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Numerous studies have confirmed a link between aluminium (Al) and
neurodegenerative disorders. In this study, the toxic effects of aluminium ions on the
brain were investigated after a 14-day sub-acute exposure of Balb/c mice to 0.1 LD,
AR+, The exposure to Al** caused an increase in malondialdehyde, a marker of lipid
peroxidation, and a decrease in total glutathione, a marker of intracellular redox status,
concentrations in the brain. To elucidate the reason of oxidative stress in the brain,
concentrations of Al ions and biomarkers of redox status and iron homeostasis were
measured in the blood serum of mice. Exposure to AlCl, caused an increase in AP**
concentration in the blood serum and thus disturbed iron homeostasis by displacing
iron from the iron transport protein transferrin. Consequently, AI** increased
production of serum reactive oxygen metabolites, which is a marker of oxidative
stress. Since the total amount of aluminium and iron in the brain did not change, it
was proposed that oxidative stress in brain tissue is probably due to the indirect effect
of aluminium ions, which caused systemic oxidative stress through the iron mediated
mechanism.
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Introduction

cause oxidative damage through multiple mechanisms (Mujika, et

Aluminium (Al) is an abundant element in the environment, but
it does not perform any known physiological function in the human
body (Exley, et al. [1]). Al is associated with toxic effects on various
body systems (Pogue, et al. [2,3]), and especially with neurotoxicity
(Exley, et al. [4,5]). Some studies have linked increased levels of Al
in the brain to Alzheimer’s disease, Parkinson’s disease, and other
neurodegenerative disorders (Virk, et al. [6-9]). Al interferes with
many physical and cellular processes by disturbing the redox status
(Morris, et al. [5,10]). Although Al is a non-redox metal and occurs

only in one oxidation state - Al*, its strong pro-oxidant activity can

al. [11]). As the brain is a target tissue for Al intoxication, a likely
mechanism of its toxicity can be the generation of oxidative stress in
the brain. To gain more knowledge about this complex mechanism,
this study investigated Al-induced oxidative stress by analyzing
biomarkers in the blood and brain tissue.

Materials and Methods
Experimental Animals and Exposure Protocol

Experiments were performed with 4 to 6-week-old male Balb/c

mice weighing 20-25g. The mice were housed in a conventional
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area of animal housing facility at 22 °C and 50% humidity, with
a 12-hour light/dark cycle. The mice were exposed to Al** by an
intraperitoneal (i.p.) injection of AICI, solution daily for 14 days.
AlCl, was dissolved in deionized water. The dose was 5 mg (0.185
mmol) AI**/kg body weight, corresponding to 0.1 LD, Control
animals were injected with the same volume of physiological
solution (0.9% NacCl). Each group consisted of eight animals. After
14 days the mice were anesthetized and terminated. All procedures
were performed according to the rules of the European Convention
for the Protection of Vertebrates used for experimental and other
scientific purposes (Republic of Lithuania, License of the State
Veterinary Service for Work with Laboratory Animals No. 0221).

Preparation of Samples

The serum samples were prepared as follows. Whole blood was
collected in Eppendorf test tubes after the decapitation of mice.
The blood was centrifuged at 4000 rpm x 10 min (1600 x g) in a
Savant centrifuge. The serum samples were immediately frozen at
-80°C and shipped on dry ice from Kaunas to Bilthoven. The frozen
samples were received and stored at -80°C until analysis. The brain
was removed, chilled rapidly on ice, and homogenized in 3 volumes
(e.g., 1g of tissue plus 3 ml of buffer) of homogenization buffer (50
mM Tris-HCl, pH 7.6; 5 mM MgCl,; 60 mM KCl; 25 mM sucrose). The
tissue homogenate was centrifuged at 3000 rpm x 10 min (1000 x
g) at 4°C in a Beckman ]2-21 centrifuge. The first supernatant was
poured into another reaction tube and the pellet was discarded.
The supernatant was centrifuged at 10,000 rpm x 15 min (12,000
x g) at 4°C in a Beckman ]2-21 centrifuge. The entire volume of the
second (post-mitochondrial) supernatant was immediately frozen
at -80°C. All the tissue data was adjusted and standardized for
protein content.

Biochemical Analysis

The concentrations of Al and iron in the whole blood and
brain were evaluated using an inductively coupled plasma mass
spectrometer NexION 300 D (Perkin Elmer, USA). Blood and
brain tissue samples were digested with 0.125 M NaOH at 90°C
and diluted to an appropriate volume to be analyzed according
to the manufacturer’s recommendations. To ensure the accuracy
of the analysis, we followed internal and external quality control
procedures, including the use of analytically pure water, reagents,
(Merck, Sigma-Aldrich) and certified reference materials ClinCheck®
Whole Blood Controls Level (Recipe, Germany). Standard Reference
Material®-1577c bovine liver (NIST-1577¢, Gaithersburg, USA) was
used as a standard reference material when determining iron in
tissue samples. Also, we checked the laboratory equipment for
trace element contamination.

ROS-derived hydroperoxides, as an indicator of ROS production,
weremeasured usingthe Diacrontestforreactive oxygenmetabolites

(d-ROMs kit, No. MC-003 from Diacron, Grosseto, Italy). The test is
based on the estimation of the amount of organic hydroperoxides
formed in blood serum caused by the presence of free radicals. In
practice, a small amount of serum is diluted in an acidic solution
(pH 4.8). In these conditions, iron ions become available to catalyze
the breakdown of hydroperoxides to alkoxyl and peroxyl radicals.
The chromogenic substrate is N,N-dimethylparaphenylenediamine
transformed into a pink to red colored radical cation. Quantitation
is possible with the use of a photometer (wavelength 505 or 546
nm). The concentration of colored complex is directly related to the
levels of hydroperoxides in the tested biological sample. The levels
of hydroperoxides were quantified in Carratelli Units (1CARR.U. =
0.08 mg H,0, / 100 ml) (Schéttker, et al. [12]).

Total serum thiol levels (TTL) were measured with a kit from
Rel Assay (Gyantzip, Turkey) (TTL kit No. RL0178) and expressed
in umol/l. Both ROM and TTL assays are adapted for automatic
use on an LX-20 Pro autoanalyzer (Beckman-Coulter, Woerden,
The Netherlands) (Leufkens, et al. [13,12]). Serum iron bound to
transferrin (TrF-Fe) expressed in pmol/l was determined on the
same autoanalyzer LX-20 Pro (kit No. 467910 from Beckman-
Coulter). All the intra assay coefficients of variation for these assays
were between 1.5 and 4.3%. Mouse transferrin (TrF) expressed
in g/l (kit No. E-90TX), and mouse ferritin (FER) expressed in
ug/L (kit No. E-90F), were determined by ELISA obtained from
ICL (Portland, OR, USA). The intra-assay coefficients of variation
were less than 5%, according to the manufacturer’s data. Activity
of alkaline phosphatase (ALP) (kit No. 476821 form Beckman-
Coulter) and the concentration of total protein (TP) (kit No. 465986
from Beckman-Coulter) in the brain tissue were measured using
the autoanalyzer LX-20 Pro (Beckman-Coulter, Mijdrecht, The
Netherlands). The intra assay coefficients of variation were less
than 5%.

Lipid peroxidation in the brain tissue was estimated by
measuring the absorption of thiobarbituric acid reactants using
UV/Vis spectrophotometer LAMBDA 35 (Perkin Elmer, USA) and
expressed as malondialdehyde content in nmol/g wet organ weight.
The mice brains were homogenized in cold 1.15% KCl solution
to make 10% homogenate. To 0.5 ml of this homogenate, 3 ml of
1% H,PO, and 1 ml of 0.6% thiobarbituric acid (Serva, Germany)
aqueous solutions were added. The reaction mixture was placed in
a boiling water bath for 45 min. After cooling, 4 ml of n-butanol
was added and mixed vigorously. The butanol phase was separated
by centrifugation and the light absorption measured at wavelength
535 and 520 nm (Uchiyama, et al. [14]).

The total brain glutathione concentration (totGSH) (expressed
in umol/g protein) was measured in the post-mitochondrial
supernatant after deproteinization with an equal volume of

10% metaphosphoric acid at 20°C for 5 min. The mixture was
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centrifuged at 2000 x g for 2 min and the supernatant was
incubated with glutathione reductase solution (2500 U/6 ml) at 25
°Cfor 60 min to convert oxidized glutathione (GSSG) to GSH. The GR
kit No. G9297 was obtained from Sigma-Aldrich, Zwijdrecht, The
Netherlands. The total GSH was determined after derivatization
with 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB), kit No. D8130
from Sigma-Aldrich at 37°C for 5 min. The light absorption of
reaction product was measured at 412 nm with the autoanalyzer
LX-20 Pro from Beckman-Coulter, Woerden, The Netherlands. The
intra assay variation was 6.7 %.

Statistical Analysis

The results were expressed as the mean * standard error of
mean. The data was analyzed with ANOVA using Microsoft Excel.
Statistical significance was set at p<0.05. In addition, the statistical
significances in the serum biomarkers and brain biomarkers were
checked separately to counteract the problem of multiple using the
Bonferroni method.

Results
Systemic Biomarkers

Concentration of Al and iron after a 14-day intraperitoneal
(i.p.) exposure of mice to Al** was determined in the whole blood.
Al concentration increased sevenfold, from 74.0+13 pg/I to 53577
pg/1 (p <0.001), and the total iron concentration decreased by 27%,
from 208+18 mg/I to 15328 mg/1 (p <0.001). To evaluate the effect

of Al on iron homeostasis, the biomarkers of iron status in the serum
were measured: total content of iron bound to transferrin (TrF-Fe),
transferrin (transport protein of Fe) and ferritin (indicating iron
status in tissues). Several changes in iron status were observed
after the exposure of mice to Al**: an increased concentration of TrF
from 2.10 to 2.52 g/], and a decreased concentration of TrF-Fe from
68.2 to 36.5 pmol Fe/l. Ferritin concentration increased from 1.09
to 2.44 pg/l. Oxidative stress biomarkers were estimated in the
blood serum of Al-treated mice. Al caused a statistically significant
increase (almost 60%) in the concentration of lipid peroxides,
measured by ROM assay from 83.7 to 133.7 CARR.U. Total redox
status measured by TTL assay decreased statistically significantly
from 371 to 280 umol/l (24%) (Figure 1).

Biomarkers of Neurotoxicity

Exposure to AI** did not affect Al and iron levels in the mice
brain. In the control and Al-treated groups, Al concentration was
11.3+2.6 and 11.741.6 pg/], and Fe concentration was 18.6+1.6 and
18.5+1.6 mg/], respectively. However, concentration of oxidative
stress biomarker MDA, increased statistically significantly from
109+19.7 to 131£16.5 nmol/g (20.5%). Also, concentration of
totGSH, which reflects brain redox status, decreased from 15.0£3.3
to 8.3+2.7 umol/g protein (64.7%) (Figure 2). In addition, we
measured the enzymatic activity of ALP due to its possible relation
with neurodegenerative, e.g. Alzheimer, diseases. ALP activity
increased substantially in the brain of Al-treated mice from
6.64+1.07 t0 9.97+1.69 U/g protein; ** p <0.001 vs. control group.
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Figure 1: Serum concentrations of oxidative stress biomarkers and iron status biomarkers: ROM (expressed in CARR.U), TTL
(expressed in pmol/1), serum iron (TrF-Fe) (expressed in pmol Fe/l), ferritin (FER) (expressed in pg/1) and transferrin (TrF)
(expressed in g/1) in control mice (C) and after Al exposure (Al). Statistics: * p<0.01; ** p<0.001 vs. control group.
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Figure 2: Concentrations of MDA (expressed in nmol/g tissue), totGSH (expressed in pmol/ g protein) and ALP (expressed in
U/ g protein*10) in brain post-mitochondrial supernatant in control and Al-treated mice. Statistics: * p<0.01 vs. control group;

** p<0.001 vs. control group.

Discussion

In this study, mice were exposed to Al for 14 days. It was
determined that even low doses of Al** corresponding to 0.1 LD,
caused a sevenfold increase in Al concentration in the blood,
while there were no changes in Al concentration in the brain. As
Al is known to affect iron homeostasis (Peto, et al. [15,16]), we
used this knowledge to explain the generation of oxidative stress
in the blood and possibly in the brain. The serum iron status was
measured because free iron is one of the major factors associated

with the production of reactive oxygen species in vivo (Bresgen,
et al. [17,18]), including the brain (Piloni, et al. [19,20]). Indeed,
the data of this study showed that exposure to low AI** doses
corresponding to 0.1 LD, significantly affected serum iron status.
It was demonstrated that Al** can displace iron ions from the iron-
binding protein transferrin, which was reflected by a lower amount
of bound iron. The transferrin saturation, which is the percentage
of TrF that has been occupied by iron, decreased from 41.4% to
18.4% after exposure to Al. Our results are in agreement with the
data of other authors (Jacobs, et al. [21]).
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Figure 3: Schematic representation of Al-caused oxidative stress in brain tissue mediated by iron.

The release of iron from the serum transferrin was also
confirmed by a higher level of serum ferritin, reflecting the increase
in iron stores in tissues. The higher content of unbound iron in
the serum and tissues may explain the development of oxidative
stress (Figure 3). Exposure to AI** resulted in a significant decrease

in total iron concentration in the blood by 27% but caused no
changes in the iron levels of the brain. The blood-brain barrier is
believed to protect the brain from the transport and accumulation
of Al and iron. To assess the increased oxidative stress in serum,
we measured ROM and TTL as biomarkers of lipid peroxidation
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and redox status. It was shown that ROM concentration increased,
while TTL level decreased after exposure to AI**. The importance
of ROM and TTL as biomarkers of oxidative stress was proved in
several large cohort studies on cancer (Leufkens, et al. [12,13,22]),
cardiovascular diseases (Vassalle, et al. [23-25]), and aging
(Schottker, et al. [26,27]). The stability of serum samples for the
ROM and TTL assays have been tested during short-term and long-
term storage (Jansen, et al. [28,29]).

For the evaluation of oxidative stress in the brain tissue we
used biomarkers MDA and totGSH. Due to technical reasons, the
ROM test could not be performed on tissue extracts. The increased
concentration of MDA and decreased concentration of totGSH
indicated oxidative stress in brain tissue. In addition, the activity
of ALP increased in the brain of Al-treated mice. Our results are in
agreement with the data of other studies, in which higher activity
of ALP in the brain of Alzheimer patients (Karabulut-Bulan, et al.
[30,31]) was demonstrated. Increased enzymatic activity may be
one of the indicators of increased oxidative stress in the brain.
The observation that exposure to Al** did not change Al and iron
levels in the brain implies the indirect effect of Al** on the brain
via reactive oxygen species originating in the circulatory system. It
was concluded that oxidative stress in the brain tissue is a result of
systemic oxidative stress induced by aluminium through the iron
mediated mechanism.
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