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Inhibition of brain creatine kinase activity after renal ischemia is
attenuated by N-acetylcysteine and deferoxamine administration
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bstract

Encephalopathy may accompany acute or chronic renal failure, and the mechanisms responsible for neurological complications in patients with
enal failure are poorly known. Considering that creatine kinase (CK) is important for brain energy homeostasis and is inhibited by free radicals,
nd that oxidative stress is probably involved in the pathogenesis of uremic encephalopathy, we measured CK activity (hippocampus, striatum,
erebellum, cerebral cortex and prefrontal cortex) in brain if rats submitted to renal ischemia and the effect of administration of antioxidants
N-acetylcysteine, NAC and deferoxamine, DFX) on this enzyme. We verified that CK activity was not altered in cerebellum and striatum of rats.
K activity was inhibited in prefrontal cortex and hippocampus of rats 12 h after renal ischemia. The treatment with antioxidants prevented such

ffect. Cerebral cortex was also affected, but in this area CK activity was inhibited 6 and 12 h after renal ischemia. Moreover, only NAC or NAC
lus DFX were able to prevent the inhibition on the enzyme. Although it is difficult to extrapolate our findings to the human condition, the inhibition
f brain CK activity after renal failure may be associated to neuronal loss and may be involved in the pathogenesis of uremic encephalopathy.
 2008 Elsevier Ireland Ltd. All rights reserved.
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cute renal failure (ARF) is defined by a loss of renal function
ver a period of hours to days, resulting in accumulation of
itrogenous waste products and unbalance in the maintenance
f fluid and electrolyte homeostasis. The major causes of ARF
re: (i) decreased renal perfusion without cellular injury; (ii) an
schemic, toxic, or obstructive insult to the renal tubule; (iii) a
ubulointerstitial process with inflammation and edema; (iv) or
primary reduction in the filtering capacity of the glomerulus

25,29]. These patients often present signs and symptoms related
o fluid and electrolyte disturbances.

Altered mental status reflects the toxic effect of uremia in the
rain, and contributes largely to the morbidity and mortality in
atients with renal failure [4]. Encephalopathy may accompany
cute or chronic renal failure, but in patients with ARF the symp-

oms are generally more pronounced and progress more rapidly.
n general, uremic encephalopathy presents with a symptom
omplex progressing from mild sensorial clouding to delirium

∗ Corresponding author. Tel.: +55 48 3431 2539; fax: +55 48 3431 2750.
E-mail address: emiliostreck@terra.com.br (E.L. Streck).

t
t
t
i
a
a
e

304-3940/$ – see front matter © 2008 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.neulet.2008.01.051
nd coma [4,5]. The pathophysiologic mechanisms that under-
ie renal dysfunction have come to be understood over the last
ecades [25,29], but the mechanisms responsible for neurolog-
cal complications in patients with ARF are still poorly known
3].

Creatine kinase (CK, E.C. 2.7.3.2) is a crucial enzyme for
igh energy consuming tissues like the brain. This enzyme works
s a buffering system of cellular ATP levels, playing a central
ole in energy metabolism [2,22,31]. It is also known that a
ecrease in CK activity is associated with neurodegenerative
athways that result in neuronal death in brain ischemia [30],
eurodegenerative diseases [1,8], bipolar disorder (unpublished
esults) and other pathological states [10,11,23].

Oxidative stress is an important event that has been related to
he pathogenesis of diseases affecting the central nervous sys-
em. This is understandable since this tissue is highly sensitive
o oxidative stress due to its high oxygen consumption, its high

ron and lipid contents, especially polyunsaturated fatty acids,
nd the low activity of antioxidant defenses [6]. Moreover, the
ccumulation of toxic metabolites in renal failure may lead to
xcessive production of free radicals or depletion of antioxidant
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alone or in combination prevented such effect (Fig. 2A and C).
Cerebral cortex was also affected, but in this area CK activity
was inhibited 6 and 12 h after renal ischemia. In this area, only
NAC or NAC plus DFX were able to prevent the inhibition on

Fig. 1. Effect of antioxidants on blood urea nitrogen (A) and creatinine (B)
levels after renal ischemia. Rats were sham-operated (control group) or submit-
40 P.B. Di-Pietro et al. / Neurosc

apacity [29,24,3]. It is also known that CK is very sensitive
o free radicals, especially by the oxidation of thiol groups of
ts structure [32]. In this context, we believe that the adminis-
ration of antioxidants may be important for the treatment of
eurological alteration in patients affected by ARF.

Considering that there is a lack of literature information
egarding the pathophysiological mechanisms underlying neu-
ological complications in patients with renal failure, that CK is
mportant for brain energy homeostasis and is inhibited by free
adicals, and that oxidative stress is probably involved in the
athogenesis of uremic encephalopathy, we measured brain CK
ctivity (hippocampus, striatum, cerebellum, cerebral cortex and
refrontal cortex) in an animal model of ARF (ischemia) and the
ffect of administration of antioxidants (N-acetylcysteine, NAC
nd deferoxamine, DFX) on this enzyme.

Animals. Adult male Wistar rats (250–300 g) obtained from
entral Animal House of Universidade do Extremo Sul Catari-
ense were caged in groups of five with free access to food
nd water and maintained on a 12-h light–dark cycle (lights on
:00 a.m.) at a temperature of 22 ± 1 ◦C. All experimental proce-
ures were carried out in accordance with the National Institutes
f Health Guide for the Care and Use of Laboratory Animals and
he Brazilian Society for Neuroscience and Behavior (SBNeC)
ecommendations for animal care, with the approval of local
thics Committee.

Animal model of renal ischemia and treatment with antiox-
dants. Sixty-day-old rats were divided into the following
roups: sham-operated group (control), or renal ischemia treated
ith saline, NAC 20 mg/kg, DFX 20 mg/kg or both antiox-

dants. Under anesthesia (ketamine 70 mg/kg and xylazine
5 mg/kg; i.p.) and aseptic conditions, via a dorsal incision,
schemia/reperfusion injury was induced by clamping both renal
ascular pedicles for 45 min, and the kidney was subsequently
eperfused [13]. NAC and DFX were administered in the abdom-
nal aorta 10 min before ischemia [18–20]. Rats were killed 1,
or 12 h after renal ischemia. The brain was removed and hip-

ocampus, striatum, cerebellum, cortex and prefrontal cortex
ere isolated. Moreover, blood was collected for measurement
f urea nitrogen and creatinine.

Tissue and homogenate preparation. These brain areas were
omogenized (1:10, w/v) in SETH buffer, pH 7.4 (250 mM
ucrose, 2 mM EDTA, 10 mM Trizma base, 50 IU/ml heparin).
he homogenates were centrifuged at 800 × g for 10 min and

he supernatants kept at −70 ◦C until used for CK activity deter-
ination. The maximal period between homogenate preparation

nd enzyme analysis was always less than 5 days. Protein con-
ent was determined by the method described by Lowry et al.
17] using bovine serum albumin as standard.

Creatine kinase (CK) activity assay. Creatine kinase activity
as measured in brain homogenates pre-treated with 0.625 mM

auryl maltoside. The reaction mixture consisted of 60 mM
ris–HCl, pH 7.5, containing 7 mM phosphocreatine, 9 mM
gSO4 and approximately 0.4–1.2 �g protein in a final volume
f 100 �L. After 15 min of pre-incubation at 37 ◦C, the reaction
as started by the addition of 0.3 �mol of ADP plus 0.08 �mol
f reduced glutathione. The reaction was stopped after 10 min
y the addition of 1 �mol of p-hydroxymercuribenzoic acid.
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he creatine formed was estimated according to the colorimet-
ic method of Hughes [12]. The color was developed by the
ddition of 100 �L 2% �-naphthol and 100 �L 0.05% diacetyl
n a final volume of 1 mL and read spectrophotometrically after
0 min at 540 nm. Results were expressed as units/min × mg
rotein.

Statistical analysis. Data were analyzed by one-way analysis
f variance (ANOVA) followed by the Tukey test when F was
ignificant and are expressed as mean ± standard deviation. All
nalyses were performed using the Statistical Package for the
ocial Science (SPSS) software.

In the present study we submitted rats to renal ischemia, with
revious treatment with NAC and DFX. After that, brain CK was
easured. Our findings show that the model used in our work

aused renal injury, since blood urea nitrogen and creatinine
evels were increased in all groups submitted to renal ischemia,
reated with saline or antioxidants (Fig. 1). Moreover, CK activ-
ty was inhibited in prefrontal cortex and hippocampus of rats
2 h after renal ischemia and the treatment with NAC and DFX
ed to renal ischemia and treated with N-acetylcysteine (NAC), deferoxamine
DFX), both or only saline. Blood samples were collected 1, 6 and 12 h after
enal ischemia. Values are expressed as mean ± S.D. for five-independent exper-
ments. Different from control (sham group); *p < 0.05 (one-way ANOVA
ollowed by Tukey).
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Fig. 2. Effect of antioxidants on creatine kinase activity in prefrontal cortex (A),
cerebral cortex (B) and hippocampus (C) of rats after renal ischemia. Rats were
sham-operated (control group) or submitted to renal ischemia and treated with N-
acetylcysteine (NAC), deferoxamine (DFX), both or only saline. Creatine kinase
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Fig. 3. Effect of antioxidants on creatine kinase activity in cerebellum (A)
and striatum (B) of rats after renal ischemia. Rats were sham-operated (con-
trol group) or submitted to renal ischemia and treated with N-acetylcysteine
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ctivity was assayed in brain of rats 1, 6 and 12 h after renal ischemia. Values
re expressed as mean ± S.D. for five-independent experiments. Different from
ontrol (sham group); *p < 0.05 (one-way ANOVA followed by Tukey).

he enzyme (Fig. 2B). Our results also show that CK activity
as not altered in cerebellum and striatum (Fig. 3).
CK catalyzes the reversible transfer of the phosphoryl group

rom phosphocreatine to ADP, regenerating ATP. This sys-
em is important for normal energy homeostasis by exerting
everal integrated functions, such as temporary energy buffer-

ng, metabolic capacity, energy transfer and metabolic control.
he brain of adult rats, like other tissues with high and
ariable rates of ATP metabolism, presents high phospho-
reatine concentration and CK activity. It is well described
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NAC), deferoxamine (DFX), both or only saline. Creatine kinase activity was
ssayed in brain of rats 1, 6 and 12 h after renal ischemia. Values are expressed
s mean ± S.D. for five-independent experiments.

hat inhibition of this enzyme is implicated in the pathogen-
sis of a number of diseases, especially in brain [15,21]. In
he present work, we showed that CK is affected in pre-
rontal cortex, cerebral cortex and hippocampus of rats, 6
nd 12 h after renal ischemia. Moreover, we showed that
ntioxidants were able to prevent the inhibition of this
nzyme.

In this model of ARF, the initial insult is caused by hypoxia
o the tissue followed by altered microcirculation. Inflammation
nd reactive oxygen species formation are also involved in the
rogression of tubular injury. Moreover, there are several sim-
larities between this model and human ischemic acute tubular
ecrosis. A number of studies have demonstrated the antioxidant
ole of NAC. Thus, NAC supplementation was found to reduce
xidative stress by improving thiol redox status, to inhibit oxida-
ive metabolism and to scavenge superoxide, hydrogen peroxide
nd hydroxyl radicals. It has been demonstrated that isolated
dministration of NAC could produce pro-oxidant effects. The
xidative metabolism of NAC can generate thiyl free radicals
nd NAC can reduce Fe3+ ions to participate in the genera-

ion of hydroxyl radical via Fenton reaction. In this context,
e have demonstrated that the combination of NAC and DFX,
ut not their isolated use, is an effective treatment for several
nflammatory diseases [7,18–20].



1 ience

i
a
i
u
m
d
n
e
v
b

a
i
[
i
a
s
i
i
w
m
f
m
r

h
r
e
t
u
i
m

A

g
C
m

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

42 P.B. Di-Pietro et al. / Neurosc

Uremic encephalopathy is characterized by a mix of clin-
cal features and is often associated with headache, visual
bnormalities, tremor, asterixis and seizures. The pathophys-
ology of uremic encephalopathy is complex and still poorly
nderstood. The main contributing factors are accumulation of
etabolites, hormonal disturbance, disturbance of the interme-

iary metabolism and imbalance in excitatory and inhibitory
eurotransmitters. Besides the general symptom complex of
ncephalopathy, focal motor signs and the “uremic twitchcon-
ulsive” syndrome may be present. Impaired cognitive has also
een reported in these patients [4].

In this context, it has also been demonstrated that the cre-
tine/phosphocreatine/CK circuit is involved in processes that
nvolve habituation, spatial learning and seizure susceptibility
14,26,27]. In the present work we showed that CK was inhib-
ted in prefrontal cortex, cerebral cortex and hippocampus, brain
reas that are crucial for cognitive processes [9,16,28]. So, we
peculate that diminished CK may be involved in the cognitive
mpairment reported in these patients. Moreover, we showed that
nhibition of CK was prevented by antioxidants. In this context,
e also speculate that oxidative stress may be involved in the
echanism of CK activity inhibition. This hypothesis is rein-

orced by findings from Sener et al. [24], which show increased
alondialdehyde and diminished glutathione levels in brain of

ats submitted to a model of chronic renal failure.
Although it is difficult to extrapolate our findings to the

uman condition, the inhibition of brain CK activity after
enal failure may be involved in the pathogenesis of uremic
ncephalopathy. We also showed that antioxidants prevented
he inhibition of CK, and we believe that this protocol could be
sed as an adjuvant therapy for the treatment of these neurolog-
cal complications. Moreover, other important steps of energy

etabolism must also be studied.
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