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Abstract

Cystinosis is an inherited disorder due to mutations in the CTNS gene which encodes cystinosin, a lysosomal transmembrane
protein involved in cystine export to the cytosol. Both accumulation of cystine in the lysosome and decreased cystine in the cytosol
may participate in the pathogenic mechanism underlying the disease. We observed that cystinotic cell lines have moderate decrease
of glutathione content during exponential growth phase. This resulted in increased solicitation of oxidative defences of the cell
denoted by concurrent superoxide dismutase induction, although without major oxidative insult under our experimental conditions.
Finally, decreased glutathione content in cystinotic cell lines could be counterbalanced by a series of exogenous precursors of cys-
teine, denoting that lysosomal cystine export is a natural source of cellular cysteine in the studied cell lines.
� 2004 Elsevier Inc. All rights reserved.
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Cystinosis (MIM 219800) is a storage disorder char-
acterized by lysosomal accumulation of cystine. Three
forms of the disease have been described, according to
severity of symptoms and age of onset [1]. First symp-
toms of infantile cystinosis, the most severe form of
the disease, appear in the first year of life. Affected pa-
tients present photophobia, growth retardation, and
the hallmarks of Fanconi syndrome, i.e., proximal
tubulopathy and glomerular damage which progress to
renal failure before 10 years of age, if untreated. The
widespread accumulation of cystine also leads to diabe-
tes, portal hypertension, hypothyroidism, hypogonad-
ism, and muscular and neurological deterioration. The
juvenile form (MIM 219900) which usually appears be-
tween 12 and 15 years is mostly characterized by photo-
phobia and glomerular renal impairment but generally
lacks major features of the Fanconi syndrome. Last,
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patients affected by the ocular form (MIM 219750) only
present a mild photophobia [1].

Cystinosis results from mutations in the CTNS

gene [2]. This latter encodes cystinosin, a lysosomal
transmembrane protein, which acts as a proton–cys-
tine symporter allowing cystine export from lysosome
to cytosol [3]. Impairment of cystinosin activity leads
to massive accumulation of cystine in the lysosomes.
This accumulation can be successfully decreased by
cysteamine which reacts with intralysosomal cystine
to generate a cysteine–cysteamine mixed disulfide that
exits lysosomes via the lysine transporter (Fig. 1 [1]).
Providing oral cysteamine to the patients improves
most of the symptoms, but is inefficient against the
tubulopathy [4].

Resistance of the tubulopathy to cysteamine has
been an incentive to develop studies aiming at deter-
mining the resistance mechanism. While reduced cyste-
amine access to renal tubules can still be advocated to
account for resistance, multiple anomalies in tubules
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Fig. 1. A schematic view of glutathione biosynthetic pathway featuring various precursors used in this study. 1, cystinosine; 2, cystine reductase; 3, LL-
c-glutamylcysteine synthetase; 4, glutathione synthetase; 5, glutathione peroxidase; 6, glutathione reductase; 7, cysteine transaminase; 8, glutamate
acetyltransferase; CDME, cystine dimethylester; GSH and GSSG, reduced and oxidized glutathione, respectively; and ROOH, lipoperoxide.
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have been reported mostly affecting mitochondria. In
particular, swollen mitochondria have been observed
in renal proximal tubules of some patients affected by
cystinosis [5]. Interestingly enough, similar anomalies
have been encountered when loading isolated rabbit
proximal tubules with cystine using cystine dimethy-
lester (CDME) treatment (Fig. 1 [6]). Similarly, abnor-
mal mitochondria have been inconsistently observed in
renal tubules of mice invalidated for the murine homo-
logue of the CTNS gene [7]. Decreased ATP level,
oxygen consumption, mitochondrial substrate con-
sumption, and tubule absorption volume have been re-
ported in rat isolated tubules upon CDME treatment
[8–12]. Finally, altered oxidative metabolism has also
been reported in phagocytic cells from cystinotic
children [13].

These observations suggest mitochondrial dysfunc-
tion in cystinosis, but so far the underlying mechanism
remains to be established. Decreased glutathione, nor-
mally produced from cysteine (Fig. 1), is an obvious
candidate to account for mitochondrial dysfunction in
this disease. However, surprisingly enough, investiga-
tion of either glutathione levels or c-glutamyl cycle en-
zyme activity has failed to reveal major alteration in
cystinotic fibroblasts [14–17]. We therefore decided to
reinvestigate these parameters using stably transformed
CTNS�/� cell lines.
Materials and methods

Cell line production. Fibroblasts were derived from a skin biopsy
from 3 patients affected by infantile cystinosis harboring different
mutations in the CTNS gene previously reported [2,18,19]. One of
these patients was homozygous for the common 57 kb deletion of the
CTNS gene. The second patient was heterozygous for this deletion and
an in-frame insertion (1386–1387 ins 12). The third patient was het-
erozygous for a splicing mutation (564 + 1 G > A) and the deleterious
substitution 1354 G > A. Fibroblasts used as controls were obtained
from three healthy individuals. These fibroblasts were next trans-
formed by retroviral particles containing the SV40 antigen T gene [20],
in the Centre de Thérapie Génique, Nantes, France.

Cell culture. Fibroblast cell lines were grown in RPMI supple-
mented with 10% fetal calf serum, 2 mM glutamine, 105 U/L strepto-
mycin, and 105 U/L penicillin under standard conditions. When
indicated, cells were treated with 10 mM N-acetyl-cysteine (NAC),
1 mM cysteamine, 1 mM mercaptopyruvate, and 1 mM ornithine for
24 h or 0.2 mM cystine dimethylester (CDME) for 23 h followed by a
last hour incubation with 1 mM CMDE. Cells were then trypsinized
and washed with phosphate-buffered saline solution for biochemical
investigations.

Biochemical investigations. Cystine content was assayed by radio-
competition with [14C]cystine for the cystine-binding protein as de-
scribed [21]. Glutathione content was measured by the enzymatic
recycling assay [22]. Redox status of the glutathione pool and super-
oxide dismutase activity were determined according to the procedure
of Anderson and Marklund, respectively [22,23]. Glutathione reduc-
tase and glutathione peroxidase activities were spectrophotometrically
measured according to standard procedures [24]. Cellular respiration
was polarographically studied in 250 ll cell, magnetically stirred,
and thermostated at 37 �C, as described [25]. Aconitase was



Table 1
Biochemical investigations in cystinotic and control cell lines

CTNS+/+ (n = 3)
(nmol/min/mg prot)

CTNS�/� (n = 3)
(nmol/min/mg prot)

Spectrophotometry
Glutathione reductase 39.8 ± 6.8 39.7 ± 9.3
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spectrophotometrically measured as described [26]. Protein concen-
tration was estimated according to Bradford [27].

Statistical analysis. Repeated measures analysis of variance and
paired t tests have been used to estimate statistical significance of
observed differences between CTNS�/� and CTNS+/+ cell lines.
Results were considered as statistically significant for p < 0.05.
Glutathione peroxidase 44.6 ± 11.8 46.6 ± 4.8
Aconitase 2.9 ± 2.0 3.1 ± 0.1

Polarography
Cell respiration 16.6 ± 1.4 20.6 ± 2.0
Mitochondrial

succinate oxidation
22.3 ± 2.9 24 ± 2.7

Ratio
Succinate oxidation/

respiration
1.3 ± 0.1 1.2 ± 0.1

Assays were carried out has described under Materials and methods.
Mitochondrial succinate oxidation has been measured in the presence
of the uncoupler m-Cl-CCP (carbonylcyanide-m-chlorophenylhydraz-
one) as to determined maximal rates, essentially limited by the activity
of the succinate dehydrogenase.
Results

We first determine the cystine content of the various
cell lines. As predicted from the deleterious deletion/mu-
tations identified in the CTNS gene in the three patients,
a huge accumulation of cystine was measured in the
CTNS�/� cell lines (1.76 ± 0.73 1/2 cystine nmol/mg
protein) as compared to CTNS+/+ cell lines
(0.11 ± 0.05 1/2 cystine nmol/mg protein).

Because glutathione is possibly synthesized in part
from cytosolic cysteine originating from cystine deliv-
ered by lysosomes (Fig. 1), we first monitored glutathi-
one content of both cystinotic and control cell lines
during passages. A consistent, although limited, reduc-
tion of glutathione content was noticed in cystinotic cell
lines as compared to controls during the exponential
growth phase (Fig. 2A). In addition, the analysis of
the glutathione pool redox status inconsistently showed
increased oxidation of glutathione in CTNS�/� as com-
pared to control (not shown).

We next examine if the observed changes in glutathi-
one could originate from reduced activity of either the
glutathione reductase or peroxidase (Table 1). Similar
activities of both enzymes in cystinotic and control cell
line were measured. This suggests that decreased gluta-
thione content resulted from reduced precursor avail-
ability, rather than from a significantly increased
demand for peroxide elimination in the cell. However,
the decrease in glutathione content of cystinotic cell lines
may in turn result in increased oxidant species in these
Fig. 2. Glutathione content and superoxide dismutase activity in
cystinotic and control cell lines. (A) Glutathione content in CTNS+/+
and CTNS�/� cell lines. (B) Superoxide dismutase activity in
CTNS+/+ and CTNS�/� cell lines. Glutathione content and enzyme
activity were determined as described under Material and methods.
cells. As superoxide dismutase activity level represents
an endogenous sensitive marker for increased superox-
ide production [28], we next compared superoxide dis-
mutase activity in both cystinotic and control cell
lines. As shown in Fig. 2B, superoxide dismutase activity
was moderately, but significantly, induced in cystinotic
cell lines as compared to control cells. Glutathione is
well known to play a major role in the control of oxida-
tive stress in mitochondria, and mitochondrial enzymes,
especially those containing iron–sulfur clusters (ISC),
such as succinate dehydrogenase (associated with the
mitochondrial inner membrane) and aconitase (matrix
located), are among the first targets of increased
superoxide production. We therefore measured both
succinate oxidation and aconitase activities in
CTNS�/� and control cell lines (Table 1). However,
no differences were observed between cell lines. Accord-
ingly, the overall respiration was not significantly
affected in the CTNS�/� cells (Table 1).

We finally compared the ability of a series of exoge-
nously added glutathione precursors (Fig. 1) to increase
the glutathione content of cystinotic and control cell
lines. In agreement with the suggestion that decreased
glutathione content originated from limited precursor
availability, we observed that most of the added
compounds could be used as glutathione precursors in
cystinotic cell lines (Fig. 3A). Cysteamine, CDME, N-
acetyl-cysteine, ornithine, and mercaptopyruvate all
tend to increase the glutathione content, this being par-
ticularly true for ornithine and CDME (p < 0.05). Indic-
ative that precursor availability is also limiting in
control cells, most of these compounds increased gluta-
thione content in control cells (Fig. 3B). Noticeably,
CDME increased glutathione content in both control
and cystinotic cell lines, yet to a significantly lower extent
in CTNS�/� cell lines (p < 0.01). Under our experimen-
tal condition, ornithine and mercaptopyruvate were



Fig. 3. Effect of glutathione precursors on glutathione content of both
cystinotic (A) and control (B) cell lines. Glutathione content was
determined as in Fig. 1 and values indicated as % of CTNS+/+ cell
lines without treatment. CDME, cystine dimethylester; NAC, N-
acetyl-cysteine; *p < 0.05.
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found to be the most efficient compounds to trigger glu-
tathione synthesis.
Discussion

Oxidative stress and mitochondrial dysfunction
resulting in decreased ATP are elusive features of cysti-
nosis, which might participate in the unexplained tubul-
opathy observed in patients and account for abnormal
mitochondrial morphology occasionally observed in
mouse model kidney [5,7,8,10]. The present study estab-
lishes that, under controlled conditions, exponentially
growing cystinotic cell lines have lower glutathione con-
tent and increased superoxide dismutase activity as com-
pared to controls. This indicates that cystine,
sequestered in the lysosomes of affected cells, is normally
utilized as a precursor for glutathione synthesis in this
type of cells (Fig. 1). Cytosolic cysteine pool replenish-
ment seems therefore to be partially dependent on cys-
tine export from lysosomes, the degree of dependency
being possibly variable according to experimental condi-
tions and to tissues and cell types, in vivo.

Concurrent with the moderate glutathione depletion
observed in cystinotic cell lines, we noticed an increase
of superoxide dismutase activity denoting increased
solicitation of cell oxidative defences. On the other
hand, we failed to detect any significant oxidative insult
to the mitochondria under our experimental condition,
as shown by preserved respiratory chain and mitochon-
drial iron–sulfur protein activity (Table 1). Finally, we
found that the glutathione pool in cystinotic cell lines
could be successfully replenished by exogenous supple-
mentation with a series of metabolic precursors of
cysteine. This indicated that decreased glutathione was
indeed due to decreased cysteine availability and not
to impaired capacity to use cytosolic cysteine.

Although it would be hazardous to generalize our
conclusion to the in vivo situation, the mechanism
underlying glutathione depletion in our cell model could
be at work in vivo as well. This certainly deserves to be
further investigated, especially as glutathione precursors
as N-acetyl-cysteine can be provided to patients.
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