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Abstract

Aluminum intoxication can cause damage to the cognitive function and neurodegenerative diseases. In the present study, we investigated the
role of iron homeostasis and heme oxygenase-1 (HO-1) expression in the protective effects of nimodipine on the neurodegeneration induced by
aluminum overloading in mice. 2 μl of 0.25% aluminum chloride solution was intracerebroventricularly injected once a day for five days to induce
the neurodegeneration of mice. Nimodipine was administered by intragastric gavage (80 mg/kg per day) for 30 days. We observed that nimodipine
could improve the performance of behavior test related to the learning and memory function and ameliorate pathological changes of hippocampi
caused by aluminum. Results of western blot, immunohistochemistry study, biochemical test and inductively coupled plasma-atomic emission
spectrometry showed that nimodipine could suppress the increased expression of HO-1 protein, and decrease the elevation of both HO activity and
iron level in hippocampi, induced by aluminum overloading. These results indicate that nimodipine can suppress the neurodegenerative
development induced by aluminum overloading and the mechanism of its action is at least partly related to keeping the homeostasis of iron
through blunting the expression of HO-1 in hippocampus.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Neurodegenerative diseases such as Alzheimer's disease,
Parkinson's disease, etc., will increase with the increasingly
ageing population in the next decades. It is believed that many
factors, including genetics, cerebral vessel diseases, excessive
reactive oxygen species, and abnormalities of aluminum, iron and
other metal ions contribute to the onset of these diseases. Among
them, aluminum for Alzheimer's disease and iron for Parkinson's
disease have been well recognized (Borie et al., 2002; Feigin and
Zgaljardic, 2002; Pratico et al., 2002).
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Heme oxygenase (HO) functions as the rate-limiting enzyme
in heme degradation (Abraham et al., 1998; Maines, 1988).
There are three isoforms of HO: HO-1, HO-2 and HO-3 (Maines
and Kappas, 1974; Yoshida et al., 1974; Maines et al., 1986;
Trakshel et al., 1986; McCoubrey et al., 1997). HO-1 is an
inducible form that can be induced by many factors (Wu, 2005)
and expressed in different regions of brain, especially the
hippocampus (Scapagnini et al., 2002). HO-1 is thought to be
heavily involved in the catabolism of heme which is degraded
into CO, biliverdin and iron. HO-2 that is a non-inducible
isoenzyme of HO is thought to be particularly involved in
signaling pathways. The physiological role of HO-3 is uncertain.

Nimodipine as a calcium channel blocker belongs to
dihydropyridine compounds, which has a high selectivity to
the cerebral vessel and shows an admiringly protective effect on
the brain injury from cerebral ischemia and its complications
(Ma and Zhang, 2006). It was reported that nimodipine could
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ameliorate the age-related working memory deficits in aged
animals (Devo et al., 1989; Veng et al., 2003) and improve
memory ability as well as attention ability of the patients with
mild cognitive impairment (Wang et al., 2006). However, the
mechanism is still unclear. It was reported that high concentra-
tion of glucose that affected the survival of pancreatic islet
cells, elevated the expression of HO-1 in pancreatic beta cells
through increasing calcium influx, which could be reversed by
nimodipine (Jonas et al., 2003). Heme degraded by HO-1 is the
main source of endogeneous iron. Our research has demon-
strated that aluminum overloading caused damage to the brain
of mice with significant elevation of iron (He et al., 2006).
Documents also showed that the abnormal increase of iron
involved the development of neurodegeneration (Ke and Qian,
2007). So far, the effects of nimodipine on neurodegeneration
induced by aluminum overloading, hippocampal HO-1 expres-
sion and homeostasis of iron have not been elucidated.

Thus, our working hypothesis is that nimodipine may pre-
vent the neurodegeneration induced by aluminum overloading
through suppressing the expression of HO-1 and reducing the
production of iron. Our analyses included behavior experiment
and histological examination to evaluate the effect of nimodi-
pine on neurodegeneration induced by aluminum overloading.
Then, to clarify whether nimodipine affected HO, we examined
the activity and expression of HO. Finally, the free iron was
detected by inductively coupled plasma-atomic emission spec-
trometry to determine the effect of nimodipine on homeostasis
of iron.

2. Materials and methods

2.1. Reagents

Glucose 6-phosphate, NADPH, Hemin and Glucose 6-
Phosphate Dehydrogenase were purchased from Sigma Co.
Rabbit anti rat HO-1 polyclonal antibody and Rabbit anti rat
HO-2 polyclonal antibody were purchased from Oncogene Co.
Nimodipine were purchased from Bayer Co.

2.2. Animals

The 55 days old male mice of the NIH strain (supplied by
Laboratory Center, Chong Qing Medical University, Certificate
No: scxk20020001) were fed in the long-day light cycle con-
dition (16 h light/8 h dark) at the surrounding temperature of
20±4 °C. All experiments were conducted in accordance with
the Guide for the Care and Use of Laboratory Animals as
adopted and promulgated by Chong Qing medical university.

2.3. Apparatus

The step down test apparatus came from Institute of Materia
Medica, Chinese Academy of Medical Sciences. The appara-
tus was a rectangular box (10×15×40-cm) with copper grid
floor electrified with 36 V alternating current when test was
carried out and a rubber columnar platform (diameter: 3.0 cm,
height: 3.5 cm) in one corner. Inductively coupled plasma-
atomic emission spectrometry meter was purchased from PE
Co, U.S.A.

2.4. Surgery

The surgery was performed according to the procedures
of Toyoda's report (Toyoda et al., 1996). Briefly, mice were
anesthetized with 4% (wt./vol) chloral hydrate solution (10 ml/
kg, ip) and a stainless steel cylindrical cannula (outer diameter
0.6 mm; inner diameter 0.4 mm) with stopper was implanted
into the left lateral ventricle of mice (1.3 mm lateral to the
midline, 0.3 mm posterior to the bregma, 2.0 mm in depth).
During the experiment, body temperature was monitored and
maintained at 37±0.5 °C. The operated mice were allowed to
rest for 7 days to recover from the surgery and then received
intracerebroventricular injection.

2.5. Step down test

Mouse was placed on the platform. When it stepped down
the floor and received a 36 V alternating current footshock, the
mouse quickly jumped onto the platform to avoid the electric
stimulation, which was counted as one error. The error number
and electric shock time the mouse underwent during the
experimental period of 10 min was recorded as learning score.
24 h later, the mouse was placed on the platform again without
electricity on grid. Time the mouse took to put its two forefeet
on the grid and time the mouse stayed on the platform in 5 min
were recorded as step down latency and remaining time, re-
spectively. The longer the step down latency and remaining time
were, the better the memory ability of mouse was.

2.6. Histology

After being anesthetized with 4% (wt./vol) chloral hydrate
solution (10 ml/kg, ip), mice were perfused transcardially with
100 ml of 0.9% (wt./vol) saline containing heparin (250 U)
followed by 100 ml solution containing 3.5% (wt./vol)
formaldehyde and 0.9% (wt./vol) saline in phosphate buffer
(0.1 mol/L, pH 7.2). The brains were removed and kept in the
same fixing solution for 5 days. Coronal sections of 4 μm in
thickness from brain tissue were done with HE staining.

2.7. Immunohistochemistry study

According to the procedures of Maines's report (Maines
et al., 1996), the immunohistochemistry of HO-1 was per-
formed, except for antibody. Briefly, mice were anesthetized
with 4% (wt./vol) chloral hydrate solution (10 ml/kg, ip) and
perfused through the heart with 0.9% (wt./vol) saline, followed
by 0.1 mol/L phosphate buffer containing 4% (wt./vol) para-
formaldehyde and 1.5% (wt./vol) sucrose. Brains were fixed for
16 h (at 4 °C) prior to sequential equilibration in 10%, 20%, and
30% graded sucrose solutions (wt./vol, in 0.1 mol/L phosphate
buffer pH 7.2). Brains were subsequently frozen, and 40 μm
thick coronal sections were obtained using a sliding micro-
tome and then cryopreserved in 0.1 mol/L phosphate buffer



Table 1
Effects of nimodipine on step down test

Group Error
number

Electric
shock time

Step down
latency

Remaining
time

(s) (s) (s)

Aluminum 7.1±0.82b 51.0±7.85b 33.5±12.18b 110.5±16.04b

Aluminum+
Nimodipine

4.6±0.76ac 26.4±6.14c 97.7±29.68ac 150.5±26.80a

Control 2.2±0.44 12.7±2.12 189.2±24.59 252.2±18.54

Values represent the mean±S.E.M. of 10 animals in each group.
aPb0.05 and bPb0.01 vs Control group; cPb0.05 vs Aluminum group.
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containing 30% (wt./vol) sucrose and 30% (wt./vol) eth-
ylene glycol at −20 °C until use. HO-1 immunohistochemical
staining of brain sections was carried out with peroxidase anti-
peroxidase as previously described (Ewing and Maines, 1992).
Immunohistochemical staining was obtained using 1/200 di-
lution of primary antibody in 0.1 mol/L phosphate buffer
(pH7.2) containing 0.1% (vol/vol) Triton X-100 and 10% (vol/
vol) normal goat serum for 24 h at 4 °C.

2.8. Measurement of HO activity

Hippocampi were dissected on the ice and stored in liquid
nitrogen. The samples were homogenized with ultra-sonic
homogenizer for 30 s in 3 volume of 0.01 mol/L Tris–HCl
containing 0.01 mol/L sucrose and 0.0001 mol/L EDTANa2
(4 °C, pH 7.4), then centrifuged at 4 °C 18,800 ×g for 15 min.
0.2 ml supernatant was added to the reaction mixture (2 mmol/L
Glucose-6-Phosphate, 0.2 unit Glucose-6-Phosphate Dehydro-
genase, 20 μmol/L Hemin, 2 mg rat liver cytoplasm, and
0.8 mmol/L NADPH) and the total volume was 1.0 ml. The
mixture was aerobically incubated for 30 min at 37 °C in the
dark and reaction was stopped by adding ice-cold chloroform
1.0 ml. The production of bilirubin was measured with a
double-beam spectrophotometer at ΔOD 530 nm (extinction
coefficient: 40 mM−1 cm−1 for bilirubin).

2.9. Determination of HO protein expression by western
blotting

The hippocampus was lysed in a buffer solution containing
10 mM Tris–HCL (pH 7.4), 0.15 M NaCl, 1% (wt./vol) NP-40,
0.1% (wt./vol) SDS, 0.001 mg/ml Leupeptin, 0.001 mg/ml
Pepstatin, 0.001 mg/ml Aprotonin, and 10% (wt./vol) PMSF,
Fig. 1. Effects of nimodipine on pathomorphology in hippocampus (×100). A) Con
caused chromatin concentrated, karyopycnosis and change of cellular morphology i
then centrifuged at 4 °C 20,000 ×g for 15 min. Protein con-
centration was estimated by Bradford method. 40 μg protein
was subjected to 12% (wt./vol) SDS-PAGE and transferred to a
nitrocellulose membrane. The membrane was blocked for 1 h in
the PBS containing 5% fat-free (wt./vol) milk and 0.2% (vol/
vol) Tween 20. The blot was incubated for 2 h at 37 °C with
either antibody of HO-1, HO-2 or β-actin at the concentration of
1:400, followed by incubation for 1 h at 37 °C with secondary
antibody. Immunoreactive bands of HO-1, HO-2 and β-actin
were visualized with chemiluminescence reagent. The chemi-
luminescent signal of the band was detected using a luminogen
image analyzer.

2.10. Inductively coupled plasma-atomic emission spectrometry
(ICP-AES) analysis of iron and aluminum levels in hippocampus

After hippocampus was digested in tube with 1.0 ml con-
centrated nitric acid at room temperature for 4 h it was placed in
a pre-heated block at 65 °C for 4 h. Then, the tube was stirred
and diluted with 5 ml of deionized H2O and centrifuged at
1500 ×g for 5 min. At last, the supernatant was transferred to a
tube and the levels of iron and aluminum were determined at the
emission wavelength 238.20 nm and 309.27 nm, respectively.

2.11. Experiment protocol

Mice were divided into three groups, i.e. sham control
group, aluminum overloading group and aluminum overloading
plus nimodipine group with 35 mice in each. 2 μl 0.25% (wt./
vol) aluminum chloride solution was intracerebroventricularly
(icv) injected once a day for 5 consecutive days, and then either
0.4% (wt./vol) nimodipine solution 0.02 ml/g (80 mg/kg) or
0.9% (wt./vol) saline 0.02 ml/g was given by intragastric gavage
(ig) twice a day for 35 days to set up aluminum overloading
group and aluminum overloading plus nimodipine group,
respectively. Sham control group was established using similar
procedure to that of aluminum overloading group except that
2 μl 0.25% (wt./vol) aluminum chloride solution was replaced
by 2 μl artificial cerebrospinal fluid (aCSF). All protocols were
approved by the ethics committee of Chong Qing medical
university.

2.12. Data analysis

Data were represented as mean±S.E.M. The t-test and
one way analysis of variance (ANOVA) was employed for
trol group, B) Aluminum+Nimodipine group, C) Aluminum group. Aluminum
n hippocampus. Nimodipine alleviated the tissue injury significantly.



Table 2
Effects of nimodipine on the immunohistochemistry of hippocampal HO-1

Group Mean optical density

Aluminum 0.290±0.007a

Aluminum+Nimodipine 0.208±0.008ab

Control 0.130±0.011

Values represent the mean±S.E.M. of 5 animals in each group.
aPb0.01 vs Control group; bPb0.01 vs Aluminum group.

Table 3
Effects of nimodipine on hippocampal HO activity

Group HO activity (pmol bilirubin mg−1 protein h−1)

Aluminum 3422±137.50a

Aluminum+Nimodipine 2919±202.68ab

Control 2160±238.84

Values represent the mean±S.E.M. of 5 animals in each group.
aPb0.01 vs Control group; bPb0.05 vs Aluminum group.
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comparison between two groups. Pb0.05 was considered sta-
tistically significant.

3. Results

3.1. Effects of nimodipine on the learning and memory function

The step down test showed that the learning and memory
ability of aluminum overloading mice was impaired signifi-
cantly, compared with control group (Pb0.01). Nimodipine
(80 mg/kg ig) obviously decreased the damage to learning and
memory function of mice caused by over loading aluminum
(Pb0.05, Table 1).

3.2. Effects of nimodipine on the pathomorphology in
hippocampus

It was shown that the layer of CA1 pyramidal cells in
aluminumoverloadingmice became thinner with pyknotic nuclei,
compared with sham control, and administration of nimodipine
dramatically relieved the phathomorphological changes induced
by aluminum (Fig. 1).

3.3. Effects of nimodipine on the immunohistochemistry of
hippocampal HO-1

Immunohistochemistry test showed that the positively
staining of hippocampal HO-1 was much stronger in aluminum
overloading mice than that of sham control mice (Pb0.01),
and nimodipine significantly blunted the positively staining of
HO-1 (Pb0.01). Results indicated that administration of
nimodipine at least partly turned over excessive expression of
HO-1 caused by aluminum overloading (Table 2, Fig. 2).

3.4. Effects of nimodipine on hippocampal HO activity

Table 3 showed that the HO activity of hippocampus was
higher in aluminum overloading mice than that of sham con-
Fig. 2. Effects of nimodipine on the immunohistochemistry of hippocampal HO-1 (×
Aluminum induced the expression of HO-1 significantly and nimodipine down-regu
trol group (Pb0.01), and nimodipine significantly suppressed
the increasing HO activity caused by aluminum overloading
(Pb0.05).

3.5. Effects of nimodipine on hippocampal HO protein
expression

HO-1 protein expression of hippocampus was higher in
aluminum overloading mice than that of sham control group
(Pb0.01) and nimodipine clearly inhibited the increasing HO-1
protein expression induced by aluminum overloading (Pb0.01).
On the contrary, there was no difference of HO-2 protein ex-
pressions among all three groups (PN0.05, Table 4, Fig. 3).

3.6. Effects of nimodipine on aluminum and iron levels in
hippocampus

The results showed that the levels of aluminum and iron were
significantly increased in aluminum overloading mice, com-
pared with sham control group (Pb0.01). Administration of
nimodipine had no effect on aluminum level (PN0.05), but
distinctly decreased the elevation of iron level of hippocampus
from aluminum overloading mice (Pb0.05, Table 5).

4. Discussion

Aluminum is the thirdmost abundant element in the earth crust
and unavoidable for us to contact it. It is widely accepted that
aluminum is a neurotoxin and could not only cause cognitive
deficiency and dementia after it enters the body and accumulates
in the brain, but also induce the aggregation of the tau protein and
amyloid beta protein, as well as the impairment of synapse
formation among the neurons (Banks et al., 2006; Kawahara,
2005). However, the neuro-toxicologic mechanism of aluminum
is still quite unclear and the prevention of the neurotoxicity from
aluminum overloading needs to be illustrated.

As well known that hippocampus is very important for high
cognitive function. It was reported that there existed the highest
40). A) Control group, B) Aluminum+Nimodipine group, C) Aluminum group.
lated the expression of HO-1 induced by aluminum.



Table 4
Effects of nimodipine on hippocampal HO protein expression (ratio of HO
integral optical density/β-actin integral optical density)

Group HO-1 HO-2

Aluminum 0.23±0.009b 0.31±0.011
Aluminum+Nimodipine 0.14±0.007ac 0.32±0.016
Control 0.11±0.010 0.31±0.013

Values represent the mean±S.E.M. of 5 animals in each group.
aPb0.05 and bPb0.01 vs Control group; cPb0.01 vs Aluminum group.

Table 5
Effects of nimodipine on aluminum and iron levels in hippocampus

Group Aluminum (μg/g tissue) Iron (μg/g tissue)

Aluminum 2.08±0.10b 54.01±2.31b

Aluminum+Nimodipine 2.05±0.13b 36.09±2.85ac

Control 0.35±0.04 22.54±4.48

Values represent the mean±S.E.M. of 5 animals in each group.
aPb0.05 and bPb0.01 vs Control group; cPb0.05 vs Aluminum group.
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concentration of aluminum among all parts of brain (Fattoretti
et al., 2004). Therefore, the hippocampus is a crucial target to
investigate the neurodegeneration associated with learning and
memory (Savage et al., 2004). This was why we used the
pathological changes of the hippocampus in combination of the
results from behavior and biochemical tests as standards to
evaluate the neurodegenerative development caused by alumi-
num overloading and investigate the improvement effects of
drugs on these changes.

In present study, our results showed that there existed ob-
viously concentrated chromatin, and karyopycnosis of hippo-
campal neurons and damage to the cognitive function in the
aluminum overloading mice, compared with sham control
group ( Table 1,Fig. 1). In addition, we found that the iron level
and HO-1 expression of the hippocampus increased signifi-
cantly in aluminum overloading mice by ICP-AES, western blot
and immunohistochemistry test (Tables 2, 4, 5).

HO-1 has been proved to be protective in oxidative stress
response induced by acute ischemia and hypoxia (Takeda et al.,
1994; Chen-Roetling and Regan, 2006; Li et al., 2007) and
nimodipine can protect neuron from the injury induced by
cerebral ischemia. However there has been no report about the
effect and mechanism of nimodipine and HO-1 on neurode-
generation induced by aluminum overloading as yet.

HO-1 catalyzes heme to produce carbon monoxide, biliver-
din, and ferrous iron. Biliverdin is believed to be the most
powerfully endogenous antioxidant in the brain, which can
scavenge peroxidatic radicals efficiently and protect cells
from the damage caused by a 10,000-fold excess of hydrogen
peroxide (Baranano et al., 2002). Ferrous iron can stimulate the
synthesis of ferritin (Eisenstein et al., 1991) through binding its
regulatory protein and activating iron response elements
(Hanson et al., 1999; Pantopoulos et al., 1997). It has been
estimated that each apo-ferritin molecule (450 kD) can sequester
about 4500 iron atoms (Harrison and Arosio, 1996). In this way,
ferritin possesses additional antioxidant capabilities (Balla et al.,
1992, 1995).
Fig. 3. Effects of nimodipine on hippocampal HO protein expression by western
blotting. Lane 1 Aluminum group, Lane 2 Aluminum+Nimodipine group,
Lane 3 Control group. Aluminum significantly enhanced the expression of
HO-1 and nimodipine could partly suppress the up-regulation of HO-1 induced
by aluminum. All pretreatments had no effect on HO-2.
However the function of HO-1 becomes paradoxical when
there is abundance of aluminum. It was reported that alumi-
num blocked the synthesis of ferritin by stabilizing the iron-
regulatory protein 2 (IRP-2) (Yamanaka et al., 1999). As a
result, aluminum could influence the iron-regulatory pathway
and up-regulate the level of free iron (Ward et al., 2001). Our
research demonstrated that aluminum could increase the level of
free iron and up-regulate the expression of HO-1. Although
biliverin can eliminate reactive oxygen species effectively, the
iron is not scavenged and it accumulates because of the up-
regulation of HO-1 and the inhibition of aluminum on the
synthesis of iron-binding protein. The elevation of iron will
accelerate the generation of reactive oxygen species through
Fenton reaction and the later causes damage to lipids, proteins,
and nucleotides and leads to neuronal death (Radi et al., 1991;
Salgo et al., 1995). As a result the balance between oxidative
stress and antioxidant was disrupted.

Our data showed that administration of nimodipine could
significantly relieve the decreasing learning and memory ability
of mice and brain injury caused by aluminum overloading.
The possible mechanism might be partly associated with sup-
pressing the over expression of HO-1 induced by aluminum
overloading and reducing the production of iron without in-
fluence on the content of aluminum which increased free iron
level through blocking the synthesis of iron-binding proteins
besides up-regulating HO-1 expression. Maybe it was why
nimodipine could not make the iron recover to the normal level
completely.

In conclusion, nimodipine is beneficial for keeping the
homeostasis of iron by suppressing the expression of HO-
1during the courses of neurodegenerative development induced
by aluminum overloading in mice. It may be a promising
candidate for the treatment of neurodegenerative diseases caused
by the abnormalities of metal elements.
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