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Aluminum-induced Defective
Mitochondrial Metabolism Perturbs
Cytoskeletal Dynamics in Human
Astrocytoma Cells
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Although aluminum (Al), a known environmental toxin,
has been implicated in a variety of neurological disorders, the molecular mechanism responsible for these
conditions is not fully understood. In this report, we
demonstrate the ability of Al to trigger mitochondrial
dysfunction and ineffective adenosine triphosphate
(ATP) production. This situation severely affected cytoskeletal dynamics. Whereas the control cells had welldeﬁned structures, the Al-exposed astrocytoma cells
appeared as globular structures. Creatine kinase (CK)
and proﬁlin-2, two critical modulators of cellular morphology, were markedly diminished in the astrocytoma
cells treated with Al. Antioxidants such as a-ketoglutarate and N-acetylcysteine mitigated the occurrence of
the globular-shaped cells promoted by Al toxicity.
Taken together, these data reveal an intricate link
between ATP metabolism and astrocytic dysfunction
and provide molecular insights into the pathogenesis of
Al-induced neurological diseases. VC 2008 Wiley-Liss, Inc.
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All life forms rely on adenosine triphosphate (ATP)
as their universal energy currency in order to perform
numerous cellular tasks. The energy harnessed from
ATP is used to drive protein synthesis, DNA repair, ion
transport, and the maintenance of cytoskeletal structure
and dynamics (Wieser and Krumschnabel, 2001; Kovar
et al., 2006). ATP can be generated in a number of
ways, including during anaerobic respiration via substrate
level phosphorylation and aerobic respiration via oxidative phosphorylation (Fink, 2002; Leach et al., 2002). In
most aerobic organisms, the mitochondria house the
necessary enzymatic machinery and respiratory complexes required to synthesize ATP in an O2-dependent
manner. While the tricarboxylic acid (TCA) cycle produces the necessary reducing equivalents, NADH and
FADH2, the respiratory complexes transfer the electrons
from these moieties to the terminal electron acceptor,
O2. This process is coupled to the formation of a H1
' 2008 Wiley-Liss, Inc.

gradient, which is tapped to drive ATP formation
(Yoshida et al., 2001). Complex eukaryotes also rely on
other sources of ATP such as phosphogens in order to
sustain energy demands (Sauer and Schlattner, 2004).
Highly oxidative tissues such as the human brain and
skeletal muscle invoke creatine kinase (CK) to produce
ATP from phosphocreatine when energy is in high
demand (Saks et al., 1996).
The brain consumes the most energy in the human
body. Indeed, neurons rely on a steady supply of ATP
in order to maintain cerebral functions. Astrocytes play a
key role in supporting neuronal energy metabolism.
These specialized cells also help in modulating synaptic
ﬁring and efﬁciency, supply trophic factors, and support
the blood–brain barrier (Anderson and Swanson, 2000;
Anderson and Nedergaard, 2003). The ability of astrocytes to perform these vital functions has been attributed
to their unique morphology (Derouiche et al., 2002).
Indeed, the speciﬁc arrangement of the actin and intermediate ﬁlaments provides the critical framework necessary to maintain a well-deﬁned morphology that is
required for the proper functioning of the astrocytes.
The maintenance of this cytoskeletal conﬁguration is
inherently dependent on ATP. The polymerization of
actin relies on a steady supply of ATP (Gourlay and
Ayscough, 2005). Hence, energy metabolism, cytoskeletal structure, and neuronal function are intimately linked
(Ames, 2000; Gartlon et al., 2006).
Environmental stressors and toxins, such as Al, are
known to limit the aerobic production of ATP, a situation that may have a negative inﬂuence on astrocytic
function. Al, a pro-oxidant, has also been shown to perturb the cytoskeleton in neurons and astrocytes (Aremu
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and Meshitsuka, 2006). In fact, the loss of cytoskeletal
dynamics and astrocyte morphology has been associated
with the pathogenesis of Alzheimer’s disease (Ting et al.,
2007). However, the molecular details underlying the
Al-mediated perturbation of the cytoskeleton in astrocytes remain poorly understood. In this study, we report
on how the Al-mediated disruption of astrocyte morphology is a manifestation of dysfunctional energy metabolism. The diminution in the production of ATP
coupled with ineffective CK contributes to the abnormal
morphology observed in the Al-stressed astrocytes. The
intricate relationship involving Al toxicity, defective
ATP production, cellular morphology, and neurological
disease is discussed.
MATERIALS AND METHODS
Culturing and Isolation of CCF-STTG1 Cells
The human astrocytoma cell line (CCF-STTG1) was
acquired from the ATCC (Manassas, VA). The efﬁcacy of this
cell line stems from its maintenance of normal astrocytic properties (Mentz et al., 1999). The astrocytic cell line was cultured as described by Lemire et al. (2008). The media [a-minimal essential medium (MEM)] either included fetal bovine
serum (FBS) or was devoid of FBS (5 mM D-glucose is present in a-MEM). Upon reaching 75% conﬂuence, the cell
monolayer was washed with phosphate-buffered saline (PBS;
136 mM sodium chloride, 2.5 mM potassium chloride, 1.83
mM dibasic sodium phosphate, and 0.43 mM monobasic potassium phosphate, pH 7.4) and then resupplemented with serum-free media containing 2.5 mM lactate chelated to varying
amounts of Al (0.01–0.1 mM) or 2.5 mM lactate with 40 lM
H2O2. Cells exposed to lactate (2.5 mM) alone served as the
control. For recovery experiments, after a 24-hr stressing period, the cells were incubated with serum-free media reconstituted with N-acetylcysteine (NAC) or 5 mM a-ketoglutarate
(KG) for 24 hr. Cells were fractionated into mitochondrial
and cytoplasmic portions as described by Lemire et al. (2008).
Purity of fractions was deduced by detecting the levels of voltage-dependent anion channel (VDAC) (mitochondria) and Factin (cytosol). Protein content was analyzed by the Bradford
assay with bovine serum albumin used as the standard (Bradford, 1976).
Fluorescence Microscopy
To visualize the impact of Al and H2O2 on astrocytic
morphology, immunoﬂuorescence microscopy was used.
CCF-STTG1 cells were grown to a minimal density on coverslips and exposed to control, Al, and H2O2 conditions. The
coverslips were washed with 0.5 mM EDTA and PBS and
prepared for microscopic examination (Lemire et al., 2008).
Primary analysis of cellular morphology was ascertained by
phase contrast microscopy with a Nikon confocal microscope
at 203 ocular magniﬁcation. For visualization of the actin
framework, the slides were stained with phalloidin (1.5 mg/
ml) conjugated with either ﬂuorescein isothiocyanate (FITC)
or rhodamine B for 20 min. For the detection of reactive oxygen species (ROS) levels within the astrocytes, the cells were
incubated with 20 lM of dicholorodihydroﬂuorescein diaceJournal of Neuroscience Research

1475

tate (DCFH-DA) in a-MEM and 10% FBS for 1 hr at 378C.
The nucleus was identiﬁed by Hoechst 33528 (2.5 lg/ml in
PBS). The status of intermediate ﬁlaments was made apparent
by incubating cells in a cyanine III (Cy3)-conjugated glial
ﬁbrillary acidic protein (GFAP) primary antibody (Sigma).
The coverslip was submerged in Tween-20–Tris-buffered saline (TTBS) with 5% FBS for 1 hr to block nonspeciﬁc binding sites. The coverslip was then rinsed three times with Trisbuffered saline (TBS). The Cy3-GFAP (1/800) in TBS/5%
FBS solution was then introduced for a period of 45 min.
Similar procedures were used for the detection of CK-brain
isoform (CK-BB) and proﬁlin-2. The primary antibodies
(1:800) were obtained from Abcam. The coverslips were then
washed thoroughly with TBS and incubated with anti-mouse
(CK) and anti-rabbit (proﬁlin-2) conjugated to FITC (Santa
Cruz). The cells were subsequently visualized with an inverted
deconvolution microscope (Zeiss).
Blue Native–Polyacrylamide Gel Electrophoresis
(BN-PAGE) and In-gel Activity Assays
BN-PAGE was performed as described in (Mailloux
et al., 2007; Schagger and von Jagow, 1991). Gradient gels
(4–16%) were favored for these assays. Brieﬂy, 2 lg of protein
equivalent per microliter was prepared in blue native buffer
(500 mM 6-amino hexanoic acid, 50 mM BisTris [pH 7.0],
and 1% dodecyl-b-D-maltoside). For soluble proteins,
dodecyl-b-D-maltoside was omitted. Each well of the native
gel was loaded with 30 lg of prepared protein samples. Once
the electrophoresis was completed, the native gel was incubated in equilibration buffer (25 mM Tris-HCl, 5 mM MgCl2
[pH 7.4]) for 15 min. In-gel activity was ascertained by using
a reaction mixture containing equilibration buffer, 5 mM substrate, 0.5 mM cofactor, 0.5 mg/ml iodonitrotetrazolium
chloride, and 0.2 mg/ml phenazine methosulfate. For the activity detection of NAD-dependent isocitrate dehydrogenase
(NAD-ICDH), 5 mM isocitrate, and 0.5 mM nicotinamide
adenine dinucleotide (NAD) was used. Similarly, malate dehydrogenase was detected by the addition of 5 mM malate and
0.5 mM NAD. Activity of nucleotide diphosphate kinase
(NDPK) was established by the addition of 1 mM ADP
(adenosine 50 -diphosphate), 1 mM guanosine triphosphate
(GTP), 15 mM glucose, 5 units of hexokinase, 5 units of glucose-6-phosphate dehydrogenase, and 1 mM NADP (Mailloux et al., 2008). CK activity was monitored with a reaction
mixture similar to NDPK except 5 mM phosphocreatine
(PCr) replaced GTP. Enzymatic activity of cytochrome c oxidase (Cyt c Ox) was visualized by the addition of a reaction
mixture consisting of equilibration buffer supplemented with
5 mM KCN, 5 mg/ml of diaminobenzidine, 562.5 mg/ml of
sucrose, and 10 mg/ml of cytochrome c (Mailloux et al.,
2007b).
Immunoblot Analysis
Sodium dodecyl sulfate (SDS)-PAGE and 2D SDSPAGE was performed with the modiﬁed method previously
described (Laemmli, 1970; Lemire et al., 2008). The proteins
were solubilized in 62.5 mM Tris-HCl (pH 6.8), 2% SDS,
and 2% b-mercaptoethanol at 1008C for 5 min and electro-
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Statistical Analysis
All experiments were performed three times and in
duplicate. Where appropriate, the Student t-test was used to
assess signiﬁcance.

Al Toxicity Perturbs Aerobic ATP Production
Because the maintenance of cytoskeletal structure
and function relies on a steady supply of ATP, we probed
the impact of Al on aerobic respiration. The activity of
Cyt c Ox, a respiratory complex required for the transfer
of electrons to the terminal electron acceptor oxygen, displayed a sharp decrease in activity in the mitochondria
from the Al-treated cells (Fig. 2, I). H2O2 had a similar
effect on Cyt c Ox. The negative impact of Al on the aerobic ATP-producing machinery was conﬁrmed by testing
the activity of NAD-ICDH. In contrast to the Al-exposed
cells, a more intense activity band was recorded in the mitochondria from the control cells (Fig. 2, II). Other TCA
cycle enzymes such as a-ketoglutarate dehydrogenase and
succinate dehydrogenase also displayed a marked decline
in activity after Al exposure (data not shown). HPLC
analysis of the total cellular ATP levels provided further
insight into the impact of Al on mitochondrial metabolism. Indeed, a signiﬁcant decrease in cellular ATP levels
was recorded in the Al-treated cells (Fig. 2, III). To probe
the inﬂuence of Al on cellular energetics further, we
tested the activity NDPK by BN-PAGE. NDPK plays a
crucial role in maintaining ADP availability for aerobic
respiration (Dzeja and Terzic, 2003). The activity of
NDPK was diminished in the Al-exposed cells (Fig. 2,
IV). However, it is important to note that malate dehydrogenase, another key mitochondrial enzyme, was not
diminished in the stressed conditions (Fig. 2, V). This
clearly illustrates that Al toxicity was affecting the molecular functioning of the mitochondria.

RESULTS
Al Perturbs the Cytoskeleton in Astrocytoma Cells
To determine the impact of Al on the organization
of the cytoskeleton, we investigated the cellular distribution of GFAP and actin by immunoﬂuorescence microscopy. In control cells, the GFAP and actin were organized in a ﬁlamentous pattern. Exposure to concentrations
of Al as low as 0.01 mM resulted in the disruption of
the polymerized structure of actin and GFAP. Because
Al is well known for its pro-oxidant properties, the
impact of H2O2, a ROS-producing molecule, on the
cytoskeletal framework was investigated. A 24-hr exposure to 40 lM H2O2 also resulted in the perturbation of
the GFAP and actin cytoskeletal arrangements (Fig. 1,
III). These structural changes were clearly evident in the
phase contrast micrographs. The microscopic images at
higher magniﬁcation revealed the ﬁlamentous nature of
the actin arrangement in the control cells as opposed to
globular actin structure in the Al-treated cells (Fig. 1, I,
II, III). In order to account for the Al-mediated disruption of the cytoskeleton, the levels of the apoptotic
markers in the cytosol, cytochrome c, and cleaved caspase-3 were probed. Cytochrome c and cleaved caspase3 were not detected in the cytosol, thus indicating that
apoptosis was not contributing signiﬁcantly to the Almediated disruption of the cytoskeleton (data not
shown).

CK Is Perturbed in the Al-treated Cells
Because Al affected aerobic respiration and cellular
ATP levels, we tested other enzymes involved in the
maintenance of the cellular energy budget. CK is an
excellent candidate because this enzyme produces ATP
from PCr when energy is in high demand. Whereas an
intense activity band was recorded in the control cytosol,
the formazan precipitate was absent in the Al-stressed cells
(Fig. 3, I). Two-dimensional silver staining and immunoblot of the activity bands revealed that a drastic decrease in
activity in the Al-exposed cells (Fig. 3, II and III). HPLC
analysis of Cr and PCr levels also pointed to the Al-mediated disruption of CK. In contrast to control cells, the Aland H2O2-treated cells contained less Cr and PCr (Fig. 3,
IV). These data suggest that biosynthesis of Cr and its subsequent use for ATP formation were perturbed. The CK
protein levels and the cellular localization of this enzyme
were examined by immunoﬂuorescence microscopy. Cells
exposed to 0.1–0.01 mM Al and 40 lM H2O2 contained
less CK than their control counterparts (Fig. 4). The presence of either Al or H2O2 also disrupted the cellular localization of CK. Indeed, although CK was associated with
the actin ﬁlaments in the control cells, this phosphagenproducing enzyme seemed to be predominantly clustered
around the nucleus in the Al- and H2O2-exposed cells.
Thus, Al appears to perturb the cellular energy budget by
interfering with aerobic respiration and CK.

phoresed on a 10% isocratic denaturing gel. 2D immunoblot
analysis was performed as previously described (Lemire et al.,
2008). After electrophoresis, the proteins were blotted on to a
Hybond-polyvinylidene diﬂouride membrane for immunoblotting. Nonspeciﬁc binding sites on the membrane were
blocked by treatment with 5% nonfat skim milk dissolved in
TTBS (20 mM Tris-HCl, 0.8% NaCl, 1% Tween-20
[pH7.6]) for 1 hr. Secondary antibodies (Bio-Rad) consisted
of horseradish peroxidase–conjugated goat anti-mouse (proﬁlin-2) and goat anti-rabbit (CK). The detection relied on
incubation of the probed membrane for 5 min at room temperature in the presence of Chemiglow reagent (Alpha Innotech). Visualization of the immunoblot was documented via a
ChemiDoc XRS system (Bio-Rad Imaging Systems).
Metabolite Analysis
To monitor the cellular levels of ATP, creatine (Cr), and
PCr, cells were treated with 1% perchloric acid and then analyzed by high-performance liquid chromatography (HPLC).
Samples were injected into a C18-reverse phase column (Phenomenex) operating at a ﬂow rate of 0.7 ml/min. The mobile
phase consisted of 20 mM KH2PO4 (pH 2.9 with 6N HCl).
The identities of the metabolites were compared with known
standards, and the metabolite mixtures were spiked with the
given metabolites to conﬁrm peak retention times.
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Fig. 1. Microscopic studies of human
astrocytoma cells. A: Control cells. B:
Cells exposed to 0.01 mM Al. C: Cells
exposed to 0.1 mM Al. D: Cells
exposed to 40 lM H2O2 for 24 hr. I:
Phase contrast microscopic images. Microscopy was performed at 203 ocular
objective. II: Astrocytoma stained with
Hoechst 33528 (nucleus) and FITCphalloidin (actin). Microscopy was performed at 603 ocular objective. III:
After treatment, cells were stained with
Hoechst 33528 (nucleus), Cy3-GFAP,
and FITC-phalloidin (actin). Microscopy was performed at 403 ocular
objective; scale bar 5 10 lm. Solid
arrows indicate well-deﬁned structures;
broken arrows, changes in the stressed
cells. [Color ﬁgure can be viewed in
the online issue, which is available at
www.interscience.wiley.com.]

Proﬁlin-2 Is Diminished in Al-exposed
Astrocytoma Cells
The loss of the ﬁlamentous pattern of the cytoskeleton and the perturbation of the cellular energy budget
Journal of Neuroscience Research

prompted us to assess the cellular levels of proﬁlin-2.
This protein plays a key role in recharging ADP-actin
monomers with ATP for their subsequent addition to
the barbed ends of the actin ﬁlaments (Kovar et al.,
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Fig. 2. Energy status of stressed human
astrocytoma cells. Cells were incubated
in (A) control, (B) 0.01 mM Al, (C)
0.1 mM Al, and (D) 40 lM H2O2 for
24 hr. I: In-gel activity stain for Cyt c
Ox. II: In-gel activity stain for NADICDH. III: HPLC analysis of cellular
ATP levels. n 5 3 6 SD; P  0.05.
*Signiﬁcant decrease of ATP compared
with control treatment. IV: In-gel activity stain for NDPK. V: In-gel activity stain for malate dehydrogenase.

Fig. 3. Activity and expression of CK in astrocytoma cells under Al
insult. CCF-STTG1 cells were incubated in (A) control, (B) 0.01
mM Al, (C) 0.1 mM Al, and (D) 40 lM H2O2 for 24 hr. I: In-gel
activity stain for CK. II: Bands were excised from activity gel (I) and
subsequently ran on a 10% SDS-PAGE gel and silver-stained for
protein expression. A total of 10 lg of a CK standard was run in tandem with both experiments (sigma). III: Immunoblot assay for the

brain isoform of CK. IV: Cr (solid bar) and PCr (open bar) levels
were measured with a Waters HPLC with a C18-reverse phase column. n 5 3 6 SD; P  0.05. *Signiﬁcant decrease in Cr levels
compared with control treatment. **Signiﬁcant decrease in PCr levels compared with control treatment. Activity bands were observed
in the stressed conditions only after prolonged incubation periods.

2006). Immunoblot analysis revealed that the treatment
of human astrocytoma cells with 0.01–0.1 mM Al or
H2O2 abolished proﬁlin-2 levels relative to control
(Fig. 5). Immunoﬂuorescence microscopy revealed that
the exposure of the cells to Al concentrations as low as
0.01 mM severely perturbed the amount and distribution of proﬁlin-2. Whereas proﬁlin-2 was uniformly
distributed along the actin ﬁlaments throughout the
control cells, this globular actin-binding protein
appeared to be centralized around the nucleus of Aland H2O2-exposed cells (Fig. 6). It is important to note
that even though the levels of actin did not change signiﬁcantly, in the stressed cells, its architecture was drastically perturbed.

NAC Treatment Restores the Cytoskeleton in
Al-exposed Cells
DCFH-DA staining and ﬂuorescence microscopy
pointed to the increased amount of ROS in astrocytoma
cells exposed to Al (Fig. 7, I). Indeed, concentrations of
Al as low as 0.01 mM provoked ROS formation in
these cells. In order to determine whether antioxidant
treatment can reverse the toxic effects of Al, cells were
incubated in NAC, a powerful antioxidant. A marked
decrease in ROS levels was observed after NAC treatment (Fig. 7, II). Exposure to NAC partially recovered
the ﬁlamentous pattern of actin and GFAP in the Altreated cells. Similar effects were observed when H2O2challenged cells were exposed to NAC for 24 hr (Fig. 8,
Journal of Neuroscience Research
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Fig. 4. CK and the actin cytoskeleton
in astrocytoma cells incubated in (A)
control, (B) 0.01 mM Al, (C) 0.1 mM
Al, and (D) 40 lM H2O2 media for 24
hr. The cells were subsequently stained
with Hoechst 33528 (nucleus), rhodamine-phalloidin (actin), and FITC-CK.
The yellow demarcates the association
of CK with the actin ﬁlaments. Microscopy was performed at 603 ocular
objective; scale bar 5 10 lm. Solid
arrows indicate ﬁlamentous structure of
actin (control conditions); broken
arrows, loss of ﬁlamentous actin
(stressed conditions). [Color ﬁgure can
be viewed in the online issue, which is
available at www.interscience.wiley.
com.]

Fig. 5. Analysis of proﬁlin-2 levels. Astrocytoma cells were incubated
in (A) control, (B) 0.01 mM Al, (C) 0.1 mM Al, and (D) 40 lM
H2O2 media for 24 hr. I: Immunoblot for proﬁlin-2. II: Immunoblot for F-actin as a loading control. Although the actin levels are
similar, in the stressed conditions, the structural features were markedly altered.

I). Furthermore, the exposure of Al and H2O2-treated
cells to NAC increased the cellular levels of ATP (Fig.
8, II) relative to the untreated cells (Fig. 2, III). KG did
mitigate the toxic inﬂuence of Al and H2O2 (data not
shown).
DISCUSSION
Al toxicity has been linked to the pathogenesis of
various disorders, including Alzheimer’s disease, Parkinson’s disease, obesity, and anemia (Becaria et al., 2002;
Journal of Neuroscience Research

Mailloux et al., 2007a). In this study, the exposure of
human astrocytoma cells to Al resulted in increased
ROS levels and dysfunctional mitochondrial metabolism.
The Al-mediated disruption of the TCA cycle and electron transport chain (ETC) led to a sharp diminution in
cellular ATP production. We have previously observed
that Al severely compromises aerobic metabolism (Mailloux et al., 2007b; Singh et al., 2007). The inability to
maintain cellular ATP levels as a consequence of Al can
spell disaster for any cell. Indeed, this moiety is required
to drive various cellular functions, including the maintenance of cytoskeletal structure and cell morphology
(Pessoa-Pureur and Wajner, 2007). The cytoskeleton
plays a crucial role in allowing these cells to support
brain functions (Rutka et al., 1997; Pekny and Nilsson,
2005). Thus, the loss of morphology would have disastrous consequences in the human brain. In fact, perturbed astrocyte morphology has been characterized in
various neurological diseases (Pekny and Nilsson, 2005).
In this study, the Al-mediated perturbation of mitochondrial metabolism in the astrocytoma cells and the
concomitant reduction in cellular ATP levels had a dramatic effect on cytoskeletal structure and cell morphology. Al-exposed cells were not characterized by the activation of apoptosis; it appears that this process may not
be prominent in this instance. Al has previously been
shown to mediate cytoskeletal disassembly by apoptosis
(Suarez-Fernandez et al., 1999). However, in this study,
low levels of Al were used. The ability of NAC to
recover the ﬁlamentous structure of the cytoskeleton and
cellular ATP levels after Al treatment would further
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Fig. 6. Al-induced cytoskeletal dysregulation and proﬁlin-2 expression.
Astrocytoma were incubated in (A)
control, (B) 0.01 mM Al, (C) 0.1 mM
Al, and (D) 40 lM H2O2 for 24 hr.
The cells were stained with Hoechst
33528 (nucleus), rhodamine-phalloidin
(actin), and FITC-proﬁlin-2. Yellow
demarcates the association of proﬁlin-2
with the actin ﬁlaments. Microscopy
was performed at 403 ocular objective;
scale bar 5 10 lm. Solid arrows indicate ﬁlamentous structure of actin
(control conditions); broken arrows,
loss of ﬁlamentous actin (stressed conditions). [Color ﬁgure can be viewed
in the online issue, which is available at
www.interscience.wiley.com.]

Fig. 7. Al-evoked ROS in the astrocytoma cell line. Cells were incubated
in (A) control, (B) 0.01 mM Al, (C) 0.1 mM Al, and (D) 40 lM H2O2 for
24 hr. The cells were stained with Hoechst 33528 (nucleus) and DCFHDA (ROS). I: A 24-hr incubation in control or stressed conditions. II: A
24-hr incubation in 1 mM NAC after exposure to control or stress condi-

tions; a signiﬁcant decrease in ROS after NAC treatment was evident. Microscopy was performed at 603 ocular objective; scale bar 5 10 lm. Blue
indicates nucleus; red, presence of ROS. Only minute amounts of ROS
were detected in the control cells. [Color ﬁgure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

argue against an apoptotic mechanism. We have previously observed that KG, like NAC, serves as a potent
antioxidant reversing the toxic inﬂuence of Al (Mailloux
et al., 2007b). Furthermore, the inactivation of a-keto-

glutarate dehydrogenase observed in numerous disorders
has been postulated to play an important role in KG homeostasis (Gibson et al., 2000). This moiety may help in
the diminution of oxidative tension.
Journal of Neuroscience Research
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Fig. 8. Antioxidant treatment and the
recovery of cytoskeletal architecture
and energy status in human astrocytes
(CCF-STTG1). A: Control cells. B:
Cells treated with 0.01 mM Al. C:
Cells exposed to 0.1 mM Al. D: Cells
treated with 40 lM H2O2 for 24 hr.
Cells were subsequently exposed to 1
mM NAC for 24 hr. I: Immunoﬂuorescence staining with Hoechst 33528
(nucleus), Cy3-GFAP, and FITC-phalloidin (actin). Microscopy was performed at 403 ocular objective; scale
bar 5 10 lm. Arrows indicate the
return of the ﬁlamentous structure of
actin. II: HPLC analysis of cellular
ATP levels. n 5 3 6 SD; P  0.05.
[Color ﬁgure can be viewed in the
online issue, which is available at
www.interscience.wiley.com.]

The Al-mediated disruption of the cytoskeleton via
the depletion of cellular ATP was demonstrated further
by reduced amount of proﬁlin-2 in the astrocytoma
cells. Previous work has shown that disruption of the
mitochondrial membrane potential perturbs proﬁlin
expression (Clarkson et al., 2002). This low-molecularweight protein is required to exchange ADP for ATP
on globular actin monomers (Ackermann and Matus,
2003). The absence of proﬁlin-2 signiﬁcantly slows
down actin polymerization (Paavilainen et al., 2004;
Kovar et al., 2006). The enhanced production of ROS
may also interfere with ﬁlament arrangements. These
toxic molecules have been shown to disrupt cytoskeletal
arrangements in various tissue types, including astrocytes
(Zhu et al., 2005). Hence, it appears that the Al-mediated decrease in cellular ATP levels and the enhanced
production of ROS disrupted the characteristic ﬁlamentous pattern of actin and GFAP in the human astrocytoma cells.
Journal of Neuroscience Research

In the present study, cells treated with Al or H2O2
also displayed a sharp decrease in CK activity and
expression. This situation would exacerbate the cellular
depletion of energy because CK plays a key role in the
homeostasis of ATP. The harmful effects of Al were
compounded further by the severe reduction in the cellular levels of Cr and PCr. Intriguingly, CK in the control cells was predominantly associated with the actin ﬁlaments, a situation abolished after Al treatment. This observation suggests that CK may associate with the length
of the actin ﬁlaments in order to produce ATP locally
for the maintenance of the cytoskeletal structure and
function. CK has been shown to associate with myoﬁbrils to generate energy for skeletal and heart muscle
contraction (Ventura-Clapier et al., 1994). Furthermore,
glycolytic enzymes interact with polymerized actin,
forming multienzyme complexes to produce ATP for
cytoskeletal arrangements and organelle transport (Kraft
et al., 2000). Hence, a dysfunctional ATP metabolism
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fests into the drastic morphological changes in the astrocytoma cells. This situation may portend dire consequences to the human brain and may explain the neurotoxicity of Al. Figure 9 illustrates a proposed relationship
between Al toxicity, energy metabolism, and cytoskeletal
structure.
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