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A B S T R A C T

In infantile nephropathic cystinosis, variants of the CTNS gene cause accumulation of cystine in lysosomes,
causing progressive damage to most organs. Patients usually present before 1 year of age with signs of renal
Fanconi syndrome. Cysteamine therapy allows cystine clearance from lysosomes and delays kidney damage but
does not prevent progression to end-stage kidney disease, suggesting that pathways unrelated to cystine accu-
mulation are also involved. Among these, impaired autophagy, altered endolysosomal trafficking, and increased
apoptosis have emerged in recent years as potential targets for new therapies. We previously showed that
luteolin, a flavonoid compound, improves these abnormal pathways in cystinotic cells and in zebrafish models of
the disease. Herein, we have investigated if prolonged luteolin treatment ameliorates kidney damage in a murine
model of cystinosis. To this end, we have treated Ctns-/- mice from 2 to 8 months with 150 mg/kg/day of luteolin.
No significant side effects were observed. Compared to untreated animals, analyses of kidney cortex samples
obtained after sacrifice showed that luteolin decreased p62/SQSTM1 levels (p <0.001), improved the number,
size, and distribution of LAMP1-positive structures (p <0.02), and decreased tissue expression of cleaved caspase
3 (p <0.001). However, we did not observe improvements in renal Fanconi syndrome and kidney inflammation.
Kidney function remained normal during the time of the study. These results indicate that luteolin has positive
effects on the apoptosis and endo-lysosomal defects of cystinotic proximal tubular cells. However, these bene-
ficial effects did not translate into improvement of renal Fanconi syndrome.

1. Introduction

Cystinosis is a rare inherited lysosomal storage disease caused by
mutations in the CTNS gene that encodes cystinosin, a lysosomal
cystine/proton symporter [1]. Impairment of lysosomal cystine efflux
leads to progressive accumulation and crystallization of cystine in
virtually all organs. Infantile nephropathic cystinosis (OMIM 219800) is
the most frequent and severe form of the disease, which is characterized
by early-onset proximal tubular dysfunction, causing renal Fanconi

syndrome [2]. Patients usually develop around 6 months of age failure
to thrive, signs of dehydration, and rickets, that are secondary to
abnormal urinary losses of water, salt, amino acids, phosphate, bicar-
bonate, glucose, and low-molecular-weight (LMW) proteins [3]. With
time, the glomerular function also deteriorates. If untreated, most pa-
tients develop end-stage kidney disease around the age of 10 years [3,4].
Cysteamine has been introduced for the treatment of cystinosis in the
80’s and is currently the only available treatment for the disease [5,6]. It
allows clearance of cystine from lysosome but does not correct the
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Fanconi syndrome when started after tubular dysfunction has developed
and can only delay progression to end-stage kidney disease by 5–10
years if started early [3,4,7]. Although cysteamine has dramatically
improved the life expectancy of patients [8], new therapies are needed.
A clinical trial exploring the benefits of hematopoietic stem cell trans-
plantation after in vitro gene therapy is currently ongoing [9]. In addi-
tion, studies carried during the past two decades in several laboratories
have highlighted the complexity of cell changes caused by the invali-
dation of the CTNS gene. These involve several pathways, including
enhanced apoptosis [10–13], mitochondrial dysfunction [14,15],
oxidative stress [16–18], inflammation [19], aberrant macro- and
chaperon-mediated autophagy (CMA) [20,21], endo-lysosomal
dysfunction [22,23] and decreased expression of megalin and cubilin
[22,24,25]. Some of these pathways are poorly responsive to cysteamine
and represent novel potential targets for therapy that may complement
cysteamine treatment [26,27].

Drug repurposing is a potentially useful strategy to identify new
treatments for rare diseases [28,29]. We have recently focused on
autophagy defects as a target to identify new treatments. Using an un-
supervised cell-based drug screening strategy that included 1200 com-
pounds (Prestwick Chemical Library, (Illkirch-Graffenstaden, France),
most of which are approved for clinical use in humans, we have iden-
tified molecules that reduced the accumulation of the autophagy sub-
strate p62/SQSTM1 in immortalized cystinotic human proximal tubular
cells (PTCs) [30]. Among positive hits, we have further investigated the
effects of luteolin (3’,4’,5,7-tetrahydroxyflavone), a natural flavonoid
found in fruits and vegetables [31], using cell-based in-vitro assays and a
zebrafish model of cystinosis [30]. Our results have shown that luteolin
improves degradation of autophagy cargoes, restores normal intracel-
lular lysosomal distribution, reduces the apoptosis rate, and stimulates
endocytic processes [30]. Based on these promising results, we have
performed a pre-clinical study to test the efficacy of luteolin in pre-
venting kidney damage in cystinotic mice.

2. Materials and methods

2.1. Animal care and luteolin administration

Ctns-/- mice (C57BL/6 background) were kindly provided by Prof.
Corinne Antignac [32]. 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 were autho-
rized by the Italian Ministry of Health (authorization number
1088/2020-PR). Wild type and Ctns-/- female mice (n = 6 per group)
were fed from 2 to 8 months of age with a standard diet prepared in
pellets (4RF21 diet, Mucedola Srl, Settimo Milanese, Italy) or with the
same diet containing 1.1 g of luteolin per kg (Santa Cruz Biotechnology,
Inc. Dallas, Texas, USA). The estimated corresponding doses of luteolin,
based on daily food intake, was 150 mg/kg/day (average mouse weight:
22 g; average food intake: 3 g /day). This dose was tested in preliminary
studies performed on a limited number of animals that were treated for
up to 8 months, in which we observed no apparent toxic effects and good
palatability (4 wild type and 4 Ctns-/- mice; 2 males and 2 females per
group; data not shown).

Urine sampling was performed after mice were acclimatized in
metabolic cages for 24 h. Urines were collected for 24 h in the presence
of 0.1 % sodium azide and protease inhibitors (Thermo Fisher scientific,
MA, USA). Mouse weight and length were recorded before entering
metabolic cages. Urine samples were collected every two months, blood
samples at sacrifice. Routine urine and serum analyses were performed
in a veterinary laboratory (Appialab Srl, Rome, Italy). LMW proteinuria
was estimated by measuring urinary Clara cell 16 protein (CC16)
excretion (Biomatik Corporation, Ontario, Canada). Creatinine clear-
ance was calculated with the following formula: creatinine clearance
(ml/min) = urine creatinine (mg/dl) x 24 h-urine volume (ml) / serum
creatinine (mg/dl) x 1440 min; data were normalized for body weight.

2.2. Histology, immunofluorescence, and immunohistochemistry

Liver and kidney specimens were formalin-fixed and embedded in
paraffin. 2.5 µm-thick sections were obtained, dewaxed, and rehydrated.
Sections were stained with hematoxylin/eosin (H&E) or Periodic Acid
Schiff Kit (P.A.S.) (#04–130802, Bio-Optica, Milano, Italy). For immu-
nohistochemistry and immunofluorescence, heat-induced epitope
retrieval was performed by boiling slides in the presence of EDTA at pH
9 (Dako, Glostrup, Denmark) after dewaxing and rehydrating. Tissue
slides were blocked in 5 % BSA and 2 % NGS for 1 h. Sections were
incubated overnight at 4◦C with the following primary antibodies:
mouse monoclonal anti-p62/SQSTM1 antibody (1:300) (# H00008878-
M01, Abnova, Taipei City, Taiwan), mouse monoclonal anti-LAMP1
antibody (1:100) (#sc-20011, Santa Cruz Biotechnology, Inc. Dallas,
Texas, USA), rabbit polyclonal anti–active caspase-3 antibody (1:400) (
9661; Cell Signaling Technology, Danve, MA, USA), rabbit polyclonal
anti-CD68 antibody (1:100) (#PA5–78996, Thermo Fisher scientific,
MA, USA). For immunofluorescence studies, primary antibodies were
revealed with secondary Alexa Fluor antibodies (Applied Biosystems,
Life Technologies, Carlsbad, CA, USA); nuclei were stained with 49,6-
diamidino-2-phenylindole. For immunohistochemistry studies, pri-
mary antibodies were revealed with biotinylated secondary antibodies
(K8024, Dako, Carpinteria, CA, USA) and the peroxidase DAB kit (Dako,
Carpinteria, CA, USA). Counterstaining was performed with the Gill2
hematoxylin solution (Dako, Carpinteria, USA).

Microscopic images were acquired using the NanoZoomer S60
(Hamamatsu, Shizuoka, Japan) digital slide scanner platform equipped
with an Olympus 20x/0.75 PlanSAPO objective. Fluorescence acquisi-
tion was performed with a linear ORCA-Flash 4.0 digital CMOS camera
(Hamamatsu) mounted on a fluorescence imaging module equipped
with a L11600 mercury lamp (Hamamatsu).

Confocal microscopy imaging was performed using an Olympus
FV3000 laser-scanning confocal microscope (Evident Scientific,
Hamburg, Germany) equipped with 405 nm and 488 nm laser sources.
Sequential confocal images were acquired with UPLXAPO 60X or 40X oil
immersion objectives (1.42 and 1.40 numerical aperture, respectively),
using 1024 × 1024 image format and a scan speed of 8 μs/pixel. Laser’s
power, beam splitters, filter settings, pinhole diameter, and scan mode
were the same for all samples.

To quantify staining (mean fluorescence intensity, number, and size
of structure), at least 15 random fields for each experimental condition
were analyzed blindly using the Image J software (https://imagej.net/).

To quantify histological lesions, a “tissue damage score” was created
that included tubular atrophy, interstitial fibrosis, cortical tubular casts,
glomerulosclerosis, and vascular damage. Each parameter was scored
blindly by a pathologist (FDC) using a scale from 0 to 3 (0= normal, 1=
mild lesions, 2 = moderate lesions, 3 = severe lesions). Results were
added to generate a score ranging 0–15.

2.3. LC-MS-based cystine measurements

Tissues were homogenized in 10 mM N-ethylmaleimide (Merck,
Darmstadt, Germany). Protein fractions were obtained after precipita-
tion in 10 % 5-sulfosalicylic acid (Merck, Darmstadt, Germany) and
centrifugation at 20,000 g for 20 min at 4◦C. Protein pellets were
resuspended in 100 mM NaOH (Merck, Darmstadt, Germany) and
assayed by the Bio-Rad Protein Assay (Bio-Rad, CA, USA), according to
the manufacturer’s instructions. Supernatants (50 μL) were mixed with
50 μL of internal standard solution (Cystine d6) and vortexed for 5 s. The
mixture was then extracted with 200 μL of acetonitrile, vortexed for at
least 30 s, and centrifuged at 13,000 rpm for 9 min. Liquid chroma-
tography and mass spectrometry analysis was performed by a UHPLC
Agilent 1290 Infinity II 6470 (Agilent Technologies) equipped with an
ESI-JET-STREAM source operating in the positive ion (ESI+) mode. The
MassHunter Workstation (Agilent Technologies, CA, USA) software was
used to control the equipment and to analyze data. The system was
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equipped with a InfinityLab Poroshell 120 HILIC 1.9 μm 100 x 2.1 mm
separation column (Agilent Technologies, CA, USA). Validation of the
method was performed in agreement with the US Food and Drug
Administration (FDA) guideline for industry bioanalytical method vali-
dation (FDA 2013) and the European Medicines Agency (EMA) guide-
lines (EMA 2011).

2.4. RNA extraction, quantitative real-time PCR

Total kidney RNA was extracted using the Animal Tissue RNA Pu-
rification Kit, (#25700, Norgen Biotek, Thorold, ON, Canada) and cDNA
was synthesized using the Wonder RT-cDNA Synthesis Kit
(#EME037050 EuroClone, Milano, Italy) according to the manufac-
turer’s instructions. Real-time PCR assays were performed using Taq-
Man Universal PCR Master mix (Applied Biosystems). The expression of
the following genes was analyzed: Cxcl1, Cxcl5, Il6; data were normal-
ized using the expression of the Hprt1 gene (Applied Biosystems). Nlrp2
expression was analyzed using the Sybr green probe (Roche); data were
normalized using the expression of the Gapdh gene. Primer sequences
are available on request. All data are expressed as arbitrary units (A.U.)
using the 2− Dct method [33].

2.5. Statistics

A preliminary power analysis showed that 6 mice per group were
sufficient to assess normalization of CC16 urinary levels to normal
values with an alpha error of 5 % and a power of 80 %, based on urinary
CC16 excretion levels obtained in previous studies from our laboratory
[34].

Data are expressed as mean ± SD or, if they are not normally
distributed, as median and interquartile range [IQR]. Differences be-
tween groups were compared with ANOVA or with the Kruskal-Wallis
test followed by pairwise comparisons with the uncorrected Dunn’s
test (if results were statistically significant after the Kruskal-Wallis test).
All p values are two-sided and considered significant if <0.05. The
GraphPad Prism software version 10 (GraphPad Software Inc., San
Diego, CA, USA) was used for all statistical analyses.

3. Results

3.1. Luteolin did not affect growth, liver histology, and liver enzyme levels
in Ctns -/- mice

Animals were fed with standard diet or with a luteolin supplemented
diet (150 mg/kg/day) from 2 to 8 months of age. Somatic growth was
unaffected by luteolin (Fig. 1A-B). To exclude hepatotoxicity after pro-
longed luteolin exposure, we evaluated liver histology and measured
liver function tests after sacrifice. H&E staining sections showed normal
liver histology in all animals, regardless of genotype and treatment
group (Fig. 1C). Serum levels of liver enzymes at the age of 8 months
showed no significant changes (Fig. 1D-F).

3.2. Luteolin reduced p62/SQSTM1 levels and lysosome defects in Ctns-/-

mice

To evaluate the effects of luteolin on autophagy, we have quantified
p62/SQSTM1 positive structures by immunofluorescence in cortical
sections of kidneys harvested after sacrifice. As expected, p62/SQSTM1
mean intensity levels increased in renal tubular structures of knock out
mice, compared to wild type mice (15.8 [11.6–19.6] vs. 8.4 [7.0–10.2],
p <0.001; Fig. 2A). Luteolin treatment reduced significantly p62/
SQSTM1 levels (11.7 [9.5–15.1], p <0.001; Fig. 2A), without however,
restoring values to wild type levels.

Defects of the lysosomal compartment were also investigated
(Fig. 2B). Lysosomal associated membrane protein 1 (LAMP1) immu-
nostaining of kidney sections showed accumulation of high number of

enlarged lysosomes in Ctns-/-mice compared to wild type mice (Fig. 2B).
Results were analyzed by measuring the number of LAMP1-positive
structures (111 [52− 329] vs. 4.5 [1–9.5], p <0.001; Fig. 2C), the size
of LAMP1-positive structures (7.1 [6.4–8.3] vs. 5.6 [4.4–7.5] squared
pixels, p <0.001; Fig. 2D), and the total area, per microscopic field,
occupied by LAMP1-positive structures (814 [328–2754] vs 31 [10-49]
squared pixels, p <0.001; Fig. 2E). After luteolin treatment, all param-
eters improved in Ctns-/-mice: the percent of improvement was 54 % for
the number of LAMP1-positive structures (51 [12− 128], p= 0.02), 13 %
for their size (6.2 [5.7–6.9], p = 0.007), and 61 % for the total area per
microscopic field (319 [77− 751], p = 0.01) (Fig. 2C-E). Although
improved, the number of LAMP1-positive structures and the total area
occupied by LAMP1-positive structures were not restored to wild type
values.

3.3. Luteolin decreased apoptosis in the renal parenchyma of Ctns-/- mice

As expected, Ctns-/- mice displayed more apoptosis events (cleaved
caspase-3 immunostaining) in their renal cortex compared to wild type
mice (1.5 [1.0–2.6] vs. 0.9 [0.8–1.0], p <0.001) (Fig. 3A). Luteolin
treatment significantly reduced kidney expression of cleaved caspase-3
in Ctns-/- mice (0.98 [0.78–1.14], p <0.001; Fig. 3A) to levels
observed in wild type mice.

3.4. Luteolin did not prevent renal parenchymal inflammation

Infiltration of kidney parenchyma by CD68-positive cells (monocytes
and macrophages) mediates at least in part, tissue damage of Ctns-/-

animals. We have quantified the mean intensity of CD68 staining in
renal parenchyma and observed a significant increase in samples ob-
tained from Ctns-/- mice, compared to wild type mice (1.5 [1.2–2.9] vs
0.9 [0.8–1.0], p<0.001), which was not ameliorated by luteolin therapy
(1.5 [1.1–2.3]) (Fig. 4A). To confirm these observations, we quantified
by qPCR performed on total kidney homogenates the expression levels of
specific pro-inflammatory mediators (Fig. 4B-E). The expression of
Nlrp2, Cxcl1, and Cxcl5 was increased in kidney sections obtained from
Ctns-/- mice and did not decrease significantly after luteolin treatment.
However, Nlrp2 mRNA expression was no longer different when
comparing wild type animals and knock out animals treated with
luteolin. Il6 expression was similar in all experimental groups.

3.5. Luteolin did not prevent the development of Fanconi syndrome and of
kidney tissue damage

This mouse model of cystinosis shows evidence of proximal tubular
dysfunction from the age of 4–6 months. Accordingly, we observed
increased urinary excretion of CC16, glycosuria, and polyuria in Ctns-/-

animals. These were not ameliorated by luteolin treatment. However,
urine output was no longer different when comparing wild type animals
and knock out animals treated with luteolin (Fig. 5A-C). Urinary albu-
min, calcium, and phosphate were measured at 8 months of age. We
observed significant albuminuria and hypercalciuria in Ctns-/- mice
regardless of luteolin treatment (Fig. 5D-F). Creatinine clearance at 8
months of age was comparable among all experimental groups (Fig. 5G).
Serum levels of creatinine, urea, calcium and phosphate were measured
at sacrifice (Table 1). Phosphate levels were mildly but significantly
increased in Ctns-/- animals. No other differences were noted.

Kidneys harvested from treated and untreated Ctns-/- mice appeared
equally pale (Fig. 6A). No significant changes were observed in kidney
weight (Fig. 6B). Cystine content was increased in cystinotic kidneys and
was not affected by luteolin therapy (Fig. 6C).

Semi-quantitative evaluation of kidney lesions was performed
blindly on P.A.S. stained sections. The “tissue damage score” (see
methods) showed only mild lesions that did not reach statistical signif-
icance, when paired comparisons were performed between experi-
mental groups (Fig. 6D).
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Fig. 1. Luteolin treatment did not affect growth and liver function. (A) Body weight and (B) body length were monitored starting from 2 months of age in Ctns+/
+, Ctns-/-, and in Ctns-/- mice treated with luteolin for six months. Data are presented as mean ± SD (n = 6 mice for each experimental group). (C) Representative
image of H&E-stained liver section from Ctns+/+, Ctns-/- and Ctns-/-mice treated with luteolin. Scale bars: 250 µm. Serum level of (D) alanine aminotransferase (ALT),
(E) aspartate aminotransferase (AST), and (F) gamma-glutamyl transferase (γGT). Each data point represents a single mouse (n = 6 mice for each experimental
group); lines indicate median values. Differences between groups were compared using ANOVA or the Kruskal-Wallis tests. No significant differences were observed
for all comparisons.
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Fig. 2. Luteolin reduced p62/SQSTM1 levels and lysosome defects in Ctns-/- mice. (A) Representative confocal images and fluorescence quantification of p62/
SQSTM1 expression in kidney sections from Ctns+/+, Ctns-/- and Ctns-/- mice treated with luteolin. Scale bars: 20 µm. Lower panels, enlargements of the boxed areas.
Each data point represents the mean fluorescence intensity in one tubular structure (n >200 tubules from 6 different mice per condition); lines indicate median
values. (B) Representative confocal images of kidney section stained with LAMP1. Scale bars: 20 µm. Lower panels, enlargements of the boxed areas. (C-E)
Quantification of LAMP1 positive structure in proximal tubules; each data point represents the number (C), average size (px2) (D), and total area (px2) (E), of LAMP1
positive structures in one field (n = 30 fields pooled from 6 mice per condition). Differences between groups were compared using the Kruskal-Wallis test and if
significant, the uncorrected Dunn’s test. Abbreviations: ns = non-significant; *p <0.05; **p <0.01; ***p <0.001.
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4. Discussion

Cysteamine is the current standard of care for cystinosis. It has
improved dramatically the life expectancy of patients but cannot pre-
vent completely the development of many complications and has side
effects that limit patient compliance. In our previous work, we identified
luteolin as a candidate drug for cystinosis [30]. In this work, we have
used a mousemodel of cystinosis and confirmed in vivo positive effects of
luteolin on autophagy, lysosomal homeostasis, and apoptosis, but we did
not observe a substantial protection against proximal tubular
dysfunction.

Lysosomal engulfment in lysosomal storage diseases has been shown
to produce several secondary changes in cells, including reduced
endosomal trafficking, impaired autophagy, dysregulation of signaling
pathways, abnormal calcium homeostasis, activation of inflammation,
oxidative stress, and mitochondrial dysfunction [20,21,25,30,35,36]. In
principle, by promoting cystine clearance from lysosomes, cysteamine
should reverse these changes [20,21,25,30,36]. Recent studies have
shown however, that some abnormal pathways, in particular autophagy,
do not respond well to cysteamine despite normalization of cell cystine
concentrations [21,30]. It has also been shown that cystinosin interacts
with several cell proteins, including the mTORC1 complex, the vacuolar
H+ATPase, and galectin 3, independently from its transport activity [37,
38]. This has led to the hypothesis that incomplete response to cyste-
amine may be secondary to altered cellular pathways that are not related
to lysosomal cystine accumulation. Targeting these pathways would
therefore represent an attractive new therapeutic strategy.

Drug repositioning is particularly attractive in rare diseases [28,29].
We have previously used a high throughput in-cell ELISA screening
assay to identify compounds that could rescue the accumulation of

p62/SQSTM1 in cystinotic cells [30]. This study led to the identification
of luteolin as a potential therapy for cystinosis. Luteolin is a natural
flavonoid that is particularly rich in fruit and vegetables [39]. In sec-
ondary assays performed in vitro on cystinotic cells and in vivo using a
zebrafish model of cystinosis, we have observed that luteolin can restore
normal lysosomal distribution, improve megalin expression, ameliorate
vesicular trafficking, and decrease the rate of apoptosis [30]. Preclinical
studies in other diseases have also shown positive effects of luteolin on
cell oxidation, tissue inflammation, unregulated growth, apoptosis,
autophagy, aging, and neurodegeneration [31,39–42].

Luteolin was also particularly interesting because we have previ-
ously treated Ctns-/- mice with genistein, another flavonoid, and
observed substantial protection of kidney parenchyma and kidney
function [34,43]. After sacrifice, renal cystine content and cystine
crystal accumulation were significantly decreased in animal treated with
genistein, possibly because of increased lysosomal clearance by exocy-
tosis [34,43]. Unlike luteolin however, genistein did not reduce in vitro
the accumulation of p62/SQSTM1 (unpublished data). Luteolin could
therefore provide additional activity on the autophagy defect of cysti-
nosis. When administered to cystinotic cells and to zebrafish larvae,
luteolin did not induce toxic effects, even at high concentrations [30].
Consistently, we did not observe significant side effects during a pro-
longed 6-month treatment in mice. This finding is in agreement with
recent clinical trials, showing no major side effects of luteolin in humans
[44,45]. We focused the toxicity evaluations on the liver because
luteolin is concentrated and metabolized in hepatocytes [46].

As expected, our data showed that luteolin treatment decreased p62/
SQSTM1 levels in vivo, improved abnormal lysosomal morphology, and
decreased apoptosis in the renal cortex of treated animals. Unfortu-
nately, it did not prevent the development of polyuria, of LMW

Fig. 3. Luteolin protected from apoptosis in Ctns -/- mice. (A) Representative image showing immunohistochemical staining for cleaved caspase 3 and quan-
tification of cleaved caspase 3 in kidney cortex of Ctns+/+, Ctns-/- and Ctns-/- mice treated with luteolin. Scale bars: 250 µm. Each data point represents the cleaved
caspase 3 mean intensity normalized for the number of nuclei in one field (n = 30 fields pooled from 6 mice per condition). Differences between groups were
compared using the Kruskal-Wallis test, and if significant, the uncorrected Dunn’s test. Abbreviations: ns = non-significant; ***p <0.001.
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proteinuria, and of glycosuria, which are the main signs of renal Fanconi
syndrome in Ctns-/- mice [22,24,32]. Contrary to genistein [34,43],
luteolin did not reduce cystine accumulation in kidneys.

Lack of efficacy of luteolin on tubular disease was somewhat unex-
pected. In zebrafish, we previously observed that luteolin preserved
significantly megalin expression [30]. Moreover, it has been shown that
primary tubular cells derived from Ctns-/- mice are exposed to increased
oxidative stresses as a consequence of altered autophagy, which de-
creases the clearance of damaged mitochondria that release radical
species in the cytosol [20]. By improving autophagic processes, we were

expecting that luteolin would protect proximal tubular cells.
We cannot exclude that higher dose of luteolin, which has a rela-

tively low bioavailability [47], would have been more efficient. How-
ever, the discrepancy between the observed improvements in lysosomal
distribution, autophagy, and cell apoptosis in the renal cortex and the
lack of effects of luteolin on renal Fanconi syndrome is remarkable.

Alternatively, our results may be explained by the ineffectiveness of
luteolin in reducing cystine accumulation and renal parenchyma
inflammation.

In respect to cystine accumulation, it was unanimously believed until

Fig. 4. Luteolin did not mitigate renal parenchymal inflammation. (A) Representative image of CD68 immunostaining and quantification in kidney cortex from
Ctns+/+, Ctns-/- and Ctns-/-mice treated with luteolin. Scale bars: 250 µm. Each data point represents CD68 immunostaining mean intensity normalized for the number
of nuclei in one field (n = 30 fields pooled from 6 Ctns+/+ or Ctns-/- mice and n = 15 fields pooled from 3 Ctns-/- mice treated with luteolin). (B) Nlrp2, (C) Cxcl1, (D)
Cxcl5 and (E) Il6 mRNA expression levels evaluated by qPCR in total kidney homogenates; Cxcl1, Cxcl5, Il6 data were normalized using the expression of the Hprt1
gene. Nlrp2 data were normalized using the expression of the Gapdh gene. All data are expressed as arbitrary units (n = 6 mice per condition). Differences between
groups were compared using the nonparametric Kruskal-Wallis test, and if significant, the uncorrected Dunn’s test. Abbreviations: A.U.: arbitrary units; ns = non-
significant; *p <0.05; **p <0.01; ***p <0.001.

Fig. 5. Luteolin did not prevent development of proximal tubular dysfunction. (A-G) Urinary parameters of Fanconi syndrome and kidney function: (A) urinary
LMW proteins (CC16)/creatinine ratio, (B) glucose/creatinine ratio, (C) 24 h diuresis normalized for body weight, (D) albumin/creatinine ratio, (E) calcium/
creatinine ratio, (F) phosphate/creatinine ratio, and (G) creatinine clearance. The latter 4 parameters were calculated only at sacrifice in 8-month old mice. (A-C):
data are expressed as median values and interquartile range (n = 6); (D-G) each data-point represent a single animal; line indicate median values. Differences
between groups in each timepoint were compared using the nonparametric Kruskal-Wallis test, and if significant, the uncorrected Dunn’s test. Statistically significant
differences in (A-C) are presented for wild-type versus Ctns− /− mice, only. Abbreviations: ns = non-significant; *p <0.05; **p <0.01; ***p <0.001.
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recently, that cysteamine has no effects on renal Fanconi syndrome in
humans and therefore, that lysosomal cystine accumulation is not the
cause of proximal tubular dysfunction in cystinosis. At odds with this
view, studies performed in Ctns-/- mice have shown that cystine crystals
play a pivotal role in promoting tubular cell damage and that early
cysteamine therapy can prevent tubular dysfunction [24,34]. To
reconcile these observations, lack of efficacy of cysteamine in humans
may be explained by the timing of initiation of treatment, which is
nearly always started late, when Fanconi syndrome has already devel-
oped. A recent retrospective analysis of six patients that were diagnosed
early by family screening has shown that cysteamine can in fact mitigate
proximal tubular dysfunction also in humans [48].

In respect to inflammation, previous data have shown that inflam-
mation plays a significant role in the progression of tissue damage in
cystinosis. The Nod-like receptor protein 2 (NLRP2) for example, is
markedly upregulated in cystinotic human PTCs [49] and invalidation of
the Nlrp2 gene in Ctns-/- mice has been shown to delay the development

of chronic kidney lesions [50]. Also, galectin-3 is a proinflammatory
protein that interacts with cystinosin and promotes inflammation in its
free cytosolic form [38]. Invalidation of the Gal-3 gene in Ctns-/- mice
ameliorates kidney function, delays the development of renal fibrosis,
and reduces renal inflammatory cell infiltration [38]. Further support-
ing the role of inflammation in tissue damage of cystinosis, treatment of
Ctns-/- mice with the IL-1β inhibitor anakinra can reverse fat browning
and muscle wasting [51]. In our experiments, inflammatory cell infil-
tration, transcription of Nlrp2, and transcription of inflammatory cyto-
kines/chemokines were not reduced after luteolin treatment. This was
particularly surprising, since we had previously observed a significant
reduction (>60 %) in NLRP2 and IL6 mRNA expression after treating
immortalized cystinotic human PTCs with luteolin at a concentration of
50 μM for up to 24 h (unpublished data).

This study has some limitations. Kidneys were harvested at 8 months
of age. At that age, parenchymal kidney lesions are variable and not very
pronounced in this mouse model, while kidney function is usually still
preserved and polyuria is modest [22,24,32,34,52]. This prevented
detecting possible beneficial effects of luteolin on the development of
polyuria and chronic kidney lesions. Lack of effects on kidney inflam-
mation suggests however, that luteolin is probably not efficient in pre-
venting chronic kidney failure, in this mousemodel. In addition, mice do
not mimic completely the human phenotype: compared to humans, they
develop proportionally later tubular dysfunction and chronic kidney
failure, they do not develop proximal tubular acidosis, and have only
mild or no phosphaturia [53].

5. Conclusions

Results of the present study have confirmed the effects of luteolin on
several cellular pathways that are impaired in cystinosis, confirming our
previous data in vitro. However, these results failed to translate into
significant pre-clinical benefits. The search for additional treatment for
cystinosis is ongoing. In addition to hematopoietic stem cell

Table 1
Serum parameters at sacrifice (8-month-old mice).

Ctns+/+ untreated
(n=6)

Ctns-/- untreated
(n=6)

Ctns-/- luteolin
(n=6)

Creatinine
(mg/dL)

1.03 [0.99–1.00] 0.84 [0.61–1.14] 0.80 [0.64–1.00]

Urea (mg/dL) 54.50
[52.25–58.00]

41.50
[21.50–56.75]

33.00
[25.00–45.00]

Calcium (mg/
dL)

8.06 [7.70–8.43] 8.03 [7.9–8.53] 7.93 [7.46–8.37]

Phosphate
(mg/dL)

10.45
[10.25–10.65]

11.24
[10.79–13.28] **

10.80
[9.81–11.67]

Data are presented as median values and interquartile range [p25-p75]. Com-
parisons where made between Ctns-/- mice and untreated wild type animals
using the nonparametric Kruskal-Wallis test followed by the uncorrected Dunn’s
test, if significant. Unless specified, differences did not reach statistical signifi-
cance. Abbreviations: ** p <0.01.

Fig. 6. Morphological and histological kidney analysis. (A) Representative images of kidneys harvested from 8 months-old Ctns+/+, Ctns-/- and Ctns-/- mice
treated with luteolin. (B) Kidney weight normalized for body weight (n = 6). (C) Cystine levels in total kidney lysate normalized for protein content (n = 6). (D)
Tissue damage score (see methods for details). Each data-point represent a single animal, line indicate median values. Differences between groups were compared
using the nonparametric Kruskal-Wallis test, and if significant, the uncorrected Dunn’s test. Abbreviations: ns = non-significant; **p <0.01.
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transplantation after ex-vivo gene therapy [9], other molecules acting
directly or indirectly on autophagy have been proposed and are being
tested, including mTOR inhibitors [54,55] and stimulators of chaperon
mediated autophagy [56,57].
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