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Abstract—Creatine (Cr), the substrate of the creatine kinase (CK) isoenzymes, was shown to be neuroprotective in
several models of neurodegeneration, including amyotrophic lateral sclerosis (ALS). In order to investigate the
mechanism of this beneficial effect, we determined CK activities and mitochondrial respiration rates in tissues from
G93A transgenic mice, which overexpress a mutant form of human superoxide dismutase associated with familial ALS
(FALS). While respiration rates of mitochondria from G93A transgenic or wild-type control mice isolated from spinal
cord showed no difference, a significant and dramatic loss of CK activity could be detected in these tissues. In
homogenates from spinal cord of G93A transgenic mice, CK activity decreased to 49% and in mitochondrial fractions
to 67% compared to CK activities in wild-type control mice. Feeding the G93A transgenic mice with 2% Cr, the same
tissues showed no statistically significant increase of CK activity compared to regular fed G93A transgenic mice.
Experiments with isolated mitochondria, however, showed that Cr and adenosine triphosphate (ATP) protected
mitochondrial CK activity against peroxynitrite-induced inactivation, which may play a role in tissue damage in
neurodegeneration. Our data provide evidence for oxidative damage to the CK system in ALS, which may contribute
to impaired energy metabolism and neurodegeneration. © 2002 Elsevier Science Inc.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a severe neuro-
degenerative disorder characterized by motor neuron
loss, rapidly progressive motor weakness, and early
death [1]. The disease exists in a sporadic and in an
autosomal dominant familial form (FALS), the latter
constitutes 10% of all ALS cases. The finding that about
20% of the patients with FALS carry a point mutation in
the superoxide dismutase 1 (SOD1) gene, which encodes
for the cytosolic copper- and zinc-dependent SOD [2],
has focused interest on the involvement of oxidative
damage in the pathogenesis of the disease, and lead to the
development of several animal models of FALS [3].

Interestingly, most of the mutations, found in FALS
patients retain full or partial specific SOD activity [4].
This, together with the dominant inheritance pattern in
FALS, suggests that the onset of the disease is rather
dependent on a gain-of-function of SOD than a loss-of-
function. Evidence supporting this includes (i) the find-
ing that SOD-knockout mice do not develop symptoms
of ALS, (ii) the report of a lack of correlation between
disease severity and enzyme activity, and (iii) the finding
that overexpression of the mutant enzyme in transgenic
mice leads to motor neuron degeneration [5–7]. An in-
creased ability to generate superoxide radicals from hy-
drogen peroxide was found in mutant SOD in which
glycine 93 has been replaced by alanine, corresponding
to one mutation found in FALS patients [8]. Transgenic
mice overexpressing this G93A SOD mutant (G93A
transgenic mice) develop symptoms similar to those seen
in ALS patients [5].
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An elevated level of superoxide will contribute to en-
hanced oxidative stress, which is thought to play a role in
neurodegenerative diseases (for review see [9]). Among the
toxic agents contributing to this oxidative stress, peroxyni-
trite, the reaction product of superoxide and nitric oxide,
produces damage to proteins, lipids, and DNA [10,11]. The
pathogenesis of ALS, however, may involve an interplay
between oxidative stress and mitochondrial dysfunction, the
latter having been shown to lead to adenosine triphosphate
(ATP) depletion and selective motoneuron death [12].
Therefore, buffering intracellular energy levels could pro-
tect against ATP depletion and thus help the cell to cope
with energy deficiency.

The creatine kinase (CK, EC 2.7.3.2) system, consisting
of a cytosolic and a mitochondrial isoform together with
their substrates creatine (Cr) and phosphocreatine (PCr), is
the cell’s most important immediate energy buffering and
transport system [13,14], especially in muscle and neuronal
tissues [15]. Cr is phosphorylated to PCr in the intermem-
brane space of mitochondria, where mitochondrial creatine
kinase (MtCK) is located, and is then transported into the
cytosol [16]. There, the energy pool can be regenerated by
transphosphorylation of PCr to ATP, which is catalyzed by
cytosolic CK (B-CK in brain) located in close vicinity of
cellular ATPases. Increased Cr levels in the cell, paralleled
by increased PCr levels, can enhance ATP regeneration and
thus improve the cellular energy status of brain and muscle
cells. Cr protects against neuronal death in vitro [17], and
supplementation with Cr was shown to be neuroprotective
in several animal models of neurodegenerative diseases
[18,19], including the G93A transgenic mouse model of
ALS [20]. This study showed that life span, as well as the
motor performance of G93A transgenic mice fed with a Cr
diet, was significantly improved and that motor neuron loss
was decreased.

Cytosolic, as well as MtCK isoenzymes, are prime tar-
gets for oxidative damage leading to inactivation of CK,
which can be partly protected if both substrates, Cr and
MgATP, are present [21–23]. Additionally, reactive oxygen
species lead to dimerization of MtCK [24]. Inactivation of
CK and dimerization of MtCK are both expected to con-
tribute to a deterioration of the cellular energy state [25]. In
the present study we therefore examined whether CK ac-
tivity in G93A transgenic mice was altered in the spinal
cord or cortex, and whether succinate-stimulated respiration
of mitochondria isolated from these regions of diseased
brains was affected. Furthermore, we investigated the effect
of Cr supplementation on these parameters.

MATERIALS AND METHODS

Mice

Transgenic male mice with the G93A human SOD1
(G1H/�) mutation (the high copy number mice: B6SJL-

TgN (SOD1-G93A)1 Gur; Jackson Laboratories, Bar
Harbor, ME, USA) were bred with female B6SJL mice
(Jackson Laboratories). The F1 generation was geno-
typed with polymerase chain reaction (PCR) on tail DNA
and used in the experiments. All animal experiments
were carried out in accordance with the National Insti-
tutes of Health Guidelines for the Care and Use of
Laboratory Animals and were approved by the local
animal care committee.

Treatment/protocol

Cr (Avicena Group, Cambridge, MA, USA) was
mixed into the mouse food (Purina Test Diet, Richmond,
IN, USA) at 2% (w/w) concentration. Treatment started
at 4 weeks of age. At 84 or 120 d of age, five to seven
animals in each group were decapitated, the spinal cord
and brain were rapidly removed, and the cortex was
immediately dissected on a chilled surface. The tissue
was placed in a special preservation medium (mixture of
1 unit B27 and 49 units Hibernate A; Life Technologies,
Gaithersburg, MD, USA [26]) for transport purposes and
kept cold for 24 h until it was processed for biochemical
assays.

Isolation of mitochondria from mouse brain and
spinal cord

Mitochondria were isolated from spinal cord and cor-
tex by differential centrifugation according to a protocol
described earlier [27]. Briefly, brain sections from five to
eight mice were washed with buffer A (225 mM manni-
tol, 75 mM sucrose, 10 mM N-[2-hydroxyethyl]pipera-
zine-N�-[2-ethanesulfonic acid] [HEPES], 1 mM EGTA,
pH 7.1) and incubated in 2.5 ml of buffer C (0.6 mg/ml
subtilisin and 3 mg/ml bovine serum albumin [BSA],
dissolved in buffer A) for 1 min on ice. Then, 7.5 ml of
buffer B (1 mg/ml fatty acid-free BSA in buffer A) was
added and the brain sections were homogenized with a
glass/Teflon potter. The resulting homogenate was cen-
trifuged for 3 min at 2500 � g and the supernatant was
centrifuged for 8 min at 12,000 � g, resulting in a crude
mitochondrial fraction, which was further purified by
ultracentrifugation (35 min at 100,000 g) on a 20%
Percoll gradient. Percoll was removed from the purified
mitochondrial fractions by washing twice with buffer A.

Peroxynitrite administration

The concentration of peroxynitrite stock solution,
synthesized from the reaction of gaseous nitric oxide
with solid potassium superoxide [28], was determined
photometrically at 302 nm in 10 mM NaOH (�mM �

921Creatine kinase and FALS



1.67) prior to use. 135 �M (final concentration) per-
oxynitrite was added to inactive mitochondria (0.2
mg/ml mitochondrial protein), mitochondria respiring on
5 mM succinate or mitochondria respiring on 5 mM
succinate and stimulated with 1 mM ATP, in the pres-
ence or absence of 20 mM Cr. After an incubation time
of about 5 min, mitochondria were centrifuged for 20
min at 12,000 � g and resuspended in CK assay buffer
to remove Cr present in solution. Then the solutions were
kept at �20°C until CK activity determination.

Protein concentration

Protein contents of homogenates or mitochondria
were determined according to Bradford using the com-
mercially available Bio-Rad protein assay with BSA as a
standard.

CK-activity determination

CK activity was assayed photometrically in the re-
verse reaction (ATP production from PCr), using the
glucose-6-phosphate-dehydrogenase/hexokinase—cou-
pled enzyme assay as described [29] at room temperature
(22°C). For the calculation of activity, a blank of each
sample, measured without PCr, was subtracted from the
determined CK activity values. Specific CK activity was
expressed as IU/mg protein whereby 1 IU corresponds to
1 �mol PCr hydrolyzed per min at 22°C.

Mitochondrial respiration measurements

Mitochondrial respiration was measured at room tem-
perature by using the two-channel high resolution respi-
rometer (Oroboros Oxygraph, Paar KG, Graz, Austria) in
1 ml of buffer A containing 5 mM MgCl2, 10 mM NaPi,
and 5 �M Rotenone and a final mitochondrial protein
content of 0.2 mg/ml. Succinate was added (5 mM final
concentration) to initiate state 4 respiration, followed by
administration of ADP (1 mM final concentration) to
stimulate oxidative phosphorylation to the maximum
state 3 respiration. Subsequently, atractyloside was
added to a final concentration of 25 �M to check whether
the mitochondria were still coupled to ATP-production.

Western blot analysis

Sodium dodecyl sulfate (SDS)-gel chromatography
was performed according to Laemmli, loading 10 �g of
protein per lane. Following electrophoresis, proteins
were transferred onto nitrocellulose membrane (Schlei-
cher & Schuell, Dassel, Germany). Membranes were
blocked with 4% fat-free milk powder in phosphate

buffered saline (PBS) for 1 h at room temperature, then
incubated with a polyclonal rabbit anti-MtCK antibody,
generated in our laboratory, diluted 1:1000 in PBS/milk
powder for 1 h at room temperature. After three washing
steps with PBS, membranes were incubated with anti-
rabbit-antibody, horseradish peroxidase-conjugated
(Nordic), diluted 1:5000 in PBS/milk powder for 1 h at
room temperature, then washed three times and devel-
oped using enhanced Luminol reagent from NEN (Bos-
ton, MA, USA).

Statistical analysis

Statistical comparisons were by analysis of variance
with post hoc Fisher’ s PLSD test or Student’ s t-test in the
case of Fig. 3.

RESULTS AND DISCUSSION

Mitochondrial respiration

Mitochondrial respiration was measured using mito-
chondria isolated from spinal cord of 120 d old G93A
transgenic mice and their littermate wild-type controls,
both either fed a regular or a Cr-supplemented diet. In
these mice the initial sign of the disease is a resting
tremor, which progresses to gait abnormalities, paralysis
of the hind limbs and impaired motor performance. At
the end stage, there is a complete paralysis, and the
average survival in our colony is 129.9 � 0.8 d of age,
with Cr increasing survival by 15–18% [20,30]. The
performance on the rotarod test starts to decline at 100 d
of age in this transgenic mouse colony [30,31], and 2%
Cr in the diet delayed the onset of motor disease by
approximately 15 d [20,30]. The mice from our G93A
colony stopped to gain weight at age 90–100 d [30,31],
and we showed that 2% Cr in the feed delayed the weight
loss by approximately 2 weeks [20,30].

Despite the very small amounts of spinal cord tissue
and consequently the minute final yield of mitochondria,
we were nevertheless able to successfully measure some
important respiratory parameters. Because earlier studies
showed increased complex I (NADH-ubiquinone oxi-
doreductase) activity in FALS patients [32], as well as in
G93A transgenic mice [33], we decided to measure mi-
tochondrial oxygen consumption mediated by succinate,
the substrate of complex II (succinate-ubiquinone reduc-
tase). Succinate was added to induce state 4 respiration.
By adding Rotenone, complex I was inhibited so that
only complex II-mediated oxygen consumption was de-
termined. To stimulate respiration to maximal state 3
levels, ADP was added to a final concentration of 1 mM.
Atractyloside, a specific inhibitor of the adenine nucle-
otide translocator, reduced the respiration rates to state 4

922 S. WENDT et al.



levels, indicating that in these mitochondria respiration
was still coupled to ATP production.

The respiration rates are summarized in Fig. 1. Mito-
chondria from wild-type control mice fed with Cr
showed increased oxygen consumption in ADP-stimu-
lated state 3 respiration (Fig. 1B middle, dark bar) as
compared to wild-type control mice on regular diet (Fig.
1A, middle, dark bar, p � .02). Mitochondria from
diseased spinal cord of G93A transgenic mice fed with
Cr no longer showed this increase in oxygen consump-
tion (Fig. 1B, middle, light bar) compared to regularly
fed G93A transgenic mice (Fig. 1A, middle, light bar).
Interestingly, this was the only change we could detect in
respiration rates from wild-type and FALS mice. Mito-
chondria from regularly fed mice, both wild-type control
and G93A transgenic mice did not show any difference
in oxygen consumption rates at any state. This finding is
somewhat surprising because mitochondrial swelling and
vacuolization are prominent pathological features of the
G93A transgenic animals [34], that should result in re-
duced mitochondrial function in ALS. It is, however,
possible that degenerating mitochondria may be lost spe-
cifically during the isolation procedure, or that cells
containing damaged mitochondria may have undergone

degeneration, although we did not detect an observable
alteration in mitochondrial yield.

CK activity in G93A transgenic mice

There is strong evidence that neurodegeneration in
ALS is at least partly mediated by oxidative stress. It is
also well known that CK, cytosolic as well as mitochon-
drial isoforms, are exquisitely susceptible to oxidative
damage, especially when exposed to peroxynitrite [21,
22]. We previously found evidence for increased oxida-
tive damage in G93A transgenic mice as early as 6 weeks
of age [35]. To investigate the question of whether CK
may be involved in the development of ALS, we mea-
sured CK activities in spinal cord and cerebral cortex of
G93A transgenic mice and their littermate wild-type
controls.

In homogenates from cortex of regular fed 120 d old
mice, total CK activity levels did not differ between
G93A transgenic and littermate wild-type control brains,
but total CK activity levels were decreased to 49% in the
homogenates of spinal cord from regular fed G93A
transgenic mice compared to littermate wild-type con-
trols (Fig. 2A). In mitochondrial fractions, a similar
picture was noted. MtCK activity in cerebral cortex was
not changed in G93A transgenic as compared to wild-
type control brains, whereas MtCK activity in spinal cord
from G93A transgenic mice was significantly decreased
to 67% of wild-type control values (Fig. 2B). To rule out
that this decrease in MtCK activity in 120 day old G93A
transgenic mice was due to decreased expression levels
of MtCK protein as a consequence of motor neuron loss,
Western blot analysis of mitochondrial fractions was
performed. This revealed very similar amounts of immu-
noreactive CK protein in spinal cord of wild-type control
and G93A transgenic animals (data not shown).

Together with the unchanged respiration rates in iso-
lated mitochondria, these results suggest free radical-
induced inactivation of MtCK rather than a decreased
expression level of MtCK or a general alteration in the
amount of mitochondria present in the cells. Further
support for this theory comes from a previous study
where G93A transgenic mice showed enhanced free rad-
ical content in spinal cord but not in brain, which corre-
lated with tissue-specific differences in the level of trans-
gene expression [36]. This would explain why CK
activity decreases tissue-specifically in spinal cord but
not in cortex.

One experiment with five to seven G93A transgenic
and littermate control mice of age 80 d, which is a time
point preceding the development of ALS symptoms,
revealed no decreased CK activity, neither in homoge-
nates nor in mitochondrial fractions from spinal cord or
cortex of G93A transgenic mice (data not shown). Thus,

Fig. 1. Mitochondrial respiration rates in spinal cord from (A) regular
fed mice and (B) creatine fed mice. The dark bars represent wild-type
control, the light bars G93A transgenic animals. Values are the mean
from four independent experiments with five to seven animals. No
differences in respiration rates between wild-type control and G93A
transgenic animals could be detected. Data are mean � SEM.
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the decrease in CK activity in G93A transgenic mice is
related to the duration of the disease but this inactivation
of the enzyme occurs at a time point where the mito-
chondrial respiration chain is not yet affected.

About 80% of total brain CK activity is derived from
cytosolic BB-CK, which is present as a prominent en-
zyme in the brain as well as in spinal cord. Because we
detected a 50% decrease in total CK activity in the
homogenate of FALS mice, we conclude that cytosolic
BB-CK in spinal cord is also affected to a significant
extent.

Effect of creatine on CK activity

We previously showed that feeding G93A transgenic
mice with 2% Cr in the diet from 4 weeks of age on
protected against motor neuron loss and increased life

span by 15–18% [20,30]. One possible reason for this
could be a direct protective effect by Cr against radical
induced damage of CK. We therefore determined CK
activities in these tissues from control, as well as Cr-
supplemented G93A transgenic mice. However, CK ac-
tivities did not show a significant increase compared to
unsupplemented G93A transgenic mice (Fig. 2A, B).

Effects of peroxynitrite on isolated mitochondria

The enzymatic activity of purified MtCK is partly
protected against peroxynitrite-induced oxidative dam-
age by the presence of the full set of substrates [22].
Possibly, this may be one of the reasons why MtCK
activities tend to be elevated in Cr-fed as compared to
unsupplemented G93A transgenic animals. To further
corroborate this hypothesis, peroxynitrite was adminis-
trated to isolated mitochondria at different states of res-
piration in the presence or absence of exogenous Cr.

After exposure to as low as 135 �M peroxynitrite, CK
activities were measured in the mitochondrial fractions
(Fig. 3). Addition of ONOO� to inactive mitochondria
resulted in a decrease to 15% of CK activity compared to
control CK activity, where mitochondria have not been
treated with ONOO-. When adding ONOO- to respiring
mitochondria there was a slight increase in residual ac-
tivity to 23%. However, in the presence of 1 mM ATP
the residual activity in the absence of Cr is 32% whereas
the presence of 20 mM Cr protects ONOO�-mediated
CK inactivation dramatically with approximately 58% of

Fig. 2. Creatine kinase (CK) activities in tissues from mice with and
without 2% creatine supplementation (A) in homogenates and (B) in
mitochondrial fractions. The dark bars represent wild-type control, the
light bars G93A transgenic animals. Values are the mean from four to
five independent experiments with five to seven animals. Note the
decreased CK activities in both homogenates and mitochondrial frac-
tions prepared from spinal cord of G93A transgenic mice. Data are
mean � SEM; *p � .05; **p � .005.

Fig. 3. The effect of peroxynitrite on mitochondrial creatine kinase
(MtCK)-activity in brain mitochondria with or without creatine (Cr).
Peroxynitrite (135 �M, final concentration) was added at different
states of respiration to inactive mitochondria (inactive), to mitochon-
dria respiring on succinate (succinate) and mitochondria, respiring on
succinate and stimulated with ATP (1 mM ATP), in the absence (dark
bars) or presence (light bars) of 20 mM Cr. Activities are expressed in
percent of control CK activity, which was measured in mitochondria
under the same conditions but not exposed to peroxynitrite. In a control
experiment, degraded peroxynitrite showed no effect on CK activity
under these conditions. Note the protective effect of Cr on peroxyni-
trite-induced inactivation of MtCK. Data are mean � SEM.
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original activity still preserved. The conditions with the
presence of 1 mM ATP plus 20 mM Cr, under which
maximal protection was obtained in vitro, correspond to
the conditions in vivo where the full set of substrates is
present.

An increased level of cellular Cr can lead to higher
saturation and/or substrate turnover of the enzyme and
therefore, binding of substrates to CK at a given time
point seems statistically more probable. If both ATP and
Cr are bound to CK, the active site cysteine is no longer
accessible to radical damage and thus protected [22]. We
therefore propose that Cr supplementation of G93A
transgenic mice contributes to the observed neuroprotec-
tive effects of Cr by protecting MtCK, as well as cyto-
solic CK, from inactivation by oxygen radicals.

CONCLUSIONS

There is substantial evidence implicating mitochon-
drial dysfunction and free radical generation as major
mechanisms of neuronal death in neurodegenerative dis-
eases including ALS [33]. For the first time, we report
that CK activity is significantly reduced in a tissue-
specific manner in the spinal cord but not in the cortex of
the G93A transgenic mice at a time point when mito-
chondrial respiration chain was not yet affected. This
supports the notion that both impaired energy production
and oxidative damage contribute to the development of
ALS.

Even though a marked protection by Cr against inac-
tivation of CK by peroxynitrite could be observed earlier
in vitro with isolated CK enzyme [22] and in the present
study with isolated intact mitochondria (see Fig. 3), it
remains to be elucidated whether the significant neuro-
protection by Cr that has been observed in ALS animal
models in vivo [20] relies mainly on a mechanism of
protection by Cr of the CK active site, or whether it is
rather a combination of effects, including a general im-
provement of cellular energetics by Cr [13,17] and/or
protection by Cr of mitochondrial permeability pore
opening [37], an early event in apoptosis.

Nevertheless, in light of these combined results, treat-
ment of ALS patients with Cr as a food supplement
within the framework of clinical studies seems to offer a
sensible adjuvant therapeutic approach for this incurable
disease.

ADDENDUM

Most recently, direct antioxidant properties of crea-
tine have been described that may also be relevant mech-
anistically to explain some of the neuroprotective actions
of creatine [38].
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ABBREVIATIONS

ALS—amyotrophic lateral sclerosis
CK—creatine kinase
Cr—creatine
FALS—familial amyotrophic lateral sclerosis
MtCK—mitochondrial creatine kinase
PCr—phosphocreatine
SOD—superoxide dismutase
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