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Objective(s): The role of aluminum (Al) in the pathogenesis of neurodegenerative diseases has been
implicated in several studies. However, the exact mechanisms of cytotoxic effects of Al have not been
elucidated yet. The aim of this study was to investigate the effect of L-type calcium channel antagonist,
nimodipine (NM), and lithium chloride (LiCl) on Al-induced toxicity in PC12 cells.

Materials and Methods: PC12 cells were treated with Al-maltolate (Almal) in the presence and absence
of different concentrations of NM (50-150 pum) and/or LiCl (0.5-1.0 mM) for 48 hr. Cell viability,
apoptosis, and catalase (CAT) activity, a marker of oxidative stress, were then measured using MTT,
flow cytometry and enzyme assay, respectively.

Results: The results showed that Almal, dose dependently induced cell death, apoptosis and CAT
activity in the PC12 cells. NM significantly increased cell viability and decreased apoptosis and CAT
activity of Almal-treated cells in a dose dependent mode. LiCl reduced CAT activity and increased cell
viability in Almal-treated cells, without significant effect on apoptosis (P=0.74).

Conclusion: These findings suggest that NM and Li may have benefits in the prevention of Al-induced

cytotoxicity through decreasing oxidative stress.
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Aluminum (Al) is a non-essential and toxic element
with widespread distribution in the environment and
extensive use in human daily life. Al can enter human
body through ingestion of foods, drinking water, drugs,
inhalation of air pollutants, and during hemodialysis.
The neurotoxicity of Al and its association with
initiation and development of neurodegenerative
disease (ND) including Parkinson’s disease (PD) and
Alzheimer's disease (AD) has been described in many
epidemiological and experimental investigations (1, 2).
In rodents Al toxicity is associated with AD-like
behavioral alteration including impaired learning and
cognition impairment. Furthermore, interference in
cholinergic, dopaminergic and serotonergic neurotran-
smission has been demonstrated in rats following Al
treatment. Although, the exact mechanism of Al-
induced neurotoxicity is not clearly described, however,
several possible mechanisms have been suggested.
Induction of oxidative stress (3, 4), disturbance in
intracellular hemostasis of calcium ion (5, 6), increase
in intracellular accumulation and structural modify-
cation of beta-amyloid peptide (7), promotion of

apoptosis are among the most cited mechanisms (8-
10). On the basis of these mechanisms, the impacts of
several synthetic and natural substances, including
antioxidant compounds, calcium channel blockers, and
anti- apoptotic drugs on Al-induced cytotoxicity effects
have been investigated (10-12). Lithium (Li) is a mood
stabilizer drug with ameliorating effects on
neurotoxicity induced by various toxins. Previous
studies revealed improvement in behavioral and
biochemical alteration in Al-treated animals, following
supplementation with Li (4, 13). Likewise, the
protective effects of Ca?* channel blockers have
investigated on harmful effects of several compounds.
Nimodipine (NM) is a L-type CaZ* channel blocker
which crosses blood-brain barrier and enter brain due
to its lipophilic properties (14). It has been shown that
NM improves learning in animal models and AD (15).
Moreover, NM protects cells against oxidative stress
and from toxic effects of ethanol and heat in a dose-
dependent manner (16, 17). The effects of Li and NM
have not investigated on Al-induced cell death and
apoptosis yet. In the present study we aimed to
evaluate the possible ameliorating effects of LiCl and
NM on Al-induced toxicity in the PC12 cells, a neuronal-
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like dopaminergic cell line which is commonly used
for neurotoxicological studies (18). To this end, PC12
cells were exposed to different concentrations of Alu-
minum maltolate (Almal) in the presence or absence
of NM and /or LiCl. Almal is a lipophilic complex of Al
and maltolate that easily passes through cell
membrane and leads to accumulation of Al in the
cells (19).

Cell culture:

PC12 cell line were obtained from Pasture institute
(Iran) and cultured in DMEM (Gibco) with 10% horse
serum and 5% fetal bovine serum (Cinagen, Iran) and
1% penicillin - streptomycin (Cinagen, Iran) at 37 °C
and 5% CO.. Cells were seeded at 103 cells/well in 96
well cell culture plate or 5x10# cells/ml in T25 culture
flask for each experiment and allowed to grow for 24 hr
prior to treatments.

Almal preparation

Almal was prepared from Aluminum chloride
hexahydrate (AICI3:6H,0) and Maltol (3-hydroxy-2-
methyl-4-pyrone) (Sigma) as described previously by
Berthold et al (20). Almal stock solution was prepared
in double distilled water at 25 mM concentration and
sterilized using a 0.2 pm filter. Working concentrations
were prepared using stock solution.

Cell viability assay

The effect of Almal on cell viability was measured
using MTT assay (21). In brief, 103 PC12 cells/ 100 pl of
culture medium were seeded into each well of a 96-well
plate and cultured for 24 hr. The cells were pretreated
with different concentrations of NM (50,100, and 150
pm) or LiCl (0.5 and 1.0 mM) for 24 hr and then
exposed with various concentrations of Almal (0.25,
0.50, 1.0 and 1.5 mM) for 24 hr. Almal concentrations
were chosen on the basis of our previous study (22).
Doses of drugs were chosen on the basis of a dose
response pilot study including different concentrations
of NM (1, 10, 20, 50, 100, 150 pm) or LiCl (0.1, 0.25, 0.5,
1.0, 2.0 mM).The cells were collected and subjected to
MTT assay. In brief, 20 pl of MTT (5 g/1) was added to
each well and incubated for 4 hr at 37 °C. The culture
medium was then replaced with 200 pl of dimethyl
sulfoxide (DMSO). The absorbance of each well was
determined using an ELISA reader with a 560 nm test
wavelength and a 630 nm reference wavelength. The
rate of cell growth inhibition was calculated as the
percentage of the control group.

Annexin V apoptosis assay

Flow cytometric quantification of apoptotic cells
was conducted using PE Annexin V Apoptosis Detection
kit I (BD Pharmingen). This method is based on binding
of Annexin V to phosphatidylserine on the cell surface
of apoptotic cells and binding of 7-amino-actinomysin
(7-AAD) to nucleic acids of cells that have lost their
surface membrane integrity including cells in the later

stages of apoptosis. This method was performed to
identify the effects of LiCl and NM on Almal-induced
apoptosis in PC12 cells. Briefly, PC12 cells were cultured
on culture flasks for 24 hr. The cells were then treated
with 1 mM of Almal, Almal+LiCl (1 mM) and Almal+NM
(150 um) for 48 hr. The cells were washed in cold PBS
and suspended in 1 ml of ice cold binding buffer. 5 pl of
Annexin V-PE and 5 ul of 7-AAD was added to 100 pl of
cell suspension and gently mixed, followed by incubating
for 15 min in darkness at room temperature. The cells
were acquired within 1 hr using a BD flow cytometer. A
total of 10,000 events were acquired for each sample.

CAT activity evaluation

Control and treated cells were lysed using sonication
on ice. The cell lysates were then centrifuged at 13000 g
for 20 min at 4 °C, and the supernatants were used for
determination of protein concentration and CAT activity.
Protein concentration was determined by Bradford
method (23). CAT activity was measured based on the
rate of decomposition of H,0, at 25 °C, which was
monitored by the decrease in absorbance at 240 nm
(24). CAT activity is expressed as units/pg protein.

Statistical analysis

Statistical analyses were performed using SPSS
statistical program (version 15). The represented data
are meantstandard deviation (SD) of at least three
independent experiments. Significant differences
between groups were compared by one-way ANOVA
followed by Tukey's post hoc test. P<0.05 was considered
to be statistically significant.

Effects of Almal on PC12 cells viability

To evaluate the effect of Almal on PC12 cells viability,
the cells were treated with increasing concentration
(0-1.5 mM) of Almal for 24 hr and cell viability was
determined using MTT assay. Cell viability of PC12 cells
after treatment with 0.25, 0.5, 1.0, and 1.5 mM of Almal
were 94.7+0.98%, 85.1+2.7%, 79.3+3.1% and 52+4.4%
of untreated control values, respectively (Figure 1), which
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Figure 1. Effects of aluminium maltolate (Almal) on cell viability of PC12
cells using MTT assay. Treatment with different concentrations of Almal
(0-1.5 mM) reduced viability of PC12 cells dose dependently. The
represented data are meantSD of at least three independent
experiments and were analyzed using one way ANOVA followed by
Tukeys post hoc test
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Figure 2. The effect of nimodipine (NM) on aluminum maltolate
(Almal)-induced Cell death. PC12 cells were treated with Almal (1 mM)
in the absence or presence of NM (50, 100, 150 um). Cell viability was
then evaluated using MTT assay. The represented data are mean+SD of
at least three independent experiments and were analyzed using one
way ANOVA followed by Tukey’s post hoc test

revealed a decrease in cell viability in a concentration-
dependent manner (one-way ANOVA followed by
Tukeys post hoc test). Based on the above results, the
concentration of 1 mM Almal was used for further
studies.

The effect of NM and LiCl on Almal-induced
cytotoxicity

Treatment of PC12 cells with Almal (1.0 mM)
reduced cell viability to 80.7+4.5% of control group
(P<0.05). MTT assay showed that treatment with
different concentrations of NM (50, 100, 150 pm)
alleviated Almal cytotoxicity in a dose dependent
manner. The cell viability after treatment with NM (100
and 150 pm) increased significantly compared to Almal-
treated group (Figure 2). MTT assay was also used to
investigate the effects of treatment with different
concentrations of LiCl on Almal-induced cytotoxicity.
The cell viability after treatment with 1.0 mM LiCl was
92.7#0.5% which showed significant difference
compared to Almal-treated cells (Figure 3).
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Figure 3. The effect of aluminum maltolate (Almal) on PC12 cell
viability in the presence or absence of lithium chloride (LiCl). PC12 cells
were treated with Almal (1 mM) in the presence or absence of LiCl (0.5
and 1.0 mM) and cell viability was evaluated using MTT assay. The
represented data are mean*SD of at least three independent
experiments and were analysed using one-way ANOVA followed by
Tukey’s post hoc test

The effect of NM and LiCl on Almal-induced apoptosis

The effects of LiCl and NM on Almal-induced
apoptosis were investigated using AnnexinV- PE/ 7AAD
flowcytometric method. The finding showed that
treatment of PC12 cells with Almal (1 mM) increased
the percentage of apoptotic cells to 26+2.8% and
reduced live cells to 69+1.6%. Co-treatment of NM
(150 pm) and Almal reduced the percentage of
apoptotic cells and increased live cells compared to
Almal-treated group (P=0.002). Treatment with LiCl (1
mM) had no significant effects on Almal-induced
apoptosis (Figure 4).

The effect of NM and LiCl on CAT activity

In order to determine the possible protective effects
of NM and LiCl on Almal-induced oxidative stress, CAT
activity was measured in PC12 cells in different
conditions. The results showed that CAT activity in non-
treated cells was 0.275+0.04 Unit/ug protein. After
treatment of PC12 cells with Almal (1.0 mM) CAT
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Figure 4. The effect of nimodipine (NM) and lithium chloride (LiCl) on aluminum maltolate (Almal)-induced apoptosis of PC12 cells. The
flow cytometric graphs (A) and a histogram (B) illustrate percentage of live and apoptotic PC12 cells in various conditions. PC12 cells were
treated with Almal (1 mM), NM(150 pm) +Almal (1 mM), and LiCl (1 mM) +Almal (1 mM) for 48 hr.The percentage of live and apoptotic
cells were then measured using annexin-V- PE/ 7AAD flow cytometric method. The represented data are mean*SD of at least three
independent experiments and were analyzed using one way ANOVA followed by Tukey’s post hoc test. Q1 shows viable cells (Annexin V-PE
-, 7-AAD -), Q2 shows cells in early stages of apoptosis (Annexin V-PE + and 7-AAD -), Q3 shows cells in later stage of apoptosis (Annexin V-
PE + and 7-AAD +), Q4 shows necrotic cells (Annexin V-PE - and 7-AAD +). Percent of total apoptotic cells is calculated from Q2+Q3

*P<0.05 compared to control group (one-way ANOVA); # P<0.05 compared to Almal-treated group (one-way ANOVA)
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Figure 5. The effect of nimodipine (NM) and lithium chloride (LiCI)
on catalase activity. PC12 cells were treated with aluminum
maltolate (Almal) (1.0 mM), Almal+NM (1.0 mM+150 pm, respectively)
and Almal+LiCl (1.0 mM and 1.0 mm, respectively). The represented
data are mean=SD of at least three independent experiments and were
analyzed using one-way ANOVA followed by Tukey’s post hoc test

activity increased to 1.1+0.28 U/ug protein. As can be
seen in Figure 5, NM (150 pm) and LiCl (1.0 mM)
reduced CAT activity to 0.497%0.06 and 0.7+0.029 U/pug
protein, respectively which showed significant
differences compared to Almal-treated group (P<0.001
and P<0.01, respectively).

Due to wide distribution in the environment and
extensive use of Al in our daily life, suffering from Al-
induced toxic effects including neurotoxicity is
unavoidable. Thus several efforts have been done to
understand the cellular mechanisms of Al toxicity and to
make effective pharmacological interventions against Al
toxic effects (2, 25). The protective role of NM and Li
against several neurotoxic factors has been demonstrated
(26, 27). In the present study we investigate the effect of
NM and Li on Almal-induced cytotoxicity in PC12 cells. The
results of annexin V/ 7-AAD flow cytometry showed that
NM ameliorated Almal-induced PC12 cell apoptosis but Li
failed to prevent Almal-induced apoptosis. A combination
of various technical approaches including analyses of
caspases 3 activation, apoptotic protein gene expression,
DNA fragmentation assay, and annexin V flow cytometry
are performed to confirm cell apoptosis (28). A limitation
of our study is the use of only one method, annexin V/7-
AAD flow cytometry technique, to detect the role of
apoptosis in Almal-induced cytotoxicity in PC12 cells.
However, it should be noted that it is known as reliable
and choice technique for accurate counting of apoptotic
cells which distinguishes apoptotic from non-apoptotic
cells by means of simultaneous analyses of two parameter
of apoptotic cells (exposure of phosphatidylserine on the
cell surface and cell membrane permeabilization of
apoptotic cells) (28). Moreover, in our previous study we
showed a good correlation between this technique and
DNA fragmentation assay (other characteristic of cell
apoptosis) for detecting Al-induced apoptosis (22).

The role of oxidative stress in the Al-induced toxicity is
well established. H;0; is a major component of the reactive
oxygen species (ROS) produced during oxidative stress.
CAT protects cells against the toxic effects of H,0, by
catalyzing the conversion of H,0, to H20 and O,. In our
previous study we showed an increase in CAT activity in
PC12 cells exposed to Almal that was probably a response
to Almal-induced oxidative stress. Similar observations
were reported by others after tissues exposure to some
toxin (29), drugs (30) and metals (31). In the present
study, NM and LiCl ameliorated Almal-induced CAT
activity, suggesting antioxidant effects of NM and LiCl
against Almal-induced oxidative stress. However, several
technical approaches such as direct measurement of ROS
production, quantification of reduced glutathione (GSH)
and by product of lipid, protein and nucleic acid oxidation
are needed to evaluate the level of oxidative stress (32).
Thus, the use of only one method, CAT assay, for detection
of Almal- induced oxidative stress is another limitation of
our study.

Neurons and neuron-like cell lines such as
dopaminergic PC12 cells exhibit high levels of L-type
voltage gated calcium channel (33). NM is a lipophilic and
specific L-type Ca?* channel antagonist that is basically
used for the treatment of cerebral vasospasm and
migraine headaches. However, recent evidences have
suggested that NM may exert protective effects against
different condition that induced neuronal injuries. In vivo
studies revealed that NM improved trauma-induced
neuronal injuries (34, 35), alcohol-induced cerebrovas -
cular damage (36) and methylmercury-induced behavioral
alteration (37). Moreover, in vitro studies showed that NM
had a protective effect against different cytotoxic factors
including alcohol, osmotic and hypoxic stress (26) as well
as oxygen-glucose deprivation in PC12 cells (38).
Furthermore, it has been shown that NM served as
protective agents against metal-induced toxicity, including
iron (39), zinc (40), cadmium (41), and arsenic (42)
toxicity. In the present study, we treated the PC12 cells
with Almal and NM, for duration of 48 hr. Consistence with
previous studies, results of MTT assay showed that Almal
decreased cell viability, dose dependently (43, 44).
Flow cytometric analyses showed that apoptosis was the
main cause of cell death following Almal treatment. Co-
treatment of Almal and NM, however, ameliorated Al-
induced cell death dose dependently. The rate of Al-
induced apoptosis was also significantly reduced in the
presence of NM as assessed by flow cytometric assay,
indicating the role of cellular calcium influx inhibition in
mediating Al-induced cytotoxicity. Similar results has been
reported by Vota et al (45) about Al-induced eryptosis of
red blood cells in which long term exposure with Al
induced eryptosis by increasing calcium influx and
induction of oxidative stress.

The exact mechanism underlying the inhibitory effects
of NM on Al-induced apoptosis is unclear at present. One
possible mechanism that is supported by our results is
through inhibition of Al-induced oxidative stress. We used
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CAT activity for evaluating cellular oxidative stress in this
study. Close correlation of CAT activity with the oxidative
status of the cells and presence of available, simple, and
sensitive procedure for the assay of CAT activity make it a
suitable tool for evaluating the cellular oxidative stress
under different condition. The inhibitory effect of NM on
Al-induced CAT activity suggests that NM abolishes Al-
induced apoptosis through inhibition of calcium-induced
oxidative stress. The second possible mechanism that may
participate in this process is the inhibition of Al-induced
amyloid beta (AB) aggregation by NM. A is documented
to play a crucial role in Al-induced neurotoxicity (46). On
the other hand, diltiazem, a calcium channel blocker, is
reported to decrease AP production by inhibiting calcium
influx and oxidative stress. Thus it is hypothesized that NM
may protect neurons against Al-induced toxicity through
inhibition of AB production and aggregation. Finally, it has
been reported that NM could prevent Al-induced learning
and memory deficit and neurodegeneration in rat (47) and
mice (48). Maintaining the homeostasis of iron through
suppression of heme oxygenase-1 (HO-1) expression has
been proposed as a possible mechanism of NM in
mediating these effects. These results indicate that
protective effects of NM in our study may be related to
keeping the homeostasis of iron through blunting the
expression of HO-1 (48). Further studies are needed to
clarify the role of these mechanisms in the protective effect
of NM under Al toxicity condition.

In the second part of this study we explored the effect
of LiCl on Almal-induced toxicity. According to MTT assay
data, Li increased viability of Almal-treated PC12 cells at
1mM concentration. Furthermore, consistence with
several previous studies, our data showed that Li
treatment reduced CAT activity as a marker of oxidative
stress. Several evidences indicated that Li can ameliorate
oxidative stress in various pro-oxidative conditions (49).
An increase in oxidative stress is often linked to cell death
due to cellular lipids, proteins and nucleic acids oxidation.
Thus, the ability of Li to act as an anti-oxidant may
describe its protective effect against Almal-induced cell
death, observed in the present study. Flowcytometric
analysis, however, revealed that Li had no significant
effects on Almal-induced apoptosis which implied that Li
protected against Almal-induced cell death probably
through inhibition of Almal-induced cell necrosis or
autophagy, the other causes of Al-induced cell death. In
contrast to our results, study conducted by Ghribi et al
(50) on rabbits brain showed that pretreatment with
lithium carbonate for 14 days prevents aluminum-induced
apoptosis through down regulation of Bax pro-apoptotic
protein, up-regulation of anti-apoptotic proteins including
Bcl-2 and Bcl-X as well as inhibition of cytochrome c
translocation and caspase-3 activation. Although the
reasons for these contradictory results are unclear, but it
may be related, at least in part, to differences in the type of
cells used in two studies (culture of PC12 cells and rabbit
brain cells Jand duration of Li pretreatment ( 1 day in our
study and 14 days in Ghribi et al study).

It has been demonstrated that Li at concentrations of
1-2 mM inhibits GSK-3, thus the observed protective
effects of Li in our study may be related to GSK-3 inhibition
(51). Further studies are needed to elucidate the
underlying mechanism of Li effects on Al-induced toxicity.

In summary, our data revealed the protective
effects of NM and Li against Al-induced cell death and
oxidative stress. These findings are important in
precise understanding of molecular mechanisms of
Al-induced toxicity and can lead to the development
of pharmacological strategies to minimize Al-induced
neurotoxicity. Further investigations should be
conducted to clarify the exact mechanism of NM and
Li protective effects.
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