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Abstract Aluminum (Al) is a significant environmental
contaminant. While a good deal of research has been
conducted on the acute neurotoxic effects of Al, little is
known about the effects of longer-term exposure at human
dietary Al levels. Therefore, the purpose of this study was
to investigate the effects of 60-day Al exposure at low
doses for comparison with a model of exposure known to
produce neurotoxicity in rats. Three-month-old male Wis-
tar rats were divided into two major groups: (1) low alu-
minum levels, and (2) a high aluminum level. Group 1 rats
were treated orally by drinking water for 60 days as fol-
lows: (a) control—received ultrapure drinking water;
(b) aluminum at 1.5 mg/kg b.w., and (c) aluminum at
8.3 mg/kg b.w. Group 2 rats were treated through oral
gavages for 42 days as follows: (a) control—received
ultrapure water; (b) aluminum at 100 mg/kg b.w. We
analyzed cognitive parameters, biomarkers of oxidative
stress and acetylcholinesterase (AChE) activity in hip-
pocampus and prefrontal cortex. Al treatment even at low
doses promoted recognition memory impairment seen in
object recognition memory testing. Moreover, Al increased
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hippocampal reactive oxygen species and lipid peroxida-
tion, reduced antioxidant capacity, and decreased AChE
activity. Our data demonstrate that 60-day subchronic
exposure to low doses of Al from feed and added to the
water, which reflect human dietary Al intake, reaches a
threshold sufficient to promote memory impairment and
neurotoxicity. The elevation of oxidative stress and
cholinergic dysfunction highlight pathways of toxic actions
for this metal.

Keywords Aluminum - Cognitive dysfunction -
Cholinergic dysfunction - Oxidative stress

Introduction

Aluminum (Al), a metal which accounts for about 8 % of
the earths crust, is currently a significant environmental
contaminant (Exley 2012). Industrialized societies, the
burning of fossil fuels, and the versatile properties of Al
compounds have all contributed to increased biological
availability of this nonessential metal (Exley 2013).

Oral uptake is an important route by which humans are
exposed to Al. Al salts are added to commercially prepared
foods for numerous reasons, such as food coloring, as
anticaking agents, for pH adjusting, as emulsifiers, as a
stabilizing agent, to thicken gravies and sauces, as meat-
binders, as a rising agent, for pickling vegetables and
candying fruits, as buffers, and as neutralizing agents. Al is
also added to urban water supplies and some bottled waters
as a clarifying agent (Walton 2014). Nondietary sources of
Al include vaccines, where Al salts are used as adjuvants to
promote immune activation, and some topical applications,
such as sunscreens and deodorants. Considerable amounts
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of Al are also contained in buffered aspirins and antacids
(Bondy 2015).

The Joint FAO/WHO Expert Committee on Food
Additives (Food and Agriculture Organization of the Uni-
ted Nations/World Health Organization) adjusted a tolera-
ble weekly intake of Al for humans to 1 mg Al/Kg body
weight (b.w.) (FAO/WHO 2007), which is routinely
exceeded by humans. Greger (1993) estimates that Amer-
icans consume from 1 to 95 mg/Al/day in the form of Al
additives and up to 10 mg/Al/day from natural sources.
Moreover, the use of pharmaceutical elements containing
Al considerably increases the human Al exposure. Antacids
may provide doses of 50-1000 mg/day (Reinke et al.
2003).

The rate of Al absorption of the gastrointestinal tract is
around 0.2 % (Priest et al. 1998). Upon reaching the
blood, most of the metal is bound to transferrin which
facilitates Al transport across the blood-brain barrier and
into neurons and glia bearing transferrin receptors (Ros-
kams and Connor 1990; Shirley and Lote 2005). Al can
accumulate in different brain regions and its neurotoxicity
has been demonstrated in cell culture, animal models, and
humans (Bondy 2015; Walton 2014). Al accumulation in
neurons has been related to learning and memory
impairments, as well as motor incoordination and
decrease in locomotor activity (Kasbe et al. 2015; Lak-
shmi et al. 2015). Altered cholinergic functions in pups
and adulthood have also been reported (Ravi et al. 2000;
Yellamma et al. 2010). Most Al studies have entailed
doses of Al higher than the ones commonly found among
human populations. However, human studies suggest that
Al is a potential contributor to the onset, progression, or
aggressiveness of neurodegenerative diseases (Walton
2014; Bondy 2015). Most epidemiological studies have
shown a positive relationship between Al exposure from
drinking water or occupational exposure and Alzheimer
Disease (AD) (Wang et al. 2016; Walton 2014; Flaten
2001). Moreover, AD patients showed an increasing Al
concentration in cerebral arteries that supply blood to the
hippocampus (Bhattacharjee et al. 2013). Experimental
evidence has also shown that Al can cause neurochemical
and neuropathological changes as observed in AD patients
(Walton 2014). However, there are still many inconsis-
tencies in the epidemiological and toxicological data
concerning Al and neurodegenerative diseases (Chin-Chan
et al. 2015).

The full scale of mechanisms underlying Al neurotoxi-
city remains to be elucidated. For instance, AI’" is a pro-
oxidant acting on its own by binding to superoxide ion and
promoting the formation of an aluminum superoxide radi-
cal ion, a species which is potentially more reactive than
the superoxide radical (Exley 2004). The pro-oxidant
activity of Al might also be explained by its synergistic

action with iron promoting the Fenton reaction by reducing
Fe(II) to Fe(Il) (Ruipérez et al. 2012).

While a good deal of research has been conducted on the
neurotoxic effects of Al, little is known about the effects of
long-term exposure at human dietary Al levels. Moreover,
with Al being a widespread environmental contaminant, it
is crucial to explore the human Al intake threshold suffi-
cient to promote adverse effects. Therefore, the purpose of
this study was to investigate the effects of a 60-day Al
exposure at low doses similar to human dietary levels on
long-term object recognition memory, prefrontal cortex,
and hippocampal reactive oxygen species levels, lipid
peroxidation, total antioxidant capacity, and then compare
these results with a model of exposure known to produce
neurotoxicity in rats.

Materials and Methods
Animals

Three-month-old male Wistar rats (252-300 g) were
obtained from the Central Animal Laboratory of the Fed-
eral University of Santa Maria, Rio Grande do Sul, Brazil.
During treatment, rats were housed at a constant room
temperature, humidity, and light cycle (12:12 h light-
dark), giving free access to water and fed with a standard
chow ad libitum. All experiments were conducted in
compliance with the guidelines for biomedical research
stated by the Brazilian Societies of Experimental Biology
and approved by the Ethics Committee on Animal Use
Experimentation of the Federal University of Pampa,
Uruguaiana, Rio Grande do Sul, Brazil (Process Number:
028/2014).

Rats were divided into two major groups: (1) low alu-
minum levels, and (2) high aluminum level. For group 1,
low aluminum levels, 18 rats were subdivided (N = 6/
each) and treated for 60 days as follows: (a) control—re-
ceived ultrapure drinking water (Milli-Q, Merck Millipore
Corporation. © 2012 EMD Millipore, Billerica, MA,
USA); (b) aluminum at 1.5 mg/kg b.w./day based on
human dietary levels according to a published protocol
described by Walton (2007), at the reduced Al exposure for
60 days, and (c) aluminum at 8.3 mg/kg b.w./day, which
corresponds to the same human dietary aluminum levels
(1.5 mg/kg b.w.) when translated to an animal dose, based
on a body surface area normalization method (Reagan-
Shaw et al. 2008). For group 2, high aluminum level, 12
rats were subdivided (N = 6/each) and treated for 42 days
as follows: (a) control—received ultrapure water through
oral gavages; (b) aluminum at 100 mg/kg b.w./day, a
protocol known to promote cognitive impairment in rats
(Prakash and Kumar 2009).
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Rat body weights were measured weekly. After 60 or
42 days of treatment, the animals were submitted to
behavioral tests, as follows: control behavioral experiments
(open field, plus maze, and hot plate (day 01) and object
recognition test (days 02-06). At the end of the treatments
and tests, animals were euthanized by decapitation, the
brain was removed, and bilateral hippocampi and pre-
frontal cortex were quickly dissected out and homogenized
in 50 mM Tris HCI, pH 7.4, (1/10, w/v). Afterward, sam-
ples were centrifuged at 2400g for 10 min at 4 °C and the
resulting supernatant fraction was frozen at —80 °C for
further assay. These brain structures were investigated
because of their importance for consolidation of object
recognition memory. They also seem to be a target for Al
deposition in AD patients (Izquierdo and Medina 1997,
Andrasi et al. 2005; Rusina et al. 2011).

AlCl3- 6 H,O was purchased from Sigma-Aldrich (St
Louis, MO, USA) and dissolved in ultrapure water (Milli-Q
© 2012 EMD Millipore, Billerica, MA). Salts and reagents
were of analytical grade obtained from Sigma and Merck
(Darmstadt, Germany).

Aluminum Content in the Rats’ Feed

The Al content of rat chow was determined using an
established method (House et al. 2012). Briefly, approxi-
mately 0.2 g of chow was digested in a 1:1 mixture of
15.8 M HNO;3 and 30 % w/v H,O, in a microwave oven,
and the Al content of digests was measured by TH GFAAS
(Transversely Heated Graphite Furnace Atomic Absorption
Spectrometry).

Behavioral Testing
Open Field, Plus Maze, and Hot Plate

Exploratory and locomotor activities were analyzed to test
whether any of the procedures impaired the rat behaviors,
altering the memory tests results. Each rat was placed in
the left quadrant of a 50 cm x 50 cm x 39 cm open field
made with wood painted white, with a frontal glass wall.
Black lines were drawn on the floor to divide it into 12
equal quadrants. Crossing and rearing, as measures for
locomotor activity and exploration, respectively, were
measured over 5 min (Bonini et al. 2006). To evaluate
thereby anxiety state, rats were exposed to an elevated plus
maze (Pellow et al. 1985). The maze had a central platform
(5 x 5 cm), two open arms (50 cm long x 10 cm wide,
with 0.5-cm-high borders), and two enclosed arms (50 cm
deep x 10 cm wide, with 10-cm-high walls), elevated
50 cm above the ground. An animal was placed in the
center of the apparatus facing the open arm and its loco-
motion was monitored by infrared sensors for 5 min. The
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time spent in the open arms was recorded. The pain
threshold was measured using a hot plate test (Jacob et al.
1974) to ensure that treatment did not impair nociception.
In the hot plate test, the animal is placed on the metal plate
heated to 55 °C surrounded by a glass cylinder
(13 x 17 cm). The latency (in seconds) of the hind paw-
licking or jumping was measured. A cut-off time of 45 s
was applied. Data from these tests were compared between
the groups to ensure all rats presented any impairment in
behavior that could affect the variables of interest in our
study (i.e., memory measurements).

Object Recognition Memory Test

Chronic Al intake has been related with AD-related
symptoms and disruption of object recognition as one of
the earliest signs of AD (Walton 2014); thus, we proposed
to investigate object recognition memory. After the treat-
ments were completed, training and testing for the object
recognition (OR) task were performed in an open-field
arena (50 cm x 50 cm x 50 cm) built with polyvinyl
chloride plastic, plywood, and transparent acrylic (En-
naceur and Delacour 1988; Mello-Carpes and Izquierdo
2013). Rats were first habituated to the apparatus during
20 min of free exploration for 4 consecutive days. For
training, two different objects (a and b) were placed in the
apparatus, and rats were allowed to freely explore the
objects for 5 min. The objects were made of metal, glass,
or glazed ceramic. Exploration was defined as sniffing or
touching the objects with the nose and/or forepaws. Sitting
on or turning around the objects were not considered as
exploratory behaviors. A video camera was positioned over
the OR arena, and the behavior was recorded using a video
tracking system for offline analyses. After 24 h, in the test
phase, one of the objects was randomly exchanged for a
novel object (c), and the rats were reintroduced into the
apparatus to freely explore the objects (familiar and new
ones) for 5 min. To avoid confounding by lingering
olfactory stimuli and preferences, the objects and the arena
were cleaned with 70 % ethanol after each animal was
tested. The time spent exploring the familiar and the novel
object was recorded.

Biochemical Assay
Reactive Oxygen Species Levels

The levels of ROS in hippocampus and prefrontal cortex
were determined by a spectrofluorometric method, as
described by Loetchutinat et al. (2005). The supernatant
fraction of the sample was diluted (1:10) in 50 mM Tris—
Hcl (pH 7.4), and 2', 7'-dichlorofluorescein diacetate
(DCFH-DA; 1 mM) was added to the medium. DCFH-DA
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is enzymatically hydrolyzed by intracellular esterases to
form nonfluorescent DCFH, which is then rapidly oxidized
to form highly fluorescent 3,7-dichlorofluorescein (DCF) in
the presence of ROS. DCF fluorescence intensity is pro-
portional to the amount of ROS that is formed. The DCF
fluorescence intensity emission was recorded at 520 nm
(with 480 nm excitation) (SpectraMax M5 Molecular
Devices, CA, USA) for 60 min at 15 min intervals. The
ROS levels were expressed as fluorescence unit.

Lipid Peroxidation

The levels of lipid peroxidation in hippocampus and pre-
frontal cortex were measured as malondialdehyde (MDA)
using a colorimetric method, as previously described by
Ohkawa et al. (1979), with modifications. An aliquot of
each tissue was incubated with thiobarbituric acid 0.8 %
(TBA), phosphoric acid buffer 1 % (H3;PO,), and sodium
dodecyl sulfate 0.8 % (SDS) at 100 °C for 60 min. The
color reaction was measured at 532 nm against blanks
(SpectraMax M5 Molecular Devices, CA, USA). The
results were expressed as nanomoles of MDA per mg of
protein.

Ferric Reducing/Antioxidant Power (FRAP) Assay

The total antioxidant capacity was measured in hip-
pocampus and prefrontal cortex by FRAP assay (Benzie
and Strain 1996). This method is based on the ability of
sample to decrease ferric ion (Fe>™) to ferrous ion (Fe*™)
which forms with 2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ)
the chelate complex Fe™>TPTZ. Briefly, 10 uL of the
supernatant fraction of each tissue was added to 1 mL
freshly prepared and prewarmed (37 °C) FRAP reagent
(300 mM acetate buffer (pH 3.6), 10 mM TPTZ in 40 mM
HCI, and 20 mM FeCl; in the ratio of 10:1:1) in a test tube
and incubated at 37°C for 10 min. The absorbance of the
blue-colored complex was read against a blank reagent
(1 mL FRAP reagent + 10 pL distilled water) at 593 nm
(SpectraMax M5 Molecular Devices, CA, USA). A stan-
dard dose-response curve of Trolox (50-1000 pM—water
soluble analog of vitamin E) was prepared, and the FRAP
assay is described. Results are presented with particular
reference to Trolox equivalents.

Acetylcholinesterase (AChE) Activity

AChE is a marker of the loss of cholinergic neurons in the
forebrain. The AChE activity was assessed by the Ellman
et al. (1961). The reaction mixture was composed of
100 mM phosphate buffer pH (7.4) and 1 mM 5,5'-
dithiobis-2-nitrobenzoic acid (DTNB). The method is
based on the formation of a yellow anion, 4,4’-dithio-bis-

acid nitrobenzoic after adding 0.8 mM acetylthiocholine
iodide. The change in absorbance was measured for 2 min
at 30 s intervals at 412 nm (SpectraMax M5 Molecular
Devices, CA, USA). Results were expressed as micromoles
of acetylthiocholine iodide hydrolyzed/min/mg of protein.
Proteins were measured according to Bradford (1976)
using bovine serum albumin as a standard.

Statistical Analysis

Data are expressed as mean == SEM. The OR task results
were converted to a percentage of total exploration time
and were analyzed using a one-sample ¢ test based on a
theoretical mean of 50 %. Additional data of group 1 were
analyzed by ANOVA followed by Bonferroni post hoc
tests when appropriate. Data of group 2 were analyzed by
Students ¢ test. Values of p < 0.05 were considered sig-
nificant and the significance level is indicated by asterisk
(*p < 0.05; **p < 0.01; ***p < 0.001).

Results

Animal Weight, Fluid and Feed Intakes, and Al
Content in the Rats’ Feed

Individual weights of rats were similar between groups at
the start and end of interventions. Water and feed intakes
were also similar between the groups (Table 1).

The total Al content in rats’ feed was 86.03 £ 4.76 pg
Al/g/feed, which equated to a daily intake of Al from feed
of 1.88 mg/Al/rat.

Behavioral Results
Open Field, Plus Maze, and Hot Plate

Rats were exposed to an open-field arena, a plus maze, and
a hot plate after 42 or 60 days of treatment to verify
exploratory and locomotor activity, anxiety, and pain
threshold, respectively. Subchronic exposure to Al at dif-
ferent doses did not affect the number of crossings and
rearings during the 5-min long free exploration session in
the open field test (Table 2—open field). Similarly, AlICl;
had no effect on the time spent in the open arms during the
plus maze session (Table 2—plus maze) and in time
latency to reaction on the hot plate (Table 2—hot plate).

Object Recognition Memory Test
To investigate the effect of AICl; on object recognition

long-term memory (LTM) consolidation, group 1 rats were
treated for 60 days with Al at 1.5 or 8.3 mg/kg b.w./day
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Table 1 Daily feed and drink intakes between the groups lack significant difference (p > 0.05)

Feed/fluid intakes Group 1 Group 2
Control 1.5 mg Al/kg b.w./day 8.3 mg Al/kg b.w./day Control 100 mg Al/kg b.w./day
Feed intakes 21.63 £ 027 g 2334+ 024 g 21.98 £ 0.61 g 2117 £ 048 g 20.87 £ 043 g

Fluid intakes 36.17 £ 0.95 ml 3595 £ 0.37 ml

36.24 £ 0.67 ml

3234 £ 1.39 ml 32.97 £ 0.62 ml

Data are expressed as mean = SEM. p > 0.05 (ANOVA or Student’s ¢ test)

Table 2 Effect of subchronic aluminum exposure to low (group 1) and high (group 2) doses on exploratory and locomotor behavior (open field),

anxiety (elevated plus maze), and pain threshold (hot plate) in rats

Behavioral tasks Group 1 Group 2

Control 1.5 mg Al/kg 8.3 mg Al/kg Control 100 mg Al/kg

b.w./day b.w./day b.w./day
Open field
Crossings (n) 74.60 &£ 6.90 67.67 + 9.30 77.17 + 7.68 49.67 £ 7.64 58.33 £5.53
Rearing (n) 20.67 £ 2.02 17.50 £+ 2.23 21.50 + 1.36 19.33 £ 6.42 18.67 + 1.58
Elevated plus maze—time spent in open 21.26 £ 6.65 32.51 + 8.31 20.43 £+ 8.70 781 £275 1132 +434
arm (s)

Hot plate—latency (s) 7.83 £0.74 8.83 £ 0.40 9.16 &+ 0.54 7.50 £ 0.84  8.66 &+ 0.49

Data are expressed as mean & SEM. p > 0.05 (ANOVA or Student’s ¢ test)

and group 2 rats were exposed to Al at 100 mg/kg b.w./day
for 42 days, as the control rats treated with ultrapure water,
were trained in the OR learning task. All rats explored the
two new objects (a and b) for a similar percentage of the
total exploration time (about 50 % each, Fig. la, b) in the

training session. 24 h after training, in the LTM testing
session, control rats explored the novel object
A
100+
o) 3 Control
£ - mm Al 1.5 mg/kg
5 i T I 3 Al 8.3 mglkg
©
5 I - L [
%_ 50+ L1 Fkk ]
X
L
2 25-
X
0
ababab acacac
Training LTM Test
Group 1

Fig. 1 Effect of subchronic aluminum exposure to low (group 1) and
high (group 2) doses on object recognition memory at the conclusion
of the treatment periods. The two groups of rats were trained on the
OR task for 4 days and were tested 24 h later to evaluate their long-
term recognition memory (LTM) after 60 or 42 days of treatment for
groups 1 and 2, respectively. In the training session, the animals were
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(c) significantly more than 50 % of the total exploration
time (p = 0.0028 for control of group 1, Fig. 1a, LTM test;
p = 0.0001 for control of group 2, Fig. 1b, LTM test).
However, in all the Al-treated groups, animals spent about
50 % of the total exploration time exploring each object (a
and c), without differences between the time spent for
exploring the familiar (a) and the novel objects (c).

B
100+
® 1 Control
£ = Al 100 mg/kg
c 75+ Fkk
2 T
[0
5 h T 1
g- 50 *kk
°
< 25
®
0
a b a b a ¢ a ¢
Training LTM Test
Group 2

[Pt

exposed to objects “a” and “b.” In the test session, the rats were
exposed to a familiar object (a) and to a novel object (c). Data are
expressed as mean == SEM of the percentage of total exploration
time. ***p < 0.001 in one-sample t-test, considering a theoretical
mean of 50 % (N = 6)
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(p = 0.55 for Al 1.5 mg/kg and p = 0.76 for Al 8.3 mg/kg
of group 1, Fig. 1a, LTM test; p = 0.69 for Al 100 mg/kg
of group 2, Fig. 1b, LTM test).

Biochemical Results
Reactive Oxygen Species and Lipid Peroxidation Levels

Al treatment at different doses increased ROS levels in
hippocampus (p = 0.0251 for control vs. Al 1.5 mg/kg and
p = 0.0041 for control vs. Al 8.3 mg/kg, group 1, Fig. 2a;
p = 0.0241 for control vs. Al 100 mg/kg, group 2,
Fig. 2b). In prefrontal cortex, only Al at 8.3 mg/kg b.w.
increased ROS levels (p = 0.0054 for control vs. Al
8.3 mg/kg, group 1, Fig. 2c).

There was a significant increase on lipid peroxidation in
hippocampus of Al-treated rats at major doses when
compared with the controls groups (p = 0.0307 for control
vs. Al 8.3 mg/kg, group 1, Fig. 3a; p = 0.0002 for control
vs. Al 100 mg/kg, group 2, Fig. 3b) and no differences in

A Hippocampus
300-
200 . ——
L
=) 1
100
0_

Control Al 1.5 mg/kg Al 8.3 mg/kg

Group 1

C Prefrontal Cortex
1000-

*kk

s

800

600

-

400

200+

Control Al 1.5 mg/kg Al 8.3 mg/kg

Group 1

Fig. 2 Effect of subchronic aluminum exposure to low (group 1) and
high (group 2) doses on levels of reactive oxygen species (ROS).
Values of ROS on hippocampus (a, b) and prefrontal cortex (¢, d).

MDA levels after Al exposure at 1.5 mg/kg b.w. (Fig-
ure 3a). No alteration on prefrontal cortex lipid peroxida-
tion was observed in any group (Figs. 3c, d).

Total Antioxidant Capacity—Ferric Reducing/Antioxidant
Power (FRAP)

Al decreased the hippocampal total antioxidant capacity in
all exposed groups, even at low levels (p = 0.0193 for
control vs. Al 1.5 mg/kg and p = 0.0035 for control vs. Al
8.3 mg/kg, group 1, Fig. 4a; p = 0.0495 for control vs. Al
100 mg/kg, group 2, Fig. 4b). The antioxidant capacity of
prefrontal cortex was decreased only in rats exposed to
100 mg/kg b.w. Al for 42 days (p = 0.0339 for control vs.
Al 100 mg/kg, group 2, Fig. 4d).

Acetylcholinesterase (AChE) Activity

Aluminum exposure for 60 days at low levels or for
42 days at high levels decreased the enzymatic activity of

B Hippocampus
300-
200
[TH
>
100-
0_
Control Al 100 mg/kg
Group 2
D Prefrontal Cortex
800
600+ _|_
TR
S 400+
200
0_
Control Al 100 mg/kg
Group 2
Data are expressed as mean = SEM (N =6). *p <0.05,

*#%p < (0.001 (ANOVA followed by Bonferroni or Student’s ¢ test).
UF units of fluorescence
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Hippocampus

>

100+
£
[
3 80+ _l_*
(=%
> 60
5 1T
a 40+
=
g 204
c

0-
Control Al 1.5 mg/kg Al 8.3 mg/kg
Group 1

C Prefrontal Cortex

500
£
[
o
[=3
j=2]
S

250
3 T
= -
o
E -
(=

0-

T T T
Control Al 1.6 mg/kg Al 8.3 mg/kg

Group 1

Fig. 3 Effect of subchronic aluminum exposure to low (group 1) and
high (group 2) doses on lipid peroxidation measurements. Values of
MDA (malondialdehyde) on hippocampus (a, b) and prefrontal cortex

AChHE in hippocampus (p = 0.0116 for control vs. Al at
1.5 mg/kg and p = 0.0006 for control vs. Al at 8.3 mg/kg,
group 1, Fig. 5a; p = 0.0467 for control vs. Al at 100 mg/
kg, group 2, Fig. 5b). No change was observed in AChE
activity in prefrontal cortex of aluminum-treated rats
(Fig. 5c, d).

Discussion

Our study aimed to investigate if Al exposure at human
dietary levels could promote similar toxic effects found in a
model for neurotoxicity induced by Al. Our results suggest
that this metal reaches a threshold sufficient to promote
neurotoxicity even at low doses. Here, we show that rats
exposed to low doses of Al for 60 days could not recognize
familiar objects as control rats do; this memory impairment
was the same observed in rats treated with Al at a dose 66
times higher. This cognitive dysfunction in Al-treated rats
came together with a marked hippocampal oxidative stress
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Hippocampus

200-
f=} *k%k
5
© 150+
o
£
< 100+
g B— —
S 50+
£
f=

0_
Control Al 100 mg/kg
Group 2

D Prefrontal Cortex

150
£
[7)
S
g 100-
2
a
= 50+
°
£
f=

0_
Control Al 100 mg/kg
Group 2

(¢, d). Data are expressed as mean == SEM (n = 6). *p < 0.05,
*#%p < (0.001 (ANOVA followed by Bonferroni or Student’s ¢ test)

condition, with increased ROS production, lipid peroxida-
tion, and decreased antioxidant capacity, as well as
decreased AChE activity.

Human exposure to Al is practically inevitable and, due to
the omnipresence of this metal in our daily life, it is difficult
to maintain a “safe” Al intake level. The tolerable weekly
intake of Al for humans has been setat 1 mg Al/Kgb.w. dose
(FAO/World Health, Organization 2007), which is routinely
exceeded by humans. Total human Al intake is difficult to
determine due to its high bioavailability and ubiquity. Gre-
ger (1993) estimates that Americans consume 1-10 mg/
Al/day from fresh food. In addition, 50 % of Americans
consume up to 24 mg/day, 45 % between 24 and 95 mg, and
about 5 % ingest more than 95 mg/Al/day in the form of Al
additives. The above-mentioned study is one of the most
accurate, taking into account the Al amounts in manufac-
tured food. Moreover, the Al intake through the gastroin-
testinal tract can reach 126-5000 mg/day from ingested
pharmaceuticals, antacids in particular (Reinke et al. 2003;
Shaw and Tomljenovic 2013).
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A Hippocampus

80-
¢ 60+
S
S
2 40+ .

*kk

£ 20-
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Control Al 1.5 mg/kg Al 8.3 mg/kg

Group 1
C Prefrontal Cortex
200-
@ 150
3
]
: 100
<
& 504 T ——
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Control Al 1.5 mg/kg Al 8.3 mg/kg
Group 1

Fig. 4 Effect of subchronic aluminum exposure to low (group 1) and
high (group 2) doses on total antioxidant capacity. Values of ferric
reducing/antioxidant power (FRAP) on hippocampus (a, b) and

In our study, all rats including controls received
1.88 mg/Al/day from their standard feed; considering the
rats mean body weights of 300 g, this amount represents
6.26 mg/Al/kg/b.w./day from feed. For the experimental
groups, taking into account their mean body weights of
300 g, the total amount of Al exposure was for group 1,
low aluminum levels: (a) 1.5 mg/Al/kg b.w.—2.33 mg/
Al/day (0.45 mg/Al from water plus 1.88 mg/Al from
feed); (b) 8.3 mg/Al/kg b.w.—4.37 mg/Al/day (2.49 mg/Al
from water plus 1.88 mg/Al from feed), and for group 2,
high aluminum level: (c) 100 mg/Al/kg b.w-31.88 mg/
Al/day (30 mg/Al from gavage plus 1.88 mg/Al from
feed). Considering that all rats consumed approximately
the same amount of Al in their feed, the presence of Al in
their drinking water points to this additional Al via a dif-
ferent exposure route as a critical issue for achieving the
threshold responsible for the development of the behavioral
dysfunction in Al-treated rats.

Aluminum chloride (100 mg/kg/day, p.o., 6 weeks) is a
well-known model for dementia resulting in progressive

B Hippocampus
100-
§ 75-
o
> 504
o
= .
w254 i
0-
Control Al 100 mg/kg
Group 2
D Prefrontal Cortex
200+
@ 150+
=
o
= 100
% *
o
o -
0-
Control Al 100 mg/kg
Group 2

prefrontal cortex (¢, d). Data are expressed as mean = SEM (n = 6).
*p < 0.05, ***p <0.001 (ANOVA followed by Bonferroni or
Student’s ¢ test)

deterioration of spatial memory in Morris water maze
associated with oxidative damage and mitochondria
impairment (Prakash and Kumar 2009, 2013). Here, we
showed that this dose level of Al also promotes recognition
memory dysfunction and oxidative stress in rats. It was not
surprising, considering that this high dose of Al is usually
used as a dementia model (Prakash and Kumar 2009, 2013)
and previous studies demonstrated that it promotes cogni-
tive deficits (Kasbe et al. 2015; Lakshmi et al. 2015).
However, according to our best knowledge, the present
study has been the only one to evaluate the effects of
60-day low Al exposure, similar to human dietary Al
exposure, on memory. We developed the same behavioral
evaluations in rats exposed to low Al doses and, surpris-
ingly, the neurotoxicity effects are practically the same as
those induced by the 100 mg/kg/day dose level. Namely,
Al exposure for 60 days at 1.5 or 8.3 mg/kg/day in adult
life could cause recognition memory deficits in rats.
Walton (2009) developed a longitudinal study exposing
rats to Al at an equivalent-human dietary level. Rats treated
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Fig. 5 Effect of subchronic aluminum exposure to low (group 1) and
high (group 2) doses on acetylcholinesterase (AChE) activity. Values
of AChE activity on hippocampus (a, b) and prefrontal cortex (¢, d).

from 12 months of age until their deaths developed mem-
ory impairment and displayed AD-like behaviors during
old age. The present study found that Al at the same dose
used by Walton (1.5 mg/kg/day) but, for a much shorter
time, 60 days (approximating 70 months for humans or
6 years) (Everitt 1991), was sufficient to start the neuro-
toxicity process of this metal. Moreover, Al at 8.3 mg/
kg/day, the amount equivalent to human Al exposure
translated to the animal species used in this study, also
impairs memory consolidation.

The neurotoxicity mechanisms induced by Al require
intensive investigation. Oxidative stress seems to be one
possible pathway by which this nonessential metal acts
(Exley 2004). The brain, especially the hippocampus, is
very sensitive to oxidative stress, mainly by its low
antioxidant capacity and high level of lipid content (Kumar
and Gill 2014; Erfani et al. 2015). Our results show that Al
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exposure caused redox imbalance in the hippocampus, as
evident from an increase in ROS generation, independent
of the dose. Additionally, elevation of MDA levels and a
significant decline of total antioxidant capacity were
observed in response to Al exposure at all Al doses
investigated. On the other hand, in the prefrontal cortex,
only the intermediate Al dose investigated here (8.3 mg/kg
b.w.) increased ROS generation and only the high dose
(100 mg/kg/b.w.) impaired the total antioxidant capacity.
These results suggest that the specific toxic effects of this
metal are dependent on the contamination threshold that is
achieved, and the duration of exposure, but that a low dose
is able to promote hippocampal toxicity and memory
impairments.

Another way by which Al impairs memory is by its
interference with the cholinergic system (Ravi et al. 2000;
Yellamma et al. 2010). Our data reveal hippocampal
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dysfunction of AChE activity induced by Al at high and
low doses of exposure, without altering the prefrontal
cortex enzyme activity. AChE activity is a marker for loss
of cholinergic neurons, and memory dysfunction is asso-
ciated mainly with cholinergic neuron loss in several
regions of the brain (Whitehouse et al. 1982; Fraser and
MacVicar 1996). The current study shows that the AlICI;
exposure, even at low doses, decreases the activity of
AChE in rat hippocampus. However, the available litera-
ture has shown that Al exposure can both stimulate and
inhibit enzymatic function (Prakash and Kumar 2009;
Lakshmi et al. 2015; Noremberg et al. 2016). Al has been
shown to produce a biphasic effect on AChE, stimulating
AChE at low levels or short exposures and inhibiting
ACHhE at high doses and/or long exposures periods. Among
the suggested hypothesis, the biphasic effect of Al on the
AChE activity may be due to the direct effect of the metal
or due to the peroxidation-induced changes in the structure
of membrane following Al exposure (Kumar 1999).
Therefore, it is likely that peroxidation of membrane
structures may be responsible for the inhibited hippocam-
pal AChE found after Al exposure.

The mechanism responsible for the formation and con-
solidation of long-term memory has been extensively
studied (Izquierdo and Medina 1997; Alarcon et al. 2004),
while the mechanism of action of Al in promoting memory
dysfunction is unclear. However, considering that the
hippocampus is the main structure required for memory
formation and consolidation, we can affirm, based on our
results, that the hippocampal oxidative stress and damage,
as well as the AChE impairment induced by Al exposure
may be at least partially responsible for the memory
impairments.

Conclusions

Our results demonstrate that a 60-day subchronic exposure
to low doses of Al from feed and added to the water, which
reflect human dietary Al intake, reaches a threshold suffi-
cient to promote memory impairment. These effects are
similar to a known model of Al-induced neurotoxicity at
high levels. Moreover, the hippocampal oxidative stress
and the cholinergic dysfunction found in the three doses
investigated highlight a pathway of action of this metal.
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