Human Molecular Genetics, 2023, Vol. 32, 7, 1090-1101

https://doi.org/10.1093/hmg/ddac266
OXFORD Advance access publication date 27 October 2022

Original Article

Genistein improves renal disease in a mouse model of
nephropathic cystinosis: a comparison study with
cysteamine

Ester De Leo!, Anna Taranta®, Roberto Raso?, Elena Polishchuk?, Valentina D’Oria®, Marco Pezzullo*, Bianca Maria Goffredo®,
Sara Cairoli®, Francesco Bellomo()?, Giulia Battafarano®, Francesca Diomedi Camassei’, Andrea Del Fattore (©), Roman Polishchuk?,

Francesco Emma’® and Laura Rita Rega (5) 1+

1Renal Diseases Research Unit, Genetics and Rare Diseases Research Area, Bambino Gesu Children’s Hospital, IRCCS, 00146 Rome, Italy

2Telethon Institute of Genetics and Medicine, 80078 Pozzuoli, Italy

3Research Laboratories, Confocal Microscopy Core Facility, Bambino Gesu Children’s Hospital, IRCCS, 00146 Rome, Italy

4Core Facilities, Bambino Gesu Children’s Hospital, IRCCS, 00146 Rome, Italy

SDepartment of Pediatric Specialties and Liver-Kidney Transplantation, Division of Metabolic Biochemistry and Drug Biology, Bambino Gesu Children’s Hospital,
IRCCS, 00146 Rome, Italy

6Bone Physiopathology Research Unit, Genetics and Rare Diseases Research Division, Bambino Gesu Children’s Hospital, IRCCS, 00146 Rome, Italy

’Department of Laboratories-Pathology Unit, Bambino Gesu Children’s Hospital, 00165 Rome, Italy

8Division of Nephrology, Department of Pediatric Subspecialties, Bambino Gesu Children’s Hospital, IRCCS, 00146 Rome, Italy

*To whom correspondence should be addressed at: Renal Diseases Research Unit, Genetics and Rare Diseases Research Area, Bambino Gesu Children’s Hospital,
IRCCS, Viale di San Paolo 15, 00146 Rome, Italy. Tel: +39 0668592997; Email: 1_rega@libero.it

Abstract

Cysteamine is currently the only therapy for nephropathic cystinosis. It significantly improves life expectancy and delays progression
to end-stage kidney disease; however, it cannot prevent it. Unfortunately, compliance to therapy is often weak, particularly during
adolescence. Therefore, finding better treatments is a priority in the field of cystinosis. Previously, we found that genistein, an isoflavone
particularly enriched in soy, can revert part of the cystinotic cellular phenotype that is not sensitive to cysteamine in vitro. To test the
effects of genistein in vivo, we fed 2-month-old wild-type and Ctns~/~ female mice with either a control diet, a genistein-containing diet
or a cysteamine-containing diet for 14 months. Genistein (160 mg/kg/day) did not affect the growth of the mice or hepatic functionality.
Compared with untreated mice at 16 months, Ctns~/~ mice fed with genistein had lower cystine concentrations in their kidneys, reduced
formation of cystine crystals, a smaller number of LAMP1-positive structures and an overall better-preserved parenchymal architecture.
Cysteamine (400 mg/kg/day) was efficient in reverting the lysosomal phenotype and in preventing the development of renal lesions.
These preclinical data indicate that genistein ameliorates kidney injury resulting from cystinosis with no side effects. Genistein therapy
represents a potential treatment to improve the outcome for patients with cystinosis.
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Introduction

Nephropathic cystinosis (Online Mendelian Inheritance in Man
219800) is caused by mutations in the CTNS gene, which encodes
for cystinosin, an H*/cystine symporter that regulates cystine
efflux from lysosomes (1). A lack of functional cystinosin causes
extensive and ubiquitous accumulation of lysosomal cystine and
the formation of crystals in most tissues. Enhanced apoptosis (2),
mitochondrial dysfunction (3,4), oxidative stress (5), inflamma-
tion (6), aberrant autophagy (7,8) and endo-lysosomal dysfunction
(9,10) in cystinotic models have also been reported. From a clinical
standpoint, by the age of 6 months patients develop generalized
proximal tubular dysfunction (i.e. Fanconi syndrome). Glomerular
dysfunction subsequently develops, and if left untreated, end-
stage kidney disease occurs around the age of 10 years (11).
Cystinosis is a systemic disease. Progressively, most organs are
involved, including the eyes, endocrine organs, muscles, skeleton,
male reproductive system, peripheral nerves and central nervous
system (12,13).

Currently, the only approved treatment for nephropathic
cystinosis is cysteamine, which facilitates the clearance of
lysosomal cystine (14). Cysteamine delays the progression toward
end-stage kidney disease and delays or prevents several extra-
renal manifestations (15); however, it has no effect on Fanconi
syndrome in the kidney. Moreover, compliance and adherence to
cysteamine therapy are limited by side effects, in particular, a
foul odor and gastrointestinal discomfort. Although rare, patients
may also develop neutropenia or allergic reactions (16). For these
reasons, the cystinosis community is in need of new therapeutic
approaches (17). An initial strategy focused on developing
cysteamine formulations with an improved pharmacokinetic
profile (18). Drug repurposing has also been considered a
promising approach to treat cystinosis (19). Hematopoietic stem
cell transplantation has shown encouraging results in mice (20),
and a clinical trial is currently ongoing after in vitro gene therapy
(NCT03897361). Alternatively, or in addition to the previous
approaches, the use of drug combinations may reduce the dose
of cysteamine required to clear lysosomal cystine and may target
pathways that are unresponsive to cysteamine (21,22). To this end,
we recently identified genistein and luteolin as compounds that
improve or revert various aspects of the cystinosis phenotype,
several of which are not responsive to cysteamine (21,23).
Genistein and luteolin belong to the flavonoid family, and many
flavonoids exhibit significant renoprotective effects because
of their anti-inflammatory, antioxidant and antihypertensive
properties (24).

In addition, we previously showed that genistein stimulates
lysosomal exocytosis and, therefore, promotes the clearance of
lysosomal cystine and rescues the abnormal morphology of the
lysosomal compartment in cystinotic cells (23). Based on these
findings, we determined whether genistein can reduce renal cys-
tine accumulation in vivo and delay progression of kidney failure
in a mouse model of cystinosis.

Results

Treatment with genistein is safe in wild-type and
Ctns~/~ mice

Wild-type and cystinotic (Ctns~~) female mice were fed from 2
to 16 months of age with a standard diet or with the same diet
containing 160 mg/kg/day of genistein. The genistein dose was
selected based on available data in the literature for mice with
the same genetic background (C57BL/6 strain) (25). Growth was
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monitored every 2 months. No significant differences in body
weight or length were observed (Supplementary Material, Fig. S1).
At the end of the study, the mice were sacrificed to collect serum
and tissue samples. The liver, kidneys, uterus and ovaries were
inspected and weighed. We observed no significant differences
in organ weight among the experimental groups (Table 1). His-
tology revealed normal ovarian parenchyma with dense ovarian
stroma containing follicles at varying maturation stages (from
primordial to primary and secondary types) and, occasionally, the
corpora lutea. No significant differences were observed between
the experimental groups and no changes in pathological features
were observed (data not shown). Serum levels of alanine amino-
transferase (ALT), aspartate aminotransferase (AST) and gamma
glutamyl transferase (GGT) were within the normal range for all
groups (Table 2).

Genistein reduces the levels of cystine in Ctns/~
mice kidneys

The accumulation of cystine is a hallmark of cystinosis. Therefore,
we measured the levels of cystine in the kidneys from Ctns~/~ and
wild-type mice untreated or treated with genistein for 14 months.
Following genistein treatment, we observed a 32% (interquartile
range [IQR] [44-83.5], P=0.038, Fig. 1A) median reduction of cys-
tine content in the kidneys of Ctns~~ mice. Cystine levels in both
liver and muscles from Ctns~/~ mice were comparable between
untreated and genistein treated animals (data not shown). For
comparison, we measured cystine concentration in the kidneys of
Ctns~/~ mice treated with 400 mg/kg/day of cysteamine from age
2 to 16 months and observed a 93% (IQR [3-36], P <0.001, Fig. 1A)
median reduction in cystine content.

Large crystals were identified within the abnormal lysosome-
like structures of the Ctns~/~ kidneys at the ultrastructural level
(median size 0.72 [IQR 0.41-1.28], Fig. 1B, black arrow, red false
color). Genistein caused a 70% reduction in lysosomal crystal size
(median size 0.22 [IQR 0.10-0.36], P <0.001, Fig. 1B, black arrow,
green false color). We observed a similar reduction in crystal size
in samples obtained from mice treated with cysteamine (median
size 0.23 [0.13-0.37], P <0.001, Fig. 1B), compared with untreated
animals.

Genistein rescues the abnormalities of the
lysosomal compartments in Ctns~/~ mouse
kidneys
We previously demonstrated that genistein promotes the clear-
ance of lysosomal cystine and rescues the abnormal lysosomal
morphology by stimulating the activity of the transcription factor
EB (TFEB) in cystinotic cells (23). Based on these previous in vitro
results, we first assessed the effects of genistein on the endoge-
nous expression of TFEB in total kidney tissue homogenates.
Immunoblot analysis revealed a 2.6-fold reduction in the lev-
els of endogenous TFEB in Ctns™/~ kidneys, compared with the
wild-type organs (0.35 [IQR 0.15-0.49] versus 0.93 [IQR 0.69-1.23],
P=0.002, Fig. 2A). TFEB levels were upregulated by 1.8-fold in
Ctns™/~ kidneys following genistein treatment (0.65 [IQR 0.49-
0.87], P=0.02, Fig. 2A). No changes in TFEB levels were observed
in wild-type kidneys following treatment with genistein (0.46 [IQR
0.13-1.97], Fig. 2A). Following cysteamine treatment, TFEB levels
were increased 3.4-fold in Ctns™~ kidneys (1.21 [IQR 0.70-2.25],
P=0.008, Fig. 2A).

Next, we determined the effects of genistein on the lysosomal
compartment in the kidneys (Fig. 2B). Immunofluorescence
analysis of lysosomal-associated membrane protein 1 (LAMP1)


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac266#supplementary-data

1092 | Human Molecular Genetics, 2023, Vol. 32, No. 7

Table 1. Organ weights from 16-month-old female mice expressed as percent of body weight

Wild-type Wild-type Ctns™/~ Ctns™/~

control diet genistein control diet genistein

n=9 n=7 n=7 n=6
Kidneys 1.43 [1.42-1.74] 1.52 [1.44-1.78] 1.20 [1.17-1.45] 1.27 [0.8-1.34]
Uterus and ovaries 0.45 [0.23-0.73] 0.66 [0.42-0.74] 0.41[0.29-0.70) 0.60 [0.57-0.89]
Liver 5.17 [4.51-6.63] 6.13 [4.82-7.11] 5.00 [4.40-5.42] 5.10 [4.66-5.17]

Note: Data are presented as median [IQR, 25th-75th percentile]. Differences among groups are not significant, nonparametric Kruskal-Wallis test.

Table 2. Parameters of liver function in 16-month-old female mice

Wwild-type Wwild-type Ctns™/~ Ctns™~ Normal range
control diet genistein control diet genistein
n=9 n=8 n=8 n=7

ALT U/1 28 [21.3-56] 32.7 [19.6-62.7] 30.7 [17.8-52.9] 19 [14-32) 26-77

AST U/l 135.9 [88.8-210) 162 [84.7-219.1] 161.5 [133-186.5] 147 [40.5-215] 54-269

GGT U/ 8 [6-14] 8.5 [7.25-41] 6 [3.25-8.75] 8 [5-18] 0-50

Note: Data are presented as median [IQR, 25th-75th percentile]. Differences among groups are not significant, nonparametric Kruskal-Wallis test.
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Figure 1. Genistein reduces the accumulation of cystine in the kidneys of Ctns~/~ mice. (A) Cystine levels were measured in kidneys from Ctns~~ and
wild-type mice that were untreated or treated with genistein (n=9 mice for each experimental group). For comparison, Ctns~/~ mice were also treated
with cysteamine (n=>5 mice). The data are normalized to the protein concentration and expressed as relative levels compared with Ctns~~ untreated
mice. (B) Representative kidney electron micrographs from Ctns~~ mice that were untreated or treated with genistein or cysteamine showing the
presence of intracellular cystine crystals in lysosome-like structures (black arrows). The measured single crystal areas (px?) are shown in the bottom
right panel. Scale bar: 400 nm. Each box plot represents the median and the 25th and 75th percentiles. Error bars represent the smallest and the largest
values. Differences between groups were compared using the nonparametric Kruskal-Wallis test and, if significant, the unpaired Mann-Whitney U test

was applied. *P < 0.05; **P < 0.01; ***P < 0.001. ns, not statistically significant.

in kidneys harvested from untreated Ctns~~ mice revealed an
enlarged lysosomal compartment as assessed by the number
(1553 [IQR 1107-2050] versus 69 [IQR 30-151], P <0.001, Fig. 2C),
the relative area (2.64 [IQR 1.14-3.58] versus 0.13 [IQR 0.04-
0.24], P <0.001, Fig. 2D) and the absolute area of LAMP1-positive
structures (1190 [IQR 513-1609] versus 57 [IQR 18-106], P < 0.001,
Fig. 2E) in Ctns~~ versus wild-type mice. Following genistein
treatment, we observed a 40% reduction in the number of

LAMP1-positive structures (928 [IQR 695.5-1214], P < 0.001) and a
50% decrease in the relative and absolute area of LAMP1-positive
structures in kidney sections from Ctns~~ mice (1.36 [IQR 0.88-
2.23] and 609 [IQR 397-1002], respectively, P <0.001, Fig. 2C-E).
Following cysteamine treatment, we observed a 70% reduction
in the number of LAMP1-positive structures (467 [IQR 267-711],
P <0.001), a 76% decrease in the relative area of LAMP1-positive
structures (0.63 [IQR 0.29-0.94], P <0.001) and a 72% decrease in
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Figure 2. Genistein rescues TFEB levels and lysosomal abnormalities in the renal parenchyma of Ctns~~ mice. (A) Western blot and densitometric
analysis of TFEB and GAPDH levels in kidneys from wild-type (n=9) and Ctns~/~ mice (n= 8) following treatment with genistein (n=9 mice) or cysteamine
(n=4). In a representative western blot each lane corresponds to a single animal. The graph shows relative values of TFEB levels normalized against
GAPDH. (B) Representative fluorescence images of LAMP1 staining in kidney sections from wild-type and Ctns~/~ mice after treatment with genistein
or cysteamine (n=5 mice) (scale bar: 10 um). Three-fold magnification insets are shown on the bottom (a—e) (scale bar: 30 um). Images were quantified
for (C) the number of LAMP1 structures and the (D) percentage or (E) total area (px?) of LAMP1-positive structures. Each box plot represents the
median and the 25th and 75th percentiles. Error bars represent the smallest and the largest values. Differences between groups were compared using
the nonparametric Kruskal-Wallis test and, if significant, the unpaired Mann-Whitney U test was applied. *P <0.05; **P <0.01; ***P < 0.001. ns, not

statistically significant.
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Figure 3. Genistein prevents dilatation of the Bowman’s capsule in Ctns™/~ mice. (A) Representative images (Periodic acid-Schiff stain) of kidneys
harvested from wild-type and Ctns~~ mice that were untreated or treated with genistein or cysteamine. Arrows and asterisks indicate the Bowman’s
space. Scale bar: 25 um. The surface area (um?) of the (B) Bowman's space, (C) Bowman's capsule and (D) glomerular tuft was quantified in individual
glomeruli; each box plot represents the median and the 25th and 75th percentiles. Error bars represent the smallest and the largest values. Differences
between groups were compared using the nonparametric Kruskal-Wallis test and, if significant, the unpaired Mann-Whitney U test was applied.

*P < 0.05; **P <0.01; ***P < 0.001. ns, not statistically significant.

the absolute area of LAMP1-positive structures (330 [IQR 154-493],
P <0.001) (Fig. 2C-E). No changes were observed in the wild-type
animals.

These results indicate that in vivo genistein treatment improves
the known abnormalities of the lysosomal compartment that are
observed in cystinosis. This effect may be mediated, at least in
part, by the upregulation of TFEB protein levels in Ctns~/~ kidneys.

Genistein prevents morphological changes in the
renal parenchyma and delays kidney function
deterioration

Cystinosis kidneys develop progressive changes characterized by
the dilation of tubules and the Bowman's space. This is associated

with the formation of atubular glomeruli (26). Accordingly, we
observed a significant enlargement of Bowman'’s space in Ctns~~
mice (1762 pm [IQR 1305-2439] versus 749.9 um [IQR 621.6-960.8],
P <0.001, Fig. 3A and B, black arrows and asterisks). The total
area of the Bowman’s capsule and of the glomerular tuft was
also increased in Ctns~~ mice compared with the wild-type mice
(3800 [IQR 1914-4854] versus 2644 [IQR 1303-3048] and 2798 [IQR
2223-3425] versus 2312 [IQR 1911-2717], respectively, P <0.001,
Fig. 3C and D). Following genistein treatment, the enlargement
of Bowman’s space (1222 [IQR 945-1654], P < 0.001, Fig. 3A and B)
and capsule (3764 [IQR 2937-4540], P <0.001, Fig. 3A and C) was
significantly reduced, compared with the untreated Ctns~~ mice.
The same effect on Bowman’s space and capsule areas was
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Figure 4. Genistein preserves renal proximal tubules in Ctns™~ mice. Representative images of LT-lectin-stained kidney cortex sections obtained from
kidneys harvested from wild-type and Ctns~/~ mice that were untreated, or treated with genistein or cysteamine. Scale bar: 100 um. The fractional area
of the proximal tubules was measured in microscopic fields. Each box plot represents the median and the 25th and 75th percentiles. Error bars represent
the smallest and the largest values. Differences between groups were compared using the nonparametric Kruskal-Wallis test and, if significant, the
unpaired Mann-Whitney U test was applied. *P < 0.05; **P < 0.01; ***P < 0.001. ns, not statistically significant.

observed after treatment with cysteamine (917.3 [IQR 708.3-
1134], P<0.001, Fig. 3A and B; 3388 [IQR 2969-4161], P <0.001,
Fig. 3A and C).

The proximal tubular fraction of the cortical parenchyma
was assessed by testing the affinity for Lotus tetragonolobus (LT)
lectin. As expected, we observed that the area occupied by the
proximal tubules was reduced in Ctns™~ kidneys compared
with wild-type kidneys (10.5% [IQR 7.5-17.8] versus 44.6%
[IQR 37.2-52.9], P<0.001, Fig. 4). Following treatment with
genistein, the area occupied by LT-lectin positive structures was
significantly increased in Ctns~~ mice (37.4% [IQR 31.2-45.4],
P <0.001, Fig. 4). Similar results were observed after treatment
with cysteamine (42.1% [IQR 38.4-45.7], P <0.001).

Finally, we assessed the effects of genistein and cysteamine
treatment on kidney function. Creatinine clearance was reduced
by 56% in untreated Ctns~~ mice compared with the wild-type
animals (0.44 [IQR 0.34-0.56] versus 1 [IQR 0.75-1.21], P <0.001,
Fig. 5). Creatinine clearance was restored following treatment
with genistein (0.62 [IQR 0.55-1.21], P < 0.05, Fig. 5) or cysteamine
(0.76 [IQR 0.69-0.85], P <0.05, Fig. 5). We also monitored urinary
levels of low molecular weight proteins (CC16), glucose, albumin,
urine volume (Fig. 6 and Supplementary Material, Table S1) and
phosphate (Supplementary Material, Table S1), every 2 months.
We observed increased low molecular weight proteinuria, gluco-
suria, albuminuria and polyuria in Ctns~~ mice, compared with
the wild-type animals; however, we did not observe statistically
significant differences following genistein treatment (Fig. 6). Con-
versely, a significant protection of renal function parameters was
observed after cysteamine treatment (Fig. 6).

Discussion

We previously observed a significant improvement in the
cystinotic phenotype in vitro after incubating cells with genistein
(23). In the present study, we determined whether these changes
could also be observed in vivo. We used the Ctns knockout mouse
model with a C57BL/6 background that was generated by Nevo
et al. (27). The renal Fanconi syndrome was significantly milder,
compared with that of previous reports (28); however, the causes
of this discrepancy are currently under investigation in our
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Figure 5. Genistein improves creatinine clearance in 16-month-old
Ctns~~ mice. Creatinine clearance is shown for untreated and treated
mice relative to the wild-type animals. Each box plot represents the
median and the 25th and 75th percentiles. Error bars represent the
smallest and the largest values. Differences between groups were com-
pared using the nonparametric Kruskal-Wallis test and, if significant,
the unpaired Mann-Whitney U test was applied. *P <0.05; **P <0.01;
***P < 0.001. ns, not statistically significant.

laboratory. This cystinotic mouse model has been widely used
to obtain key insights in the pathophysiology of cystinosis (9,26,
29-32) and to develop new therapeutic strategies (30,33-35).
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Figure 6. Parameters of kidney function. Levels of urinary (A) low molecular weight proteins (CC16), (B) glucose and (C) albumin and (D) 24-h urine volume
were checked every 2 months in wild-type and Ctns~~ mice that were untreated or treated with genistein or cysteamine. Values for CC16, glucose and
albumin were normalized to creatinine (mg/ml). Each box plot represents the median and the 25th and 75th percentiles. Error bars represent the smallest
and the largest values. Differences between groups were compared using the nonparametric Kruskal-Wallis test and, if significant, the unpaired Mann-
Whitney U test was applied. *P < 0.05; **P < 0.01; ***P < 0.001. (Statistically significant differences are presented for wild-type versus Ctns~/~ mice and
genistein- or cysteamine-treated Ctns™~ mice versus untreated Ctns~~ mice. Further statistical comparisons are shown in Supplementary Table S1.)

Our study revealed that treatment with genistein ameliorates
renal injury in cystinotic mice. Genistein belongs to the flavonoid
family. These compounds, derived from plants, have already
been evaluated for their renoprotective activity under various

conditions (24). These include models of kidney injury induced by
cisplatin (36) or gentamicin (37), fructose-induced hypertension
(38), unilateral ureteral occlusion (39) and nephrotic syndrome
(40). The protective effects of flavonoids in these models
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have been ascribed to their anti-inflammatory, anti-oxidative,
antiapoptotic and pleiotropic activities. Using an unbiased
cell-based approach, we recently identified another flavonoid,
luteolin, and demonstrated its beneficial effects on the cystinotic
phenotype in vitro and in zebrafish (21). This further supports the
potential role of this class of compounds for the treatment of
nephropathic cystinosis and in vivo studies of luteolin in rodent
models of cystinosis are underway.

The choice of genistein in the present study is based on our
previous results showing that treatment of proximal tubular cells
obtained from cystinotic patients reduces cystine levels and lyso-
somal engulfment through the activation of TFEB (23). In the same
work, we also observed the downregulation of TFEB in cells lacking
cystinosin (23). Similarly, Zhang et al. (41) have also demonstrated
that endogenous TFEB is downregulated in Ctns™~ mouse fibrob-
lasts. Our results in cystinotic mice confirm the in vitro data.
Namely, we observed that renal cystine accumulation and the
size of lysosomes in renal cells are reduced following treatment
with genistein (Figs 1A and 2B-E). We also confirmed that TFEB
protein levels are downregulated in kidney extracts obtained from
Ctns™~ mice and are restored to wild-type levels after genistein
treatment (Fig. 2A). We also observed a concomitant reduction
in the size of cystine crystals in the renal parenchyma. These
results are similar to that reported recently by Nakamura et al.
(42) for oxalate nephropathy. They showed that TFEB activation
plays a critical role in preventing the development of chronic renal
lesions secondary to calcium oxalate crystal-induced lysosomal
damage (42). TFEB knockout in the proximal tubules significantly
accelerated the development of oxalate-induced kidney injury,
highlighting the physiological relevance of TFEB activation in
response to lysosomal damage.

The expression and activity of TFEB are known to be upregu-
lated by genistein (43). Therefore, genistein is an attractive ther-
apeutic option in lysosomal storage diseases and other patho-
logical conditions that are ameliorated by TFEB activation. In
addition to TFEB, genistein has other molecular targets, includ-
ing the epidermal growth factor receptor, phosphoinositide 3-
kinase/Akt, mitogen-activated protein kinase and nuclear factor-
kB (44). Therefore, we cannot exclude that the effects we observed
in nephropathic cystinosis mice may also be secondary to the
modulation of these other pathways. TFEB protein levels were
not altered in wild-type mice following treatment with genis-
tein; however, these results do not exclude the possibility that
TFEB may have been activated by genistein in wild-type animals.
Contrary to previous in vitro observations (23,41), in which TFEB
expression was unaffected by cysteamine treatment, our study
surprisingly showed a restoration of TFEB levels in the kidneys of
Ctns~/~mice treated with cysteamine. This may be secondary to
the cysteamine-mediated protective effect on kidney injury in our
experimental setting. Further studies are needed to demonstrate
a direct effect of cysteamine on TFEB activation.

Although clearly beneficial, genistein did not completely pre-
vent kidney injury in Ctns~/~ mice (Figs 3-6 and Supplementary
Material, Table S1). In particular, we did not observe a clear
benefit of genistein on Fanconi syndrome parameters, despite
significant protection against the development of parenchymal
lesions and kidney failure. This may have been in part secondary
to the modest effect of genistein on renal cystine accumulation
(~30%, Fig. 1A) and/or to the size of the cohort. In fact, a more
detailed analysis of the results obtained in the Ctns~/~ genistein-
treated group indicates that the data were not homogeneous, with
two animals developing high low-molecular weight proteinuria,
whereas the remaining seven mice had lower levels compared
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with the untreated group. The 400 mg/kg/day dose of cysteamine
was selected based on data from Cherqui et al. (45), in which a 50%
reduction of cystine content was observed in the kidneys of mice
treated for 60 days. Unlike what happens in humans, cysteamine
was very efficient at preventing the development of renal lesions
inmice (Fig. 3), which did not enable an assessment of the benefits
of a combined therapy with cysteamine and genistein. Several ele-
ments may explain the differences in the response to cysteamine
between mice and humans. First, mice do not develop very early
onset Fanconi syndrome; thus, the mouse model may not fully
recapitulate the human condition. Second, mice were treated very
early before developing significant Fanconi syndrome. In contrast,
humans are usually treated after being diagnosed with severe
proximal tubulopathy. Finally, the cysteamine dose used in the
present may be higher than the dose suggested in humans (1.30-
1.95 g/m?/day) corresponding approximately to 30-50 mg/kg/day
(46). Therefore, additional studies are needed to identify a lower
dose of cysteamine thatis less effective, to determine whether the
two drugs have an addictive effect.

Combined therapy with cysteamine and genistein could poten-
tially reduce the dose of cysteamine needed to achieve cystine
clearance, which would be extremely beneficial for mitigating the
side effects that are associated with limited patient compliance
(47). This association is also attractive because it would com-
bine drugs that act through different mechanisms and poten-
tially yielding synergistic effects. While cysteamine allows the
clearance of cystine through the formation of mixed disulfides,
genistein clears cell cystine content by TFEB-induced lysosomal
exocytosis (23) and stimulates new lysosome synthesis.

Another potential beneficial effect of genistein in cystinosis
may be associated with its effects on bones. In our previous
study, we demonstrated that bone alterations (reduced bone min-
eral density and bone volume) and decreased mineralization
that occur in cystinosis are also the result of primary defects in
bone cells (48). Genistein has also been shown to have a protec-
tive effect against osteoporosis (49). It improves abnormal bone
metabolism in diabetic rats, presumably through its hypoglycemic
and anti-inflammatory effects (50). We found no significant dif-
ference in trabecular and cortical parameters between the groups
of 16-month-old wild-type and Ctns~~ mice (data not shown). We
cannot exclude that these results were affected by the aging and
the related bone loss of our C57BL/6 background animal model
that may prevent our assessment of the effect of genistein on the
skeleton.

Genistein is particularly rich in soy. Patients with nephropathic
cystinosis may be advised to increase their consumption of soy
and soy-based products; however, the intake of genistein in the
present study (160 mg/kg/day) was much higher than what would
be expected from a soy-rich diet. Therefore, such an indication is
questionable and should be confirmed in future studies. Of note,
genistein is primarily eliminated by the kidneys (51). Chronic kid-
ney disease may therefore cause genistein accumulation. In our
experimental model, however, creatinine clearance was similar to
that of wild-type animals (Fig. 5).

Genistein is a phytoestrogen, but we did not observe any
abnormal effects on the genital organs after animal sacrifice.
We could not test the hormonal profile during the study because
blood sampling was insufficient and only female animals, which
are known to accumulate more cystine (34), were examined.
Although genistein is commercially available and used in
human subjects, it should probably be addressed in regard
to cystinosis. It should also be noted that male patients with
nephropathic cystinosis frequently exhibit hypogonadotropic
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hypogonadism and that azoospermia almost always occurs in
adult patients (52).

In conclusion, genistein mitigated kidney disease in a mouse
model of nephropathic cystinosis. Because of safety profile of
genistein in humans, these results indicate that this molecule
represents a potential candidate for treating this disease. Addi-
tional preclinical studies are needed to determine the potential
synergistic effects of genistein with cysteamine and to exclude
negative effects on the male and female reproductive systems.

Materials and Methods
Mouse maintenance and drug administration

Ctns knockout mice (C57BL/6 background) were kindly provided
by Dr Corinne Antignac (27). Animal care and experimental
procedures were conducted in accordance with the European
2010/63/EU directive on the protection of animals used for
scientific purposes and authorized by the Italian Ministry of
Health (authorization number 66/2018-PR).

Two-month-old female wild-type and Ctns~~ (n=9 per group)
mice were fed with a control diet (4RF21 diet, Mucedola Srl,
Settimo Milanese, Italy) or with the same diet containing 1.17 g
of genistein per kg (ACEF Spa, Fiorenzuola D’Arda, Italy). An addi-
tional group of 2-month-old female Ctns~~ mice (n=5) was fed
with 2.93 g of cysteamine bitartrate per kg. Cysteamine powder
was obtained from Cystagon® capsules (Recordati Rare Diseases,
Milan, Italy) used for human therapy. The estimated correspond-
ing doses were 160 mg/kg/day for genistein and 400 mg/kg/day for
cysteamine. These calculations were made based on preliminary
data showing that mice with an average weight of 22 g eat on
average 3 g of food per day.

Mice were acclimatized in metabolic cages for 24 h, and urine
was collected in the following 24 h in the presence of 0.1% sodium
azide and 1X protease inhibitors (Thermo Scientific). Mouse
weight and length were recorded before entering the metabolic
cages. Blood was collected at the sacrifice to obtain serum. Urine
and serum analyses were performed by the veterinary laboratory
Appialab Srl (Rome, Italy). Creatinine clearance was calculated
by the formula: creatinine clearance (ml/min)=urine creatinine
(mg/dl) x 24 h urine volume (ml)/serum creatinine (mg/dl) x
1440 min. Creatinine clearance was normalized against mouse
body weight.

Western blotting

Proteins were extracted by sonicating the tissues in RIPA buffer,
containing protease and phosphatase inhibitors (Thermo Scien-
tific) and centrifuged for 10 min at 13000 rpm at 4°C.

Protein concentrations were measured using the Bio-Rad
Protein Assay (Bio-Rad Laboratories, Inc., Hercules, CA) according
to the manufacturer’s instructions. Proteins were separated under
reducing condition by electrophoresis on 8% gels (NuSep, Kéln,
Germany) and immunoblotted onto polyvinylidene difluoride
membranes. The membranes were blocked with 5% BSA diluted in
Tris-buffered saline, 0.1% Twween 20 and incubated overnight with
rabbit anti-TFEB (1:1000) (#A303-673A Bethyl laboratories Inc.,
Montgomery, Texas) or rabbit anti-GAPDH (1:1000) (#5174 Cell Sig-
nalling, Danvers, Massachusetts). Following the incubation with
horseradish peroxidase (HRP), secondary antibody conjugates IgG
(Jackson ImmunoResearch Europe Ltd, Cambridge House, UK).
Immunoblots were developed with LiteAblot EXTEND (EuroClone,
Milan, Italy) and acquired with the ChemiDoc XRS System (Bio-
Rad). Density of the bands was quantified by Image Lab software
(Bio-Rad).

Electron microscopy

Small pieces of kidney tissue were fixed with 1% glutaraldehyde
prepared in 0.2 M HEPES buffer (pH 7.3) for 30 min (RT). Then
samples were post-fixed in OsO4 and uranyl acetate, dehydrated,
embedded in Epon and polymerized at 60°C for 72 h. For each
sample, 60 nm thick sections were cut using a Leica EM UC7
ultramicrotome (Leica Microsystems, Vienna, Austria). Electron
microscopy images were acquired from these sections using a
FEI Tecnai-12 electron microscope (FEI, Eindhoven, the Nether-
lands) equipped with a VELETTA CCD digital camera (Soft Imaging
Systems GmbH, Munster, Germany). The area of crystals (px?)
was quantified within 16X fields of view (>45 crystals for each
experimental condition).

Histology, immunofluorescence and
morphometry

Sections were stained with Periodic Acid Schiff Kit (P.A.S.) (#04-
130802, Bio-Optica, Milano, Italy) according to the manufacturer’s
instructions.

Immunohistochemistry was performed on 3 um thick sections
obtained from formalin-fixed tissue embedded in paraffin. After
dewaxing and rehydrating, heat-induced epitope retrieval was
performed by boiling the slides with EDTA (pH 9) (Dako, Glostrup,
Denmark). Tissue slides were blocked in 5% BSA for 1 h. Sections
were incubated overnight at 4°C with mouse monoclonal LAMP1
(1:100) (#sc-20011, Santa Cruz Biotechnology, Inc., Santa Cruz, CA)
or biotinylated LT-lectin (1:100) (#B-1325-2, Vector Laboratories).
The primary antibody LAMP1 was revealed with the secondary
antibody Alexa Fluor goat anti-mouse 488 (Applied Biosystems,
Life Technologies, Carlsbad, CA, USA). For nuclear staining, 49,6-
diamidino-2-phenylindole was added for 5 min before section
mounting with glycerol/PBS (1:1).

To quantify lysosomal morphology, we assessed the number,
the percentage and total area of LAMP1-positive structures within
>50 random 60X fields of view for each experimental condition by
Image J software.

LT-lectin was revealed with streptavidin-HRP kit (ready to use)
(#K3954, Dako, Carpinteria, USA) and the peroxidase DAB kit
(Dako, Carpinteria, USA). Counterstaining was performed with
hematoxylin solution Gill2.

Morphometric determinations of proximal tubule fractional
area were made in sections stained with LT-lectin as previously
described (53). Briefly, five fields of the subcapsular cortex for
each mouse were analyzed using microscopic fields at x20 mag-
nification. The fractional area of proximal tubule was measured
within >40 random fields for each experimental condition after
digital contrasting using the QuPath software (54).

The areas of both glomerular capsule and tuft were measured
on P.A.S.-stained sections by NDP.view2 Image viewing software.
The area of the Bowman'’s space was determined by subtracting
the glomerular tuft area from the total area within the capsule in
>80 glomeruli.

LC-MS determination of cystine

Dissected tissues were homogenized in 10 mM N-ethylmaleimide.
Protein fraction was obtained following precipitation in 10% 5-
sulfosalicylic acid and centrifugation at 20000xg for 20 min at
4°C. Protein pellet was resuspended in 100 mM NaOH and assayed
by the Bio-Rad Protein Assay according to the manufacturer’s
instructions. Supernatant (50 ul) was mixed with 50 ul of the
internal standard solution (Cystine d6) and vortexed for 5 s; then
the mixture was extracted with 200 ul of acetonitrile, vortexed at



least 30 s and then centrifuged at 13000 rpm for 9 min. Liquid
chromatography and mass spectrometry analysis was performed
by a UHPLC Agilent 1290 Infinity II 6470 (Agilent Technologies)
equipped with an ESI-JET-STREAM source operatingin the positive
ion (ESI+) mode. MassHunter Workstation (Agilent Technologies)
software was used to control the equipment and analyze the
data. The separation column was InfinityLab Poroshell 120 HILIC
1.9 um 100 x 2.1 mm (Agilent Technologies). Validation of the
method was performed based on the US Food and Drug Adminis-
tration (FDA) guideline for industry bioanalytical method valida-
tion (FDA 2013) and European Medicines Agency (EMA) guideline
(EMA 2011). The validation of the assay was performed including
selectivity, specificity, linearity and limit of quantification, accu-
racy and precision, matrix effects and recovery, and stability.

Statistics

Data are presented as median and IQR [25th-75th] unless oth-
erwise specified in the figure legends. Differences among groups
were compared by the nonparametric Kruskal-Wallis test. If dif-
ferences were significant, pairwise comparisons were evaluated
by the Mann-Whitney U test. P-values <0.05 were considered
significant. GraphPad Prism software version 9 was used for all
statistical analyses.

Supplementary Material

Supplementary Material is available at HMG online.
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