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ABSTRACT: Nephropathic cystinosis is a lethal genetic disease
caused by a lysosomal transport disorder leading to intralysosomal
cystine accumulation in all tissues. Cystinosis is the most common
inherited cause of Fanconi syndrome, but the mechanisms by which
cystine causes tissue damage are not fully understood. Thiol-
containing enzymes are critical for renal energy metabolism and may
be altered by disulfides like cystine. Therefore, in the present study
our main objective was to investigate the in vivo and in vitro effects
of cystine on creatine kinase, which contains critical thiol groups in
its structure, in the kidney of young Wistar rats. We observed that
cystine inhibited in vivo and in vitro the enzyme activity and that this
inhibition was prevented by cysteamine and glutathione. The results
suggest oxidation of essential sulfhydryl groups necessary for crea-
tine kinase function by cystine. Considering that creatine kinase and
other thiol-containing enzymes are crucial for renal energy metabo-
lism, and programmed cell death occurs in situations of energy
deficiency, the enzyme inhibition caused by cystine released from
lysosomes might be a mechanism of tissue damage in patients with
cystinosis. (Pediatr Res 60: 190-195, 2006)

Nephropathic cystinosis is an autosomal recessive disease
characterized by a defect in the transport of cystine out
of lysosomes, leading to intralysosomal accumulation of cys-
tine in most body tissues (1). It is caused by lack of expression
of the gene encoding cystinosin, the lysosomal membrane
cystine transporter (2). Cystine accumulation leads to renal
failure and other systemic complications in nontreated cysti-
notic children (3). CSH treatment, when initiated in the first
2 y of age, reduces the intracellular concentrations of cystine,
delaying the evolution toward end stage renal disease (4). The
first clinical symptoms occurring in early childhood are severe
electrolyte disturbances, urinary loss of solutes, and failure to
thrive, and are thought to be due to the Fanconi syndrome (5).
Histopathological studies showed evidence of a temporal re-
lationship between cellular cystine accumulation, the devel-
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opment of the characteristic “swan neck” lesion of the prox-
imal tubule and the Fanconi syndrome (6). Lysosomal
localization of cystinosin in human proximal tubular cell
supported its defect in cystinosis (7).

It is well known that some enzyme activities may be altered
by thiol/disulfide exchange between protein sulfhydryl groups
and biologically occurring disulfides (8). CK (EC 2.7.3.2) is a
thiol-containing enzyme that catalyzes the reversible transfer
of the phosphoryl group from phosphocreatine to ADP, re-
generating ATP. This enzyme exerts a key role in cellular
energy metabolism of tissues with high energy requirements
(9). There are distinct CK isoenzymes, which are compart-
mentalized specifically in places where energy is released
(mitochondria) or used (cytosol). The kidney contains BB-CK
(cytosolic isoform) and ubiquitous Mi-CK (mitochondrial
isoform). These isoforms are present in the renal cortex and
outer medulla, possibly supplying energy necessary for so-
dium transport in the nephron (10). Sodium-dependent trans-
porters were shown to be inhibited in immortalized human
kidney epithelial cells loaded with cystine dimethyl ester (11),
suggesting a possible involvement of CK activity. One of the
factors that enable cells to undergo apoptosis, or other form of
programmed cell death, is an alteration of mitochondrial
permeability with consequent reduction of ATP supply (12).
In this context, we have recently reported that cystine inhibits
CK activity in vitro in the brain of young rats (13).

On the other hand, considering that cystine is a disulfide, it
is feasible that it may act on intracellular thiol-enzymes, like
CK, modifying cell function and contributing to cell death.
Therefore, in the present study we investigated the in vivo and
in vitro effects of cystine on CK activity in mitochondrial and
cytosolic fractions of rat kidney. We also investigated the
effects of cysteamine and reduced GSH, a thiol-containing
peptide, on the inhibition caused by cystine on the enzyme
activity.

METHODS

Animals and reagents. Sixty 21-d-old Wistar rats bred in the Department
of Biochemistry, UFRGS , were used in the experiments. At this age, Wistar
rat development is equivalent to the development of a 6-y-old child. The

Abbreviations: CK, creatine kinase; CSH, cysteamine; Cys, cystine; GSH,
reduced glutathione
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animals were kept with dams until they were killed. The dams had free access
to water and to a standard commercial chow (Supra, Porto Alegre, RS, Brazil)
containing 20.5% protein (predominantly soybean supplemented with methi-
onine), 54% carbohydrate, 4.5% fiber, 4% lipids, 7% ash, and 10% moisture.
Temperature was maintained at 24 = 1°C, with a 12—12 h light-dark cycle.
The Principles of Laboratory Animal Care (National Institutes of Health
publication 85-23, revised 1985) were followed in all the experiments, and the
Ethics Committee for Animal Research of the Federal University of Rio
Grande do Sul approved the experimental protocol. All chemicals were
purchased from Sigma Chemical Co. (St. Louis, MO).

In vivo experiments. Twenty-four animals were randomly separated into
four groups and received administration of 20 wL/g body weight of one of the
following buffered solutions (pH 7.4): 0.85 g% saline (control group), 50 mM
cystine (Cys group), 13 mM cysteamine (CSH group), or 50 mM cystine +
13 mM cysteamine (Cys + CSH group). Cysteamine was administered
subcutaneously and saline or cystine was administered intraperitoneally.
Cystine dose was chosen to achieve 0.5 mM concentration in kidney tissue
after 60 min (controls <0.2 mM); cysteamine dose was similar to that used to
treat patients affected by cystinosis (1). Rats were killed after 1 h and the
kidneys removed for cystine and CK activity determination.

Preparation of renal tissue. Treated and nontreated animals were killed by
decapitation, the kidneys were rapidly removed, decapsulated, washed, and
homogenized with a Teflon-glass homogenizer in 5 vol of ice-cold SET buffer
(0.32 M sucrose, | mM EGTA, 10 mM Tris-HCI), pH 7.4. The homogenate
was centrifuged at 800 X g for 10 min, the pellet was discarded and the
supernatant was centrifuged at 10,000 X g for 15 min. The supernatant
solution of the second centrifugation, containing the cytosol and other cellular
components such as endoplasmic reticulum and lysosomes, was collected for
determination of the cytosolic CK activity. The pellet, containing mitochon-
dria, was washed twice with the same isotonic SET buffer, resuspended in 100
mM MgSO,-Trizma buffer, pH 7.5, for determination of the mitochondrial
CK activity. The cytosolic and mitochondrial fractions were stored for no
more than 1 wk at —70°C in case the enzymatic assay was not carried out
immediately after the subcellular preparations. The mitochondrial fraction
was frozen and thawed three times immediately before the assay to break
mitochondrial membranes, facilitating the interaction between CK and the
substrates.

Cystine determination. The cystine content in kidney tissue was measured
according to Sullivan et al. (15) using cystine as the standard. Briefly, proteins
were removed from kidney homogenate with 5% TCA (trichloroacetic acid).
Fifty microliters of the supernatant were mixed with 20 uL of 1 mM sodium
cyanide to liberate cysteine from cystine. After 10 min, 10 uL of 40 mM
sodium 1,2-naphtoquinone-4-sulfonate, 50 wL of 0.8 M sodium sulfite, and
10 uL of 0.25 M sodium hyposulfite were added. The absorbance was
measured in a spectrophotometer at 530 nm. The content of cysteine and other
thiols was measured by the same method, using water instead of cyanide. The
difference between the two measures was considered as cystine.

Creatine kinase activity assay. The reaction mixture contained the follow-
ing final concentrations: 300 mM Tris-HCI buffer, pH 7.5, 7 mM phospho-
creatine, 9 mM MgSO,, and approximately 1 ug protein in a final volume of
0.13 mL. After a variable time of preincubation at 37°C (0, 30, or 60 min), the
enzymatic reaction was started by the addition of 0.42 umol ADP. In the
experiments performed to test the influence of GSH and CSH on the inhibition
caused by cystine, | mM GSH or 2 mM CSH were added before (to evaluate
prevention) or after (to evaluate reversion) preincubation of the enzymatic
material (cytosolic or mitochondrial fraction) for 0, 30, and 60 min in the
presence of cystine. The reaction was stopped after 10 min incubation by the
addition of 1 umol p-hydroxymercuribenzoic acid. The reagent concentra-
tions and the incubation time were chosen to assure linearity of the enzymatic
reaction. Appropriate controls were carried out to discount chemical hydro-
lysis of phosphocreatine and the amount of creatine already present in the
enzymatic material. The creatine formed by the enzymatic action was esti-
mated according to the colorimetric method of Hughes (16). The color was
developed by the addition of 0.1 mL 2% a-naphthol and 0.1 mL 0.05%
diacetyl in a final volume of 1 mL and read after 20 min at 540 nm. None of
the substances added to the assay medium interfered with the color develop-
ment or spectrophotometric readings. Results were expressed as nmol of
creatine formed per min per mg protein.

For the in vivo experiments, CK activity was measured in the absence and
in the presence of 1 mM reduced GSH, the most abundant thiol-containing
peptide of the kidney, which achieves 5 mM concentration in both mitochon-
dria and cytosol of the renal tubular cells (17).

The in vitro experiments were performed in the following sequence:

1. Cystine was added to the incubation medium at 0.2, 0.5, and 1.0 mM
final concentrations without preincubation (0 min) or preincubated for 30 or
60 min;

2. Cystine was added to the incubation medium at 0.5 mM final concen-
tration and preincubated for 0, 30, or 60 min; 1 mM reduced GSH was added
before preincubation or after 30 or 60 min of preincubation;

3. Cystine was added to the incubation medium at 0.5 mM final concen-
tration and preincubated for 0, 30, and 60 min; 2 mM cysteamine was added
before preincubation or after 30 or 60 min of preincubation;

4. Competition studies between cystine and the enzyme substrates phos-
phocreatine or ADP and the determination of the Michaelis-Menten constant
(K,,) was performed according to Lineweaver and Burk (18). In these
experiments, phosphocreatine or ADP concentrations were chosen to assure
linearity of creatine kinase activity and cystine inhibition. The values of the
inhibition constant (K;) were determined according to Dixon and Webb (19).

Protein determination. The protein content was determined by the method
of Lowry et al. (14) using BSA as the standard.

Statistical analysis. Data were analyzed by one-way ANOVA followed by
the Tukey test when the F values were significant. Concentration or time
dependent effects were analyzed by linear regression. All data were analyzed
by the Statistical Package for the Social Sciences (SPSS; SPSS Inc., Chicago,
IL) software using a personal computer.

RESULTS

First, the animals were subjected to administration of cys-
tine, cysteamine, or cystine plus cysteamine. Creatine kinase
activity was then measured in the presence and in the absence
of GSH in the assay. When measured in the absence of GSH,
cystine administration reduced CK activity in the mitochon-
drial (F5 15 = 3.56, p < 0.05) and cytosolic (F5 5, = 7.91, p <
0.001) fractions. Furthermore, cysteamine administration did
not alter CK activity but prevented the enzymatic inhibition
caused by cystine. When CK activity was measured in the
presence of GSH, we did not observe differences between
controls and the other groups in the mitochondrial (F; s =
221, p > 0.12) and cytosolic (F;,, = 1.64, p > 0.21)
fractions, indicating that the inhibition caused by cystine was
reversible, possibly occurring through oxidation of the thiol
groups of the enzyme (Table 1).

Next, cystine at 0.2, 0.5, and 1.0 mM final concentrations
was added to the incubation medium containing the cytosolic
or the mitochondrial kidney fractions obtained from non-
treated rats without preincubation, or preincubated for 30 and
60 min. The linear regression showed that cystine significantly
inhibited CK activity in the cytosolic fraction in all assays in
a concentration-dependent way: F, ,s = 36.84, B = —0.77, p
< 0.0001 (without preincubation); F, ,s = 52.52, B = —0.82,
p < 0.0001 (30 min of preincubation); F, ,, = 23.63, B =
—0.69, p < 0.0001 (60 min of preincubation) (Fig. 1A). The
same pattern of inhibition was observed for CK activity in the

Table 1. In vivo effect of cystine, cysteamine, and cystine plus
cysteamine on creatine kinase activity in cytosolic and
mitochondrial fractions in the kidney from young rats

Group
Cystine +
Cellular fraction Control ~ Cystine  Cysteamine cysteamine
Mitochondrial 101 £7 84 = 9% 90 = 8 91 = 10
Mitochondrial + GSH 1107 108 =11 102 = 14 92+9
Cytosolic 12127 105+ 6% 123*5 118 =9
Cytosolic + GSH 116 £8 110*+6 123 = 17 118 £ 10

Creatine kinase activity is expressed as nmol creatine per minute per mg
protein. Data are means = SD for n = 5-6 independent experiments
performed in triplicate.

*p< 0.05, ¥ p <0.01 compared with control (Tukey test).
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mitochondrial fraction: F;,, = 125.81, B = =091, p <
0.0001 (without preincubation); F, ,4 = 32.67, B = —0.75, p
< 0.0001 (30 min of preincubation); F,,, = 16.46, B =
—0.62, p < 0.001 (60 min of preincubation) (Fig. 1B). The
linear regression also showed that cystine inhibited CK
activity at all tested concentrations in a time-dependent way in
the cytosolic fraction (F; ;o = 26.68, B = —0.76, p < 0.001
(control); F; ;o = 88.42, B = —0.91, p < 0.0001 (0.2 mM
cystine); F, ;o = 38.55, B = —0.82, p < 0.0001 (0.5 mM
cystine); F; 9 = 2040, B = —0.72, p < 0.001 (I mM
cystine). However, in the mitochondrial fraction, no time-
dependent inhibition was observed.

Considering that CK is a thiol-enzyme and cystine is a
disulfide, we investigated the in vitro effects of GSH on the
CK inhibitory effects of cystine. We first evaluated whether
the inhibition caused by 0.5 mM cystine on CK activity was
preventable or reversible by adding 1 mM GSH in the cyto-
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Figure 1. In vitro effects of cystine (Cys) for O (without preincubation) 30,
and 60 min of preincubation on creatine kinase activity in cytosolic (A) and
mitochondrial (B) fractions in the kidney from young rats. Creatine kinase
activity is expressed as nmol creatine per minute per mg protein. Data are
means * SD for n = 6-8 independent experiments performed in triplicate. *p
< 0.01; **p < 0.001 compared with control (Tukey test). None (control, open
bars); Cys 0.2 mM (light gray bars); Cys 0.5 mM (dark gray bars); Cys | mM
(black bars).

solic and mitochondrial fractions, without preincubation or
with preincubation of 30 or 60 min. Our results showed that
cystine inhibited the cytosolic CK activity, whereas GSH fully
prevented this inhibition without preincubation: (F;,, =
11.21, p < 0.001) or with 30 min of preincubation (Fs 4, =
46.91, p < 0.001). However, reversion and prevention in-
duced by GSH were only partial when the preparations were
preincubated for 60 min (Fs 4, = 49.18, p < 0.001). Cystine
also inhibited the mitochondrial CK activity and GSH pre-
vented this effect without preincubation (F;,53 = 6.9, p <
0.01), and by preincubating the mitochondrial fraction for 30
min (Fs 4, = 33.11, p < 0.001) or 60 min (Fs5 4, = 6.34, p <
0.001), but did not reverse the effect caused by cystine when
preincubated for 30 or 60 min (Table 2).

Considering that cysteamine (CSH) is a thiol-compound
like GSH and has been used in the treatment of patients with
cystinosis, we also investigated CSH effect on the inhibition of
CK activity caused by cystine in the cytosolic and mitochon-
drial fractions, by adding 2.0 mM cysteamine without prein-
cubation or after 30 or 60 min of preincubation with 0.5 mM
cystine. Our results showed that 0.5 mM cystine inhibited the
cytosolic CK activity, whereas CSH fully prevented the inhi-
bition occurring without preincubation (F;,, = 5.48, p <
0.01), and partially prevented and reversed cystine-induced
CK inhibition when preincubated for 30 min (Fs 5, = 138.51,
p < 0.001) or for 60 min (Fs59) = 89.47, p < 0.001). Cystine
also inhibited the mitochondrial CK activity, whereas CSH
fully prevented this inhibition in the absence of preincubation
(F3,8 = 9.84, p < 0.001) or when preincubated for 30 min
(Fs54, = 28.3, p < 0.001) or for 60 min (Fs5,, = 9.55, p <
0.001). CSH also fully reversed the CK inhibition caused by
cystine when preincubated for 60 min and partially reversed
this effect with 30 min of preincubation (Table 3).

In an attempt to better characterize the inhibition of CK
activity caused by cystine, competition studies between cys-
tine and the enzyme substrates ADP and phosphocreatine
were performed in the absence of preincubation, according to
the Lineweaver-Burk plot (not shown). The double-reciprocal
plots showed that the inhibition caused by cystine on the
cytosolic and mitochondrial CK activity was of the noncom-
petitive type for the two substrates, reinforcing the results
obtained with GSH and cysteamine. The K,, values for the
cytosolic CK calculated from the Lineweaver-Burk plot were
0.8 mM and 3.3 mM for ADP and phosphocreatine, respec-
tively; K,,, values for the mitochondrial CK were 0.08 mM and
2.5 mM for ADP and phosphocreatine, respectively. Values of
the inhibition constant (K;) for cytosolic CK inhibition by
cystine, calculated from the Dixon plot (not shown), were 0.5
mM and 0.2 mM for ADP and phosphocreatine, respectively;
K; values for the mitochondrial CK were 0.3 mM and 0.2 mM
for ADP and phosphocreatine, respectively. Since K; is the
equilibrium constant for cystine binding and cystine concen-
tration in kidney of patients with cystinosis is higher than
5 nmol/mg wet tissue (approximately 6 mM) (25), the CK
isoforms would be strongly inhibited in case cystine is re-
leased from lysosomes.
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Table 2. In vitro effect of reduced GSH added before (pre) or after (post) preincubation with cystine for different times on creatine kinase
activity in the kidney from young rats in the presence or absence cystine (Cys)

Cellular fraction Mitochondrial

Cytosolic

Preincubation time (min)

Preincubation time (min)

Group 0 30 60 0 30 60
Control (Cys 0 mM) 74 + 11 88 £ 11 107 = 11 110 £ 5 100 = 16 105 = 14
GSH 1 mM pre 77 = 13 101 = 11 107 = 11 114 = 12 110 = 10 115 =11
GSH 1 mM post 94 *+ 15 100 = 15 — 105 = 18 111 =18
Cys 0.5 mM 55 + 4af 49 + 8at 84 + 8at 88 + 7at 33 + Saf 40 * 6at
Cys 0.5 mM + GSH | mM pre 70 = 13 89 £9 101 =9 112 = 11 91 = 10 85 * 8a*, bt
Cys 0.5 mM + GSH 1 mM post — 53 * 10af 82 + 10af — 60 = llaf,bf 66 = 1laf,bf

Creatine kinase activity is expressed as nmol creatine per minute per mg protein.
Data are means = SD for n = 6—8 independent experiments performed in triplicate.
*p< 0.05, ¥ p< 0.01 for: a = different from the other groups; b = different from Cys 0.5 mM (Tukey test).

Table 3. In vitro effect of cysteamine (CSH) added before (pre) or after (post) preincubation with cystine for different times on creatine
kinase activity in the kidney from young rats in the presence or absence of 0.5 mM cystine (Cys)

Cellular fraction Mitochondrial

Cytosolic

Preincubation time (min)

Preincubation time (min)

Group 0 30 60 0 30 60
Control (Cys 0 mM) 66 = 8 748 98 = 11 123 +9 105 = 8 116 = 8
CSH 2 mM pre 74 = 14 84 7 105 = 8 117 = 12 108 =5 110 =9
CSH 2 mM post — 75+ 13 100 = 15 — 111 =7 109 =9
Cys 0.5 mM 51 * 6a* 39 *+ Saf 70 = 10a* 99 * 10b* 33 = 2af 44 = 4at
Cys 0.5 mM + CSH 2 mM pre 80 £ 14 84 =10 104 £ 10 111 = 13b* 90 = 4 85 £ 4b*
Cys 0.5 mM + CSH 2 mM post — 59 = 9a* 100 = 15 — 79 = 8bt 73 = 8bf

Creatine kinase activity is expressed as nmol creatine per minute per mg protein.
Data are means = SD for n = 6—8 independent experiments performed in triplicate.
*p< 0.05, ¥ p< 0.01 for: a = different from the other groups, b = different from the control (Tukey test).

DISCUSSION

We first investigated the in vivo effects of cystine, cysteam-
ine, and cystine plus cysteamine on CK activity from kidney
of young rats. The results showed that cystine administration
reduced CK activity and co-administration of cysteamine
prevented this inhibition. Furthermore, addition of GSH to the
CK assay reversed the inhibition caused by cystine on CK
activity, suggesting oxidation of critical thiol groups of the
enzyme.

The in vitro experiments showed that cystine inhibited CK
activity at different concentrations and times of preincubation.
We then investigated the effects of GSH or CSH on the
inhibition caused by cystine to clarify the underlying mecha-
nisms of this inhibition. We observed that the inhibitory effect
of cystine on CK was both prevented and reversed by cys-
teamine, suggesting that this inhibition was probably mediated
by modification of important sulfhydryl groups of the enzyme.
Competition studies between cystine and ADP or phosphocre-
atine showed a noncompetitive pattern. The K, values for
cystine inhibition were at least 10-fold lower than cystine
concentration found in the kidney of patients with cystinosis
indicating that our results may be of pathophysiological sig-
nificance (20).

Although tissue damage might depend on cystine accumu-
lation, the mechanisms of cystine toxicity are still under
investigation. Cystine is usually found inside the lysosomes.
Mice lacking cystinosin accumulate cystine in the lysosomes

but do not develop Fanconi syndrome (21), indicating that
intralysosomal cystine accumulation per se may not cause
tissue damage. Furthermore, histological studies in patients
affected by cystinosis have shown a large accumulation of
cystine in lysosomes of normally functioning cells, suggesting
that cystine needs to be released from lysosomes to cause
damage. There are several possibilities to explain how cystine
could leave lysosomes and act into other cell compartments. It
is possible that the small cystine crystals may partially disrupt
the lysosomal membranes, because positive reactions for acid
phosphatase, a lysosomal marker, were not always found in
the periphery of the cystine crystals (22). Another possibility
is the egress of cystine from lysosomes by secretion (23),
followed by cystine transport back into the cytosol. In this
context, it has been shown that cystine accumulates in the
cytoplasm, nucleus, and cytoplasmic inclusions of dark cells,
as well as extracellularly in the liver and in the kidney of
patients with cystinosis, and in biopsies of renal allografts
from patients with cystinosis, indicating that cystine crystals
may not be limited to lysosomes (24). Inasmuch as the pres-
ence of dark cells is indicative of the early stages of autophagy
(25), a form of cell death, it is conceivable that a great
liberation of cystine into the cytosol caused by lysosomal
membrane rupture or by cystine secretion and back transport
could rapidly kill the cell. However, since cystine is nearly
insoluble at pH ranging from 6 to 8, a rapid release of large
amounts of cystine from its crystals killing cells is unlikely.
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Therefore, a slow dissolution of the cystine crystals may
continuously liberate free cystine, leading to a sustained inhi-
bition of thiol-containing enzymes and promoting cell death.
On the other hand, is has been demonstrated a small and
transient decrease of the glutathione pool in cystinotic cell
lines during exponential growth phase (26), increasing four
times the GSSG/GSH ratio (27). Considering that GSH slowly
reacts with cystine to generate cysteine (28), it is possible that
the increased free cystine concentration may explain the low
GSH levels found in these cells. Furthermore, it is known that
GSH depletion induces the mitochondrial permeability transi-
tion (MPT) causing cell death by apoptosis (29). Lysosomes
are involved in apoptosis (30), and recent experiments with
fibroblasts from cystinotic patients have shown that these cells
are more prone to apoptosis (31). These investigators sug-
gested that cystine accumulated in lysosomes can be released
during the early permeabilization phase causing apoptosis
mediated by a caspase-dependent cell death. Similarly, apo-
ptosis was also induced by cystine in cultured human retinal
pigment epithelial cells (32). It is also possible that cystine
released induces a necrotic-like cell death via a caspase-
independent cell death (33). Moreover, it seems that the
degree of ATP deprivation determines whether the cell death
will occur by autophagy, apoptosis, or necrosis (34). In this
scenario, energy deficit was observed in renal tubule cells
loaded with cystine dimethyl ester, corresponding to a model
of cystinosis with Fanconi syndrome (35). Moreover, addition
of creatine to the diet of mice fully suppress the apoptosis
induced by tumor necrosis factor-a (36), suggesting that
apoptosis may be prevented by increasing energy metabolism.

Deficient activities of several thiol-containing enzymes, but
not of nonthiol enzymes, were reported in postmortem liver
and kidney tissues from patients with nephropathic cystinosis,
but CK activity was not measured (20). It cannot be discarded
that these enzymes may have normal activities in the intact
cells and be inhibited by cystine released from the lysosomes
after cell lysis (37).

Mi-CK is part of a unique temporal and spatial energy
buffer system in tissues with high energy requirements, being
also important to inhibit the Ca**induced opening of the
mitochondrial permeability transition pore, which leads to
apoptosis (38). It is well known that CK activity decreases
after exposure to agents promoting generation of free radicals
probably by oxidation of the sulthydryl residues of the en-
zyme (39). This may explain our results showing that GSH
prevented the inhibitory effect of cystine on CK activity.

We have already demonstrated that cystine inhibits in vitro
CK activity in rat brain (13). In the present study, we dem-
onstrate that cystine strongly inhibits in vivo and in vitro
kidney CK activity and that cysteamine can prevent this
inhibition. Considering that CK is a key enzyme for energy
metabolism in renal cortex and outer medulla, in case cystine
is released from lysosomes, these effects could also occur in
the renal tubules of patients with cystinosis. Besides, other
thiol-containing enzymes could be inhibited by a similar
mechanism. In this case, it is possible to envisage that a
diminution of these enzyme activities may potentially impair
energy metabolism, contributing to the tissue damage through

programmed cell death. This hypothesis is reinforced by other
genetic (tyrosinemia, galactosemia, cytochrome ¢ oxidase de-
ficiency) and acquired (heavy metals, drugs, maleate) causes
of Fanconi Syndrome, in which the accumulated toxic sub-
stances cause energy deficit (40). Considering that cysteamine
is used to treat patients with cystinosis because it causes
parenchymal organ cystine depletion (4), the present data
provides another possible beneficial effect for the use of this
drug since the protective effect of cysteamine could be impor-
tant in preventing some metabolic consequences of cystine
accumulation, such as inhibition of CK activity. Further stud-
ies are however necessary to evaluate the activity of CK in
patients affected by cystinosis.
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