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A key unresolved question in the pathogenesis of phenotype development in nephropathic cystinosis is
whether intralysosomal cystine, the hallmark of this lethal inborn error of metabolism, alters cytoplasmic
redox potential. Variable findings on this issue have been reported. This study of fetal and non-fetal skin
and lung-derived cystinotic fibroblasts compared to origin and age-matched normal control fibroblasts
reveals that cystinotic cells do not exhibit redox perturbations. We find that the steady-state redox status
as assessed by the [GSH]/[GSSG] ratio, an indicator of the intracellular redox poise, is unchanged in cysti-
notic cells. Furthermore, the dependence of the intracellular GSH and cysteine pool sizes and the [GSH]/
[GSSG] ratio are similarly dependent on the two major sources of cysteine, i.e. the transsulfuration path-
way and the plasma membrane cystine transporter, xc�, in both cystinotic and control cells, and the pres-
ence of lysosomal cystine has no measurable effect on the redox status of these cells. Hence, mechanisms
other than cytosolic redox perturbations are involved in the etiology of nephropathic cystinosis.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Understanding development of the cystinotic phenotype is
complicated by the lysosomal location of the aberrant molecule
in this disorder. Unlike other lysosomal storage diseases, cystinosis
results in storage of a single amino acid, i.e. cystine, instead of a
macromolecular polymer [1]. The disorder results from failure of
the lysosomal cystine transporter, cystinosin [2], to export cystine
into the cytosol where it is reduced to cysteine and used for gluta-
thione (GSH) [3] and protein synthesis [4]. As a result, cystine accu-
mulates to very high levels in the lysosomes from the degradation
of cystine-containing proteins and by other, as yet not understood
processes. The mechanism by which the lysosomal cystine pool
can influence cytosolic functions leading to the disease phenotype
remains to be elucidated.

A number of attempts have been made to explain development
of the nephropathic cystinotic phenotype, which includes short
stature, failure to thrive, the renal Fanconi syndrome, and renal
failure by age 10 years, along with other cardinal finding such as
crystalline keratopathy, retinopathy, photophobia, and later pan-
creatic and pulmonary insufficiency, proximal muscle weakness,
and premature aging [1].

Beginning with the initial hypothesis of A.D. Patrick, who pro-
posed poisoning of cytosolic enzymes as a mechanism for develop-
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ment of the cystinotic phenotype [5], attempts have been made to
explain how cystine, isolated within lysosomes, could interact with
other cell components in different compartments and lead to the
phenotype. Absent a functioning cystine transporter, the only
apparent route for cystine to exit lysosomes is via exocytosis, which
results in cystine being deposited in the extracellular fluid where it
may be taken up by the plasma membrane cystine/glutamate trans-
porters and used for synthesis of GSH and proteins. Several groups
have focused on potential changes in the cellular redox state in
cystinotic cells and particularly on the intracellular pools of oxi-
dized and reduced GSH. Baum [6] found that loading proximal
tubular epithelial cells with cystine dimethylester (CDME), which
leads to lysosomal cystine accumulation, resulted in a proximal
tubular transport defect characteristic of the Fanconi syndrome.
They determined that the transport defect was due to a decrease
in active transport and that although Na-K-ATPase activity was
unimpaired under maximal velocity conditions, the production of
ATP was severely compromised. Levtchenko et al. [7] reported ele-
vated GSH disulfide (GSSG) in cystinotic fibroblasts, with a corre-
sponding increase in the ratio of [GSSG]/total [GSH] (0.091 in
cystinotic versus 0.047 in normal fibroblasts, p < 0.05). Study of
these metabolites in cultured proximal tubular epithelial cells ob-
tained from the urine of cystinotic patients and controls, followed
by immortalization with human papilloma virus, permitted mea-
surement of intracellular cystine and reduced and oxidized GSH
in transformed renal cells which were not pre-loaded with CDME.
Two groups have reported studies on these cells. Wilmer et al.
found that oxidized GSH was increased to 1.16 ± 0.83 nmol mg�1

protein in cystinotic immortalized renal tubule cells versus
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0.29 ± 0.18 nmol mg�1 protein in control cells (p = 0.04). They
found total GSH, free cysteine, and ATP contents were normal in
these cells and concluded that the elevated GSSG to total GSH ratio
might indicate increased oxidative stress [8]. Laube et al. [19] found
that cystinotic lines have a significant decrease in GSH content
(6.8 nmol GSH mg�1 protein versus 11.8 nmol mg�1 in controls,
p < 0.001). The ATP content and mitochondrial activity were found
to be normal. Chol et al. studied cystinotic fibroblasts derived from
skin biopsies from three patients with nephropathic cystinosis.
They found a moderate decrease (�30%) in GSH during the expo-
nential growth phase [9]. Mannucci et al. found that cystinotic cells
accumulate high levels of pyroglutamate after ATP depletion, and
speculated that this decrease might be related to a relative cytosolic
deficiency of cysteine normally derived from cystine, but which is
unavailable due to lysosomal cystine storage [10].

In order to further understand the cytosolic redox status in
cystinotic cells, we have evaluated the GSSG and GSH concentra-
tions and their ratio, in age and passage number-matched nephro-
pathic cystinotic and control normal human diploid epithelial
fibroblasts.
Methods

Cystinotic skin fibroblasts (GM00008 and GM00046, donor ages
5 and 3 years, respectively), normal skin fibroblasts (GM00498, do-
nor aged 3 years), cystinotic fetal lung fibroblasts (GM00090, donor
aged 24 weeks) and normal fetal lung fibroblasts (GM01379, donor
aged 12 weeks) were purchased from the Coriell Institute Biore-
pository (Camden, New Jersey). These cells were cultured in Ham’s
F-12 (Gibco 11765) media supplemented with 15% FBS, 1% penicil-
lin (5000 U/ml)/streptomycin (5000 lg/ml) and amphotericin B
(250 lg/ml) by volume, and 1 mM L-glutamine [3]. Cells were
grown to full confluency over a period of 7–14 days and media
was changed as needed. Table 1 provides a description of the cells
lines used.

The incubation medium was changed 24–28 h before sample
collection. An inhibitor of c-cystathionase, propargylglycine [11]
and an inhibitor of the cystine transporter xc�, sulfasalazine [12]
were added 12 h after medium change and samples were collected
15–16 h later. Propargylglycine was added as a sterile 250 mM
stock solution in PBS to a final concentration of 2.5 mM. Sulfasala-
zine was added as a sterile 10 mM stock solution in PBS to a final
concentration of 0.5 mM. For sample collection, the cell culture
media was aspirated and cells were washed twice with cold PBS,
scraped and suspended in 100 ll PBS. For analysis of thiols, an ali-
quot of the cell suspension was fixed with metaphosphoric acid
solution and after 2,4-dinitrofluorobenzene derivatization, the
concentrations of cystine, cysteine, reduced and oxidized glutathi-
one were measured using an HPLC method as described previously
Table 1
Summary of cell lines used in this study.

Line/passage # when used Sex Age Phenotype

GM01379
8, 12, 19

M 12 FW Apparently healthy fetal lun

GM00090
11, 14, 11, 12

M 24 FW Fetal lung fibroblasts, increa

GM00498
14, 17, 17, 16

M 3 YR Apparently healthy skin fibr

GM00008
13, 14, 13, 13

F 5 YR Skin fibroblasts. Increased in

GM00046
9, 12, 16, 11

M 3 YR Skin fibroblasts. Increased in
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[13,14]. The protein concentration in cell suspension samples was
measured using the Bradford reagent (Bio-Rad) as described [14]
and thiol concentrations were normalized to protein levels.
Results and discussion

In our experiments, the cystinotic cells exhibited a greater than
10-fold increase in intracellular cystine concentration versus nor-
mal age-matched fibroblast cells (Table 2), as expected [1]. In con-
trast, the concentrations of cysteine, GSH, and GSSG were not
statistically significantly different between normal and cystinotic
cells (Table 2). In one skin cystinotic cell line (GM00008), an increase
in the [GSH]/[GSSG] ratio was observed compared to corresponding
normal fibroblast cell line, and this was due primarily to a lower
GSSG concentration. In contrast, the [GSH]/[GSSG] ratio in the sec-
ond skin cystinotic cell line, GM00046, was comparable to that in
the normal fibroblast. No difference in the [GSH]/[GSSG] ratio was
observed between normal and cystinotic fetal lung fibroblast lines.

Cysteine is the limiting reagent in the synthesis of GSH, and is
obtained either via import of extracellular cystine, that is rapidly
reduced to cysteine, or from methionine via the transsulfuration
pathway (Fig. 1). To further assess potential dysregulation of cyto-
solic cysteine homeostasis in native, non-transformed cystinotic
cells, we have examined the effects of pharmacological inhibition
of both the cysteine synthesis and transport processes in skin
(Fig. 2) and fetal lung (Fig. 3) fibroblasts. Inhibition of c-cystathion-
ase with the irreversible inactivator propargylglycine (PPG) inhib-
its metabolic flux through the transsulfuration pathway whereas
sulfasalazine (SAS) is a reversible inhibitor of the transmembrane
cystine transporter, xc� (Fig. 1).

Both inhibitors had similar effects in both normal and cystinotic
fibroblasts. In Figs. 2 and 3, the effect of these inhibitors is shown
on the intracellular concentrations of cystine, cysteine (Cys), GSH,
and the GSH/GSSG ratio. In cystinotic and normal skin fibroblasts,
both propargylglycine and sulfasalazine resulted in decreased cys-
teine (Cys) and GSH levels (Fig. 2). In fetal lung cells, only propar-
gylglycine caused a decrease in both cysteine and GSH levels
(Fig. 3), whereas SAS caused a decrease only in cysteine. Interest-
ingly, proparglycine resulted in a decrease in cystine levels in fetal
lung but not in skin fibroblasts. The reason for this difference is not
known and may reflect differences in the quantitative importance
of the transsulfuration pathway for cysteine generation in fetal
versus non-fetal cells. The [GSH]/[GSSG] ratio was not significantly
affected by propargylglycine or sulfasalazine in either skin or lung
fibroblasts. The effects were statistically insignificant between
cystinotic and normal cells for all measured parameters, hence
these results confirm that perturbations in GSH-linked intracellu-
lar redox homeostasis are not present in lung or skin fibroblasts
derived from patients with nephropathic cystinosis.
Genotype

g fibroblasts None given

sed intracellular cystine None given, diagnosis made on basis of
increased intracellular
cystine and positive family history

oblasts None given

tracellular cystine Homozygous for 57 kb deletion that removes
first 10 exons of CTNS gene

tracellular cystine Homozygous for a 5 bp deletion in the CTNS
gene (545delTCCTT) resulting in the substitution
of arginine for isoleucine at codon 69 and
causing termination at codon 73
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Table 2
Thiol metabolite concentrations in normal and cystinotic fibroblasts.a

Cell line GM00498
Normal skin

GM00008
Cystinotic skin

GM00046
Cystinotic skin

GM01379
Normal fetal lung

GM00090
Cystinotic fetal lung

[Cystine] 0.22 ± 0.16 (n = 10) 2.0 ± 0.6 (n = 10, p < 10�7) 2.4 ± 1.0 (n = 10, p < 10�5) 0.08 ± 0.01 (n = 2) 1.18 ± 0.05 (n = 2, p < 0.002)
[Cysteine] 2.1 ± 1.2 (n = 10) 1.8 ± 0.7 (n = 10, p > 0.5) 1.5 ± 0.7 (n = 10, p > 0.2) 1.05 ± 0.01 (n = 2) 1.29 ± 0.14 (n = 2, p > 0.1)
[GSH] 23 ± 10 (n = 11) 27 ± 7 (n = 11, p > 0.2) 21 ± 14 (n = 11, p > 0.7) 8.9 ± 1.4 (n = 2) 10.8 ± 1.0 (n = 2, p > 0.2)
[GSSG] 0.35 ± 0.09 (n = 11) 0.33 ± 0.12 (n = 11, p > 0.6) 0.32 ± 0.17 (n = 11, p > 0.6) 0.07 ± 0.01 (n = 2) 0.08 ± 0.00 (n = 2, p > 0.09)
[GSH]/[GSSG] 64 ± 19 (n = 11) 92 ± 34 (n = 11, p < 0.04) 63 ± 19 (n = 11, p > 0.8) 141 ± 13 (n = 2) 138 ± 8 (n = 2, p > 0.8)

a Values are expressed in lmol g�1 of protein. Data are presented as means ± standard deviation. The number of measurements (n) and the statistical significance (p value)
of the difference between normal and corresponding cystinotic cell lines are shown in parentheses.

Fig. 1. Outline of the GSH biosynthetic pathway and the sites of action of the
inhibitors used in this study. Propargylglycine (PPG) inhibits cystathionine c-lyase
(CGL) preventing cysteine synthesis from methionine (Met) via the transsulfuration
pathway. Sulfasalazine (SAS) inhibits the transmembrane cystine transporter xc�.
Both inhibitors can decrease the intracellular cysteine concentration and thus cause
a decrease in intracellular GSH concentration. CBS denotes cystathionine b-
synthase, the first enzyme of transsulfuration pathway.

Fig. 2. The influence of propargylglycine and sulfasalazine on thiols in normal and cysti
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Based on the similar sensitivity of the GSH pool size to inhibi-
tion of the transsulfuration pathway or to extracellular cystine im-
port (Figs. 2 and 3) and because they exhibit comparable [GSH]/
[GSSG] ratios, we conclude that cystinotic cells do not exhibit signs
of impaired cytoplasmic redox metabolism. Note that if increased
lysosomal cystine pools caused the ambient cytosolic redox poten-
tial to be more oxidizing, a decrease rather than an increase as seen
in line GM00008 in the [GSH]/[GSSG] ratio (Table 2), would be
expected.

A priori, an alteration in cytosolic redox is not expected from
lysosomal cystine storage in cystinotic cells, based on the compart-
mentalization of cystine in the lysosome, and on the magnitude of
the stored cystine pool size compared to cytosolic GSH levels. Re-
lease of the entire lysosomal cystine store into the cytosol would
lead to an increase in intracellular cysteine concentration due to
rapid conversion of cystine to cysteine in the reducing milieu of
the cytoplasm. This redox change should be readily buffered given
the 10-fold higher concentration of GSH measured in fibroblasts
and the high [GSH]/[GSSG] ratio ranging from �60 in skin to
�140 in fetal lung fibroblasts (Figs. 2 and 3). Alternatively, if the
lysosomal cystine pool in normal cells is an important feeder of
the cytoplasmic cysteine pool, then an increased sensitivity to
pharmacological inhibition of the transsulfuration pathway for
cysteine synthesis or of the cytoplasmic xc�transporter, might
notic non-fetal human skin fibroblasts. Data are the average of two measurements.

c fibroblasts, Mol. Genet. Metab. (2010), doi:10.1016/j.ymgme.2009.12.010
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Fig. 3. The influence of propargylglycine and sulfasalazine on thiol metabolites in normal and cystinotic fetal human lung fibroblasts. Data are the average of two
measurements.
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have been expected in cystinotic cells, however; this was not
observed.

In contrast to the data reported in this study, a significantly
lower [GSH]/[GSSG] ratio has been previously reported in cystinot-
ic fibroblasts and in polymorphonuclear cells [7]. In that study, the
cysteine pool was reported to be 1.5- to 1.8-fold lower than the to-
tal GSH pool, which represents a significant underestimation of the
GSH concentration, which is typically in the 1 mM range, while
intracellular cysteine is in the 50–100 lM range in fibroblasts.
We found that the cysteine pool is �13-fold and �8-fold lower
than GSH concentrations in the skin and fetal lung fibroblasts used
in this study. Thiol metabolites are unstable in air, notoriously dif-
ficult to quantify accurately and therefore easily underestimated,
while the disulfide pools are overestimated. In the prior study [7]
the relatively low levels of total GSH in comparison to cysteine
and the wide range in the percentage of GSSG of the total GSH pool,
which varied over a 4- and 7-fold range in cystinotic and control
fibroblast cells, respectively, raise questions about the accuracy
of redox metabolite determinations. Higher GSSG levels were also
reported in immortalized proximal tubular cystinotic cells com-
pared to controls [8]. Remarkably, GSH levels, which are in the mil-
limolar range, were reported to be below the detection limit in half
the control and cystinotic cell lines, also suggesting technical prob-
lems associated with redox metabolite measurements.

In summary, our study demonstrates that the steady-state cyto-
solic redox status in fetal and non-fetal skin and lung-derived
cystinotic fibroblasts compared to origin and age-matched normal
control fibroblasts are comparable. However, the question still re-
mains as to how the lysosomal cystine pool elicits the cystinotic
phenotype. Recently, an alternative splice site in the CTNS
(17p13) gene encoding the lysosomal cystine transporter, cystino-
sin was reported, which leads to an isoform that localizes in the
plasma membrane in addition to the lysosome, endoplasmic retic-
ulum and the Golgi apparatus [15]. It is possible that mutations
affecting the relative distribution of the splice site variants could
Please cite this article in press as: V. Vitvitsky et al., The redox status of cystinoti
alter cystine dynamics by a mechanism that awaits elucidation.
Alternatively, increased apoptosis has been reported in cystinotic
fibroblasts and cultured renal tubule epithelial cells, and a mecha-
nism for development of the cystinotic phenotype has been pro-
posed [16–20]. Lysosomal permeability, which occurs early in the
apoptosis cascade, could provide a route by which lysosomal cys-
tine could reach the cystosol and produce deleterious effects.

We find that the steady-state redox status as revealed by the
[GSH]/[GSSG] ratio, an indicator of the intracellular redox poise,
is unperturbed in cystinotic cells. Furthermore, the dependence
of the intracellular GSH and cysteine pool sizes and the [GSH]/
[GSSG] ratio are similarly dependent on the two major sources of
cysteine, i.e. the transsulfuration pathway and the plasma mem-
brane cystine transporter, xc�, in both cystinotic and control cells,
and that the presence of lysosomal cystine has no measurable ef-
fect on the redox status of these cells. Hence, mechanisms other
than cytosolic redox perturbations are involved in the etiology of
nephropathic cystinosis.
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