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Abstract

Although aluminum chronic neurotoxicity is well documented, there are no well-established experimental protocols of Al exposure.
In the current study, toxic effects of sub-chronic Al exposure have been evaluated in outbreed male rats (gastrointestinal adminis-
tration). Forty animals were used: 10 were administered with AICl; water solution (2 mg/kg Al per day) for 1 month, 10 received the
same concentration of AlCI; for 3 month, and 20 (10 per observation period) saline as control. After 30 and 90 days, the animals
underwent behavioral tests: open field, passive avoidance, extrapolation escape task, and grip strength. At the end of the study, the
blood, liver, kidney, and brain were excised for analytical and morphological studies. The Al content was measured by inductively
coupled plasma mass-spectrometry. Essential trace elements—Co, Cr, Cu, Fe, Mg, Mn, Mo, Se, and Zn—were measured in whole
blood samples. Although no morphological changes were observed in the brain, liver, or kidney for both exposure terms, dose-
dependent Al accumulation and behavioral differences (increased locomotor activity after 30 days) between treatment and control
groups were indicated. Moreover, for 30 days exposure, strong positive correlation between Al content in the brain and blood for
individual animals was established, which surprisingly disappeared by the third month. This may indicate neural barrier adaptation
to the Al exposure or the saturation of Al transport into the brain. Notably, we could not see a clear neurodegeneration process after
rather prolonged sub-chronic Al exposure, so probably longer exposure periods are required.
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Introduction

Aluminum (Al) is one of the most abundant elements on Earth
[1]. However, its health impacts and role in the human body
have drawn research interest relatively recently. The first
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described cases of Al chronic intoxications were associated
with dialysis encephalopathy [2—4]. This state leads to severe
damage and mortality of a significant fraction of hemodialysis
patients [5]. The ability of Al to penetrate the blood-brain
barrier leads to the progression of neurodegenerative effects,
resembling senile dementia [6]. In this regard, Al as a toxicant
has received increased attention in both clinical [7, 8] and
experimental medicine [9—11]. Nevertheless, although a large
quantity of data on the relationship between Al exposure and
neurodegenerative effects was documented [12] and there are
serious epidemiological data, relating Al exposure to the
Alzheimer’s disease morbidity [13], the underlying cause
and mechanism of the development is not yet clear [14].

To assess the effects of Al on human beings, experimental
modeling approaches are required. Soluble Al salts are widely
used for modeling neurodegenerative effects in laboratory an-
imals [15-17], in particular, Alzheimer’s disease [18].
Nevertheless, there are no generally accepted protocols for
the purpose. In case of in vitro studies [19] and observation
of individual biochemical systems of model organisms [20],
the interpretation of the results is unambiguous. However, for
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long-term exposure, the effect of study duration and other
confounding factors hampers the analysis of the data obtained.
Additionally, the use of Al-containing food additives [21]
causes a multilateral impact on humans of excessive amounts
of AL

In our previous studies, we investigated the susceptibility
of people to the accumulation of metals, including Al, in both
occupationally exposed workers [22, 23] and in general pop-
ulation living in industrialized areas [24]. The aim of this
study was to model sub-chronic Al toxicity in rats, to investi-
gate Al effect on the activity and functional state of the central
nervous system at various observation periods, to evaluate the
effect of Al on the metabolism of essential elements (cobalt—
Co, chromium—<Cr, copper—Cu, iron—Fe, magnesium—
Mg, manganese—Mn, molybdenum—Mo, selenium—Se,
and zinc—Zn), and to characterize Al distribution in target
organs and tissue.

Material and Methods
Animals

The study was conducted in 40 male outbreed rats, derived
from Wistar line (age 12 weeks, body weight 180-200 g at the
beginning of the study), and supplied by the Rappolovo ani-
mal husbandry (Leningradskaya oblast’, Russia). The animals
were kept in the polycarbonate cages (five per cage), covered
with a stainless steel lattice. The cage floor was covered with
sawdust. In the vivarium, an artificial 12/12 light-dark cycle,
the temperature of 18-26 °C and relative humidity of 30-70%
were maintained. The animals had access to tap drinking wa-
ter and standard rodent chow (Assortiment-Agro Ltd.,
Turakovo, Moscow region, Russia) ad libitum. The study
was approved by the local Bioethics Committee of the
Institute of Toxicology (protocol No. 8/16, dated
16.05.2016) and was conducted in accordance with the ethical
regulations.

A solution of aluminum chloride (AICl3) was prepared from
aluminum chloride hexahydrate (Biochem Chemopharma,
Cosne-Cours-sur-Loire, France). The per oral administration

of the AICl3-6H,0 solution (2 g/L of hexahydrate, corre-
sponding to 224 mg Al per liter) was performed through
a stainless steel probe daily. A volume of 0.9 mL per
100 g of the body weight was administered, which is
equivalent to a dose of 2 mg/kg Al per day. Weight dose
adjustment was performed weekly after the regular
weighing. The weight of the animals at the end of the
study was 280-310 g.

Experimental Design

The design of the experiment is summarized in Table 1. The
animals were randomly assigned to four groups. The follow-
ing parameters were evaluated: Al concentration in the blood
and tissue; essential elements (Co, Cu, Cr, Fe, Mg, Mn, Mo,
Se, and Zn) in whole blood; open field test; grip strength,
conditioned reaction of passive avoidance; extrapolation es-
cape test; and morphological study of tissue samples of the
liver, kidney, hippocampus, cerebral cortex, and white matter
of the brain.

Element Quantification

To determine the content of aluminum (*’Al) and essential
elements (24Mg, 32Cr, >>Mn, °Fe, *°Co, ®Cu, **Zn, Mo,
and "’Se), a double focusing sector field mass spectrometer
Thermo Element 2 (Thermo Scientific, Bremen, Germany)
with nickel cones, a cyclone spray chamber, and a
polytetrafluoroethylene concentric nebulizer was employed.
The main operating parameters of the device were as follows:
RF power 1050 W; auxiliary flow 16.0, cooling flow 1.55, and
nebulizing flow 1.015 L/min; and peristaltic pump speed
6 rpm. Deionized water was prepared using a Milli-Q®
Advantage A10 system (Millipore, Molsheim, France). High
purity argon (99.997%, Lentekhgaz, St. Petersburg, Russia)
was used to maintain the inductively coupled plasma.
Calibration solutions were prepared from a multielement I'V-
ICPMS-71A standard (Inorganic Ventures, Christiansburg,
VA, USA). The internal standard was prepared from a rhodi-
um CGRHN1-1 standard (Inorganic Ventures, Christiansburg,
VA, USA).

Table 1 Study design

Group Amount of animals Injected substance Dosage and administration schedule Observation (days)
Control D30 10 Saline (vehicle) Each working day (2 days break on the weekend), 30

Control D90 10 through gavage 90

Treatment D30 10
Treatment D90 10

Water solution of AlCl;
hexahydrate, 2 g/L

Volume 2 mL

Each working day (2 days break on the weekend),  30°
through gavage 90°

Volume 1.8-3.1 mL, equivalent to 2 mg/kg Al

* Twenty-two injections totally; total cumulative dose equivalent to 44 mg/kg Al

® Sixty-four injections totally; total cumulative dose equivalent to 128 mg/kg Al
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For sample preparation, the UltraClave™ microwave
system (Milestone, Sorisole, Italy) with 20 mL
polytetrafluoroethylene liners was used. For the digestion,
approximately 0.25 g of a homogenized tissue or 0.5 mL
of whole blood was placed in a liner and 3 mL of con-
centrated nitric acid (65%, Suprapur®, Merck, Darmstadt,
Germany) was added. The samples were digested for
45 min (pressure 90 bar, maximum temperature 220 °C).
The resulting digestates were transferred into the 50 mL
volumetric flasks (class A), and internal standard (Rh)
was added to a final concentration of 1 pg/L. For more
details on digestion protocol used, please, see our previ-
ous studies [23, 24].

The detection limits (30, pg/L) for the elements of
interest were as follows: Al—0.010, Co—0.001, Cr—
0.008, Cu—~0.017, Fe—0.015, Mg—0.180, Mn—0.003,
Mo—0.015, Zn—0.030, and Se—0.070. Quantification
was performed using a calibration with internal standard
correction (Rh, 1 pg/L). After every 10 sample sets, a
blank and a standard control solution of the elements
(concentration 1 pg/L) were measured to check for possi-
ble contamination or calibration slope change. A within-
day reproducibility was 1-3% for Al, Co, Cr, Cu, Fe, Mg,
Mn, Mo, and Zn, respectively, and 3—5% for Se. For the
validation purpose, whole blood reference materials
Seronorm™ Trace Elements Whole Blood L-1 and L-3
(Sero AS, Billingstad, Norway) were analyzed. The results
are shown in Table 2.

Behavioral Tests

All behavioral tests were conducted on the next day after the
last administration of AlCl; solution (except the passive
avoidance test, which was performed 24 h after a training).

Open Field Test

The assessment of behavior and motor activity was performed
using a complex open field system for small laboratory ani-
mals TSE Acti MoTil (TSE, Bad Homburg, Germany), with
three dimension infrared sensors (Open Field Phenomaster
Activity regulators, TSE, Bad Homburg, Germany), 100
Lux light source, and automated recording device (Process
Control MoTil 302,020 Series, TSE, Bad Homburg,
Germany). Field dimensions were 50 x 50 X 50 cm. The ani-
mals had been acclimatized in the testing room for at least
30 min before the test commenced. Observation periods were
2 min, and eight parameters were recorded: horizontal and
vertical movement (number of movement acts and stands),
mean movement velocity, average distance, time spent at the
periphery part /center of the open field cell, number of
grooming acts, and general motor activity (sum of movement,
grooming, and standing acts).

Grip Strength

A BIO-GS3 device (Bioseb, Vitrolles, France) with an au-
tomated Grip strength meter 303500 (TSE, Bad Homburg,
Germany) was employed. Animals were allowed to grip
the metal grid by forelimb, while being held near the tail
base. A grid was pulled until the animal let go of it. Each
measurement was repeated in triplicate and an average was
taken as a result.

Extrapolation Escape Task

Extrapolation escape task is a test, which allows for estimating
of'the cognitive functions and emotional reactivity under acute
stress conditions [25]. In this study, emotional behavioral re-
activity was assessed using the Extrapolation Escape Task

Table 2 The results of trace

element quantification in Element L-1

L-3

Seronorm™ trace element whole
blood L-1 and L-3 reference

Measured value (n=9)

Target value Measured value (n=9) Target value

materials (ng/L) (ng/l) (ng/) (ng/L)

Al 12.9-13.7 7.0-15.4 107-119 98-126
Co 0.25-0.33 0.12-0.34 11.2-13.2 9.3-13.3
Cr 0.72-0.79 0.58-1.06 35.8-38.4 33.5-41.1
Cu 648-665 601-689 2294-2440 21952607
Fe, mg/L 345-362 342-356 334-360 337-349
Mg, mg/L 15.8-16.4 15.7-16.3 15.4-15.9 15.3-15.9
Mn 19.4-20.8 16.3-23.9 49.5-52.1 44.7-54.7
Mo 0.76-0.85 0.56-1.04 12.1-12.5 11.5-14.3
Se 69-81 35-115 395-413 377461
Zn 47584872 4552-5260 8920-9358 8573-10,819
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device (Open Science, Moscow, Russia). The device consists
of vertically installed transparent plastic cylinder (7.2 cm di-
ameter, 23 cm height), partially (2.5 cm) submerged into water
(room temperature) of the external vessel (31 cm diameter,
32.5 cm height). For more details on the test and experimental
setup, please, see e.g. [26]. In brief, an animal is pulled down
into the inner cylinder held by the upper body part. After
placing into the water, at first, the animal attempts to hop up
to escape. However, the inner cylinder is high enough to pre-
vent jumping away. After a certain time, which is a test result,
the animal may realize to dive out from the cylinder, thus
escaping. In our study, time of observation was limited to
2 min; otherwise, the animal was considered to fail the task.
A trained observer manually recorded an amount of hops and
the time before the escape.

Passive Avoidance Test

A conditional reflex of avoidance with negative pain rein-
forcement was evaluated by the PACS-30 Expansion device
(Columbus Instruments, Columbus, OH, US) with automated
infrared recorders. Compartments dimensions were 23 x 24 x

24 cm; the illuminated compartment was equipped with a 10-
Lux light source. Compartments were connected by a 8 X 6.5-
cm automated door. For training, an animal was placed in
illuminated chamber; when it moved to the dark compartment,
the door was automatically closed and the animal received
electrical stimulation (1 mA) for 3 s. The animals, which did
not move to the dark compartment after 2 min of the training
session, were excluded from the experiment. After the train-
ing, the following indicators were assessed: latent period of
entering the cell, time spent in the light compartment, and time
spent in the dark compartment. The indicators were evaluated
after 2 and 24 h post training. Each animal passed the test once
after 2 and 24 h.

Morphological Studies

For a morphological study, samples of the liver tissue, kid-
neys, and brain were excised using sterile surgical tools the
next day after the behavioral tests (2 days after the last AICI;
administration). For the brain, hippocampus, white matter, and
cerebral cortex were studied. After the decapitation, a whole
rat brain was frozen under — 80 °C. One half of the total brain
was provided for morphological studies, whereas the second
part was homogenized for elemental analysis. Morphological
studies were performed by a pathologist blind to the treatment
of the animals according to the standardized protocol [27]. In
brief, immediately after the sampling, 7-mm-thick samples
were defatted in water-ethanol mixture of increasing alcohol
concentration, treated with chloroform using Tissue-Tek VIP
6 device (Sakura Finetek Europe, Alphen an den Rijn,
Netherlands) and paraffinized. After slicing into 5—7 pum

sections with a microtome Leica RM2235 (Leica
Biosystems, Wetzlar, Germany) and de-paraffinization, the
samples were stained with hematoxylin and eosin (both from
Sigma-Aldrich, St. Louis, MO, USA) using a Tissue-Tek de-
vice Prisma (Sakura Finetek Europe, Alphen aan den Rijn, the
Netherlands). The stained sections were studied using Leica
DM 1000 light microscope (Leica Microsystems, Wetzlar,
Germany).

Statistics

To process the data on trace elements blood and tissue accu-
mulation and to assess the variance between the treatment and
control groups, standard parametric statistics were employed.
The normality of the distributions was checked using the
Shapiro-Wilk test. For behavioral tests, the differences were
assessed using one-way ANOVA. Linear correlations were
calculated in accordance with the Pearson’s formula. For the
calculations, Microsoft Excel 2010 (Microsoft, Redmond,
WA, USA) and Statistica 10 (Dell Software, Tulsa, OK,
USA) software packages were used. Confidence level below
0.05 was considered as statistically significant.

Results
Condition of the Animals

Throughout the experiment, there was no significant dif-
ference between the groups in the dynamics of body
weight gain, consumption of food and water and visually
monitored behavior. The results of the weekly veterinary
examination did not reveal any serious disorders—diar-
rhea, seizures, excessive psychomotor agitation, etc. for
all experimental groups.

Morphological Study

Figure 1 shows hematoxylin and eosin stained samples of the
white matter (Fig. la, b), cerebral cortex (Fig. lc, d), and
hippocampus (Fig. le, f). The corresponding images of the
liver (Fig. Sla, b) and kidney (Fig. Slc, d) tissue are showed
in the supplementary information (Fig. S1). The choice of the
brain structure was made owing to their functions and reported
alterations in senile dementia.

Behavioral Tests

Among the conducted behavioral tests (open field, grip
strength, extrapolation escape, and conditional reaction of pas-
sive avoidance), the differences between the treatment and
control groups were significant only for the open field test.
The results of the open field test are presented in Table 3.
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Fig. 1 Histology samples
(hematoxylin-eosin staining) of
rat brain tissue after 30 days of per
oral Al exposure. a, ¢, e White
matter, cerebral cortex, and hip-
pocampus of the treatment group,
respectively. b, d, f White matter,
cerebral cortex, and hippocampus
of control group, respectively.
Observed minute changes: com-
mercial at—light expansion of
perivascular space; number
sign—a group of single dark
neurons; percent—neurons under
functional stress

Interestingly, the significant increase of the locomotor activity
compared to the control was observed after 30 days only; at a
longer period of 90 days, the difference became insignificant.
The results of grip strength assessment, extrapolation escape,
and the passive avoidance test are presented in the supplemen-
tary information, Tables S1, S2, and S3, respectively.

Aluminum and Essential Element Quantification
in the Blood and Tissues

The results of Al and trace elements quantification in whole
blood are presented in Table 4. Notably, the increase in blood
and tissue Al did not affect the trace element status of the

Table 3 Open field test results
(n=10). The data are presented as
mean + standard deviation

Group 30 days 90 days
Treatment Control Treatment Control

Horizontal movement, number of acts 714 +£12.3% 38.1+10.3 225+6.7 17.0+£8.3
Vertical movement, number of acts 429 +£6.3% 24.1+6.0 199+44 134+52
Grooming, number of acts 40.7£8.3 21.6+6.5 18.1+4.6 11.8+2.7
Average distance (m) 3.87+0.72 1.99 + 0.62 1.23 +041 0.76 + 0.44
Average speed (cm/s) 3.20 +0.59* 1.63£0.51 3.80 +1.83 46.9 +£45.8
General motor activity, number of acts 114.3 +18.3* 62.2 +16.1 424+11.0 304 +13.0
Central motor activity, number of acts 19.6 £ 5.6* 720+2.14 6.70 +£3.15 370 +£2.34
Peripheral motor activity, number of acts 94.7+13.9 55.0+143 35.7+8.7 26.7+10.8

*Statistically significant difference with the corresponding control group (one-way ANOVA, p <0.05, n=10)
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Table 4 Al and trace elements

concentrations in whole blood of Element (units) Control D30 Treatment D30 Control D90 Treatment D90

the animals (n = 10). The data are

presented as mean (median) + Al (ug/L) 0.88 (0.80)+0.23 1.63* (1.47)+£0.37 0.99 (1.00)+0.19 2.76% (2.31)+1.07

standard deviation Mg (mg/L) 36.9(36.9)+1.8 383 (37.6)£2.1 380(38.1)+1.1 37.8(37.9)£22
Cr (ug/L) 6.4 (6.0)£1.9 6.3(5.7)+£2.0 6.7 (6.7)+1.7 6.2(5.8)+1.9
Mn (ug/L) 8.8 (9.0)+2.2 8.8(8.8)+22 8.6(18.9)+1.6 89(89)+23
Fe (mg/L) 282 (277)+ 15 287 (285)+20 286 (284)+20 282 (278)+19
Co (ug/L) 0.81(0.80)+0.18 0.80 (0.80)+0.21 0.82(0.80)+0.16 0.81 (0.80)+0.16
Cu (mg/L) 1.14 (1.12)+0.17 1.15(1.12)+0.16 1.19 (1.21)+0.12 1.16 (1.09)+0.13
Mo (ug/L) 13.6 (13.1)+2.9 13.9 (13.6)+2.9 14.1 (14.2)+2 13.7(13.4)+25
Se (mg/L) 0.94 (0.87)+0.19 0.95(0.90)+0.19 0.97 (0.92)+0.16 0.98 (0.96)+0.17
Zn (mg/L) 6.5(6.5)£0.6 6.4 (6.1)+0.8 6.5(6.5)£0.5 6.4(62)+0.7

*Statistically significant difference between the treatment and control groups (¢ test, p <0.05, n=10)

animals for both observation periods. Since no difference was
observed for the essential trace elements in the blood, only Al
was later quantified in the organs and tissue. The results are
shown in Table 5.

Significant increase in Al concentration in the organs and
tissues for the treatment group was clearly observed after
30 days of exposure and continued to steadily increase by
the third month. As for the control group, Al content of the
organs remained unchanged, in spite of a noticeable weight
gain in the animals. Also, to evaluate the effect of Al exposure
on the metal homeostasis, Pearson’s linear correlation coeffi-
cients between individual blood Al level and the concentra-
tions of essential trace elements have been calculated
(Table 6). Figure 2 represents the correlations between Al
level in the blood and in the brain of individual animals for
30-day (Fig. 2a) and 90-day (Fig. 2b) treatment groups.

Discussion

Aluminum accumulation in the brain during the 3-month ex-
posure period showed direct dose-dependent trend. Similar
trends were observed for other studied compartments—Iliver,
kidney, and whole blood. Thus, Al transport into the brain
seems to be associated with a non-facilitated diffusion through
the blood-brain barrier, mainly [28]. In comparison with
heavy metals (thallium, mercury, lead, cadmium, etc.) and
metalloids (arsenic and selenium), Al does not tend to form
strong bonds with proteins [29-31]. However, it exhibits its
toxic effect via the substitution of calcium at specific binding

sites in proteins such as calmodulin and protein kinase C
[32]. Aluminum has relatively high background level in
the body, and its toxicity profile is really distinct amongst
inorganic substances with virtual absence of acute toxicity
[1]. Therefore, the studies of Al biochemical pathways
and health outcomes are somewhat complicated. The ab-
sence of acute toxic effect may be partially reflected in
our findings. The sub-chronic Al exposure had practically
no effect on transport and metabolism of trace elements
(Table 4). Additionally, the neurodegenerative effects,
modeled by Al, were already shown not to affect selenium
content in the body [33, 34]. This is also consistent with
the data obtained.

As it was already mentioned, we chose the brain structures,
which may be primarily affected by Al. The hippocampus is
responsible for consolidating the memory, but in our case, it
stays intact under 30-day treatment (Fig. le, f). Also the
axons, which constitute the white matter, are being damaged
in dementia [35] and, in our case, they also remain clear after
Al administration (Fig. 1a, b). Under the development of Al-
induced dementia, the gray matter was shown to accumulate a
considerably larger amount of Al than the white matter [36].
Although the gray matter contained a large number of
demyelinated axons, the main compartments of aluminum
accumulation were the vascular-epithelial (choroid) plexus
and auxiliary contractures of the blood-brain barrier, as well
as the oligodendrocytes [37]. Nevertheless, the morphological
studies also did not detect any significant changes in the cere-
bral cortex tissues of the animals (Fig. 1c, d). Thus, we cannot
state that Al exposure under the doses and exposure periods

Table 5 Aluminum content in

Treatment D30 Control D90 Treatment D90

animal organs, pg/g (n=10). The Tissue Control D30

data are presented as mean '

(median) + standard deviation Liver 0.32(0.32)+£0.09
Kidney 0.50 (0.49)+0.13
Brain 0.30 (0.28)+0.08

0.54% (0.55)+0.09
0.80% (0.85)+0.13
0.45 (0.40)+0.11

0.33 (0.35)+0.08
0.49 (0.48) +0.15
0.34 (0.33)£0.05

0.74* (0.71)£0.10
1.14* (1.12) £0.26
0.76* (0.76) £0.14

*Statistically significant difference between the treatment and control groups (# test, p < 0.05, n = 10)
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Table 6  Statistically significant correlations of Al content in the blood
with its content in the organs and concentrations of the essential trace
elements in the blood

Element Control D30 Treatment D30 Control D90 Treatment D90

employed caused a clear neurodegeneration process, causing,
however, certain behavioral alterations.

Previously, the accumulation of Al was shown to cause a
wide range of morphological changes and functional disor-
ders in the brain, related to disturbances in the membrane

Ll.ver 046 0.03 065 - 060 structure and enzymatic activity. For example, for intragastric
Kidney —0.34 -0.72 0.25 -0.26 .. . .
administration of 100 mg/kg per day of AICI; (equivalent to
Brain —0.08 0.87 —0.80 -0.37 20 .
mg/kg per day of Al) for 2 months, a spectrum of various
Fe —044 —0:80 =053 - 069 morphological changes was reported in the brain of rats: a
Co - 040 0.72 —062 0.05 disruption of the homogeneity of nuclear membranes in the
Zn 0.66 -0.40 -0.12 -0.42 : : : :
cortex, impaired structure of cerebellar dendrites and synaptic
bends, and altered dopamine, acetylcholine, and serotonin
neurotransmission in cerebrum and cerebellum [38]. Under
Fig. 2 Linear correlations a
between blood and brain Al level 0601
for individual animals: a Thirty- ¢
day treatment group (treatment
D30). b Ninety-day treatment 0551
group (treatment D90)
0.50 A
K
g 0.45 4 y =0.255x + 0.021
_ R2=0.874
E: 0.40
s
1]
0.35 1
[ ]
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0.25 T T T T T T ]
1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40
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intraperitoneal administration of a similar dose, a strong dis-
ruption of the neuronal structure and nuclear membranes was
observed in the hippocampus [18]. Also, similar impairments
were observed in rats after the 6 month exposure to lower doses of
Al (520 mg/kg per day), supplied via drinking water [39]. The
deleterious effect was the most pronounced in the hippocampus,
where spongiform lesions of a pyramidal neuron layer were ob-
served. In addition to the damage in the pyramidal system, the
formation of neurofibrillary tangles (NFT) of the tau-protein, sim-
ilarly to these under the dementia of Alzheimer’s type, was also
reported [40]. Interestingly, no NFT formation was observed un-
der the exposure to higher doses of Al over shorter periods [37,
41]. So, accounting for the low bioavailability of Al in the gastro-
intestinal tract, it may be assumed that Al absorption in the brain is
limited by its transport via the blood-brain barrier. Nevertheless, in
the current study, optical microscopy did not reveal any signifi-
cant morphological changes between the treatment and control
groups (Fig. 1). So, in further studies, longer exposure terms and
the use of electron microscopy seem necessary.

In the first month, linear increase of Al content in the brain
relative to the Al blood level was observed. Notably, by the third
month, this trend has disappeared. The open field test demonstrat-
ed similar dynamics: an increase in locomotor activity of animals
after 30 days of experiment disappeared for a longer period. It is
tempting to assume that these observations may be interconnect-
ed. Although more insight is required to support this notion,
similar findings were reported for the intragastric daily adminis-
tration of Al (10 mg/kg per day) with an addition of 0.2 g/kg per
day of ethanol [42]. After 4 weeks, there were differences be-
tween the experimental and control groups in reducing the motor
and exploration activity of the animals receiving Al

From the available published data, it is quite obvious that
the form of Al intake drastically changes the effects induced
[28, 43, 44]. For instance, a single intramuscular injection of
aluminum oxyhydroxide, a widely distributed vaccine adju-
vant, at a dose 0.2 mg/kg Al, led to the accumulation of Al in
the brain and neurotoxic effects were observed even after
180 days [45]. Interestingly, the authors reported that under
higher doses (0.4 and 0.8 mg/kg), there were no changes in
animal activity or cognitive deficits. Similarly to our study, the
difference was found only for the open field test, whereas for
elevated O-maze, novel object recognition test, wire-mesh
hang test, accelerating rotarod, hot plate test, and tail suspen-
sion test, no changes between treatment and control groups
were observed. Also, as in our case, the open field test changes
were expressed in increased motor activity. Therefore, sim-
ilar trends in the development of Al neurotoxicity may be
assumed. Considering that Al is increasing the permeabil-
ity of the neural barrier [46], the causation of the differ-
ences for lower and higher Al doses may be related to the
rate of Al delivery to the blood-brain barrier. Also, for
aluminum oxyhydroxide, the data on long-term excretion
kinetics in rabbits were reported [47]. Three maxima of Al

concentration in the blood after a single intramuscular in-
jection were indicated: after 10 h, 4 days, and 17 days.
Also, the authors studied the excretion of Al in urine, dem-
onstrating a linear increase in Al urine concentration even
30 days after the exposure [47].

On the other hand, there was an evidence of a significant
decrease in the activity of animals under intraperitoneal ad-
ministration of higher doses of AICI; (50-200 mg/kg per day)
[18]. Since significantly higher doses and another route of
administration were used, these data are quite complicated to
be compared with other studies; however, it may be assumed
that for lower doses, like in our study, such outcomes would
be observed under longer observation period.

Although the brain and blood Al concentrations showed a
linear growth between the controls, D30, and D90 groups, the
observed significant increase in animal activity (Table 3)
seems consistent with the results of elemental analysis
(Table 4), if the correlations between the blood and brain Al
levels are taken into account (Fig. 2). Correlation analysis is
commonly used tool for elemental analysis data interpretation
[24, 48, 49]. Since transporting and metabolic pathways of
trace elements in the body are quite complicated, in some
cases, correlation analysis allows for revealing additional in-
formation, concerning trace element metabolism and exposure
biomarkers. For the blood and brain Al level (Fig. 2), clear
change in relation of Al content for D30 (Fig. 2a) and D90
(Fig. 2b) treatment groups could be seen (correlation change
from highly positive values to slightly negative ones). At the
same time, immediate Al content showed only continuous
time-dependent relation. This might indicate the change in
Al transport via the neural barrier, probably, related to the
adaptation of the animals to constant Al exposure by the third
month or to the saturation of Al transport into the brain.
Certainly, more insight is required to support these hypothe-
ses. As for essential trace element status of the animals, al-
though any alterations in the elemental concentrations were
absent throughout the experiment, the correlations between Al
concentration and concentration of the trace elements in
blood, as well as the correlations between Al content in the
tissues, were observed at both observation periods (Table 6).
In particular, an increase of Al level in the blood altered the
nature of the correlations between Al concentration and these
of other metals such as zinc and cobalt. Cobalt is known to act
as a potent pro-oxidant, actively generating reactive oxygen
species (ROS) [50] and also affecting the transport structures
responsible for the influx of calcium ions [51]. Additionally,
cobalt was considered to participate in the Alzheimer’s disease
pathology [34]. Accordingly, the increase in the blood cobalt
level, accompanying the increase in Al, might be one of the
reasons for the development of oxidative stress under Al ex-
posure. A noticeable manifestation of this trend in case of
cobalt is probably associated with its significantly lower con-
tent in the body, compared with the main redox-active
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metals—iron, copper, and manganese [52, 53]. Accordingly, it
may be assumed that for iron, copper, and manganese, the
effect of Al, at the dosages and observation periods employed,
could not be visible, owing to their high background levels in
the body. As for zinc, a change in its homeostasis may also
contribute to the pro-oxidation, owing to the well-known an-
tagonism between zinc and copper [54].

Interestingly, the difference in the correlations between Al
and trace elements was observed not only for the correspond-
ing “treatment-control” pairs, but also for the pair “treatment
D30-treatment D90 (Fig. 2). This observation was consistent
with the theories, linking age-related changes with alterations
in trace element homeostasis [55]. When considering neuro-
degenerative diseases, aging seems to be not a causation for
the development itself, rather than a necessary time factor for
their manifestation [56]. Noteworthy, with the flow of time,
the absorption of Al increases [57]. In our case, with the ad-
ministration of relatively high doses of Al, the time factor
probably affects, first of all, the delayed excretion of Al [40].
Under longer periods of exposure to Al, other mechanisms of
neurodegeneration may manifest themselves. For instance,
neurofibrillary plaques, characteristic for Al-induced demen-
tia, contain a nucleus, enriched with aluminum and silicon
[58]. That distinguishes those lesions from the plaques in
Alzheimer’s disease, which may not contain Al [59].

Finally, it should be stressed that the main limitation of this
study is associated with rather short observation period
(90 days) and a use of outbreed stock. This does not allow
for assessing the pathology of longer-term changes in the body
and brain of the animals, associated with the exposure to AL
Additionally, young animals were used in the study, owing to
the complexity to evaluate the behavior patterns of older ro-
dents, which are often prone to obesity, especially if kept
under ad libitum access to laboratory chow. Finally, the ab-
sence of the data on aluminum distribution in different brain
regions may also be considered as a limitation. However, this
is planned to be studied further as well as aluminum protein
binding and its influence on the gene expression in the brain.
Thus, the current results cannot be directly connected with the
potential role of Al in the etiology of senile dementia of the
Alzheimer’s type in humans. Nevertheless, we consider that
our results may be helpful for future studies on Al neurotox-
icity and for designing more optimal neurodegeneration
models using Al This study demonstrated the importance of
Al accumulation and distribution into biological tissues, rather
than only total Al level.

Conclusion
Although the amount of data, obtained in this study, is rather

limited, it may be concluded that the use of Al for the model-
ing of neurodegenerative disorders should be accompanied

@ Springer

with the study of the kinetic parameters of a chosen adminis-
tration route. The presence of local extrema in the behavioral
impairment was not that much consistent with the Al concen-
tration itself rather than with the trends of Al accumulation
and distribution into biological tissues. Thus, experimental
outcomes on Al toxicity seem very sensitive to factors such
as dosage, route of exposure, chemical speciation, and obser-
vation period. In certain cases, even direct dose-dependency
cannot be traced. So, the data from different studies should be
treated with extreme care. The effect of long-term absorption
and excretion kinetics of Al on the ion transport, enzymatic
systems, and blood-brain barrier permeability requires evalu-
ating the rate of Al transport into the brain rather than its total
concentration in the body compartments. Correspondingly, to
ensure study representativeness, the use of Al toxicity as
models for neurodegenerative disorders requires exposure
terms and sampling protocol optimization.
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