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Background: Aluminum is a heavy metal (HM) that negatively affects the brain and other body
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Materials & Methods: Animals (Wistar rats weighing about 250 g) were randomly divided
into two control groups that received water and four experimental groups that were treated with
volumetric concentrations of Al in drinking water (10 mg/kg and 50 mg/kg). The duration of
treatment was two weeks for some rats and four weeks for others. At the end of each period, the
animals experienced novelty-seeking (NS) for three days and then were deeply anesthetized,
and their heart’s blood was taken. The brain and liver were then examined surgically. The data
were evaluated using analysis of variance (ANOVA) at a significant level of 0=0.05.

Results: Based on the NS test, Al administration for 2-4 weeks had an adverse effect on memory
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* We assessed early cognitive and hepatic dysfunction due to chronic AlCl, consumption in drinking water.

* Based on a measure of NS behavior, AICl, in drinking water impair memory retrieval.

* AICl, exposure initiates a lipid health risk index by increasing serum triglycerides and cholesterol.

Introduction

|1zheimer disease (AD) is a serious neuro-

logical problem that is characterized by

decreased awareness, loss of daily activi-

ties, and neuropsychiatric symptoms [1].

Reduced synthesis of the neurotransmit-
ter acetylcholine, disruption of neuronal connections,
buildup of amyloid B (AP) plaques, and neurofibrillary
tangles of hyperphosphorylated tau proteins in the hip-
pocampus and forebrain lead to AD. Studies show that
AP and AP precursor proteins play an important role in
the pathogenesis of early-onset AD. Millions of people
worldwide suffer from AD, and it is the most important
basis of age-related memory loss [2]. AD is known as a
multifactorial disorder that can be attributed to genetic
factors (familial AD) and environmental factors (spo-
radic AD), such as inflammation, high levels of free
radicals, and accumulation of heavy metals (HMs) in the
brain [3]. Aluminum is the third most abundant element
on earth [4] and is widely used in human life [S]. It has
been shown that there is a relationship between exposure
to high levels of HMs such as aluminum and the risk of
AD [6, 7]. Because its serum level is higher in patients
with severe AD than in healthy people [8], this metal
has direct and active access to sensitive brain areas,
such as the hippocampus [9]. It may accumulate in the
brain and cause AD [10]. Another study has argued that
it probably affects the pathogenesis of AD in the brain
by increasing the production of amyloid-forming protein
and thereby increasing the deposition of A [11]. It has
been stated that this metal damages neurons by increas-
ing oxidative stress [12]. Another immunohistochemical
study has shown that aluminum chloride (Al)-induced
neurodegeneration causes memory deficits [13]. A study
using the Morris blue maze behavioral test has previ-
ously demonstrated the effect of Al on spatial memory
[14], namely that this substance changes the shape of the
nucleus and cytoplasm of hippocampal cells in the hip-
pocampal tissue [15].

An important metal involved in the pathogenesis of
AD is aluminum, which enhances the production of free
radicals involved in oxidative stress reactions, leading to
tissue damage [11]. The mechanism of this HM in in-
ducing AD is not fully understood. However, most re-
searchers have stated its capacity to intensify oxidative
stress events [3] and, as a result, increase reactive oxy-
gen species, which lead to oxidation and cell death [16].
Because these problems may affect the body, there is an
idea that internal organs are also damaged in AD. The
effect of Al on the liver has also been reported [17, 18].

Regarding the mechanism, some have considered us-
ing Al to cause its accumulation in the liver tissue and its
tissue change [ 19]. Others believe the liver is essential to
energy metabolism through its various mitochondria. Al
blocks this metabolism through a possible effect on the
enzymatic activity of the electron transport chain, caus-
ing damage to mitochondrial function, apoptosis, and
cell necrosis [20]. Since all mechanistic aspects are not
yet clear, this study aimed to investigate the cognitive and
hepatic effects of Al using a minimally invasive method
(in drinking water) over two and four weeks (chronic) in
Wistar rats. Cognitive deficits were investigated in the
novelty-seeking (NS) behavioral model, which deter-
mines the impairment of early animal memory retrieval.
After confirming the cognitive impairment (CI) with his-
tological and serological studies of the liver, we provide
new information about the mechanism involved.

Materials and Methods
Animal subject

We purchased male Wistar rats (about 250 g) from the
Pasteur Institute of Iran, Tehran, Iran. We followed the
ethics for the use and care of animals.

Grouping of rats

Using a randomized design, the rats were divided into
control and experimental animals (8 in each group). We
first used a wider range of volumetric concentrations
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of Al in drinking water (10, 50, and 100 mg/kg) in a
2-week pilot study, and it was shown that animals expe-
rienced at least 50% mortality at 100 mg/kg compared
with animals receiving regular drinking water. There-
fore, we conducted the main study at lower concentra-
tions (10 and 50 mg/kg).

We had several treatment durations (2 weeks and 4
weeks), each matching with a control group. Different
volumetric concentrations of Al in drinking water (10
and 50 mg/kg as) were used in each treatment period.
Controls received only water during the procedures. A
total of 48 rats were used in this research.

Materials used

Hydrated aluminum chloride (with 6 water molecules)
was purchased from Merck, Germany, and used in dif-
ferent volumetric concentrations of Al in drinking wa-
ter (10 and 50 mg/kg). Ketamine (10%) and xylazine
(8%) were bought from the Iran Veterinary Organiza-
tion (Tehran, Iran), and other materials were provided
as follows: Hematoxylin and eosin (H & E) (F-Arman
Co., Iran), cresyl violet (Merck, Germany), and Entellan
(Merck, Germany).

NS device

Spatial learning memory was used to measure the
effects of oral Al intake on cognitive processes in rats
using the NS paradigm. This paradigm was conducted
over three days and included three phases (familiariza-
tion, confinement, and testing). In this method, a sub-
set of spatial conditioning, the animal is bound on one
side instead of conditioning (second stage). During two
binding sessions (morning and evening with a minimum
time interval of 6 hours), the rats stay on the same side
for 30 minutes. During familiarization and test days, the
animal can access all device parts for only 10 minutes.

The device used for this test was a wooden box with
dimensions of 30x60x30 cm. It had two compartments
that were separated by a gliding door. The compartments
were white. However, they had different black geomet-
ric patterns and floors to provide differences in spatial
and textural cues.

Familiarization stage

Each rat has an adaptation period with the instrument
same as the first day. The rat was put in the device
while the changeable wall was 12 cm above the floor
of the tool; it moved freely throughout the device for
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10 minutes. The EthoVision system, which was located
120 cm above the apparatus, documented all behaviors,
signs, and stop times.

Confining stage

This stage was done after the familiarization day in two
sessions with an interval of six hours. The animal was
confined twice for 30 minutes in one part of the box, once
in the morning and once in the evening, with a time break
of 6 hours. At this time, the removable wall was closed.

Testing

This stage was ended on the third day. Same as the first
day, the animal was entered the box with the open slid-
ing wall, and the animal could move freely in the box
for 10 minutes. Behaviors, movements, and signs of the
animal were documented by EthoVision. It should be
noted that the device was cleaned entirely at the end of
each test.

NS behavioral signs

Rodents naturally tend to explore new environments.
Searching for new environments in rodents is exploring
new situations with unknown stimuli. It is an explor-
atory behavior and includes standing (rearing), sniff-
ing, cleaning (grooming), and compartment entering.
To quantify the new search time, we subtracted the time
spent in the apparatus compartments on the familiariza-
tion and test days to obtain stops in the novel part (which
the animal did not see during the confining phase).

Experimental procedures
Blood and tissue samples

Immediately after completing the behavioral proce-
dure, the rats were sedated by intraperitoneal (IP) injec-
tion of ketamine and xylazine, and blood samples were
taken transcardially under deep anesthesia. It should be
noted that for anesthesia with ketamine and xylazine, the
weight of the animal was first measured with an animal
scale. Then, the anesthetic material was used as an IP
injection. After blood collection, the animal was eutha-
nized with carbon dioxide inhalation, and then the brain
was rapidly separated from the skull on ice, and a part
of the liver was dissected and placed in 10% formalin.

Amini H & Karami M. AICl.-induced Cognitive and Systemic Impairment in Rats. Caspian J Neurol Sci. 2025; 11(3):203-212.
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Tissue preparation

After 72 hours, hippocampus and liver tissue samples
were handled and paraffinized. Slices (3-4 pm) were
then cut with a microtome (Leica, Italy), fixed on poly-
L-lysine slides, and put in xylene for 15-30 minutes. The
slides were placed in descending alcohols (from 96%
alcohol, 80% alcohol, 70% alcohol, and 50% alcohol,
3 minutes each) and then washed in phosphate-buffered
saline (PBS) to follow the staining.

Hematoxylin & eosin staining: The liver samples
were placed in hematoxylin dye (20%) for about 20 min-
utes, washed in PBS, and immersed in eosin for 5 min-
utes. They were removed, washed with graded alcohols,
placed in xylenes for 5-10 min, and mounted by Entellan
glue (Merck, Germany).

Cresyl violet staining: To prepare cresyl dye, 0.1 g of
cresyl violet (Merck, Germany) was poured into 100 mL
of distilled water, placed on a magnetic shaker for 30
minutes, and then cleaned with filter paper. The brain
samples were exposed to xylene for 15-30 minutes and
then immersed in 96% alcohol, 70% alcohol, and 50%
alcohol for 5 minutes each. They were then exposed to
distilled water and PBS. Then, we added the dye to the
slides (15 minutes) and finally put them in distilled wa-
ter. Then, the slides were placed in 70%, 80%, and 96%
alcohol, respectively, for 1-3 minutes each, and eventu-
ally, the slides were placed in xylene (5-10 minutes), and
Entellan glue was added at the end.

Blood serum preparation

After taking blood from the heart of an anesthetized ani-
mal, the blood samples were located in the laboratory for
about 30 minutes to allow the blood to clot. The collected
samples were centrifuged at 3000 rpm and 10-15 min-
utes. Then, the serum was poured into Eppendorf tubes
with sample pipettes and placed in a freezer at -80 °C (it
took about 2 weeks to complete the serological analysis).

Analysis of findings

The findings were analyzed using SPSS software, ver-
sion 22. After the Kolmogorov-Smirnov test and data
normality confirmation, one-way variance analysis
(ANOVA) and Tukey post hoc test (to check the differ-
ence between groups) were used. The tissue slides were
also quantitatively analyzed using ImageJ software, ver-
sion 1.41 (free, Java).

) Caspian Journal of
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Results

Oral administration of Al with different concen-
trations (10 and 50 mg/kg) in different time du-
rations and the evaluation of new environment
search behavior

The rats were placed in the NS box and evaluated using
a 3-day program with three stages. They were first ex-
posed to different doses of AICI, (Al) in drinking water
(as volume concentration) for various periods (2 weeks
and 4 weeks). The control groups were given ordinary
drinking water during the same procedures.

We subtracted the time spent in the apparatus compart-
ments on the familiarization and test days to obtain stops
in the novel part. The findings show that rats significantly
stopped on the novel side, the unconfined part (Figure 1).

Oral consumption of Al with different concentrations
(10 and 50 mg/kg) in 2-week and 4-week durations
and behavioral signs in the NS test

The behavioral signs of each rat on the test day were
counted in each part of the box for 10 minutes. The num-
ber of the same behavioral signs related to the familiar-
ization day was calculated and subtracted, and the result
was obtained. The results of oral consumption of Al with
different concentrations (10 and 50 mg/kg) in 2-week
and 4-week intervals on the behavior of standing (rear-
ing) in the NS model showed that the doses used had no
statistically significant effect on standing behavior com-
pared to the control group (Figure 2).

Oral administration of Al with different concentra-
tions (10 and 50 mg/kg) in 2-week and 4-week dura-
tions and sniffing behavior in the seeking device

The statistical analysis of the data showed that the oral
administration of aluminum chloride at a dose of 50 mg/
kg for 4 weeks has a statistically significant effect on
sniffing behavior compared to the control group. The
rats (50 mg/kg dose for 4 weeks) showed a significant
change (Figure 3).

Oral intake of Al with different concentrations (10
and 50 mg/kg) in 2-week and 4-week durations
and grooming behavior in the device

The statistical analysis of the findings shows that the
oral administration of Al at a dose of 10 mg/kg for 4
weeks significantly affects grooming behavior compared
to the control group. Rats in the dose group of 10 mg/kg
for 4 weeks showed a significant difference (Figure 4).

Amini H & Karami M. AIC.-induced Cognitive and Systemic Impairment in Rats. Caspian J Neurol Sci. 2025; 11(3):203-212.
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Figure 1. The time the rats stayed on the novel side between familiarization and test days
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Note: The control group was fed with drinking water. Experimental groups were given 10 and 50 mg/kg Al orally (one
group for 2 weeks and the other for 4 weeks). Stars were obtained using the Tukey post hoc test ("P<0.05).

Oral intake of Al with different concentrations (10
and 50 mg/kg) in 2-week and 4-week durations
and locomotor activity (compartment entering) in
the device

The statistical analysis of the results shows that the oral
administration had no significant effect on locomotor be-
havior compared to the control group. Therefore, the rats
did not differ significantly in this regard (not shown).

Al oral intake with different concentrations (10
and 50 mg/kg) in 2-week and 4-week durations
and lipid profile

The statistical analysis of the findings shows that the
oral administration of Al with the doses and durations
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Figure 2. The standing of rats on the novel side between familiarization and test days

shown in Figure 5 has no significant effect on high-
density lipoprotein (HDL) and low-density lipoprotein
(LDL) compared to the control group. However, the
administration of this substance significantly affected
cholesterol (CHOL) in the group that received a dose of
50 mg/kg for 4 weeks. Statistical analysis for the group
receiving Al (10 mg/kg) for 2 weeks did not significant-
ly affect triglyceride (TG). Still, a significant difference
was shown in the rest of the groups (Figure 5).

Al oral intake with different concentrations (10
and 50 mg/kg) in 2-week and 4-week durations
and liver enzymes

The statistical analysis of the results showed that the
oral administration of Al with the doses and durations

AllD Al5D

m4-week tregment

@CINS

Note: The control groups were given only regular (drinking) water. The other groups were given oral doses of 10 and
50 mg/kg of Al (one group for 2 weeks and the other for 4 weeks).
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Figure 3. Sniffing of rats in the novel part between familiarization and test days
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AllD Al5D
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Note: These rats passed the NS test after treatment periods. The control groups were given only regular (drinking) wa-
ter. Still, the other groups were orally administered 10 and 50 mg/kg of the substance (one group for 2 weeks and the
other for 4 weeks). The Asterisk is obtained using the Tukey post hoc test (‘P<0.05).

shown in Figure 6A had no significant effect on serum
glutamic pyruvic transaminase (SGPT) or alanine trans-
aminase (ALT) compared to the control group. Further-
more, the analysis of the data presented that the oral ad-
ministration of Al with the doses and durations shown
in Figure 6B had a significant effect on serum glutamic
oxaloacetic transaminase (SGOT) or aspartate transami-
nase (AST) only in the group that received a dose of 50
mg/kg for four weeks. However, no significant effect
was shown in other groups.
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Figure 4. Change in grooming of rats in the novel part between familiarization and test days

Histological evidence of oral administration of AL
with doses of 10 and 50 mg/kg for 2 and 4 weeks
on the hippocampus

Histological examinations with cresyl violet staining
showed that CA1 (CA: Cornu ammonis) neurons were
not seriously damaged in any groups. CA1 tissue dam-
age was relatively low compared to the control group but
was not statistically significant (not shown).

Al1D AlS0

W 4-week tregment

Note: The control group was given only drinking water, and others were fed oral Al at 10 and 50 mg/kg (one group for
2 weeks and the other for 4 weeks). Asterisks were obtained using the Tukey post hoc test ("P<0.05).
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Figure 5. The difference in TG, CHOL, HDL, and LDL serum levels in the groups received Al with doses of 10 and 50 mg/kg

(2 weeks and 4 weeks)

Abbreviations: TG: Triglyceride; CHOL: Cholesterol; HDL: High-density lipoprotein; LDL: Low-density lipoprotein.

Note: Immediately after completing treatment and behavioral testing, blood was collected through the heart, and after blood
centrifugation, the serums were collected and kept in a freezer at -80 °C. Then, the serum level of each mentioned factor was
measured using a chemiluminescent ELISA assay. Asterisks were obtained using the Tukey post hoc test (P<0.05, “P<0.01).

Histological examinations of the liver with he-
matoxylin-eosin staining under light microscopy
with different magnifications

The data showed that the liver tissue was not damaged
much in any group. No tissue damage was observed in
the hepatic sinusoids and vascular network. Hepatocytes
did not show cell necrosis (not shown).

Discussion

This research aimed to induce an AD-like model in rats
through oral administration of Al, which is a less invasive
and cost-effective way to research CI with a new idea. The
idea was to study the effects of this impairment on the cen-
tral nervous system (hippocampus) and the internal sys-
tem (liver) to elucidate further the mechanisms involved.

Different doses of Al in inducing an AD-like
model through NS tests, providing evidence of
cognitive deficits (impaired memory retrieval)

As mentioned earlier, AD is a neurological disease that
causes memory impairment. This disease shows neuro-
logical and behavioral changes in the patient. HMs such
as aluminum are among the toxic environmental factors
that cause AD development and progression. Many labo-
ratory and clinical studies have reported the critical role
of this HM in the pathogenesis of AD. It has been pre-
viously postulated that continuous exposure to it causes

apoptosis in brain areas, especially the hippocampus. In
other words, this metal can mimic the mechanisms re-
sponsible for AD pathophysiology in laboratory animals
[21]. This AD modeling was less invasive and cost-effec-
tive. Many researchers induce AD by gavage (invasive!
concerning animal care and welfare). We must remember
that the animals did not sign a contract to participate in
the research program. In the present study, Al was given
to animals orally in drinking water. This method is less
invasive than the gavage method to create an AD-like
model in animals. Alternatively, we could have ignored
oral administration and used direct injection of amyloid
beta (AP) protein into the brain nuclei. But again, we
must say that it is costly. We used specific doses of Al
according to the conceptualization of the present experi-
mental study on dose response. We had a wider range
of Al, such as a 100 mg/kg dose, but it showed LD50.
Researchers previously used a dose of 300 mg/kg Al for
28 days to induce AD [21]. Another researcher has used
this substance in doses of 8.3 mg/kg and 32 mg/kg as
gavage for 60 days [22]. However, we used volumetric
concentrations of Al in drinking water (10 mg/kg and 50
mg/kg) for different durations (2 to 4 weeks). The re-
sults of the present behavioral experiments on Al-treated
rats showed that the animals stopped significantly in the
novel part of the box (Figure 1), indicating that the ani-
mal’s retrieval memory was impaired and, as others have
suggested [23], it means that it was difficult to retrieve
previous experience information [23].

Amini H & Karami M. AICl.-induced Cognitive and Systemic Impairment in Rats. Caspian J Neurol Sci. 2025; 11(3):203-212.
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Figure 6. The serum levels of SGPT (6A) and SGOT (6B) in groups received AICL, at doses of 10 and 50 mg/kg for 2 weeks

and 4 weeks

SGPT: Serum glutamic pyruvic transaminase; SGOT: Serum glutamic oxaloacetic transaminase.

Note: Immediately after the treatment times and behavioral testing, the rats’ blood was collected through their hearts,
and after blood centrifugation, the serums were kept in a freezer at -80 “C. Then, the serum level of each of the men-
tioned factors was measured. The asterisks were obtained using the Tukey post hoc test (“P<0.01).

Regarding the behavioral signs, the standing and mov-
ing showed no significant difference in any groups.
However, regarding sniffing behavior, only in the group
that received 50 mg/kg for 4 weeks there was a signifi-
cant difference compared to the control group (Figure
3). In fact, the group administered Al in terms of dose
and duration showed a significant difference in this be-
havior. Other groups did not show this notable differ-
ence. Regarding the grooming behavior, only the group
that received a dose of 50 mg/kg of Al for both dura-
tions showed a significant difference compared to the
control group. The rest of the groups did not show any
significant difference (Figure 4). These results are also
very interesting for the induction of an AD-like model
because in Alzheimer’s patients, personal health issues
are also affected by this disease, and grooming reflects
this symptom.

Different doses of Al and lipid profile and
liver enzymes

According to previous research, animals exposed to Al
at a 50 mg/kg dose for 8 weeks increased serum CHOL
and TG levels [24]. In this study, which used different
doses and durations to create an AD-like model in rats,
CHOL showed a significant increase only in the group
that received Al 50 mg/kg in 4 weeks, while the other
groups did not show a significant difference. Regarding
TG, three groups (dose 50 for 2 weeks, dose 10 for 4
weeks, dose 50 for 4 weeks) showed a very substantial
increase compared to the control group. Regarding LDL
and HDL, previous studies have shown that after receiv-
ing Al at a dose of 100 mg/kg for 28 days by gavage,
LDL increased and HDL decreased [18]. However, in
the present study, no statistical difference was observed
between the groups compared to the control group.

Amini H & Karami M. AICL.-induced Cognitive and Systemic Impairment in Rats. Caspian J Neurol Sci. 2025; 11(3):203-212.
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Toxic damage to the liver is associated with the release
of certain marker enzymes that enter the bloodstream. In
fact, in this study, like previous studies [18], liver dam-
age was evaluated by measuring specific liver enzymes
(SGOT, SGPT, or AST and ALT). In the present study,
no statistical difference was observed regarding SGPT in
any of the groups compared to the control group. How-
ever, SGOT showed a substantial increase only in the
group that received the dose of 50 mg/kg for 4 weeks.
These two enzymes are used to diagnose damaged liver
cells and are reliable indicators of liver function found in
higher concentrations in the cytoplasm. The increase of
liver enzymes in the plasma after receiving Al can lead
to cell destruction and changes in the permeability of the
liver cell membrane—the release of these enzymes in
the bloodstream results from the destruction of liver cells
[17]. Therefore, in this study, we see functional damage
to the liver.

Different doses of Al and hippocampus and
liver tissue

Histological examination was assessed using cresyl
violet (hippocampus) and hematoxylin-eosin staining
(liver). In previous histological studies [15] using H &
E staining, Al injection has been shown to cause damage
to CA1 neurons. In another study [17], in which Al was
injected at a dose of 90 mg/kg by gavage, H & E stain-
ing of liver tissue showed central venous congestion, he-
patocyte destruction, inflammatory cell infiltration, and
sinus enlargement. The present study observed no sig-
nificant tissue structure changes in the hippocampus and
liver. Of course, using the cresyl method is much more
reliable than H & E for CA1. Therefore, we suggest that
this method be used in future research. In previous re-
search [25], it has been postulated that hippocampal cre-
syl staining in Al-treated groups demonstrates a decrease
in the number of cells in this area. The present study ob-
served no meaningful statistical changes in these cells.
In the current study, memory impairment, especially
spatial memory, was affected in the early stages (based
on the results of behavioral studies). The liver tissue in
the group administered a dose of 50 mg/kg is in the early
stages of tissue damage according to the significant in-
crease in SGOT enzyme. Still, histological examinations
did not show cell necrosis changes in hepatocytes. As
a result, enzyme changes indicate liver function dam-
age rather than liver destruction. Our other suggestion
is to conduct more detailed molecular investigations on
the tissues to express a more definitive opinion in future
studies. Since tissue changes are observed relatively, it is
better to provide a more definitive opinion about these
findings later by doing more research.
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Conclusion

Chronic consumption of Al in drinking water appears
to be effective in causing cognitive impairment and liver
dysfunction, and the present study provided preliminary
evidence of these cases.

Further suggestions for future research

Our suggestion is to conduct molecular studies for fur-
ther mechanistic investigation of AD.

The study can continue on other memory elements, sig-
naling pathways, metabolic, and vital factors.
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