in the treated animals (Figure 4F,G) with respect to
the untreated mice, both in the glomerular and in the paren-
chymal cells, although some deposits still persisted.

In the spleen of the untreated mouse model, GAG accumu-
lation was mainly associated with connective tissue between
the lymphoid follicles and to the vessels (Figure 4I). No
storage was observed in the healthy control mice (Figure 4L).
Treatment with the two doses of genistein led to a consider-
able reduction of GAG in the 10 weeks-treated IDS-ko animals
(Figure 4],K), although some storage was still visible in the
parenchyma.

Heart sections are shown in Figure 4M-P. In the untreated
IDS-ko mice, GAG deposits were laid along the muscle fibres
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and the vascular endothelium (Figure 4M). In the healthy
animals (Figure 4P), a very light blue staining was visible in
some areas. Sections obtained after treatment with genistein
(5 and 25 mg-kg'-day™") showed a considerable reduction of
storage in the endothelium and in the extracellular matrix
(Figure 4N,0).

Histochemical evaluation performed in the 20 weeks-
treated IDS-ko mice showed similar results (data not shown).

Biochemical and histochemical brain analysis

The neurological involvement of the severe form of Hunter
syndrome mainly comprises mental retardation and anatomi-
cal changes leading to hydrocephalus (Neufeld and Muenzer,
2001). Neuropathological defects were described for the MPSII
mouse model as cellular vacuolization in different brain
regions (Cardone et al., 2006) and as neuronal necrosis in the
brainstem and spinal cord (Garcia et al., 2007). As previously
described for the mouse model of MPSIII B (Fu etal,
2007), the animal model for MPSII showed lower accumula-
tion of GAG in brain, compared with other tissues when
biochemical analysis was performed. A twofold increase in
GAG levels compared with wild-type mice was previously
described by Garcia ef al. (2007) and confirmed by our current
results (Figure 5). However, this increase was variable
throughout the groups, and there was no statistically
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Figure 4 Histochemical analysis of glycosaminoglycan (GAG) in liver, kidney, spleen and heart performed after 10 weeks’ treatment.
Representative sections of liver (A-D), kidney (E-H), spleen (I-L) and heart (M-P) include samples from untreated iduronate-2-sulphatase
knockout (IDS-ko) mice (A, E, 1 and M), 5 mg-kg™'-day™' genistein-treated IDS-ko mice (B, F, ] and N), 25 mg-kg™'-day™" genistein-treated IDS-ko
mice (C, G, K and O) and untreated wild-type mice (D, H, L and P). Arrows indicate GAG deposits. Sections (7 um) were stained with 1% Alcian
Blue, counterstained with 0.1% Nuclear Fast Red. Original magnification: x100.

significant difference between the IDS-ko and the wild-type
groups of mice. Treatment of the IDS-ko mice with genistein
for 10 or 20 weeks at either dose did not induce significant
changes in the levels of GAG in brain (Figure 5A), using bio-
chemical analysis. At 10 weeks we observed with both doses,
a slight GAG reduction in all the animals except two. On
average, in the 5 and 25 mg-kg'-day™' dose groups, GAG level
was reduced by 6% and 10% respectively compared with basal
level. Following 20 weeks’ treatment a slight change was
detected on the mean GAG content in the brain of mice fed
5 mg-kg-day™, and in two animals we measured a reduction
of 10% and 20% respectively. Following administration of
25 mg-kg'-day! for 20 weeks we detected an overall 5%
decrease, with two animals showing a GAG reduction of 7%
and 18%.

Histochemical analysis of brain GAG content is presented
in Figures SB-I, which report for each genistein dosage and

each time, stained sections from one animal of each group. As
the major area of GAG accumulation in brain is within the
choroid plexus in the ventricular regions (Cardone et al.,
2006), we show sections of this area only. Figure 5B and F
show the untreated IDS-ko mice while Figure SE and I show
the wild-type healthy controls. In the IDS-ko mice treated
with genistein, a similar reduction of GAG staining was visible
at both time-points and doses, clearly involving the endothe-
lial cells of the plexus (Figure 5C,D and G,H for 10 and 20
weeks’ treatment respectively). These sections were from
treated animals that had shown, biochemically, a reduction of
GAG levels in whole brain extracts.

Discussion

At present the available therapeutic options for MPS are
mainly based on the administration of recombinant enzymes

British Journal of Pharmacology (2010) 159 1082-1091
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Figure 5 Analysis of glycosaminoglycan (GAG) in brains of genistein-treated iduronate-2-sulphatase knockout (IDS-ko) mice. (A) biochemical
analysis: 5 and 25 mg-kg'-day™" at 10 and 20 weeks’ treatment; n =5 for untreated (UT) IDS-ko mice, 5 mg-kg'-day™' treated IDS-ko mice,
25 mg-kg'-day' treated IDS-ko mice; n = 3 for untreated wild-type (wt) mice, values represent mean = SD; (B-I) Histochemical analysis
performed after 10 and 20 weeks’ treatment. Representative sections of 10 (B—E) and 20 (F-I) weeks’ treatment include samples from untreated
IDS-ko mice (B,F), 5 mg-kg™'-day™' genistein-treated IDS-ko mice (C,G), 25 mg-kg™'-day™" genistein-treated IDS-ko mice (D,H) and wild-type
mice (E,I). Arrows indicate GAG deposits. Sections (7 um) were stained with 1% Alcian Blue, counterstained with 0.1% Nuclear Fast Red.

Original magnification: x200.

(ERT). However, ERT is extremely expensive, approximately
400 000 euros-year for a 30 kg patient. Furthermore, the
neurological involvement, which is a component of most
forms of MPS, is unlikely to benefit from ERT. In fact,
although positive results have been reported following ERT in
neonates (Urayama efal., 2004; 2008) or using doses far
higher than those conventionally used in clinical treatment
(Vogler et al., 2005; Tomatsu et al., 2007), with the current
dosages and formulation, diffusion of the proteins involved in
ERT across the BBB is almost non-existent (Boado et al., 2008).
All these problems deserve a solution and would suggest the
use of modified enzymes or of very different molecules.
During the last few years, there has been much interest in
the use of the phytoestrogen, genistein, as a possible treat-
ment for MPS. For many more years, we have known that
GAG synthesis requires growth factors such as EGF and fol-
licle stimulating hormone (Pisano and Greene, 1987; Tirone
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et al., 1997). By binding to its receptor, EGF induces the acti-
vation of its receptor protein kinase activity, which in turn
modulates expression of several genes including some
involved in GAG synthesis. Such activity of the EGF receptor
is inhibited by genistein (Akiyama et al., 1987; Kim etal.,
1998; Nikitovic et al., 2003) which, thus, might inhibit GAG
synthesis. Genistein could therefore be considered as a new
form of SRT, based on inhibition of GAG synthesis and thus
be applied in therapeutic protocols to MPS. A similar
approach was previously evaluated (Roberts etal., 2006;
Roberts et al., 2007) by using rhodamine B in the mouse
model for MPSIIIA, leading to a decrease of GAG content in
liver and brain. However, rhodamine B may cause mucous
membrane and skin irritation in humans, and its long-term
adverse effects are unknown (Dire and Wilkinson, 1987). As
for genistein, possible problems related to its long-term
administration to children could relate to its phytoestrogenic



activity, potentially influencing puberty and fertility
(Piotrowska et al., 2006). However, studies of genistein toxic-
ity in vivo showed no adverse effects in dogs up to
500 mg-kg'-day' (McClain et al., 2005). Administration in
humans of doses of genistein up to 600 mg-day”’
(8 mg-kg*-day™) for about 3 months resulted in minor side
effects related to its oestrogenic activity (Fischer et al., 2004),
while cytogenetic analysis in peripheral blood lymphocytes,
obtained from subjects under treatment for prostate cancer,
showed no increase in DNA strand breaks (Myltic et al., 2003).
Genistein is much less expensive than ERT, and it can be
taken orally. In addition, this molecule can cross the BBB in
rats and mice (Tsai, 2005; Liu et al., 2008) and GAG reduction
in vitro mediated by genistein was recently described
(Piotrowska et al., 2006; Jakobkiewicz-Banecka et al., 2009).

Therefore, genistein could help in solving the present limi-
tations of ERT, as well as providing hope for those forms of
MPS for which ERT is not yet available. Because of these
potential benefits to MPS patients and the community in
general, genistein merits a full evaluation in terms of efficacy.
Although a pilot clinical trial on MPSIII patients was recently
published (Piotrowska et al., 2008), here we present the first
preclinical study aimed at a complete analysis of the efficacy
of genistein treatment for MPS.

For this, we used the mouse model for Hunter syndrome,
the IDS-ko mouse (Garcia et al., 2007), treated with 5 and
25 mg-kg'-day™ of genistein in the diet for 10 or 20 weeks.
Because of the earlier toxicity evaluations (McClain et al.,
2005; McClain et al., 2006), no adverse effects were expected
following in vivo administration of such doses. As genistein is
a phytoestrogen, we monitored weekly the weight gain of the
animals but we did not observe any differences between
genistein-fed mice and matched controls.

As for the measurements of GAG, a considerable inter-
individual variability was recorded in our experiments and so
our results on urinary GAG have been presented as single data
analysis. Although urinary levels of GAG were never increased
by genistein treatment, the overall reduction of urinary GAG
was significant only after 10 weeks’ treatment with either dose
(5 or 25 mg-kg'-day'). However a general decrease of urinary
GAG levels was also observed after 20 weeks’ treatment,
which although not significant, suggested that GAG synthesis
was decreased by the treatment. A significant reduction of
urinary heparan sulphate levels was recently reported in the
pilot study performed in MPSIII patients (Piotrowska et al.,
2008).

In the peripheral tissues, biochemical and histochemical
analyses showed an overall small decrease after 10 weeks,
which was lost after 20 weeks, of genistein-supplemented
diet. Different effects on GAG deposits were observed in the
peripheral tissues analysed. A decrease was quite consistently
measured in liver, spleen and heart, while efficacy of the
treatment was less pronounced in kidney. This may be due to
the fact that a decrease of GAG content may be more easily
detected in tissues, like liver and spleen, which show a high
GAG content in the untreated, IDS-ko animals. The same
organs are also primarily affected in the human disorder. Also,
expression of EGF receptors in the liver is very high compared
with other cell types (Berasain et al., 2009), and this may
favour genistein efficacy in hepatic tissue.
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Beneficial effects of genistein in the CNS of IDS-ko mice
were less easily demonstrable as the BBB hinders access to
the brain tissue. Although the BBB is more permeable to
genistein than to enzyme proteins, previous experiments
performed in rats showed that only limited amounts of
genistein can reach this compartment (Tsai, 2005). Besides,
in the MPSII mouse model we have used here, GAG content
of the CNS is low and not widely or uniformly distributed
over the brain. Therefore, evaluation of GAG content may
be performed more appropriately by histochemical analysis
of specific brain sections, particularly those containing the
choroid plexus in the ventricular regions, than by biochemi-
cal assays of extracts of whole brain. This is probably why
we did not find decreased GAG levels in whole brain using
biochemical analysis, but were able to show, by histochem-
istry, a reduction of GAG deposits around the choroid
plexus at both doses.

In general, our data on the effects of genistein on pre-
existing GAG deposits could be explained by the physiologi-
cal turnover of GAG in tissues, which was not replenished by
new GAG synthesis. The loss of effect of the treatment
observed at 20 weeks’ versus 10 weeks’ exposure might reflect
interactions of genistein with EGF receptors. Uninterrupted
administration of genistein might cause a progressive satura-
tion of EGF receptors on the cell surface, thus rendering them
unavailable for other physiological ligands, which in turn
might cause an up-regulation of EGF receptor production.
Penar et al. (1997) showed that increasing dosages of genistein
caused a proportional increase of EGF receptors, due to a
strong decrease of tyrosine kinase activity. Thus the prolonged
exposure to genistein might have induced an increased
number of EGF receptors, which would overcome the inhibi-
tion. Such increased production of EGF receptors could be
considered a cytoprotective mechanism, maintaining the
cell’s ability to respond to the physiological ligands. In this
scenario, GAG synthases might also be reactivated, and the
inhibitory effect of genistein might be overcome by their
restoration. Therefore, we would suggest that interrupted
dosing with genistein rather than continuous treatment
might provide greater clinical benefit.

In conclusion, this in vivo preclinical evaluation demon-
strated for the first time that genistein administration can
reduce GAG content of urine and of several peripheral tissues
in the animal model for Hunter syndrome. The histochemical
evidence for a reduction in GAG levels in and around the
choroid plexus would suggest that genistein can indeed cross
the BBB in this model and exert beneficial effects in the brain.
As the higher dose of 25 mg-kg'-day' of genistein did not
show an increased effect compared with 5 mg-kg'-day”, in
peripheral tissues, probably due to the saturation of the EGF
receptors, we would suggest using the lower dose in patients.
Moreover, at low doses, possible side effects, related to the
oestrogenic activity of the molecule, as well as potential cyto-
toxic effects due to its interference with signal transduction
processes, depending on the tyrosine kinase activity of EGF
receptors, should be limited (Piotrowska et al., 2006). Also,
mutagenic activities of the molecule, which have been
described in in vitro, could not be reproduced in vivo following
administration of genistein equal to 8 mg-kg'-day' for about
3 months (Myltic et al., 2003).
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Genistein might be used in a combined therapy for those
forms of MPS for which ERT is already available, where it
might be valuable to target difficult to treat tissues such as
brain and heart. In MPSIII, which presents with greater neu-
rological involvement and thus is less likely to benefit from
ERT, we believe that genistein could be used to improve
patient compliance by integrating present symptomatic
therapies. Finally, our results should encourage the synthesis
of new molecules, based on genistein and with greater
potency, as inhibitors of GAG synthesis and better able to
cross the BBB.
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