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Abstract

Zinc supplementation can help maintain learning and memory function in rodents. In this study, we
hypothesized that zinc supplementation could antagonize the neurotoxicity induced by aluminum in
rats. Animals were fed a diet containing different doses of zinc (50, 100, 200 mg/kg) for 9 weeks,
and orally administered aluminum chloride (300 mg/kg daily) from the third week for 7 consecutive
weeks. Open-field behavioral test results showed that the number of rearings in the group given the
100 mg/kg zinc supplement was significantly increased compared with the group given the
50 mg/kg zinc supplement. Malondialdehyde content in the cerebrum was significantly decreased,
while dopamine and 5-hydroxytryptamine levels were increased in the groups given the diet
plemented with 100 and 200 mg/kg zinc, compared with the group given the diet supplemented with
50 mg/kg zinc. The acetylcholinesterase activity in the cerebrum was significantly decreased in the
group given the 100 mg/kg zinc supplement. Hematoxylin-eosin staining revealed evident patho-
logical damage in the hippocampus of rats in the group given the diet supplemented with 50 mg/kg
zinc, but the damage was attenuated in the groups given the diet supplemented with 100 and
200 mg/kg zinc. Our findings suggest that zinc is a potential neuroprotective agent against alumi-
num-induced neurotoxicity in rats, and the optimal dosages are 100 and 200 mg/kg.
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INTRODUCTION

Aluminum is the third most common element
in the earth’s crust and is ubiquitous in the
environment™™. Despite the abundant pres-
ence and wide exposure to this metal, its
biological and biochemical functions still re-
main unclear®™. The major contributors to
aluminum exposure are water, air, foods with
aluminum-containing food additives, grain
products and processed cheese®”.

The wide presence and use of aluminum has
stimulated considerable interest in the toxic-
ity of this metal. Daily sources of aluminum
intake include water, cooking utensils, food
additives, and drugs such as antacids and
deodorants. AICI;-6H,0 was chosen in this
study because of its widespread use as a
coagulant in water treatment.

Aluminum has been associated with several
neurodegenerative diseases, such as Alz-
heimer’s disease, Parkinson’s disease, di-
alysis encephalopathy, amyotrophic lateral
sclerosis and Guam-Parkinson’s demen-
tia®. The mechanisms underlying alumi-
num neurotoxicity are unclear, although it
appears that the metal contributes to oxida-
tive damage™®*®, disruption of calcium ho-
meostasis™®*® and impairment of intracellu-
lar signal transduction pathways™®?!. Thus
the mechanisms of aluminum neurotoxicity
are complex, but likely affect neurotransmis-
sion, learning and memory function, and re-
lated behavior.

Zinc, an essential trace element for growth
and development, is distributed throughout
the body, and concentrations are especially
high in the limbic system, including the hip-

pocampus, hypothalamus and amygdala®>?3.

Zinc plays extremely critical roles in normal
growth and development, cellular homeosta-
sis, and numerous biochemical functions,
including protein synthesis and nucleic acid
metabolism. Furthermore, zinc is involved in
immunological, neurological, endocrine, and
sensory functions, as well as gene expres-
sion®?8 The crucial role of zinc in neuro-
genesis, neuronal migration, synaptogenesis

and neurotransmission make it closely re-
lated to learning and memory function. Liu
and coworkers studied the effect of different
concentrations of dietary zinc on learning
and memory function, brain somatostatin
levels, and zinc and calcium concentrations
in Wistar rats. Their results suggested that a
diet containing 100—200 mg/kg zinc is ade-
guate for maintaining learning and memory
function in rats®®?.

In our previous study®”, we found that ace-
tylcholinesterase activity was decreased and
lipid peroxidation was enhanced in the ce-
rebrum of male Wistar rats after treatment
with aluminum chloride at a dose of
300 mg/kg daily for 7 weeks. In this study,
we aimed to evaluate the effect of zinc sup-
plementation on aluminum-induced neuro-
toxicity.

RESULTS

Quantitative analysis of experimental
animals

Thirty healthy adult Wistar rats were equally
and randomly divided into three groups: 50,
100 and 200 mg/kg zinc groups. Each group
received a diet containing the respective
concentration of zinc for 9 weeks. From the
third week, rats in each group were intraga-
strically injected with 300 mg/kg aluminum
trichloride for 7 consecutive weeks. Eight
rats in each group were selected for the
determination of zinc concentration and bi-
ochemical indexes in brain tissue, while the
remaining two rats were used for patholog-
ical observations.

No rats exhibited signs of infection or died
during the experimentation. All 30 rats
were included in the final analysis, without
dropout.

Effect of zinc supplementation on open-
field activity in aluminum-exposed rats
On day 60 of zinc supplementation, the
open-field test was carried out to evaluate
the motility and spontaneous exploration of
rats. Data for horizontal activity and rearings
in the open field are shown in Table 1.
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Table 1 Effect of zinc supplementation on open-field
activity in aluminum-exposed rats

Square crossings Rearings

Group (Number/3 minutes) (Number/3 minutes)

Supplemented with

50 mg/kg zinc 18.70+£14.91 2.20+1.23
100 mg/kg zinc 29.60+21.45 5.80+3.74%
200 mg/kg zinc 23.90+20.35 2.90+2.81

%P < 0.05, vs. group given diet supplemented with 50 mg/kg zinc.
Data are expressed as mean + SD (n = 10), and differences
between groups were compared using one-way analysis of
variance with Scheffé post-hoc test.

Compared with the group given the diet supplemented
with 50 mg/kg zinc, the number of square crossings was
increased in the groups treated with 100 and 200 mg/kg
zinc, but there was no significant difference among the
treatment groups. Moreover, a significant increase in the
number of rearings was observed in the group given the
diet supplemented with 100 mg/kg zinc compared with
the group given the 50 mg/kg zinc supplement
(P <0.05).

Effect of zinc supplementation on learning and
memory function in aluminum-exposed rats

On day 61 of zinc supplementation, learning and mem-
ory function, an important aspect of cognitive function in
rats, was assessed with the passive avoidance task.
The retention latency in the groups given the 50, 100
and 200 mg/kg zinc supplementation was 275.80 *
76.53, 243.80 + 118.50 and 274.20 + 81.59 seconds,
respectively. There were no significant differences
among the groups.

Effect of zinc supplementation on aluminum and zinc
concentrations in the cerebrum of aluminum-
exposed rats

On day 63 of zinc supplementation, the aluminum and
zinc concentrations in the cerebrum of animals were
determined (Table 2). Among the groups, the concen-
trations of aluminum and zinc showed no significant
differences.

Effect of zinc supplementation on malondialdehyde
content and superoxide dismutase and
acetylcholinesterase activities in the cerebrum of
aluminum-exposed rats

On day 63 of zinc supplementation, the malondialdehyde
content, superoxide dismutase and acetylcholinesterase
activities were determined. The effects of aluminum and
zinc treatment on several biochemical markers in the
cerebrum are shown in Table 3. The malondialdehyde
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content in the cerebrum was significantly increased in the
groups treated with 100 and 200 mg/kg zinc compared
with the group treated with 50 mg/kg zinc (P < 0.05). The
acetylcholinesterase activities in cerebrum were signifi-
cantly decreased in rats fed the diet containing
100 mg/kg zinc (P < 0.05). There was no significant dif-
ference in superoxide dismutase activity in the cerebrum
among the three groups.

Table 2 Effect of zinc supplementation on aluminum and
zinc concentrations in the cerebrum of aluminum-exposed
rats

Group Aluminum (pg/g) Zinc (pg/g)
Supplemented with
50 mg/kg zinc 0.16+0.11 16.74+1.58
100 mg/kg zinc 0.16+0.09 15.99+1.90
200 mg/kg zinc 0.23+0.12 16.47+1.70

Among the three groups, the concentrations of aluminum and zinc
did not differ significantly. Data are expressed as mean + SD

(n = 8), and differences between groups were compared using
one-way analysis of variance with Scheffé post-hoc test.

Table 3 Effect of zinc supplementation on
malondialdehyde (MDA) content, superoxide dismutase
(SOD) and acetylcholinesterase (AChE) activities in the
cerebrum of aluminum-exposed rats

MDA AChE
Group Gl SOD (U/mg) (UImg)
Supplemented with
50 mg/kg zinc 1.02+0.23 32.03+6.01 1.00+ 0.08
100 mg/kg zinc 0.63+0.16% 28.24+2.98 0.77+0.11?
200 mg/kg zinc 0.70+0.08% 27.89+5.44 0.90+ 0.13

%P < 0.05, vs. 50 mg/kg zinc supplementation group. Data are
expressed as mean + SD (n = 8), and differences between groups
were compared using one-way analysis of variance with Scheffé
post-hoc test.

Effect of zinc supplementation on dopamine and
5-hydroxytryptamine levels in the cerebrum of
aluminum-exposed rats

On day 63 of zinc supplementation, the dopamine and
5-hydroxytryptamine concentrations in the cerebrum of
rats were assayed (Table 4).

Compared with the group given the diet supplemented
with 50 mg/kg zinc, dopamine and 5-hydroxytryptamine
levels were increased in the groups treated with 100 and
200 mg/kg zinc, but there was no significant difference
among the three groups.

Effect of zinc supplementation on histopathological
changes in aluminum-exposed rats
On day 63 of zinc supplementation, the histology of the
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hippocampus was examined under the light microscope

(Figure 1). Pyknosis is the irreversible condensation of Table 4 Effect of zinc supplementation on dopamine and

chromatin in the nucleus of a cell undergoing pro- 5-hydroxytryptamine levels in the cerebrum of aluminum-
) ) ) exposed rats

grammed cell death or apoptosis. Pyknotic nuclei and

prominent perineuronal spaces were observed in the CILD DEREITG ) & VR EmID ()
hippocampus of rats in the group fed the diet supple- Supplemented with

. . . ) 50 mg/kg zinc 1 771.4+635.6 1 035.1+244.1
mentgd with fSO mg/kg zmc_. In compansoq pyramidal 100 mgkg zinc 1 765.6£850.1 1 000.14409.3
cells in the hippocampus displayed a relatively normal 200 mg/kg zinc 2 658.4+807.2 1 570.7+547.4

appearance in the groups treated with 100 and
200 mg/kg zinc.

Data are expressed as mean + SD (n = 8), and differences
between groups were compared using one-way analysis of
variance with Scheffé post-hoc test.

A
. e DISCUSSION

g o & ™
Ao " - Mg ; \‘ ‘\‘, There are numerous investigations of aluminum neuro-
T | o, W‘ . T&"”\* toxicity in experimental animals. However, the neurotoxic
effects of aluminum in experimental animals have been
» controversial because they are dependent on the route of
- ’ administration®3¥, type of aluminum salt®>¢, species of

- . = - .
‘ animal®9 dose of treatment®®*? and time of expo-

B . \ o 1 sure®*. In most studies, the duration of aluminum ex-
posure ranges from 8 weeks to 6 months.

; The present study was performed to investigate the
| \ ) \' \* N protective effects of zinc on aluminum-induced neuro-
i 2Ea\ 9 > ) toxicity in the cerebrum of male Wistar rats. Administra-
\ 3% N\ == W tion of zinc protected against histopathological changes

. » - in aluminum-exposed rats, thereby demonstrating its
c neuroprotective action.

YRy /4 { "R In the present study, short-term memory was not signif-
icantly altered among the different groups. This result is
similar to previously reported findings!***®. However, in
many other studies, short-term memory was significantly
W | ‘- altered after aluminum exposure”*®, The discrepancy in
these findings may result from differences in methodol-
ogy, including variations in dose, timing and route of
aluminum administration.

Figure 1 Photomicrographs showing histopathological
changes in the hippocampus at 63 days after zinc Our previous study showed that aluminum exposure
supplementation in the three groups. induces a significant reduction in locomotor activity in

(A) Pyknotic nuclei and prominent perineuronal spaces in rats (data not shown). These results confirmed the find-

the hippocampus of rats are visible in the group given the

50 mg/kg zinc supplement. ings of others using the open-field test“*". In the
(B) Fewer pyknotic nuclei are visible in the hippocampus present study, the impairment in locomotor activity in-
of rats in the group given the 100 mg/kg zinc supplement. duced by aluminum was less severe in the groups
(C) Fewer pyknotic nuclei are visible in the hippocampus treated with 100 and 200 mg/kg zinc, compared with the
of rats in the group given the 200 mg/kg zinc supplement. group given the diet supplemented with 50 mg/kg zinc.

Arrows indicate pyknotic nuclei (hematoxylin-eosin

staining, Leica, x 400). In this study, damage to lipids was assessed by mea-

suring malondialdehyde content. Malondialdehyde is the
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end-product of lipid peroxidation®. Thus, malondialde-
hyde levels can be used to estimate the degree of lipid
peroxidation and the levels of tissue oxygen radicals.
Exposure to AICI; at 100 mg/kg per day for 8 weeks may
lead to increased levels of lipid peroxidation™?. Exposure
to AICI; at 50 mg/kg per day for 3 months also results in
enhancement of lipid peroxidation®. In the present
study, malondialdehyde levels in the cerebrum were
significantly lower in the groups treated with 100 and
200 mg/kg zinc compared with the group given the diet
supplemented with 50 mg/kg zinc. This indicates that
zinc may alleviate oxidative damage following aluminum
exposure.

Acetylcholinesterase has received wide attention in the
study of aluminum neurotoxicity™” *¥. Acetylcholines-
terase is a cholinergic marker enzyme®®! and aluminum
has been suggested to act as a cholinotoxin®®®. It was
observed that administration of aluminum causes a sig-
nificant increase in acetylcholinesterase activity in the
cerebral cortex of rats®. Bhalla et al " observed a de-
crease in acetylcholinesterase activity after aluminum
exposure in both the cerebrum and cerebellum. Similar
observations were made by Ravi et al ®*®. Furthermore,
Kumar®” explored the biphasic effect of aluminum on
acetylcholinesterase activity in brain regions in vivo. We
postulate that the disparity in findings may be due to
differences in dose, duration and route of aluminum ex-
posure in the various studies. The present study reveals
that co-administration of 100 mg/kg zinc to alumi-
num-exposed animals is able to reduce the alumi-
num-induced increase in acetylcholinesterase activity in
the cerebrum.

Dopamine is secreted from neurons that originate in the
substantia nigra. A decrease in dopamine levels is ob-
served after aluminum exposure in the cerebrum, cere-
bellum®*”and hypothalamus®. A significant decrease in
5-hydroxytryptamine levels is also observed after pro-
longed aluminum exposure in both the cerebrum and
cerebellum™®”, and there are region-specific variations in
the levels of 5-hydroxytryptamine®®” %9,
5-Hydroxytryptamine is a neurotransmitter synthesized
from tryptophan via the intermediate
5-hydroxytryptophane.

In the present study, the dopamine and
5-hydroxytryptamine levels were improved (i.e., higher)
in the groups treated with 100 and 200 mg/kg zinc com-
pared with the group treated with 50 mg/kg zinc. By mi-
croscopic observation, increased neuronal apoptosis
was seen after aluminum treatment. This likely affects
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neurotransmission, and hence, learning and memory
processes. Zinc supplementation may reduce neuronal
apoptosis.

In conclusion, the present study indicates that zinc sup-
plementation prevents aluminum-induced neurotoxicity in
the cerebrum. By inhibiting oxidative stress and histo-
pathological changes, zinc supplementation helped
normalize the activity of cholinergic marker enzymes
affected by aluminum. Thus, the present study shows
that zinc can be used as a neuroprotectant. Zinc helps to
protect against neuronal cell death and helps to maintain
normal neurotransmission and behavioral functions dur-
ing aluminum toxicity. Further studies are required to
elucidate the mechanisms by which zinc exerts its neu-
roprotective effects.

MATERIALS AND METHODS

Design
A randomized, controlled animal experiment.

Time and setting

The experiment was performed at the laboratory in the
Department of Nutrition, Institute of Health & Environ-
mental Medicine, Academy of Military Medical Sciences,
Tianjin, China, from September 2008 to January 2011.

Materials

A total of 30 healthy male Wistar rats weighing 217.6 +
7.6 g were purchased from the Experimental Animal
Center of the Military Medical Sciences, China (license
No. SCXK-2007-004). All experimental protocols were in
strict accordance with the Guidance Suggestions for the
Care and Use of Laboratory Animals, issued by the Min-
istry of Science and Technology of China'®.

Prior to the experiments, animals were allowed to accli-
matize for 7 days. Thirty male Wistar rats were housed in
polypropylene cages, under pathogen-free conditions,
with a 12-hour light/dark cycle, and temperature was
maintained at 22 + 2°C. Animals were given feed and
deionized water ad libitum.

All animal studies conformed to the Guide for the Care
and Use of Laboratory Animals published by the US Na-
tional Institutes of Health.

Methods
Zinc supplementation
Aluminum was administered by gavage. Rats were ran-



Lu H, et al. / Neural Regeneration Research. 2013;8(29):2754-2762.

domly assigned to three groups, each group consisting of
ten animals. Male Wistar rats were exposed orally to
aluminum chloride, whereas zinc was given in the form of
ZnS0O,-7H,O (Tianjin Shentai, Tianjin, China) through
diet. In all groups, rats received aluminum chloride
(300 mg/kg per day; Tianjin Standard Science and
Technology, Tianjin, China). Animals were administered
different doses of zinc in the diet, namely 50, 100 or
200 mg/kg zinc®. The diets were formulated as de-
scribed previously by the American Institute of Nutrition
AIN-93®%, The treatments were given over a period of 9
weeks, and all rats received aluminum chloride as of the
fifteenth day. At the end of the treatment schedules, the
following behavioral studies were conducted.

Behavioral tests

Open-field test for motility and spontaneous exploration:
The open-field test was carried out on day 60 to evaluate
the motility and spontaneous exploration of rats. An
open-field apparatus was utilized, consisting of a black
plastic 1 m x 1 m arena divided into 20 cm x 20 cm
squares. The open field was enclosed with 50-cm-high
side walls. Each animal was placed in the middle of the
field, and activity was counted during 3-minute sessions.
Both horizontal (square crossings) and vertical (rearings)
activities were measured. The number of square cross-
ings and rearings was recorded.

Passive avoidance test for short-term memory: Passive
avoidance performance was observed on day 61 to as-
sess short-term memory as reported previously®?. Briefly,
the test was conducted for 2 days, including one acquisi-
tion trial and one testing trial, during the same time of day.
In the acquisition trial, a rat was put into the bright com-
partment, and it received an electric foot shock (40 V) for
3 seconds through the stainless steel grid floor if it en-
tered the dark compartment. Then, the rat would escape
back to the bright compartment.

After 24 hours, the testing trial was conducted, identical
to the acquisition trial, except that no electric shock was
delivered if the rat entered the dark compartment. The
time the rat took to enter the dark compartment was
recorded and tabulated as escape latency (seconds).
Rats were allowed to stay in the bright compartment for
300 seconds in the testing trials.

Biochemical analysis

Tissue homogenate preparation: On day 63, rats were
lightly anesthetized and killed by decapitation after the
behavioral tests were completed. Brains were removed
and weighed individually. Thereafter, cerebrums were

dissected out for biochemical analysis. Homogenates of
the cerebrum were prepared in 0.9% NaCl solution. The
homogenate was centrifuged at 3 000 r/min, 4°C, for
15 minutes. The clear supernatant was used for the es-
timation of malondialdehyde content, superoxide dismu-
tase activity and acetylcholinesterase activity.

Malondialdehyde content determination: Malondialde-
hyde, a reliable marker of lipid peroxidation, was deter-
mined with thiobarbituric acid according to the manufac-
turer’s instructions (Nanjing Jiancheng Bioengineering
Institute, Nanjing, Jiangsu Province, China) on day 63.
Supernatants (0.1 mL) were transferred to a testing tube.
A standard solution (0.1 mL) was added to each standard
testing tube, and distilled water (0.1 mL) was added to
another blank testing tube. A 2 mL aliquot of thiobarbi-
turic acid was added into each of these two tubes, which
were agitated several times, and then incubated at 95°C
for 1 hour. Then, each specimen was cooled to room
temperature and centrifuged at 3 000 r/min for 10 mi-
nutes. Finally, the supernatant in each tube was sub-
jected to colorimetric assay at 532 nm. Total protein
content in samples was analyzed using a bicinchoninic
acid protein assay kit (Shanghai Sangon Biotech,
Shanghai, China). The results were expressed in nmol
MDA per milligram of tissue homogenate (hmol/mg pro-
tein).

Superoxide dismutase activity determination: Superoxide
dismutase is a key enzyme in the dismutation of supe-
roxide radicals, resulting from cellular oxidative meta-
bolism, into hydrogen peroxide. On day 63, superoxide
dismutase activity was determined using an assay kit
(Nanjing Jiancheng Bioengineering Institute) and ex-
pressed as units per microgram of total protein (U/mg).
Total protein content in samples was assessed using a
bicinchoninic acid protein assay kit (Shanghai Sangon
Biotech).

Acetylcholinesterase measurement: On day 63, acetyl-
cholinesterase activity was determined using an assay
kit (Nanjing Jiancheng Bioengineering Institute). The
substrate used was acetylthiocholine. The mercaptan
formed was reacted with DTNB, which splits into two
products, one of which is 5-thio-2-nitrobenzoate, which
absorbs at 412 nm. The results were expressed as units
per microgram of total protein (U/mg).

Estimation of neurotransmitter levels: At 63 days after
zinc supplementation, dopamine and
5-hydroxytryptamine concentrations in the cerebrum
were assayed using a Waters 600 HPLC system (Waters,
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USA) with electrochemical detection. Frozen cerebrums
were homogenized in 1 mL 0.1 mol/L HCI with an internal
standard added. Homogenates were centrifuged at
12 000 r/min, 4°C, for 10 minutes in a refrigerated cen-
trifuge. Dihydroxybenzylamine was used as an internal
standard. The results were expressed as micrograms per

gram (ug/g).

Estimation of aluminum and zinc concentrations

At 63 days after zinc supplementation, the aluminum
and zinc concentrations in the cerebrum were esti-
mated from each animal following wet acid digestion
with concentrated nitric acid®*7.

Digested samples were brought to a constant volume
and determination of tissue aluminum concentration
was performed with an Elan DRCII ICP-MS (Per-
kin-Elmer, Norwalk, USA). The tissue zinc concentra-
tions were measured directly by flame atomic absorp-
tion spectrophotometry (Hitachi, Tokyo, Japan).

Histopathological examination

At 63 days after zinc supplementation, animals were
sacrificed at the end of the experiment. Brain specimens
were dissected out and immediately fixed in 10% forma-
lin. Tissues were processed for preparation of paraffin
blocks (paraffin method).

Sections were cut using a rotator microtome, mounted on
slides, stained with hematoxylin and eosin and examined
by light microscopy (Leica, Wetzlar, Germany).

Statistical analysis

Statistical analysis was performed using one-way analy-
sis of variance with Scheffé post-hoc test, using SPSS
11.5 software (SPSS, Chicago, IL, USA). Data are ex-
pressed as mean = SD. All P values were two-tailed, and
differences were considered significant at P < 0.05.

Research background: The biological functions of zinc in
neurogenesis, neuronal migration, synapse formation and
neurotransmission are closely associated with learning and
memory function.

Research frontiers: No existing study has explored the pro-
tective effect of zinc supplementation against alumi-
num-induced neurotoxicity. This study aims to investigate the
mechanisms underlying the neuroprotective effect of zinc sup-
plementation against brain dysfunction induced by aluminum
exposure in rats.

Clinical significance: The experimental findings further our
understanding of the mechanisms underlying the neuroprotec-
tive effect of zinc supplementation against brain dysfunction in
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aluminum-exposed rats. The findings should help in developing
strategies for preventing and treating neurodegenerative dis-
eases caused by aluminum exposure.

Academic terminology: Lipid peroxidation—oxidation by hy-
drogen peroxide or superoxide of unsaturated fatty acids to
produce peroxides non-enzymatically.

Peer review: This study examined the effect of different doses
of zinc on behavioral function, cerebral cortex biochemical in-
dices and pathological abnormalities in rats exposed to alumi-
num, with the aim of understanding the role of zinc in the pre-
vention and treatment of chronic aluminum exposure-induced
neurotoxicity. Further study, in which a control group has re-
ceived no zinc supplement, is urgently needed.
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